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Uc Boyutlu Yazici ve Tarayici ile Hastaya
Ozel Medikal Ortez Tasarimi ve
Gelistirilmesi
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'Kocaeli Universitesi, Teknoloji Fakiiltesi, Biyomedikal Miihendisligi Boliimii,
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0z

Ug boyutlu (3b) yazicilar, giiniimiizde birgok alanda kullanilan ve hizla gelisen bir teknolojidir. Bu galismada, dncelikle bir ii¢
boyutlu yazici agik kaynak kodlu donanimin gelistirilmesiyle imal edildi ve agik kaynak kodlu yazilimimnin iyilestirilmesiyle kontrol
edildi. Daha sonra bu ii¢ boyutlu yaziciy kullanarak ayak bilegi ortezi (ankle foot orthosis, AFO) iiretildi.

Insan yiiriimesi icin son derece onemli olan ayak bilegi ortezleri deformasyonlar1 6nlemek ve bilek hareketini kontrol etmek icin
iiretilir. Bir AFO genellikle zayif bacagi korumak, bilek ve ayagi dogru pozisyonda tutmak ve adim atmayi diizeltmek icin
kullanilir. Son kullanici farkli boyutlarda bilek ve farkli tipte deformasyonlara sahip olabileceginden bir AFO son kullanicinin
ayagina tam uygun bir sekilde iiretilmelidir. Dolayisiyla seri iiretilen AFO’lar her bir son kullanici i¢in uygun olmayabilir. Bu
durum g6z 6niinde bulunduruldugunda ii¢ boyutlu yazicilar kisisellesmis biyomedikal ekipman iiretiminde dne ¢ikmaktadir. Bu
calismada, 6zel bir AFO 6ncelikle bir CAD yazilimi ile modellendi ve daha sonra bu model gelistirilen yaziciyla iiretildi. Bu
caligma lilkemiz literatiiriinde bilinen ve {i¢ boyutlu yazici ile iiretilen ilk ayak bilegi ortezidir. Ayrica bu ¢aligma ii¢ boyutlu
yazicilarla biyomedikal malzemelerin daha kisa zamanda ve daha ekonomik bir sekilde tiretilebilecegini kanitlamigtir.

Anahtar Kelimeler: 3b Yazici, Ayak Bilegi Ortezi, Reprap.

Design and Construction of Ankle Foot
Orthosis By Means Of Three Dimensional
Printers

ABSTRACT

Three dimensional (3d) printer technologies are rapidly developing and increasingly being used in several fields. In this study, as
a first step a 3d printer is constructed by modifying open source hardware and controlled by improving open source software.
Subsequently, an ankle foot orthosis (AFO) is designed and constructed by using this 3d printer.

The ankle foot orthosis, very important for human walking, is designed to control motion of the ankle and prevents deformities.
An AFO can generally be used for following purposes: brace weak limbs, grasp ankle and foot in the right position and correct the
foot drop. Since the users have different sizes of ankles and different types of deformities, an AFO must be produced to match in
size to the end-user. Therefore off-the-shelf AFOs may not suitable for the each end user. Considering these factors, 3d printers are
of great importance for producing individualized biomedical equipment. In this study, a distinctive ankle foot orthosis is first
modelled by using CAD software and then produced by using constructed 3d printer. This AFO is the first ankle foot orthosis
produced by a 3d printer in the literature of our country. This study is a proof that biomedical equipments can be produced in a
shorter time and less costly by using 3d printers.

Keywords: 3d Printer, Ankle Foot Orthosis, Reprap.

1. GIRIS (INTRODUCTION) neksel isleme tekniklerinden farkli kabul edilmektedir
3b baski [1], herhangi bir yerden hazir olarak bulunabilen ~ [1] Bunun nedeni 3b baski teknolojisinin, retim
ya da kisisel olarak olusturulan 3 boyutlu modelin, kat1 stirecinde talas kgldlrma yontemi yerine .sadec'e gerektigi
formda ¢iktismin alindigi islemdir. Elde edilen bu kadar malzemeyi kullanarak gerceklestirmesinden kay-
maddesel g¢ikti, iki boyutlu (2b) katmanlarin iist iiste  naklanmaktadur.

siralanmasiyla  olugmaktadir. 3b baski, giniimiiz  Sekil 1°de goriildigi gibi 3b yazici, bilgisayar kontrolii
endiistrisinde de kullanilmakta olan; kesme ve delme  altinda 3b nesne olusturabilen bir robot tiirtidiir [2].
yontemleri ile malzemenin ¢ikarilmasina dayanan gele- 3y pasks teknolojisi, 1986°dan bu yana var olmasina
*Sorumlu Yazar (Corresponding Author) ragmen 2010’dan sonra piyasada yaygin olarak
e-posta: S"_UCUK@k‘?C?e"'Ed”-”_ kullanilmaya baglanilmustir. 3b yazicilar, 6nceleri pahali
Digital Object Identifier (DOI) : 10.2339/2017.20.1 1-8 ve kullanimi beceri gerektiren cihazlard: [3]. Tlk calisan
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3b yazici, Chuck Hull tarafindan 1984 yilinda
olusturuldu [4]. Ozellikle 2010°dan giiniimiize kadar bu
makinelerin satiglarinda biiyiilk bir artis olmus ve
bunlarin fiyatlar1 6nemli 6l¢iide diismiistiir [5].

3b yazicilar, giiniimiizde hemen hemen biitiin 3b
modelleme yazilimlarindan ortak olarak ¢ikti alinabilen
STL uzantisini kullanmaktadir.

3b baski teknolojisi, endistriyel tasarim, miihendislik,
mimarlik, askeri, medikal sektorii, biyoteknoloji, moda,
gida ve diger birgok alanda kullanilmaktadir [6].

3b baski teknolojisinde yazdirma iglemi, Erimis Birikimi
Modelleme (FDM), Miirekkep Piskiirtmeli (ink-jet),
sinterleme (SLS - Segici Lazer Sinterleme, DLMS -
Dogrudan Lazer Metal Sinterleme), Secici Lazer Ergitme
(SLM), Laminali Nesne Imalat1 (LOM) ve benzeri iiretim
teknikleri kullanilarak gerceklestirilmektedir [7].

Acik kaynak kodlu yazicilar, kendi pargalarim
iiretebilmektedir [8]. Ayrica 3b yazicilar ile tek seferde
calisan mekanik parcalarin (el aletleri, ingiliz anahtari ve
ic ice geemis olan disli c¢arklar gibi) ¢iktist da
alimabilmektedir [1].

3b yazicilar, tiikketimi azaltarak tiretimi arttirmaktadir [9].

Sekil 1. RepRap Prusa (RepRap Prusa) [2]

2. TEMEL KAVRAMLAR (BASIC CONCEPTS)

Katkili dretim terimi, sirali katmanlar sayesinde 3
boyutlu nesne olusturma teknolojilerini ifade etmektedir.

Eksiltme ile imalat terimi, bir maddenin, malzeme
cikarmaya dayali olarak islenmesidir.

Stereolitografi terimi, Charles W. Hull tarafindan 1984
yilindaki bir patentinde ii¢ boyutlu nesnelerin, enine
kesitler olusturularak iiretilmesine yonelik bir islem
olarak tanimlanmustir [4].

Dovme, perginleme ve kaynak isleme katkili diretim
tekniklerine, delme, taglama ve frezeleme de eksiltme ile
imalat tekniklerine 6rnektir. 3b bask: ise katkili {iretim
tekniklerinin stereolitografi islemi ile gergeklestiril-
mesidir.

3b yazdirilabilir modeller, bir bilgisayar destekli tasarim
yazilimi ya da 3b tarayict aracilifiyla olusturulan,
nesneye ait dijital ¢izimlerdir. Elle modelleme siireci,
gercek nesneye ait geometrik verileri ve 3b tarama da
gercek nesneye ait dijital 3 boyutlu noktalar kiimesini
ifade etmektedir [6].

3b modellerin manuel (el) ya da otomatik (3b tarayici)
olusturulmasi herkes i¢in miimkiin olmamaktadir. Son
yillarda birkag 3b baski pazarinin ortaya ¢ikmasi
bundandir. Bu platformlar insanlara ticretli ya da iicretsiz
olarak milyonlarca 3b yazdirilabilir model sunmaktadir.
En popiilerleri arasinda Shapeways, Thingiverse ve
Threeding yer almaktadir [1].

Sekil 2’de akis diyagrami verilen ii¢ boyutlu yazict ile
yazdirma iglemi modelleme, dilimleme, yazdirma ve
tamamlama olmak iizere dort ana basliktan olusmaktadir.
Modelleme adiminda, bir bilgisayar destekli tasarim
programi ya da bir 3b tarayict kullanilarak gergek
nesneye ait 3b model olusturulmaktadir. Bu model daha
sonra pek ¢ok CAD/CAM yazilimlarinda ortak olarak
bulunan STL dosya uzantisiyla kaydedilmektedir [6].
Dilimleme adiminda, STL olarak kaydedilen 3b model,
bir dilimleme algoritmast  kullanilarak  belirli
kalinliklarda enine 2b kesitlere ayrilmaktadir. Bu
kesitler, pek ¢ok otomasyon islemlerinde ortak olarak
kullanilan ve G-Kod olarak adlandirilan kodlara
doniistiiriilmektedir. Bu kodlar, makinenin anlayacagi
dilde her bir 2b katman i¢in belirlenen noktalarda ve
belirlenen miktarlarda malzeme islenmesini saglayan
kod bilgilerini igermektedir [6]. Yazdirma adiminda, 3b
yazict G-Kod’lar vasitastyla, her bir 2b katmani birbiri
ardma siralayarak 3b gergek nesnenin el ile tutulabilen
katt modelini olusturmaktadir. Bu kati modellerin
olusturulmasinda istege bagli olarak sivi, toz ya da kati
herhangi bir polimer malzeme kullanilabilmektedir [6].
Tamamlama adiminda, 3b yazdirma islemi sonrasinda
olusan katman ¢izgileri 1s1l islemler, gaz ve ¢ozelti gibi
yontemler kullanilarak yok edilmektedir. Boylece
malzeme yiizeyinin piiriizsiizlestirilmesi saglanmaktadir.

Yazici ¢oziiniirliigl, katman kalinligt ve dpi (ing basina
nokta) olarak ya da mikrometre (um) ile ifade
edilmektedir. Bir model basimi, kullanilan ydnteme,
modelin boyutuna ve karmasikligina baglh olarak, birkag
saatten birkag giine kadar siirebilmektedir [1]. Baz1 katki
iiretim teknikleri pargalarin {iretimi siiresince birden fazla
malzeme kullanma yetenegine sahiptir. Bazilart aym
anda birden fazla renk ve renk kombinasyonlar
yazdirabilmektedir. Bazilart da olusturulurken destekler
kullanmaktadir. Bu destekler yapim sirasinda sarkan
yapilar1 desteklemek igin kullanilmaktadir. Destekler
baski tamamlaninca gikartilabilir veya eriyebilir tiirden
secilmelidir [1].

Enjeksiyon kaliplama gibi geleneksel teknikler, iiriinlerin
seri imalat1 i¢in uygun maliyetli olabilir ancak katkili
iiretim, nispeten kiiglik miktarlarda pargalar iiretilirken
daha hizli, daha esnek ve daha ucuzdur [1].
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Sekil 2. 3b baski islemi akis diyagrami (3d printing
flowchart) [6]

Yazici ile tretilen nesnelerin ¢oziiniirliikleri pek ¢ok

uygulama i¢in yeterli olmasina ragmen, nesne, istenen

boyutta 6l¢eklendirilebilir ya da daha yiiksek ¢oziiniir-

liikte yazdirilabilmektedir [10].

Gliniimiizde ¢ok sayida katkili iiretim ydntemleri
mevcuttur. Selektif lazer eritme (SLM) ya da dogrudan
metal lazer sinterleme (DMLS), selektif lazer sinterleme
(SLS), erimis birikimi modelleme (FDM) gibi bazi
yontemler katmanlarin iiretilmesi ig¢in malzemeyi eritir-
ken ya da yumusatirken, diger metotlar stereolitografi
(SLA) gibi farkli gelismis teknolojileri kullanarak sivi
malzemeleri (regine) birlestirmektedir [7].

Cizelge 1°de goriildiigii gibi bask: teknolojileri siniflan-
dirilabilir [7]. Her yontemin kendine 6zgii avantajlart ve
dezavantajlart bulunmaktadir [11].

Katkili {iretimin amaci, yeni parca ve cihaz prototip-
lerinin gelistirilmesinde maliyet ve {iretim g¢iktilarinin
tesliminde zaman kazandirmaktir. Eskiden sadece
malzeme ¢ikarma o&zelligine sahip olan yontemlerle
iiretilen pargalar, simdi katkili tiretimle daha uygun bir
sekilde tiretilmektedir [12].

Uygulama alanlari, endiistriyel tasarim, prototip-
lendirme, metal dokiimili, mimarlik, saglik, cografya,
egitim ve eglenme alanlart gibi pek ¢ok alani icermek-
tedir. Cizelge 2’de 3b baski teknolojileri kullanilarak
saglik alaninda iiretilen ¢6ziimler yer almaktadir.

Cizelge 1. 3b baski teknolojileri (3d printing technologies) [7]

Tip Teknolojiler Malzemeler
Kaynagmis Polilaktikasit
Ekstriizyon birikim (PLA), Akrilonitril
modelleme biitadien stiren
(FDM) (ABS)
Elektron 1511
Baglama se_rbest Neredeyse biitiin
fabrikasyon metal alagimlar
(EBF3)
]I)ogruQan metal Neredeyse biitiin
azer sinterleme lal )
(DMLS) metal alagimlar
Elektron 151 Titanyum
ergitme (EBM) alagimlari
Titanyum
Segici lazer alagimlart,
Graniiler eritme (SLM) paslanmaz gelik,
aliminyum
Secici 1s1
sinterleme Termoplastik toz
(SHS)
Segici lazer Termoplastik,
sinterleme metal tozlari,
(SLS) seramik tozlari
Toz yatak ve
miirekkep Alg1 tabanl 3b Alet
piiskiirtmeli 3b baski (PP) ¢
bask1
Katmanli Lamine nesne Tabaka, r_netal
imalati (LOM) | folyo, plastik folyo
Stereolitografi Fotopolimer
L (SLA)
Isik polimerize
Dijital 151k Fotopolimer
isleme (DLP)

Cizelge 2. Saglik alaninda 3b baski teknolojileri (3d printing
technologies in medicine field)

Uygulamalar

Ref.

Kemik,
kikirdak,
bobrek
doku
iskeleleri

[13]

Kan damar

basimu [14]

Kikirdak
doku
iskelesi

[15]
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Pelvis

kemigi [16]
Alt gene
implant1 [17]

Protez [18]

3. MATERYAL VE METOT (MATERIAL AND
METHOD)

S. Scott Crump tarafindan icat edilen FDM baski
teknolojisinin patent koruma siiresinin sona ermesi ile
acik kaynak kodlu donanim ve yazilim kullanimi
yayginlasmistir  [19]. Ag¢ik kaynak kod gelistirici
topluluklar olusarak, 3b baski teknolojilerinin agik ve
anlagilir hale getirilmesi saglanilmistir [1]. RepRap
(Replicating Rapid-prototyper), insanlara pek ¢ok 3b
yaziciyt agik kaynak kodlu donanim hélinde sunan ve
giniimiizde de giderek yayginlasan en biiyikk acik
kaynak kodlu projelerden birisidir. Bu proje,
aragtirmacilara kigisellestirilmis 3b yazici tasarimi ve
iretimi imkan1 saglamaktadir [1].

MendelMax (MM) Maxbots tarafindan 2011’in Kasim
aymda tasarlanan agik kaynak kodlu bir RepRap 3b
yazicisidir [1]. Sase bilesenleri olarak ucuz aliiminyum
ekstriizyon ve basili destekler kullanmaktadir [1].
Bilesenleri diinya genelinde ¢esitli tedarik¢ilerden
saglanabilmektedir. MM 1.5, MM 3b yazicisinin
iyilestirilmis bir versiyonudur.

3.1. Montaj Asamasi (Assembly Stage)

Bu calismada 3b baski i¢in kit olarak temin edilen MM
1.5 tzerinde bazi mekanik, elektronik ve yazilmsal
degisiklikler yapilmistir. Sekil 3’te montaji tamamlanan
MM 1.5 3b yazicisi goriilmektedir.

Sekil 3. MM 1.5 (MM 1.5)

Mekanik bilesenlerde yapilan degisiklikler [1]:

1. X ekseni plastik bilesenleri standart kit dahilinde ol-
mayan daha rijit plastik bilesenler ile degistirilmistir.
Y ve Z ceksenlerinde bulunan ve lineer hareketlilige
yardime1 608ZZ rulmanlar yerine LM8UU rulmanlar
kullanilmustir. Boylece o eksen iizerinde ki hareketli
parcalarda eksen kagikliklar1 azaltilarak daha
dogrusal hareket etmeleri saglanilmistir.

2. 12 disli TS zamanlayici kasnagi ve kayist yerine 16

disli GT2 zamanlayict kasnagt ve kayist
kullanilmigtir.  Boylece yazicinin  ¢ozlnirligi
arttirilmastir.

3. Kontrol kartin1 ve motor siirliciilerini sogutmak i¢in
fan eklenilmistir.

4. Sigma profillerin igeride kalan bos kanallarina
aydinlatma amagli led yerlestirilmistir.

Elektronik bilesenlerde yapilan degisiklikler [1]:

1. RAMPS 1.4 kontrol kart1 yerine daha fazla bilese-
nin(termokupl, hassas motor siiriiciileri) kullanimimni
destekleyen Megatronics v2 kullanilmustir.

2. A4988 step motor siiriiciileri(1/16) daha hassas
calisan DRV8825(1/32) step motor siiriiciileri ile
degistirilmigtir. Bdylece yazicinin  ¢oziiniirligi
arttirillmistir.

3. 1.8° Nema 17 step motorlar daha hassas c¢alisan 0.9°
Nema 17 step motorlar ile degistirilmistir. Boylece
yazicinin ¢oziiniirliigi arttirilmistir.

4. 100K NTC termistorler yerine daha hassas sicaklik
6l¢timii yapan K-Tip termokupl kullanilmistir.

Yazilimda yapilan degisiklikler [1]:

1. K-Tip termokupl ve pinleri Firmware igerisinde
tanimlanmustir.

2. Fanlar ve pinleri Firmware i¢erisinde tanimlanmustir.
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3. Host yazilimi, Slic3r ve Firmware parametreleri 42 Extr. 1 PID drive max 230
. optimize edilmistir. N 43 Extr. 1 PID drive min 40
Cizelge 3 t@ 3b baski1 igin kullanilmis EEPROM 4 Extr. 1 PID P-gain/dead-time 7 0000
parametreleri goriilmektedir. " St 1PID looai 5 0000
Cizelge 3. EEPROM parametreleri (Eeprom parameters) Xtr. -gain ’
v 46 Extr. 1 PID D-gain 40.0000
NO ADI DEGER
47 Extr. 1 PID max value (0-255) 255
1 Baudrate 115200
- - 48 Extr. 1 X-offset (steps)
2 Filament printed (m) -
- - 49 Extr. 1 Y-offset (steps)
3 Printer active (s) - ——
- — 50 Extr. 1 temp. stabilize time (s)
4 Max. inactive time (ms, 0=0ff) 0 -
Stop stepper after inactivity (ms 51 Extr. 1 temp. fc_)r retraction when 150
5 p stepp o y(ms, 360000 heating (C)
=off) 52 Extr. 1 distance to retract when heating 0
6 X-axis steps per mm 160.0000 (mm)
7 Y-axis steps per mm 160.0000 53 Extr. 1 extruder cooler speed (0-255) 255
8 Z-axis steps per mm 5120.0000 |  3b yazicilar1 kullanabilme, bu alanla ilgili beceri
9 X-axis max. feedrate (mm/s) 150.000 gerektirmektedir. Host (3b yazici ile bilgisayar arasinda
10 Y-axis max. feedrate (mms) 150.000 11.et151m1n. sa.glanmam) yaziliminin ayarlarinin yalzllmas1,
- cihazin bilgisayara tanitilmasi ve manuel kontroliin nasil
11 Z-axis max. feedrate (mm/s) 2.000 gergeklestigi bilinmelidir.
12 X-axis homing feedrate (mm/s) 40.000 Montaj tamamlandiktan sonra donanimsal kalibrasyon-
13 Y-axis homing feedrate (mm/s) 40.000 larin yapilmasi gerekmektedir. Bu islem yazicilara gore
14 Z-axis homing feedrate (mm/s) 2.000 degismektedir.
15 Max. jerk (mm/s) 20.000 Klalibraslyon yapll(‘illlktar}1 sor.llra‘ sirastyla Firrn.\lzva.re.‘ir}
16 Max. Z-jerk (mms) 0.300 0 1}§turu mas1 ve cihaz ile bilgisayar arasinda i etigimi
saglayacak olan Host yaziliminin konfigiirasyonu
17 X home pos (mm) 0.000 gelmektedir. Biitiin bu adimlar gergeklestirildikten sonra
18 Y home pos (mm) 0.000 3b yazicidan ¢ikti alinabilmektedir.
19 Z home pos (mm) 0.000 Ug boyutlu baski teknolojileri diinya genelinde popiiler
20 X max length (mm) 200.000 olarak"(;%llsllan" ve 6z§11ikle sag‘l‘ﬂ(‘ alaninda umPt vaat
eden ¢oziimler iireten bir teknolojidir. Bu teknolojilerden
2 Y max length (mm) 200.000 yararlanabilme bu alanda beceri ve deneysel ¢alismayi
22 Z max length (mm) 200.000 gerektirmektedir. Yapilan bu degisiklikler ile mevcut 3b
23 X-axis acceleration (mm/s"2) 500.000 yazicidan daha kaliteli bir ¢ikt1 alinabilmesi ve dolayisi
2 Y-axis acceleration (mm/s2) 500.000 ile hasta tizerinde olumsuz .bl.r etkln%n .olusmamam
- - amaglanmistir. Bu olumsuz etkiyi en aza indirmek adina,
25 Z-axis acceleration (mm/s"2) 0.000 cikt1 yiizeyinde baski islemi sonrasi olusan katman
26 X-axis travel acceleration (mm/s"2) 250.000 cizgilerinin viicut ile dogrudan temas etmemesi
27 Y-axis travel acceleration (mm/s*2) 250.000 gﬁsﬁnﬁlmﬁg ve herll(lan% b1r kinliyaslil lson.isile.m (asetoln
. t t ttiril-
28 Z-axis travel acceleration (mm/s"2) 0.000 anyosu v ) gerekmeksizin ¢ikti kalitesininin arttir
_ masi lizerinde durulmustur.
29 Autolevel active (1/0) 0 3.2. AFO Modeli (Ankle-Foot Orthosis Model)
30 Bed heat man-ager (0-3) 0 AFO (Ankle-Foot Orthosis - Ayak Bilegi Ortezi), ayak
31 Bed PID drive max 255 bilegini sabitlemeye, yiiriimeyi kolaylastirmaya ve viicut
32 Bed PID drive min 80 dengesini saglamaya yarayan ortezdir [20]. Ameliyat
33 Bed PID P-gain 196.000 sonrasinda da ekst‘rc-j:miteyi korumak ve ’ se}bitlemek
- amaciyla kullanilabilir [18]. Bu ortezler ilgili kisma
34 Bed PID I-gain 33.000 viicudun disindan uygulanmaktadir. Ortez segimini
35 Bed PID D-gain 290.000 etkileyen pek ¢ok parametre vardir. Siiphesiz kisiye 6zel
36 Bed PID max value (0-255) 255 glarak iiretilenrek, amacina tam uygunluk gostermesi ve
37 Extr. 1 steps per mm 675.000 ideal (])lmas; onen:(h;h]r [21]- K olarak k d
Bu ¢aligmada ayak bilegi ortezi ilk olarak kagit {izerinde
38 Extr. 1 max. feedrate (mms) 20.000 sekillendi. FDM baski teknolojisi  kullanilarak
39 Extr. 1 start feedrate (mm/s) 15.000 gerceklestirilen baskida tek parca ¢ikti alinmasina karar
40 Extr. 1 acceleration (mm/s"2) 2000.000 verildi ve bu sebeple rijit AFO tasarland1. Sekil 4’te kagit
41 Extr. 1 heat manager (0-3) 3 iizerinde tasarlanan AFO modeli goriilmektedir.
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Sekil 4. AFO’nun kagit lizerinde tasarimi (AFO prototype
sketch)

Kagit iizerinde tasarlanan model, 3ds Max ile 3b
modellendi. Sekil 5°te 3b AFO modeli goriilmektedir.

= // \
Sekil 5. AFO’nun 3b modellenmesi (Modelling AFO
prototype)

Modelleme adimi tamamlandiktan sonra Slic3r ile 3b
AFO modeli 2b ince katmanlara ayrilarak G-Kod
doniistimii gergeklestirildi. Sekil 6’da 2b ince katmanlara
ayrilan AFO modeli goriilmektedir.

Sekil 6. AFO modelinin dilimlenmesi (Slicing 3d model of
the AFO)

Dilimleme adimi tamamlanan model Repetier Host
yazilima aktarilarak baskiya hazir hale getirildi.
Polilaktik asit malzeme kullanilarak yaklasik 8 saat siiren
yazdirma isleminde ¢oziinlirlik 200 mikron olarak
ayarlandi. Sekil 7°’de AFO modelinin basimi goriilmek-
tedir.

AFO’nun yazirilmast (3d printing of the AFO
prototype)

Sekil 7.

Ciktinin AFO olarak kullanilabilmesi adina medikallerde
bulunan mevcut AFO’larin yapisi ve kalitesi incelendi.
Elde edilen bu c¢iktinin altina kaymaz ayak altligs,
tabanina ortopedik ayak tabanligi, igine cilde zarar
vermeyen yumusak deri malzeme ve son olarak da ayagi
bilekten ve iistten olmak iizere 2 ayr1 noktadan da dengeli
bir sekilde kavramaya ve sabitlemeye yarayan cirt bant
eklendi. Sekil 8’de AFO ciktis1 goriilmektedir.

Sekil 8. AFO prototipi (Final AFO prototype)

Bu ¢alismada iiretilen medikal ortez herhangi bir hastaya
0zel iiretilmemis olup, prototip niteligindedir. Mevcut
tasarim, 6zgiin olmakla birlikte, AFO prototipi herhangi
bir hastanin uzvuna uygulanabilme 6zelligine sahiptir.
Hasta uzvunun ii¢ boyutlu goriintiillenmesinde {i¢ boyutlu
tarama teknolojileri kullanilmaktadir. Tarama sonucunda
elde edilen noktalar kiimesi, islenebilir modele
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doniistiiriildiikten sonra mevcut ortez modeli, referans
uzvun anatomisine gore sekillendirilmektedir. Sekil 9°da
bu islemler sira ile goriilmektedir.

Bu esnada hasta uzvunun ozellikle gercek zamanl
tarama teknolojisine sahip bir 3b tarayici ile taranmasi,
hedef geometrinin modellenmesinde kayip yiizeyler i¢in
ylizey tamamlama algoritmalarinin kullanilmasindan
kaynaklanan geometri bozukluklarinin 6nlenmesinde
etkilidir.

4. BULGULAR VE TARTISMA (RESULTS AND
DISCUSSION)

Ug boyutlu yazicilarla istenilen 6l¢ii ve malzemede
biyomedikal ekipman  olusturulabilmektedir. Bu
teknoloji yeni yeni gelismekte olup bu alanda ilerleyen
zamanlarda insanlara ¢ok daha fazla yarar saglayacag:
kag¢inilmazdir.

Bu c¢alismada yer alan AFO modeli, uzuv
sabitlenmesinde kullanilacagindan, statik yiik testlerinin
gerceklestirilmesinde referans olarak kullanilacak olan
yiik hastanin agirligt kadar olup ortezin i¢ yiizeyi iizerine
uygulanmasi gerekmektedir. Ortez, lretim esnasinda
farkli basim parametreleri ile i¢ doluluk orani, 2b
katmanlarda yer alan termoplastik polimerin st {iiste
yapisma agist ve pek cok farkli 6zellikleri ayarlana-
bilmektedir. Bu da dogrudan kullanilan malzeme

miktarini etkilemekle birlikte ortez dayanimini ve baski
parametrelerini hasta agirligina gore belirleme imkani
saglayacaktir. Sekil 10°da, malzeme dayanimini belirle-
mek icin gergeklestirilen ¢ekme testinde kullanilmak
tizere 3b yazici ile belirli baski parametrele-rinde
hazirlanabilecek test numuleri gériilmektedir.

Malzeme analizinde siklikla kullanilan ¢ekme ve darbe
testlerinde ki numunelerin, medikal ortez iiretiminde
kullanilan baski parametreleriyle ayni iiretilmesi ve bu
sekilde dayaniklilik testlerinin gergeklestirilmesi, termo-
plastik malzemenin dayanimini ve iist liste olusan 2b
katmanlardaki yapigma miktarini gergege en yakin sekil-
de belirlemeyi saglayacaktir. Ayrica saglamlik testi igin,
hasta agirliginin statik yiik olarak ortez iizerine uygulan-
masi1 gerek SolidWorks Simulation kullanilarak gerekse
de bir hidrolik pres makinesi ile gergeklestirilebil-
mektedir. Bu sekilde medikal ortez dayaniminin ve mal-
zeme Ozelliklerinin test sonuglarina gére hastaya uygun-
lugu belirlenebilmektedir. Hasta agirligina goére basim
parametreleri kullanilarak fazla malzeme kullaniminin
onlenmesi dogrudan {iretim siirecinde harcanan zamani
diigiirmektedir.

5. SONUCLAR (CONCLUSION)

Insan yiiriimesi icin son derece énemli olan ayak bilegi
ortezleri deformasyonlari dnlemek ve bilek hareketini
kontrol etmek i¢in iretilir. Bir AFO genellikle zayif
bacagi korumak, bilek ve ayagi dogru pozisyonda tutmak
ve adim atmay1 diizeltmek i¢in kullanilir. Son kullanici
farkli boyutlarda bilek ve farkli tipte deformasyonlara
sahip olabileceginden bir AFO son kullanicinin ayagina
tam uygun bir sekilde iiretilmelidir. Dolayisiyla seri
iiretilen AFO’lar her bir son kullanici igin uygun
olmayabilir. Bu durum g6z 6niinde bulunduruldugunda
iic boyutlu yazicilar kisisellesmis biyomedikal ekipman
iiretiminde 6ne ¢ikmaktadir. Bu ¢caligmada, 6zel bir AFO
oncelikle bir CAD yazilimi ile modellendi ve daha sonra
bu model gelistirilen yaziciyla iretildi. Bu g¢alisma

.

o

Sekil 9. a) 3b tarama islemi (3d scanning process), b) Referans hedef uzuv anatomisi (3d model of target limb anatomy), c) Ortez

tasariminin hasta anatomisine gore sekillendirilerek uygulanmasi (Customization of the model)

—_a@

Sekil 10. a) Test numunesinin 3b modeli (3d model of
specimen), b) Test numunesinin 3b yazicidan
alman ¢iktis1 (3d printed specimen)

iilkemiz literatiiriinde bilinen ve ii¢ boyutlu yazici ile
iiretilen ilk ayak bilegi ortezidir.
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ABSTRACT

The yielding of two-layer composite spherical pressure vessels under either internal or external pressure is investigated analytically
in the framework of small deformations and von Mises yield criterion. It is shown for both pressure cases that depending on the
material properties and sphere dimensions, different modes of plasticization may take place. Unlike the deformation behavior of a
single layer spherical pressure vessel, yielding may commence at the inner layer or at the outer layer or simultaneously at both

layers of the assembly.

Keywords: Stress Analysis, Spherical Pressure Vessels, von Mises Criterion.

1. INTRODUCTION

The prediction of stresses in commonly used structures
such as tubes, shafts, annular disks and pressure vessels
is an important topic in engineering practice. The
classical problem of a thick-walled spherical pressure
vessel under different loading and boundary conditions
has been investigated by several researchers in the past.
Timoshenko and Goodier [1] derived the expressions of
the stresses in a thick-walled sphere subjected to internal
and external pressure. Mendelson [2] studied the elastic
and elastoplastic deformation behavior of spherical
pressure vessels under thermal and pressure loading.
Noda et al. [3] derived the stress and displacement
expressions of thick-walled spheres under various types
of thermal loads. Jiang [4] studied the elastic-plastic
response of such assemblies subject to internal and
external pressures and radial temperature gradient. Bufler
[5] investigated the laminated composite hollow spheres
under pressure.

In recent years, analytical studies focusing on pressure
vessels made of functionally graded materials (FGM) and
multilayered pressure vessels were performed both in
elastic and elastoplastic stress states. For example, Guven
[6], You et al. [7], Eslami et al. [8], and Chen and Lin [9]
treated the FGM spheres under different loading
conditions in elastic stress state. On the other hand, Fukui
and Yamanaka [10], Horgan and Chan [11], and Tutuncu
and Ozturk [12] treated the internally pressurized FGM
cylindrical pressure tube problem in elastic stress state.
The elastoplastic response of FGM spherical pressure
vessels was investigated by Akis [13], while Eraslan and
Akis [14] investigated the elastoplastic response of FGM
cylindrical pressure vessels, and Jahromi et. al [15, 16]
studied the autofrattage of such assemblies. Besides these
studies, both the mechanical and thermal stresses in the
FGM cylindrical tubes were studied by several
researchers such as Jabbari, Sohrabpour and Eslami [17]
and Eraslan [18]. The closely related studies on the
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pressurized two-layer composite thick-walled tubes may
be found in publications [19-22]. Finally, recent studies
on spherical and cylindrical pressure vessels can be found
in [23-26].

It is evident from the list of the existing literature that the
investigation of the yielding behavior of the pressurized
two-layer spherical pressure vessel problem by analytical
means has not yet been done. It is therefore the main
objective of this work to obtain a consistent analytical
solution to predict the yielding behavior of such
assemblies under pressure. The geometry considered in
this study consists of two concentric thick spheres: A
sphere layer of inner radius a and outer radius b and a
sphere layer of inner radius b and outer radius c. This
composite system is subjected to either internal or
external pressure. The elastic behavior of the system is
investigated analytically and the limiting pressures
causing plastic flow are evaluated by the use of von
Mises yield criterion. It is shown that, unlike the
deformation behavior of a single layer spherical pressure
vessel, yielding may start at the inner surface or at the
interface of the assembly.

2. FORMULATION AND SOLUTION

Spherical coordinates (I, &, @) are considered in this

problem. In addition, infinitesimal deformations are
presumed and the notation of Timoshenko and Goodier
[1] is used. For a spherical symmetric deformation case

(o, = o, ), the strain-displacement relations

_du

g =—, (1)
toodr

£y = @
0 r

the Hooke’s law

& = é(a‘r -2vo,): ®)

‘90(:5¢):é[aa_‘/(0r+o—a)] (4)
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and the equation of equilibrium
do,

dr )

form the basis for the analysis. In these equations, Sj

+§(O-r _00):0

represents the normal strain, u the radial displacement, r
the radial coordinate, E the modulus of elasticity, o; the
normal stress, and v is the Poisson's ratio. A straight

forward manipulation on the equations above leads to
stress-displacement relations:

o, :E{Zvu+(1—v)u’] (6)
@+v)1-2v) r
o,(=0,) E {l:+vu'] (7

L+v)L-2v)
where a prime denotes differentiation with respect to the
radial coordinate r. Substituting the stresses from (6) and
(7) in the equation of equilibrium (5) one obtains the
governing differential equation for the radial
displacement in a spherical pressure vessel. The general
solution is

u(r):%+czr, 8)

where C1 and C2 are arbitrary integration constants.

The stresses are then determined as

o =E —#+ C: |, )
r’t+v) 1-2v

oy =E| s+, (10)
rrd+v) 1-2v

For a spherical pressure vessel under internal pressure,
the integration constants C1 and C2 are determined

using boundary conditions o (a)=-P and o,(b)=0
as

_a%°P@L+v) (11)
2k -ad)E
a*P(l-2v)
2T 8 v (12)
(b®-a°)E
On the other hand, if the pressure is applied externally in
radial direction, the boundary conditions read

o.(a)=0 ando, (b) =—P, hence C_and C, are

obtained as
a’b’P(+v)

= : (13)
2(b°-a*)E

c, - DPU-2) (14)
(b*-a®)E

For spherical symmetric case, the deviatoric stress tensor
Sij can be written as

[5,]-

(15)

10

where & is the deviatoric stress given by

6 =(o, +20,)/3. The von Mises yield stress, o, ,
may be expressed as [27]

I3
GY = ES”SU y

and the explicit expression can be obtained as
oy = |G, —(79|,

(16)

a7
by carrying out summations over repeated indices.
Yielding begins as soon as the yield stress o, becomes

greater than the uniaxial yield limit o, of the material

and the elastic limit load is obtained from o, =0y.

Studies showed that for a single layer spherical pressure
vessel, the inner surface is critical for both internal and
external pressure cases and yielding always commences

at this surface. Hence, the elastic limit pressure P, can

be obtained from o, =|Gr (a)—ag(a)|. For both
cases, this limit is found as
20, (b° —a°)
30° '
This expression is identical with the elastic limit

expression given by Mendelson [2]. As an example, a
steel pressure vessel (E = 200 GPa, v = 0.3, o, = 430

P, = (18)

MPa) is considered. To present the numerical results, the
following nondimensional variables are used: F =r/b ;
G,=0,lc,; U=UE/(oyD) ; P=P/o,. The inner
radius of the assembly is takenasa =a /b =0.7 . For
the internal pressure case, using Eq. (18), the elastic limit
pressure is obtained as F_’e =0.438. Using Egs. (11) and

(12), the dimensionless integration constants are
calculated as  C,=C,/b®=3.19562x10"*,  and
C,=C, =1.96653x10*. The corresponding stresses and

displacement are plotted against the nondimensional
radial coordinate in Figure 1. In order to monitor the
commencement of the plastic flow, the nondimensional

stress variable A, is introduced. In accordance with von
Mises yield criterion it is obtained from 4, =|&, —&,|,
which corresponds to the yield stress o, in the plastic

core. Note that A, =1 at the elastic-plastic border
implying onset of plasticization at that location and
A, <1 in the elastic region. By following the variation

of /IY in Figure 1, it is seen that yielding commences at

the inner surface of the assembly as A, (&) =1. For the
external pressure case, same steel assembly is considered
with @ =a/b=0.6. The corresponding elastic limit
pressure is calculated as P, =0.522667 from Eq. (18).
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Using Egs. (13) and (14), the integration constants are
obtained as  C,=C,/b°=-20124x10",  and
C,=C, =-5.73333x10™. As aresult, the profiles for the
stresses and displacement shown in Figure 2 are drawn.
Since /IY (a)=1, yielding first begins at the inner
surface of the assembly.
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Figure 1. Stresses and displacement in a steel spherical
pressure vessel of inner radius @ = 0.7 subject to
elastic limit internal pressure P =0.438 .
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Figure 2. Stresses and displacement in a steel spherical
pressure vessel of inner radius @ = 0.6 subject to

elastic limit external pressure P. =0.522667
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2.1 Two-Layer Assembly Subject to Internal Pressure

In two-layer composite spherical pressure vessels, same
stress and displacement expressions are valid for both
layers. However, these expressions contain four

unknown integration constants: C,, C, for the inner

layer, and C;, C, for the outer layer. For such an
assembly subject to internal pressure P, these constants
are determined from the boundary conditions
o'(@)=-P and &,'(c)=0, and the interface conditions
s'(b)=c"(b) » u'(b)=u"(b) - Here the superscripts I and
I denote inner and outer layers, respectively. The stress
components and radial displacement for both layers can
be obtained by the use of Egs. (9), (10), and (8).
Application of the above mentioned four nonredundant
conditions results in
_ a®h’PN, [2(c° ~b°)E,M, + E, (20°M, +¢°N,)]

LT 2E,[(¢° —b%)E, (20°M, +2°N,) + (b —a%)E, (20°M, +¢°N,)]
; (19)
c a*PM,[20°EM, — (¢° =b*)E,N, + CCE,N, |

27 EI(c® -bY)E, (2b°M, +a°N,) + (b° —a°) E, (2b°M,, + ¢°N,)]

(20)

a’h’c®P(2M, + NN,
C, = 3_ 13 3 3 3_ .3 3 3
2[(c® -b*)E,(2b°M, +a°N,) + (b* —a”)E,(2b°M, +c°N,)]
: 1)
a’b*PM,(2M, +N,) ,(22)
Ci= G 3 3 3.3 3 3
(¢ -b*)E,(2b°M, +a°N,) + (b° —a*)E,(2b°M, +c°N,)

where

N, =1+v;, M, =1-2v; N, =1+v,,
M,=1-2v,. (23)
The subscripts 1 and 2 are used to denote material

properties (E, v, o) of the inner and outer layers,

respectively. Parametric studies showed that, unlike the
deformation behavior of a single layer pressure vessel,
different modes of plastic flow may take place. Plastic
deformation may first begin at ' =a (at the inner

surface), or at r =b (at the interface). These two
different modes imply the existence of a critical interface

radius D=0, for which the plastic flow begins
simultaneously in both layers. The critical interface
radius bCr and the corresponding elastic limit pressure

P

. can be determined by simultaneous solution of the
following two equations:

o/ (@) -0, (@) = o0, , (24)

o (0,) ) (b)

After some algebraic manipulations, the critical interface

=0y, - (25)

radius D, and the corresponding elastic limit internal
pressure are obtained as
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b, :3\/03(2E2M1+E1N2)0'02—D , (26)
4(E,M, —-EM,)oy,
3 :%[Cs e —a3)[2b3E1|;/I3E+é('\t;|3 1b’\31))EZM1+c3E1N2]}
2 1 1
, @7)
where

D =\/C3602|_C3O'02(2E2M1 +EN,)* ~8a°E,00,(E,;M, ~E;M,)(2M, + Nl)J !
(28)

It is also found that the existence of the critical interface
radius bCr depends mainly on the material properties of

the layers of the assembly. The analyses showed that, for
instance, in an assembly consisting of steel inner and

aluminum outer layers (ST-AL) bCr exists for all @. On
the other hand, in an aluminum-steel (AL-ST) assembly
bCr does not exist and yielding always commences at the

inner surface I =a. If the critical interface radius
exists, the plastic flow will start at the inner surface for

the values of b > b, and at the interface of the assembly

for b<b, . The elastic limit internal pressure that
causes yielding at the inner layer at I = @ is determined
a’(c® -b*)E,(2M, +N,)

from Eq. (24) as
b*-a’+ 3 3 3 3 '
2E,M, (c® -b*) + E,(2b°M, +C°N,)
(29)

The equations above for the integration constants and
critical pressures can easily be shown to reduce to the
corresponding equations of a single layer spherical
pressure vessel under internal pressure by setting
E.=E,=E, v,=v,=v, o,=0y,=0, and
either a=Db or c=b.

2.2 Assembly Subject to External Pressure

If the two-layer assembly is subjected to external
pressure P, the boundary conditions become
c/(@)=0 and 0&'(C)=—P. The interface
conditions are the same as the interface conditions for the

internal pressure case. Using them to determine the
integration constants yields

20,
P=

a’b%’PN,(2M, +N,) ,
C = 3_ 13 3 3 3_ .3 3 3
2[(c® -b*)E,(2b°M, +a°N,) + (b* —a’)E,;(2b°M, + cN,)]
(30)
b*c*PM, (2M, + N,) ,
C,=- 313 3 3 3_ 3 3 3
(c®-b*)E,(2b°M, +a°N,) + (b° —a”)E;(2b°M, +c°N,)
31

o b°c*PN, [20°E,M, — 2(b° —a%)E,M, +a°E,N, | ,
* 7 2E,[(c*-b*)E,(2b°M, +a°N,) + (b° —a°)E,(2b°M,, +¢°N,)]
(32)

c__ °PM, [2b°E,M, + (b° —a%)E,N, + a’E,N, |
‘7 EI(c* -b%)E,(2b°M, +a°N,) + (b° —a°)E, (2b°M, + ¢°N,)]
(33)
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Making use of Egs. (24) and (25), the critical interface
radius and the elastic limit external pressure are obtained
as

] :3\/ 2’0y, (2EM, + E,N,) (34)
y E, [2(001 +04,)M 2+002N2]_ 2E,0,M,
p_20q|C°-D" (b°-a°)E;(2M, +N,) . (35)
773 | & 20°EM,_2(0°—a)EM, +aE,N,

The choice b =1, Ieads to plastic flow in both layers

(@ r=a and r=Db) simultaneously. Yielding
commences at the interface, I =D, for the values of b
less than B, . In case b >, or when b, does not
exists, plastic flow begins at the inner surface ' =a.
The corresponding elastic limit pressure turns out to be

(€ —b*)[20°E,M, — 2(b° —a%)E,M, +a°E,N, |

p_ 20,
c®E,(2M, +N,)

© 3p’

{bs -a’+

(36)
Like in internal pressure case, equations above for the
integration constants and critical pressures can be
reduced to the corresponding equations of a single layer
assembly under external pressure.

3. NUMERICAL RESULTS

A composite system consisting of steel inner (E = 200
GPa, v =0.3, 0, =430 MPa) and aluminum outer (
E=70 GPa, v=0.35, 0,=100 MPa) layers is

considered. To present the numerical results the
following non-dimensional variables are used:

_r _  Oj u = P

r=Cso=2.g="5,p-" @
¢ On 0,C Oy

3.1 Assembly Subject to Internal Pressure

The inner radius of the assembly is taken as

a=a/c=0.75. In case the assembly subject to
internal pressure, the critical interface radius and the
corresponding critical elastic limit pressure are calculated

as b, =b,/c=0.895058and P, =0.318305

using Egs. (26) and (27), respectively. If these values are
substituted in Egs. (19)-(22) the dimensionless
integration constants are obtained as
C,=C,/c*=3.93047x10*, C,=C,=299591x107,
C,=C,/c*=4.60965x10“and C, =C, = 2.04873x10™
. The corresponding stresses and displacement are plotted
against the nondimensional radial coordinate in Figure
3(a). The radial stress and displacement are continuous at
the interface satisfying interface conditions, but since the
layers are made of different materials the tangential stress
is discontinuous. It is also shown in this figure that the

stress component O, is tensile whereas O, is
compressive. By following the variation of the

|
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nondimensional stress variable ﬂY in Figure 3(a), it is

seen that yielding commences simultaneously at the inner
surfaces of both layers. For the same assembly, assigning

the interface radius b =0.85< Bcr and using Eq.(27), the
elastic limit internal pressure is obtained as
P, =0.235399. The corresponding integration constants
C, =3.30663x10™*, C, =2.79891x10°,
C,=394795x10* and  C,=175464x10"*. The

distribution of stresses and displacement in the spherical
pressure vessel is given in Figure 3(b). It is seen in this
figure that yielding commences at the interface of the two

layers since 4, (b)=1. For b =0.95> b, , Eq. (29) gives
P, =0.356688 (19)-(22)
C, =3.93047x10*,C, = 2.66582x10™*,

C,=450096x10* and C,=200043x10* are

obtained. As a result, the profiles for the stresses and
displacement shown in Figure 3(c) are drawn. Since

Ay (&) =1, yielding first begins at the inner surface of
the assembly. Finally, the variation of the elastic limit

internal pressure F_’e with the interface radius b for

are

and from  Egs.

steel-aluminum assembly of inner radius @ =0.75is

plotted in Figure 4. Here, b =a=0.75 implies a
single aluminum spherical pressure vessel under internal
pressure and the turning point of the curve corresponds

tob =D, .

1.2

stresses and displacement

00 [

[
o2
b,, = 0.895058
04 L
0.75 0.80 0.85 0.90 0.95 1.00

radial coordinate

Figure 3(a). Stresses and displacement in a steel-aluminum
spherical pressure vessel of inner radius

a =0.75 subject to internal pressure at elastic
limit internal pressure for p —p_ =0.895058 and

P, =0.318305.
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Figure 3(b). Stresses and displacement in a steel-aluminum

spherical pressure vessel of inner radius
a =0.75 subject to internal pressure at
elastic limit internal pressure for b = 0.85,
E =0.235399
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00 | —
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[ b =095
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0.75 0.80 0.85 0.90 0.95 1.00
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Figure 3(c).  Stresses and displacement in a steel-aluminum

spherical pressure vessel of inner radius
a =0.75 subject to internal pressure at elastic
limit internal pressure for b =0.95,

P =0.356688.
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Figure 4. Variation of elastic limit internal pressure with
interface radius.

3.2 Assembly Subject to External Pressure

In order to express the response of the two-layer spherical
pressure vessels under external pressure, a steel-
aluminum assembly is considered again. The inner radius

is taken as @ =0.7 and with the help of Eq. (34) the
critical interface radius for this system is calculated as

b, =0.776302. Using Eq. (35) for cases b < b, and
b = ECr and Eq. (36) for b > Bcr and Eqgs. (30)-(33) for

all, calculations are performed for three different
interface radii and the results are summarized in Table 1.

Table 1. Results of calculations for & = 0.7

b=075 | b,=0776302| bH=08
P, 0.194742 0.260397 0.284579
C, | 2.69487x10 -3.19562x10 | -3.19562%10
C, | -4.83492x10 -5.73333x10* | -5.73333x10"
C; | -2.71205x10% -3.00751x10* | -2.80717x10
C, | -4.79418x10 -6.13541x10* | -6.49202x10

The stresses and displacement corresponding to
b=0.75 b=b, =0.776302 and b =0.8 at

their elastic limit external pressures are calculated and
plotted in Figures 5(a), (b) and (c), respectively. As seen
in these figures, both stress components are compressive.
Furthermore, yielding commences in the assembly of
interface radius b = 0.75 in the outer layer (Figure 5(a)),

simultaneously in both layers for b =b, =0.776302
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(Figure 5(b)) and in the inner layer for b=0.8 (Figure
5(c)). Finally, the variation of elastic limit external

P. with the interface radius b can be seen in

pressure

Figure 6.

0.0

stresses and displacement
. .

0.75 0.80 0.85 0.90
radial coordinate

-1.2 &
0.70

Figure 5(a). Stresses and displacement in a steel-aluminum
spherical pressure vessel of inner radius @ = 0.7
subject to external pressure at elastic limit
external pressure for b =0.75, P, =0.194742.
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Figure 5(b). Stresses and displacement in a steel-aluminum
spherical pressure vessel of inner radius a =0.7
subject to external pressure at elastic limit
external pressure for b =b, =0.776302,

P =0.260397-
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Figure 5(c). Stresses and displacement in a steel-aluminum
spherical pressure vessel of inner radius a =0.7
subject to external pressure at elastic limit

external pressure for b = 0.8, P, =0.284579.
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Figure 6. Variation of elastic limit external pressure with

interface radius.

4. CONCLUDING REMARKS

In the framework of small deformation theory and von
Mises yield criterion, an engineering stress analysis is
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performed in this study concerning the yielding of two-
layer spherical pressure vessels under pressure. In a
single layer spherical pressure vessel, the inner surface is
critical regardless of internal or external pressure is
applied and yielding commences at this location when the
pressure reaches its elastic limit. However, in two-layer
composite spherical pressure vessels, depending on the
material properties and interface radius, yielding may
begin in the inner layer or in the outer layer or
simultaneously in both layers. A critical interface radius

b, leading to plastic flow simultaneously in both layers

may be found. The existence of bCr mainly depends on
the material properties of the layers. The plastic flow
starts fromthe inner layerat r = a if b >b_, ityields

cr’
in the outer layer at the interface otherwise. In case b,

does not exist, the assembly behaves like a single layer
spherical pressure vessel.

LIST OF SYMBOLS

a,b, c inner, interface and outer radii of the spherical
pressure vessel assembly, respectively

C, integration constants
E modulus of elasticity
P pressure

I, 8, ¢ spherical coordinates
Sij deviatoric stress tensor
u radial displacement

& strain components

1% Poisson's ratio

O; stress components

Oy, Oy initial and subsequent yield stress
o deviatoric stress

nondimensional stress variable
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Mantolama Yontemiyle Gli¢lendirilmis Betonarme
Kolonlarin Akustik Emisyon Yontemiyle Analizi
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Akustik Emisyon (AE), gerilme altindaki malzemelerin hizla enerji salarak gegici elastik dalgalar tirettigi olaylar ve bu sekilde
olusan gegici elastik dalgalar olarak tanimlanir. Bu ¢alismada, betonarme mantolama yontemiyle giiglendirilmis kolonlarin analizi
akustik emisyon teknigi ile deneysel olarak aragtirilmistir. Yiik tagiyamaz halde bulunan 25x25x195 cm boyutlarindaki betonarme
kolonlar mantolama yontemiyle gii¢lendirilmistir. Bu baglamda, referans kolondan farkli olarak betonarme kolonlara iki farkli
tiirde giliclendirme stratejisi uygulanmistir. Birinci kolon (referans kolon); boyuna donatilart siireksiz ve ankrajsiz olarak
iiretilmistir. ikinci kolon, kayma donatil1 (ankrajl1), boyuna donatilari siireksiz olacak sekilde imal edilmistir. Ikinci kolondan farkli
olarak; ti¢iincii kolonda boyuna donatilar siirekli olacak sekilde donatilandirma yapilmistir. Ardindan numuneler tersinir tekrarlt
yiik altinda gé¢gmeye maruz birakilmistir. Bu deneysel calismanin sonucunda, deney elemanlarinin akustik emisyon ile analizleri
karsilastirilmig, yorumlanmis ve bazi dnerilerde bulunulmustur.

Anahtar Kelimeler: Akustik Emisyon Yontemi, Betonarme Mantolama, Gii¢lendirme.

Acoustic Emission Analysis Method of Reinforced
Concrete Column with the Jacketing Methods

ABSTRACT

Acoustic Emission (AE) is defined as a phenomenon, materials which are under stress, are emitting energy and producing temporary
elastic waves. In this paper, analysis of the reinforced concrete columns jacketing method was experimentally investigated by
acoustic emission technique. Non-load-bearing reinforced concrete columns with dimensions of 25x25x195 cm were reinforced
with the jacketing method. With this regard, two different types of retrofitting strategies were applied to RC columns and were
validated via the results of a reference column. The first column has impermanent vertical reinforcement and no anchors. Second
column is designed as shear reinforcement (anchors), impermanent vertical reinforcement. As a differance from the second column
in the third column vertical reinforcements are permanent. Then, the specimens under reversible cyclic loads have been subjected
to failure. Result from this experimental work, the acoustic emission analysis of specimens are compared, commented and
recommendations are made accordingly.

Keywords: Acoustic Emission Method, R.C. Jacketing, Strengthening.

1. GIRIiS (INTRODUCTION) diizlemlerinin kaymasi, martensitik faz doniisiimleri gibi
Kati bir malzemeye artan bir gerilme uygulandiginda, dinamik hareketler temel AE kaynaklar1 olarak tanimlan-
oncelikle plastik deformasyon ardindan da kirilma maktadir. Ayrica oksit tabakasinin ¢atlamasi gibi ¢esitli
meydana gelmesi kagmilmazdir. Bu siire¢ esnasinda, yiizey etkileri de AE kaynagi olarak tanimlanmaktadir.
biriken uzama enerjisi araliklarla serbest kalmakta ve ~AE muayene yontemi ile metal ve seramiklerde catlak
gecici elastik dalgalar iiretmektedir. Bu sekilde olusan ~ Daslangici, yorulma catlag: ilerlemesi, gerilmeli koroz-

gegici elastik dalgalar, akustik emisyon (AE) olarak ~ yon catlaklarinn saptanmasi, faz dontstimleri ve
tanimlanir [1,2]. dislokasyon hareketleri gibi ¢esitli olaylar incelenebil-

AE yontemi temel olarak bakildiginda yapilar iizerinde mektedir [3], .

yapilan tahribatsiz bir muayene tiiriidiir. Modern AE M. A. A. Aldahdooh ve ek1b1.te.1raf1ndan yapilan ¢alisma-
arastirma calismalari, malzemelerden insan kulag: da; d@ir.t .noktgc.lan cgilme etkisi altinda bul.unan betongr-
frekanst digindaki (ultrasonik) frekanslarda yayilan M€ Kirisin, kiris kalinliginin hasar mekanizmas: tizerin-
seslerle ilgilidir. deki etkilerini test etmek i¢cin AE’nin uygulanabilirligi
arastirilmistir [4]. Hasar seviyesinin artisi sonucunda,
ortalama frekans disinda tiim AE parametrelerinin deger-
lerinin arttig1 gézlenmistir. Ayrica tiim AE parametreleri
*Sorumlu Yazar (Corresponding Author) ortalama frekans da dahil olmak iizere kirig kalinligiyla

e-posta: anilozdemir@gazi.edu.tr artmigtir. Boylelikle, bu ¢alismada betonarme kirigin
Digital Object Identifier (DOI) : 10.2339/2017.20.1 17-23

Malzemelere belli bir yiik etkimesi durumunda, catlak
baglangiglari, ikizleme ve dislokasyon hareketleri, kristal
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kalinlik degerleriyle birlikte davraniginin izlenmesinde
AE’nin etkin olarak kullanilabilirligi belirlenmistir.

Pierre Rossi ve ekibi, betonun temel stinmesiyle iliskili
calismak ve konuyla ilgili fiziksel temelli niimerik
modeller gelistirmek i¢in bir aragtirma projesi baglatmis-
tir [5]. Bu baglamda, deneysel bir ¢aligma yapilmis ve bu
siinme davranisinda ayni beton i¢in farkli bakis acilari
gozlenmistir. Bu deneysel calismalar betonun temel
stinmesinin kdkeninde fiziksel mekanizmalara iliskin bir
varsayim onermesini saglamaktadir. Bu varsayim siinme
adimlar1 (sabit yiike maruz kalmis siinme testi adimlari
sirasinda) esnasindaki mikro ¢atlaklarin bazi ek kuruma
biiziilmelerine sebep olan su transferleriyle olusumudur.

T. Kaiser’in yaptig1 bilimsel c¢aligmalarin yayinlan-
masina kadar olan siireg, AE yonteminin ilk evresi olarak
bilinir. Kaiser, yiikleme altinda malzemelerden iiretilen
sesleri belirlemek ve AE sinyallerini kaydetmek igin
malzemeleri ¢ekme testine tabi tutmustur. Cesitli geril-
meler altinda, bu malzemelerin gerilme-deformasyon
davranmigi ve frekanslar1 incelenmistir. Calismalarinin
sonunda “kaiser etkisi” olarak agiklanan tersinirsizlik
olgusunu kesfetmistir [6]. Kaiser etkisi, yiikleme
altindaki bir malzemenin sadece birincil yiik seviyesi
asildiktan sonra ses dalgalarini yaymasi ile agiklanir.
Diger bir ifadeyle, dnceki maksimum gerilme diizeyine
ulagmadan once az sayida ya da sifir AE kaydi
gerceklesirken, bu gerilme diizeyi asildiginda AE
sayisinda ciddi bir artig s6z konusudur [7]. Kaiser etkisi
Sekil 1°de bir deneyden alint1 yapilarak gosterilmistir.
Deneyde bir kiip numune sikistirmaya tabi tutulmus ve
tekrarli yiikleme altinda test edilmistir. Sekil zamana

karst  AE  aktivitesini ve yiikleme seviyesini
gostermektedir.
60 600
7 Kaiser Etkisi x
£ —vik =
012 —— AF Aktivitesi it e
p= E
40 3 | 400
30 300
208 == 1 200
L AT ‘ 7 00
‘
i
0 i 0

93500 956500 D500 03500 V500 ME00 1M3S00 MBS0 R:BO0 V3500

Zaman [hh:mm:ss)]

Sekil 1. Tekrarli yiikleme altinda beton numunede olusan
Kaiser Etkisine 6rnek (Example for the Kaiser effect
occurring in the concrete sample under loading) [8]

Barbara Goszczynska’nin ¢aligmasinda, betonda ve
betonarme kirislerde olusan catlaklarin baglamasi ve
biiyiimesi AE ile analiz edilmistir [9]. Bu yontemde, her
aktif yikici islemin AE kaynagi olabilecegi fikri esas
alinarak yapilmustir. Onceden olusturulmus bir veri
tabanindaki AE sinyalleri ile yapiya yiik uygulanmasi
sirasinda olusan AE sinyalleri karsilagtirildiginda, bir
elemanda olusan aktif bozunmalarin olusumu tespit
edilebilmistir. Deneysel c¢alismada AE yonteminin
kullanilmasiyla yap1 elemaninin iginde ve yiizeyinde

18

goriilemeyecek kadar kiiclik olan mikro c¢atlaklarin ve
goriilebilen makro catlaklarin belirlenmesinin (yerlerinin
tespit edilmesi) miimkiin oldugu sonucuna varilmistir.

Bu c¢alismada, daha oOnce nihai tagima kapasitesine
ulasana kadar yiiklemeye maruz birakilmis ve kullani-
lamaz halde olan 25x25x195 cm ebatlarindaki ii¢ beto-
narme kolon kullanilmistir. Bu ii¢ betonarme kolon, man-
tolama yontemiyle 40x40x200 cm ebatlarina getirilerek
giiclendirilmis ve tersinir tekrarl yiikleme uygulanmaistir.
Ayrica tersinir tekrarli ylikleme altindaki davranis1 AE
yontemiyle aragtirtlmistir.

2. DENEYSEL CALISMA (EXPERIMENTAL

STUDY)

2.1. Deney Elemanlarinin Adlandirilmasi (Naming
Elements Test)

Referans elemandan farkli olarak, deney elemanlarindan
biri kayma donatis1 eklenerek mantolama yapilmistir.
Diger deney elemanina ise kayma donatisi eklenerek ve
boyuna donati siirekli olacak sekilde mantolama
yaptlmistir ~ [10]. Deney  elemanlarina iliskin
isimlendirme ve kisaltma detaylar1 asagida verilmistir.

e FVB: Filizli, Kendiliginden yerlesen beton (Referans
Eleman).

KDFVB: Kayma donatili, Filizli, Kendiliginden
yerlesen beton.

KDSVB: Kayma donatili, Siirekli, Kendiliginden
yerlesen beton.

- 40

A-A Kesiti
A A e

so14 /7|
{ (3014)5—
200 f

5014
- P
(5014)

Er08
35 Etriye uzunlugu:
35%4+2°8=156 cm

L1
10!

95

Olgiiler cm'dir

L 100 |
Sekil 2. FVB deney elemaninin sematik goriiniimii ve donat:
plani (Schematic display and reinforcement plan of

FVB experiment element)
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FVB elemanmin boyuna donatis1 filizlidir. Bindirme
boyu I, = 70 cm olarak hesaplanmigtir. Ankraj
¢ubugunun toplam uzunlugu 95 cm ve boyuna donatinin
uzunlugu 195 cm olarak kullanilmistir (Sekil 2).

40
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3
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? 0 L=¥om
Olgiler cm'dr
100

Sekil 3. KDFVB deney elemaninin sematik goriiniimii ve
donati plan1 (Schematic display and reinforcement
plan of KDFVB experiment element)

KDFVB elemaninda ise FVB elemanindan farkli olarak
kayma donatis1 eklenmistir. Kayma donatisi kolonun iki
yiizeyinde ve karsilikli olacak sekilde her 20 cm de bir
ankre edilmistir. Kayma donatisi “L” seklinde imal
edilmistir. Kisa kol uzunlugu 15 ¢cm uzun kol uzunlugu
20 cm olacak sekilde @8 ¢elik kullanilmistir (Sekil 3).
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= 30 L=35 cm
I Olgiiler cm'dir

100

Sekil 4. KDSVB deney elemaninin sematik goriiniimii ve
donat1 plan1 (Schematic display and reinforcement
plan of KDSVB experiment element)

KDSVB elemaninin KDFVB elemanindan farki boyuna
donatist siireklidir. Boyuna donatinin toplam uzunlugu
220 cm olarak kullanilmigtir (Sekil 4).

2.2. Yiikleme Diizenegi (Loading Apparatus)

Deney elemant test i¢in rijit kirig iizerine yerlestirilmis ve
temel pabucunun dikey hareketini engellemek icin gelik
kutu profiller kullanilmgtir. Kutu profiller iki adet U-140
celik profilin kaynaklanmasiyla olusturulmustur. Kutu
profilden rijit kirisin alt kismina baglant1 yapilarak sistem
sikigtirllmigtir.  Deney elemaninin  yatay hareketini
engellemek icin deney elemani hidrolik piston ve
payanda arasina sikigtirilmistir. Deney elemaninin gelik
profillere, hidrolik pistona, payandaya ve rijit ylizeyine
temasint engellemek ve akustik sinyallerde giiriiltiiyli
azaltmak amaciyla aralara kauguk konulmustur. Deneyde
kullanilan test diizenegi Sekil 5°de verilmistir.
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q T g~
—F [ R N
7 e LMl U
== 0 ||| neoscao ! ‘Dj :1%:‘,.-
ol IS | PR 0
=l 4 o fghn s
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Sekil 5. Yiikleme Diizenegi (Loading System)

2.3. Ol¢iim Diizenegi (Measurement Apparatus)

Kullanilan AE sisteminde, Mistras Group Inc. firmasi
tarafindan tiretilen Micro II SAMOS [11]. kasasi iizerine
entegre edilmis sekiz kanalli 24 bit veri toplama cihazi,
Oon vyiikselticiler, baglant1 kablolari, sensorler ve
bilgisayar bulunmaktadir.

Sekiz kanall1 24 bit veri toplama cihazi; gii¢ gereksinimi
10 Watt, giris direnci 50 Ohm, 0/6/8 dB segenekli sinyal
kazanct olan, 1-400 kHz frekansa sahip, maksimum
genlik degeri 100 dB olan bir pargadir.
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AE sistemi her deney oOncesinde kalibre edilmistir.
Kurulum ve kalibrasyon i¢in i¢in su adimlar izlenmistir;

Sensdrlerin  yerlestirilecegi yerler zimparalanmis,
isaretlenmis ve numaralandirilmistir.

150 kHz frekansa sahip AE Sensorlerinin, seramik
yiizeylerine iletken malzeme siiriiliip beton ylizeyine
temas1 saglanmustir.

On yiikselticiler 40 dB single giris modunda
kullanilmustir. Her bir sensoriin ¢alisip ¢aligmadigini
kontrol etmek, sistemde herhangi bir sorunun olup
olmadigint anlamak amaciyla her bir sensore yakin
noktalarda, kursun uclu kalem ile yiizey 45° ag1
yapacak sekilde u¢ kirilmigtir. Ug¢ kirma islemi
istenilen frekans kalitesine ulasana kadar tekrarlan-
migtir.

AE sistemini olusturan donanimlar basitlestirilmis
gosterimle Sekil 6°da gosterilmistir.
Beton Numune Ao
it e 2oxs Bilgisay:
/ OnYokseltici G Yikseltici /g‘s"-‘“
74
1 {2p-= 3 - 4 -3 - 6 - 7
A X
Sensor Stzgeg

Sayicilar, Sinyal Isleme Karts

Sekil 6. AE izleme sisteminin blok semas: (Block
scheme of four-channel AE testing system)

AE sisteminin Ozelliklerinden birisi de arka plan
giiriiltiisiinii elimine ederek AE sinyallerini veri setlerine
doniistiirmesidir. Bu amagla modern AE sistemlerinde
esik seviyeleri (thresholds) kullanilmaktadir. Eger bir AE
sinyali pozitif veya negatif yonde esik degerini asarsa,
tespit edilen bu sinyal bir AE vurusu olarak kaydedilir
[12]. Bu galigmada ise arka plan giiriiltiisiinii engellemek
icin esik seviyesi belirlenmistir. Esik seviyesine ek
olarak, tespit edilen bir vurusun en az ii¢ sensor
tarafindan algilanmasi sart1 yazilim ile ayarlanmustir.

Deney elemanlar iizerine yerlestirilen AE sensorlerinin
diizeni ve koordinatlar1 Sekil 7°de ve yerlesimi ise Sekil
8’de gosterilmistir. Deneyde kullanilan tiim elemanlar
icin ayn1 koordinatlar kullanilmustir.

Sekil 8. AE sensorlerinin yerlesimi (The layout of the AE
Sensors)

2.4. Malzeme (Material)
2.4.1. Beton (Concrete)

Gtiglendirilecek olan mevcut betonarme kolonlarin daha
onceki beton dayanimlar1 20 MPa seviyesindedir. Manto
katmaninda  kullanilan  beton  karigimi  olarak
“Kendiliginden Yerlesen Beton” kullanilmistir. Manto
katmaninin betonlar1 dokiiliirken her beton karisimindan
en az iki adet kiip numune alinmasina gayret edilmistir.
Kiip numuneler, 28 giinliik mukavemetini aldiktan sonra
beton presinde kirilmistir. Numunelere ait hesaplanmis
basing dayanimlari Cizelge 1’de sunulmustur.

Cizelge 1. Deney elemanlarinin beton basing dayanimlari
(Concrete compression strengths of the
experiment elements)

Manto
Eleman TE:;?SH Katmani h‘i%\llgzt
Adi Simfi Ortalama (MPa)
(MPa)
FVB 44,32 20,47
KDFVB C35 47,19 18,52
KDSVB 46,13 19,40

2.4.2. Celik donat1 (Reinforcement)

Biitiin deney elemanlarinda nerviirlii S420 (BC III) ¢elik
donat1 kullanilmistir. Deney elemanlarinin yapiminda,
boyuna donati olarak @14 kullanilmistir. Etriye olarak da
©8’lik donati kullanilmstir. Etriyeler fabrikasyon olarak
iretilmistir. Deney elemanlarinin tiimiinde ayn1 donatilar

Y Sensor Eksen (cm) kullanilmustir. Kullanilan bu donatilardan yeterli sayida
X|l1Y|Z numune alinarak ortalama akma dayanimlar1 belirlenmis-
1 40 | 30| 20 tir. Dayanim sonuglari Cizelge 2’de goriilmektedir.
2 400 ;8 gg Cizelge 2. Celik donatilarin akma ve ¢ekme dayanimlari
3 (Yield and tensile strengths of the steel bars)
8 4 0 |70 20
6 2 5 321201 0
4: |s ° z 6 8 |80 0 Donat1 Akma Dayanim Cekme Dayanimu
3 1 7 8 20 | 40 Cap1 (MPa) (MPa)
)7 8 |32]80]40 08 441 565
X 014 459 572

Sekil 7. AE sensorlerinin diizeni ve koordinatlar1 (The
order and coordinates of AE sensors)

20




MANTOLAMA YONTEMIYLE GUCLENDIRILMIS BETONARME KOLONLARIN AKUSTIK ... Politeknik Dergisi, 2017; 20 (1) : 17-23

3. DENEY SONUCLARI (TEST RESULTS)
Gergeklestirilen deneyle, zamana karst etkiyen

kesme

kuvveti, toplam AE vurusu ve AE enerjisi degerleri es

Degerlendirme asamasinda, yiiklemelere karsilik gelen
AE enerjisi ve AE vurusunun seviyeleri karsilagtiril-
mistir. Tim numunelere ilk 6nce itme yiikii ardindan

350000 70 [ 400000
H —— AE Enerjisi - Zaman = o
300000 4 —e— AE Vuruslari - Zaman 60 - 350000
+ = Yiik - Zaman C
= T - 300000 __
= 250000 50 F S
g - -
3 | 250000 %
< 200000 0 Z [ 3
~ =< ~
Z 3 [ 200000 g
5 150000 30 = [ g
5 — 150000 3
m - w
100000 20 F
= — 100000 .
50000 10 L 50000
0 0 C oo
0 100 200 300 400 500 600 700 800 900 1000 1100
Zaman (sn)
Sekil 9. FVB deney elemaninin AE vurus ve AE enerji grafigi (AE stroke and AE energy graphics of FVB experiment
element)
350000 70 [ 400000
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Sekil 10. KDFVB deney elemaniin AE vurus ve AE enerji grafigi (AE stroke and AE energy graphics of KDFVB experiment
element)
400000 70 = 400000
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Sekil 11. KDSVB deney elemanmin AE vurus ve AE enerji grafigi (AE stroke and AE energy graphics of KDSVB experiment

element)

zamanli olarak test sirasinda elde edilmistir. Elde edilen
veriler Sekil 9, Sekil 10 ve Sekil 11°’de sunulmustur.
Sekil 9, Sekil 10 ve Sekil 11°de X-ekseni zamani ve Y-
ekseni sirasiyla AE enerjisi, yliik ve AE vurus degerlerini

gostermektedir.
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¢ekme yiikii uygulanmis ve yiiklemeler aynmi sirayla
devam ettirilmistir. Deney esnasinda uygulanan itme ve
¢cekme yiik degerleri Sekil 9, Sekil 10 ve Sekil 11°de
pozitif (+) olacak sekilde tekrar diizenlenmistir. Boylece
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ayn1 yiik seviyesindeki AE verilerini okumak ¢ok daha
kolaylagmustir.

Ilk iki yiiklemenin ileri ve geri g¢evrimlerinde tiim
numunelerde AE aktivitesi ve AE enerjisi degerlerinin
ayirt edilemeyecek diizeyde diisiik oldugu saptanmuistir.
Bunun nedeni ise uygulanan yiik degerinin mikro catlak
acma kapasitesinde bile olmadigini gostermektedir.

FVB elemaninda, oOnceki c¢evrimlere gore 4’iinci
yiklemenin geri c¢evrimi ve 5’inci yiiklemenin ileri
cevriminde AE aktivitesinde artis gbzlemlenmistir. Bu
artisin sebebi deney elemaninda yeni ¢atlaklarin
ilerlemesi/geligmesi ve yiikleme eksenine kiiciik acilarda
konumlanmig catlaklarin agilmasi ile ilgilidir. 5’inci
yiikklemenin geri ¢evrimi ve 6’mct yiiklemenin ileri
cevriminde ise deney elemant egilme dayanimi
kapasitesine yaklagmis ve AE aktivitesinde ¢ok hizli bir
yiikselis gostermesine neden olmustur. Ayrica catlaklar
arasi etkilesim artmaya baslamistir. Kolonun rijitliginin
azalmaya basladigi bu yiiklemeler de AE enerjisi ve AE
vurus sayisinda ani artislar kaydedilmistir.

KDFVB elemaninda, dnceki ¢evrimlere gore 4 ve 5’inci
yiiklemelerin ileri ve geri ¢evriminde AE aktivitesinde

artis gozlemlenmistir. Bu artisin  sebebi  deney
elemaninda yeni catlaklarin ilerlemesi/gelismesi ve
yikleme eksenine kiiciik agilarda konumlanmis

catlaklarin agilmast ile ilgilidir. AE enerjisi 6zellikle 4 ve
5’inci yliklemelerin ileri ve geri g¢evriminde AE
aktivitesiyle paralel olmaktan g¢ikarak ani sigramalar
yapmustir ve sonraki yiikleme adimlarinda ayni davranist
sergilemeye devam etmistir. 6’inc1 yiiklemenin ileri ve
geri ¢evrim esnasinda ise deney elemani egilme dayanim
kapasitesine yaklagmis ve AE aktivitesinde ¢ok hizli bir
yiikselis gdstermesine neden olmustur. AE enerjisindeki
ve AE vurusundaki ani artiglar kolonun rijitliginin
azalmaya baglamasiyla ayn1 zamana denk gelmektedir.
Ayrica catlaklar arasi etkilesim artmaya baglamistir.
Sonraki yiikleme adimlarinda deney elemani daha fazla
yikk alamadigindan AE aktivitesi ve AE enerjisi daha
diistik seviyede ama artigini siirdiirmiistiir.

KDSVB elemaninda, onceki g¢evrimlere gore 5’inci
yiiklemenin geri ¢evriminde AE aktivitesinde artis
gozlemlenmistir. Bu artisin sebebi deney elemaninda
yeni catlaklarin ilerlemesi/gelismesi ve yiikleme
eksenine kiiclik acgilarda konumlanmig c¢atlaklarin
acilmasi ile ilgilidir. AE enerjisi 6zellikle bu yiiklemede
AE aktivitesiyle paralel olmaktan ¢ikarak ani sigramalar
yapmustir ve sonraki yiiklemelerde ayni davranisi
sergilemeye devam etmistir. Kolonun rijitliginin
azalmaya basladigi bu yiiklemede AE enerjisi ve AE
vurus sayisindaki ani artis kaydetmistir. 6’1nci
yiiklemenin ileri ve geri ¢cevriminde ise deney elemani
egilme dayanimi kapasitesine yaklasmis ve AE
aktivitesinde ¢ok hizli bir yiikselis gdstermesine neden
olmustur. Ayrica catlaklar arasi etkilesim artmaya
baglamustir.
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3. SONUCLAR (CONCLUSIONS)

Deney elemanlarina yiikkleme yaparak AE deneyi
yapilmasit siirecinde yiiklemenin artmasi ile AE
aktivitesinin siirekli artan bir davranig ig¢inde oldugu
bilinmektedir. Deney numunelerinden elde edilen veriler
de bu dogrultuda gergeklesmistir. Ayrica yiikiin
artmastyla birlikte algilanan sinyallerin genlik degerleri
de artmaktadir.

Egilme dayanimlarina ulastiktan sonraki yiikleme
adimlarinda deney elemanlar1 daha fazla yiik
alamadigindan AE aktivitesi ve AE enerjisi daha diisiik
seviyede artisini  siirdiirmiistiir. Bunun nedeni ise
elemanin kesmeden degil egilmeden gogmesidir. Ayrica
deney elemanlarinda catlak olusumu goriilmemesi de
bundan oldugu sdylenebilir.

6’mc1 yiklemenin ileri ¢evrimi esnasinda, Referans
numune (FVB) ile KDFVB ve KDSVB elemanlari
karsilagtirildiginda sirastyla %4,54 disik ve %2,8
yiiksek AE aktivitesi kaydedilmistir. Bu veriler deney
numunelerinin  alabildigi ylik ile birebir iligki
gostermistir. Referans numuneye goére 6’inc1 yiikleme
esnasinda sirasiyla %5,33 diisiik ve %0,9 yiiksek yiik
seviyesine ulagmustir. Deney numunelerindeki boyuna
donatilarin filizli ya da siirekli olmasi akma dayanimina
¢ok fazla etkisi olmamustir.

Deney numunelerinde kayma donatist olup olmamasinin
akma dayanimma etkisinde ¢ok net bir ayrim
goriilmemistir. Manto katmani ile ¢ekirdek arasindan hig
AE verisi alinmamigtir. Bunun nedeni olarak; kayma
donatisinin, ¢ekirdek betonu ile manto betonu arasindaki
aderansi oldukga artirdig1 soylenebilir.

AE analizinin en 6nemli avantajlarindan birisi de ¢atlak
ve kirllma mekanizmalarinin incelenmesine olanak
vermesidir. Gerekli yazilim ile numune iginde olusan
catlagin siniflandirilmast yapilabilmektedir. Bu deney
esnasinda ¢ok az miktarda ¢atlak olusmasindan dolay1
catlak  siniflandirmas1  ve  kaynak  lokasyonu
belirlenememistir.
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ABSTRACT

In this study the oxidation of Bisphenol-A (BPA) was investigated using heterogeneous photo-Fenton-like oxidation under visible
light irradiation over iron containing TiO2 catalysts. The catalysts were prepared by the incipient wetness impregnation method
with different iron contents (1 and 5 wt%) and characterized by XRD, SEM, FT-IR, nitrogen adsorption, UV-Vis DRS, and ICP-
AES measurements. Among the prepared catalysts the 1 wt% iron containing the TiO2 catalyst showed better catalytic activity
(with a chemical oxygen demand (COD) reduction of 65.4% at the end of 6h of oxidation) than the other catalysts. The effects of
the parameters such as the initial BPA concentration, H202amount, catalyst amount, the pH of the initial BPA solution, and reaction
temperature were studied with that catalyst on the heterogeneous photo-Fenton-like oxidation of an aqueous BPA solution. The
small amount of iron that leached to the solution and the reusability of the catalyst illustrates that the process is mainly the
heterogeneous photo-Fenton-like process, instead of the homogeneous photo-Fenton-like process. The degradation of BPA was
described by the first order kinetics with an activation energy of 22.5 kJ/Mol.

Keywords: Photo-Fenton-like Oxidation, Bisphenol-A, Fe/TiO2 Catalysts.

Bisfenol-A'nin Gortiniir Bolge Isiginda ve Fe/TiO:
Katalizorii tizerinde Heterojen Foto-Fenton-Tipi
Oksidasyonu tizerine Parametrik Calisma

0Z

Bu ¢alismada Bisfenol-A’nin (BPA) demir igeren TiO2 katalizorleri ve goriiniir bolge 15181 varliginda heterojen foto-Fenton-tipi
oksidasyonu incelenmistir. Bu baglamda, 6ncelikle farkli demir miktarlarinda (agirlikga %1 ve %5) 1slatarak emdirme yontemiyle
TiO:2 katalizorler hazirlanmug ve XRD, SEM, FTIR, Azot Adsorpsiyon, UV-Vis DRS ve ICP-AES teknikleri ile karakterize
edilmigtir.  En iyi aktivite gosteren agirlikca %1 demir iceren TiO:2 katalizorii ile BPA’nin heterojen foto-Fenton tipi
oksidasyonunda 6 saat sonunda %65,4’lik COD (Kimyasal Oksijen Ihtiyaci) giderimi elde edilmistir. BPA’nin heterojen foto-
Fenton-tipi oksidasyonuna, BPA baslangi¢ derisimi, H202 ve katalizér miktarlari, BPA ¢ozeltisinin baslangic pH degeri ve
reaksiyon sicakligmnin etkileri incelenmistir. Cozeltiye Oziitlenen demir miktarinin diisiik olmasi ve katalizoriin yeniden
kullanilabilirliginin yiiksek olmasi, reaksiyonun homojen foto-Fenton-tipi oksidasyonundan ziyade heterojen foto-Fenton-tipi
oksidasyonu oldugunu gostermektedir. Caligmada BPA bozunma kinetigi de incelenmis, bozunmanin birinci mertebeye uydugu
gbzlenmis ve aktivasyon enerjisi 22,5 kJ/Mol olarak hesaplanmigtir.

Anahtar Kelimeler: Foto-Fenton-Tipi Oksidasyon, Bisfenol-A, Fe/TiO; Katalizorler.

1. INTRODUCTION industrial wastewater and drinking water sources (in the

Bisphenol-A (BPA) is an organic compound composed ~ fange of 0.02 - 50 ppm). BPA is known as an endocrine-
of two phenol rings connected to a poly group at the ~ disrupting compound with its estrogenic activity and
center carbon and has been widely accepted as one of the ~ toXicity to human. BPA also may play a role in thyroid
important monomers for the production of a variety of hprmone dysf_unctlons, central nervous system function
chemical materials such as polycarbonate, epoxy resins, ~ disorder, and immune suppression [2]. BPA also has an
and flame retardants. Due to an increase in the use of ~ acute toxicity in the range of about 1-10 pg/cm® for a
products based on epoxy resins and polycarbonate number of freshwater and marine species. Because of the
plastics, exposure of humans to BPA through several ~above reasons, BPA must be removed from wastewater
routes such as the environment and food has increased ~ With suitable technologies. However, conventional

[1] and BPA has been frequently detected in both Processes for water treatment may be inefficient for the
elimination of BPA totally. Therefore, several alternative

*Sorumlu Yazar (Corresponding Author) processes have been proposed. Of all the methods
e-posta: meral.dukkanci@ege.edu.tr developed so far, the Advanced Oxidation Processes
Digital Object Identifier (DOI) : 10.2339/2017.20.1 25-36 (AOPs) offer several particular advantages in terms of
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unselective degradation of BPA into a final mineralized
form with the production of highly oxidative hydroxyl
radical (OH") [3]. AOPs such as, sonication [1, 4-9],
comparative oxidation of sonication and homogeneous
Fenton reaction [10], sonoFenton reaction [11-13],
photo-Fenton reaction [14], sorption on the goethite [15],
photo oxidation [16, 17], photocatalytic degradation in
the presence of TiO catalysts [18-27], photocatalytic
degradation in the presence of Al;O3-Fe;0s,
BizWOe/COF8204, BizWOe, Bi3,s4Wo,1eoe_24, and A93PO4
catalysts [28-32], photo-Fenton like oxidation over Au/C
catalyst [33], ozone+UV oxidation [34], ozonation [35,
36], sonophotocatalytic oxidation [37, 38], homogeneous
Fenton oxidation [39], oxidation over a SrFeOas.;
perovskite catalyst in the dark [40], and H.O,-assisted
photoelectrocatalytic  oxidation [41] were used
individually or in combination with each other to degrade
BPA containing wastewater. C-N co-doped TiO,,
Bi,WOs, magnetic BiIOBr@SiO,@Fes;04, a graphene-
oxide/AgPO4 composite, and a mesopolymer modified
with palladium phthalocyaninesulfonate catalysts [30,
42-45] were used successfully in the photocatalytic
degradation of BPA under visible light.

Among the used AOPs, the photocatalytic oxidation
process has been the focus of numerous investigations in
recent years. In this concern, TiO; has been extensively
studied as a semiconductor photocatalyst because of its
relatively high photocatalytic activity, chemical stability,
low cost, and environmental friendliness. However TiO;
is only active under UV light irradiation due to its large
band gap energy (3.2 eV) which results in a low
efficiency to make use of solar light [46, 47]. Whereas,
ultraviolet light makes up only 4-5% of the solar
spectrum, and approximately 40% of the solar photons
are in the visible region. Therefore, in order to enhance
the solar efficiency of TiO2 under solar irradiation,
significant efforts have been made in the past decades to
develop TiOz-based photocatalysts capable of using
abundant visible light in solar radiation or artificial light.
Many strategies, including the surface modification,
metal ion (Ce, In, Ag, etc.) doping, nonmetal ion (N, C,
S etc.) doping, coupling with other narrow band-gap
semiconductors etc. have been adopted to synthesize
TiO,-based visible light activated photocatalysts. Metal
ion doped TiO; has been widely studied due to not only
the expanded spectral response but also the enhanced
photocatalytic activity. Moreover, metal doping can
improve the structure and morphology of a photocatalyst,
decrease the probability of the charge carrier
recombination, and promote the effective separation of
the charge carrier. Among various dopants, the Fe®'-
dopant is the most frequently employed one, owing to its
unique half-filled electronic configuration, which
narrows the energy gap while inducing new intermediate
energy levels[48]. The presence of the Fe®* in the catalyst
also acts as a Fenton like catalyst and helps the
production of more hydroxyl radicals via reactions 1-4
[49].

Fe2*+H202 —>

Fe3* ++OH +OH- 1)
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Iron (111) can then react with hydrogen peroxide in the
so-called Fenton-like reaction (equations 2 and 4)

Fe¥*+ H,0, —> FeOOH? + H* @)
FeOOH?* << HOp* + Fe (1) A3)
Fe (I) + HO»» —=> Fe(Il) + O, + H* (@)

This study presents the preparation and characterization
of Fe containing TiO, catalysts and tests on their
photocatalytic activities in the oxidation of Bisphenol-A
(BPA) by the heterogeneous photo-Fenton-like oxidation
under visible light irradiation. To the best of our
knowledge, this study is first on the heterogeneous photo-
Fenton like oxidation of BPA over Fe containing a TiO>
catalyst under visible light.

2. EXPERIMENTAL STUDY

2.1 Catalyst Preparation

Iron containing TiO, catalysts were prepared by the
incipient wetness impregnation method used by Arana et
al. [50] and Demir et al. [51]. An aqueous solution of Fe
(NO3)3.9H,0 (Sigma Aldrich) was added slowly to a
proper amount of TiO, (Sigma Aldrich P-25, 80%
anatase) and the mixture was stirred vigorously for 48 h.
Then, the water of the mixture was evaporated by heating
at 393 K for 24 h. The catalyst was then calcined at 773
K for 3 h. The catalyst has been denoted as TiO, for bare
TiO, Sigma Aldrich P-25 and x Fe/TiO; for the doped
one, where x is the Fe weight % (wt%) in the catalyst.
The x was changed to be 1 and 5.

2.2 Experimental Procedure of the Heterogeneous
Photo-Fenton-like Oxidation of BPA

Figure 1 shows the experimental set-up used for the
heterogeneous photo-Fenton-like oxidation of BPA. In a
typical experiment, 0.3 dm® of 15 ppm of BPA aqueous
solution was poured into the cylindrical reactor and 0.5
g/dm® of catalyst was added to the solution and the
suspension was left for 30 minutes in the dark to establish
the adsorption-desorption equilibrium of the BPA on the
catalyst surface. The amount of the BPA adsorbed by the
catalyst was determined by measuring the BPA
concentration after 30 min in the absence of visible light
illumination. Then H,0, was added and the visible light
lamps were turned on. The solution was irradiated with
two visible lamps (high pressure Na lamps, each 150 W).
The heterogeneous photo-Fenton process for the
degradation of BPA took 6 h. The reaction temperature
was kept constant at 293+£2K by circulating cooling water
around the reactor to avoid the significant overheating of
the reaction media. The reaction vessel was maintained
in a box to avoid photochemical reactions induced by
natural light. Experiments were performed at a BPA
ambient pH which was about 5.5 and left uncontrolled
during the experiments. Samples were periodically
drawn from the vessel and centrifuged for 15 min and
then analyzed with a UV spectrophotometer (Shimadzu,
UV-Vis 1800). The decrease in the intensity of the band
at 276 nm was used as a measure of degradation degree.

In addition to these measurements, the Chemical Oxygen
Demand (COD) removal of the BPA solution was
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determined by measuring initial COD and final COD (at
the end of the run) of the BPA solution with a COD
device (Lovibond Checkit Direct COD Vario).
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3. RESULTS AND DISCUSSION

3.1 Catalyst Characterization

The Powder X-ray diffraction (XRD) patterns of the
catalysts were recorded in the range of 5-80° with a
Philips X’Pert Pro with Cu-Ka radiation to determine the
crystalline structure of the samples. The morphological
properties were analyzed with a scanning electron
microscopy (FEI Quanta250 FEG). The nitrogen
adsorption isotherms at 77 K were measured using the
Micromeritics ASAP 2010 equipment. The FT-IR
spectra was recorded in the 650-3650 cm™* with a Perkin
Elmer Spectrum 100 spectrometer. The content of iron in
the samples was determined by a Varian-96 Inductively
Coupled Plasma Atomic Emission Spectrometer (ICP-
AES). The band gap energy value measurements were
accomplished using a UV-Vis DRS /Shimadzu 2600.
According to the XRD patterns of the catalyst samples
(Figure 2), the samples have both anatase and rutile
phases. The peaks at 20 = 25.4°, 37.9°, 48.1°, 53.9 ©°,
55.2°, and 62.9° are attributed to the diffractions of the
anatase phase and the peaks at 20 = 27.5°, 36.0°, and
41.2° to the rutile phase [51, 52].

M, \ e 5% Fe (TiO,
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Figure 2. XRD patterns of the prepared catalysts

63 85

In the FTIR spectra of the prepared catalysts, there was a
broad band at the range of 3150 - 3650 c¢m™ which is
assigned to the Ti-OH stretching band [51, 53]. The
intensity of this band decreases with the insertion of Fe
into the structure. The band at 1640 cm™ indicates the
deformation vibration that is evidence for a large amount
of water molecules.

The morphological properties were analyzed using a
scanning electron microscopy, Figure 3. The surface of
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the TiO, sample without iron looked coral-like. Heavily
aggregated particles of very small crystallites were
observed. There is no significant difference between the
SEM images of the TiO; and the 1 wt% Fe containing
TiO, sample. However, the insertion of a high amount of
iron (5%) into the TiO. separated the aggregates of TiO»
particles from each other which caused a slight decrease
in the pore volume and the surface area of the sample [51,
52, and 54
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Figure 3. SEM images of the samples
a)TiO2 b)1% Fe/TiO2 c) 5% Fe/TiOz

The BET-surface area (Sger), external surface area
(Sexternar), total pore volume (Vp), and mean pore diameter
(dmean) Obtained from the nitrogen adsorption/desorption
measurements are shown in Table 1.

Table 1 shows that an increase in the Fe content led to a
slight increase in the BET surface area of the catalyst.
The pure TiO; surface area was 54.1 m?/g and after the
incorporation of 1wt % Fe the surface area increased to
55.5 m?/g. The increase in the surface area with the
introduction of the initial amount of Fe can be, generally,
explained in two ways: as a result of the reorganization
of the pore system of the starting material through the
entrance of small particles into the pore system, or as a
result of the deposition of the Fe species on the outer side
of the TiO, particles. The reorganization of the initial
system of pores must lead to a decrease of the total pore
volume. However, there was no reduction in the total
pore volume of the 1 wt% Fe containing TiO; catalyst.
Clearly, the Fe species are dominantly located on the
outer surface of the catalyst. The insertion of Fe to the
TiO; also caused an increase in the external surface area
of the catalysts where the photocatalytic degradation took
place. A slight decrease in the surface area was observed
with an increase in the doping level of Fe at a calcination
temperature of 773 K [49, 51, 55].

The nitrogen adsorption isotherms of the samples are of
type Il according to IUPAC classification. This result is
in good agreement with the study done by Wang et al.
[56].

The content of iron in the samples was determined with
ICP-AES measurements. The results are shown in Table
1. As seen, the calculated iron contents are very close to
the ones measured with ICP-AES measurements.

away from the energy maximum (the top) of the valence
band [57]. Values of n can be different depending on the

type of electronic transition where n=2 for an indirect
allowed transition and n=1/2 for a direct allowed
transition. It has been suggested that anatase TiO;
follows an indirect transition [58, 59] thus n=2 is used in
this study. Figure 4 plots the (F(R)*hv)Y" versus the hv
curve. The value of the band gap energy (Eg) can be
obtained by extrapolating the linear part of the curve to
the horizontal axis (hv axis). The indirect type transition
showed band gap values of 3.05, 2.9, and 2.5 eV for
catalysts TiO;, 1% Fe/TiO; and 5% Fe/TiOy,
respectively. It was seen that the band gap decreases with
increasing Fe content. Based on the band gap energies of
the catalysts, the TiO; catalyst is expected to be active
under UV irradiation, whereas, the Fe doped TiO» (with
1 wt% and 5 wt%) catalysts is expected to be active under
visible light [59, 60].

(F (R}AC)V2

= I R R T ]
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Figure 4. Diffuse reflectance spectra of the TiO catalysts

Table 1. The BET-surface area (Sset), External surface area (Sextemar), total pore volume (Vp), mean pore diameter (dmean),
and iron contents of the catalysts prepared
Catalysts Fe, wt % Sget, (M?/Q) Sexternal, (M2/Q) Ormean™,NM V,,(cm®/g)
TiO, 0 54.1 45.9 591 0.01400
1% Fe/TiO; 0.93 55.5 53.7 8.64 0.01500
5% Fe/TiO, 4.46 50.5 47.3 8.85 0.01388

* by BJH method

3.1.1 Diffuse reflectance spectra of prepared catalysts
A modified Kubelka-Munk function was used for
determining the band gap energy (Eg) of the TiO; and Fe-
doped TiO, samples from the diffuse reflectance spectra,
Eq.5:

(F(R)*hv)“"=B(hv-Eq) ©)
Where h is Planck’s constant, v is the light frequency, B
is a constant, F(R) = (1-R)%2R, R is reflectance, and hv
= (1240/)) eV. The band gap can be classified as direct
or indirect. In a direct band gap the energy minimum (the
bottom) of the conduction band lies directly above the
energy maximum (the top) of the valence band in
reciprocal k-space. But in the indirect band gap, the
energy minimum (the bottom) of the conduction band is
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3.2 Photo-Fenton-like Oxidation of BPA over
Prepared Catalysts

3.2.1 Effects of catalyst type

The activity of the prepared catalysts with different iron
contents (1 and 5 wt%) and bare TiO, were tested in the
photo-Fenton-like oxidation of BPA under visible light.
The experiments were carried out with a 15 ppm, 0.3 dm?®
BPA aqueous solution in the presence of a 0.5 g/dm?3
catalyst and 4.7 mM H,0; at a temperature of 19+1°C.
The results are shown in Figure 5.

A first order dependency was obtained in the photo-
Fenton-like oxidation of BPA with a high regression
coefficient in all the runs. The degradation rate constant
of k = 8.7x10** min! (R? = 0.95) was obtained for 1%
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Fe/TiOy, and k = 6.7x10* min* (R?= 0.97) was obtained
for 5% Fe/TiO..

As seen in Figure 5, the degradation of 24%, 21%, and
0.8% were obtained in the presence of 1 wt%, 5 wt% Fe
containing TiO, catalysts, and bare TiO, respectively,

3.2.1 Effects of the initial concentration of BPA

The effect of the initial BPA concentration on the BPA
degradation was investigated using different initial BPA
concentrations (5 ppm, 10 ppm, 15 ppm, and 20 ppm).
The experiments were carried out with a 0.5 g/ dm? 1

30 4 ©TiO2 100
o5 | D1%Fe/TiO2
. A5%Fe/TIO2 80 1
S 20 . 65,4
S > 55,1
o = A i
2 15 .S 60 51,9
B g
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Time, min TiO2 1%Fe/TiO2 5%Fe/TiO2
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Figure 5. Effects of catalyst type on the photo-Fenton-like oxidation of BPA, a) Degradation, % and b) COD reduction, %,

after 6 h of oxidation

after a reaction duration of 6 h. The corresponding COD
reductions were 65.4%, 51.9%, and 55.1%. As seen, the
most active catalyst was 1 wt% Fe containing TiO-
catalyst in terms of the degradation and degradation rate
constant as well as the COD reduction. The existence of
a high amount of Fe (5 wt%) lessens the specific surface

wit% Fe/TiO; catalyst, at 4.7 mM of H,O, concentration
at a temperature of 20+1°C and with a solution volume
of 0.3 dm?, the results are shown in Figure 6.

As shown in Figure 6, the highest BPA degradation was
reached when the BPA initial concentration was 5 ppm
(61.3%). The degradation of BPA decreased as the initial

%20 ppm BPA (k=7.0x10% R2=0.90) ! 100 3
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Figure 6. Effects of the initial concentration of BPA on the photo-Fenton-like oxidation, a) Degradation, % and b) COD

reduction, %, after 6 h of oxidation

area of the TiO, and prevents the adsorption of the
reactant and thus, inhibits the photocatalytic activity. An
excess amount of dopant at the surface of the TiO, could
notably screen off the TiO, from the light and inhibit the
interfacial electron and hole to transfer, which would
result in a low photo-activity [61]. So the parametric
study on degradation of BPA with the heterogeneous
photo-Fenton-like oxidation was carried out using the 1
wt % Fe containing TiO, catalyst.
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BPA concentration increased from 5 ppm to 20 ppm. The
COD reduction also decreased remarkably from 85.9% to
50.4%. This result can be explained by the formation of
the hydroxyl radicals which are less than the required
amount for high BPA concentrations. As seen in Figure
6a, there is a remarkable decrease in the reaction rate
constant with an increasing BPA concentration from 5
ppm to 20 ppm. This similar result is consistent with the
study of Lu et al. [62].
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The active sites for the photocatalytic reaction remain the
same at a fixed catalyst amount. As the BPA initial
concentration increases, more and more BPA molecules
are adsorbed on the surface of the catalyst. The
accumulation of BPA molecules in the inner layer
spacing on the TiO; surface results in the adsorption
competition for the active sites between the BPA
molecules and the prevention of the photocatalytic

The increase in degradation may be expected when the
H>0, concentration is increased due to the additionally
produced -OH radicals [32]. In this study, the highest
degradation (52.0%), reaction rate constant (k=1.8x10"3
min?), and COD reduction of BPA (72.3%) were
observed when H;O, was used at 1.5 times that of the
stoichiometric ratio (3.6 mM), see Figures 7a-b.
Increasing the H2O, concentration did not enhance the

100 1 03.6 mM (k=1.8x10-, R2=0.89) 100
T =% Tx |0 - 5
« 80 ©4.7 mM (k=8.7x10 .F.'.1 0.95) - .y
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2 % I x9.6mM (k=1.0x10", R*=0.94) S 60
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& 40 2
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Figure 7. Effects of the initial concentration of H202 on the photo-Fenton-like oxidation, a) Degradation, %, and b) COD

reduction, %, after 6 h of oxidation

activity of the TiO; catalyst, which decreases the amount
of reactive hydroxyl free radicals attacking the BPA
molecules and leads to the diminution of BPA
photodegradation efficiency [22].

3.2.2 Effects of the initial concentration of H20:

In this section four different initial concentrations of
H,O, were tested in the photo-Fenton-like oxidation of
BPA over a 1 wt% Fe/TiO, catalyst. The selected
concentrations of H.O are 1.5, 2, 3, and 4 times (3.6 mM,
4.7 mM, 7.2 mM, and 9.6 mM) of the stoichiometric ratio
according to the equation:

oxidation due to the hydroxyl radical scavenging effect
of the H20;, itself, see equations (7) and (8), and Eq. (9)
the reaction between the -OH radicals to form H>O5.

H20,+ OH— HOy + H,0 (7)
HO, + OH— H,0 + O, (8)
OH: + OH— H0; 9

3.2.3 Effects of the catalyst amount

In order to obtain the optimum Fe/TiO, catalyst
concentration in the reaction system, the effect of various
photocatalyst amounts (0.25 g/ dm?, 0.5 g/ dm?, and 1 g/
dm?®) was investigated on the degradation efficiency of

50 «»0.25 g/dm3 (k=7.6x10~, R*=0.90) 104
0.5 g/dm3 (k=8.Tx 10, R*=0.95) ,
40 o 20 [ 4]
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Figure 8. Effects of the catalyst amount on the photo-Fenton-like oxidation, a) Degradation, % and b) COD reduction, %,

after 6 h of oxidation

Ci15H160, + 36 H,O, — 15 CO; + 44 H,0O (6)
The experiments were carried out with a 0.5 g/ dm? of
1wt% Fe/TiO; catalyst, at a temperature of 20+£1°C, at the
initial concentration of 15 ppm BPA and with a 0.3 dm?®
BPA solution, and the results are shown in Figure 7.
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BPA in water at the initial BPA concentration of 15 ppm,
at a pH of 5.5, with a 1 wt% Fe/TiO; catalyst, at an H,O,
concentration of 4.7 mM, at a temperature of 20+1°C and
with a solution volume of 0.3 dm?.
The results are shown in Figure 8.
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An increase in the catalyst amount led to increased
degradation and COD reduction. The highest degradation
of 32.3% was obtained using a 1 g/dm?® amount of catalyst
after a reaction time of 6 h. The COD reduction increased
from 40.8% to 65.4% and then to 76.0% by increasing
the catalyst amount from 0.25 g/dm?® to 0.5 g/ dm?® and
then to 1g/ dm?®, respectively. However, no significant
change in the initial degradation rate was observed with
the increased amount of catalyst. The efficiency increases
with the rise in the number of active sites on the catalyst
surface for the photocatalytic reaction which is in parallel
with the increasing amount of Fe/TiO; [21, 63, 64]. As
expected, the first order reaction rate constant increased
with the increase in the catalyst amount, see Figure 8a.
3.2.4 Effects of initial pH value of BPA

To investigate the effect of the initial pH value of the
BPA solution on the photo-Fenton-like oxidation of
BPA, experiments were conducted with 5 different pH
values: 2.6, 3.8, 5.5, 8.3, and 9.1. Regulation of the pH
was accomplished using an H2SO4 or NaOH solution.
The results are shown in Figure 9.

the hydroxyl groups and four negative carbon atoms in
the phenolic group. These properties determine the initial
adsorption of the BPA molecules on the TiO; surface.
Hence, the acidic conditions for pH < 6.25 favor the
initial adsorption of BPA on the positively charged TiO;
surface. On the contrary, as the pH increases and is higher
than 6.25, the TiO, surface gradually becomes more
negatively charged, which results in the development of
greater repulsive forces between the TiO, surface and the
BPA molecules and thus the obstacle of the initial
adsorption of BPA on the TiO; surface [56]. In addition,
a low pH favors OH: radical generation, and the oxidation
potential of the highly oxidative radicals decreases with
the increasing pH. The OH- radicals have an oxidation
potential of 2.65 - 2.80 V at a pH 3, while only 1.90 V at
a pH 7.0 as a weaker oxidant [64].

As seen in Figure 9, the acidic pH was favorable for the
degradation of BPA and COD reduction. The highest
COD reduction achieved was 70.1% at a pH of 3.8. The
remarkable decrease in the reaction rate constant was
observed by increasing the solution pH from 3.8 to 5.5.
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Figure 9. Effects of the BPA initial pH values on the photo-Fenton-like oxidation, a) Degradation, % and b) COD reduction,

%, after 6 h of oxidation

The pH variation can alter the surface property of the
catalyst, the ionization state of the organic compound, as
well as the formation rate of hydroxyl radicals, and other
reactive oxygen species responsible for the pollutant
degradation. Therefore, the solution pH is another
important factor influencing the BPA photodegradation
[62].

In general, the TiO; surface is positively charged for pH
values lower than the zero point change (zpc) of the TiO,
(6.25), whereas, it is negatively charged for pH values
higher than the zpc of the TiO,. On the basis of the
simulation of the molecular point charge, it was found
that the BPA molecule has two negative oxygen atoms in
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Adsorption studies in the absence of visible light
indicated that a BPA adsorption of 2% was achieved on
the catalyst surface in 30 min at a pH of 2.6 and 3.8 while
no BPA adsorption was observed at other pH values
under the same conditions.

3.2.5 Effects of reaction temperature

The effect of the reaction temperature on the degradation
of BPA was examined in the range of 292 - 303K. The
experiments were carried out at a pH of 5.5 with a 0.5 g/
dm?® of 1wt% Fe/TiO; catalyst, at an H,O, concentration
of 4.7 mM with a 15 ppm / 0.3 dm® BPA solution. The
results are shown in Figure 10.
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Figure 10. Effects of reaction temperature on the photo-Fenton-like oxidation a) Degradation, % and b) COD reduction, %,

after 6 h of oxidation

As seen in Figure 10, as the temperature increased from
292 K to 303 K, the degradation percentage of BPA
increased from 24.0% to 31.7% mainly due to the
increase in the rate constant of the heterogeneous photo-
Fenton-like reaction, see Figure 10a. Increasing the
temperature from 292K to 296K and then to 303K,
increased the COD reduction from 65.5% to 68% and to
69.8% after a reaction of 6 h, respectively. The optimum
temperature was selected as 303K [14].

3.2.6 Stability of the catalyst

The catalyst stability experiments were carried out under
the following conditions: a 15 ppm initial concentration

Degradation, % at 276 nm

0 &
0 601201802402300360 |0 &0 120180 240 300 260

Second

of BPA with a 0.3 dm® BPA solution, at a H,0»
concentration of 4.7 mM, with a 0.5 g/ dm?® catalyst, at a
pH of 5.5. Firstly the experiment was performed with a
fresh catalyst (first cycle). To recover the catalyst, after
6h of reaction, the final effluent was filtered. The used
catalyst was washed with water and then ethanol, and
then dried at 393K for 3 h and calcined at 773K for 3h.
The calcined catalyst was then tested in the photo-
Fenton-like degradation of BPA (second cycle). After 6h
of reaction the catalyst was recovered as mentioned
above and its activity was again tested in BPA oxidation
(third cycle). The results are given in Figure 11.
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Figure 11. Stability of the Catalyst a) Degradation,%, and b) COD reduction, %, after 6 h of oxidation
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As seen in Figure 11, the degradation of BPA was almost
the same the when fresh (first cycle) and used catalysts
(second and third cycles) were tested. The COD
reduction slightly decreased from 65.4% to 64.7% and
then to 64.4% for the second and third cycle,
respectively. The calculated first order rate constants
were similar 8.7x10%, 8.0x10, and 7.0x10* min! for the
1%t (fresh), 2" and 3" use of the catalyst, respectively.

The stability of the catalyst was also tested by measuring
the iron leaching into the solution by an Atomic
Absorption spectrometer (Varian 10 plus). In all runs,
iron leaching into the solution remained in the range of
0.09 mg/dm3 - 0.95 mg/dm3 which is below E.U.
directives (<2 mg/dm?3). These results show that the
catalyst has a good stability and the process is mainly the
heterogeneous photo-Fenton-like process, instead of the
homogenous photo-Fenton-like process.

3.2.7 Optimum conditions of the heterogeneous
photo-Fenton-like oxidation of BPA

According to the results obtained from Parts 3.2.2 - 3.2.6;
the best experimental conditions for the efficient
degradation of BPA by heterogeneous photo-Fenton-like
oxidation were determined to be:

The initial concentration of BPA = 5 ppm, H:0;
concentration = 3.6 mM, catalyst loading=1 g/ dm?, at a
pH of 3.8, at a temperature of 303 K.

Under these conditions 81.3% of degradation and a COD
removal of 89.4% were achieved after 6h of reaction.

3.2.8 Degradation kinetics of BPA

In the photo-Fenton-like oxidation of BPA, the reaction
mixture was stirred vigorously at 700 rpm. The effect of
external diffusion resistance on the degradation rate was
calculated using Hougen’s criterion and it was found that
(Cb-Cs)/Cp =1.5x103 < 0.1, it indicated that Cp,= Cs. So,
the external diffusion resistance could be neglected. The
internal diffusion resistance was not significant due to the
small size of catalyst particles (60 nm). To calculate the
effect of the internal diffusion resistance on the
degradation rate, the generalized Thiele modulus based
on the reaction rate was determined and found to be

1.3x107 which was smaller than 1/3. Hence the
effectiveness factor was assumed to be unity [65].

Figure 12 shows the Arrhenius plot of Ink vs. 1/T
obtained using the k values given in Figure 10. From the
slope of the Arrhenius plot (R?=0.92) in Figure 12, -E/R,
where R is the universal gas constant (8.314 J/mol K),
and the activation energy, E, was calculated to be 22.5
kJ/mol. Finally, the degradation rate of BPA can be
expressed by the following equation:

-erA:8.75e_22'5/RTCBPA (10)

In literature, the BPA degradation via the hot persulfate
treatment process followed the pseudo-first order kinetics
with respect to the BPA concentration. Based on the
obtained pseudo first order rate constant at the
temperature range of 40 - 70 °C, the activation energy for
BPA oxidation was calculated as 184+12 kJ/mol [66].
The oxidation kinetics of BPA by Mn(V1I) was described
by a second order rate law, but the order with respect to
BPA was first order with an activation energy of 67.8
kJ/mol in the temperature range of 10 - 30 °C [67]. In
another study, the degradation BPA by hydrogen
peroxide activated with CuFeO,, Cu,O or Fe;O4 followed
a pseudo first order reaction in kinetics. The calculated
activation energies were 53.7 ki/mol, 54.3 ki/mol, and
64.9 ki/mol at temperatures between 10 to 40 °C for
CuFeO;, Cup0O, or Fes0a4, respectively [68]. The
degradation of BPA with the Co*/PMS process followed
the pseudo first order kinetic model well at a temperature
range of 25 - 45 °C with an activation energy of 57.6
kJ/mol [69]. In the other study, the BPA decomposition
in the UV/persulfate process was investigated and the
activation energy of 26 kJ/mol was calculated for pseudo
first order rate constants at the temperatures between 25
°C to 50 °C [70]. There were also some studies in
literature in which the BPA degradation kinetics were
described by a pseudo second order reaction model [71,
72]. In a study by Han et al. [72] the degradation of BPA
was investigated by ferrate (IVV) oxidation and in that
study an activation energy of 35.71 kJ/mol was
calculated for the second order reaction kinetics with
respect to the BPA concentration. The activation energy
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Figure 12. G}aph of Ink values versus 1/T values
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obtained in this study for the degradation of BPA is close
to the one given by Huang and Huang [70].

4. CONCLUSIONS

In the present study, the oxidation of Bisphenol-A was
investigated using the heterogeneous photo-Fenton-like
oxidation under visible light irradiation in the presence of
Fe containing TiO; catalyst.

The 1 wt% iron containing TiO- catalyst behaves as an
efficient and stable catalyst for the photocatalytic
degradation of BPA which is an important endocrine
disrupting compound. It was clear that the doping of Fe
to TiO2 at a certain amount altered the photocatalytic
degradation of BPA under visible light. The
photocatalytic activity depended on the Fe loading to the
TiO,, BPA and H;O; initial concentration, catalyst
amount, pH of solution, and temperature. At the optimum
reaction conditions of, an initial concentration of BPA of
5 ppm, an H,O, concentration of 3.6 mM, a catalyst
loading of 1 g/dm?®, a pH of 3.8, and a temperature of 303
K, an 81.3% degradation and a COD removal of 89.4%
were achieved after 6h of reaction. The activation energy
was calculated to be 22.5 kJ/mol.
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0z

Uretim kapasitelerinin hizla arttig1 giiniimiizde iiretilen iiriinlerin hizli bir sekilde tartimui énemli bir konu haline gelmistir. Bu hiz
ihtiyacindan dolay: da iiriinlerin tartim platformu {izerinde durdurulmadan tartilmasi gerekmektedir. Uriinlerin tartim platformu
iizerinde durdurulmadan hareket halinde iken tartilmasi iglemine dinamik tartim denmektedir. Ancak dinamik tartim sistemlerinde
tartilan {iriiniin hareketli olmasindan dolay1 l¢iim sinyali giiriiltiilii olmaktadir. Uriiniin agirliginin belirli bir siire igerisinde tespit
edilebilmesi i¢in ¢esitli yontemlerin kullanilmasi gerekmektedir. Bu ¢alismada hareket halinde tartilan {iriinlerin agirliklarinin
tahminini gerceklestirmek icin yapay sinir aglar1 kullamlmistir. Olgiim sisteminden alman agirlik verileri ile yapay sinir ag
egitilmis ve daha sonra agin performansi test verileri ile degerlendirilmistir. Sonuclar degerlendirildiginde dinamik &l¢iim
sistemlerinde agirlik tahmininin yapay sinir aglari ile bagarili bir sekilde yapilabilecegi goriilmektedir.

Anahtar Kelimeler: Dinamik Tartim, Yapay Sinir Aglar, Yiik Hiicresi.

Dynamic Weight Estimation Application with
Artificial Neural Networks

ABSTRACT

In our day when the capacities of manufacturing have increased rapidly, also the speedy weighting of manufactured products has
become an important subject. Because of this speed requirement, the products must be weighted on the weighing platform without
being stopped. The weighting process of products in motion on the weighting platform without being stopped is called as dynamic
weighting. However, in the dynamic weighting systems, the measurement signal is noisy as the weighted product is in motion and
various methods must be used to determine the weight of product within a definite period of time. In this study, artificial neural
networks were used to predict the weights of the weighted products in motion. The artificial neural network was trained with the
weight data taken from the measurement system and then, performance of the network was evaluated with the test data. When the
results were assessed, it has been determined that the weight prediction could be made successfully with the artificial neural
networks in the dynamic measurement systems.

Keywords: Dynamic Weighing, Artificial Neural Networks, Load Cell.

1. GIRIS (INTRODUCTION) dinamik tarttim olarak tanimlanmaktadir. Ancak

Gelisen teknoloji ve artan insan niifusuna bagh olarak ~ Urtinlerin dinamik olarak tartilmasi sirasinda olusan
giiniimiizde {iretim kapasiteleri de dogru orantili olarak ~ Mmekanik titresimler bozucu etkiye neden olmaktadir
artmaktadir. Bu kapasite artisgindan dolay1 ireticilerin [2’31- Bu Istenmeyen bOZ}lC}l gﬁrﬁltﬁnﬁn Olgtim sinyali
pazar pay1 bulabilmeleri igin tiiketiciye daha kaliteli ve tizerindeki etkisi hareketli sistemin hlzlna. ve Olgiilecek
standart triinler sunmalar1 gerekliligi ortaya ¢ikmustir. o}an Urliniin agirhigina gore deg1§mekted1r [4]. Tartim
Uretilen iriinlerin belirli agirlik standartlarinda olmasi ~ Sistemlerinde  yik hiicreleri  yaygm  olarak
istenen durumlar icin cesitli dlgiim  sistemleri kull'an'llmaktadlr. Yiik hiicr'eleri salinimli sénﬁm yanitina
gelistirilmistir. Bunlardan birincisi statik tartimdir. Statik sghlptl‘rler. YUk l'ﬁicresinm yamti ve dinamik tartim
tartim iiriinlerin tartim yapilacak olan platform iizerine mstemmdelfl Fltre'slmlerln' npden oldugu dﬁ§ﬁk frekansh
sabitlenmesi ile yapilan tartimdir. Ancak iiretim  DOZUCU etklnlp 'blrlesm_e's1 ile 6lgiim sinyalinden gergek
kapasitesinin yiiksek oldugu ve bundan dolay: da tarim ~ 3&irlik degerinin tespiti QIdqua gﬁglesmek?edlr [3].
hizinin yiiksek olmasi istenen uygulamalarda iriinleri ~ Oeleneksel olarak dinamik tartim sistemlerinde yiik
durdurmadan hareket halinde tartmak daha ekonomik ~ hiicresinden  alman — analog  sinyal ~ &ncelikle
olmaktadir [1]. Uriinlerin tartim platformu {izerinde yiikseltilmektedir. Yiikseltilen bu analog sinyal X-A

durdurulmadan hareket halinde iken tartilmas: ise analog dijital doniistiiriiciiler kullanilarak sayisal sinyale
cevrilmektedir. Sayisal sinyale ¢evrilen bu agirlik verisi

*Sorumlu Yazar (Corresponding Author) filtreler yardimi ile veya . (;esit}i akillt yént?n}lef
e-posta: mehmetyumurtaci@aku.edu.tr kullanilarak filtrelenmektedir. Filtrelenerek giiriiltii
Digital Object Identifier (DOI) : 10.2339/2017.20.1 37-41 sinyalinden ayirilan bu sinyale yine bir metot

uygulanarak tartilan nesnenin agirliginin stabil oldugu an
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belirlenmektedir. Literatirde  ¢esitli ~ yontemler
kullanilarak  dinamik tarttm  sistemlerindeki bu
giiriiltilerin ~ elimine edilmesi iizerine ¢aligmalar

yapilmistir. Bu yontemler; adaptif filtre [1, 5, 6], dalgacik
doniistimii [7-9], model tabanli [3], sistem tanima [10],
yapay sinir aglart [11-12], bulanik mantik [13], ANFIS
[14], zamanla degisen filtre parametreleri [4] bagliklari
altinda toplanabilir. Bahar’in [12] yaptig1 calismada
dinamik tartim sisteminde agirlik tahmini i¢in yapay sinir
aglar1  kullanilmistir. Giris katmaninda 200, gizli
katmanda 100 ve ¢ikis katmaninda 1 néron olmak {izere
toplamda 301 noron kullanilmistir. Yapay sinir aginin
egitiminde Ol¢iim periyodu boyunca alinan 200 adet
verinin tamami kullanilmigtir. Almodarresi Yasin’ in
[11] yaptig1 ¢alismada dinamik tartim igin yapay sinir
aglar1 ve Ozellik ¢ikarici kullanarak yeni bir metot
sunulmustur. Ozellik ¢ikarici yapay sinir aglarindan énce
kullanilmig ve bu sayede yapay sinir aglarinda
kullanilmasi gereken néron sayisinin ve hesaplama
karmasikliginin azaltildigindan bahsedilmistir.

Yapilan ¢alismalarda 6l¢iim sinyalinden giiriiltiiniin ayirt
edilmesinde c¢ogunlukla algak gegiren sonlu darbe
cevapli (FIR-Finite Impulse Response) filtreler
kullanilmuistir. Ancak bazi galismalarda dinamik tartim
sistemlerindeki hiz gereksiniminden dolay1 bu filtrelerin
yeterli olmayacagindan bahsedilmis ve zamanla degisen
filtre parametreleri ile ilgili ¢alismalar yapilmigtir. Bunun
gerekgesi olarak da diisiik kesim frekanslar filtrelenmis
sinyalin yiikselme zamanini arttirdigindan ve gecikmeye
neden  oldugundan  tarttm  sisteminin  hizinin
distiigiinden,  yiikksek  kesim  frekanslarinin  ise
filtrelenmis sinyalin ylikselme zamanimi azalttigindan
fakat Oleim sinyalinin istenilen diizeyde
filtrelenemediginden bahsedilmistir. Bu c¢aligmada
hareket halindeki iriinlerin agirliklarmin
belirlenmesinde yapay sinir aglari kullanilmistir. Olgiim
sisteminden saniyede 100 veri alinmaktadir. Yapay sinir
agimnin egitimi iriiniin platforma diistigli andan sonra
alman ilk 20 adet veri ile yapilmistir. Egitim ve test
verilerinin sonuglar1 degerlendirildiginde yapay sinir
aglarinin dinamik tartim sistemlerinde agirlik tahmini
isleminde basari ile kullanilabilecegi goriilmistiir.

2. DINAMIK TARTIM SISTEMI (DYNAMIC
WEIGHING SYSTEM)

Tasarlanan tartim sistemi yuvarlak forma sahip (yumurta
vb.) {riinlerin tarttmin1  gergeklestirecek  sekilde
tasarlanmistir. Sekil 1’ de tasarlanan dinamik tartim

vasitasiyla egimli bir yiizey lzerinden yuvarlanarak
yatay olarak konumlandirilmis yiik hiicresi platformu
iizerinden gegmektedirler. Yiik hiicresi platformu tizerine
geldiklerinde hizlarindaki azalmadan dolayr tastyici
cubuklar ile olan temaslar1 ortadan kalkmakta ve agirhik
6l¢limiinii etkileyecek bir kuvvete maruz kalmadan yiik
hiicresi platformundan gegmektedirler. Bu sayede
tartilmak istenen {riin durdurulmadan hareket halinde
iken tartilmakta ve istenilen tarttm hizlarina
ulasilmaktadir.

Tartim Platformu

Yiik Hiicresi

Sekil 2. Dinamik tartim sistemi (Dynamic weighing system)

Gelistirilen 6l¢im  sisteminin elektronik  kisminda
mikrodenetleyici tabanli bir kart tasarlanmistir. Bu kart
sayesinde yiik hiicresinden alinan analog agirlik sinyal
verisi ylkseltilip diferansiyel AX modiilator ile dijital
sinyal verisine ¢evrilmektedir. Ardindan seri haberlesme
arabirimi  lizerinden  mikrodenetleyici  tarafindan
okunmaktadir. Elde edilen bu dijital sinyale gerekli
hesaplamalar uygulanarak tiriinlerin agirlik verileri elde
edilmektedir. Sekil 2’de dinamik tartim sistemi blok
diyagrami verilmistir

3. DENEYSEL OLCUMLER VE YAPAY SiNiR
AGLARI UYGULAMASI (EXPERIMENTAL
MEASUREMENT AND NEURAL NETWORK
APPLICATIONS)

Gelistirilen dinamik tartim sistemi ile agirlik dlgtimleri

gerceklestirilmistir.  Oncelikle farkli  agirliklardaki
+AIN
/Y_,UK hicresi " DIFFERANSIYEL SPI DSP
\—O —— PGIA 4. DERECE A3 > MIKRO -«
B _ MODULATOR DENETLEYICI
AN

Sekil 1. Dinamik tartim sistemi blok diyagrami (Dynamic weighing system block diagram)

sistemi verilmistir. Tartilacak iiriinler tasiyict ¢cubuklar

38

yumurtalar duragan halde tartim platformunun {istiine



YAPAY SINIR AGLARI ILE DINAMIK AGIRLIK TAHMIN UYGULAMASI ... Politeknik Dergisi, 2017; 20 (1) : 37-41

konularak agirliklar1  belirlenmistir. Daha  sonra
yumurtalar agirliklar kiigiikten biiytige dogru siralanarak
tarttim platformu {izerinden hareket halinde gecerken
agirhik  sinyali  kayit  edilmistir.  Yumurtalarin
agirliklarmin  kiiglikten biiytige dogru siralanarak
dinamik tarttiminin yapilmasinin sebebi ise hangi agirlik
sinyalinin hangi yumurtaya ait oldugunun rahatlikla
bulunabilmesi i¢indir. Dinamik olarak tartilan 12 adet
yumurtanin agirlik 6lgiimlerine ait sinyal Sekil 37 te
verilmigtir. Dinamik tartim sistemindeki titresimler
6lciim sinyali iizerinde bozucu etkiye neden olmaktadir.
Bundan dolay1 iiriinlerin net agirliklarinin belirlenmesi

miimkiin olamamaktadir.
80 T T T

701

60 [

50
wt| ‘

30

Agirhk Degeri (gr)

201 |

Zaman (sn)

Sekil 3. 12 adet farkli yumurtanin 6l¢tim sinyali (Measurement
signal of 12 different egg)

Dinamik tartim sisteminden veri alinirken 50, 100, 150
ve 200 Hz gibi farkli 6rnekleme frekanslar1 denenmistir.
Kullanilan entegrenin veri sayfasi incelendiginde
ornekleme frekansinin arttirllmast ile RMS giiriiltii
degerinin de arttig1 agik¢a goriilmektedir. Bundan dolay1
ornekleme frekansinin  dinamik Ol¢lim  sisteminin
ihtiyacint karsilayacak minimum frekans segilmesinde
fayda vardir. Sistemimiz i¢in en uygun Ornekleme
frekansinin 100 Hz oldugu tespit edilmistir. Dinamik
tartim sisteminin mevcut hizinda iiriiniin platforma girisi
ve ¢ikist arasinda gecen siirede 100 Hz ornekleme
frekansinda yaklagik olarak 40 adet veri alinabilmektedir.
Bundan dolay1 yiik hiicresine yumurtanin girdigi andan
itibaren ilk 20 adet analog agirlik verisi yapay sinir aginin
giris verisini olusturmaktadir. Bdylece iriiniin agirhigi
tartim platformuna girdigi andan itibaren miimkiin olan
en kisa siirede platformdan ¢ikmadan tahmin
edilebilecektir.

Insan beyninin bilgi isleme yapisindan faydalamlarak
yapay sinir aglar1 gelistirilmistir. Gelistirilen bu sistemde
beyindeki néronlarin g¢aligma sekli taklit edilmistir.
Yapay sinir aglar1 insan beynindeki sinir hiicrelerinde
bulunan ve birbirlerine bagli olan noéronlardan
olusturulmuslardir. insan beyni yasayarak elde ettigi
deneyimler sayesinde Ogrenir. Yapay sinir aglarn
matematiksel yontemlerin aksine insan beynine benzer
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sekilde giris ve ¢ikis verileri arasindaki iligkiyi egitilerek
ogrenebilmektedir [15]. Yapay sinir aglar1 6grenme,
veriler arasindaki bagintiy1 bulma ve hafizaya alma gibi
ozelliklere sahiptirler. Yapay sinir aglarinda genel olarak
giris, gizli ve ¢ikis katmani olmak fiizere ii¢ katman
bulunmaktadir. Her bir katmanda bulunan belirli sayidaki
noronlar diger katmanlardaki ndronlarla baglantilidir. Bir
norondan diger ndrona giden sinyal agirlik denilen bir
sayl1 ile carpildiktan sonra diger nérona ulasmaktadir. Ag
egitildik¢ce bu agirliklar daha uygun sonucu elde etmek
icin giincellenirler. Noérona gelen bu sinyaller bir
aktivasyon fonksiyonundan gegirilerek ndronun c¢ikis
sinyali olusturulmaktadir. Veriler ilk olarak giris
katmanina girilir, sonra sirasiyla gizli katman ve ¢ikis
katmanini takip ederek ¢ikis verisi elde edilir.

Yapay sinir aglari, MATLAB programu igerisinde yer
alan Neural Network Fitting Tool (nftool) arayiizii
kullanilarak gergeklestirilmistir. Ileri beslemeli geri
yayilmhi  agin  egitiminde Levenberg-Marquardt
algoritmasi kullanilmaktadir. Gergeklestirilen ¢aligmada
giris, gizli ve ¢ikis katmani olmak iizere {i¢ katmanli ileri
beslemeli ag kullanilmistir. Gizli katmanda sigmoid,
¢ikis katmaninda ise lineer aktivasyon fonksiyonu
kullanilmustir. Giris katmaninda 20, gizli katmanda 8 ve
¢ikig katmaninda 1 néron bulunmaktadir. Olusturulan ag
yapis1 ve giris ¢ikiglar Sekil 4’ te verilmistir.

Gizli Katman

Girig Katmani

Cikis Katmani

Sekil 4. Olusturulan agin yapisi (Structure of generated
network)

Bu caligmada farkli agirliklardaki 12 adet yumurta
kullanarak 5 kez 6l¢iim sinyali alinmustir. Tartilacak her
bir iiriin platform {izerine distiikten sonraki ilk 20 adet
veri kullanilarak yapay sinir ag1 egitilmis ve daha {irlin
tartim platformundan ayrilmadan agirlig
belirlenebilmistir. Agmn egitimi sonucunda elde edilen
performans degerleri Cizelge 1’ de verilmistir. Olgiim
verilerinden egitim, degerlendirme ve test verilerinin
secimi rast gele yapilmustir.

Cizelge 1. Yapay sinir aginin egitim, dogrulama ve test
sonuglart (Artificial neural network ‘s training,
validation and test results)
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Ornek Sayisi MSE R?
Egitim 42 4.276x10%° | 0.9999
Dogrulama 9 2.231x10* | 0.9998
Test 9 4.304x10* | 0.9995
Agin egitimi sirasinda 9 adet veri test amach

kullanilmugtir. Test verisi olarak ayrilan 9 adet yumurta
verisinin duragan halde dlgiilen gergek agirliklariyla agin
tahmin ettigi agirliklar1 Cizelge 2’ de karsilastirmali
olarak verilmistir. Agin egitiminde kullanilmayan bu
veriler ile yapay sinir aginin denenmesi sonucunda elde
edilen hata degerleri ¢ok kii¢iik oldugundan dolay1 yapay
sinir aglarmin dinamik tartim sistemlerinde agirlik
tahmininde basarili bir sekilde kullanilacagi goriilmiistir.
Cizelge 2. Gergek agirlik degerleri ve test verilerinden
tahmin edilen agirlik degerleri (Actual weight values
and estimated weight values from test datas)

Gergek Tahmin Edilen Hata
Yumurta Yumurta @r)
Agirhiklar (gr) Agirhiklar (gr)
54.6 54.79 -0.19
67.8 67.73 0.07
54.6 54.67 -0.07
74.5 74.23 0.27
56.1 55.78 0.32
58.4 58.48 -0.08
51.9 51.62 0.28
61.2 61.57 -0.37
68.1 67.86 0.24

Yine agin performansini test etmek amaciyla agin egitim,
dogrulama ve test agamalarinda hi¢ kullanilmayan veriler
ile agin performansi denenmistir. Cizelge 3’ te verilen
sonuglara gore yapay sinir ag1 dinamik tartim islemindeki
riin agirliklarim ¢ok kiigiik hatalar ile dogru bir sekilde
tahmin etmigtir
Cizelge 3. Agm egitim, dogrulama ve test islemlerinde
kullanilmayan veriler ile test edilmesi (Network
testing with unused datas different from training,
validation and testing datas)

Gerg¢ek Tahmin Edilen Hata
Yumurta Yumurta

Agirhiklar (gr) Agirhiklar (gr) (ar)
53 52.95 0.05

56.5 56.22 0.28

62.4 62.31 0.09

63.1 63.05 0.05

70.4 70.60 -0.2

4. SONUC (RESULT)

Giintimiizde tirinlerin hizli ve dogru bir sekilde tartilmasi
gerekmektedir. Bundan dolayr dinamik tartim sistemleri
gelistirilmis ve bu alanda birgok calisma yapilmistir.
Dinamik tartim sistemlerinde {iriinlerin hareket halinde
olmasindan dolayr 6l¢iim sinyali {izerinde titresimlerin

40

olugturdugu dusiik frekansli bozucu etki meydana
gelmektedir. Bu giiriiltiniin ~ 6l¢tim  sinyalinden
temizlenmesi i¢gin birgok yontem kullanilmigtir. Yapilan
bu calismada yapay sinir aglarinin dinamik tartim
sistemlerinde basari ile kullanilabilecegi gorilmiistiir.
Gergeklestirilen yapay sinir ag1 ¢ok kiigiik hatalar ile
daha tartilan iriin tartim platformundan ayrilmadan
iiriintin agirhigim belirleyebilmektedir.
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Bu ¢alismada AISI 304 ve AISI 316 6stenitik paslanmaz celiklerin islenebilirligini degerlendirmek amaciyla kaplamasiz tungsten
karbiir kesici takimlar kullanilarak tornalama deneyleri yapilmistir. Deneyler, kuru kesme sartlarinda sabit kesme derinligi (2,4
mm), dort kesme hizi (100, 120, 140 ve 160 m/dak) ve ii¢ ilerleme hizinda (0,15, 0,3 ve 0,45 mm/dev) gergeklestirilmistir. AISI
304 ve AISI 316 ¢eliklerin islenebilirligi takim aginmasi, esas kesme kuvveti ve yiizey piiriizliiliigii agisindan degerlendirilmistir.
Deney sonuglart AISI 316 ¢eliginin islenmesinde kesici takimin daha fazla agindigin1 gostermistir. Ayrica AISI 316 ¢eliginde daha
yiiksek kesme kuvveti ve ylizey piirtizliliigi degerleri Ol¢iilmiistiir. Deneysel ¢alisma sonunda, AISI 316 celiginin AISI 304
celigine kiyasla islenebilirliginin zor oldugu ortaya konulmusgtur.

Anahtar Kelimeler: Paslanmaz Celikler, Takim Asinmasi, Kesme Kuvveti, Yiizey Piiriizliiliigii.

Evaluation of Machinability of AISI 304 and AISI 316
Austenitic Stainless Steels

ABSTRACT

In this study, turning tests were performed to assess machinability of AISI 304 and AISI 316 austenitic stainless steels using
uncoated tungsten carbide tools. The tests were conducted at four cutting speeds (100, 120, 140 and 160 m/min), three feed rates
(0.15, 0.3 and 0.45 mm/rev), and a fixed depth of cut (2.4 mm) under dry cutting conditions. Machinability of AISI 304 and AISI
316 steels was evaluated in terms of tool wear, main cutting force and surface roughness. Experimental results showed that larger
wear damages formed on the cutting inserts used for machining of AISI 316 steel. In addition, higher values of cutting forces and
surface roughness were measured in machining of AISI 316 steel. In consequence of experimental study, it was found that AISI
316 steel had harder machinability characteristics than AISI 304 steel.

Keywords: Austenitic Stainless Steels, Tool Wear, Cutting Force, Surface Roughness.

1. GIRIS (INTRODUCTION) yiiksek tokluk ve yiiksek dayanmim degerleri ile 6n plana

Endiistride genis kullanim alania sahip olan paslanmaz ¢ikarlar ve 540 °C’ye ka(.iar ki sicakliklarda oksidasyona
celikler, igerisinde en az % 10,5 oraninda (kiitlece) krom ~ Karst daya.nlm gosterirler. Bu  grupta yer alan
(Cr) ve en ¢ok % 1,2 oraninda karbon (C) iceren demir ~ Malzemelerin basinda 302, 304, 310, 316, 321 ve 347
esash alagimlar olarak tammlanirlar. Bu gelikler, korozif ~ Sinif paslanmaz  celikler gelmektedir [1]. Yiksek
ortamlarda calisacak makine ve yapi elemanlarinn en  Sineklikleri, peklesme egilimleri ve disiik sl
Snemli malzemesi olmakla birlikte: iistiin mekanik  iletkenlikleri nedeniyle ostenitik paslanmaz ¢elikler
dzellikleri sayesinde, ucak, kimya, p’etro-kimya, gida, kesici takimlarda farkli aginma tiplerinin h'lzll bir sekilde
ilag endiistrisinde, niikleer enerji santrallerinde, takim ve ~ Ortaya ¢ikmasina nedc'en olabilmektedirler [6]. _ Efu
paslanmaz esya endiistrisinde genis kullanim alanina  Sebeple, pzfls@anmaz c;el'lkler hala yapisal miihendislik
sahiptirler [1-4]. Toplam paslanmaz gelik iiretimi iginde problemlerinin pahali bir ¢6ziimii olarak gérﬁlmekte ve
dstenitik paslanmaz geliklerin pay1 % 70°tir [5]. Bu grup bu durum daha fazla kullanimim engellemektedir [7].

en yaygin kullanilan ¢elik grubudur. Ostenitik paslanmaz ~ Bu celikleri islenebilirlik karalteristiklerini iyilestirmeye
celiklerin diger paslanmaz celiklere gore korozyon  yonelik bircok g¢aligma yapilmis ve bunlardan onemli
direnci agisindan Onemli stiinlikleri vardir [6].  olanlar1 sunlardir: Ranganathan ve arkadaslari, AISI 316
Ostenitik paslanmaz ¢elikler 200 ve 300 serilerini paslanmaz  celiginin  tungsten  karbiir  uglarla
igerirler ve temel alagim elementleri krom ve nikeldir. Bu  tornalanmasinda, takim asinmasi ve yiizey piirtizliliigii
alasimlar, genis bir sicaklik araliginda sahip olduklar1  {izerine kesme parametrelerinin (kesme hizi, ilerleme hiz1
N - ve kesme derinligi) etkilerini ¢aligmislardir. Regresyon
e_S;J:t;n:Iuozﬁigbéiggiiggl%'gi]rAumor) analizi ve ANOVA analizini kullanarak yaptiklar1 bu

Digital Object Identifier (DOI) : 10.2339/2017.20.1 43-49 caligmada takim aginmasi ve yiizey piirtizlilugi tizerinde
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kesme hizinin diger kesme parametrelerinden (ilerleme
hizi ve kesme derinligi) daha etkili oldugunu tespit
etmiglerdir [8]. Selvaraj ve Chandramohan, AISI 304
Ostenitik paslanmaz geligin kaplamali tungsten karbiir
takimlar kullanilarak kuru tornalanmasinda kesme hizi,
ilerleme hizi ve kesme derinligi gibi kesme
parametrelerinin yiizey piiriizliligii lizerine etkilerini
arasgtirmiglardir. Sinyal giiriiltii oran1 (S/N) ve ANOVA
analizi kullanilarak yapilan calisma sonucunda, yilizey
piiriizliiligii lizerine ilerleme hizinin % 51,84, kesme
hizinin % 41,99 ve kesme derinliginin % 1,66 oraninda
etkili oldugunu belirlemislerdir [9]. Ozek ve arkadaslari,
AISI 304 6stenitik paslanmaz ¢eliginin tornalanmasinda,
kesme hizi, ilerleme hizi ve talas derinliginin yiizey
piiriizliliigii, takim yan yilizey aginmasi ve takim-talas ara
yiizey sicakligima olan etkilerini incelemiglerdir.
Deneyler neticesinde, kesme hizinin artmastyla, takim-

yaygin kullanim alanina sahip olan bu iki Ostenitik
paslanmaz celigin kesme kuvvetleri, yiizey piiriizliiligi
ve daha once ¢aligilmamig olan takim aginmast agisindan
islenebilirliklerini degerlendirmek amaciyla kesme
parametrelerinin  farkli  kombinasyonunda kesme
deneyleri yapilmig ve deney sonuglari tartigilmistir.

2. MATERYAL VE YONTEM (MATERIAL AND
METHOD)

Yapilan deneysel ¢caligmada kullanilan AISI 304 ve AISI
316 ¢eliginin kimyasal bilesimi Cizelge 1’de
sunulmugtur. Deneylerde 100 mm ¢apinda ve 250 mm
uzunlugunda paslanmaz ¢elik ¢ubuklar kullanilmustir.
Kesici takim olarak ISCAR tarafindan iiretilen SNMG
120412 — TF serisine ait kaplamasiz tungsten karbiir
takimlar (IC20) kullanilmistir.

Cizelge 1. Ostenitik paslanmaz celiklerin kimyasal bilesenleri (Chemical compositions of the austenitic stainless steels)

Sif %C | %Mn | %Si %P %S %Cr | %Ni | %Mo | %Cu
AISI 304 0,08 2 0,75 | 0,045 | 0,03 | 1835 | 8,12 0,07 0,23
AISI 316 0,04 1,18 0,41 | 0,038 | 0,012 | 16,3 | 10,09 | 2,02 0,49
talag ara ylizey sicakhiginin ve takim yan yiizey Kesme deneyleri, sabit kesme derinligi (2,4 mm), dort

asimmasinin azaldigy; ilerleme hizi ve kesme derinliginin
artmastyla ylizey kalitesinin kotiilestigi belirlenmistir
[10]. Korkut ve arkadaglari, AISI 304 Ostenitik
paslanmaz  ¢eligin  tungsten karbiir takimlarla
tornalamasinda optimum kesme hizi degerini belirlemek
i¢in U¢ farkli kesme hizi kullanarak takim asinmasi ve
ylizey pilirizliligi tizerine kesme hizinin etkisini
arastirmiglardir. Calisma sonucunda kesme hizinin
artmastyla takim asinmasi ve yiizey piiriizliligiiniin
azaldig1 tespit edilmistir [11]. Cift¢i, AISI 304 ve AISI
316 celiginin islenmesinde, kesici takim kaplamasinin,
kesme hizinin ve is pargasi malzemesinin, kesme
kuvvetleri ve yiizey piiriizliligi {izerindeki etkilerini
incelemek amaciyla kuru kesme sartlarinda tornalama
deneyleri yapmustir. Deney sonuglarinda, AISI 316
paslanmaz geligin tornalanmasi esnasinda olusan kesme
kuvvetlerinin, AISI 304 paslanmaz g¢eligin tornalanmasi
esnasinda olusan kesme kuvvetlerinden daha yiiksek
oldugu gozlenmistir. Ayrica kesme hizinin kesme
kuvvetlerinde 6nemli derecede bir degisiklige neden
olmadigi ancak yiizey piiriizliliigiinii 6nemli derecede
etkiledigi gortlmiistiir [12]. Yeyen ve arkadaglari, AISI
303 ostenitik paslanmaz gelik ile AISI 304 o&stenitik
paslanmaz c¢eligin islenebilirligini karsilagtirdiklar
calismada; AISI 303’{in islenmesi sirasinda AISI 304°¢
gore %19 daha fazla kesme kuvvetleri ve %51 daha fazla
yiizey piiriizliligii 6l¢iildugiinii tespit etmislerdir [13].

AISI 316 cgeligi, AISI 304 ¢eligi ile benzer kimyasal
bilesime sahip olmakla beraber AISI 316 c¢eliginin
kimyasal bilesiminde AISI 304’e gére molibden ve nikel
orani daha ytiksektir (Cizelge 1). Bu alasim elementleri
sayesinde, AISI 316 c¢eligin kopma dayanimi, AISI 304
celige oranla daha yiiksektir. Bu calismada, endiistride
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farkli kesme hiz1 (100, 120, 140 ve 160 m/dak) ve ii¢
farkli ilerleme hizinda (0,15; 0,3 ve 0,45 mm/dev)
gerceklestirilmistir. Tornalama deneyleri kuru kesme
sartlar1 altinda Johnford TC35 tipi CNC torna tezgahi
kullanilarak yapilmigtir. Deneylerde, Kistler 9257 B
model dinamometre kullanilarak esas kesme kuvveti
degerleri (Fc) ve Mahr M1 marka profilometre cihazi
kullanilarak — ylizey piriizliligii degerleri (Ra)
Olcililmistiir. Kesici takim asinma miktarlarinin 6lglimii
ise, Dino-Lite dijital mikroskop  kullanilarak
gerceklestirilmigtir. Belirli araliklarda kesme islemi
durdurulmug ve mikroskop ile kesici takimlarin aginan
yiizeylerinin fotografi c¢ekilerek yan ylizey asinma
miktarlart Ol¢lilmiistiir. Krater derinlikleri 1 pm
hassasiyete sahip Mahr marka Conturograph ile
Ol¢iilmiistiir. Calismada, esas kesme kuvveti ve yiizey
pliriizliligiinin dogru degerlerini elde etmek amaciyla
kesme parametrelerinin her bir kombinasyonunda kesme
deneyleri li¢ kez tekrarlanmis, her parametrede ti¢ 6l¢iim
yapilmig ve bunlarin aritmetik ortalamasi alinarak esas
degerler belirlenmistir.

3. BULGULAR VE TARTISMA (FINDINGS AND
DISCUSSION)

3.1. Takim Asinmasi (Tool Wear)

Sekil 1°de AISI 304 ve AISI 316 ¢eliklerinin zamana
bagli yan ylizey asmmasindaki degisim grafigi
verilmistir. Grafik incelendiginde; AISI 304 celiginin
islenmesinde daha disik yan ylizey asinmasi
degerlerinin 6lciildiigli gortilmektedir (Sekil 1). Bu
durumun iki malzemenin kimyasal bilesimlerindeki
farkliliktan kaynaklandigi diigtiniilmektedir. Cizelge 1°de
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AISI 304 ¢eliginden farkli olarak AISI 316 ¢eliginin
kimyasal bilesiminde % 2 oraninda molibden (Mo)
oldugu goriilmektedir. Mo elementinin ¢eliklerde sicak
sertligi ve asmma direncini artirdigr; bu sebeple de
islenebilirligi olumsuz yonde etkiledigi bilinmektedir [6,
12]. Sahip oldugu yiiksek sicak sertlik ve aginma direnci
sebebiyle AISI 316 ¢eligin islenmesinde kullanilan kesici
takimimm daha fazla aginmasina sebep olmaktadir.
Grafikte, her iki malzeme i¢in de artan kesme zamaniyla
birlikte kesici takim asinmasinin da arttig1 goriilmektedir.
Kesme isleminin sonunda AISI 316 celigine kiyasla AISI
304 geliginde %18 oranda daha az asinma olustugu tespit
edilmistir. Ayrica her iki malzemenin islenmesinde de
kesici takimlarda da krater aginmasinin olustugu
gozlenmistir (Sekil 2). Krater derinligi, AISI 316
celiginin islendigi takimda 0,158 mm o6l¢iiliirken, AISI
304 ¢eliginin islendigi takimda 0,053 mm olarak
Ol¢iilmiistiir. AISI 304 geliginin islenmesinde % 67
oraninda krater derinligi azalmistir.

Kesici takimlarin aginma mekanizmalarinin daha iyi
anlasilabilmesi amaciyla Sekil 2’de kesici takimlarin
SEM fotograflart verilmistir. Fotograflar incelendiginde;
her iki malzemenin islenmesinde de abrasiv asinma
mekanizmasinin sebep oldugu yan yiizey asinmasinin
olustugu tespit edilmistir. Yine her iki malzemenin
islenmesinde de kesici takimin kesme kenarinda yi1ginti
talas (YT) olusumlarina rastlanmistir. Siinek yapisi
nedeniyle Ostenitik paslanmaz ¢eliklerin iglenmeleri
esnasinda, is parcasi malzemesi ile kesici takim arasinda
temas bolgelerinde ¢ok giiclii bir yapigma egilimlerinin
oldugu bilinmektedir [6]. Kesici takimlarin talas

y;

Krater asin

Yanyiizey aginmasi

—

ve ig parcasi ve takim malzemesinin kimyasal ilgisine
baglidir. Dolayisi ile krater asinmasi yiiksek kesme
hizlarinda en biyilk degerine ulagir [6]. Her iki
paslanmaz ¢eligin islenmesinde de adhezyon ve
oksidasyon asmmma mekanizmalarinin ve is pargasi
malzemesinin islenen yiizeyinde plastik deformasyon
sonucu gergeklesen peklesmenin sebep oldugu g¢entik
aginmasimin kesici takimlarin  kesme kenarlarinda
olugsmadig1, yalnizca AISI 316 ¢eliginin islendigi kesici
takimin yardime1 kesme kenarinda olustugu goriilmiistir.
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Sekil 1. AISI 304 ve AISI 316 ¢eliginin islenmesinde zamana

bagh yan yiizey asmnmasindaki degisim (f = 0,45
mm/dev, V = 100 m/dak) (The variation of flank wear
versus cutting times in machining of AISI 304 and
AISI 316 steels (f = 0.45 mm/rev, V = 100 m/min))
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Sekil 2. Kesici takimlarin SEM fotograflart (f= 0,45 mm/dev, V = 100 m/dak) (SEM pictures of cutting tools (f = 0.45 mm/rev,

V =100 m/min))

yiizeylerinde abrasiv ve diflizyon asinma
mekanizmalarinin sebep oldugu krater aginmasi olusmus
ve krater yilizeylerinde yigmti katmani seklinde
yapismalar meydana gelmistir. Tungsten karbiir
icerisinde ¢ok miktarda bulunan karbon atomlari, yiiksek
sicaklik ve basincin etkisiyle az yogun ortam olan is
parcast malzemesine ve talasa gecme egilimi
gostermektedir. Bu  durum  diflizyon  asinma
mekanizmasinin ortaya ¢ikmasina neden olur ve aginma
sonucu kesici ucun talag yiizeyi lizerinde krater olusur.
Bu aginma mekanizmasi 6nemli 6l¢iide sicakliga, basinca
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3.2. Kesme Kuvvetleri (Cutting Forces)
Sekil 3’te AISI 304 ve AISI 316 ostenitik paslanmaz

celiklerin  kaplamasiz tungsten karbiir takimlarla
islenmesinde kesme hizina baghh esas kesme
kuvvetlerindeki ~ degisimi  verilmistir.  Grafikler

incelendiginde ii¢ ilerleme hizinda da AISI 316 geliginin
AISI 304 celigine kiyasla daha yiiksek kesme kuvveti
degerleri sergiledigi goriilmektedir. Bu durumun; AISI
316 c¢eliginin kimyasal bilesimindeki Mo (molibden)
elementi sayesinde sahip oldugu yiiksek sicak sertlik ve
asinma direncinden kaynaklandig1 diistiniilmektedir. Mo
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elementi 2610 °C [14] gibi yiiksek ergime sicakligina
sahip refrakter bir malzeme olmasi nedeniyle c¢elige
yiiksek sicak sertlik 6zelligi, ayrica karbiir yapict bir
olmasi nedeniyle daha iyi bir sertlik ve aginma direnci
kazandirmaktadir. Bu 0&zelliklerin, ¢eliklerin talash
imalatinda  plastik ~ deformasyonu  zorlastirdig:
bilinmektedir. Ayrica, AISI 316 ¢eligi 520 MPa ¢ekme
dayanimina sahip iken, AISI 304 celigi 505 MPa ¢ekme
dayanimina sahiptir [15]. Bu sebeple, AISI 316 celigi
islenirken daha biiyiilk kesme kuvvetleri ol¢iilmiistiir.
Benzer sekilde Ciftci de yaptigi caligmada, AISI 304
celigine kiyasla AISI 316 celigin tornalanmasinda daha
yiiksek kesme kuvveti degerleri oOl¢lildligiinii rapor
etmistir [12].

iki is parcas1 malzemesi arasindaki esas kesme kuvveti
(Fc) degerleri farki 0,15 mm/dev ilerleme hizinda en
diistik degerlerde iken artan ilerleme hiziyla kesme
kuvveti degerleri arasindaki fark da daha belirgin bir hale
gelmistir. Genel olarak tiim grafiklerde her iki malzeme
i¢cin de 140 m/dak’ya kadar artan kesme hiz1 degerleriyle
birlikte Fc degerleri diismiis ancak kesme hizinin daha da
artirilarak 160 m/dak’ya ¢ikarilmasiyla Fc degerlerinde
de bir miktar artis goriilmistiir. Belirli bir degere kadar
artan kesme hiziyla kesme kuvvetlerindeki bu diiss,
kesme bolgesinde olusan yiiksek sicakliklara bagli olarak
takim-talag ara yiizeyindeki temas alaninin azalmasi
sonucu silirtinmenin azalmasi ve malzemenin akma
dayaniminin azalmastyla agiklanabilir. Kesme hizinin
daha da artirilmasiyla artan kesme kuvveti ise Kkesici
takim aginmasinin artmasi ile agiklanabilir [12, 16].

Sekil  3’deki  grafikler incelendiginde, kesme
kuvvetlerinin artmasinda ilerleme hizinin  kesme
hizindan daha etkili oldugu séylenebilir [17-19]. 0,15
mm/dev ilerleme hizinda Fc degeri AISI 316
malzemesinde ortalama 875,21 N iken, ilerleme hiz1 %
200 artigla 0,45 mm/dev oldugunda Fc kuvvetlerinde %
135°1ik bir artis meydana gelerek ortalama 2055,13 N
olmustur. AIST 304 malzemede ise ortalama 847,06 N
olan Fc degeri, ilerleme hizindaki % 200’lik artisla
ortalama % 130 oraninda artarak 1944,23 N’a ulagmustir.
flerleme hizinin kesme kuvveti degerleri iizerine bu
etkisinin; ilerleme hizindaki artigla birlikte talag kesitinin
artmasindan kaynaklandig1 ddsiiniilmektedir. Talas
kesitinin artmasi takim-talag temas alani artirmaktadir.
Boylece kesici takim yiizeyinde olugan gerilmeler daha
genis bir alanda etkili olmaktadir [20, 21].

Diger yandan artan ilerleme hiz1 ile iki malzeme
arasindaki Fc kuvveti degerleri farki da artmistir. AISI
316 ile AISI 304 Ostenitik paslanmaz celigi arasinda
6l¢iilen Fc kuvveti degerleri farki 0,15 mm/dev ilerleme
hizinda % 3,3 (ortalama 28,15 N) iken, 0,3 ve 0,45
mm/dev ilerleme hizlarinda bu fark ortalama % 5,7
(78,43 N) ve ortalama % 5,7 (110,71 N) olarak
hesaplanmuigtir.

3.3. Yiizey Piiriizliiliigii (Surface Roughness)

AISI 304 ve AISI 316 ostenitik paslanmaz geliklerin
kesme hizina bagli ortalama ylizey piriizliligii (Ra)

degisim grafiklerine bakildiginda; kesme
kuvvetlerindeki gibi Ra degerleri {izerinde ilerleme
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Sekil 3. Kesme hizina bagl esas kesme kuvvetlerindeki degisim (The variation of main cutting forces versus cutting
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hizinin kesme hizindan daha etkili oldugu goriilmektedir
(Sekil 4). Diger yandan iki is parcast malzemesi
arasindaki Ra degerleri farki da Fc ye gore daha
belirgindir. Bununla birlikte Sekil 3’deki gibi bu
grafiklerde de genel olarak AISI 316 celigi ile daha
yiiksek Ra degerleri elde edilmistir. Bu durum AISI 304
celigine kiyasla AISI 316 ¢eliginin islenmesinde kesici
takim asinmasimin ve kesme kuvvetlerinin daha fazla
olmasina atfedilmistir (Sekil 1). Bilindigi gibi aginma ile
yilizey plriizliliigi arasinda dogrudan bir iliski vardir
[22]. Ayrica, yiksek kesme kuvvetleri mekanik
titresimlerin artmasina neden olmakta ve bu titresimlerde
ylizey plriizliliginin artirmaktadir. Tim kesme
hizlarinda AISI 316 c¢eligi ile elde edilen yiizey
piiriizliligii degerleri 1,076 — 7,888 um araliginda iken,
AISI 304 celigi ile elde edilen yiizey pirizliligi
degerleri 0,817 — 5,809 um araligindadir.

AISI 316 geligi lizerinde o6lciilen Ra degerlerinde 0,15
mm/dev ilerleme hizinda 140 m/dak kesme hizina kadar
belirgin bir azalma gdzlenmistir. Ancak kesme hizinin
160 m/dak kesme hizina ¢ikarilmasiyla Ra degerlerinin
arttig1 gézlenmistir. 140 m/dak kesme hizina kadar artan
kesme hiziyla Ra degerlerinin azalmasi yigint1 talas
olusma egiliminin azalmasiyla agiklanabilir. Artan
kesme hiziyla sicakligin artmasi [23, 24] kesici takimdaki

yigmti talasin sertligini ve dayanimini kaybederek kesici
takimdan uzaklagmasina sebep olur (Sekil 5). Sekil 5°te
verilen fotograflar incelendiginde kesici takimlarin
kesme kenarlarinda olusan yigmti talag miktarinin artan
kesme hiziyla azaldigi goriilmektedir. Kesme hizinin 160
m/dak’ya ¢ikarilmasiyla Ra degerlerinin artis gdstermesi
yiiksek kesme hizlarinda kesici takimin aginmasi ile
agiklanabilir. 0,3 ve 0,45 mm/dev ilerleme hizlarinda ise;
artan kesme hiziyla olgiilen Ra degerlerinin de artis
egiliminde oldugu gozlenmistir. Orta ve yiiksek ilerleme
hizlarinda artan kesme hiziyla yiizey piiriizliligi
degerlerinin artmasi; artan talas kaldirma hizi ve
stirtinme nedeniyle ortaya ¢ikan yiiksek sicakliklarin
etkisiyle kesici takim aginmasina atfedilmigtir. AISI 304
celiginde ise; 0,15 mm/dev ilerleme hizinda artan kesme
hiziyla Ra degerlerinin azaldig1 goriilmektedir. 0,3 ve
0,45 mm/dev ilerleme hizlarinda ise bir degere kadar
artan kesme hiziyla yiizey piriizliligi degerlerinin
azaldig1 ancak kesme hizinin daha fazla artirilmasiyla
yiizey piriizliligli degerlerinin de arttig1 gdzlenmistir.
Benzer gozlemler Ciftgi [12] ve Tekaslan ve arkadaglari
[25] tarafindan da rapor edilmistir. Yazarlar, bu durumu
kesici takimda olugan yan yiizey ve ¢entik aginmalarina
ve ylizey plriizliliigiinii etkileyen diger bir faktdr olan
talas kokiinde YT olugma egilimine atfetmiglerdir.
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Sekil 4. Kesme hizina bagl yiizey piiriizliliigiindeki degisim (The variation of surface roughness forces versus
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100 m/dak 120 m/dak

140 m/dak 160 m/dak

Sekil 5. Kesme hizina bagli yiginti talastaki degisim (The variation of built-up-edge versus cutting speed)

4. SONUCLAR (CONCLUSIONS)

Kaplamasiz tungsten karbiir takimlarla AISI 304 ve AISI
316 Ostenitik paslanmaz ¢eliginin islenebilirligi tizerine
yapilan deneysel c¢alismalar neticesinde asagidaki
sonuglar elde edilmistir:

e  AISI 304 ¢eliginin islenmesinde daha diisiik yan
yiizey asinmasi ve krater asinmasi degerleri
Ol¢lilmistiir. Kesme isleminin sonunda AISI
316 geligine kiyasla AISI 304 c¢eliginde %18
oraninda daha az yan ylizey asinmasi ve %67
oraninda daha az krater derinligi olusmustur.
Her iki malzemenin islenmesinde de kesici
takimlarda ¢entik aginmasi gozlenmemistir.

AISI 316 geligi ile elde edilen kesme kuvveti
degerleri AISI 304 ¢eligi ile elde edilen kesme
kuvveti degerlerinden daha yiiksektir. Bu
farkin; 0,15, 0,3 ve 0,45 mm/dev ilerleme
hizlarinda sirastyla ortalama % 3,3, % 5,7 ve %
5,7 oldugu goriilmiistiir.

Her iki malzeme smifi i¢in de; ilerleme
hizindaki artis ile kesme kuvvetleri ve yilizey
piiriizliligii de artmistir. 0,15 mm/dev ilerleme
hiz1 % 100 ve % 200 oraninda artirildiginda Fe
degerleri de sirastyla ortalama % 63 ve % 132,
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yiizey piiriizliiligii degerleri ise ortalama % 189
ve % 457 oraninda artig gostermistir.

Kesme kuvveti ve yizey pirizliligi
degerlerinin artmasinda ilerleme hizi kesme
hizindan daha etkili olmustur.

Genel olarak AISI 316 geliginin islenmesinde
daha yiliksek Ra degerleri elde edilmistir.
Olgiilen Ra degerleri 0,15, 0,3 ve 0,45 mm/dev
ilerleme hizlarinda sirasiyla ortalama %20, %13
ve %22 oranda daha yiiksektir.

Bu ¢alismada, sanayide genis kullanim alanina sahip iki
farkl1 dstenitik paslanmaz gelik sinifi yiizey piirtizliligi,
esas kesme kuvvetleri ve takim aginmasi agisindan
kiyaslanmistir. Yan yiizey ve krater aginmalari agisindan
bir degerlendirme yapilara literatiire katki saglanmistir.
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Gergeklestirilen bu ¢aligmada, ti¢ farkli basing, ii¢ farkli sicaklik, ii¢ farkli katki orani ve ti¢ farkli aliiminyum tozu biiytikligi
kullanilarak polipropilen (PP) esash kompozit malzeme iiretilmis ve bunlarmn Ergiyik Akis Indeks (EAI) 6zellikleri incelenmistir.
Aliiminyum (Al) tozlarini ilavesi sirasinda PP ile uyum saglanmasi i¢in %0,2 oraninda maleik anhidrit ve ayn1 oranda oksitlenmeyi
onlemek icin fenolik esash antioksidan (Songnox-1010) ilave edilmistir. Calismanin deneysel sonuglarina gore EAI degeri kayma
hiz1 ve kayma gerilmesi, basing ve sicaklik artisina bagli olarak artmis ancak artan katk: orani ve Al toz biiyiikliigiine bagl olarak
azalmistir. Bunun yaninda, EAI ile kayma hiz1 arasinda yiiksek EAI degerleri elde edilen numunelerde basing 1379 kPa, sicaklik
250°C katk1 oran1 %10 ve partikiil boyutu olarak 44-100 pm olarak tespit edilmistir.

Anahtar Kelimeler: Polimer Kompozitler, Polipropilen, Al Tozu, Ergiyik Akis indeksi.

Investigation of Melt Flow Index Properties of
Polypropylene Reinforced Aluminum Powder

ABSTRACT
In this study, PP-based composite reinforced with three pressures, three temperatures, three reinforcement rates, and three
reinforcement sizes were produced and their Melt Flow Index (MFI) properties were investigated. Moreover, 0.2% maleic
anhydride and fenolic based antioksidant in order to prevent oxidation were also added during addition of aluminum powders.
According to the results of the study, MFI values degreases with increasing viscosity. On the contrary, MFI values increases with
increasing shear rate and shear stress. In addition, values of 1379 kPa, 250 C, 5%, 210-300 um and 44-100 pm were determined as
pressure, temperature, reinforcement ratio and particle size respectively for the samples having high MFI values.

Keywords: Polymer Composites, Polypropylene, Al Powder, Reinforcement, Melt Flow Index.

1. GIRiS (INTRODUCTION) hesaplanmaktadir. MFI degeri, akigkanlik hakkinda 6n
bilgi vermekte olup, birincil olarak malzemenin akis
oraninin  diizenliliginin  bir  gostergesi  olarak
kullanilmaktadir [2,3]. Polimerlerin kimyasal yapilarinin
cok cesitli olmasi ve katki maddelerine bagli olarak da
birgok 6zelliginin degismesi nedeniyle iiretim sirasinda
reolojik ozelliklerinin bilinmesi olduk¢a Onemlidir.
Ozellikle endiistrideki farkli uygulamalar i¢in polimerleri
kimyasal yapist bakimindan siniflandirmak ve polimer
cesitliligini standartlagtirmak i¢in reolojik 6zellikler
oldukc¢a 6nem tasimaktadir [4,5].

Polimer esasli kompozitler, plastik sanayisinin en
dinamik biiylime gosteren malzemeleri igerisinde 6zel bir
yer tutmaktadir. Bu malzemeler 6zellikle otomotiv, yap1
iiriinleri, ambalaj malzemeleri basta olmak iizere diger
uygulamalarda da yogunlukla tercih edilmektedir.
Polimer esasli kompozit tiretiminde ¢esitli katki, dolgu ve
takviye elemanlart kullanilmaktadir. Plastik
malzemelerin 6zeliklerini gelistirmek icin ¢esitli katki ve
dolgu maddesi ilavesi sonucu elde edilen kompozit
malzemenin birgok o&zelligi gibi akis oOzellikleri de ] T o
degismektedir. Katkil plastiklerin sekillendirilmelerinde ~ Kullamm yerlerine gore plastiklerin 6zeliklerini artirma

bu akis ozelliginin bilinmesi iretim icin oldukca V€Ya iiretim maliyetlerini diigiirmek, ¢evreye en az zarar
Snemlidir. veren {iriin iiretebilmek vs gibi nedenlerden dolay plastik

malzemelere ¢esitli katki ve dolgu maddesi eklenerek
kompozit malzeme iiretilmektedir[1]. Bu baglamda, agac
lifi, disiik yogunlugu, makine pargalarinda tahribatsiz
kullanim, daha az agindiric1 6zelligi, diigiik maliyetleri ve
en 6dnemlisi biyo-bozunurluk direnci gibi bir¢ok avantaji
saglamaktadir [6-9]. Bu nedenle polimer igerisine gesitli
*Sorumlu Yazar (Corresponding Author) agac tozlar1 katilarak ka.tklh ko.mpoziﬂer iir.eFilm.ektedir..
e-posta: aguldas@gazi.edu.tr Aga¢ tozu katkili polimerlerin sekillendirilebilmeleri
Digital Object Identifier (DOI) : 10.2339/2017.20.1 51-59 katkisiz polimere gore daha farkli olacagindan dolay:

Endiistride plastik malzemelerin akis 6zelliklerinin
belirlenmesinde en sik kullanilan yontem Ergiyik Akis
Indeksi (EAI-MFI) testidir [1]. EAI degerinin yaninda
ayrica akisg analizlerinde kullanilan ve en Onemli
parametrelerden bir olan viskozite degeri de
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sekillendirmede akiskanlik 6zelligi biiyiik 6nem tasimak-
tadir.

Ghosh ve Maiti (1997) yapmis olduklari ¢aligmada % 0-
5,6 oranlarinda titanyum ile islemden ge¢mis giimiis
tozunu polipropilen ile karigtirarak elde edilen kompozit
malzemenin kayma hizi, kayma gerilmesi ve viskozitesi
kilcal reometre ile incelenmistir ayrica ayn1 malzemenin
clastikiyet 0Ozellikleri de incelenmistir [10]. BU
calismada, ergiyigin viskozitesi katki maddesinin % 4,1
oranina kadar azalmig bu degerden sonra artmistir.
Giimiis tozu takviyeli polipropilenin viskozite degeri
takviyesiz polipropilenin degerinden daha diisiik oldugu
belirtilmektedir. Mamunya ve arkadaslari yapmis
olduklar1 calismada ise, iletken polimer kompozitler de
dolgu maddesi olarak bakir, nikel, demir tozlarinin
elektrik iletkenligi ve basmg {izerindeki etkisini
arastirmiglardir [11]. PP igerisine katilan bakir, nikel,
demir tozlarimin biiyiikligii ve bu metal tozlarinin
yiizeyindeki oksit tabakasinin kompozitin iletkenligini
etkiledigi belirlenmistir [11]. Rusu ve arkadaslar1 yapmis
olduklar1 ¢aligmada yiiksek yogunluklu polietilen
(HDPE)/Cinko toz kompozitlerinin mekanik ve termal
ozelliklerini incelemislerdir [12]. Bu calismaya gore,
HDPE igerisine % 0-20 oraninda ¢inko tozu katilmis olup
kompozitin mekanik o6zellikleri takviyesiz HDPE’ne
gore azaldig1 tespit edilmistir. Benzer sekilde, poli vinil
kloriir (PVC) igerisine aliiminyum tozu takviye edilerek
elde edilen kompozitin mekanik ve elektriksel 6zellikleri
Bishay (2011) ve arkadaslari tarafindan aragtirtlmigtir
[13]. Chifor ve arkadaslart yaptiklar1 ¢alismada
aliminyum ve bakir tozu takviyeli HDPE kompozit
malzemenin 1sil, mekanik ve elektrik 6zelliklerini
incelemislerdir [14]. Chifor ve arkadaslari yaptiklari
diger bir ¢alismada, bakir tozu takviyeli HDPE kompozit
malzemenin 1s1l, mekanik ve elektrik Ozelliklerini
incelemislerdir [15]. %30 ‘a kadar farkli oranlarda
takviye edilen ve 100 um biiytikligiindeki toz partikiiller
250 dev/dak hizla donen metal toz karigtirict vasitasiyla
HDPE malzemesi igerisine Kkaristirilmis ve iiretilen
kompozitin bir 6zelligi deneysel olarak incelenmistir.
Benzer sekilde Nurazreena ve arkadaslart da yapmis
olduklar1 ¢aligmada, aliiminyum, bakir ve demir tozlarini
HDPE igerisine katarak karigimlarinin elektrik direnci ve
gerilme dayanimlari incelemislerdir [16].

Tavman, H., yapmis oldugu ¢alismalarda %0-%50
oraninda aliiminyum ve bakir tozlarini sirastyla % 12 ve
%18 oraninda ilave ederek katkili HDPE esasli kompozit
iiretmis ve bu kompozitlerin termal iletkenlik ve mekanik
ozelliklerini incelemistir [17,18]. Bu c¢aligmalara gore
aliminyum tozlarinin %12’ye kadar katilmasma bagh
olarak 1s1l iletkenliginde 6nemli bir degisiklik olmadig:
tespit edilmistir. Ayrica, aliiminyum ve bakir takviye
oranina bagli olarak mekanik 6zelliklerde azalma oldugu
belirlenmistir. Ayrilmis ve arkadaglar1 caligmalarinda,
polietilen  aliiminyum  kompozitlerinin  mekanik
ozelliklerini arastirmislardir [19]. Polietilen aliminyum
kompozitlere selillozik atiklarda elde edilen takviye
malzemesi kullanmig ve bu sekilde mukavemet
degerlerini arttirmistir. Kim ve arkadaslar1 yaptiklar
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caligmada, epoksi icerisine % 10 oraninda aliiminyum
tozu takviye ederek dokme yontemi ile kompozit iiretmis
ve mekanik 6zelliklerini incelemiglerdir [20]. Literatiirde
yapilan diger ¢alismalara bakildiginda polimer igerisine
¢inko borat [21], glimiis [22], aliiminyum [23], nikel [24]
vs gibi birgok metal tozlar1 ve grafit gibi malzemeler
[25,26] katildigi ve bu metal tozlarinin takviye oranina
bagli olarak malzemenin elektrik ve 1s1l iletkenligini
onemli derecede artirdigi goriilmektedir. Bunlarin
yaninda, aliimina (aliiminyum oksit), tenorit (bakir oksit)
gibi metal oksitler de polimer esasli kompozitlerin 1sil
iletkenlik degerlerini artirdig1 da belirtilmistir [27].
Termoplastik igerisine katilan elyaf takviyesi de
kompozitin 1s1l iletkenligini degistirmektedir [28].
Karatas ve arkadaglar1 yapmis olduklar1 ¢aligmada 8,15
pm biiytikligiinde ve agirlik¢ca %50 oraninda sabun tasi
tozunu HDPE ve beraberinde baglayici olarak {i¢ farkli
balmumunun (parafin, art balmumu ve carnauba
balmumu) reolojik Ozellikleri nasil etkiledigini
incelemislerdir [29]. Reolojik inceleme kilcal reometrede
gerceklestirilmis olup 120-180 °C sicaklik ve 12,3- 124,7
kPa basing araliklarinda farkli degerlerde EAI, viskozite,
kayma hizi ve kayma gerilmeleri tespit edilmistir.
Gling6r yapmis oldugu ¢alismada hacimce % 5, 10 ve 15
oranlarinda 50 um boyutundaki demir tozlari1 HDPE
icerisine katarak kompozitin mekanik ve reolojik
ozellikleri belirlenmigtir [30]. Yapilan bu ¢aligmaya gore
iiretilen bu kompozitin EAI degeri demir tozu takviye
orani artigina bagl olarak artmistir. Ergime sicakligi ise
artan takviye oranina bagl olarak %10 takviye oranina
kadar artmis, %15 de ise tekrar diigmiistiir.
Gergeklestirilen bu ¢aligmada ise, PP igerisine degisik
boyut ve oranlarda aliiminyum tozlar1 katilarak kompozit
malzeme iretilmistir. PP esasli kompozit malzeme
icerisine 44-100 pm, 101-210 pm, 210-300 um olmak
iizere ii¢ farkli boyut araliginda ve agirlikca %5, %10,
%15 olmak iizere ti¢ farkli katki oraninda Al tozlari
eklenmistir. Uretilen PP esasli kompozitin reolojik
ozelliklerini belirlemek amaciyla ergiyik akis indeksi-
EAI degeri arastirilmistir. Bunun igin, {i¢ farkli basing
(298,2 kPa; 689,5 kPa, ve 1379 kPa) ve ti¢ farkl sicaklik
(210°C, 230 °C, 250 °C) degeri kullanilmigtir. Reololik
ozellikleri tespit etmek icin yapilan EAI testlerinde EAQ
degerlerinin yaninda viskozite, kayma hiz1 ve kayma
gerilmeleri de belirlenmistir. Boylece, EAI degerinin
kayma hizi, kayma gerilmesi ve viskozite degisimine

bagli olarak nasil degistigi tespit edilmistir.

2. MATERYAL ve METOT (MATERIAL and
METHOD)

2.1. Kompozitin Hazirlanmasi (Composites
Preparation)

Bu calismada, polipropilen hammaddesine {i¢ farkli katki
orant (%3, %10, %15) ve 44-100 pm, 101-200 pm, 210-
300 um olmak iizere ii¢ farkli boyut araligindaki
aliminyum tozlar1 katilarak 3-4 mm biiylikligiindeki
katkili PP graniilleri iretilmistir. Aliiminyum tozlar
standart elekler ile elenerek toz biiyiikliigi 44-100 pm,
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101-200 pm, 210-300 pm araliginda olmasi saglanmistir.
Aliminyum tozlarmmm PP igerisine iiniform olarak
katilabilmesi igin tane boyutu 850 pum olan toz PP
kullanilmistir.  Ayrica, aliiminyum tozlarmi ilavesi
sirasinda Al tozlari ile PP malzemesinin uyum saglamast
icin % 0,2 oraninda maleik anhidrit ve ayni oranda
oksitlenmeyi Onlemek icin fenolik esasli antioksidan
(Songnox-1010) ilave edilmistir ilave edilmistir. PP
hammaddesi firinda 75 °C de 1 saat kurutularak
muhtemel olabilecek nem biinyeden uzaklastirilmustir.
Aliiminyum tozlarinin ilk dnce kuru olarak PP tozlarma
ilave edilmis ve kuru sartlarda karigtirilmistir. Al tozu
katkilt graniiller tretildikten sonra tozlarinin iiniform
dagilabilmesi i¢in graniiller ikinci defa ekstruderden
gegcirilmistir.

Al tozlar1 ile PP graniillerini karigtirabilmek icin
kullanilan ekstruder {iinitesi ve kirici uiniteleri 1,5 kW
giiclindeki iki farkli motor ile tahrik edilmekte olup
elektronik kontrol iinitesi (dijital siirticii) ile kontrol
edilmektedir. Vidalt mil ¢ap1 20 mm ve boyu 600 mm
olup boy/cap orant 1/30 dur. Kovan ii¢ farkli isitma
bdlgesinde 1sitilmakta olup her bir 1sitma iinitesi ayr1 ayri
dijital olarak kontrol edilmektedir. Katkilt PP nin tiretimi
icin ekstriizyonun meme kismina/basligina gére 30 mm
kalinliginda 6zel kalip tasarlanmis olup, kalipta 4 mm
capinda 3 adet silindirik delik bulunmaktadir. Kaliptan
gecen malzeme sogutma bdlgesinden soguyarak kirici
iinitesine gelmektedir. Kiric1 iinitesinin motorundan
alman donme hareketi kesiciye kayis kasnak sitemi ile

aktarilmakta ve sabit devirle donmektedir. Kirici iinitesi
besleme merdaneleri ise dijital siiriicii ile kontrol
edilmekte olup, 0-50 dev/dak araliginda istenilen devirde
ayarlanabilmektedir. Cift kaugcuk merdane arasindan
gegen silindirik olarak ¢ekilmis plastik profil, kirict
bicagt ile istenilen biiytikliiklerde kesilerek graniil
iiretilmektedir. Graniil iretilirken kullanilan ekstruder
parametreleri Cizelge 1’de gosterilmektedir.

2.2. Ergiyik Akis indeksi Testi (Melt Flow Index
Testing)

Malzemelerin EAI degerlerinin tespit edilmesinde
kullanilan deney cihazi standart EAI deney cihazi olup
Sekil 1°de gortilmektedir. Deney ¢alismasinda kullanilan
EAI test cihazi, Davenport marka test cihazi olup,
bilgisayar kontrolliidiir. Cihazm 1sitict sistemi 0-400 °C
arahiginda caligmakta olup, 0,1 °C hassasiyetindedir.
Deneyler ASTM D1238 standardina gore yapilmustir.
EAI sonuglar1 cm®/10 dak ya da g/10 dak cinsinden elde
edilmektedir. Yazilim her bir deneyde iin farkli deneyler
okuyup aritmetik ortalamayr vermektedir. Her bir test
iicer defa tekrarlanmustir.

2.3. Deney Tasarimu (Experimental Setup)

Reolojik deneyler, ii¢ farkli basing (298,2 kPa, 689,5 kPa
ve 1379 kPa), ii¢ farkli sicaklik (210 °C, 230 °C, 250°C)
i¢ farkli katki orami (%5, %10, %15) ve i¢ farkh
aliminyum tozu boyutlart (44-100 um, 101-200 pm,
210-300 pm) kullanilarak gergeklestirilmistir.

Cizelge 1. Graniil Giretimi i¢in ekstriizyon parametreleri (Extrusion parameters to manufacture of granule)

Malzeme L. 1sitma IL. 1s1tma II1L. 1sitma
Ekstruder 1sitma Al tozu ( first 170 185 190
bdlgesi (°C) Graniil (second 200 220 230
Vidali mil devri,
S . 40
Kirici tinite devri,
2,16 kg
Piston Piston
_ Piston
Isitica silindir Vorteks ucu
Pist bolgesi -] Isitict
iston
ucu Silindir
. yiizeyi
Deney numunesi Nimune
Kalip - h
(8 mm) Girig
basinci kaybt
Kayma akist Kahp
basing diistisi

Sekil 1. Ergiyik akig indeksi semasi (Shema of the Melt Flow Index)
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Cizelge 2. Ekstruderde iiretilen kompozit graniillerin toz
boyutu ve katki oranmna goére deney kodlar
(Experimental code of manufacturing of composite
granules using extruder according to powder size
and reinforcement rate)

.. Katki orani Al toz boyutu
Graniil kodu Rr (%) Rs (pn)ll)
Al 5
Bl 10 44 -100
C1l 15
A2 5
B2 10 100 - 210
C2 15
A3 5
B3 10 210 - 300
C3 15
Katkisiz PP - -

Ayrica her bir katki oran1 ve her bir tane boyutuna gore
hazirlanan numunelere kodlar verilmistir (Cizelge 2).
Deneyler sirasinda her bir deney 3 defa tekrarlanmis ve
her bir tekrar arasinda standart geregi %15 den fazla fark
olmamasi saglanmustir.

Calismada Taguchi Ly ortogonal deney tasarimi yontemi
kullanilmigtir. Deneylerde kullanilan parametreler ve
seviyeleri Cizelge 3'de verilmistir. EAI icin en biiyiik en
iyi yontemi kullanilmistir (Est. 1). Deney tasarimu,
sonuglar ve S/N oranlar1 Cizelge 4'de verilmistir.

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

Katkili plastiklerin icerisine eklenen katki elemaninin
oranina bagli olarak akis 6zelliginde azalma olmaktadir.
Katkili plastik tiretimi sirasinda akigkanlig artirmak ve
bagarili bir kaliplama islemini gerceklestirebilmek icin
kayma hiz1 artirilmasi yani akis 6zelliginin iyilestirilmesi
gerekmektedir. Akiskanligr artirmak igin sicaklik veya
basing artirilmaktadir. Kompozit grantillerin
enjeksiyonla kaliplama islemleri sirasinda graniiliin
ergime sicakligi ve kalip icerisindeki akigkanligi, kalibin
dolmasi ve cksik baski olmamasi igin olduk¢a 6nem
tagimaktadir. Enjeksiyon sicakligimin tek basina kalip
boslugunun doldurulmasi icin yeterli olmayabilir. Bu
durumda kalibin hatasiz dolmasi i¢in sicakligin yaninda
uygun enjeksiyon basinglarina da ihtiya¢ duyulmaktadir.
Bu calismada Al partikiilleri katilmigs PP malzemelerin
EAI degerleri incelenmis ve elde edilen degerler sicaklik,
basing, katki orani ve partikiil boyutuna gore analiz
edilmistir.

Enjeksiyonla kaliplama isleminde kullanilan enjeksiyon
sicakligi PP molekiillerinin bag yapisim1 zayiflatarak
kalip igerisine rahat¢a akmasini kolaylastirmaktadir.
Diistik sicaklilarda ise malzemenin molekiiller arasindaki
bag yapist gevseyip ergiyik hale gelmedigi icin plastik
malzeme akamaz. Ancak, plastik malzemenin
akigkanligini artirmak igin sicaklik gereginden fazla
artirildiginda ise molekiil zincirleri deforme olur yani
malzemenin kimyasal yapisi bozulur. Bundan dolay:

En bityiik en iyi; kaliplama esnasinda ideal sicaklik degerlerinin
10 1 1 kullanilmasi gerekmektedir.
SN, =-10l0g =2~ @ e o
niy; Sekil 2'de 44-100 um biiyiikligiinde Al partikiillerinin
eklendigi numunelerde sicaklik ile Al tozu katki orani
Cizelge 3. Parametre ve seviyeler (Parameters and levels) iliskisi incelenmistir. Sekil 2°ye gore katki oranina bagls
- olarak en iyi EAI degeri %10 katki oraninda elde
Parameter Seviye edilmigtir. Ayrica literatiirdeki ¢aligmalara [28] paralel
olarak sicaklik degerlerindeki artis ile EAI degerlerinde
| 1 i larak sicaklik degerlerindeki ile EAI degerlerind
Basing (kPa) 298,2 689,5 1379 de artis gdzlenmistir.
Sicaklik (°C) 210 230 250 EAT (44100 jm) R T
Katki orani (%) 5 10 15 15 —
Al toz boyutu 44-100 101-200 201-300 D
g 2o 2
- 150 - 200
Cizelge 4. Lg ortogonal tasarim ve EAI sonuglar1 [9] (Lo E = > 20
orthogonal design and MFI results) g 101 r
o TP RTORS o o :
°C kPa % um dk
1 210 2982 5 44 4,206 12,4774 52 poes ol
2 210 6895 10 100 16,029 24,0981 Sicaklik-T(°C)
i gég 3-387 3 ig gig ;78122 i;’gigg Sekil 2. 44-100 um partikiil boyutunda sicaklik katki orani
! ! ' grafigi (Temperature reinforcement ratio chart on 44-
5 230 6895 15 44 18,748 254591 100 um partikiil size)
6 230 1379 5 100 93,472 39,4136
7 250 298,2 15 100 9,085 19,1665
8 250 6895 5 210 47,368 33,5097  Seckil 3'de 44-100 pm biiyiikliigiinde Al partikiillerinin
9 250 1379 10 44 147,573 43,3801  cklendigi numunelerde basing-katki orami iliskisi
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incelenmistir. Sekil 3’e gore yiiksek EAI degerleri %5
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katk1 oraninda elde edilmistir. Katki oraninin artisi ile
EAI degerleri dogrusal olarak azalmaktadir. Ayrica
basing degerlerindeki artis ile EAI degerlerinde de artis
gozlenmistir.

EAI (44-100 pm) Rr; P
15 -
EAI
44-100 pm
< 50
= 50 - 100
S W 100 - 150
B M 150 - 200
z ] > 200
S 10
o
2
>
*
-
5 T
298,2 689,5 1379,0
Basmng-P (kPa)

Sekil 3. 44-100 um Partikiil boyutunda basing-katki orant
grafigi (Pressure reinforcement ratio chart on 44-100
um partikiil size)

Sekil 4'de 101-200 pum biiyiikliigiinde Al partikiillerinin
katildigt numunelerde sicaklik-katki orani iliskisi
incelenmistir. Sekil 4’e gore yiiksek EAI degerleri 250 °C
sicaklik degerinde ve %5 katki oraninda elde edilmistir.
Ancak katki orani %10 oldugunda en yiiksek EAI
degerlerini 230 °C elde edilmistir.

EAI (101-200 pm) Rr; T
15 -
| 4 Al
101-200
um
< < 30
s 30- 60
E W eo- 0
I W %- 120
E 10 4 - [MM 20 - 150
e > 150
e u
s
X
©
=
5 T
210 230 250
Sicakhk-T(°C)

Sekil 4. 101-200 pm Partikiil boyutunda sicaklik-katki orani
grafigi (Temperature reinforcement ratio chart on
101-200 pum partikiil size)

Sekil 5'de 101-200 pum biiyiikligiinde Al partikiillerinin
katildigt numunelerde basing-katki orami iliskisi
incelenmistir. Sekil 5’¢ gore %5 katki oraninda elde
edilmis yiiksek EAI degerleri verilmis olup, katk1 oram
arttikga EAI degerlerinde 6nemsiz miktarda bir artis
oldugu gozlenmistir. Ayrica literatiirdeki calismalara
paralel olarak basing degerlerindeki artis ile EAI
degerlerinde de artis gézlenmistir.
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EAI (101-200 pm) Rr; P
15

EAT
101-200

pm
< 30
30 - 60
W e0- %
W - 120
j W 120 - 150
1o | ] > 150

Takviye oram Rr (%)

5]
298,2

689,5
Basing P (kPa)

Sekil 5. 101-200 um Partikiil boyutunda basing-katki orani
grafigi (Pressure reinforcement ratio chart on 101-
200 pm partikiil size)

1379,0

Sekil 6'de 210-300 pm biiyiikliigiinde Al partikiillerinin
eklendigi numunelerde sicaklik-katki orani iliskisi
incelenmistir. Sekil 6’ya gore yiiksek EAI degerleri %5
katk1 oraninda elde edilmistir. Ayrica %5 ve %15 katki
oranlarinda sicaklik degisimleri EAI degerleri iizerinde
belirgin bir artis saglayamamistir.

EAI (201-300 pm) Rr; T

W 30- 60
60 - 90
9 - 120
M 20 - 150
M 150 - 180
| ] > 180

Takviye oram-Rr (%)

210 230 250
Sicakhk-T(°C)

Sekil 6. 210-300 pum Partikiil boyutunda sicaklik-katki orani
grafigi (Temperature reinforcement ratio chart on
210-300 um partikiil size)

Sekil 7'de 210-200 pm biiyiikligiinde Al partikiillerinin
eklendigi numunelerde basing-katki orani iliskisi
incelenmistir. Sekil 7°ye gore yiiksek EAI degerleri %5
katki oraninda ve 250 °C'de elde edilmistir. Burada, 298,2
kPa basicta tiim katki oranlarinda EAT degerleri oldukga
diisiik cikmustir. EAI degerlerinin artist 689,5 kPa
basingtan sonra artig gostermistir.
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EAI (201-300 pm) Rr; P
15 EAQ
201-300
pm
= | ] < 30
S W - 6
= 60 - 90
= 90 - 120
S 10 M 120 - 150
2 W 150 - 180
2 H > 10
4
]
i
5
298,2 689,5 1379,0
Basing-P (kPa)

Sekil 7. 210-300 um Partikiil boyutunda basing-katki orani
grafigi (Pressure reinforcement ratio chart on 210-
300 pm partikiil size)
Sekil 8'e gore EAI degerleri elde edilirken parametrelerin
birbirleriyle etkilesim grafikleri verilmistir. Burada
sicaklik ve basing degerlerine gore 250 °C ve 1379
kPa’da EAI degeri 147,573 cm® 10 dk gibi en yiiksek
degerine ulagmistir. Ancak partikiil boyutunun (Rs) diger
parametrelerle etkilesimi incelendiginde farkli sonuglar
elde edilmektedir. Partikiil boyutuna gore en yiiksek
degerleri 250 °C'de 44-100 pum da elde edilirken, sicaklik
230 °C oldugunda en yiiksek EAI degeri 101-200 um
elde ediliyor. Ayrica katki oraninin %10 oldugu durumda
en iyi EAI degeri 44-100 pm da elde edilirken, katki
oraninin %35 oldugu durumda en iyi EAI degeri 101-200
pm'da elde edilmistir. Genel baglamda kompozit
icerisindeki Al katki miktar1 arttikca EAI degerleri
azalmaktadir. Bu sonuglar benzer caligmalarda da [2]
elde edilmistir.

MEFI icin parametrelerin etkilesim grafikleri
29?.2 EB?.S 137‘9.0 5. 1‘0 1‘5 4:1 ICINJ leﬂ
150 T
A LY LN _ | —*— 210
T
2 Y ~ " | —m=- 230
Sl | £ s |, 250
150 P
| 2982
3 - o [F|—w- 6895
e —— ——g 0 1379.0
LY 150 Rr
\ |5
Rr \\ ? | —=- 10
¥~ |, 15
Rs

Sekil 8. Parametrelerin EAI iizerindeki etkilesim grafikleri

(Interaction graphs parameters for MFI)

3.1. EAl — Kayma Hiz iliskisi (MFI-Shear rate
relationship)

EAI cihazinda elde edilen kayma hiz1 Esitlik 2°de verilen
denklemden bulunmaktadir.

V== (Us) @)

nR3

Burada y,; goriiniir kayma hizimi, Q; debiyi ve R ise
silindir yarigapimi temsil etmektedir. EAI test cihazindan
elde edilen kayma hiz1 ve viskozite degerleri goriiniir
kayma hiz1 ve goriiniir viskozite degerleridir. Kayma
hiz1, Esitlik 3’de verilen Rabinowitsch esitligi ile
diizeltilmistir. Kayma hizi ile kayma gerilmesi
grafiginde, secant dogrusu goriiniir viskoziteyi
vermektedir. Kayma hizina karst kayma geriliminin
herhangi bir noktasinda hesaplanacak viskozite ise bagil
viskozite olarak adlandirilir. Bagil viskozite her zaman
icin goriiniir viskoziteden kiiciiktiir. Bu nedenle EAI
cihazindan elde edilen kayma hizi ve viskozite
diizeltilerek  kullanilmaktadir. Bu ¢alismada da,
diizeltilmis kayma hiz1 kullanilarak goriiniir viskozite de
Esitlik 3 kullanilarak yeniden hesaplanmustir.

Yg dlogyg
L G+ “dogt ) (1/s)

®)
Burada, yg; goriinir kayma hizim, 7 ise silindir
yiizeylerindeki kayma gerilmesini temsil etmektedir.
Elde edilen diizeltilmis kayma hiz1 kullanilarak viskozite

degerleri de diizeltilmistir

Sekil 9'daki grafiklerde gorildigii gibi 230 °C sabit
sicaklikta basimcin artmasiyla kayma hizi da artmaktadir.
Kayma hizi arttiginda ise dogal olarak ergiyigin birim
zamanda Kesitten gegen akiskan miktar1 (EAI)
artmaktadir. Dolayisiyla EAl-kayma hizi arasindaki
iligki dogrusal olarak gerceklesmistir. Kayma hizinin
artmast ile makromolekiil zincir yapisina sahip olan
ergimis plastiklerin molekiil zincirleri akis dogrultusunda
yonlendirilmistir. Uzun molekill zincirlerinin akis
dogrultusunda yonlendirilmeleri ile akigkan tabakalar
arasindaki siirtinme azalacak ve zincir yapist akmaya
karg1 bariyer goérevi gormeyecektir. Boylece, kayma
hizinin  artmasi  zincirlerin  akis  dogrultusunda
yonlendirilmelerine yardimet oldugu i¢in kayma hizinin
artmasina bagli olarak akmaya karsi gosterilen i¢ direngte
azalmaktadir. Kayma hiz1 da sicaklik, basing ve malzeme
ozelliklerine bagli olarak degisim gostermektedir.

y =

5 & 8 8 8
Erglyik Abas indeksi (MF1), cm?/10 dak

Ergiyik Alas Indeksi (MFI), cm/10 dak

ksi (MFI), cm?/10 dak

15 »
Kaymahizipst

a)

Sekil 9. 230 °C sabit sicaklikta EAl-kayma hizi iligkisi. a) % 5 Al/PP graniil b) %10 Al/PP graniil ¢)% 15 Al/PP graniil.
(MFI-Shear rate relationship at 230 °C constant temperature. a) % 5 Al/PP graniile, b) %10 Al/PP graniile, ¢)% 15

AI/PP granule)
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3.2. EAI - Kayma Gerilmesi iliskisi (MFI-Shear
stress relationship)

EAI cihazinda elde edilen kayma gerilmesi (Est. 4)
reometrenin silindir ylizeylerinde olusan gerilmeler olup,
uygulanan kuvvet, silindir ¢ap1 ve silindir boyuna bagh
olarak elde hesaplanan bir parametredir. Ayrica, pistonun
yer degistirmesi ve silindir ¢apina bagli olarak elde edilen
kayma hizina bagli olarak bulunabilmektedir.

2R (kPa) (4)

Burada, tg; silindir yiizeyindeki gerilmeyi, P; pistona

TR= 70
uygulanan basinci, L; piston boyunu, Q; debiyi, R;

Sicakligin  molekiil zincirlerini deforme etmesinin
yaninda sicakligin artirilmasi ayrica maliyetleri de
artirmaktadir. Benzer sekilde basing da EAI degerini
artirmaktadir. Basmcin artmasi kayma hizin1 ve kayma
gerilmesinin de artmasini beraberinde getirmektedir.
Basmci artmast ile katkili PP’nin {iretilebilirligi
kolaylagsmakta ancak bu da maliyetleri artirmakta ayrica
iiretilen iiriin lizerinde 6zdes basing dagilimi olmadigi
zamanlarda iiriinde carpilmalara sebep olmaktadir.
Ayrica basincin gereginde c¢ok artirilmasi {irliniin
agirhigini da artiracag icin maliyetler etkilenecektir. Bu
baglamda, Al tozu katki orani ve toz biiyiikliigii, basing,

silindir yarigapini temsil etmektedir. sicaklik  parametrelerinin =~ optimum  degerlerinin
140 120 140
A N y
E 100 / g E / * E 100 F + 44-100
= / ] 2w / = / MIKRON
"_E*: @ f,: /rﬂ E ® * m100-210
H * e 74 £ ’ Mikhon
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r ] _ 7 ri L w0
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£ % Pz = » i
’ X ° o 20
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b) c)

Sekil 10. 230 °C sabit sicaklikta EAl-kayma gerilmesi iliskisi. a) % 5 Al/PP graniil b) %10 Al/PP graniil ¢)% 15 Al/PP
graniil. (MFI-Shear stress relationship at 230 °C constant temperature. a) % 5 Al/PP graniile, b) %10 Al/PP graniile,

) % 15 AI/PP granule)

Sekil 10'daki grafiklerde gorilldigii gibi 230 °C sabit
sicaklikta basing artisma bagl olarak EAI ile kayma
gerilmesi arasindaki iliskinin fonksiyonel olarak arttigi
goriilmektedir. Ayrica en yiiksek kayma gerilmesinde,
EAI degerinin 44-100 mikron ve %5 Al tozu katki
oraninda oldugu goriilmektedir. Ayrica en diisiik kayma
gerilmesinin ise 44-100 mikron ve %15 Al tozu katki
oraninda oldugu goriilmektedir.

Aliiminyum tozu katkili PP graniillerinin iiretimi ve EAI
Ozelliginin incelendigi bu ¢alismaya gore, Al tozu katki
oran1 ve Al toz biiyiikliigii arttikca EAI degerinde azalma
olmaktadir. EAI degerinin azalmas1 ergiyik katkil
PP’nin akigkanliginin azalmasi demektir. Endiistride
PP’nin kullanim alanin1 artirmak veya iyilestirmek
amactyla katilan katki maddelerinde olan metal tozlari
ozellikle Al tozu PP’nin 1s1 ve elektrik iletkenligini
artirdig literatiirden bilinmektedir. Bu ¢alismada, PP’nin
Ozelligni gelistirmek i¢in katilan Al tozlarinin boyutu ve
katki oraninin artmasinin akigskanligi azaltmas: katkili
PP’nin tiretilebilirligini / kaliplanabilirligini
azaltmaktadir. Bu iki parametrenin yaninda basing,
sicaklik ve kayma hizinin artmasi ise EAI degerini
artirdig1 tespit edilmistir. Al tozu biiyiikliigii ve katki
oraninin artmasi ile diisen EAI degeri sicaklik ve basinct
artirilmast  ile  tekrar  artirilabilmektedir.  Ancak
polimerlerin molekiil yapilarinin yiiksek sicaklik ile
deforme oluklar1 bilindiginde dolayr iiretim sirasinda
sicakligin yiikseltilmesi iretilebilirligi kolaylastirirken
plastigin 0zelligini kaybetmesine sebep oldugu icin
mecbur kalinmadikga plastik {ireticisi firmanin 6nerdigi
sicaklik degerinin iizerine ¢gikmamasi oldukg¢a dnemlidir.
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belirlenerek iiretimin gerceklestirilmesi hem iiriin kalitesi
hem de maliyetler agisindan 6nemlidir.

4. SONUCLAR (CONCLUSIONS)

Bu ¢alismada, PP hammaddesine ii¢ farkli katki orani
(%5, %10, %15) ve li¢ farkli aliiminyum partikiil
biiyiikligi (44-100 pm, 101-200 pm, 210-300 pm)
katilarak katkili polipropilen iiretilmistir. Reolojik
deneyler, bes farkli basing (298,2 kPa, 689,5 kPa ve 1379
kPa), bes farkli sicaklikta (210 °C, 230 °C, 250 °C)
gerceklestirilmigtir. Gergeklestirilen bu galigsmaya gore;

e EAI degeri sicaklik ve basing artisina bagh olarak
artmis, yiiksek EAI degerleri elde edilen
numunelerde basing 1379 kPa, sicaklik 250 °C katki
orant %10 ve partikiil boyutu olarak 44-100 pm
olarak tespit edilmistir.

e Kayma hizi EAI olarak

artmaktadir.

arttikga dogrusal

e Kayma gerilmesi arttikca EAI degeri parabolik
olarak artmaktadir.

e EAl ve kayma gerilmesi fonksiyonel bir iliski
gergeklegmigtir. En yiiksek kayma gerilmesinde
EAI degerinin 44-100 mikron ve %5 Al tozu katki
oraninda en yiiksek oldugu goriilmektedir. En
diisiik kayma gerilmesinin ise 44-100 mikron ve
%15 Al tozu katki oraninda oldugu goriilmektedir.
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SEMBOLLER (NOTATIONS)

L  Piston boyu, m

P Basing (kPa)

R Silindir yarigapi, m

R:  Katki orani (%)

Rs Al toz boyutu (um)

T  Sicaklik (°C)

7 Kayma gerilmesi, N/m?

1z Silindir yilizeyindeki gerilme, N/m?
Yy  Gortnir kayma hizi, 1/s

Q  Debi, m%s
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ABSTRACT

In this study, reactive power demand of the load or the load groups has been provided with a synchronous motor through a web
interface as user controlled. For the realization of reactive power compensation and monitoring the system via Internet, a data
acquisition card (DAQ) has been used which has superior properties compared to other controllers such as PLC and PIC. In this
study, adding inductive and resistive load to the network, three-phase voltage and three-phase current values are taken from the
network and the power factor value of the system can be monitored via a visual web interface. Active, reactive and apparent power
value can be observed in real time via the interface. A new approach for computer-controlled and monitored reactive power
compensation systems through the internet that is uncommon in the literature is presented with this experimental system.

Key Words : Synchronous Motor, Reactive Power Compensation, Data Acquisition Card.

1. INTRODUCTION

In recent years, the developments in the field of education
have focused around distance learning in parallel with the
technological developments. Place limitations of
educational institutions, population explosion, and
increasing need of the society to have education without
attending any educational institution constitute only a
few of the reasons why the concept of distance learning
has developed. Not only educational institutions but also
companies prefer distance learning in personnel
education for economic reasons and to prevent time loss.
In the institutions providing technical and engineering
education, laboratory studies support theoretical studies
of students as well as development of practical skills by
them. When the laboratory infrastructure and the number
of experimental equipment are compared to the number
of students, generally significant problems arise in
application. Today, education system is going through a
re-shaping process. Combination of educational
technologies and internet has enabled rapid development
of web-based educational systems in addition to face-to-
face education model [1-5].

In the past, one-type traditional education model was
applied due to lack of technological infrastructure. Some
literature studies on the use of modern technologies in
this scope are summarized below:

With the development of semiconductor technology,
compensation processes are performed using switching
elements which have relatively higher speed than the
classical systems. Gelen et al. researched and compared
in both simulation and experimental environment the
voltage, current and power flow of the energy
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transmission systems in static and dynamic load by using
two FACTS elements of Thyristor-Controlled Reactor
(TCR) and Static VAR Compensator (SVC).
Compensation process was compared using PI controller
in the simulation environment and fuzzy logic control
method was found to work in a more efficient and stable
manner [6].

In the study realized by Coteli et al., MATLAB-
SIMULINK Toolbox was used to consist a computer-
based simulation of STATCOM (Static Synchronous
Compensator), a converter-based FACTS device, to
control power flow of a transmission line. Results of the
simulation program showed STATCOM to be capable of
responding to even unexpected sudden changes in a very
rapid manner [7]. Dynamic compensation with
synchronous motor is also one of the reactive power
compensation types. A more stable operation can be
achieved via control of the excitation current by different
control algorithms. By using object-based software
which can produce Artificial Neural Networks (ANN)
model which can run under the control of Reactive Power
Compensator (RPC) with synchronous motor, Sesveren
developed a simulator to simulate RPC operation which
uses ANN structure produced by the software. ANN
model, which can be used under the control of RPC with
synchronous motor, was prepared and showed how to
control a synchronous compensator. Moreover, as well as
supporting student education via modern technologies by
using the developed software showing applicability of
artificial intelligence to different fields, it aimed to
introduce a new approach to be adopted in technical and
engineering education [8]. The process of compensating
reactive power, needed by load or load groups, by using
specific  techniques is called reactive power
compensation. These techniques have both advantages
and disadvantages compared to each other. Selection of



Ramazan BAYINDIR, Seyfettin VADI / Journal of Polytechnic, 2017; 20 (1) : 61-69

the most appropriate technique enables stable system
operation and increases system efficiency. In his thesis
study, Bilki examined compensation techniques and
realized PLC-controlled reactive power application in a
facility [9]. Using capacitor groups, Bilki [9] has
performed a computer-controlled reactive power
compensation experimental set application. PLC was
used in the monitoring and controlling of the system by
computer. Use of PLC in the reactive power control in
the scope of the study enabled monitoring of such
important circuit parameters as voltage, current, active
power and power factor. The user can follow these values
from the computer interface and take on load to the
system [10]. Since the system runs as computer-
controlled, the user is limited to the space. In their study,
Bayindir and Gorgun performed a compensator
application using a synchronous motor. A PIC18F452
micro controller was used to perform Pl control of the
synchronous motor and the motor was run in inductive,
capacitive and ohmic modes at different excitation
currents. The user could view from the LCD display the
instantaneous system values of current, voltage,
frequency and power factors [11].

Energy crises the world has faced in recent years has
directed researchers to new energy resources on one hand
and has focused the studies on designing of more
efficient systems and utilization of existing energy
resources in the most efficient and highest-quality way
on the other hand. One of the most effective measures to
improve efficiency and ensure energy saving is “Reactive
Power Compensation”. Different methods are used in
reactive power compensation. In these methods, the
reactive powers required by loads are compensated either
statically by capacitors and reactors through different
switching element) or dynamically by synchronous
motors [12-14].

In the method where a synchronous motor is used for
compensation, excitation current is changed to enable
drawn of active and reactive power from the network. In
the present study, the user connects to the system through
the internet using the web interface and creates inductive
effect on the system by including inductive load or load
groups to the network the system is connected to. Since
this is an unsolicited status, the system enables
approximation of power factor to 1 by automatically
applying capacitive load to the system via synchronous
motor.

2. USE OF SYNCHRONOUS MOTOR AS A
COMPENSATOR

In grids, the loads are generally inductive. Because the
induction motors, transformers, ballast bulbs, etc.
connected to the network are all inductive loads. Since
inductive loads are decreased actual power capacities of
alternators, they result in drastic voltage drops in
transmission lines, in turn, efficiency loss. Moreover, as
reactive energies drawn by the inductive loads used in
industry overload energy transmission lines, it becomes
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necessary to increase the conductor size of the energy
transmission line in order to increase the amount of active
energy drawn from the line. Reactive energies the loads
require can be compensated either by capacitors statically
or by synchronous motors dynamically.

Change in the excitation currents of synchronous motors
enables capacitive and inductive running mode of the
motor. Moreover, the amount of the reactive power
drawn by the synchronous motor from the network can
be adjusted by excitation current. Thanks to such positive
features, synchronous motors are used as dynamic power
compensators.

Vector diagrams of the synchronous motor connected to
energy transmission line and the load are presented in
Fig. 1. If the active power of the system is Piotal, then it is
equal to the sum of Py and P, which are, respectively,
the active power of the synchronous motor and active
power of the load. When the power of the synchronous
motor is sufficient, it is possible to zero the system’s
reactive power by increasing excitation current [17].
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Fig. 1. Vector diagrams of the synchronous motor connected
to energy transmission line and the load

Changing of excitation current characteristic of the
synchronous motor at stable source voltage and
frequency is explained by the V-curves presented in Fig.
2. These curves are obtained from the phasor diagram of
the synchronous machine. In unloaded condition, the
excitation current I; is adjusted to run the machine at unit
power factor (cos=1.0). In this case, stator current I is at
minimum. Input power factor of the synchronous
machine can be adjusted lagging/leading by
decreasing/increasing excitation current. Change in the Is
current (referring to the excitation current) is recorded in
the form of V-curves. Synchronous motor V-curves at
full and half loads are shown in Figure 2-2 [17].
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Fig.2. Synchronous motor V-curves
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3. SYSTEM ARCHITECTURE

The developed system has an integrated structure
composed of a combination of different software and
hardware units. Although each hardware and software
unit has different tasks, all hardware operates in
harmony.

3.1. Hardware Infrastructure

Fig. 3 shows the block diagram of the system composed
of current and voltage measurement card, PIC, data
acquisition card, zero-crossing circuit, DC source, IGBT
circuit, loads and synchronous motor. In this study, a
synchronous motor at 4kW power was used for reactive
power compensation. Capacitive effect of the
synchronous motor enables stabilizing the system’s
power factor at 0.98

Display on the user web interface of the operating voltage
of the load or loads connected to the system and of the
current values they draw from the network requires
sensing of the voltage and current values. Since the

analogue voltage measurement level of the data
acquisition card is maximum +5.0 V, the amplitude of the
resulting alternating voltages needs to be reduced. Fig.4
presents the application circuit designed to reduce the
amplitude of the current and voltage values.

==

Fig.4. Current - voltage sensing and transformation circuit
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Voltage transformers were used for each phase in
obtaining alternating voltages. Cas-R 25 NP current
sensors were used to measure the current amount drawn
by the system from the network at each phase. When
maximum 25A current flows through current sensor’s
primary circuit, 5V DC voltage is produced as output.
The sensor also produces the output signal for the current
zero-passing circuit in the form of AC signal.

Zero-crossing circuit was used while measuring power
factor of the system. Power factor was produced using
PIC microcontroller to calculate the square wave signals
produced by this circuit. Circuit diagram of the zero-
crossing detector designed in this scope is shown in Fig.
5.
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Fig.5. Zero-crossing detector
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Signals applied to the input and signals obtained from the
outlet of the zero-crossing detector are listed in Fig.6a
and Fig.6b, respectively. Time difference between the
positive tips of the voltage and current signals
transformed into square wave is sensed by PI1C and power
factor value is obtained in such way that each second
corresponds to 18 degrees.

Synchronous motor is started in the induction mode for
the first start. Soft start method was adopted to run the
synchronous motor in the induction motor mode.

Switching frequency applied to IGBT drive circuit for
adjustable direct voltage to be supplied to the excitation
winding of the synchronous motor is shown in Fig.7.
Switching frequency was set at 5 kHz.

3.2. Software Infrastructure

Computerization of system data, data monitoring and
system control was performed using NI-6366 USB DAQ
(Data acquisition Card) card produced by the National
Instrument Co. This card connects with the computer
through USB port. Fig.8 illustrates the block diagram of
the structure to be used in processing data acquisition
card through the interface.
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Fig.6. Output signal of the zero-passing detector
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(a) Switching signal at 70% duty cycle
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(b) Switching signal at 5% duty cycle

Fig.7. Switching signals at different duty cycles
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Fig. 8. Block diagram of data acquisition

User web interface was developed in Visual Studio
ASP.NET platform. This platform was preferred thanks
to its features such as performing driver applications,
database management and communication with external
equipment, which are impossible to be achieved by
HTML codes. Moreover, in addition to its developed
software infrastructure, it provides functionality to the
web interface thanks to its visual components. Since the
data acquisition card cannot process in the internal
memory, system’s power factor parameter is retrieved by
the developed web application from the microcontroller
through USB port and is stored in the database in the
computer. Microsoft SQL Server 2005 database software
was preferred as the study database.

4. EXPERIMENTAL STUDY

A general e-learning platform was developed to serve
control and monitoring works over internet. As can be
seen in Fig.9, this platform is composed of 2 main parts:

€ [3 localhost

window display part and active part. Window display
part is composed of theoretical expression pages which
give information on subject and which are open to any
user. The second part, active part, provides the
application area. System control and monitoring
processes are performed in this part.

Visitor

Home Page

y

Y !

| Lessons |

!

Contact |

| Application | |
A

Database|

Home Page Model
4

A

A 4

Data |
Input

‘Windows
Application

| Data Output | Asp.NET Platform |

A A

Y

NI-DAQmXx driver

Fig. 9. Block diagram of the designed e-learning platform

Homepage of the web interface developed to enable
system monitoring and control by users is shown in
Fig.10. User web interface presents the purpose and
importance of the thesis and block diagram of the study.

Application part of the study can be accessed by clicking
the “Application” tab. The user can monitor and control
the system on this page. This part is given in Fig.11.

S L. . _u T ) <

Figure1.1

HomePage Lessons Application  Contact

Fig.10. Homepage display
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Fig.11. Picture of main webpage

A: Load management panel

This panel enables system On/Off and selection of the
load or loads to be activated. By clicking System On/Off
button, connection is ensured for system monitoring and
control and load activation is enabled. In addition, when
the system is activated, the synchronous motor runs
parallel to the load run in the asynchronous mode.

B: Power monitoring panel

A part in this panel enables visual monitoring of the
active, reactive and apparent power parameters
belonging to the load or loads.
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C: Graphic Window

Numerical system parameters are presented in graphics
in this part. Graphics of current and voltage values are
drawn for each phase separately in the interface.

Flow diagram ensuring stable operation of the software
designed for the hardware is given in Fig.12. As can be
concluded from the flow diagram, system’s power factor
was stabilized at 0.98, as specified in the standards.
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Fig.12. System operation algorithm

General view of the web-based educational tool for
simulation of reactive power compensation with
synchronous motor, which is designed and applied in the
scope of the study, is shown in Fig.13.

Fig. 13. Experimental Kit
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When the first load is switch on; total active, reactive and
apparent power and power factor parameters are
calculated and displayed numerically in the user web
interface as shown in Fig.14. and also the values obtained
from the measurement device and illustrated in Fig.15 are
observed to be nearly equal. Numerical values displayed
in the interface shown in Fig.14a. Fig.14b shows web
interface display developed when the user starts the
system over internet by clicking "System on/off" button
and switch on the first load.

Actve
poer(w
poner(w)

Reactive
Power(VAR)

Apparent
Power(VA)

Power
Factor

pass,

Voltage (V) and Current (A) of S Phase

Fig.14. Interface and oscilloscope screenshot when the Load-1
is switch on

E45kUﬂH M

Fig. 15. System parameters and measurement device display
when the Load-1 is switch on

When the user wants to perform compensation process
when the first load is switch on and clicks the
“Compensation” button in the web interface, application
of DGM to the excitation windings of the synchronous
motor at 52% duty cycle enables approximation of the
power factor value (between the current and voltage) to
1, as in Fig.16a. After compensation, the power factor
value increased from 0.1309 to 0.98, as in Fig.16a.
Reactive power component, on the other hand, decreased
from 2283 VAR to 55.89 VAR. Thus, at the end of the
compensation process performed when the Load-1 was
switched on, power factor value required by the
compensation was achieved. Interface values shown in
Fig.16a and the measurement device values presented in
Fig.17 are observed to be nearly equal.
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Fig. 17. After compensation measurement device display when
the Load-1 is switch on

Comparison of the pre- and post-compensation
oscilloscope displays of the current and voltage signals
when the Load-1 is run (Figure 5.2-d and Figure 5.5-d)
and the interface display shows that these signals are
similar.

Table 1. System parameters (before compensation)

During analyses of the user web interface and
oscilloscope images, real-time power factor parameter
measurements were made as loads were run in the system
during compensation by the user. By this way, current
and voltage signals were kept at the same phase. After the
changes made by the user in the interface were applied to
the hardware, the change was reflected to the user web
interface on real time basis. Pre-compensation system
parameters are shown in Table.1. As can be concluded
from the table, system parameters change dependent on
working of the loads. Since the motors, functioning as
load, run in idle mode, power factor values are recorded
as seen in the table. Compensation process enables
approximation of this value to 1.

When the user wants to perform compensation, reactive
power is aimed to be zeroed. Table 2 shows that this
value approximates to 0 and the power factor to 1.

4. CONCLUSIONS

With this experimental study, a hardware and software,
which is controlled and monitored through computer
over internet, has been successfully developed and run
for simulation of reactive power compensation with
synchronous motor, a study subject hardly studied by the
related literature.

During the control phase, changes on the interface were
sent to data acquisition card in a fast and appropriate
manner to monitor the system response. Possible error
cases were monitored on real time basis and required
infrastructure was developed for remote-control trouble
shooting. Moreover, only by changing the power of
synchronous motor, a general-purpose experimental
environment can be developed for any kind of energy-
consuming load or load groups to be connected to the
system. Use of visual components in the user web
interface developed in this scope both makes learning
more effective and differentiates this study from the rest.
Moreover, distance realization of this application over
internet has eliminated the risk of user inattention,
measurement mistakes and possible electrical and
mechanical negative developments.

Operation Mode Active Reactive Apparent Power
Power (W) | Power (VAR) | Power (VA) Factor
Induction motor mode +Load-1 309.4 2283 2434 0.1309
Induction motor mode+ Load-2 318 2378 2535 0.1292
Induction motor mode + Load-1+Load-2 395.4 2788 2955 0.1452
Table 2. System parameters (after compensation)
Operion e roner o | porcavary | pacocr | rome
Induction motor mode +Load-1 143.55 55.89 146.45 0.98
Induction motor mode+ Load-2 152.48 144.89 154.45 0.98
Induction motor mode + Load-1 + Load-2 225 60.19 229.45 0.98
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Data acquisition tool lacks an internal memory and the
capacity to process memory, which necessitated the use
of two different controllers in practice. When considered
as additional materials for educational, the study seems
to have achieved its objectives.
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ABSTRACT

An engine brake torque based Model Predictive Control (MPC) algorithm with an additional anti-shuffle control element is
developed to manipulate the pedal map oriented brake torque demand signal in an automotive powertrain application. In order to
capture the longitudinal vehicle dynamics of a front wheel drive vehicle, a simplified 4 mass powertrain model is generated. Model
validation is performed with vehicle tests using a typical tip-in and back-out acceleration pedal signal input manoeuvre. Comparison
of simulation results and vehicle tests reveals that simplified model is capable of capturing vehicle acceleration profile with the
error states for the specified input signals. MPC scheme based on 2 mass vehicle model is developed in “MATLAB / Simulink”
environment to obtain a smooth and responsive acceleration profile without error states like excessive jerks and shuffles. An
additional engine to wheel speed difference based proportional controller employed in order to further reduce powertrain
oscillations without compromising from system response speed. Simulation results indicate that MPC plus P Controller is capable
of obtaining desired acceleration and deceleration profiles achieving improved driveability.

Keywords: Drivability, Driveline Modelling, Model Predictive Control.

0z

Bu calismada otomobil aktarma organlari tork kontroliinde kullanilmak iizere gaz pedali haritasina bagh olusturulan sinyalin
diizenlenmesi igin, anti-salim eleman iceren tork modelli éngoériimlii kontrolcii gelistirilmistir. Onden ¢ekisli bir aracin dogrusal
dinamigini simule etmek icin basitlestirilmis 4 kiitleli bir ara¢ modeli kullanilmigtir. Model dogrulamasi ara¢ yol testinde gaz
pedalina basma ve gaz pedalindan ¢ekme manevralart kullanilarak yapilmistir. Simulasyon ve arag testlerinin karsilagtirilmasi
sonucunda kullanilan 2 kiitleli ara¢ modelinin, hata modlarini da igeren ara¢ hizlanma profilini simule etmek i¢in yeterli oldugu
goriilmiistiir. “MATLAB / Simulink” yazilim ortanunda “Model Ongoriimlii Kontrolcii” kullamilarak sarsint1 ve yiiksek salinim
gibi hata modlar1 igermeyen ve diizgiin ve performansli bir ivmelenme profili olusturulmustur. Mevcut diisiik genlikli salinimlar
da motor ve ara¢ hiz1 farkina bazli ¢alisan ek bir dogrusal kontrolcii ile tamamen ortadan kaldirilmigtir. Simulasyon sonuglari,
“Model Ongbriimlii Kontrolcii” niin dogrusal kontrolcii ile birlikte kullanilmasinin hizlanma ve yavaslama manevralar igin
iyilestirilmis siirlis 6zellikleri sagladigini gostermektedir.

Anahtar kelimeler: Siiriis Ozellikleri, Aktarma Organlar1 Modellemesi, Model Ongériimlii Kontrol.

1. INTRODUCTION oscillations correspond to the first resonance frequency

New technologies as a result of the research and  Of the driveline and typical resonance frequencies are 2-
developments activities in electronics resulted with 8 Hz depending on gear for manual transmission
requirements and elevated customer expectations. As a  comfort, therefore need to be avoided.

result, power and torque capability of the modern engines
increased significantly in the last decades. Unlike
conventional automobiles where acceleration pedal input
is mechanically connected to a fuel/air throttle valve, . ; } ; |
modern vehicles are equipped with electro-mechanical EEe
systems where acceleration throttle pedal input signal is
captured by an electronic control unit, processed and Y po
finally used to control the produced torque and the i T g . g g , v ; *
parameters for the combustion system. When triggered
with a high amount of torque change as a result of

acceleration pedal response, low frequency oscillations R ‘ . . ]

may occur if the driveability calibration of the powertrain et
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Automotive manufacturers’ engine control algorithms
already employ so-called anti-jerk feature. Anti-jerk
works in an open loop manner using look-up tables and
main control strategy is to slew the pedal oriented torque
request especially in backlash transition region and do
not have close loop feedback control. The drawback of
anti-jerk feature is it is a subjective calibration
methodology and outcome is strongly dependant on
calibrator’s performance. Additionally filling look-up
tables for all gear, engine speed and pedal position
combinations  requires  significant amount  of
development time. Considering these obstacles of the
current driveability features, the subject of automated
torque control for improved driveability attracts attention
of many automotive manufacturers and researches as it
can be described as an optimization problem dealing with
performance and comfort counter measures.

There are a large number of studies reported in the area
of automated engine torque control.

Fredriksson et al. was one of the first researchers that
employed the idea of using engine as an actuator in order
to actively damp the powertrain oscillations [2].
Subjected study involves different linear controllers such
as PID, “Pole Placement” and “LQG/LTR” controllers.
These were assessed using criteria like transient
performance, parameters and noise sensitivity. The
proposed “LQG/LTR” controller is evaluated as the most
suitable of the investigated controllers as it is easy to
tune, works satisfactory both in simulations as well as in
real field trials. Baumann et al. developed two different
control methodologies for anti-jerk control: A Hx
controller using mixed sensitivity approach [3] and a
model based predictive controller using Smith predictor
approach to cover the system inherent dead-time [4],
controller gains were determined using root locus
method. Both studies uses speed difference as input
variable and produces corrective torque as output. An
analogy to classical PD-controller has been drawn and
superiority of the proposed methodology is demonstrated
on the latter study. Similarly Pettersson and Nielsen
proposed a speed-control strategy that included the
behaviour of the driveline in the control scheme [5]. The
model based state-feedback controller calculates fuel
amount reducing the low frequency driveline
oscillations. Berriri et al. developed a partial torque
compensator in order to actively damp powertrain
oscillations [6]. Like the previous studies the controller
employs the engine speed as input to provide the
corrective torque that will oppose to the shuffle. The
study differs from previous studies in that the control
synthesis is more or less independent of the driveline
characteristics and non linearities using a simplified
model of the engine without the precise characteristics of
the driveline. Superiority of the methodology is that it
may be tuned directly on the vehicle, considering the fact
that post design tuning parameters are few and with clear
meanings, the benefit over the previous approaches is a
reduced cost and time for development. Webersinke et al.
proposed two linear quadratic controllers: a comfort
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controller, which damps the driveline oscillations and a
dynamic controller which guarantees a high dynamical
performance [7]. Both control algorithms show
improvement on system performance: enhanced driving
comfort with reduced driveline resonances without loss
of dynamics. Templin et al. developed an LQR-
formulation of a driveline anti-jerk controller which acts
as a torque compensator which does not require any state
reference trajectories [8]. The controller is extended with
an optimization based handling of the backlash transition
that limits the shunt phenomenon [9]. At both of the
studies, results were verified by measurements in a heavy
duty truck and show good improvement with respect to
non-controller case. As a discrepancy to the previous
studies He et al. established a torque-based nonlinear
predictive control approach with an additional torque
load estimation component [10]. Torque load estimation
component is based on a mean value model of the internal
combustion engine. A proportional-integral observer is
employed to estimate the torque load of the powertrain
and a torque-based nonlinear predictive controller is
designed by use of iterative optimization. One of the
latest studies on the subject topic is held by Fang et al.
[11]. Subjected study involves a new model reference
approach using engine speed as a control objective letting
the engine speed output follow the referred speed at any
time by forcing the plant transfer function. A comparison
of the used methodology with classical state space and
PID controllers shows that the proposed controller had
better performance on speed, acceleration and torque
control aspects.

2. DRIVELINE MODELLING

Vehicle powertrain consists of various components
starting from engine to tyres. These are complex
structures such as flywheel, clutch, gearbox, differential
(final drive), drive shafts and wheels (Figure 2) forming
a high order system including nonlinearities even for a
front wheel drive (FWD) vehicle. Although most of the
components are made from steel, due to high amount of
torque transported and geometrical constrains, the overall
system cannot be treated as completely rigid.

Clutch

|

Transmission

|

Engine

l

-«+—— Final Drive

<—— Drive Shaft

|

Flywheel

Wheel —»

Fig. 2. Components of vehicle driveline for a FWD vehicle.
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Especially because of the components with spring
mechanisms such as dual mass flywheel (DMF) and
clutch, shape of the drive shafts - long cylinders with a
small diameter (hollow in some applications); when
triggered by a large amount of torque, the response of the
overall system degrades compared to a rigid system. In
order to utilize a controller mechanism a simplified
model that is capable of capturing the system dynamics
is required. Several driveline models have been proposed
in the literature, 2 mass models are the most common
ones. This study composes of 2 different driveline
models: a 4 mass vehicle model with road load
component for simulating longitudinal vehicle dynamics
and a simplified 2 mass vehicle model for controller
utilization purpose. It has been verified that 2 mass
vehicle model is accurate enough to employ the model
based predictive torque control algorithm. As the aim of
this study is to develop a close loop driveability
algorithm for real world applications, 4 mass vehicle
model is used as replacement environment for the
subjected vehicle in order to employ 2 mass vehicle
model based control algorithm. 4 mass vehicle model
validation is performed with vehicle tests and had
showed good results.

2.1. Four Mass Vehicle Model

When studying driveline of a front wheel drive vehicle,
clutch and drive shafts are subjected to relatively highest
torsional  deformation  resulting  possibility  for
oscillations. In order to capture longitudinal vehicle
dynamics characteristics these components should be
modelled with flexible elements (Figure 3).

8, 6, Oy
(8= By (8 =8, )iezy

Fig. 3. Free body diagram of 4 mass vehicle model with 4
inertias connected by 2 spring damper elements and
tyre.

4 mass vehicle model consists of the components below:

Integrated inertia node 1 (J1): Engine, flywheel,
clutch primary side

Flexible element # 1: Clutch

Integrated inertia node 2 (J;): Clutch secondary
side, transmission, final drive

Flexible element # 2: Drive shafts

Wheel and tyre inertia, node 3(Js)
Tyre dynamics
Vehicle inertia, node 4 (Ja)

Applying Newton’s second law to each of the inertia
components results with below differential equations.

‘]1 91 :Te _(01 _02 )-k12 _(91 _92)812 1)
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3,-6,=(0,-0,)ky, +(6,-6,)B,, —(6, -0, Ykys (6, - 6, )B,, (2)
3,8, =(0,- 0,0k, +(6,-0,)B, - Tlol6, - 6,)} @)
1,8, = tlol6, -6, )}-T, @
where

0, 6,and d,are the angular position, velocity
and acceleration of the x™ node respectively,

k., and B,, are the stiffness and damping
coefficients of the spring-damper elements
between x and y™" nodes respectively,

T, is the generated engine brake torque at
crankshaft level,

Road load is modelled as the sum of the
aerodynamic, rolling and grade resistance forces

as below (x),

Tr = T (Faero + Frr + Fy) (5)

where
o Faero = 3-Pair-Co-v" (6)
o Fy = M.g.cos(a). fr (7
o F; = M. g.sin(a) (8)

f {G} is the tyre/road friction force function,

J1 is the total inertia of engine, flywheel and
clutch primary side,

Ji=]e +]fw+]cp (9)

J, is the total inertia of clutch secondary side,
transmission, final drive and drive shafts,

Jo , 1 J
]2 :]CS+ L-_§+i2f_idz+i2disz (10)
t ttf tlf
where
o I is the reduction ratio of the selected
gear
o g isthe reduction ratio of the final gear

J5 is the total inertia of wheels including tyres at
crankshaft level

_ Jw

J3 = i2.i7

J4 is the total inertia of the vehicle mass at
crankshaft level

11)

Tw

)2
¥

Ja = Myor. <l?_2 (12)
Flexible elements (clutch and driveshafts) in the vehicle
model were modelled using spring/damper simulation
block generated in “MATLAB / Simulink”. This block
aims to accurately calculate the torque generated when a

displacement occurs on either side.

Tyre dynamics is simulated using the well-known
Pacejka's magic tyre formula [12]. Tyre slip is calculated
via dividing the speed delta between the tyre
circumference and the vehicle with absolute vehicle
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speed. The coefficient of friction within the tyre-road
interface is obtained from a lookup table and used to
calculate the tractive effort.

2.2. Two Mass Vehicle Model for Controller Design

Due to high level of nonlinearities at the 4 mass vehicle
model, model predictive control algorithm cannot be
operated successfully. Therefore a simplified 2 mass
vehicle model with road load component has been
developed for the model predictive controller plant
usage. Driveshafts have been assumed as the main source
for the elasticity, resulting a 2 mass system combined
with a spring / damper element (Figure 4).

2-mass vehicle model consists of components below:

Integrated inertia node 1 (J1): Engine, flywheel,
clutch primary & secondary sides, transmission
and final drive

Flexible element # 1: Driveshafts

Integrated inertia node 2 (J2): Wheels, tyres and

vehicle
04 6,
— —E—
(61— 62)k12
T Trl
—e’ J1 (91*32)312 J2 [
—

Fig. 4. Free body diagram of simplified 2 mass vehicle model.

Applying Newton’s second law to each of the inertia
components results with below differential equations.

J; 01 =T, _(01 -0, )‘k12 _(91 _92)812 (13)
Jz 92 = (‘91 _92)-k12 +(91 _92)812

where

(14)

e 6, 6.and d,are the angular position, velocity

and acceleration of the x™ node respectively,

k., and B;, are the stiffness and damping
coefficients of modelled the spring-damper
elements of the drive shafts respectively,

T, and T, are engine brake torque and road load
resistive torque calculated at crankshaft level
respectively,

], is the total inertia of engine, flywheel, clutch
primary & secondary sides, transmission, final
drive

J
Ji=Je +]fw + ]cp + Jes +{_§+ 4

i2 2
iiif

(15)

J, is the total inertia of drive shafts, wheels,
tyres and vehicle mass

_ ]ds
J2 = i2i?

2
+ 4.5—"{ + My (l%)
t t-lf

2 (16)
i

74

3. VALIDATION OF SIMULATION RESULTS VIA
VEHICLE TESTS

4 mass vehicle model validation was performed via real
world experiments carried out on a CD class front wheel
drive (FWD) passenger vehicle equipped with a diesel
engine. The engine had a regulated 2 stage (R2S)
turbocharger system. Vehicle had a 6 speed wet dual
clutch transmission and test weight was approximately
2125 kg. Engine and vehicle properties are summarized
in Table 1. Tests were performed at manual mode and
transmission kick-down function — which downshifts
automatically if the accelerator brake pedal is pressed
more than a certain position (close to maximum) very
rapidly - had been disable in order to reach maximum
torque without downshifting during the wide open
throttle (WOT) manoeuvre. Gearbox had torque
truncation protection in low gears; therefore test
manoeuvres were done at 3™ and 4" gears where
maximum allowed torque values are 400 Nm and 450
Nm respectively. Test manoeuvre consists of a stabilized
deceleration with zero accelerator pedal position from
2400 rpm to 2000 rpm engine speed followed by sudden
tip-in to 100% pedal position with engine speed
acceleration up to 3000 rpm. Manoeuvre is finalized a
quick tip-out of the accelerator pedal to 0% and stabilized
deceleration to 2500 rpm engine speed Figure 5). All
ECU driveability features like anti-jerk and anti-shuffle
were disabled in order to get an unfiltered torque request
from the pedal input. Black smoke limitation feature was
not turned off as disabling the feature will provide torque
error such that injected fuel will not burn completely due
to lack of combustion air, resulting degradation on
vehicle model validations. Engine speed, vehicle speed,
vehicle acceleration and ECU estimated brake torque
signals were captured online via direct A7 connection to
ECU.

Table 1. Engine and vehicle properties.

Engine Displacement 201t

Number of Cylinder 4

Rated Power 210PS (3750
Rated Torque 450 Nm (2000-
Transmission 6 Speed

Drive Wheel Configuration Front Wheel
Final Drive Ratio 3.55

Tire Dimensions 245/50R17
Test Weight 2125 kg
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Fig. 5. Accelerator pedal position and brake torque request trace for the 3" and 4" gear tip-in and tip-out manoeuvres.

Comparison of simulation results with vehicle
measurements shows that 4 mass vehicle model is
capable of simulating vehicle characteristics. Figure 6
contains vehicle acceleration, vehicle speed and engine
speed response for a 3™ gear tip-in and tip-out
manoeuvre. Acceleration axis has been normalized in
terms of securing intellectual properties. Comparison of
simulation and vehicle measurements clearly identifies
that 4 mass vehicle model reflects subjected quantities in
good correlation with vehicle measurements. For steady
state conditions (stabilized deceleration and acceleration)
proposed model delivers precise predictions, ensuring
good accuracy of engine and vehicle parameters used in
the model. Zoomed view of vehicle longitudinal
acceleration comparison ensures that proposed vehicle
model successfully captures powertrain characterization

as amplitude and frequency of the oscillation are in good
alignment (Figure 7). However damping rate of the
oscillations is slightly lower at the simulations. This is
mainly due to pitch motion of the vehicle. Vehicle
longitudinal acceleration sensor is mounted to the chassis
and proposed vehicle model do not contain any
powertrain — chassis connection mechanisms such as
suspension system and assumed completely rigid.
Therefore pitch motion is not captured at the proposed
vehicle model. Figures 8 and 9 contains vehicle
acceleration, vehicle speed and engine speed response for
4™ gear tip-in and tip-out manoeuvres. Comparison of
simulation and vehicle measurements shows that
simulation results are in good alignment with the vehicle
measurements for 4™ gear tip-in and tip-out manoeuvres.
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Fig. 6. Comparison of vehicle measurements and simulation results for 3™ gear tip-in and tip-out manoeuvre; Top sub-figure:
Vehicle longitudinal acceleration, Mid sub-figure: VVehicle speed, Bottom sub-figure: Engine
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Fig. 7. Comparison of vehicle longitudinal acceleration measurement and simulation results for 3™ gear tip-in (left) and tip-

out manoeuvres (right).
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Fig. 8. Comparison of vehicle measurements and simulation results for 4™ gear tip-in and tip-out manoeuvre; Top sub-figure:

Vehicle longitudinal acceleration, Mid sub-figure: VVehicle speed, Bottom sub-figure: Engine speed.
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4. CONTROLLER DESIGN

MPC can be used for longitudinal vehicle torque control
due to its ability to handle input and output constraints
under finite horizon constrained optimal control
framework. Once plant model is defined accurately,
tuning of the MPC is easy due to intuitive controller
concept. Moreover MPC includes feed forward control
that acts against measured disturbances such as accessory
losses in automotive applications which favours usage in
automotive torque control applications, however
accessory losses are not subjected within the content of
this study.

—— Plant ——
70 u(t)

Fig. 10. Model based predictive control concept.

A basic formulation of the cost function used at the
optimizer of the MPC can be described as follows:

min _
R Yerre =T O + pllwgy, —
Uty ooy Ut n—1

u- (011} 17)
subjected to

Xepkrr = f Ceqror Uerr)

Vesk = 9 Xepro Ur i)

Umin < Uirk < Umax (18)

YVmin =< Ve+k < Ymax

x.=x(t),k=0,..,N—1

Where umin and Umax are the plant input constrains, for the
subjected problem friction torque and maximum
available torque, similarly ymin and ymax are the minimum
and maximum acceleration quantities for that specific

gear. Constraining inputs is definitely required due to the
fact that MPC controller can result with a higher torque
request that the engine can deliver.

For the proposed study MPC setup parameters are
defined as follows (Figure 11):

Control interval: 0.01s
Predicted horizon intervals: 100
Control horizon intervals: 40
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Fig. 11. MPC operation for single input single output system.

MATLAB/Simulink model of the 2 mass vehicle model
with controller is shown at figure 12. Road load resistant
force at crankshaft level is subtracted from the driver
acceleration pedal request torque and multiplied by
1/total inertia value in order to achieve the vehicle
acceleration request which is used as the reference
desired setpoint value for the MPC controller. Modelled
vehicle acceleration value is taken as the input to the
controller with engine brake torque values as the control
variable. Additional P controller using engine and vehicle
speed difference value as input variable generates a

mo
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Vehicle Speed Road Load

1/Total Inertia MPC Controller

3rd Gear
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Fig. 12. MATLAB/Simulink model with MPC & P-controller.
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corrective torque which is subtracted from the MPC
controller output value in order to obtain a smoother
acceleration profile.

MATLAB/Simulink model of the 2 mass vehicle model
is shown at figure 13. 2 inertias (Figures 14 & 15) were
combined with spring damper element (Figure 16).
Nonlinear spring and damper characteristics of the
driveshafts were embedded in look up tables. Although
the stiffness output is a function of torsion generated on
the component, the damping torque is set to zero when
the stiffness torque is zero. This has been implemented to
model the backlash, where the damping forces disappear.

5. COMPARISON OF CONTROLLER
PERFORMANCE

As shown at the previous sections applying pedal map
based torque request without any driveability corrections
results with high amplitude initial kick followed by
fading oscillations for tip-in and tip-out manoeuvres. A 2
mass vehicle model based MPC controller had been
utilized in order to actively control the engine brake
torque in order to have a smooth vehicle acceleration
response without shuffles and compromising from
response speed. Modifying weight tuning factor in MPC
setting defines system response speed. Increasing weight

Engine Brake Torque [Nm]

Brake Torque Angular Displacement [rad] ——#

Vehicle Angular
. Velocity [rad/s]

Angular Velocity [rad/s]

Reactive Torque From Driveshaft [Nm] | —
-
Angular Velocity [rad/s] -—»]

(2 )—+»{intial Vehicle Speed [radis]

Vehicle Speed [rad/s] Road Load [Nm] -

Driveshaft Torque [Nm]

Angular Displacement [rad]

Initial Vehicle
Speed

Road Load

J1: Engine, Flywheel, Clutch,
Transmiision & Final Drive Inertia

Driveshafts
Spring & Damper,
1

Elements

| Initial Vehicle Speed [rad/s]
Vehicle Angular
Acceleration
[rad/s*2]

Angular Acceleration [rad/s*2]

J2: Wheels & Vehicle Inertia

Fig. 13. MATLAB/Simulink 2 mass vehicle model.
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Fig. 14. MATLAB/Simulink J1 inertia block.
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Fig. 15. MATLAB/Simulink J2 inertia block.
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Fig. 16. MATLAB/Simulink driveshafts spring & damper simulation block.
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rate results with faster response with a compromise from
system robustness forming low frequency oscillations.
Introduction of the additional P controller based on
engine and vehicle speed difference, assists to further
reduce the remaining oscillations without renouncing
from system response speed. 3" gear tip-in and tip-out
manoeuvres results are showed at figure 17. Engine and
vehicle speed profiles are very similar for the proposed
controllers. Zoomed acceleration graphs in figure 18
clearly show that when compared to no controller case
both MPC and MPC + P controllers provide smoother
vehicle acceleration and deceleration response which will
definitely improve comfort characteristics of the vehicle.
Additionally system response rate degradation with

respect to no controller case is very small. For both
controllers initial response delay is lower than 0.04
seconds. Rise time delay of MPC and MPC + P
controllers with respect to no controller case is 0.1
seconds for the tip-in manoeuvre. Similarly rise time
delay of MPC and MPC + P controllers with respect to
no controller case is 0.1 and 0.2 seconds respectively for
the tip-out manoeuvre. Figure 19 shows the torque
request from the engine. For both controllers torque rise
rate is slightly lower than the no controller case and
additional P controller results with %10 less torque
request up to 0.5 seconds from the beginning of tip-in and
tip-out manoeuvres.

3rd Gear Maneouvre
Vehicle Acceleration
— A
) — T\ ——No Controller
= 1
E 2A8 ’/W \ —— Controller with MPC
é A3 K/ \ \ — Controller with MPC+P ||
«©
s O% 7 T
S -A3 i
<
-2A
/30 1 2 3 4 5 6 7 8 9 10
Time [s]
Vehicle Speed
= 80 :
g \— _____|——No Controller
F] 70 —— Controller with MPC
o o ]
260 Controller with MPC+P ||
) \\_\\/
S 50
g
40O 1 2 3 4 5 6 7 8 9 10
Time [s]
Engine Speed
= 3500
e ——No Controller
o 3000 —— Controller with MPC
I o ) i
F2500 Controller with MPC+P
| M
[ —
.E 2000
a
1500
0 1 2 3 4 5 7 8 9 10
Time [s]

Fig. 17. Comparison of simulation results of no-controller, MPC & MPC + P controller for 3 gear tip-in and tip-out
manoeuvre; Top sub-figure: Vehicle longitudinal acceleration measurement, Mid sub-figure: Vehicle speed,

Bottom sub-figure: Engine speed.
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< / ‘/r < e 1 A
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Fig. 18.  Comparison of simulation results of no-controller, MPC & MPC + P controller for 3 gear tip-in (left) and tip-out

manoeuvres (right).
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Fig. 19. Comparison of engine torque for simulation results of no-controller, MPC & MPC + P controller for 3™ gear tip-in

and tip-out manoeuvre.

4™ gear tip-in and tip-out manoeuvres’ results are shown
at figure 20. Engine and vehicle speed profiles are very
similar for the proposed controllers as in the case with 3™
gear manoeuvres. For both controllers initial response
delay is lower than 0.04 seconds (Figure 21). Rise time
delay of MPC and MPC + P controllers with respect to
no controller case is 0.1 seconds for the tip-in manoeuvre.
Similarly rise time delay of MPC and MPC + P

controllers with respect to no controller case is 0.15 and
0.2 seconds respectively for the tip-out manoeuvre.
Figure 22 shows the torque request from the engine. For
both controllers torque rise rate is slightly lower than the
no controller case and additional P controller results with
%10 less torque results up to 0.3 seconds from the
beginning of tip-in and tip-out manoeuvres.
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2 2000
g
1
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Fig. 20. Comparison of simulation results of no-controller, MPC & MPC + P controller for 4™ gear tip-in and tip-out
manoeuvre; Top sub-figure: Vehicle longitudinal acceleration measurement, Mid sub-figure: Vehicle speed,

Bottom sub-figure: Engine speed.
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21. Comparison of simulation results of no-controller, MPC & MPC + P controller for 4" gear tip-in (left) and tip-out
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Fig. 22. Comparison of engine torque for simulation results of no-controller, MPC & MPC + P controller for 4™ gear tip-in

and tip-out manoeuvre.

6. CONCLUSION

This paper describes a torque based MPC algorithm
design which contains the behaviour of the driveline with
2 DOF system in the control scheme, to attenuate the
powertrain oscillations in longitudinal vehicle motion
control. An additional anti-shuffle control element,
basically a P controller based on the speed difference of
engine and vehicle speeds, has been implemented to the
MPC control algorithm to improve the powertrain
oscillations without compromising from overall system
response speed. It has been demonstrated that employing
MPC controller is very effective once the plant of the
system has been identified. Weight tuning functionality
of the MPC controller provides users the ability to
determine system response with robustness and faster
system response counter measures. Moreover an
additional P control element enables a faster and more
smooth/stable response. With the proposed methodology,
a calibration engineer will only be required to determine
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the MPC controller weight tuning coefficient and P
controller gain which results with an easy to calibrate
methodology for longitudinal vehicle control.

FUTURE WORK

Proposed algorithm bases on the fact that requested
torque will be generated from the internal combustion
engine. However in turbocharged diesel engines due to
boost lag phenomenon, a difference between requested
and produced torque is present. With modern engine air
path control algorithms, boost response of the
turbocharged engine significantly improved, on the other
hand due to elevated torque levels torque reporting
deviation is inevitable. Within this scope an engine brake
torque estimation model has been developed [13]. Future
work of this study will be combining engine brake torque
estimation model with the longitudinal vehicle control
algorithm.
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SYMBOLS

J : Moment of inertia [kgm?]

T : Torque [Nm]

k : Torsional spring coefficient [Nm/rad]
B : Torsional damper coefficient [Nm.s/rad]
Cp : Drag coefficient [-]

F : Force [Nm]

fr : Rolling coefficient [-]

r : Radius [m]

g : Gravity [m/s?]

i : Gear ratio [-]

m : Mass [kg]

v : Velocity [m/s?]

INDICES

1: Equivalent node for engine, flywheel, clutch

primary side (4 mass model) Equivalent node for

engine, flywheel, clutch primary & secondary
sides, final drive (2 mass model)

2. Equivalent node for clutch secondary side,
transmission, final drive (4 Mass Model)
Equivalent node for wheels, tyres and vehicle (2
mass model)

3 : Equivalent node for wheels and tyres
4 : Equivalent node for vehicle

: Engine
rl : Road Load
air : Air

aero: Aerodynamic

rr : Rolling resistance

g : Gravitational

fw : Flywheel

cp : Clutch primary side

¢s : Clutch secondary side

t : Reduction ratio of the selected gear
f : Reduction ratio of the final gear

w : Wheel
v Vehicle
tot : All driveline components and vehicle

GREEK LETTERS
0 : Angular position [rad]
0 : Angular velocity [rad/s]
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Q { ©D

: Angular acceleration [rad/s?]

: Density [kg/m?]

: Road gradient [rad]

: Pacejkatyre model coefficient [Nm/% slip]
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0z

Yenilenebilir Enerji Kaynaklarindan (YEK) iretilen enerjinin elektrik gii¢ sistemlerine eklenmesindeki en 6nemli sorun, bu
kaynaklardan tiretilen enerjinin iklim kosullarina bagl olarak genellikle kararsiz ve degisken olmasidir. Giines enerjisinden, giines
¢ok iyi parladiginda ve bulutsuz bir giinde yiiksek miktarda elektrik iiretilebilmekte ve en 6nemlisi enerji iiretim degerleri iklim
kosullarma (giines parlakligi) gore siirekli degismektedir. Enerji depolama uygulamalari, iklim sartlarina gore degisen ve yalniz
giindiiz calisabilen giines enerji sistemleri gibi yenilenebilir enerji sistemlerinden kaynaklanan gii¢ degerlerindeki degisimle baga
cikabilir. Enerji depolama uygulamalarinin kullanimi, yiiklere kaliteli gii¢ saglanmasi i¢cin mikro sebekelerin kullanilmasiyla
zorunlu hale gelmektedir. Bu ¢aligmada, enerji depolama birimi olan bataryalarin modelleme ¢aligmalar1 yapilmistir. Laboratuvar
ortaminda batarya sarj/desarj deneyleri yapilarak modelleme ¢alismalari i¢in gerekli parametreler elde edilmistir. Deneysel veriler
ile MATLAB/M-File programi kullanilarak gerekli grafikler ve sonuglar alimmgtir. Bu makalede, deneysel ve modelleme sonuglari
karsilagtirilarak modelleme denklemlerinin dogruluk oranlarina yer verilmektedir.

Anahtar Kelimeler: Kursun-Asit Batarya, Lifepos Batarya, Batarya Modelleme.

Modelling and Comparative Analysis of Different
Type of Batteries Used for Renewable Energy Support

ABSTRACT

The most important problem for providing energy from Renewable Energy Sources (RES) to the electric power system is unstable
and variable of the energy generated from these sources by depending on the climatic conditions. When sun is shining and a day
without cloud, the more electric power can be produced with solar energy, but the amount of produced electrical energy is
fluctuating continuously by depending on the climatic condition and solar irradiation. Energy storage applications can cope with
the change in value resulting from the power of renewable energy systems according to climatic conditions and only day that can
work as solar energy systems. The use of energy storage application is become compulsory solutions for providing more power
quality to the loads by using micro grids. In this study, modelling of batteries that are component of energy storage system has
been performed. In the laboratory, battery charge/discharge tests were implemented to obtain the necessary parameters for
modelling studies. Graphics and results were obtained with MATLAB/M-File program by using experimental results. Experimental
and modelling results compared and the accuracy of the modelling equations is given in this paper.

Keywords: Lead-Acid Battery, LiFePO4 Battery, Battery Modelling.

1. GIRIS (INTRODUCTION) Batarya modelleme ii¢ temel grupta siniflandirilabilir.

Enerji depolama ¢oziimil olarak bir¢ok depolama alter-  Bunlar; fiziksel veya kimyasal, matematiksel ve
natifi bulunmaktadir. Ozellikle bataryalar, teknolojinin  elektriksel modelleme ydntemleridir. Herhangi bir
de gelismesiyle birlikte enerji depolama birimi olarak  elektriksel deger olmadan elde edilen matematiksel
vazgecilmezler arasinda yerini almaktadir. Cesitli Kimya-  batarya modelleri; enerji verimliligi ve kapasitesi gibi
sal yapiya sahip bir¢ok batarya cesidi gelistirilmektedir.  performans belirteclerini tahminde sinirlidir. Bataryalar
Giiniimiizde ¢ok yaygin olarak kullanilan kursun-asit ba-  i¢in elektriksel modeller, kaynaklar ve direng ve
taryalar ve yeni teknolojiye sahip olan lityum-iyon batar-  kapasitor gibi pasif elemanlardan olusur [10]. Literatiirde
yalarin kullanimi olduk¢a yaygindir. Lityum-iyon batar-  batarya modelleme ile ilgili bir ¢ok ¢aligma
yalar, kursun-asit bataryalara gore daha yiiksek enerji yo-  bulunmaktadir. Chen ve arkadaglar1 [11] lityum iyon
gunluguna sahiptirler. Ayrica kursun asit bataryalar ile  bataryalar icin Thevenin modelin gegici kapasitesini ve
karsilastirildiginda lityum-iyon bataryalar, dahaaz hacim  empedans tabanli modelin 6zelliklerini birlestiren bir
ve agirlikta daha fazla enerji depolamaktadirlar [1-9]. Bu  model iizerinde ¢alismiglardir. Rakhmatov ve arkadaslar
caligmada kurgun-asit ve lityum demir fosfat batarya tip-  [12], bir cep bilgisayarindaki uygulamalar i¢in batarya
leri incelenmistir. Oomrii analizi igin bir model dnermektedirler.

Bu c¢aligmada, gerilim kaynagi ve direncten meydana
*Sorumlu Yazar (Corresponding Author) gelen basit elektriksel batarya modeli kullanilmaktadir.
e-posta: sozaslan@kocaeli.edu.tr Bataryanin  dogru  sekilde  modellenmesi  ve
Digital Object Identifier (DOI) : 10.2339/2017.20.1 83-90 .. . . . .
parametrelerinin diisiik hata oranlar1 ile belirlenerek
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kontroliiniin yapilmasi, hem bataryanin 0mriinii uzatir
hem de giivenli olarak caligmalar1 saglanmis olur. Bu
calismanin amaci, farli tipteki bataryalari modelleyerek
en disiik hata oranlariyla batarya parametrelerini
belirlemektir.

2. BATARYA MODELLEME CALISMALARI
(BATTERY MODELLING STUDIES)

2.1. Bataryanin Sarj Durumunda Modellenmesi (Mo-
delling of Battery in Charging Mode)

Batarya sarj modelleme ¢aligmalarinda Sekil 1°de verilen
ornek batarya sarj egrisi kullanilmistir. Bu egride 6rnek
bir bataryanin sarj durumunda terminal u¢larindaki geri-
limin batarya doluluk durumuna gére degisimi verilmek-
tedir. Bu ¢alisma kapsaminda yapilan biitiin bataryalarin
sarj egrileri temel yapu itibariyle bu egri tipinde ¢ikmak-
tadir. Bu nedenle boyle bir egrinin model denkleminin ¢i1-
kartilmasi, bu ¢alismadaki sarj modelleme ¢alismalarinin
temelini olusturmaktadir. Ornek sarj grafiginde verildigi
gibi egri modellenirken fs; ve fs; fonksiyonu olarak iki
pargaya ayrilmaktadir.

Batarya gerilimi (V)

SOC, SOCs

Batarya doluluk durumu (SOC) (%)
Sekil 1. Orek bir batarya sarj gerilimi doluluk durumu grafigi
(Charge voltage-SOC graph for sample battery )

SOC,

Sekil 1°de verilen 6rnek bir batarya sarj egrisinde model-
leme denklemini olustururken daha basite indirgeyerek
dogrulugunu arttirmak i¢in iki ayr1 fonksiyon olarak ta-
nimlanmaktadir. Bu fonksiyonlar fs; ve fs; olarak temsil
edilmektedir. Denklem (1)’deki m, fs1 fonksiyonunun
egimini, Denklem (2)’deki my, fs; fonksiyonunun egimini
belirlemektedir.

VB2 - VBl

= Ve~ Ve 1
' socC, -socC, )

VB3_VBZ
m,=—-—"-—
soc, -S0C,

Batarya sarj deneylerinde ayni batarya tipleri farkli akim
degerlerinde testlere tabi tutulmaktadir. Farkli akim de-
gerlerinde bataryanin terminal uglarindaki gerilim degeri
bataryanin doluluk durumuna (SOC) gore farklilik gos-
termektedir. Bu grafiklerdeki farklilik aslinda Denklem
(1) ve Denklem (2)’te verilen m1 ve my degerlerindeki
degisikliktir. Boylece bataryanin sarj akimi degismesi
durumunda deneysel sonuglardan alinan veriler dogrultu-
sunda ayn1 denklem yapisi ile farkli akimlardaki batarya

)
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doluluk durum degisimi tahmini yapilabilmektedir.

Denklem (3) ve Denklem (4)’te fs; ve fsp denklemleri ve-
rilmektedir. Batarya sarj modellemesinde bulunan fs; ve
fso denklemleri bir biitiin olarak ifade edilerek toplam sarj
grafigi olusturulmaktadir. Bu toplam sarj grafiginin for-
miilii fs; ve fsp denklemleri kullanilarak Denklem (5)’teki
gibi ifade edilmektedir. Boylelikle batarya sarj egrisinin
grafigi tek bir temel matematiksel formiil ile ifade edile-
cektir.

V,, -V
fo=V, +|—2 "2 _1.50C 3)
soC, —SOC,
V,, -V,
f,=V,,+|—2 2 |.50C )
soc, —SocC,

Denklem (3) ve Denklem (4)’de verilen Vg fs1 fonksiyo-
nundaki baglangi¢ anindaki batarya terminal gerilimi,
Vo2 fs2 fonksiyonundaki baglangig amindaki batarya ter-
minal gerilimi, Va1, VB2 Ve Vgs fonksiyonlar tanimlar-
ken alinan batarya gerilim ara degerleri, SOC % cinsin-
den batarya doluluk durum orani, SOCy, SOC; ve SOC3
% cinsinden fonksiyonlari tanimlarken alinan batarya do-
luluk durum oraninin ara degerleridir.

soC

= (f51 —fs ) : eis[m] +f, (5)

Denklem (5)’teki Vmgs batarya sarj egrisinin fonksiyonu,
fs1 ilk egri fs ikinci durumdaki egri fonksiyonlaridir. Bu
denklemde ilk bolimde bulunan fs; ve fs; fonksiyonlari-
nin farki eksponansiyel bir katsayi ile carpilmaktadir. Bu-
radaki e degeri sifira yakin bir deger oldugu i¢in bu kat-
say1 seg¢ilmektedir. fs; ve fs; fonksiyonlarinin biikiim
noktasina en yakin degeri e katsayis1 verdigi igin bu de-
ger -5 secilmistir. Denklemde ilk olarak SOC; baslangig
degerleri icin fs; fonksiyonun c¢izdirilmesi saglanacak
daha sonra SOC; degerine gelindiginde e degeri sifira
yaklagacaktir. Boylece denklemde sadece fs, fonksiyonu
kalacak egri ¢izimi tamamlanacaktir.

V,

MBS

Bataryanin sarj gerilim degeri ve batarya doluluk duru-
muna gore degisimi Denklem (6) formiili ile elde edil-
mektedir. Batarya sarj modelleme ¢aligmalarinda hesap-
lanan bataryanin gerilimi Vugs ile temsil edilmektedir.
Batarya sarj modelleme calismalarinda elde edilen Vugs
gerilim matris ile deneysel sonuglardan alinan degerler
ayni grafik {izerinde ¢izdirilerek karsilastirilmasi yapil-
maktadir.

Vies = ‘:VEQ + {7\/‘32 Ve :| -SOC -V, +|: Vim ~Ver :|j| . eis[%}
soc, —soc, soc, —soc,
V., -V,
+V,, +| —=—=—|-SOC (6)
soc, - soc,

2.2. Bataryamin Desarj Durumunda Modellenmesi
(Modelling of Battery in Discharge Mode)

Batarya desarj modelleme c¢alismalarinda Sekil 2°de ve-
rilen 6rnek bir bataryanin desarj durumunda terminal ug-
larindaki gerilimin batarya doluluk durumuna gore degi-
simi verilmektedir. Bu ¢alisma kapsaminda yapilan bii-
tiin bataryalarin desarj egrileri temel yapi itibariyle bu
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egri tipinde ¢ikmaktadir. Bu ylizden boyle bir egrinin
model denkleminin ¢ikartilmasi sarj modelleme ¢alisma-
larinda oldugu gibi biitiin desarj modelleme ¢aligmalari-
nin temelini olusturacaktir. Desarj gerilimi degisimi Se-
kil 2°deki grafikte verildigi gibi tek bir fonksiyon ile ta-
nimlanabilmektedir.

Veo l\
Vi [-mmmmmmmms o . VY
S / !
= kp katsayisinin '
£ belirlendigi ! :
S biikiim noktas1 ' :
(=)
<
=
s
<
o

56C1 SOéo
Batarya doluluk durumu (SOC) (%)

Sekil 2. Ornek bir batarya desarj gerilimi - doluluk durumu

grafigi (Discharge voltage-SOC graph for sample bat-

tery)

Batarya desarj modelleme i¢in kullanilan fp fonksiyonu
Denklem (7)’de verilmektedir.

soc

kp[SOCO ] k
_ -kp
VMBD _VBO _VBO ‘€ +VBO "€

()

Denklem (7)’deki Vgo, desarj egrisinin batarya terminal
uclaridaki gerilimin baslangi¢c noktasidir, SOC % cin-
sinden batarya doluluk durum orani, SOCq % cinsinden
fonksiyonu tanimlarken alinan son degeri, kp degeri ba-
tarya desarj egrisinin SOC: ve Vg noktalarinin kesisimi
olan egrinin biikiilme agisin1 belirleyen parametredir. Ba-
tarya desarj modelleme ¢aligmalarinda hesaplanan batar-
yanin gerilimi Vwep ile temsil edilmektedir. Batarya de-
sarj modelleme ¢alismalarinda elde edilen Vvgp gerilim
denklemi ile deneysel sonuglardan aliman degerler ayni
grafik lizerinde ¢izdirilerek karsilastirilmasi yapilmakta-
dir.

Denklem (7)’de, SOC degeri maksimum oldugunda, yani
SOC degerinin SOCq’a esit oldugu durumda eksponansi-
yelin lizeri sifira esit olur. Bu durumda, fonksiyonda sa-
dece Vg eksponansiyel katsayili —kp degeri kalir. Bu de-
ger de egrinin baglangi¢ konumu olan Vgo noktasini isaret
etmektedir. Daha sonra SOC’nin zamanla degisen deger-
lerine bagli olarak batarya desarj egrisi asagiya dogru
inerek SOC, degerine gelmektedir.

Batarya sarj deneylerinde oldugu gibi desarj deneyle-
rinde de ayn1 batarya tipleri farkli akim degerlerinde test-
lere tabi tutulmaktadir. Farkli desarj akim degerlerinde
bataryanin terminal uglarindaki gerilim degeri bataryanin
doluluk durumuna gore farklilik gostermektedir. Yani
batarya desarj egrisinin SOCo degeri kiigiilmektedir. Bu
grafiklerdeki farklilik aslinda Denklem (7)’de verilen
SOCy degerinin ve kp katsayisinin degisimidir. Farkli de-
sarj degerlerinden elde edilen sonuglar ile bu SOCy ve kp
katsayilar1 belirlenmektedir. Boylece bataryanin desar;j
akimi degismesi durumunda deneysel sonuclardan alinan
veriler dogrultusunda ayni denklem yapist ile farkl

85

akimlardaki batarya doluluk durum degisimi tahmini ya-
pilabilmektedir. Batarya desarj modelleme ¢alisma so-
nuglari deneysel ¢aligmalar ile karsilastirilarak modelle-
nen denklemlerin % hata oran sonuglar1 verilmektedir.

Batarya sarj ve desarj deneylerinde alinan veriler ile mo-
dellemede hesaplanarak ¢izdirilen grafiklerin hata oran
miktarlar1 Denklem (8)’te verilen formiil ile belirlenmek-

tedir.
j -100

|

Denklem (8)’teki hs modelleme sonucundaki karsilas-
tirma hata orani, Vg batarya terminal gerilimi, Vg mo-
delleme sonucunda hesaplanan batarya terminal gerilim
degeridir. Bu gerilim degeri sarj modelleme degeri i¢in
Vwmes desarj modelleme degeri i¢in Vvep almmaktadir
[13].

VB — VMB
— 8

B

3. DENEYSEL CALISMALAR (EXPERIMENTAL
STUDIES)

Batarya, kimyasal i¢yapisindan dolayi sarj ve desarj olur-
ken batarya terminal uglarindaki gerilim bagli oldugu du-
ruma gore degiskenlik gosterir. Ornegin batarya sarj olur-
ken bagli oldugu kaynak gerilim degeri terminal uglarin-
daki gerilime esittir. Fakat bataryaya baglanan kaynak
uglarindaki terminal uglari ¢ikarilirsa, bataryanin gerili-
minde belli bir siire sonra kiigiik de olsa bir diigiis mey-
dana gelir. Ayni sekilde batarya desarj esnasinda okunan
gerilim degeri yiik bagli olmadigi durumdakine gore daha
kiigtiktiir. Bu durum batarya difiizyon modeli ile agiklanir
[14].
Sekil 3’te batarya sarj ve desarj deneylerinin, deney sira-
sinda alinan 6l¢iim noktalari ve devre semasi verilmekte-
dir.

Yiik

)
A

DA Kaynak

S=1
s I(_ Vg <9-¢
Desarj Devresi Batarya T Sarj Devresi
Vg - Vs
Vsac Ric

Sekil 3.Batarya sarj/desarj deneyi devre sekil ve 6l¢iim nokta-
lart (Battery charge/discharge test circuit diagram and
measurement points)

Batarya difiizyon model davranigini da dikkate alarak ba-
tarya modelleme deneyleri gergeklestirilmistir. Bu mo-
delleme caligmalar1 esnasinda bataryalar sarj ve desarj
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edildi. Batarya sarj olurken kaynak gerilimi ve akimi 6l-
¢iildii. Bu akim ve gerilim degerleriyle bataryanin dina-
mik i¢ direnci hesaplandi. Daha sonra kaynak baglantisi
kesilerek bataryanin hiicrelerinin dinlenmesi yani topar-
lanmast (recovery) beklendikten sonra bataryanin ugla-
rindaki gerilim 6lgiildii. Olgiilen bu batarya gerilimi ba-
taryanin doluluk durumu hakkinda bilgi vermektedir ve
bu gerilim seviyesi doluluk orani ile orantilidir. Batarya
desarj sirasinda ise yiik bagl iken akim ve gerilim deger-
leri dl¢iildii. Bu akim ve gerilim degerleri bataryanin di-
namik i¢ direnci hakkinda bilgi vermektedir. Daha sonra
sarj esnasinda oldugu gibi desarj sirasinda yiik batarya
uclarindan ayrilmaktadir. Bataryanin tekrar toparlanma
stireci beklenmektedir. Bu siire 15-30 saniye arasinda ol-
maktadir. Cilinkii bu siirelerden sonra batarya gerilim se-
viyesi sabit kalmaktadir. Batarya terminal uglar1 bosta
iken bataryanin gerilim seviyesi lgiilerek kayit edilmek-
tedir. Bu gerilim seviyesi bataryanin doluluk durumunun
hesaplanmasini saglamaktadir. Sekil 4’te deneysel calis-
malarda kullanilan bataryalarin fotografi verilmektedir.

I-I:iyundali

Sekil 3. Deneysel ¢alismalarda kullanilan bataryalarin fotografi
(Photograph of the batteries used in experimental
studies)

Bu ¢aligma kapsaminda bataryalarin sarj sonuglarini al-
diktan sonra batarya dinamik i¢ direncini hesaplamak
icin Denklem (9) kullanilmaktadir. Batarya gerilimi sarj

durumunda iken batarya tamamen dolu duruma gelene
kadar kaynak geriliminden diisiiktiir.
— VB _Vsoc

ics |

R )

B
Batarya desarj durumunda iken yiike bagl oldugu du-
rumda terminal uclarindaki gerilim degeri bir 6nceki

degere gore bir miktar diisecektir. Desarj durumunda
iken bataryanin dinamik i¢ direnci Denklem (10)’daki
gibi hesaplanmaktadir.

— Vsoc _VB (10)

icD IB
Denklem (9) ve Denklem (10)’daki Vg bataryanin termi-
nal u¢larindaki gerilim, Vsoc batarya ile seri bagli olarak
temsil edilen bataryanin doluluk durumu ile baglantil
olan bataryanin i¢ kaynak gerilimi, Ig sarj ve desarj sira-
sindaki batarya akimi, Ricg bataryanin sarj durumunda
dinamik i¢ direncini, Ricp bataryanin desarj durumunda
dinamik i¢ direncini temsil etmektedir.

3.1. Batarya Deneysel Calismalarin Ozeti (Summary
of Battery Experimental Studies)

Bu calismada yapilan ii¢ farkli batarya sarj ve desarj de-
neysel ¢alisma sonuglarinin 6zeti bu boliimde verilmek-
tedir. Her bir bataryanin gerilimi, Ah cinsinden toplam
kapasitesi, sarj ve desarj akimlari, sarj ve desarj C oran-
lar1, bataryaya verilen ve bataryadan alinan Ah cinsinden
kapasite miktarlari, sarj ve desarj deney siireleri ve 6l¢iim
periyot araliklari Cizelge 1°de ayrintili olarak verilmekte-
dir.

Bu Cizelge ile bataryalara verilen ve bataryalardan
cekilen akim  degerleri, kapasite = miktarlari
incelenebilmektedir. Bu ¢aligmada batarya sarj ve desarj
deney sonuglarinda, batarya katalog bilgilerinde verilen
standart sarj ve desarj akimlarinda {izerinde yazilan
toplam kapasite miktarin1 tam olarak verebildigi
gozlenmistir.

Cizelge 1. Batarya sarj ve desarj deney sonuglarinin Cizelgesu (Table of battery charge and discharge experimental test

results)
Deney | Toplam | Deney | Olgiim )
Batarya tipi akimi kapasite | siiresi | periyodu C (Ocra)ml Y(Zn;ﬁ&lxl%n Yiik (Q)
(A) (Ah) (dk) (dk) P
Hyundai Marka (Kursun Asit)
Sarj 1 7,2 330 3 0,13 55
Desari 1 7,2 294 3 0,13 4,9 12
csa0 3 7,2 86 2 0,41 4,29 4
Vision Marka (Kursun Asit)
Sarj Sj‘a't 80 1050 15 0,055 77
. Sabit 80 1040 20 0,055 76,12 <2,72
Desarj 4.4
Sabit 10 80 225 12,5 0,125 37,5 <1,2
Hipower Marka (LiFePOa)
15,6 100 27 3 0,156 7,02 0,205
Desarj 32,5 100 21 3 0,325 11,375 0,098

86
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Fakat batarya desarj akim miktar1 arttiginda, batarya lize-
rinde yazan toplam kapasiteden daha az miktarda bir ka-
pasitede enerji vermektedir. Bir batarya ayni akimda sarj
ve desarj edildiginde toplam sarj siiresinin toplam desar;j
stiresinden uzun oldugu gézlenmistir.

4. BATARYA SARJI DENEYSEL VE
MODELLEME KARSILATIRMALARI
(EXPERIMENTAL AND MODELLING
COMPARISON OF BATTERY CHARGING)

Sekil 5’te deneysel g¢aligmalarda kullanmilan Hyundai
marka 12V 7,2Ah kursun-asit bataryanin 1A sarj deney-
sel ve modelleme ¢aligmalarinin karsilagtiritlmasi veril-
mektedir. Batarya 1A sarj modelleme c¢aligmasinda ba-
tarya doluluk durumuna bagl olarak batarya terminal ug-
larindaki gerilim degisimi Denklem (6)’da verilen for-
miil ile ¢izdirilmektedir. Modelleme ve deneysel calis-
malar sonucundaki veriler kullamilarak Matlab/M-file
arayiizii ile ¢izdirilen grafikler karsilagtirilmaktadir. Ba-
tarya 1A sarj modelleme caligsmalar1 deneysel sonuglar
ile karsilagtirildiginda ¢ok yakin tahmin degerleri elde
edildigi goriilmektedir. Hyundai marka 12V batarya 1A
sarj modelleme ¢aligmalar1 sonucunda Denklem (8) kul-
lanilarak hata oran1 maksimum %#4,3 olarak hesaplan-
maktadir. Bu hata oran sonucu modelleme ¢alismalarinin
deneysel sonuglara ¢ok yakin ve kararli oldugu goriil-
mektedir.

SOC / Voc grafigi

i
=

iy
N

=== Deneysel

= Model

=
)

Batarya acik devre gerilimi Voc,(V)

o N » o ®

=)

10 20 30 70 80 90

40 50 60
Batarya SOC, (%)
Sekil 4. Hyundai 12V 1A sarj deneysel ve modelleme karsilas-

tirmast (Hyundai 12V 1A battery charging experimen-
tal and modelling comparison)

Sekil 6’da deneysel caligmalarda kullanilan Vision
marka 12V 80Ah kurgun-asit bataryanin sarj deneysel ve
modelleme c¢aligmalarinin karsilastirilmasi verilmekte-
dir. Batarya sabit 4,4A sarj modelleme ¢aligmasinda ba-
tarya doluluk durumuna bagli olarak batarya terminal ug-
larindaki gerilim degisimi Denklem (6)’da verilen for-

miil ile ¢izdirilmektedir.

SOC / Voc grafigi
14

100

Vision marka 12V batarya sabit 4,4A sarj modelleme ¢a-
ligmalart sonucunda 1A sarj modelleme ¢alismasinda
kullanilan Denklem (8) ile hata oran1 maksimum %0,9
olarak hesaplanmaktadir. Bu hata oranlari, modelleme
¢aligmalarinin deneysel sonuglara ¢ok yakin ve kararli ol-
dugunu gostermektedir.

Batarya sarj modelleme c¢aligmalarinda elde edilen
denklemin her iki batarya i¢in diisiik hata oraniyla sonug
verdigi anlagilmaktadir.

5. BATARYA DESARJI DENEYSEL VE
MODELLEME KARSILASTIRMALARI
(MODELLING AND EXPERIMENTAL
COMPARISON OF BATTERY DISCHARGE)

Sekil 7 ve Sekil 8’de deneysel ¢aligmalarda kullanilan
Hyundai marka 12V 7,2Ah kursun-asit bataryanin sira-
styla sabit yiik 1A ve 3A desarj deneysel ve modelleme

caligmalarinin kargilagtirilmasi verilmektedir.
VB / SOC grafigi
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Sekil 6. Hyundai 12V 1A desarj deneysel ve modelleme
karsilagtirmasi (Hyundai 12V 1A battery discharging
experimental and modelling comparison)

Batarya 1A ve 3A desarj modelleme calismasinda ba-
tarya doluluk durumuna bagli olarak batarya terminal
uclarindaki gerilim degisimi Denklem (7)’de verilen
formiil ile ¢izdirilmektedir.

Hyundai marka 12V batarya 1A sarj modelleme calis-
malar1 sonucunda Denklem (8) kullanilarak hata orani
maksimum %@4,1 olarak hesaplanmaktadir. Sekil 8’de
Hyundai marka kursun-asit bataryanin 3A desarj de-
neysel ve modelleme ¢alismalarinin karsilastiriimasi
verilmektedir. Batarya 3A desarj modelleme ¢alisma-
sinda batarya doluluk durumuna bagl olarak batarya
terminal uglarindaki gerilim degisimi Denklem (7)’de
verilen formiil ile ¢izdirilmektedir. Hyundai marka 12V
batarya 1A sarj modelleme ¢alismalari sonucunda
Denklem (8) kullanilarak hata orani maksimum %38,6

olarak hesaplanmaktadir.
VB / SOC grafigi
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Sekil 5.Vision 12V sabit 4,4A sarj deneysel ve modelleme
karsilastirmas1 (Vision 12V constant 4,4A  battery
charging experimental and modelling comparison)
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Sekil 7. Hyundai 12V 3A desarj deneysel ve modelleme
karsilastirmasi (Hyundai 12V 3A battery discharger
experimental and modelling comparison)
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Sekil 9°da Vision 12V bataryanin terminal gerilim
degerine bagli olarak doluluk bilgisinin verildigi sabit
4.4A desarj deneysel ve modelleme c¢aligmalari
goriilmektedir. Sekil 9’da verilen deneysel ve model
karsilagtirmalart ¢ok diisiik hata ile tespit edilmekte ve
maksimum hata oran1 %1,18 olarak hesaplanmaktadir.

VB / SOC grafigi
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Sekil 12’de Hipower marka LiFePO4 bataryanin terminal
gerilim degerine bagli olarak doluluk bilgisinin verildigi
sabit ylik 32,5A desarj deneysel ve modelleme
caligmalar1 goriilmektedir. Sekil 12°de verilen deneysel
ve model karsilagtirmalari ¢ok diisiik hata orani ile tespit
edilmekte ve maksimum hata oram1 %1,39 olarak

hesaplanmaktadir.
VB / SOC grafigi
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Sekil 8. Vision 12V sabit 4,4A desarj deneysel ve modelleme
karsilastirmasi (Vision 12V constant 4,4A discharger
experimental and modelling comparison)
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Sekil 10°da ayn1 Vision 12V batarya tipinin sabit 10A
desarj deneysel ve modelleme ¢alismalar1 verilmektedir.
Sekil 10°da verilen deneysel ve modelleme karsilagtirma
sonucunda maksimum %3,6’lik hata orani ile basarili bir
modelleme ¢aligsmasi yapildigi goriilmektedir.
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Sekil 12. Hipower 3,2V 32,5A desarj deneysel ve modelleme
karsilastirmast (Hipower 3,2V 32,5A discharger
experimental and modelling comparison)

Sekil 13’te ayn1 Hipower marka batarya igin son deney
caligsmasi olan terminal gerilim degerine bagl olarak
doluluk bilgisinin verildigi sabit yik 49,1A desarj
deneysel ve modelleme calismalari goriilmektedir.
Sekil 13°te verilen deneysel ve model karsilagtirmalari

. VB / SOC grafigi o e . . . .
e cok diisiik hata orani ile tespit edilmekte ve maksimum
o
2 hata oran1 %1,93 olarak hesaplanmaktadir.
=10 .
H \ 4 VB / SOC grafigi
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Sekil 9. Vision 12V sabit 10A desarj deneysel ve modelleme =08

karsilastirmasi (Vision 12V constant 10A discharger
experimental and modelling comparison)

Sekil 11°de Hipower marka 3,2V 100Ah kapasiteye sahip
LiFePO4 bataryanin terminal gerilim degerine bagh
olarak doluluk bilgisinin verildigi sabit yiik 15,6A desarj
deneysel ve modelleme ¢aligmalari goriilmektedir. Bir
onceki desarj modelleme calismalarinda oldugu gibi
Denklem (7)’de verilen formiil kullanilmaktadir. Sekil
11°de verilen deneysel ve model karsilastirmalar: ¢ok
diistik hata orani ile tespit edilmekte ve maksimum hata

orant %1,17 olarak hesaplanmaktadir.
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Sekil 10. Hipower 3,2V 15,6A desarj deneysel ve modelleme

kargilagtirmas1 (Hipower 3,2V 15,6A discharger

experimental and modelling comparison)
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Sekil 13. Hipower 3,2V 49,1A desarj deneysel ve modelleme

kargilagtirmasi1 (Hipower 3,2V 49,1A discharger
experimental and modelling comparison)

Bu calismada batarya sarj/desarj deneyleri sonuglari
almarak, elde edilen modelleme ¢aligmalari ile batarya
doluluk durum tahmini yapilmaktadir. Cizelge 2’de
deneysel 6l¢iimler ile modelleme denklem sonuglarinin
karsilastirma  sonucunda hata oran miktarlar
verilmektedir. Onerilen modelleme denklemleri
batarya i¢in farkli sarj/desarj deneyleriyle kiyaslama
imkani saglamaktadir. Farkli akim degerlerindeki
batarya sarj/desarj modelleme caligmalar1 yapilarak
denklemlerin dogrulugu kiyaslanmistir ve kabul
edilebilir hata oranlarina sahip bir matematiksel
denklem olusturulmustur.

Batarya sarj islemlerinde bataryanin bos oldugu durumda
dinamik i¢ direncinin ¢ok yiiksek oldugu sarj oldukca
batarya dinamik i¢ direncinin distiigii gézlenmektedir.
Hyundai marka batarya i¢in bu dinamik i¢ diren¢ degeri
0,29Q-8,23Q arasinda bir degerdedir. Aym1 batarya
desarj islemleri sirasinda dinamik i¢ direncinin 0,29Q-
8,23Q arasinda oldugu gozlenmistir. Vision marka
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bataryada dinamik i¢ diren¢ degeri sarj deneylerinde
0,152Q-0,065Q, desarj islemlerinde 0,025Q-0,536Q
olarak hesaplanmistir. LiFePO4 batarya desarj deneyinde
batarya dinamik i¢ direnci 0,0016Q-0,1143Q olarak
bulunmustur. Ozellikle batarya desarj deneylerinde
katalog bilgilerinde yer alan 20Hr ifadesi yani bataryanin
0,05C oraninda ve 0,036A ile desarj edildiginde 20 saat
enerji verebildigi, bu akim degerinin lizerine ¢ikildiginda
Peukart egrisinin de agikladigi gibi batarya  toplam

yontemi ile elde edilmektedir. Sarj modelleme
caligmalarinda elde edilen model denklemi ile deneysel
sonuglar karsilagtirtlmigtir. Hyundai marka batarya 1A
sarj modelleme ¢aligmasinda maksimum %4,3 ve Vision
marka batarya sabit 4,4A sarj modelleme caligmasinda
maksimum %0,9 hata oranlart ile sonuglandig
gozlenmistir.  Aym1  sekilde desarj modelleme
calismalarinda  desarj denklemi olusturulmustur.
Olusturulan bu desarj modeli ile deneysel sonug

Cizelge 2. Modelleme ¢aligma sonucundaki hata oranlari (Error rates in the modelling study results)

Sarj Modelleme Calismalar:1 Hata Oranlari
Batarya Hyundai 1A Vision basit 4,4A
Hata (%) 4,3 0,9
Desarj Modelleme Calismalar1 Hata Oranlar
Batarva Hyundai Hyundai \Q:E)?tn Vision Hipower Hipower Hipower
y 1A 3A 44A Sabit 10A 15,6A 32,5A 49,1A
Hata (%) 4,1 8,6 1,18 3,6 1,17 1,39 1,93
kapasitesinin ¢ok altinda bir verdigi gozlenmistir.  karsilagtirtlmistir ve bu modellemelerde Hyundai marka

Batarya sabit desarj akiminda yapilan deneylerde, ayni
baslangi¢ akimindaki sabit yiik desarj deneylerine gore
bataryanin doluluk durumunun daha ¢abuk bittigi
gozlenmektedir. Hyundai marka kursun-asit bataryada
3A desarj i¢in sabit yiik altinda 86dk iken, sabit desarj
akim deneyinde bu siire 38dk olarak hesaplanmistir.
Bunun da sebebi batarya hiicrelerinin sabit akim
degerinde daha ¢ok zorlanmasidir. Bu yiizden toplam
kapasite miktar1 diismektedir. Bir bataryanin terminal
uclarma yiik baglandiginda desarj sirasinda terminal
uclarindaki gerilimi diismektedir. Yiik miktart arttikca
bataryanin gerilim diislisindeki miktar daha da
artmaktadir. Bu nedenle olusturulan batarya modelindeki
Vwme degerinin deneysel sonug¢ degerlerinden bir miktar
daha kii¢iik oldugu gozlenmistir. Bu farktan dolay1 desarj
akimi arttikca batarya desarj modelleme ¢aligmalarindaki
hata oran1 ¢ok kiiciik bir miktar artmaktadir.

6. SONUCLAR VE TARTISMA (RESULTS AND
DISCUSSION)

Bu calismada bataryalar ile farkli akim ve gerilim
degerlerinde sarj ve desarj deneyleri yapilmustir.
Bataryay1 sarj ve desarj ederken sabit gerilim ile sarj,
sabit akim ile sarj, sabit yiik ile desarj ve sabit akim ile
desarj deneyleri gergeklestirilmistir.  Caligmalarda
yapilan sarj deneylerinde bataryayi sarj ederken 6zellikle
bataryaya uygulanan gerilim degerinin batarya sagligi
acisindan Onemli oldugu gozlenmistir. Eger batarya
katalog bilgilerinde verilen sarj etme gerilim degerini
asarsa, bataryanin hiicre aralarindaki uzakligin fiziksel
olarak arttig1 gozlenmistir Bu deneyler dogrultusunda
batarya sarj ve desarj modelleme c¢aligmalarinda toplam
kapasite degisimi belirlenerek parametreler elde
edilmistir.  Belirlenen parametreler dogrultusunda
bataryanin sarj ve desarj modelleri ¢ikartilmaktadir. Bu
modelleme c¢aligmalar1 egri uydurma “curve fitting”

1A desarj deneyinde maksimum %@4,1°lik hata oram
ciktign  gozlenmistir. Ileriki calismalarda 6zellikle
LiFePO, batarya sarj deneyleri sirasinda  yiiksek akim
degerlerinde kontrollii akim kaynagi kullanilarak daha
fazla sayida deneysel sonuglar alinabilir. Ayni sarj
modelleme denklemlerinin bu deney sonuglarina
uygulanmasiyla diisiik hata oranlar1 ile yaklagim
gerceklestirilecegi ongoriilmektedir.

SEMBOLLER (NOTATIONS)

fs1 :1. sarj model fonksiyonu

fs :2. sarj model fonksiyonu

hs :hata orani

kp :desarj egri katsayisi

m; :fs1 fonksiyonun egimi

m; :fs2 fonksiyonun egimi

Ricp :batarya desarj dinamik i¢ direnci, [Q]

Rics :batarya sarj dinamik i¢ direnci, [Q]

SOC  :batarya doluluk durumu, [%]

Ve :batarya terminal gerilimi, [V]

Vo :fs1 baslangi¢ anindaki batarya gerilimi, [V]
VBo2 :fs2 baslangi¢ anindaki batarya gerilimi, [V]
Va1 :1. batarya gerilim ara degerleri, [V]

Va2 :2. batarya gerilim ara degerleri, [V]

Vg3 :3. batarya gerilim ara degerleri, [V]

Vwmep  :batarya desarj model gerilimi, [V]

Vwmes  :batarya sarj model gerilimi, [V]
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0z
Bu caligmada, dért farkli gériiniim oranindaki polimer esasli polipropilen lifin harg 6zeliklerine etkileri arastirilmstir. Oncelikle
lif katkisiz kontrol numunesi iretilmistir. Lifler har¢ icine hacimce %0.6, %0.8, %0.9, %1.1 oranlarinda katilmistir. Harclar
tizerinde basing dayanimi, egilme dayanimi, ultrases hizi, su emme, dinamik elastisite modiilii ve mikroyap1 incelemesi yapilmisg
ve kontrol numuneleri ile karsilastirilmigtir. Deney sonuglarina gore, polipropilen lif katkisinin harglar iizerinde basing dayanimini

bir miktar diislirdiigii, egilme dayanimini bir miktar arttirdigi, su emmelerinin lif tipine gore degistigi ve elastisite modiiliiniin de
diistligti gorilmiistiir.
Anahtar Kelimeler: Polipropilen Lif, Lif Hacmi, Cimento Esash Harc, Sertlesmis Har¢ Ozelikleri.

Physical and Mechanical Properties of Polypropylene
Fiber Reinforced Mortars

ABSTRACT

In this study, the effects of polymer based polypropylene fibers with four aspect ratios type on mortar properties have been
investigated. Firstly, control samples were produced without fibers. The fibers were added to mortar mixtures in ratio of 0.6% 0.8%
0.9% and 1.1% by volume. On the mortars, compressive strength, flexural strength, ultrasonic velocity, water absorption and
dynamic modulus of elasticity were defined and compared with control samples. According to experimental results, it was seen
that when the compressive strength and dynamic modulus of elasticity was decreased by addition of fibers to mortar, bending
strength and water absorption was slightly increased.

Keywords: Polypropylene Fiber, Fiber Volume, Cement Based Mortar, Hardened Mortar Properties.

1. GiRiS (INRODUCTION) Betonlara katilan polipropilen lifler belli oranda

Yapt malzemelerinin belirli 6zeliklerini iyilestirmek icin ~ Katilmahdir. Liflerin 6zeliklerine gore polipropilen lif
bu malzemelere katilan lifler énceleri bitkisel kdkenliler ~ katkili  betonlar  giinimiizde ~6zel ~uygulamalarda
olurken giiniimiiz teknolojisi ile cam, gelik ve polimer ~ kullanilmaktadir [6]. Ozellikle son yillarda beton
esaslt liflerin de kullanim olanaklar1 ortaya ¢ikmustir. teknolojisindeki gelismelerle birlikte, basing dayanimi
Cam liflerinin ozellikle alkali ortamlarda durabilite ok yliksek olan betonlar, yiiksek yapilar, kpriiler, deniz
agisindan sorun olusturmasi nedeniyle giiniimiizde beton ~ altt yapilari, niikleer santraller gibi 6nemli yapilarda
igerisine celik ve polimer esasl lifler ilave edilmektedir. ~ kullanilmaya baslanmustir [7,8].

Giiniimiizde en ¢ok kullanilan yap1 malzemelerinden  Polipropilenlerin en 6nemli 6zeliklerinden birisi betonda
beton, asmnma, ¢ekme, kayma, catlama sonrast yiik  olusacak plastik rétre catlaklarmi smirlamasidir. Bu
tagima, tokluk, yangina karst dayamikhligi ve enerji  betonlar giiniimiizde 6zellikle yol insaatlarinda,
emme kapasitesi zayif olan bir malzemedir [1-3]. Zayif  endiistriyel ddsemelerde, havaalan pist kaplamalarinda,
olan bu ozeliklerini iyilestirmek igin birgok calisma  su yapilarinda, piiskiirtme betonlarda, sev stabilitesi
yapilmistir. Betonda ani kirilmayr 6nleyebilmek ve  problemi olan yamaglarda, ince kabuk yapilarinda, beton
betonun siinekligini artirabilmek igin beton igerisinde  borularda, yiiksek sicakliga maruz yapilarda, askeri
farkli mekanik ve fiziksel Ozelige sahip lifler  yapilarda, 6ngermeli yapilarda, dis cephe mantolama
kullanilmaktadir. Fiziksel ve mekanik o6zelikleri farkli  uygulamalarinda kullanilan sivalarm iginde igin sivalarin
olan bu lifler, beton karigimi igerisinde karma olarak da  icinde ve daha bir¢ok insaatlarda kullanilmaktadir [9,10].
kullanilarak, ¢ok gevrek davramg gosteren yiksek  (Ozellikle betonun igindeki bosluklari doldurmak, rotre ve
dayanimli betonlara siineklik kazandirma da ve zayif  biiziilme catlaklarim azaltmak, betonun darbeye karsi
yonleri daha da iyilestirmede katki saglamaktadir [4,5].  dayanimim artirmak gibi énemli faydalar sagladigi igin
son yillarda iilkemizde 6nde gelen beton sirketleri de

*Sorumlu Yazar (Corresponding Author) polipropilenli beton tiretimini artirmigtir [11,12].
e-posta: uygunoglu@aku.edu.tr
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Bu ¢alismada, farkl: fiziksel ve mekanik 6zeliklere sahip
polipropilen lifler har¢ karisimi igerisinde farkl
oranlarda kullanilmustir. Ozellikle polipropilen liflerin
mikro g¢atlamalari 6nlemesi sayesinde hazir harg, siva
harct ve tamir harct gibi ¢imento esasli kompozitlerde
kullanimlart olduk¢a yaygindir. Bu nedenle, bu
calismada oncelikli olarak sertlesmis har¢ deneylerine
yer verilmistir. Ayrica betonun en 6nemli 6zeligi olan
basing dayanimini azami koruyacak ve diger zayif
yonlerini gelistirebilecek en uygun polipropilen lif tipi ve
oranini tespit etmek i¢in deneysel calismalar yapilmistir.
Bu caligma sonunda polipropilen liflerin harglarin
sertlesmis  haldeki  Ozeliklerini nasil  etkiledigi
aragtirtlmistir.

2. DENEYSEL CALISMA (EXPERIMENTAL
STUDY)

2.1.Kullanilan Malzemeler (Materials used)

Numunelerin hazirlanmasinda hidrolik baglayici olarak
TS EN 197-1 [13] standardina uygun olarak iiretilmis
olan CEM 1-42.5/R tipi Portland Cimentosu (PC)
kullanilmigtir. Cimentonun Blaine incelik degeri 3312
cm?/g ve 6zgiil agirhigi da 3.1'dir. Cimentoya ait kimyasal
oksit degerleri Cizelge 1'de sunulmustur. Agrega olarak
standart kumun Kkullanildigi harglarda dort farkh
goriinim oranlarinda polipropilen lif kullanilmistir.
Liflerin karakteristik dzelikleri Cizelge 2'de verilmistir

kodlu polipropilen liflerdir. Yapilan deneylerin hepsinde
40x40x160 mm boyutlarinda numuneler hazirlanmustir.
Deneysel galigsmalar toplamda 48 seri har¢ karisimi
iizerinde yapilmistir. Bu karigimlardan bir tanesi kontrol
karisimi olup digerleri polipropilen lifli karigimlardir.
Karigim igerisine giren polipropilen lif miktarlar;
M03:0.0105 kg/dm?®, M06:0.0141 kg/dm?, F12:0.0158
kg/dm3, M19:0.0193 kg/dm?®'tiir.

Harglar, iiretimlerini takiben 24 sa sonra kaliptan alinip
20+£2 °C kirece doygun su igerisinde 27 giin kir
edilmislerdir. Bir giin laboratuar ortaminda bekletilen
harglar tizerinde 28 giinliikk basing, egilme, su emme,
ulrtases gecis hizi gibi deneyler gerceklestirilmistir.
Deneylere  fiziksel  o6zeliklerden  baglanilmistir.
Numuneler etiiv kurusu hale getirilip agirliklari
alindiktan sonra ultrases ge¢is hizlar1 belirlenmistir.
Daha sonra, 24 sa su icerisinde doygun hale getirilmis ve
su emme degerleri belirlenmistir. Mekanik &zeliklerin
belirlenmesinde otomatik basing ve egilme presi
kullanildi. Basing presinin kapasitesi 200 kN olup,
egilme presinin kapasitesi de 50 kN’dur. Egilme deneyi
ortadan yiikleme tipiyle 120 mm mesnet agikliginda TS
EN 12390-5 [14] standardina gore gerceklestirildi.
Egilme testi sirasinda ikiye ayrilan numuneler yine TS
EN 12390-5 [14] standardina gore basing testi icin
kullanilmistir. Numunelerin alt ve {istiine ayni diisey
eksen cizgisindeki mesafeye gelecek sekilde 40x40 mm
plakalar yerlestirilmistir. Bu halde basing presi tablalar

Sekil 1. Polipropilen lifler (Polypropylene fibers)

Cizelge 1. Cimentonun kimyasal bilesenleri (Chemical component of cement)

Bilesen, % Cao SiOz A|203 Fe 03 MgO Na,O K,0 SO3 KK
PC 63.6 19.6 4.72 3.27 191 0.34 1.06 4.72 2.69
Cizelge 2. Polipropilen liflerin teknik 6zelikleri (Technical properties of polypropylene fibers)
Cekme Birim Erime ) R~
Lif Cap (21(;1)1/) Narinlik Dayanim Agirhg Noktasi E (l\l\:g(:)llu
(mm) (Boy/Cap) (MPa) (gr/cmd) ({9)
MO03 0.05 3 60 600-700 0.91 150 3500
MO06 0.20 6 30 600 0.90 230 3800
F12 0.30 12 40 450-600 0.91 160 3500
M19 0.30 19 63.3 400-500 0.91 160 3500
2.2. Karnisimlarin Hazirlanmasi ve deneyler arasmna  yerlestirilen numunelere basing  yiiki

(Preparation of mixes and experiments)
Harg bileseni olarak 450 g ¢imento, 225 g su, 1350 g
standart kum ve farkli oranlarda (%0.6, %0.8 %0.9 ve
%1.1) polipropilen lif kullanilmistir. Polipropilen lifler
dort cesit olup, bunlar; ticari olarak M03, M06, F12, M19
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uygulanarak TS EN 12390-3 [15] standardina gore
dayanim degerleri belirlenmistir. Numuneler iizerinde
gerceklestirilen ultrases gecis hizi ve birim agirlik deney
verileri kullanilarak dinamik elastisite modiilleri de
asagida verilen (1) nolu denklem ile belirlenmistir.
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Eq=(10%Vv2(111/9.81 (1)
Denklemde, Eq4, dinamik elastisite modiiliinii; V, ultrases
gecis hizini; A, birim agirhigi simgelemektedir [16].

Polipropilen lif igeren ve kontrol numuneleri iizerinde
mikroyap1 incelemeleri Afyon Kocatepe Universitesi,

Teknolojik  Uygulama ve  Aragtirma  Merkezi
(TUAM)’'nde bulunan LEO 1430 VP model W
(Tungsten) filament ile c¢alisan taramali elektron

mikroskobu (SEM) cihazinda yapilmistir. Biitiin lif
tipleri yap1 olarak polipropilen oldugundan sadece bir
seri iizerinde (M19) SEM gorlntilleri alinmustir.
Numuneler kirik yiizeyli hazirlanmis olup, ylizeyleri
karbon ile kaplanmustir.

3. DENEY SONUCLARI VE DEGERLENDiRME
(RESULTS AND DISCUSSIONS)

3.1. Birim Agirlik Deney Sonuglari (Unit weight
results)

Harg igerisine ilave edilen farkli boy veya narinlik
oranlarindaki polipropilen lifler harg¢larin birim agirlik
degerlerinin azalmasina neden olmustur (Sekil 2). Harg
veya beton igerisine ilave edilen polipropilen liflerin
islenebilirlik degerlerini azalttig1 literatiirden
bilinmektedir [3]. Islenebilirlikteki azalmanin en biiyiik
nedeni, artan lif miktariyla topaklagsmanin ortaya ¢ikmasi
ve bunun sonucunda bilesenlerin hareket kabiliyetlerinin
azalarak harcin kivamii azaltmasidir. Islenebilirlikteki
azalma harcin kaliba yerlestirilmesini de etkilemekte ve
kismen de olsa kontrol (lifsiz) harca gore daha bosluklu
kalmasina neden olmaktadir. Lif miktarinin artmasiyla
birlikte kaliba daha bosluklu yerlesmis olan harclarin
birim hacim agirlik degerleri de kontrol harcina gore
daha diisiik degerler almistir. En diisiik birim agirlik
degerleri tiim lifler i¢in en fazla lif igerigindeki harglarda
elde edilirken, lif tipi agisindan dikkate alindiginda en
uzun lif (19 mm) i¢eren harclarda goriilmiistiir.

23
E 22
=
&b
= 22
= =>é=3 mm
=
’g‘I 2.1 == 0 mm
E =4=12 mm A
& 21 19 mm

2.0 T

0 0.2 04 0.6 0.8 1 12

Lif hacmi, %

Sekil 2. Polipropilen lif katkil1 harglarin birim agirliklar: (Unit
weights of polypropylene fiber added mortars)

3.2. Basin¢ Dayanini Deney Sonuglar1 (Compressive
strength results)

Har¢ igerisine ilave edilen liflerin basing dayanimi
degerleri tizerindeki etkisi incelendiginde (Sekil 3), lif
miktarmin basing dayanmimina hem olumlu hem de
olumsuz yonde etkisi olmustur. Bunun sebebi, harca
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ilave edilen liflerin harcin islenebilmesini azalttigindan
veya harg igerisindeki dagiliminin ve yoneliminin etkisi
sonucu olugsmus olabilecegi belirtilebilir. Yapilan
calismalarda da lif igeriginin betonun basing dayanim
izerinde onemli bir etkisinin olmadigi ve hatta £%25
oraninda olumlu veya olumsuz yonde etkileyebilecegi
belirtilmistir [17-20].

58.0
56.0
54.0
52.0 A
50.0
48.0
40.0
44.0
42.0
40.0
0.0

=3 mm
== mm
—4=12 mm

*\‘/‘x.__.--x

19 mm

Basing dayamimi, MPa

0.2 0.4 0.6 1.0 1.2

Lif hacmi, %

0.8

Sekil 3. Polipropilen lif katkili harglarin basing dayanimi

sonuglar1  (Compressive  strength  results of
polypropylene fiber added mortars)
Sonuglar incelendiginde; kontrol numunesi basing

dayanimi degeri 55.72 MPa iken, polipropilen lifli
karisimlarin basing dayanimi degerleri 46.31 MPa ile
53.87 MPa arasinda degiserek 9%3.3-%17 oraninda
azaldigi gorilmiistiir. Buna gore; basing dayanimi
degerlerinin lif katkist ile birlikte tiim karisimlarda
diistiigli  gortilmiistiir. Lif ilavesinin arttirilmasiyla
birlikte har¢larin islenebilirliklerindeki azalmalar yapilan
caligmalardan bilinmektedir [3]. Lif boylarinin ve
miktarinin  artmastyla  birlikte har¢ icerisindeki
topaklanma daha fazla oldugundan hem birim agirlik
hem de dayanim degerleri diger lif tiplerini igeren
harglara gore daha diisiik degerler almustir.

3.2. Egilme Dayanimi Deney Sonugclar

Harg igerisine ilave edilen liflerin egilme dayanimlari
tizerindeki etkileri incelendiginde (Sekil 4), lif miktarinin
artmastyla egilme dayanimimin da belirgin bir bigimde
arttig1 goriilmektedir. Lifsiz harcin egilme dayanimi 5.24
MPa civarinda iken, lifli harc¢larin egilme dayanimi
degerleri 5.94-6.91 MPa arasinda oOlgiilmistiir.
Polipropilen liflerin %1.1 oraninda ilave edilmesiyle
har¢larin egilme dayanimlarinda yaklasik %13.3-%31.9
oraninda artis saglanabilmistir. Betona ilave edilen lif
miktartyla dogrudan iliskili olan egilme dayaniminin, lif
tipiyle de dogrudan iligkili oldugu belirtilebilir. Boyu 6
mm olan liflerin harg igerisinde daha homojen dagilarak
egilme testi sirasinda harcin alt bolgelerinde c¢ekme
gerilmelerinden  dolayr  olusan mikro  ¢atlaklar
durdurmada daha etkili oldugu ve buna bagli olarak da lif
miktarmin da arttirilmasiyla birlikte egilme dayaniminin
da arttig1 goriilmiistiir. Lif boyu arttik¢a harg igerisinde
dagilimlari sirasinda topaklanmalari ve liflerin kivrilarak
etkilerinin azalma riski daha fazla olmakta ve bu da birim
agirlik degerlerinin azalmasindan agikga goriilmektedir
[18,19]. Basing dayanimiyla karsilastirildiginda, kontrol
serilerinin egilme dayanimlar1 basing dayaniminin
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yaklasik onda birine karsilik gelirken, lif hacminin

artmasiyla artan egilme dayanimlart sonucunda,
poliproplen katkili harglarin egilme dayanimlari basing
dayanimlarimin  yaklasik  sekizde Dbirine karsilik
gelmektedir.
7.5
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E 19 mm
< 6.0 ———
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Sekil 4. Polipropilen lif katkili harglarin egilme dayanimi
sonuglari (Flexural strength results of polypropylene
fiber added mortars)

3.3. Su Emme Deney Sonuclari

Farkli tipte poliporpilen lif iceren harclarin agirlik¢a su
emme degerleri de belirlenmistir (Sekil 5). Kontrol
numunesinin su emme degeri %3.43’tiir. En yiiksek su
emme degeri yaklastk %4 oramyla 19 mm
uzunlugundaki lifli harglarda goriiliirken, en diisiik su
emme degeri ise yaklastk %2.7 degeriyle 3 mm
uzunlugundaki lifleri igeren harglarda elde edilmistir.
Kullanilan lif uzunlugunun artmasiyla harg igerisinde az
da olsa bosluklarin arttigi sonucuna vartlmistir. Lif
miktarinin arttirilmasiyla da 3 mm lif i¢eren harglarin su
emmesi haricideki serilerde artis goriilmistiir. Ancak
genel olarak incelendiginde, polipropilen liflerin su
emmeyen yapida olmalari nedeniyle harclardaki su
emme oranlarindaki artiglar olduk¢a disiik miktardadir
[21,22]. Su emme oranlarindaki artisin nedeni
topaklanmalar1 nedeniyle betonda olusan bosluklardan
dolayidir. Bu bosluklar aym1 zamanda basing
dayanimlarinin da kontrol serilerine gore daha disiik
degerler almasina da neden olmustur.
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Sekil 5.Polipropilen lif katkili harclarin su emme degerleri
(Water absorption values of polypropylene fiber added
mortars
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3.4. Ultrases Deney Sonuclar1 (Ultrasonic Pulse

Velocity Results)

Bir beton ortaminda Olciilen sismik dalga hizlar1 o
ortamin dolulugu veya kompasitesi hakkinda yeterli ve
giivenilir bir fikir verir. Beton ortaminda ses gecis hizinin
yiiksek olmasi ortamin dolu oldugunu gosterirken, diisiik
olmasi da bir miktar bosluk i¢erdiginin gostergesidir. Ses
dalgalar1 boslukta daha yavas ilerlediklerinden daha
diisiik degerler elde edilmektedir. Polipropilen lif katkili
harglarin da ses gegis hizlari lif miktarinin arttirilmasiyla
birlikte kontrol harcina gore daha diisiik degerler almigtir
(Sekil 6). Numunelerin ultrases gegis siireleri kontrol
numunesinde 4.57 km/sn olarak hesaplanmustir.
Polipropilenli numunelerin ultrases gegis hizlari ise en
fazla lif iceriginde 4.37 km/sn ile 4.41 km/sn arasindadir.
Buna ragmen, belirlenen ultrases gecis hizlar1 4 km/sn
degerinden daha biiyiikk oldugundan biitiin 1if katkili
harglar kaliteli har¢ smifinda yer almaktadirlar [16].
Ultrases hizlarindaki azalmanin nedeni de hem kullanilan
liflerin polimerik (diisiik yogunluklu) olmasi hem de
liflerin topaklanmalar1 sonucunda birim agirlik ile basing
dayanimlarinin  azalmasina ve su emme oraninin
artmasina neden olan bosluklardir.
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Sekil 6. Lif katkili harglarin ultrases gecis hizlarinin
karsilastirilmasi(Comparison of ultrasonic pulse
velocity of fiber added mortars)

3.5. Elastisite Modiilii (Modulus of Elasticity)

Numunelerin gegis siireleri ve birim agirliklarina bagl
olarak belirlenen dinamik elastisite (E) modiilii degerleri
Sekil 7°de verilmistir. Kontrol harcinin E-modiilii 46 GPa
degerindeyken, harglarin igerisine lif ilave edilmesiyle
tim lif tiplerinde E-modiili degerleri azalmaya
baglamustir. Harglarin igerisindeki liflerin en yiiksek
oranda kullanildigi harglarin E-modiilleri 41.6-42.63
MPa arasinda degismektedir. Lif tipine gore fazla
degisim olmamasina ragmen lif icerigine gore dikkate
alindiginda yaklasik %10 oraninda azalma goriilmiistiir.
Basing dayanimina benzer sekilde E-modiili de lif
igeriginin artmasiyla birlikte liflerin har¢ veya beton
icerisindeki yonelim ve dagilimlarindan kaynaklanan
nedenlerden dolayi lif katkisiz beton veya harglara gére
+%25 oranlar1 arasinda degerler alabilmektedir [17].
Birim hacim agirlik ve basing dayanimi sonuglarinda
oldugu gibi liflerin kullanim oranlarinin artmasiyla
birlikte topaklagsma sonucunda olusan bosluklarin
artmasi sonucunda daha diisiik ultrases gecis hizi
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kirikk yiizey numune hazirlanmasi sirasinda olusmus

Sekil 8. a) Lifsiz harg; b) lifli har¢ mikroyapisi (1: ¢imento harci; 2: agrega; 3: polipropilen lif)
(microstructure of mortar a: Plain mortar; b: mortar with fiber; 1: hydrated cement; 2: aggregate; 3: polypropylene fiber)

Ol¢iilerek yine daha diisiikk degerlerde dinamik elastisite
modiilii degerleri belirlenmistir.
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Sekil 7. Dinamik elastisite modiili (Dynamic modulus of
elasticity)

3.6. Mikroyapi incelemesi (Microstructure)

Cimento esasli har¢ igerisindeki hidrate iiriinlerin
dagilimlar1 ile polipropilen liflerin har¢ arasindaki
aderanslarinin ~ gozlenmesi  amaciyla  mikroyap1
incelemeleri gergeklestirilmistir (Sekil 8). Kontrol
hacinda yapilan mikroyapi gozleminde, agrega etrafinda,
oldukga yogun ¢imento  hidratasyon iiriinleri
gorilmiistiir. Agregayla ¢imento hamuru arasindaki bu
kuvvetli aderans sayesinde harglar {izerinde olduk¢a
yiiksek basing ve egilme dayanimlar ile yiiksek ultrases
hiz1, diisiik su emme degerleri elde edilmistir. Lif katkili
har¢larda yapilan mikroyapt go6zlemi sonucunda da
polipropilen lif etrafinda olduk¢a yogun hidratasyon
iriinleri olmasma ragmen aderansin tam olarak
saglanamadigi gozlenmistir. Bunun muhtemel nedenleri,
i) ¢imento esasli baglayiciyla polimer esash lif
malzemesinin iki farkli yapiya sahip olmasi; ii) aderans
bolgesinde gozlenen mikro diizeydeki zayif bolgenin
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olmasidir. Buna ragmen polipropilen lif iizerinde
hidratasyon tiriinlerine de rastlanmistir. Zaten egilme
dayanimlarinin lif hacmiyle artig géstermesi adreansin da
cok zayif olmadigini géstermektedir

4. SONUCLAR (CONCLUSIONS)

Polipropilen lifli betonlar ve harglar giiniimiizde gelisim
gostermekte olup bircok arastirma yapilmistir. Bu
calismada farkl: tipte (uzunlukta) ve oranda polipropilen
katkilt ¢imento esasli harglarin mekanik ve fiziksel
Ozelikleri incelenmis ve asagidaki sonuglar elde
edilmistir:

e Polipropilen katkili harglar {izerinde yapilan basing
deneyi sonucunda, polipropilen liflerin dagilim ve
yoneliminden dolayr basing dayanimimin %3-17
oraninda azaldigi elde edilmistir.

Polipropilen lif katkili harglar iizerinde egilme
dayanimi deneyi yapildiginda, lif katkisinin harclarda
egilme dayanimini yani gekme dayanimini yiikselttigi
gorilmiistiir.

Polipropilen lif katkili harglar iizerinde yapilan
ultrases deneylerinden genellikle polipropilen miktar1
arttikca numunelerin ultrases gegis hizlarinin diistigi
goriilmiistiir,

Dinamik E-modiilleri de basing dayamimina benzer
sekilde lif igeriginin artisiyla azalmig ve %1.1 lif
kullanilmas1 durumunda kontrol harglarina gore %10
oraninda azalma goriilmiistir.

Polipropilen lif katkili harglar {izerinde yapilan su
emme deneyleri sonuglarina goére, lif tipinin
degismesiyle, diger bir ifadeyle lif uzunlugunun
artmasiyla su emme degerleri de artmistir. Diger
yandan digerlerine gore daha kisa olan lif hacminin
artistyla su emme degerleri azalirken, nispeten daha
uzun olan liflerin miktarmin artist da harglarin su
emme miktarinin yiikselmesine neden olmustur.



flker Bekir TOPCU, Onur Enes DEMIREL, Tayfun UYGUNOGLU / POLITEKNIK DERGISI, Politeknik Dergisi, 2017; 20 (1) : 91-96

KAYNAKLAR (REFERENCES)

[1] Kakooei S., Akil H.Md., Jamshidi M. and Rouhi J., "The
effects of polypropylene fibers on the properties of
reinforced concrete structures”, Construction Building
Materials, 27(1): 73-77, (2012).

Fakharifar A, Arezoumandi M, Sharbatdar, M.K., Chen
G. and Kheyroddin A., "Mechanical properties of high
performance fiber reinforced cementitious composites”,
Construction Building Materials, 71: 510-520, (2014).

Acikgeng M., Arazsu U. and Alyama¢ K.E., "Farkli
karisim oranlarma sahip polipropilen lifli betonlarin
dayanim ve durabilite ozellikleri", SDU International
Technologic Science, 4(3): 41-54, (2012).

Alani A.M. and Beckett, D., Mechanical properties of a
large scale synthetic fibre reinforced concrete ground
slab, Construction and Building Materials, 41: 335-344,
(2013).

Hsie M., Tua C. and Song, P.S., "Mechanical properties
of  polypropylene hybrid fiber-reinforced concrete",
Materials Science and Engineering A, 494: 153-162,
(2008).

Nili M. and Afroughsabet V., "The effects of silicafume
polypropylene fibers on The impact resistance
mechanical properties of concrete”, Construction
Building Materials, 24(6): 927-933, (2010).

Bosnjak J., Ozbolt J. and Hahn R. "Permeability
measurement on High strength concrete out with
polypropylene fibers at elevated temperatures using a
new test setup”, Cement and Concrete Research, 53-55,
(2013).

Afroughsabet V. and Ozbakkaloglu T, "Mechanical and
durability properties of high-strength concrete containing
steel and polypropylene fibers", Construction and
Building Materials, 94: 73-82, (2015).

Martinez-Barrera G.,Urena-Nunez F., Gencel O. and
Brostow W., "Mechanical properties of polypropylene-
fiber reinforced concrete after gamma irradiation”,
Composites: Part A, 42-44, (2011).

[10] Grdic Z.J., Curcic G.A.T., Ristic N.S. and Despotovic,
.M., "Abrasionresistance of concrete micro-reinforced
with polypropylene fibers”, Construction and Building
Materials, 27: 305-312, (2012).

[11] Salemi N. and Behfarnia K., "Effect of nano-particles on
durability of fiber-reinforced concrete pavement",
Construction and Building Materials, 48: 934-941,
(2013).

(2]

(3]

(4]

(5]

(6]

[7]

(8]

(9]

96

[12] Asokan P., Osmani M. and Price A.D.F., "Improvement
of the mechanical properties of glass fibre reinforced
plastic waste powder filled concrete”, Construction and
Building Materials, 24(4): 448-460, (2010).

TS EN 197-1, Cimento- Bolim 1: Genel
CimentolarBilesim, Ozellikler ve Uygunluk Kriterleri,
Tiirk Standartlar1 Enstitiisti, Ankara, (2012).

[14] TS EN 12390-5, Beton - Sertlesmis beton deneyleri -
Bolim 5: Deney numunelerinin egilme dayaniminin
tayini, Tirk Standartlar1 Enstitiisii, Ankara, (2010).

[15] TS EN 12390-3/AC, Beton - Sertlesmis beton deneyleri -
Boliim 3: Deney numunelerinin basing dayaniminin
tayini, Tirk Standartlar1 Enstitiisii, Ankara, (2012).

[16] Erdogan T.Y., ""Beton", ODTU Gelistirme Vakfi Yayn. ve
fletisim Sti, 130-160, Ankara, Mayzs, (2003).

[17] Fanella D.A. and Naaman A.E., "Stress-Strain Properties
of Fiber Reinforced
Concrete in Compression”, Journal of ACI Materials, 82
(4): 475 — 483, (1985).

[18] Khaloo A.R. and Afshari M., "Flexural Behavior of Small
Steel Fiber Reinforced Concrete Slabs", Cement and
Concrete Composites 27: 141-149, (2005).

[19] Uygunoglu, T., "Investigation of microstructure and
flexural behavior of steel-fiber reinforced concrete",
Materials and Structures, 41(8): 1441-1449, (2008).

[20] Ersoy, H.Y., "Kompozit Malzeme", Literatiir Yayinlari,
Mimarlik Dizisi, ISBN:975-8431-47-1, (2003).

[21] Ramezanianpour A.A., Esmaeili M., Ghahari S.A. and
Najafi M.H., "Laboratory study on the effect of
polypropylene fiber on durability, and physical and
mechanical characteristic of concrete for application in
sleepers”, Construction and Building Materials, 44:
411-418, (2013).

[22] zhang P. and Li Q., "Effect of polypropylene fiber on
durability of concrete composite containing fly ash and
silica fume”, Composites: Part B, 45(1): 1587-1594,
(2013).

[13]



Journal of Polytechnic, 2017; 20 (1) : 97-110 Journal of Polytechnic, 2017; 20 (1) : 97-110

Determination of Protection and Relay Coordination
Strategy in Electrical Power Systems Based on
Renewable Energy Generation Resource Using Petri
Net Method

Nihat PAMUK
Turkish Electricity Transmission Company, Sakarya, Turkey
( Received : 21.04.2016 ; Accepted: 22.04.2016 )

ABSTRACT

The principle of protection in electrical power system targets to determinate at timely of accruing faults and to isolate at the most
appropriate time of the faulted sections of the power grid. This situation is realized through coordination among the protective
devices. The involvement of renewable energy generation resources to the energy transmission system complicates the network
protection, thus undermining the security coordination or decreasing the protection coordination zone. In particular, such issues
become even more vigorous in power networks with effect of renewable energy resource generations. Therefore, the conventional
power protection methods are insufficient in such networks, requiring software strategies involving the renewable energy
generation resources. For that purpose in this study, Petri net method is used for estimating the faulted section in power transmission
network in the presence of renewable energy generation resources and designing of protection coordination schemes. The
information about the status of protection elements acquired from the automation system was adopted as input to the Petri net
method. Renewable energy resource generations effect can increase the risk of disharmony among protection systems. The accuracy
of Petri net models are improved by phase angle shifts in the voltage waveforms of renewable energy generation resources and the
main power supply using Fast Fourier Transform (FFT) through which the Petri net model inputs was corrected.

Keywords: Electrical Power System, Protection Coordination Strategies, Automation, Petri Nets Method.

Petri Ag1 Yontemi Kullanilarak Yenilenebilir Enerji
Uretim Kaynakl Elektriksel Gii¢ Sistemlerinde
Koruma ve Role Koordinasyon Stratejisinin
Belirlenmesi

0z

Elektriksel gii¢ sistemindeki koruma prensibi olugacak olan arizalarin zamaninda belirlenmesini ve gii¢ sebekesindeki arizalanmig
kisimlarin en uygun zamanda izole edilmesini amaglar. Bu durum koruma cihazlar1 arasindaki koordinasyon sayesinde
gergeklestirilir. Enerji iletim sistemlerine yenilenebilir enerji tiretim kaynaklarinin baglanmasi giivenlik koordinasyonunun devre
dis1 kalmasina veya koruma koordinasyon bolgesinin azalmasina sebep olarak sistem korumasini karmasiklastirmaktadir. Ozellikle
bu tarz sorunlar yenilenebilir enerji iiretim kaynaklarinin etkisindeki gii¢ sebekelerinde daha da siddetli hale doniisiir. Bu nedenle,
geleneksel giic koruma yontemleri yenilenebilir enerji tiretim kaynaklari iceren yazilim stratejileri gerektiren bu tiir sebekelerde
yetersizdir. Bu amagla bu ¢alismada, yenilenebilir enerji liretim kaynaklariin var oldugu gii¢ iletim sebekelerindeki arizalanmig
boliimlerin tahmin edilmesi ve koruma koordinasyon semalarinin tasarlanmasi igin Petri ag1 metodu kullanilmistir. Petri ag1
yontemine giris olarak otomasyon sistemlerinden elde edilen koruma elemanlarinin durumu hakkindaki bilgiler kabul edilmistir.
Yenilenebilir enerji kaynakli iiretimlerin etkisi koruma sistemleri arasindaki uyumsuzlugun riskini arttirabilir. Petri ag1
modellerinin dogrulugu yenilenebilir enerji tiretim kaynaklarina ait gerilim dalga formlarindaki faz agisi degisimleri tarafindan
gelistirilmistir ve ana gii¢c kaynag: Petri ag1 model girisleri sayesinde Hizli Fourier Doniisiimii (HFD) kullanilarak diizeltilmistir.

Anahtar Kelimeler: Elektriksel gii¢ sistemi, Koruma koordinasyon stratejileri, Otomasyon, Petri aglar1 yontemi.

NOMENCLATURE M: Marking Vector
P: Place R: Relay
T: Transition CB: Circuit Breaker
BLR: Blocking Under Voltage Protection Relay
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e-posta: npamuk@gmail.com MLR: Main Directional Protection Relay

Digital Object Identifier (DOI) : 10.2339/2017.20.1 97-110 SLR: Substation Local Backup Protection Relay
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LXsm: X" Transmission Line Overload Protection
Relay

L Xsp: X Transmission Line Overvoltage Protection
Relay

LXRs: X Transmission Line Phase Fault Protection
Relay

LXrm: X Transmission Line Earth Fault Protection
Relay

LXRrp: X" Transmission Line Overlap of Protection
Relay

Txs: Xt Circuit Breaker Failure Protection Relay

PNM:  Petri Net Method

FFT: Fast Fourier Transform

PACs:  Phase Angle Changes

REGs: Renewable Energy Generation Resources

SCADA: Supervisory Control And Data Acquisition

1. INTRODUCTION

The power transmission systems are the closest sectors to
the industrial consumer. Hence, it is a top priority to
ensure their protection. Any interruption in the energy
exchange and untimely pause in the transmission lines
will lead to complete shutdown. The downtime and the
damage can be minimized through immediate detection
of the defective element or the potential failure in order
to be carefully isolated from the rest of the power system
[1]. On the other hand, the connection of renewable
energy generation to the power systems is increasingly
growing due to its technical, economic and
environmental advantages [2], [3]. In addition to its
multiple advantages, the involvement of the “Renewable
Energy Generation Resources” (REGs) in the power
transmission network will cause problems such as
disordered protection devices, protection blindness,
increase and decrease in the level of short circuit current,
unwanted power network islanding and re-closer a-
synchronization [4], [5].

In recent years, several methods have been proposed for
fault detection and estimation of fault section in a power
transmission system. In article [6] effort was mainly
made to improve a model for performance of protection
and detection devices through Petri net models, by which
the fault display alarms and security relay alarms and
monitoring of automation system are performed. With
respect to the effects of REGs engagement, such alarms
will be further affected, thus overshadowing the
monitoring procedure [4]. At the same time, the proposed
Petri net model has a weakness in monitoring.

In references [3], [5] a method was proposed for
monitoring the protective system of power transmission
networks involving REGs based on Petri nets.
Accordingly, the defect of high current protection relay
was detected through the Petri net. In these articles, the
fault current and the protective device coordination curve
were adopted even though it was not clear how the fault

current were used in the models. In addition, the accurate
detection of faults by the models proposed in these
articles, there should be complete information about the
occurrence of faults on the transmission line. This is
contradictory to the purpose of fault detection performed
on the basis of knowledge control center. In this way, it
is not clear whether any fault has occurred according to
the knowledge control center, or whether the inaccurate
knowledge has been received due to unreliable data or
protective inconsistency, thus leading to the operator's
mistake.

Reference [7] focused on protection of looped power
transmission systems based on Petri net involving the
REGs. The target of this paper is to provide a supporting
protective structure for REGs in the power network,
where the Petri net model is used to monitor the proper
protection of REGs. This article did not explore how the
protective devices coordinated after adding the structure.
In fact, a model has been presented on how the protective
system functions through the Petri net. Furthermore, little
has been discussed about how the knowledge is received
from the control center as the suggested model are based
on case study not enjoying accuracy and comprehensive
effectiveness. None of these studies suggested a perfect
model of power system fault detection in the presence of
REGs and how to identify the malfunctioning protective
devices due to the impact of REGs.

These imply the need for software measures to protect the
power transmission network, especially when involving
the REGs. Since the power transmission system
automation techniques have been widely accepted and
the communication substructure has well been improved,
the protection scheme based on microprocessors can be
employed with communication facilities [8], [9]. For this
purpose, the status of protective elements of the
transmission system can be achieved by the Energy
Control Center, which can in turn be applied for detecting
faults in the power transmission networks. The
restoration of an electrical power system under the
critical fault conditions requires not only great skill and
information of the system components, system
performance and how the protective relays function, but
also accurate and rapid decisions made based on relevant
information. Such important and complex tasks can be
accomplished by Petri net models. For that purpose, this
paper adopted a new tool as Petri net models for the
detection of faults in the power transmission network
involving the REGs. These models carry out the
detection and localization of faults much faster and far
more reliably than human operators.

This study was written to present a methodology of
multi-criteria selection for relay coordination strategy
scheme for power system using Petri Nets Method
(PNM). The PNM is a method to derive ratio scales from
paired comparisons which obtained from actual criteria’s
and alternatives and has been identified as a suitable
technique for dealing with complex decision making
especially during breakdown happened. Renewable
energy resource generations effect can increase the risk
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of disharmony among protection systems. The idea of
proposing this methodology to power system came out
when the large contingency occurs and had effected to
major shutdown to one of the system ring which had
happened. The accuracy of Petri net models are improved
by phase angle shifts in the voltage waveforms of
renewable energy generation resources. The application
of “DIgSILENT Power Factory V14” software have been
used to analyzed the actual data and it is very reliable
software to be amended in future if any data have been
updated. The result and discussion also being discussed
and well justified using Phase Angle Changes (PACs)
and Fourier Transform (FFT) for better understanding on
the finding results. As a conclusion, the PNM is a very
reliable method to be used for relay coordination strategy
scheme and several recommendations were proposed to
ensure the reliability of the method will be parallel with
the upgraded power system in future.

2. AN INTRODUCTION TO PETRI NETS

The Petri net was first suggested by Adam Petri in 1962
as a tool for modeling computer systems. Petri net is an
ideal strategy for graphical modeling based on
mathematical logic [10]. Petri nets can be employed for
modeling, describing and analyzing systems with
concurrent, distributed, parallel or random nature [11],
[12]. Petri net is a combination of four elements
expressed as C = (P, T, I, O) where P is a set of places, T
is a set of transitions, 1 is the input function and O is the
output function. Functions | and O bridge between the
transitions (T) and places (P) interconnecting the
elements P and T. I is an input function and it’s a mapping
of transition t; to the set of places. I(ti) is known as
transition input places. O is an output function and it’s a
mapping of transition t; to each of the places. O(t) is
known as output places. The structure of Petri net is
defined by places, transitions, input and output functions.
Moreover, set of places (P) and set of transitions (T) are
formulated in equation 1.

P={p1,p2,p3, apn}1
T:{tl,tz,ts,

POT =®, The set of places and transitions are
disjoint.

n>0

1)

I :T — P”: The input function is a mapping from
transitions to the bags of places which are specified as

input places to transitions and P” shows the bags of
places.

O:T — P”: The output function is a mapping from
transitions to the bags of places which are specified as
output places to transitions.

Place P; is an input place from transitiont; , where if

p;, € O(t;) istrue then p; € I (t;) is an output place.
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As for the Petri net graph, there are two types of nodes
defined: Place indicated in the form of a circle and
transition indicated in the form of a rectangular ([_J) or
vertical line ( | ). Furthermore, a number of directed arcs
(arrows) are connected from places to transitions (input
places), while the other directed arcs are connected from
transitions to places (output places) [13], [14]. Places
represent the "status" such as a memory, as the transitions
represent an "event" such as faults. Figure 1 displays an
example of a Petri net graph.

ts
>[110 /—""(200]

SN

[020] [101]

AN

[011]

lr,

[002]

1 Pz

sy

Figure 1: An example Petri net graph

The structure of Petri net and the process of firing
transitions can be expressed and analyzed using matrix
operations. To do this, the original matrices C, M and U
respectively structure, marking and firing vectors are
required. The structure matrix is used to represent the
topology of Petri nets. The dimensions of this matrix are
|P| X |T| defined as equation 2.

-w(p,t) if(p,t)eF
Clp,t)=1 w(p,t) if(tp)eF @
0 otherwises

Where | P | and | T | are respectively the number of sets
Pand T, w (p, t) is the weight of arc from P to T, and F
is the set of arcs. Moreover, (p, t) € F implies there is a
link from p to t. For example, the matrix structure of the
Petri nets in figure 1 is represented in equation 3.

tl t2 t3
-1 1 0
c-P 3
p,[-1 -1 -1
p,l 0 -1 1
The marking vector M|p|x|1| illustrates the number of

tokens in places. Element 1 or more in this vector
illustrate the number of tokens in the corresponding
place, while element O implies there are no tokens in the
corresponding place. The dynamic behavior of Petri nets
in figure 1 can be formulated as equation 4, where Mg is
the primary marking vector. References [15, 16] totally
described hot to analyze and utilize equations 1 to 4.
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M: = Mo+CU (4)
The integer vector C, and incidence matrix U are defined
by equation 4. The expression of CU is defined as
multiplication of incidence matrix (ratio of tokens) with
integer vector. Equation 4 provides a necessary but not
sufficient condition; all markings reachable from M, are
solution of equation 4, but not vice versa. A solution to
equation 4 exists for any integer vector, but the transition
firing sequence represented by integer vector.

3. THE APPLICATION OF PETRI NETS MODEL
IN RELAY COORDINATION STUDY

As defined in the IEEE standard, power transmission
automation is a system that enables a power transmission
company for remote monitoring, coordinating and
commanding over the power transmission equipment in
real-time and long distances [17]. In general, the remote
control and monitoring systems entail one or several
control centers as controller stations and a number of
terminals as stations under control. Terminals are
installed at remote stations, which collect and prepared
the information required by the center. This information
is recorded and processed at the center which sends the
control commands. These commands are received at the
terminal and are applied through the mediator equipment
to the systems under control [4]. The proposed method is
applied to the high-penetration 30-bus power
transmission network of REGs [18]. Figure 2 is a single-
line view of 30-bus power transmission network. The
system information has been given in [19]. It should be
noted that, according to [20], the numerical order of
relays is based on the number of corresponding power
transmission line.

Hence, relay R, is for power transmission line number i
(Ly) and relay Rrecsj, is for renewable energy generation
resources REGs; (i =1,2,3, ..., 30, j=1,2,3, .., 6). For
example, relay R is for power transmission line number
1 (Liney), relay R is for power transmission line number
2 (Liney) and relay Rs is for power transmission line
number 3 (Lines). Relays Rrecst, Rrecs2 and Rrecss are
related to the renewable energy generation resources G,
G2 and Gs, respectively. In this study, the test system was
simulated through “DIgSILENT Power Factory V14~
software. At the next stage, the suggested method was
implemented by writing the information of voltages as
three cycles in each fault through MATLAB software.

The aim of the study is presented for determining the
maximum capacity of REGs for maintaining the relay
coordination of power transmission system's protection
devices. The Petri Net Method (PNM) is able to do all
kind of relay coordination owing to time difference
flexibility between selectivity zones in simulation. PNM
is based on dividing an existing power transmission
network into several zones which each of them is capable
of operating in islanding mode. Relay coordination with
both compulsory instant setting and without instant
setting, time-selectivity and instantaneous selectivity are
made in relay coordination via DIgSILENT Power
Factory V14 software. The standard inverse time-current
characteristic form is used based on IEC 255-3 standard
in the relay coordination. Instantaneous operating modes
are used in single line, two lines and three lines phase-
short circuit current. Tripping at the requested time at 10
times of the nominal current of the backup protection is
provided in inverse-time study mode. The result and
discussion also being discussed and well justified using

Line 38

Line 40

Line 39

Line 36 28

Line 37

24

Line 1 Line 4

JTzz

— 21

= 17
E Line 30
G 4

Line 13

Line 35

.,

Figure 2: A single line view of 30-bus power transmission network [18].
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Phase Angle Changes (PACs) and Fourier Transform
(FFT) for better understanding on the finding results. In
the suggested approach, the contribution of REGs in fault
current is limited through considering mathematical
equations of characteristics of protection devices.
Consequently, the numerical results are presented in
order to confirm the authenticity of suggested approach.
The PNM is a very reliable method to be used for relay
coordination  strategy =~ scheme  and  several
recommendations were proposed to ensure the reliability
of the method will be parallel with the upgraded power
system in future. The protection principle is shown in
Figure 3.

the protection system associated with R; are shared by
these protection systems, and hence no common modes
of failure between R; and R4, Ry and Ryo are possible.
These remote backup protections will be slower than Ry,
R, or R3; and also remove additional elements of the
power system namely lines 5, 7 and 6 from service, which
would also de-energize any loads connected to these
lines. A similar set of backup relays is used for the power
system behind bus station 1.

Figure 4 indicates the Petri net model for relay
coordination study in power transmission line 2 of the 30-
bus power transmission network under study. In this

’”

29 Line 38 6 Line 36

Line 40

Line 35
—

Line 13 !

Line 31

Line 1 Line 4

7

Line 8

Line s ine 7 1o
Line 2 Line 7

Line 6 1

‘S v v )

Figure 3: Duplicate primary, local backup and remote backup protection principles for line 2

The fault is assumed at location F. It is inside the zone of
protection of transmission line 2. Primary relays R1 and
Rs will clear this fault by acting through circuit breakers
B1 and Bs. At bus station 2, a duplicate primary relay R»
may be installed to trip the circuit breaker B1 to cover the
possibility that the relay R; may fail to trip. Rz will
operate in the same time as Ry and may use the same or
different elements of the protection chain. For instance,
on transmission lines it is usual to provide separate circuit
transformers, but use the same potential device with
separate windings. The circuit breakers are not duplicated
but the battery may be. On lower voltage circuits it is not
uncommon to share all of the transducers and direct
current (DC) circuits. The local backup relay Rs is
designed to operate at a slower speed than R; and Ry; it
is probably set to see more of the power system. It will
first attempt to trip circuit breaker B, and then its circuit
breaker failure relay will trip circuit breakers Bs, Bg, B7
and Bs. This is local backup relaying, often known as
circuit breaker failure protection, for circuit breaker Bs.
Relays Rg, Rio and R4 constitute the remote backup
protection for the primary protection R1. No elements of

model, the data for protective elements were used as
model input. In Figure 4, places CB12, CBs, CB27, CBis,
CBu14, CB1s5, CB3, CBsg, L2ss, T3s and T4s represent the
corresponding relays in Figure 2, which are the main
protection for power transmission line 2 according to
[21]. Place L2gs represents relay transmission line 2 in
figure 2, which is the first backup protection for relay
L4gs according to [22]. Similarly, relays CB7, CB11, CBa,
CBs, CBgs, Tls, T2s, Llsm and Llgm are secondary
backup protection relays for transmission line 2 where
L3gs is for transmission line 4 while and T2s, L3gs are for
transmission line 4 while and L1sm, L1rm are for the main
source. MOI‘GOVEI’, Place P|_1(e), P|_1(7), P|_1(g), P|_1(10), P|_1(11),
PLio) represents relay Ry and R; in figure 2 network as
the secondary backup protection for relay Rz, Rs, Rg, R1o
and Rii1. Similarly, the first, second and third backup
protections in the model has been displayed in figure 4
for P|_1 (13) and P|_1 (14)- Places P|_1 ©3) P|_1 (@), P|_1 (5) and P|_1
@© have no physical reality applied only as auxiliary
places in accordance with the rules of Petri nets. The
place of Line; specifies the fault in transmission line 2.
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Figure 4: The petri net model for relay coordination study in power transmission line 2 of the 30 bus power transmission

network

Furthermore, transitions ti1 (1s), tL1 26y and tis as) have no
physical reality applied only for communication between
places in accordance with the Petri net rules. In the same

way, such a model can be im

proved for each segment of
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the power transmission network where the faulted section
can be detected through the information on status of
protective elements as shown in figures 5 and figure 6.
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Figure 5: The petri net model for relay coordination study in power transmission line 6 of the 30 bus power transmission

network

Since the penetration of REG into the 30-bus power

transmission network under study is extremely

high, itis  strategy.

likely to face protection disharmony [4], [9] which
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should be considered in estimating the relay coordination
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Figure 6: The petri net model for relay coordination study in power transmission line 10 of the 30 bus power transmission

network

In these models, the PQ measurements were used at the

identified the type of fault and determined whether there
was fault between the two sources. As such, the
maximum angle change belongs to the two sources
between which the fault is detected. In this procedure, the

REG places and power transmission substations in order
to measure the voltage of sources. The method presented
in [23] was employed to change their angles, which both
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input information to the Petri net model can be corrected
through such data, i.e. the status of elements in
contradiction with the above detection will be eliminated
from the model inputs or incomplete input information
will be completed. Here, the Phase Angles Change (PAC)
for voltages of REGs and the main source is calculated
based on the methodology presented in [24]. In this
method, the PQ measurement at the beginning of the bus
connection at each of the power supplies was applied to
determine the voltage of these resources, thereby to
measure the voltage waveform through conversion of
Fast Fourier Transform (FFT) into PAC. The voltage of
resources will be zero as soon as the PAC fault occurs
[25]. In other words, the close the fault to the power
supplies the higher the PAC. Therefore, the fault zone
between the resources can be specified.

4. NUMERICAL ANALYSIS RESULTS

For the relay coordination applications, the following
three scenarios are considered for the power transmission
network based on REGs:

e A single line phase fault (phase B to ground)
occurred on power transmission line 2.

e Three line phase fault occurred at power
transmission line 6.

e Two line phase fault (A-C) occurred on power
transmission line 10.

In the first scenario, the fault current is 1630 A. The
current passing through relay CBg, CB7, CBs, CB12, CB27
and CBs; connected to the beginning of power
transmission line 2 belonging to the Gy and G in the fault
current feed is 876 A. The share of Gs, G4, Gs and Gg
from the fault current feed is 473 A. Since the regulating
current of relay CBy is 1000 A, it will not respond to the
above fault. Furthermore, the status information of tiy (1),
tL1 @), tus ) tia 9), traas) and tig (aa) were received through
power transmission automation. According to [26], relay
CB11 and CBg31 was specified by index T as the secondary
backup protection, relays Lirm and Lirp Were specified
by index S as the secondary backup protections, while
relay Lers Was the main protection. It is assumed that
protective coordination has not been fully fulfilled or it
was impossible due to high penetration of REGs to fulfill
the full coordination. According to the rules of protection
configuration, the synchronization petri net model in
power system for fault diagnosis is built and shown in
figure 7, 8 and 9.

Figure 7 shows the petri net model of block transformer
protection of power transmission line 2, which represents
the faulty section of that block as CB12, CBg, CB327, CBu4,
CBis, CB32, CB13 and CBg. Places T3s, T4s and L2ss are
dedicated to a protective relays group for transformer

protection as described previously. Places Llsm, CBy,
LlRm, CBll, Tls, CB4, TZS, CBs and CByg are the
corresponding circuit breakers for the section of the block
transformer protection unit. Places L1sp, L1rp, L3rs, L2rs,
L4gs, L6rs and Lbgs, are virtual nodes and have no
physical meaning. This meaning the transformer
protection unit or other section is faulty when a one of its
own protective relays and other sections protective relays
operates with the corresponding circuit breakers together.

Figure 8 shows the petri net model of block rotating
machinery protection of power transmission line 6, which
represents the faulty section of that block as B1m, CB27,
L4R5, CBlz, LZRS, CBll, Lle, CBys and L3gs. Places CBG,
CB7 and CBjy are dedicated to a protective relays group
for rotating machinery protection as described
previously. Places CBs, CBs, Tls and T2s are the
corresponding circuit breakers for the section of the block
rotating machinery protection unit. Places Pg1s) and Pga(r)
are virtual nodes and have no physical meaning. This
meaning the rotating machinery protection unit or other
section is faulty when a one of its own protective relays
and other sections protective relays operates with the
corresponding circuit breakers together.

Figure 9 shows the petri net model of block pilot
protection of power transmission line 10, which
represents the faulty section of that block as P2(CBoao2),
P6(CBo403), P10(CBoaos), P1a(CBoso7), P18(CBosoo) and
Pzz(CBo411). Places Pl(MLRo4oz), P5(MLR0403),
Po(MLRo0s),  P13(MLRoso7),  P17(MLRoag)  and
P21(MLRo411) are dedicated to a protective relays group
for pilot protection as described previously. Places
P3(BLRoao2), P7(BLRosos), P11(BLRoaos), P1s(BLRoao7),
P19(BLRo40s), P23(BLRoa11), Pa(SLRo402), Ps(SLRoaos),
P12(SLRo405), P16(SLRo407), P20(SLRo409) and
P24(SLRos11) are the corresponding circuit breakers for
the section of the block pilot protection unit. Places Py,
P30, Pas, P3s, P3g and P4 are virtual nodes and have no
physical meaning. This meaning the pilot protection unit
or other section is faulty when a one of its own protective
relays and other sections protective relays operates with
the corresponding circuit breakers together.

The initial token distribution is confirmed according to
the received information from SCADA system in the
control room. After finishing initial token distribution,
the transition matching the condition will be fired. The
token will be redistributed in the petri net graph after a
series firing of transition until no transition can be fired,
and then, the petri net graph reaches the stable status. The
fault section can be directly obtained from the petri net
graph at that time. The criterion rule is as follows; if there
are tokens in place, then that node is the faulted section.
Table 1 shows Phase Angle Changes (PACs) for three
scenarios in power transmission network.
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Table 1: Phase Angle Changes (PACs) for three scenarios in
power transmission network

Scenario PACs PACs PACs (rad)

Number (rad) (rad) C phase
A phase | B phase

-0.00038 | -0.06518 -0.00464

0.00416 | -0.07123 0.00413

| 0.00169 | -0.06214 -0.00846

0.00137 | -0.06721 -0.00433

-0.00083 | -0.04162 -0.00564

0.00046 | -0.05211 -0.00287

-0.15541 | -0.12414 -0.11562

-0.18580 | -0.13489 -0.13145

0 -0.15412 | -0.11735 -0.11132

-0.15434 | -0.11877 -0.10754

-0.19431 | -0.13468 -0.12943

-0.16417 | -0.10792 -0.10982

-0.09123 | -0.00456 0.03463

-0.10165 | -0.00212 0.03942

" -0.18541 | -0.00163 0.10574

-0.10463 | -0.00084 -0.00017

-0.09856 | -0.00147 0.03719

-0.17832 | -0.00213 0.11434

L1(1)

PLA(1)

According to table 1, the fault zone will fall between the
source Gi and G,. Therefore, it can be concluded that one
of the relays among CBs, CBlz, CBl4, CBls, CBy and
CBs32 should have been activated with ti1 (), tLa ), tis @),
tL1 @2), tr @a), tu ey Which failed. Now, applying the
information received from the power transmission
automation and the results of table 2 to the Petri net
models of transmission line 2 will have output. It should
be noted that the data in table 1 from figure 7 Petri net
models, a token has been assumed in relay CB- specified
as a star. Figure 7 displays the marking of Petri model in
Figure 4 based on the relay status information received
from power transmission automation system and
information in table 1.

In the Figure 7 model, transitions ti1 (), tia (9), ta @), tu
@2 tL1 3y, tea gy, tes asy tea sy, and teg sy will be fired on
the basis of the Petri net rules as places pvi ), PL1 7), PL1
©» PL1 o) PLa o), PLa a2y, P sy and pua g will entail
tokens. Then, transition t,1 (19) will fire marking the place
of Liney, Hence determining whether there is fault in
power transmission line 2. Figure 8 shows the marking of
Petri model in figure 5 based on the relay status
information  received from power transmission
automation system and information in table 1. Figure 9
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Figure 7: Marking of figure 4 petri net model for scenario I.
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shows the marking of Petri model in figure 6 based on the
information

relay status
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Figure 8: Marking of figure 5 petri net model for scenario I1.
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Figure 9: Marking of figure 6 petri net model for scenario Ill.

. In the second scenario, the fault current is 5393 A. The
current passing through relay Bim is 4885 A, of which
3012 A belongs to the network share, while the current
passing through relays CBi1, CBiz, CB27, CBas, Laigs,
Laors, Lars and Lars are 1078 A which is more than the

regulated current and CBgs, Lsrs Will respond to the fault.
Furthermore, the status information of pga (15), Ps1 (16) and
per (8 were received through power transmission
automation. According to table 1, the faulted zone will
fall between the Bus;y and Gs. Now, applying the
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information received from the power transmission
automation and the results of table 1 to the Petri net
models of lines Busi: and Gs, only the Petri net model of
transmission line 6 will have output. It should be noted
that the type of fault are specified by criteria |PAC|>0.05
and data from table 1. In the third scenario, the fault
current is 3155 A, to which relays Py, Pg, P1g, P14, P1g and
P2, respond and the status information is received
through the power transmission automation. According
to table 1, the faulted zone will fall between the Bus g and
Bus 10. Table 2 reports the operating of the protection
relays, tripping circuit breakers and diagnosis of faulted
sections in power transmission network for all scenarios.

operation of bus station bus differential relays P37 and
Pss. Following the operated relay many circuit breakers
are tripped these circuit breakers are the first circuit
breaker for block 1 (P17 and Plg), block 2 (P21 and Pzz),
block 3 (P13 and P14), block 4 (Pg and Pio), block 5 (Ps
and Ps) and transmission line 10 (P1 and Py). The pilot
protection of power transformer is operated and tripped
the following circuit breakers; the first and second circuit
breakers of block 1 and block 2. Applying petri net on
fault diagnosis based on the final status of circuit
breakers and the protective relays are easily used to
determine the faulty sections in that scenario as well as a
simple fault.

Table 2: Operating of the protection relays, tripping circuit breakers and diagnosis of faulted sections for three scenarios in

power transmission network

Scenario Operated Relay

Tripped CBs Petri Net Diagnosis

| PLi), PLi@), PLiw), PLie)

CBe, CBsg, CB12, CB13, CBug4,

The faulted section is

CBis, CB27, CB32 transmission line 2

Pe1), PB12), P1(3), PB19),
1 Psi(s), Pe1(s), Peiis), Pe1(17),
PB1as)

Blm, CBy7, L4gs, CB12, L2gs,
CBi1, L1gs, CB2g, L3gs

The faulted section is
transmission line 6

P2s, P2s, P2s, P2g, P31, P2z, Paas,

11
Pas, P37, Ps, Pao, Paz

P1, P2, Ps, Pe, Py, P10, P13, P14, P17,

The faulted section is
transmission line 10

P1s, P21, P22

For scenario 1: Petri net fault diagnosis method directly
determines the faulted section with transmission line 2
based on its own operated relay P, Pri), PLi@ and
Prigy which leads to trip the corresponding circuit
breakers of that faulted transmission line 2 as; generation
units’ circuit breakers and the double-circuit breakers of
the block transformer protection unit. (The first and
second circuit breaker) The proposed method determines
the faulted transformer although there are a lot of alarms
and tripping signals received in the power station control
room.

For scenario 2: A lot of alarms and tripping signals are
received in the power generation station control room.
These signals include the tripping signals such as
operated protective relay Pgi(), Pe12), Pe1), Pe1(4), PB16):
Pgi(5), Peice), Pe1(17) and Pg1(18), alarm signals such as
tripping the related circuit breakers as; Blm, CBy7, L4gs,
CBi2, L2gs, CB11, L1grs, CB2gand L3gs, and finally, a large
number of events appear resulting of that fault. The
operator needs to process these signals, although that
information is so large that human ability to comprehend
can easily be overwhelmed. Petri net solves this situation
shortly and computes the faulted section with
transmission line 6.

For scenario 3: This scenario is considered as a
simulation of a multiple fault may be occurred in the
power transmission line 10 and makes confusion to the
operators due to a lot of information (events, tripping
signals, alarm signals) need to be processed. This fault
may cause the power transmission line 10to outage which
in turn leading to whole the power system to the
breakdown. The fault occurred in bus station 9 by

5. CONCLUSIONS

The presented method allows dealing with power
transmission network with high penetration of REGS that
introduces problems such as losing coordination of
protection devices with consequence false tripping. The
presence of REGs in the power transmission network,
especially under the extreme penetration of these
resources, will most likely lead to protective disharmony
or there will not be any possibility to perfectly maintain
protective coordination. This important factor can inhibit
the application of REG generations due to their economic
and environmental advantages. In this paper, protection
and relay coordination strategy was proposed through the
Petri net models for determining the faulted section of the
power transmission network in presence of REG. In this
method, the Petri net models were adopted for fast
processing of information received from power
transmission automation. The effectiveness of the
method has been demonstrated by means of critical
scenarios study related to protection systems and REGs.

In these scenarios study, in presence of a three phase
fault, the loss of coordination in protection system is
detected and the correct location of fault is obtained. In
solving the problem of uncertainty facing to the
information  received from power transmission
automation due to presence of REGs, it is recommended
that active and reactive power measurements be
employed at REGs and power transmission substations in
order to determine the voltage of these generator
resources and change their angles for detecting the type
of fault and also whether there is any error occurred
between the two generator resources. By results it’s clear
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that the proposed method can remove a lot of complexity
in data analysis and allow managing little information
while avoiding cascading failure in power protection
system. In this procedure, the maximum voltage angle
change between two generator resources will determine
whether there is any fault, thus providing an opportunity
to modify the input information to the Petri net model.
Accordingly, the status of protection elements in
contravention with the above detection can be eliminated
from the model inputs or the incomplete received
information can be completed.
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0z

Talas kaldirma siirecinde, izlenmeyen takim asinmasi par¢a bozuklugunu ve hurda sayisini artirmakla beraber, ayni zamanda
takimm kirilmasina ve pahali CNC takim tezgahlarinda yiiksek hasarlara sebep olmaktadir. Asinma oranma dayali, takima
verilmesi gereken takim aginma telafi degerlerinin dogru tespiti, takimda olusan asinmanin is pargasinin boyutlarinda ve ylizey
kalitesinde kabul edilemez bir sinira gelecegi anin bilinmesi ve kirilma olmadan 6nce yeni bir takimla degistirilmesi igin talag
kaldirma siirecini izleyen bir otomasyon takip sistemi gereklilik olmugtur. Bu ¢aligmada, talagh imalatta bir otomasyon sistemi
kurmak ve yan yiizey takim agmmma miktarini anlik tahmin etmek igin kuvvet ve titresim algilayicilart kullanilarak bir bulanik
mantik sistemi tasarlanmustir. Sistemin kurulmasi igin, talas kaldirma parametreleri, kesme kuvveti ve titresim degiskenleri girdi
olarak ve takim agmma miktar1 ¢ikt1 olarak bulanik mantik sistemine verilmis. Taguchi metodu kullanilarak deney tasarimi
yapilmustir. Olgiilen ve tahmin edilen sonuglar, takim asmmasimin tespiti i¢in, bulanik mantik metodunun giivenilir oldugunu
gostermistir.

Anahtar Sozciikler: Takim Asinmasinin izlenmesi, Kesme Kuvveti, Takim Titresimi, Bulamk Mantik.

Monitoring and Estimating of Vibration and Cutting
Force Based Tool Wear via Fuzzy Logic

ABSTRACT

During the chip removal process, the unmonitored tool wear not only increase the number of scraped parts but also causes the
untimely tool breakage and the high costly damage on the expensive CNC machine tools. For applying the correct tool offset on
the cutting tool based on the wear ratios, for determining the critical tool wear rates influencing on the work piece dimensions and
surface quality and for replacing a new tool with a worn one before tool breakage during the machining operations, an automation
system is required for monitoring the operation accurately. For establishing the automation system for online monitoring and
estimating the tool wear in this research, a fuzzy logic system is designed by using of cutting force and vibration sensors. Cutting
parameters, cutting forces and vibration variables are applied as input and the wear rate as output data to the fuzzy logic for
constructing the system. Taguchi method is applied to design an experimental table for carrying out the tests. The measured and
estimated results confirm the reliability of the fuzzy logic method for tool wear estimation.

Keywords: Tool Wear Monitoring, Cutting Force, Tool Vibration, Fuzzy Logic.

1. GIRiS (INTRODUCTION)

Takim asinmasini izlemek i¢in genelde dolaysiz ve
dolayli olmak iizere iki yontem kullanilir [1]. Dolaysiz
yontemde takim asinmasi, takim {izerinden 6lgiilmekte
ve talag kaldirma islemini durdurmak gerekmektedir.
Dolayli yontemde, takim asinmasinin elde edilmesi igin
onunla iligkili olan ve siirekli degigsen bagka bir degisken
(kuvvet, titresim vb.) Olciiliir ve bir katsayr ile

zekda kullanilarak siire¢ modelleme islemi, ¢esitli
arastirmacilar tarafindan gegeklesmis ve yapilan ¢ok
sayida arastirmaya ragmen, takim aginmasinin izlenmesi
i¢in heniiz sanayide pratik bir yontem bulunamamistir [5,
6]. Talashi imalatta takimin anlik izlenmesi, talas
kaldirma iglemlerinin optimize edilmesi, kontroli ve
tahmin edilmesi i¢in ¢aligmalar hala siirdiirilmektedir.

Talash imalatta, kesicide olusan kuvvet, kesme islemini

carpildiginda asinma miktar1 elde edilir [2, 3]. Bu
yontemde motor akimi, kuvvet ve moment, titregim,
akustik ve ylizey piiriizliiliigi algilayict yardimiyla farkli
zamanlarda takimda olusan aginma miktarlarini 6l¢iip ve
cesitli analiz ve tahmin yontemleri kullanilarak istenilen
zaman araligindaki aginma miktar1 belirlenmistir [3, 4].
Bu yontemler, istatistiksel yontemlerden baslayarak
bulanik mantik, yapay sinir aglari, genetik algoritma gibi
modern ve giincel prosediirlere dayanmaktadir. Yapay

*Sorumlu Yazar (Corresponding Author)
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en iyi yansitan degiskenlerden biri olarak kabul edilmistir
[7, 8]. Bu yiizden, kesme kuvvetini izleme prosediirleri
takimin durumunu [9-12] ve parca dogrululugunu,
siklikla teshis ve tahmin etmek i¢in yaygin olarak
kullanilmaktadir ~ [13-16]. Kesme  operasyonu,
malzemeden talag kaldirmak i¢in gereken miktarda
kuvvet ihtiyacin1 dogurmaktadir. Analitik modellerin
dogrulamasinda, kesicide olusan kuvvetlerin talas
kaldirma siiresince izlenmesi ve takim kirilmasinin
onceden  belirlenmesi i¢in  ¢esitli  yontemlerin
aragtirmacilarla 6nerildigi goriilmektedir [17].

111



Aydin SALIMIASL, Mohammad RAFIGHI / POLITEKNIK DERGISI, Politeknik Dergisi, 2017; 20 (1) : 111-120

Kesici takimda olusan titresim degiskenlerinin 6l¢iilmesi
bagka bir yontem olarak, aginmanin izlenmesi ve tahmin
etmesi i¢in arastirmacilar tarafindan gelistirilmistir [18-
20]. Talas kaldirma siiresince ortaya ¢ikan titresimler iki
gruba ayrilmaktadir. (i) kesme siirecine bagimli olan
titresimler ve (ii) kesme siirecinden bagimsiz olan
titresimler. Talas kaldirma isleminden kaynaklanan
takim asinmasi, takimin titresimine sebep oldugunda bu
titresim tiirline kesme siirecine bagimli olan titresimler
denir. Dolayisiyla takim aginmasinin izlenmesi, kesme
stirecine bagli olan titresimlerin kaydedilmesini ve
izlenmesini  beraberinde gerektirmektedir. Takimin
asinmasi, kesme siiresince artar ve bu artiglar titresimin
genliginin artmasina yol agar [18].

Bu calismada, tornalama iglemlerinde takim aginmasinin
tahmini prosediiriinde degiskenler olmak {izere kesme
kuvveti degisimi ve takim titresiminin genligi
kaydedilmistir. Tahmin sistemi kurmak icin bulanik
mantik yonteminden faydalanilmistir. Yan yiizey
asinmasi, takim omri kriteri olarak kullanilmis ve ISO
3685 standardina gore sirasiyla 0 ve 0,3 mm araliklarina
boliinmiistiir. Talas kaldirma parametreleri, kesme
kuvveti ve titresim degiskenleri girdi olarak bulanik
mantik sistemine verilmis ve takim aginmasi ¢ikti olarak
sistemden elde edilmistir. Calismada, tahmin sistemi
gelistirmek i¢cin MATLAB yaziliminin bulanik mantik
ara¢ kutusu kullanilmigtir. Bulanik mantik sisteminin
tasarlanmasi i¢in, kesme hizt (V), kesme derinligi (d),
ilerleme (f), bileske kesici kuvveti (F) ve titresim genligi
(T) girdi olarak ve takim aginmasi ¢ikt1 olarak dikkate
almmustir. Verileri degerlendiren bir simiilasyon blok
diyagrami yapilmistir. Sisteme, algilayicilardan alinan

kesme kuvveti ve titresim degerleri girdi olarak
verildiginde, asinma miktar, anlik degisme uyarisi
olarak degisme gostermektedir. Olgiilen ve tahmin edilen
degerler, bulanik mantik metodunun takim asinmasinin
tahmini i¢in  kullanilmasimin  giivenilir  oldugunu
gostermistir.

2. MATERYAL VE METOT (MATERIAL AND
METHOD)

Bu arastirmada, kesici kuvvet ve titresim genligi
kullanilarak takim asinma miktarinin izlenilmesi ve
tahmini yapilmistir. Deneylerin yapilmasi icin FANUK
kontrol {initesine ve 30-3500 rpm araliklar1 devir sayisina
sahip olan Johnford TC-35CNC takim tezgihi
secilmigtir. Bu tezgdh ayn1 zamanda 250 mm baglama
aynas1 boyutuna sahiptir. Talas kaldirmak i¢in Sandvik-
Coromant kaplamasiz u¢ (TNMG 1604-QM H13) ve
TIZIT Simple (CTANR 2525M16) markali bir takim
tutucu kullamilmustir (Sekil 1). Deneylerde tercih edilen
kesici takimin geometrik 6zellikleri Cizelge 1°de ve Sekil
1’de gosterilmistir

Deneyleri yapmak i¢in @ 100 X 1000 mm boyutunda
olan bir SAE 1050 malzemeden silindirik ham is pargasi
hazirlanmistir. {s parcasmin kimyasal bilisimi Cizelge
2’de verilmistir. Talas kaldirma operasyonu igin
kullanilan parametreler, ISO 3685 standardina gore
hazirlanmistir (Cizelge 3). Kesici takimin yanak asinmasi
miktarinin  6lgiilmesi  i¢in  bir Dino Capture 2
(AD7013MTL) djjital mikroskobu kullanilmistir. Bu
cihazin ayirma ozelligi 2592x1944 piksel ve biiyiitme
boyu 10x-90x araliklarindadir (Sekil 2).

Cizelge 1. Kesici takimin geometrik 6zellikleri (The geometric properties of cutting tools)

Kesici ug SANDVIK TNMG 16 04 04-QM H13A

Geometrik Kesici ug Teget Kose Kesici Kesme

degerleri Kalinlig1 (S) Daire ¢ap1 (IC) | Yarigap: (RE) | Ug agirhigi (WT) Kenari uzunlugu (L)
4,762 mm 9,525 mm 0,4 mm 0,007 kg 16,497 mm

90°
(%)

Sekil 1. Kesici u¢ geometrisi ve takim tutucusu (Cutting insert geometry and tool holder)
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Cizelge 2. Is pargasinin kimyasal bilisimi (Chemical information of the workpiece)

Is pargasi SAE1050 (AISI 1050)
Kimyasal C Si Mn Cr p S Mo N
Bilesimi (%) ( 49 0,19 0,65 0,03 0,01 0,005 0,01 0,08

Cizelge 3. Kesme parametreleri (Cutting parameters)

Kesme hiz1 (m/dak) Ilerleme (mm/dev) | Kesme derinligi (mm) Yanak aginmasi araliklar1 (mm)
100 0,18 1
125 0,23 15 0.0-0,2 mm, 0,1-0,2 mm ve 0,2-0,3
150 0,28 2

Sekil 3. Takim yanak aginmasinin 6l¢mesi i¢in kullanilan mikroskop (Microscope which is used to measure tool flank wear)

Ug yonde, F. (Esas kesme kuvveti), F; (lerleme kuvveti)
ve F; (radyal kuvveti) kuvvet miktarlarinin 6l¢iilmesi
i¢in, Kistler 9272 4-bilesenli dinamometre ve Kistler
5070Ax01xx yikselte¢ secilmis ve veriler bilgisayara
kaydedilmistir. Ayni1 zamanda kesici takim {izerinde
titresim genligini dlgmek i¢in TV300 markali titresim
Olcer algilayicisi kullanilmistir. Titresim algilayicisi,
titresimin miktarini degerlendirme amaciyla, ivime, hiz ve
yer degistirme olmak Ttzere, li¢ farkli degiskeni
Olgebilmektedir. Kullanilan algilayici, bu degiskenlerin

is parcasi

Bilgisayarw

Bilgisayar

karekdk  ortalamalarmi  vermektedir.  Arastirma
kapsaminda ivme degiskeninin karekok ortalamasi 10 Hz
- 10 KHz frekans araliklarinda ol¢iilmiistiir. Titresim
algilayicisindan  alinan  veriler veri  goriintiileme
yaziliminda analiz edilmis ve zamana bagl grafikler
¢ikarilmistir. Takim asinma miktarlarinin tahmini, ISO
3685 standardi goz Oniine alarak 0-0,3 mm araliginda
gerceklestirilmistir. Sekil 3°te deneylerin yapilmasi igin
kurulan deney diizenegini gosterilmektedir.

Kistler 9272 dinamometre

Kesici takim|
|

Titresim
algilayicisi

Baglanti adaptori

Kistler 5070Ax01xx .

Sekil 2. Deney diizenegi (Test setup)
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2.1. Deney Prosediirii (Test Procedure)

Yanak aginmasinin tahmin sistemini kurmak igin, yeni,
orta asmnmig, ¢ok asinmis ve asmmis takim araliklari
strastyla: 0-0,1-0,2-0,3 mm olarak derecelendirilmistir.
Bu caligmada ISO 3685 standardina gore Vy, degeri
takimin 6mriiniin ve takimin degistirilmesinin Kriteri
olarak dikkate alinmistir. Calisma esnasinda dlgiilen bir
kesici u¢ yanak aginmasi Sekil 4a’da verilmistir. Daha iyi
bir deney diizeneginin kurulmasi i¢in tiim deneyler ii¢
kez tekrar edilmistir.

Deneylerin yapilmasti igin farkli kesme parametreleri ve
Taguchi deney tasarim: metodunda, JMP programi
kullanilarak bir L9 deney diizenegi hazirlanmistir.
Taguchi metodu sonrasinda elde edilen 9 deney tasarimi
Cizelge 4’te gosterilmistir.  Asinma  araliklarin
kullanarak, talas kaldirma boyunca kesme kuvvetini ve
titresim miktarint dlgmek igin 36 (4x9) deney sayisi
yaptlmigtir. Talas kaldirma boyunca 3 farkli kuvvet
meydana gelmekte (Sekil 4b.) ve giivenilir bir izleme
sistemi kurmak icin meydana gelen 3 kuvvetin
bileskesinin kullanilmas: gerekmektedir. Cizelge 5°te
gosterildigi gibi 3 faktor kullanilarak JMP programinda
elde edilen genel L9 ortogonal deney diizenegi

verilmistir.
Cizelge 4. L9 deney diizenegi (L9 test setup)
Kesme hizi | Ilerleme Kesme
(m/dak) (mm/dev) | derinligi (mm)

100 0,18 1
125 0,28 1
150 0,23 1
100 0,23 15
125 0,18 15
150 0,28 15
100 0,28 2
125 0,23 2
150 0,18 2

Cizelge 5. 3 faktor kullanilarak JMP programinda elde edilen
genel L9 ortogonal deney diizenegi (The general L9
orthogonal test setup obtained in the JMP software
by using of 3 factors)

Siitun (Faktorler)
Dene .
numara)lls1 Kesme hiz1 Ilerleme dI:fliH:gl
(m/dak) (mm/dev) (mm)
1 1 1 1
2 1 2 2
3 1 3 3
4 2 1 2
5 2 2 3
6 2 3 1
7 3 1 3
8 3 2 1
9 3 3 2

Sekil 4. a:Olgiilen bir yanak asinmasi 6rnegi, b: Takinun ucunda
olusan kuvvetler (a: An example of a measured flank
wear, b: The forces generated at the tip of tool)

Bileske kuvvetinin hesaplanan miktar1 asagidaki esitlikte
verilmigtir:

FJF*+F*+E?* D
Titresim miktarinin tespiti i¢in aginma araliklarinda ve
belirtilen frekans araliklarinda ivme dalgalarinin genligi
Ol¢iilmiistiir.

2.2. Bulamk Mantik (Fuzzy Logic)

Bulanik mantik kavramu ilk kez, 1965 yilinda California
Berkeley Universitesinden Zadeh’in bu konu iizerinde ilk
makalelerinin yaymlamasiyla duyulmustur [21]. O
tarihten sonra Onemi gittikge artarak giliniimiize kadar
gelen bulanik mantik, belirsizliklerin anlatimi  ve
belirsizliklerle c¢alisilabilmesi i¢in kurulmus kati bir
matematik diizen olarak tanimlanabilir. Bulanik mantik
kavrami, insanlarin kesin olmayan ifadelerle diisiinme
yetenegiyle Ortiisen mantik sistemidir. Bagka bir deyisle,
bulanik mantik soguk-sicak, hizli-yavas, yiiksek-alcak
gibi ikili degiskenlerden olusan keskin yorumu, az
soguk-az sicak, az hizli-az yavas, az yiiksek-az algak gibi
esnek niteleyicilerle gercek diinyaya doniistiirme araci
olarak dikkate alinir [21, 22].

2.2.1. Bulanik ¢ikarim sistemi (Fuzzy inference system)

Bulanik ¢ikarim, bulanik mantik kullanarak girdilerden
c¢ikt1 elde etme islemidir. Bulanik ¢ikarim bulanik tiyelik
fonksiyonlarmin,  iiyelik  degerlerinin, IF-THEN
kurallarinin, bulanik mantik operatérlerinin kullanildig:
bir yapilama siirecidir. Genelde, Mamdani ve Sugeno
olarak  adlandirilan, iki tiir ¢karim metodu
kullanilmaktadir ve sonug¢ belirleme isleminde kismen
birbirlerinden farkli olur. Bu ¢aligma kapsaminda da
dikkate alinan Mamdani ¢ikarim metodu literatiirde de
tercih edilen metot olmustur [23]. Bulanik ¢ikarim
sistemi, genel itibariyla Sekil 5’te gosterildigi gibi dort
kategoriden olusmaktadir. Bunlar; bulaniklastirma,
¢ikarim motoru, kural tabani ve durulastirma olarak ifade
edilmektedir
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Girdi

Bulaniklastirici  |—=t

Cikarim motoru

Cikt
Durulastirici

Kural tabani

Sekil 5. Bulanik ¢ikarim sisteminin genel modeli (General model of fuzzy inference system)

2.2.2. Bulamk mantik modellemesi (Fuzzy logic
modeling)

Bir bulanik mantik modeli olusturmak i¢in, yukarida alt
bagliklarda verilen biitiin adimlarin sirasiyla atilmasi
gerekmektedir. Caligmada girdi ve ¢ikt1 verilerinin
durulastirilmasi igin, MATLAB paketinde bulunan biitiin
tiyelik fonksiyonlar1 denenmistir ve ¢aligsmanin amacina
en uygunu se¢ilmistir. Digerlerine nazaran Gauss liyelik
fonksiyonu en giivenilir sonucu vermistir. Gauss esasl
tiyelik fonksiyonu, Sekil 6’da goriildigi gibi x ekseni
lizerinde bir merkezi m miktariyla ve k > 0 bir standart
sapma miktariyla, asagidaki gibi ifade edilmektedir.

1 T T T T T T

0.9 E

08 b

07t -

061 i
u(x)

o
o
1

03F 4

0.1} -

Sekil 6. Gauss tyelik fonksiyonu (Gaussian membership

function)

—(x-m)?

px) =e 2 (2)

Girdi ve ¢iktt degiskenleri i¢in seg¢ilen bulanik kiimeleri
gbz Oniine alinacak sekilde, birka¢ 6rnek kural agagida
verilmigtir

If ilerleme is f; and kesme derinligi is d; and kesme
hiz1 is V1 and bileske kesme kuvveti is F1 and titresim
genligi is a; then takim aginmast is Vi1
If ilerleme is f, and kesme derinligi is d, and kesme
hiz1 is V7 and kesme kuvveti is F, and titresim genligi
is a, then takim aginmasi is Vi
If ilerleme is f; and kesme derinligi is ds and kesme
hiz1 is V3 and kesme kuvveti is F3 and titresim genligi
is as then takim asinmasi is Vi3
Tiim kurallar yazildiktan sonra,
sisteminde sonuglar elde edilmistir.
2.2.3. Bulamik mantik tahmin sistemi (Fuzzy logic
estimation system)
Bu calismada, MATLAB yazilimmin bulanik mantik
ara¢ kutusu tahmin edici sistemin tasarimi igin
kullanilmistir. Bulanik mantik sistemini kurmak igin,
kesme hiz1 (V), kesme derinligi (d), ilerleme (f), bileske
kesici kuvvet (F) ve titresim genligi (a) girdi olarak ve
takim asimnmasi ¢ikt1 olarak bulanik mantik sisteminin
tasarlanmasinda  dikkate  alinmugtir.  MAMDANI
metodunun  bulamik  sistem anlatimi  Sekil 7°de
verilmistir. Kesme parametrelerinin sayisi ti¢ ve her birisi
ticer seviye olacak sekilde secilmistir.

bulanik mantik

Kesme hizi, V, m/dak

1

llerleme, f, mm/dev
Bulanik mantik
sistemi

:

Kesme derinligi, d, mm

Kesme kuvveti, F, N
Takim yanak aginmasi, Vs, mm

@\E

Titregim genligi, a, m/s2

Sekil 7. Takim asinmasinin tahmini igin tasarlanan bulanik
mantik modeli (Fuzzy logic model designed for
estimation of tool wear)

Tasarlanan  sistemde, kesme  parametrelerinin
bulaniklastirilmast igin, li¢ bulanik kiimesi kullanilmastir.
Kesme kuvveti ve titresim genligi icin, deneylerin
sayisina uygun olacak 36 bulanik kiimesi secilmistir.
Diger taraftan, segilen 0 - 0,1 - 0,2 ve 0,3 mm asinma
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araliklar1 i¢in dort bulamik kiimesi kullaniimustir.
Deneylere gore, ¢ikarim motorunu olusturmak igin
kurallar yazilmistir. Bulanik mantik ¢ikarim sistemi Sekil
8’de goriilmektedir. Girdi miktarlari sisteme girildiginde,
takim asinmasi tahmin edilmektedir. Bulanik sisteminin

kosullarda calisacagini  belirlemektedir. Bir bagka
ifadeyle, sabit kesme parametreleri secildiginde, talas
kaldirma siiresince takim asmmasi, kaynakli kesme
kuvveti ve titresim degerleri artmaktadir.

Takim asinma siirecinin izlenilmesi i¢in, MATLAB

girdi boliimiinde kesme parametrelerinin, kesme programinda bir simiilasyon blok diyagraminda
Kesme hizi=150m/dak  lerleme=0,28mm/dev Kesme derinligi=1,5mm Kesme kuweti:1243N| Titregim=2\,2mfs|2 f\gl:r\na =0,105mni
W \ N . |
e ==
[ oy e < -
Lol 1 o] B [ E— —a
N VA 1] L\ L | | IHE RN |
o[ ] 7 O & | | I ANE.
7| JA | 77— | L | | AN
3 s ey [ [ A Ay S8 |
N I/ -t | L | | : RN |
wC_ 210 791 | | L | | AN
A — [ | 0 7~
12 ] =2 | | | 01
13\ | | ] | | RN |
w1 ] A | | | ] OS]
15\ | | | | || AN
16\ AR | L] || ]| /1
L1 AN I I N - | | IRRRN |
AL ] ] | L | | AN
- A I N e i U /N | | AN
20 | EenuE [ | | FI I /1
A1 1] 7] | || | | | |
2 1T 177 | || | | L] [
23 1] | 77— A ] L0 || NpEVA—
eZ3 I/ T N [ N/ 0 [__/1
s\ [ || 77— o L TN RRN |
6\ | i || ] AN |
4 RN T (U | | r | ]
s 1 1 7 [ | ] | 71
»C N o) C— B NE AN |
) A I Y /A R A VA | LA l ] LA |

Sekil 8. Asinma tahmini igin bulanik mantik ¢ikarim sistemi (Fuzzy logic inference system for wear estimation)

kuvvetinin ve titresim genliginin degistirildiginde asinma
miktarinin  dogru degeri otomatik olarak degisir.
Girdilerin arasinda, aginmay1 tahmin etmek igin kesme
kuvveti ve titresim genligi degiskenleri en etkin role
sahiptirler. Kesme parametreleri ise, sistemin hangi

yapilmigtir. Bu blok diyagrama kesme parametreleri,
algilayicilardan alman kesme kuvveti ve titresim
degerleri girdi olarak verilir ve asinma miktar1 anlik
olarak tahmin edilir. Tim deneyler i¢in tahmin edilen
takim yanak aginmasi ¢izelge 6’da verilmistir.
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Cizelge 6. Olgiilen ve tahmin edilen takim yanak asinmasi degerleri (Measured and estimated values of tool flank wear)

Deney Kesme Ilerleme Ke.sm?. Kesme_ Olgiilen takim Tahmin edilen
Sayist hiz1 (mmidev) derinligi kuvveti asmmasi(mm) takim asinmast
(m/dak) (mm) (N) (mm)

1 100 0,18 1 603,844 0 0,0069
2 100 0,18 1 716,766 01 0,0985
3 100 0,18 1 800,850 0,2 0,196
4 100 0,18 1 939,852 03 0,302
5 125 0,28 1 851,315 0 0,0027
6 125 0,28 1 889,973 01 0,103
7 125 0,28 1 909,612 0,2 0,2

8 125 0,28 1 992,299 03 0,298
9 150 0,23 1 828,004 0 0,0069
10 150 0,23 1 832,124 01 0,103
11 150 0,23 1 859,598 0,2 0,197
12 150 0,23 1 896,702 0,3 0,298
13 100 0,23 15 1149,429 0 0,0069
14 100 0,23 15 1230,629 01 0,103
15 100 0,23 1,5 1332,336 0,2 0,198
16 100 0,23 15 1346,939 03 0,299
17 125 0,18 15 902,575 0 0,0069
18 125 0,18 15 1019,993 01 0,104
19 125 0,18 1,5 1063,401 0,2 0,198
20 125 0,18 15 1108,774 03 0,298
21 150 0,28 15 1231,604 0 0,0025
22 150 0,28 1,5 1243,881 01 0,105
23 150 0,28 15 1257,394 0,2 0,202
24 150 0,28 1,5 1493,175 0,3 0,298
25 100 0,28 2 1598,163 0 0,0069
26 100 0,28 2 1771,536 01 0,103
27 100 0,28 2 1808,244 0,2 0,197
28 100 0,28 2 1941,211 03 0,298
29 125 0,23 2 1394,473 0 0,007
30 125 0,23 2 1471,303 01 0,103
31 125 0,23 2 1643,882 0,2 0,197
32 125 0,23 2 1853,714 03 0,298
33 150 0,18 2 1176,293 0 0,0025
34 150 0,18 2 1265,147 01 0,103
35 150 0,18 2 1374,902 0,2 0,202
36 150 0,18 2 1462,103 0,3 0,298
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3. SONUCLAR VE TARTISMA (RESULTS AND
DISCUSSION)
Takim asinmasinin anlik olarak tahmini i¢in, bir bulanik
mantik sistemi tasarlanmistir. Bu ¢alismanin amaci,
titresim ve kesme kuvveti degiskenlerini kullanarak anlik
olarak takim aginmasinin izlenmesini ve tahminini
saglayan bir bulanik sistemin uygulamasidir. Takim
asmmasinin, kesme kuvvetinin ve titresim genliginin
iligkileri 3 boyutlu olarak Sekil 9°da verilmistir. Ayrica
farkli kesme parametrelerine ait olan takim aginmasinin
yilizey modeli, titresim genligi ve kesme kuvvetine bagh
3 boyutlu olarak, Sekil 10 ve Sekil 11°de goriilmektedir.
e

Takim yanak aginmasl, Vi, mm

Sekil 9.

Takim aginmasi, kesme kuvveti ve titresim arasinda
olusan iliski; kesme hizi: 150 m/dak, ilerleme: 0,28
mm/dev ve kesme derinligi: 1,5 mm. (The relation
between tool wear, shear force and vibration;
cutting speed: 150 m/min, feed rate: 0.28 mm/rev
and cutting depth: 1.5 mm.)

Takim yanak aginmasi,

15
Titresim genligi, a, mm/s?1 ~

Sekil 10. Takim asimnmasi, kesme kuvveti ve titresimin

arasinda olusan iligski: kesme hizi: 100 m/dak,
ilerleme: 0,18 mm/dev ve kesme derinligi: 1 mm.
(The relation between tool wear, shear force and
vibration; cutting speed: 100 m/min, feed rate: 0.18
mm/rev and cutting depth: 1 mm.)

Sekillerde goriildiigii gibi, talag kaldirma siirecinde takim
asinma ve kesme kuvveti arasinda hizli bir gelisme
goziikmektedir. Ayni zamanda takim asinmasi arttiginda,
titresim genligi degerleri artmaktadir. Ayrica, yeni ve
asinmis u¢ arasinda, kesme kuvveti yaklagik %70
farklilik gostermistir. Bu nedenle takim asinmasinin
tahmini igin kesme kuvveti en etkin degiskendir. Sekil

Sekil 11. Takim aginmasi, kesme kuvveti ve titresimin arasinda
olusan iliski; kesme hizi: 125 m/dak, ilerleme: 0,23
mm/dev ve kesme derinligi: 2 mm. (The relation
between tool wear, shear force and vibration;
cutting speed: 125 m/min, feed rate: 0.23 mm/rev
and cutting depth: 2 mm.)

9’da  goriildigli  gibi, talas kaldirma islemine
baglanmadan o6nce takim asinmasi sifir olarak
belirlenmistir. Talag kaldirma islemi siirecinde kesme
kuvveti artmakta ve ayni zamanda takim asinmaya
devam etmektedir. Asinma miktart 0,3 mm oldugunda,
takim asmmis ve Omrl tilkenmis kabul edilmistir.
Dolayistyla yanak asinma miktar1 0,3 mm oldugunda
takimin degisilmesi gerekir ve kesme islemi durdurulur,
ancak kesme islemi durdurulmazsa bulanik sistemi yanak
asimma degerini sabit 0,3 mm olarak gostermeye devam
edecektir. Aynmi durum Sekil 10 ve Sekil 11°de
goriinmektedir. Bu sistemde, kesme parametrelerinin en
onemli rolleri, sadece yeni bir takim i¢in kesme kuvveti
ve titresim genligi miktarlarinin degismesidir. Ancak,
talas kaldirma siiresinde takim asinmaya basladiginda bu
sabit kesme parametrelerinin etkisi diigmektedir. Bundan
dolayr takim asmmmasmin tahmini ve izlenmesi,
dinamometre ve titresim Olgerinin  kullanilmasiyla
gerceklesir. Ancak, kesme kuvvetinin etkisi titresime
gore daha giivenilir bulunmustur. Talas kaldirma
stiresinde, baska ses ve giiriiltillerden bagimsiz olarak
titresim Olgmenin zorlugu, sinyallerin giivenilir bir
sekilde  Olgiilmesi  gerekliligini  zayiflatmaktadir.
Asmmanin izleme boyunca giivenilir verilere dayali
olmasi gerekli bulunmaktadir. Sekil 12’de, tasarlanan
simillasyon sistemi kullanilarak belli bir kesme
parametreleri igin Olglilen ve tahmin edilen asinma
miktarlarinin = simiilasyonu yapilmigtir.  Sekil 13’te,
simiilasyondan alinan takim asinma miktarlarinin ve
Olciilen  miktarlarin  zaman  boyunca  degisimi
goriilmektedir. Sekillerde goriildiigii gibi, bulanik
mantiktan alinan sonuglar, yiiksek dogrulukla oSlgiilen
sonuglarla oOrtiismektedir. Ayrica, biitiin veriler igin,
bulanik mantiktan alinan sonuglar, 6lgiilen sonuglar ile
karsilagtirilmistir.  Sekil 14°te  goriildiigii gibi bu
karsilastirma sonucunun gdstergesi olan R? degeri 0,997
olarak elde edilmistir.
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Titregim genligi

Sekil 12. Takim aginmast tahmin sisteminin simiilasyonu
(Simulation of tool wear estimation system)
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Sekil 13. Talas kaldirma siirecince takim asinmasmin

karsilastirilmasi; kesme hizi: 100 m/dak, ilerleme:

0,18 mm/dev ve kesme derinligi: 1 mm.

(Comparison of tool wear during chip removal;

cutting speed: 100 m/min, feed rate: 0.18 mm/rev
and cutting depth: 1 mm)
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Sekil 14. Bulanik mantikla tahmin edilen ve 6lgiilen takim
aginmalarinin ~ karsilastirilmast  (Comparison  of
estimated and measured tool abrasions with fuzzy
logic)

Onerilen ydntemin en 6nemli olumlu yonii, belli bir
deney sayisi igin tahmin sistemi kurmanin bulanik
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mantik yontemiyle kolay ve pratik olmasidir. Bu yontem
CNC makinelerinde iiretim yapan tim isletmelerde
kesen-kesilen ¢iftine dayal veri tabani olusturmak igin
son derece hizli ve kolay uygulandigi bulunmustur. Diger
taraftan statiksel yontemlerle veya yapay sinir aglariyla
takim asimasinin izlenme ve tahmin prosediirii, bulanik
mantik yontemi ile mukayese edildiginde de son derece
az parametre sayist ile giivenilir sonuglarin elde
edilecegini ortaya koymustur (R?=0.997). Titresim 6lger
veya dinamometre gibi algilayicilar kullanilarak, stirekli
talasli imalat yapan birimlerin tarafindan bu ydntemin
gerceklestirilmesi miimkiin ~ goériilmektedir.  Ayrica,
bulanik mantik {izerine yapilan tahmin sistemi, talagh
imalat iglemlerinde adaptif kontroliin kullanilmasina da
zemin hazirlar. Bulanitk mantik metodunun adaptif
kontrol iizerine uygulanmasi, bir sonraki arastirmanin
onceligi olarak dikkate alinacaktir.
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0z

Bu ¢alismada, soguma hizi (0,27 — 7,38 — 14,23 — 21,56 °C/s), kalip donme hiz1 (160 — 225 — 275 rpm) ve dokiim atmosferi (agtk
atmosfer — vakum atmosferi) parametrelerinin santrifiij dokiim yontemiyle tretilen Al-Cu fonksiyonel derecelendirilmis
malzemelerin (FDM) sertligi tizerine etkisi arastirilmistir. Yapilan deneysel arastirmalar sonucunda, soguma hizinin artmasi ile
sertlik degerinin arttig1 ve diger parametrelerin etkisinin soguma hizina bagli olarak farklilik gosterdigi tespit edilmistir. Yiiksek
(7,38—14,23 - 21,56 °C/s) soguma hizlarinda iiretilen dokiim pargalarin biitiin bolgelerinde, kalip donme hiz1 arttikga sertlik artmig
ve acik atmosferde iiretilen numunelerin sertligi vakum atmosferinde iiretilenlerden daha yiiksek cikmustir. Diisiik (0,27 °C/s)
soguma hizinda ise, kalip donme hiz1 arttikca sertlik, numunenin donme merkezine uzak bdlgesinde artmig, orta bolgede
degismemis ve donme merkezine yakin bolgesinde de azalmistir. Bununla birlikte, agik atmosferde iiretilen numunelerin sertligi
merkeze uzak bolgede vakum ortaminda tiretilenlerden daha diisiik, orta bolgede ayni ve merkeze yakin bolgede de daha yiiksektir.
Bu sonuglar santrifiij dokiim yontemiyle FDM iiretiminde, iiretim parametrelerinin birbirleri ve malzemenin sertligi {izerine etkisi
oldugunu gostermektedir.

Anahtar Kelimeler: FDM, Santrifiij Dokiim, Sertlik.

Effect of Fabrication Parameters on Hardness of Al-Cu
Functionally Graded Materials Manufactured by
Centrifugal Casting

ABSTRACT

In this study, the effect of cooling rate (0,27 — 7,38 — 14,23 — 21,56 °C/s), mold rotation speed (160 — 225 — 275 rpm), and casting
atmosphere (air — vacuum) on hardness of Al-Cu functionally graded materials (FGMs) were investigated. According to the
experimental results, it was found that the hardness value became higher with increasing cooling rate and efficiency of other
parameters varied according to cooling rate. The hardness increased with increasing mold rotation speed and hardness values of
specimens produced in air atmosphere are higher than that of manufactured in vacuum atmosphere for all parts of specimens
produced in high (7,38 — 14,23 — 21,56 °C/s) cooling rates. On the other hand, the specimens produced in low cooling rate (0,27
°C/s) have varying hardness values depending on the location of the cast part. Hardness increased with increasing mold rotation
speed in the far part of specimens to the rotation axis. It remained unchanged in middle section and decreased with increasing mold
rotation speed in parts close to the rotation axis. Also, hardness values of specimens obtained in air atmosphere are lower in far
part, same in middle and higher in rotation axis by comparison with the specimens obtained in vacuum atmosphere. Results showed
that all parameters affected each other and the hardness in fabrication of FGMs by centrifugal casting.

Keywords: FGMs, Centrifugal Casting, Hardness.

1. GIRIS (INTRODUCTION)

Kompozisyon ve yapinin derecelendirilmis bir sekilde
degistigi ve bu degisimin malzemenin 6zelliklerini
onemli derecede etkiledigi malzemelere fonksiyonel de-

arasindadir. Bu malzemede seramik bilesenin 1s1, aginma
ve korozyon direnci ile metalik malzemenin yiiksek tok-
luk, dayanim ve islenebilirlik 6zellikleri bir arada bulun-
maktadir. FDM’nin derecelendirilmemis kompozitlere

recelendirilmis malzemeler (FDM) denilmektedir [1].
Refrakter 6zellikte seramik malzeme ile metalik malze-
menin bir arada kullani1ldigt FDM en iyi bilinen 6rnekler

*Sorumlu Yazar (Corresponding Author)
e-posta: agcasemih@gmail.com
Digital Object Identifier (DOI) : 10.2339/2017.20.1 121-127

gore en biiyiik Ustlinliigii termal soklara daha dayanikli
olmasidir [2].

Yap1 bakimindan katmanli ve siirekli derecelendirilmis
olarak iki kategoride incelenebilecek olan FDM nin iire-
timi birgok yontemle gergeklestirilebilir. Termal piis-
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kiirtme, toz metaliirjisi, elektroforetik biriktirme, infilt-
rasyon ve santrifiij dokiim bilinen iretim ydntemlerin-
dendir [3]. Termal piiskiirtme ve toz metaliirjisi gibi yon-
temlerle katmanli derecelendirilmis yap1 elde edilirken,
santrifiij dokiim yontemi ve infiltrasyon gibi yontemlerle
de siirekli derecelendirme miimkiin olmaktadir. Siirekli
derecelendirilmis yapilarda termal soklara dayanim ve
degisken mekanik yiiklere kars1 diren¢ daha yiiksek ol-
maktadir. Santrifiij dokiim yonteminin diger avantajlar
ise liretim kolaylig1 ve diisiik maliyettir.

Santrifiij dokiim yontemi ile partikiil takviyeli FDM {ire-
timi miimkiin olmaktadir [4]. Literatiirde partikiil takvi-
yeli FDM fiiretimi i¢in kati partikiil ve in-situ (disaridan
ilave edilmeksizin yap1 icerisinde kendiliginden olugan)
partikiil santrifiij olmak tizere iki farkli yontem yer al-
maktadir [5-7]. Uretim sicaklig1, temel alasim elementi-
nin likidiis sicakligindan kati partikiil santrifiij yonte-
minde daha diisiik, in-situ partikiil santrifiij yonteminde
ise daha yiiksektir [8]. Arastirmacilar, partikiil-matris
araylizey uyumunun daha iyi olmasindan dolayi, in-situ
partikiil santrifiij yontemine daha ¢ok ilgi gostermislerdir
[9].

Bu c¢alismada, santrifiij dokiim yontemi ile Al-Cu 6tektik
alasimindan FDM {iretimi gergeklestirilmis ve tiretim pa-
rametrelerinin malzemenin sertligi lizerine etkileri aragti-
rilmugtir.

2. DENEYSEL CALISMALAR (EXPERIMENTAL
STUDIES)

Saf aliiminyum (% 99,7) ve saf bakir (% 99,99) agirlik¢a
% 67 ve % 33 oranlarinda tartildiktan sonra ergitilmistir.

Alagimin kimyasal kompozisyonunu kontrol etmek i¢in
potanin ist, orta ve alt kisimlarindan alinan &rnekler
SPECTROMAXXx marka optik emisyon spektrometresi
ile incelenmis ve tamaminin 6tektik kompozisyonda ol-
dugu goriilmiistiir. Daha sonra, Al-Cu 6tektik alasimi ko-
kil kaliplara dokiilerek santrifiij dokiim islemi i¢in 6n-nu-
muneler hazirlanmistir. On-numune igerisinde bulunan
elementlerin agirlik¢a oranlar1 Cizelge 1’de gosterilmis-
tir. Santrifiij dokiim yontemi kapali bir sistem oldugu ve
malzeme ilavesi miimkiin olmadigindan 6n-numune
hacmi, kalip boslugu hacmi ile uygun olacak sekilde se-
cilmistir.

Cesitli soguma hizlar1 kalip tasariminda yapilan
degisiklikler ile elde edilmigtir. Santrifiij dokim
yonteminde kullanilan, seramik ve metal parcalardan
olusan kalip seti Sekil 1°de gosterilmistir.

Kalibin dis 6lgiileri santrifiij dokiim makinesinin kalip
tutucu bdlmesine uygun olacak sekilde ayarlanmustir.
Santrifiij dokiim sirasinda olusacak olan yiiksek basinca
kalibin dayanabilmesi ic¢in dig katman Al-6061
aliiminyum alasimindan iiretilmistir. Istenen soguma
hizlarmi elde edebilmek icin kalip tabanina bakir
sogutucu yerlestirilmis ve sivit metalin bakir sogutucuya
temas ettigi alan degistirilmistir. Ayrica 1s1 akisinin daha
¢ok bakir sogutucu yoniinde olmasini saglamak adina
kalibin i¢ katmani izolasyon &zelligi yiiksek seramik
malzemeden iretilmistir. Dort farkli soguma hizinin elde
edilmesi i¢in kullanilan seramik i¢ katmanlar Sekil 2°de
gosterilmistir.

Cizelge 1. On-numunelerin kimyasal kompozisyonu (Chemical composition of pre-samples)

Element Al Cu Si Fe

Mn P Cr Zn

Agirlikga % 66,9 32,87 0,033 0,15

0,0025 0,00185 0,0054 0,03

@70
@ 50
 ———
[=]
|
o
<
o
<
@ 30
o
o~
S
@ 100
@ 130

Sekil 1. Santrifiij dokiim yonteminde kullanilan kalip seti (Mold set used in centrifugal casting)
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Sekil 2. Farkli soguma hizlarinin elde edilmesi i¢in kullanilan seramik i¢ katmanlar (Ceramic inner layers that used for

obtaining different cooling rates)

Is1 transfer katsayilarinin islem boyunca degismedigi ve
1s1 akisinin sabit oldugu varsayimlarinin yapildigi, ayrica
taginim ve 1gmim ile 181 gecisinin ihmal edildigi
hesaplamalara gore soguma hizlar1 0,27 °C/s, 7,38 °Cl/s,
14,23 °C/s ve 21,56 °C/s olarak tespit edilmistir. Kalip
tabaninda sivi alasim ile bakir sogutucunun direkt temas
ettigi kalip tasarimlarinda, tabandan gergeklesen 1s1
transferi Esitlik 1°e gore hesaplanmustir.

Q=ke AT )

Esitlik 1°de gosterilen Q sistemden atilan 1s1 miktari, Key
(401 W/m.K) bakir sogutucunun 1s1 iletim katsayisi, A 1s1
transferi yoniine dik yiizey alani, AT dokiim sicaklig ile
deney ortamu sicakligi arasindaki farki ve L bakir
sogutucunun et kalinligidir. Kalip tabaninda sivi alasim
ile bakir sogutucunun arasina izolasyon malzemesi
yerlestirilen kalip tasariminda, tabandan gerceklesen 1s1
transferi Esitlik 2’ye gore hesaplanmustir.
Q=15 @
k514 KCuA
Esitlik 2°deki L1 (15 mm) ve L, (20 mm) tabandaki
seramik ve bakir sogutucunun et kalinliklari, ks; (0,13
W/mK) ise seramik silindir par¢anin 1s1 iletim
katsayisidir. Numunenin etrafin1 saran, seramik ve
aliminyumdan olusan silindirik yapidan gerceklesen 1s1
transferi Esitlik 3’e gore hesaplanmustir.
AT
Q = meprr, ®)
2mkg,L 2mk 4L
Esitlik 3°te verilen r1 kalip boslugunun, r; seramik kalibin
ve rz aliminyum dig govdenin yarigaplaridir. ksy (0,26
W/m.K) ve ka (167 W/mK) seramik kalip ve
aliminyum gévdenin 1s1 iletim katsayilaridir. Tabandan
ve silindirik yiizeyden gerceklesen toplam 1s1 transferi
Esitlik 4’te kullanilmis ve bu esitlikten soguma hizlari
tespit edilmistir.
Qr = mcAT 4
Esitlik 4’te verilen Qr tabandan ve silindirik yiizeyden
atilan toplam 1s1 miktari, m (0,5124 kg) kaliba doldurulan
Al-Cu otektik sivinin agirligl, ¢ (895 J/kg.K) Al-Cu

Otektiginin sivi haldeki 1s1 kapasitesi ve AT soguma hizi
degerini veren, oOtektik alagimin sicakliginin degisim
miktaridir. En diisiik soguma hizi, bakir sogutucu ile sivi
metalin temasinin seramik izolasyon malzemesinden
iiretilmis silindirik par¢ayla tamamen kesildigi tasarimda
elde edilmistir.

Santrifiij dokiim islemi Topcast TCE santrifiij dokiim
makinesi ile gerceklestirilmistir. Deney diizenegi ve
kalip yerlesimi Sekil 3’te gosterilmistir.

S ——

=
L co FOP S .
o |

Isitma
bobini
C Lt , 3
Sekil 3. Deney diizenegi (Experimental set-up)

BT

Her iretim igin dokim sicakligi 700 °C, seramik
parcalarin 6n 1sitma sicakligi 200 °C ve ergitme siiresi 6
dakika olarak sabit tutulmustur. Deneysel ¢aligmalarda
kullanilan parametreler Cizelge 2’de gosterilmistir.

Cizelge 2. Deneysel caligmalarda kullanilan parametreler
(Parameters used in experimental studies)

Parametre Deger

Soguma hizi (°C/s) | 0,27 — 7,38 — 14,23 — 21,56

Kalip donme hizi 160 — 225 — 275

(rpm)

Doékiim atmosferi Agik atmosfer — Vakum (200
mBar)

Acik atmosfer ve vakum ortaminda yapilan ergitmelerin
tamaminda dokiim alagimi ergiyene kadar vakum
uygulanmistir. Ag¢ik atmosferde yapilan ergitmelerde,
ergime sonrast sivi metal 700 °C sicakliga ulasinca
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vakum durdurulmus ve sistemin ig¢ine hava dolmasi
saglanmistir. Vakum atmosferinde yapilan {iretimlerde
ise ilk uygulanan vakum dokiim islemi bitip katilasma
tamamlamincaya kadar sabit tutulmustur. Istenilen
dokiim atmosferi ve dokiim sicakligr elde edildikten
sonra kalip dondiirme iglemi baglatilmis ve bu islem
katilagsma sonlanana kadar devam etmistir.

Uretilen numunelerin sertlik degerleri EMCOTEST
DuraVision marka cihazla 6l¢iilmistiir. Mikroyapilarin
goriintillenmesinde ise Leica DMIS000M marka
mikroskop  kullanilmigtir.  Numunelerin =~ kimyasal
kompozisyonlart SPECTROMAXx marka optik emisyon
spektrometresi ile tayin edilmistir. Ayrica, numunelerin
faz hacim oranlar1 Leica Application Suite V 4.6 goriintii
analiz programi araciligiyla Ol¢iilmiistiir. Sertlik testi,
spektrometre analizi, mikroyap1 goriintileme ve faz
hacim oran1 6l¢timii her numunenin {i¢ ayr1 bolgesine en
az li¢ tekrar ile uygulanmistir. Bu bolgeler Sekil 4°te
gosterilmistir.

L. 2 3 —

R=350mm

Sekil 4. Test, analiz ve goriintiilemenin yapildig1 bolgeler (Parts
of test, analysis and visualization)

3. SONUCLAR VE TARTISMA (RESULTS AND
DISCUSSION)

Santrifiij dokiim yontemi ile {iretilen numunelerin bakir

sogutucuya en yakin bdolimiinden alinan sertlik

degerlerinin soguma hizina bagl degisimi Sekil 5’te

gosterilmistir.

185

180 —

175 4

170 H

Sertiik (HV)

—&— 160rpm-Acik
—0— 160rpm-Vakum
—@&— 225rpm-Acik
—O— 225rpm-Vakum
—A— 275rpm-Agik
—/~— 275rpm-Vakum
155 T T T T T

o 5 10 15 20 25

165 —

160 —

Soguma hizi (°C/s)

Sekil 5. Numunelerin sertlik degerinin soguma hizina bagh
degisimi (Effect of cooling rate on hardness of
specimens)

Sertlik deneyi sonuglari, soguma hizi arttik¢a sertligin
arttigini gostermistir. Soguma hizi arttikga ikincil dendrit
kollar1 arast mesafe ve tane boyutunun kiigiilmiis olmasi
sertligi artiran faktorlerdir [10-12]. Farkli soguma
hizlarinda  {iretilmis numunelere ait mikroyap:
goriintiileri Sekil 6°da verilmistir.

2 aﬁ 3
Sekil 6. Farkli soguma hizlarinda iiretilmis numunelere ait
mikroyap1 goriintiileri; a) 0,27 °C/s, b) 7,38 °C/s, c)
14,23 °C/s, d) 21,56 °C/s (Microstructures of
specimens obtained in different cooling rates)

Optik emisyon spektrometre analizleri sonucunda,
numunelerin ~ farkli  bolgeleri  arasinda  bakir
konsantrasyonu agisindan % 1,4’e kadar fark oldugu
tespit edilmigtir. Numunelerin farkli bolgelerine ait bakir
konsantrasyonlari Cizelge 3’te gosterilmistir.

Cizelge 3. Numunelerin farkli bolgelerine ait bakir
konsantrasyonlar1 (Cu contents in different
parts of specimens)

Agirlik¢a % bakir
Uretim sartlar 1. 2. 3.

Bolge | Bolge | Bolge
0,27 °C/s — 160 rpm — Agik 33,2 32,9
0,27 °C/s — 160 rpm — Vakum 33,4 32,9
0,27 °C/s — 225 rpm — Agik 335 32,8
0,27 °C/s — 225 rpm — Vakum 33,6 32,7
0,27 °C/s — 275 rpm — Agik 338 32,6
0,27 °C/s — 275 rpm — Vakum 34 3 32,6
7,38 °C/s — 275 rpm — Agik 33,04 32,95
7,38 °C/s — 275 rpm — Vakum | 33,05 32,95
21,56 °C/s — 160 rpm — Agik 33,01 32,98
21,56 °C/s—160 rpm—Vakum | 33,02 32,97

Cizelge 3’te, kimyasal kompozisyon agisindan

derecelendirmenin basarili oldugu agik¢a goriilmektedir.
Doénme kuvveti etkisiyle numunenin donme merkezine
uzak bolgesinde bakir konsantrasyonundaki artis Al,Cu
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faz hacim oranini artirmigtir. Orta bolgede Al,Cu faz
hacim oram1 degismemis ve numunenin dénme
merkezine yakin bolgesinde Al,Cu faz hacim orani bakir
konsantrasyonundaki azaligla birlikte azalmistir. Bu
durum literatiirdeki diger c¢alismalarla uyumluluk
gostermektedir [13,14]. Diisiik soguma hizinda {iretilen
numunenin farkli bolgelerine ait mikroyap1 goriintiileri
Sekil 7°de gosterilmistir.

0,27 °C/s soguma hizinda iretilen numunelerin
tamaminda birinci bolgenin en sert ve li¢ilincii bolgenin
de en yumusak bolge oldugu goriilmektedir. Kalip donme
hizinin sertlik tizerindeki etkisi Sekil 9°da gosterilmistir.

Birinci bolgede kalip donme hiz1 arttikea sertlik artmustir.
Bunun sebebi, artan hizla beraber u¢ bolgede bakir
konsantrasyonunun daha yiiksek olmasi sonucu yiiksek

1. Bolge

parts of specimen obtained in 0,27 °C/s cooling rate)

Sekil 7’de gosterilen faz tanimlamalart literatiirdeki
benzer ¢aligmalara gore yapilmigtir [13,14]. Al,Cu faz
hacim oraninin farkli bolgelerde % 53,7 - % 48,8 - %45,3
degerlerinde oldugu  belirlenmistir. Kimyasal
kompozisyon farkinin ¢ok kii¢iik olmast ve diizensiz
katilasma sartlarindan dolay1 birincil partikiil olusumu
yerine dendrit kollarinin kabalastig1 gézlemlenmistir. Bu
durum literatiirde ayrigmis Otektik  olusumu ile
aciklanmustir [13]. Otektik yap: igerisindeki Al,Cu fazi
sert ve o-Al faz1 yumusak oldugundan, bu fazlarin
yogunlukta oldugu bolgelerde sertligi onemli Olciide
etkiledigi tespit edilmistir. Diigiilk soguma hizlarinda
katilagsma daha ge¢ tamamlanacagindan dolay1 kimyasal
kompozisyon farki daha yiiksek olmaktadir. Sekil 8’de en
disiik soguma hizinda (0,27 °C/s), kalip donme hiz1 ve
dokiim atmosferine bagli olarak numunelerin farkli
bolgelerindeki sertlik degerlerinin degisimi
gosterilmistir.

166 —&— 160rpm-Acik
—0— 160rpm-Vakum
—8— 225rpm-Acik
—O— 225rpm-Vakum
—A— 275rpm-Agik
—/— 275rpm-Vakum

164

162 4

160

158

156 -

154 4

Sertlk (HV)

152 o

150

148 4

146

T T T
1 2 3

Bolge

Sekil 8. 0,27 °C/s soguma hizinda kalip dénme hiz1 ve dokiim
atmosferine  bagli  olarak  numunelerin  farkli
bolgelerindeki sertlik degerlerinin degisimi (Change of
hardness values on different parts of specimens
according to mold rotation speed and casting
atmosphere in 0,27 °C/s cooling rate)

2. Bolge

3. Bolge

Sekil 7. 0,27 °C/s soguma hizinda iiretilen numunenin farkli bolgelerine ait mikroyapi goriintiileri (Microstructures of different

—— 1. Bolge-Acik
170 9 |—0— 1. Bélge-Vakum
—@— 2. Bolge-Acik
—O— 2. Bélge-Vakum
165 | —A&— 3. Bélge-Acik
—/~— 3. Bolge-Vakum

160 -

=
ES)
==
5
o 155 -
¢ 8 777777777j7z::%
[ -
150 A A
A—
145 T T T T T T T
160 180 200 220 240 260 280

Kalip dénme hizi (rpm)

Sekil 9. 0,27 °C/s soguma hizinda kalip dénme hizinin sertlik
iizerine etkisi (Effect of mold rotation speed on
hardness of specimens in 0,27 °C/s cooling rate)

sertlikteki Al,Cu faz hacim oranimin artigidir. Vakum,
ortamdaki hava molekiilleri sayisini azaltip taginim ile 1s1
transferini 6nemli derecede engellediginden alasimin
daha uzun siire sivi kalmasmi saglayarak kimyasal
kompozisyon farkinin daha yiiksek olmasina sebep
olmustur. Bunun sonucunda vakum ortaminda iiretilen
numunelerin ~ sertlik  degerleri agik  atmosferde
iiretilenlerden daha yiiksek olmustur. Ikinci bélgede
Al,Cu faz hacim orani degismediginden kalip donme hizi
ve dokiim atmosferi degisikliginin sertlik {izerinde
onemli bir etkisi olmamustir [15,16].

Ucgiincii bolgede ise kalip donme hizi arttikga sertlik
artarak ikinci bolgedeki sertlik degerine kadar
yiikselmistir. a-Al fazi, yliksek donme hizlarinda
besleyici bolgesinde birikmesi sonucu iiglincii bolgedeki
Al;Cu faz hacim orani ikinci bolge ile yakin degerlerde
olmustur. Bundan dolayi, yiiksek donme hizlarindaki
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sertlik sonuglar1 ikinci bdlgenin sertlik sonuclaria gok
yakin bulunmustur.

7,38 °C/s, 14,23 °C/s ve 21,56 °C/s soguma hizlarinda
parametrelerin sertlige etkisi benzer oldugundan sadece
14,23 °C/s soguma hizinda iiretilen numunelerin sertlik
sonuglari degerlendirilecektir. Yiiksek soguma hizlarinda
iretilen numunelerin sertlik degerlerindeki degisim
diisiik soguma hizinda iiretilen numunelerinkinden daha
farklidir. Sekil 10°da 14,23 °C/s soguma hizinda iretilen
numunelerin sertlik degerlerinin kalip dénme hizi ve
dokiim atmosferine bagli olarak degisimi gosterilmistir.

178
176 k

174

—&— 160rpm-Acik
—0— 160rpm-Vakum
—8®— 225rpm-Acik
—O— 225rpm-Vakum
—A— 275rpm-Agik
—/~— 275rpm-Vakum

172

170

168 -

166 -

Sertik (HV)

164

162

160 -

158 -

156 T T T

Bolge

Sekil 10. 14,23 °C/s soguma hizinda kalip dénme hizi ve
dokiim atmosferine bagli olarak numunelerin farkli
bolgelerindeki sertlik degerlerinin degisimi (Change
of hardness values on different parts of specimens
according to mold rotation speed and casting
atmosphere in 14,23 °C/s cooling rate)

Yiiksek soguma hizlarinda kalip igerisine doldurulan sivi
metalin katilagmasi igin gegen siire ¢ok kisa oldugundan,
iiretilen numunelerin farkli bolgeleri arasindaki bakir
konsantrasyonu farki % 0,1 seviyelerinde kalmustir.
Yiksek soguma hizinda iretilen numunenin farkli
gorintiileri

bolgelerine ait mikroyapi Sekil 11°de

gosterilmistir

1. Bolge

2. Bolge

sogutucudan besleyici bolgesine dogru azalan bir sicaklik
gradyantt olusumu ile agiklanabilir. Sekil 12°de yiiksek
soguma hizlarinda kalip donme hizinin sertlik iizerine
etkisi gosterilmistir.
190
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Kalip déonme hizi (rpm)
Sekil 12. 14,23 °C/s soguma hizinda kalip dénme hizinin sertlik

tizerine etkisi (Effect of mold rotation speed on
hardness of specimens in 14,23 °C/s cooling rate)

Yiiksek soguma hizlarinda numunelerin sertlik agisindan
derecelendirilmesi temel olarak ikincil dendrit kollar
aras1 mesafeye bagli oldugundan, kalip dénme hiz1 ve
dokiim atmosferinin etkileri ikincil dendrit kollar1 arasi
mesafeyi ne Olclide degistirebildikleriyle orantilidir.
Vakum atmosferinde {iretilen numunelerde, katilagmanin
daha uzun siirede tamamlanmasindan dolay:r ikincil
dendrit kollar aras1 mesafe daha biiyiik ve boylece sertlik
daha diisiik olmustur. Kalip donme hizinin etkisi ise
katilagsma hizin1 degistirmesi ile tanimlanabilir. Kalip
donme hiz1 arttik¢a sivi metale uygulanan basing artar.
S1vi metale uygulanan basincin artmasi sivi metal-kalip
arayiizeyinin daha iyi temas etmesini ve dokiim-kalip ara
ylizeyinden 1smmin daha hizli transfer olmasim
saglanmasindan dolay1 [17-19] katilasma daha hizli
olmus, dendrit kollar1 aras1 mesafe kisalmis ve bundan

3. Bolge

Sekil 11. 21,56 °C/s soguma hizinda iiretilen numunenin farkli bolgelerine ait mikroyap: goriintiileri (Microstructures of
different parts of specimen obtained in 21,56 °C/s cooling rate)

Bolgeler arasindaki sertlik degeri, yavag soguma
hizindaki Al,Cu faz hacim orami degisimi durumundan
farkli olarak, bakir sogutucuya olan mesafeye gore
degismistir. Bu durum, kalip igerisinde bakir

dolay:r sertlik artmistir. Ancak, kalip dénme hizi ve
dokiim atmosferinin yiiksek soguma hizlarinda iiretilen
numunelerin sertligi izerindeki etkisi oldukc¢a diistiktiir.
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4. SONUCLAR (CONCLUSIONS)

e Santrifij dokiim yontemi ile kimyasal
kompozisyon, Al>Cu faz hacim oranm ve sertlik
acisindan derecelendirilmis FDM  {iretimi
gerceklestirilmistir.

e Sertlik degisimindeki temel etkenin diisiik
soguma hizinda Al,Cu faz hacim orani, yiiksek
soguma hizinda ise kalip igerisindeki sicaklik
dagilimi oldugu tespit edilmistir.

e Soguma hizinin artmasi ile sertlik artmistir,
diger parametrelerin etkisi soguma hizina bagl
olarak farklilik gdstermistir.

e Al-Cu otektik  alasgimimin  fonksiyonel
derecelenmesi; yiiksek soguma hizlarinda
ikincil dendrit kollar1 aras1t mesafenin degisimi,
diigiik soguma hizinda ise Al,Cu faz hacim
orani degisimi ile elde edilmistir.
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ABSTRACT

The present study concerns experimental measurements of the salting-out effect on liquid-liquid phase equilibrium (LLE) of
partially miscible systems such as water/ ethanol/1- butanol /Potassium chloride at 298.15K. The salt KCI was used at different
mass percentages of 5, 10 and 15. The binodal and tie line data were determined by the cloud point method. The addition of the
salt showed to be effective in altering the LLE of water/ ethanol/1- butanol system in favor of the solvent extraction of ethanol
from the aqueous solution particularly at high salt concentrations. The experimental data were correlated considering the modified
version of the NRTL model for the activity coefficient, with the estimation of new binary interaction parameters corresponding to
salt-solvent and solvent-solvent pairs. The deviations between experimental and calculated compositions in both phases for the
ternary system using these new interaction parameters showed the ability of NRTL to determine liquid-liquid equilibrium data of

the studied systems in the presence of the salts.

Keywords: Salt Effect, Solubility, LLE, NRTL Model, Interaction Parameter.

1. INTRODUCTION

The presence of a salt or a non-volatile solute in a solvent
mixture, is of increasing interest due to its influence on
separation processes in chemical engineering. The effect
of salts addition in distillation had been studied by
several investigators. The results have shown that it is
possible by the addition of a suitable salt to alter the
relative volatility of the system and also avoid the
formation of an azeotrope. Similarly, the separation by
solvent extraction also becomes increasingly more
difficult as the tie-line becomes parallel to the solvent
axis leading to a solutropy which has also to be avoided
[1-4].

The effect of the addition of a suitable salt or a non-
volatile solute can be seen in two ways: graphically, by
the variation in the size of the two-phases region as well
as by significant changes in the tie-line slopes for a
liquid-liquid equilibrium (LLE) mixture, to an extent
which eliminates the solutropy, and induces quantitative
changes of the solute distribution coefficient and the
solvent selectivity. In recent years, liquid-liquid
equilibria (LLE) have gained great interest in chemical
technology. Due to the energy rising cost, new separation
processes based on extraction are getting more attractive.
Also it may be feasible to operate known processes at
new conditions necessitating checks for liquid phase

*Sorumlu Yazar (Corresponding Author)
e-posta: bourayou.nabila@gmail.com
Digital Object Identifier (DOI) : 10.2339/2017.20.1 129-135

stability at various point of the process hence the need for
calculating and predicting (LLE) compositions which
may be calculated using any excess Gibbs energy model.
Santos et al [4] estimated new interaction parameters
between binary pairs of salt-solvent and solvent-solvent
using NRTL model to correlate the ternary system of
water-ethanol-1pentanol in the presence of Potassium
bromide (KBr) at 298.15K and 313.15K, in agreement
with Stragevitch and Avila [5]. These interactions
parameters are functions of the temperature.

Tan’s modified NRTL model [6] has shown its ability to
predict fairly accurately the effect of salts on the activity
coefficient of a solvent component in a solution using the
solvent-salt interaction parameters obtained from
appropriate boiling point data. A Tan’s modified NRTL
model has been used to predict the salt effect on (LLE)
as in (VLE). The equation can be used to correlate the
(LLE) data using the solvent-solvent interaction
parameters of the same mixture without salt, at the same
temperature. The salt-solvent interaction parameters can
be assumed as a function of the salt concentration since
the boiling point of a salt-solvent mixture varies with the
concentration of the dissolved salt [7]. In this study, the
experimental (LLE) of water, ethanol, 1-butanol and
potassium chloride at various salt concentrations and at
298.15K were reported. The data were correlated by
Tan’s modified NRTL model [6], due to its simplicity
and its proven quite good prediction of the LLE data
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2. EXPERIMENTAL
2.1 Materials

Ethanol and 1-butanol were supplied by Merck Eurolab
with cerified purities higher than 99.5 % and 98.5 %,
respectively. This was checked by refractive index
measurements at T=293.15K with an accuracy of
+0.0004np. Densities were also measured using an Anton
Paar (model DMA 5000) densimeter with a certified
precision of (£10 -5 gcm). The results were compared
to literature data [8].

2.2. Experimental Procedure

Standard curves were determined by using the 'Cloud-
Point' method which is described in detail by Letcher and
Siswana [9]. The tie lines were determined by the method
of the refractive index described in detail by Briggs and
Coming [10]. The refractive index of the two phases at
equilibrium, represented, respectively, by each extremity
of the tie- lines was measured in order to determine their
compositions, using the obtained calibration curve and
then to draw point by point the equilibrium curves of the
considered system. Binodal curves for each system were
obtained by preparing binary mixtures of known volumes
of the two partially miscible constituents and then by
adding gradually the third constituent by means of a
burette. The obtained ternary mixture was shaken at room
temperature, by means of an agitator provided with a
lamp to allow a good observation of the disappearance of
the turbidity point, after which a small quantity of the
solution was taken to measure the refractive index of
each prepared sample by means of the refractometer
(Type EUROMEX RD 645) with an accuracy of
+0.0004np.

After the turbidity disappearance the solution was
sampled by means of a micropipette to measure the
refractive index of each sample.

The binodal curves of the ternary systems were used for
the determination of the composition of the phases at
equilibrium for various tie-lines for the water/ethanol /1-
butanol system at 298.15K. In order to determine
experimental liquid-liquid equilibrium data ternary
mixtures of solvent, solution and solute of volume equal
to 10 ml but with different concentrations were prepared.
The mixture was placed in an equilibrium cell, whereit
was agitated in order to allow an intimate contact
between the different phases, and the thermodynamic
equilibrium was finally reached by letting the mixture at
rest for 24 hours. The complete process was carried out
at constant temperature, by using a thermostatic bath.
After a necessary rest time, the mixture splitted into two
clear and transparent liquid phases with a well defined
interface, both phases were then separated by settling.
Samples of the organic phase and the aqueous phase were
subjected to the measure of the refractive index. The
solubility of each constituent in each phase was
determined by extrapolation from the binodal curves of
the refractive index according to the fraction known for
the constituent in the solution.

3. RESULTS AND DISCUSSION
3.1. Experimental Liquid-Liquid Equilibrium Data
The compositions of the different components of

Water/ Ethanol/1-Butanol ternary system at 298.15K are
presented in Table 2, where X; denotes the mole fraction
of the i™ component. Figures 1 to 4 show the
corresponding binodal curves of the studied ternary
mixtures.

The effect of the added salt amounts on the binodal
curves are also shown in these figures where it can be
seen that an increase in KCI amount led to an
enlargement of the two phases region, inducing an
increase of Ethanol and 1-Butanol miscibility.

Table 3 shows the experimental tie-line compositions of
the equilibrium phases of the ternary system water/
ethanol/1-butanol at 298.15K. The superscripts | and Il
denote the organic and the aqueous phases, respectively.

The comparison between the equilibrium data obtained
experimentally for the ternary system water/ ethanol/1-
butanol at 298. 15K and those previously reported in the
literature by Sorensen and Arlt [11] are presented in
figure 5. An excellent concordance can be noticed
between both results, confirming the reliability of the
experimental procedure used in this work as well as the
good accuracy.

Table 1. Pure components physical properties at 293.15K and
1 atm

Component p/kgm Refractive index Inr
This work from Ref [8] This work from Ref[8]
0.7890 0.7894 1.3610 1.3605

0.8100 0.8098 1.3982 1.3981

Ethanol
1-Butanol

T T ud T
0,00 0,25 0,50 0,75 1,00

1-Butanol

Fig. 1. Binodal curve of Water/Ethanol/1-Butanol system at
298.15K
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1,00 y V. " .

0,00 0,25 0,50 0,75 1,00

1-Butanol
Fig. 2. Binodal curve of Water/Ethanol/1-Butanol/5% KCI
system at 298.15K
0,2
¥ ¥ Y 0,0
0,50 0,75 1,00

1-Butanol

Fig. 3. Binodal curve of Water/Ethanol/1Butanol/10% KCI
system at 298.15K

1,00 . \
0,00 0,25 0,50 0,75 1,00
1-Butanol

Fig. 4. Binodal curve of Water/Ethanol/1Butanol/15% KCI
system at 298.15K

= Experimental 298.15K
e Sorensen and Arlt 298.15K

1,00/ VA s

0,00 0,25 0,50

0,75 1,00

1-Butanol

Fig. 5. Experimental LLE of the Water/ Ethanol/ 1-Butanol
ternary system at 298.15K

Table 3. Experimental tie-line data for Water/ Ethanol/ 1-Butanol at 298.15K

Organic phase | Aqueous phase |1
Xwater XEthanol X1-Butanol Xwater XEthanol X1-Butanol
0.5360 0.0560 0.4080 0.9600 0.0170 0.0230
0.6000 0.0960 0.3040 0.9480 0.0240 0.0280
0.6040 0.0970 0.2990 0.9420 0.0270 0.0310
0.6610 0.0900 0.2490 0.9260 0.0360 0.0380
0.7020 0.0860 0.2110 0.9140 0.0420 0.0440
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Table 4. Experimental and prediction tie-line data for Water/ Ethanol/1-Butanol/KCl in a free-salt basis at 298.15K

Organic phase | Agqueous phase |1
Xwater XEthanol X1-Butanol Xwater XEthanol X1-Butanol

5% KCI (Xs=1.205%)
Experimental data

0.4646 0.1580 0.3774 0.9503 0.0313 0.0184
0.5219 0.2068 0.2713 0.9224 0.0506 0.027

0.5688 0.2020 0.2292 0.9070 0.0601 0.0329
0.5908 0.1937 0.2155 0.8904 0.0695 0.0401
0.6340 0.1732 0.1928 0.8878 0.0710 0.0412

Predicted using NRTL model

0.4601 0.1519 0.3880 0.9004 0.0511 0.0485
0.5527 0.1905 0.2568 0.8994 0.0653 0.0352
0.5667 0.1989 0.2343 0.8985 0.0686 0.0329
0.5690 0.2007 0.2340 0.8983 0.0693 0.0324
0.5669 0.1990 0.2302 0.8985 0.0686 0.0328

10% KCI (Xs=2.410%)
Experimental data

0.4320 0.1730 0.3953 0.9567 0.0278 0.0154
0.4714 0.2316 0.2970 0.9374 0.0411 0.0214
0.5281 0.2569 0.2148 0.9131 0.0568 0.0301
0.5976 0.2420 0.1602 0.8771 0.0787 0.0441
0.6314 0.2260 0.1425 0.8452 0.0975 0.0571

Predicted using NRTL model

0.4129 0.1714 0.4158 0.9606 0.034 0.0540
0.4731 0.2223 0.3045 0.9357 0.0513 0.0130
0.5413 0.2446 0.2141 0.8997 0.07 0.0303
0.5939 0.2517 0.1544 0.8506 0.0882 0.0612
0.5987 0.2529 0.1485 0.8478 0.0901 0.0621

15% KCI (Xs=3.620%)
Experimental data

0.4986 0.1397 0.3617 0.9702 0.0272 0.0260
0.6030 0.1117 0.2853 0.8809 0.0895 0.0296
0.6396 0.1015 0.2589 0.8371 0.1195 0.0434
0.6473 0.0994 0.2533 0.8256 0.1274 0.0470
0.6742 0.0918 0.2340 0.8141 0.1354 0.0505

Predicted using NRTL model

0.5965 0.1077 0.3173 0.8618 0.0852 0.0530
0.5987 0.1203 0.2935 0.8521 0.0996 0.0483
0.5982 0.1239 0.2815 0.8453 0.1077 0.0470
0.5975 0.1248 0.2786 0.8430 0.1101 0.0469
0.5980 0.0862 0.2772 0.8430 0.1106 0.0464
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Fig. 6. Experimental LLE of the Water/Ethanol/1-
Butanol/KCl system in a free-salt basis at
298.15K

Figure 6 shows the representation of the effect of the
addition of the salt on the water/ethanol/1-butanol system
in a free-salt basis at 298.15K, through a pseudoternary
diagram. It can be seen from figure 6 that there is an
increase in the area of immiscibility on addition of
potassium bromide. The salt enlarged the area of the two-
phase region; decreased the mutual solubility’s of water
marginally decreased the concentrations of ethanol and
1-butanol in the aqueous phase while significantly
increased the concentrations of the same components in
the organic phase. These effects essentially increased the
heterogeneity of the system; which is an important
consideration in designing a solvent extraction process.
One way to analyze the salts effects is to compute the
distribution curve of the organic, say ethanol in the
present case, between the aqueous and organic phases.
Also in order to assess the salt affinity for the aqueous
and organic phase’s affinity, its distribution curve has
been computed. The distribution curves represented in
Figure 7 confirm that the addition of potassium chloride
actually disrupted the distribution of the ethanol between
the 1-butanol and the water. We can see that the
distribution curves for each percentage of salt added are
always above the first bisector what indicates that the
coefficient of distribution (the report enters the quantity
of the Ethanol in the organic phase on that in the aqueous
phase) is always upper to 1.

3.2. Parameters Estimation And Data Correlation

New binary interaction parameters for the modified
version of NRTL model which takes into account the
presence of the salt [7], were obtained from the
experimentally measured data for the water/ethanol/1-
butanol and potassium chloride system at various salt
concentrations, by the minimization of the objective
function of the squared activity differences for all
components and over all the tie-lines, expressed as

follows:
(7ixi )“ ]2

F :Zjlzi:[(%xi)l -

—— WO % =t 23E15K
— WO =t I3EASK
A
WCH 155 @7 I3 15K
20 4
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Fig. 7. Distribution curves of Ethanol obtained in
different concentration of salt for the
Water/Ethanol/1-Butanol/KCl system in a
free-salt basis at 298.15K

where X;and p; represent the mole fraction and the

activity coefficient of component, respectively for tie line
i, I and Il denote the first and second phases in
equilibrium  respectively. The minimization was
performed according to the Simplex search technique
modified by Nelder and Mead [12].The activity
coefficient of component i in the absence of salt , i

calculate from the following NRTL equation [13]

j=3 m=3
eri Gji X; i x. G. Xo T
Iny, = j:1k:3 + k:SJ : Tij _:]::;7
Gy X Y6 X Gy X
=] ka1 o
Where: Ty = (gji — G )/ RT and G; =exp (7ajiTji)

In which gis the energy of interaction between
components j and | and a; the non-randomness factor.
All they a, Wwere assumed to be 0.2 [11]. In a salts-

solvents mixture, the activity coefficient y,. of the
component i is given by according to [7] as follows:

Iny :In(7io)+7is
where T7jg is the salt-solvent interaction parameter

The experimental liquid-liquid equilibrium data were
correlated, performing liquid-liquid flash calculation. For
a ternary system, twelve interaction parameters are
necessary and must be calculated. It is about parameters:

I
T121T13'T21'To31 T30 Ta2 ’(Tls)l (754) 1 (736)

(Tls)” ! (2-25)“ et (T3s)” :
The inaccuracy of the prediction was estimated between

the measured and calculated mole fractions using the
root-mean square deviation (RMSD) defined as:

2
2 3 Exp Cal)
( Ijk Xuk

YD RS 2NN

k=1| j=1 i=1l

RMSD =
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Where N and N; are the numbers of tie-lines and
components respectively, x®® and x% are the
experimental and calculated mole fraction, respectively,
and i, jand k =1, 2...N (tie-lines) for components,
phases and tie lines, respectively.

Group interaction parameters for pair solvent-solvent for
the system water/ethanol/1-butanol in the presence of
KCI appear in Table 5. Interaction parameters between
pair solvent-salt are calculated in every phase organic and
aqueous phases in the various concentrations of
potassium chloride KCI, appear in Table 6. The
interaction parameters between pairs salt-salt were not
calculated because mixed-salt.

The correlated results are given in Table 4. In figures 8-
10, comparative results between the calculated and
experimental data are plotted together, for the quaternary
system water/ethanol/1-butanol/KCI at 298.15K

There is a good agreement between the experimental and
calculated values. As well as the root-mean square

salt. This study confirmed the great performance of
NRTL model.

2rgan ko Frass
2% & Aguesous Fhass -

:.:l'.lllllll'nl
P

Fig. 8. Comparing the experimental LLE of Water/Ethanol/1-
Butanol/ 5%KCI with the equilibria calculated from

Table 5. NRTL binary interaction parameters Tj for the system Water/Ethanol/1-Butanol /KCI at 298.15K

Concentration (Salt-free Component (ij) NRTL parameters RMSD
basis)(g/100g) 7 T;
Water-Ethanol -1.503 -0.832
Water-1Butanol 3.327 4.649
5% KCI (Xs=1.205%) Ethanol-1Butanol 17.48 -4.985 0.0208
Water-Ethanol -0.783 3.285
Water-1Butanol 7.835 0.675
10% KCI (Xs=2.410%) Ethanol-1Butanol 2611 2717 0.013
Water-Ethanol -0.311 0.201
Water-1Butanol 4514 0.158
15% KCI (Xs =3.620%) Ethanol-1Butanol 4.043 5 743 0.0411
Table 6. NRTL binary interaction parameters 7;; for the system water/ethanol/1-butanol /KCI at 298.15K
Concentration (Salt-free Component (is) NRTL parameters RMSD
basis)(g/100g)
Tis z-is
Water-KCI 1.265 0.859
Ethanol -KCI -0.069 1.017
5% KCI (Xs=1.205%) 1-Butanol-KClI 1.566 -2.576 0.0208
Water-KCl 0.847 0.236
Ethanol -KClI 2.398 3.71
10% KCI(Xs=2.410%) 1-Butanol-KCl 1.467 1372 0.013
Water-KCI 4.577 1.232
Ethanol -KClI 0.584 1.243
15% KCI (Xs =3.620%) 1-Butanol-KCl 1.545 1.89 0.0411

deviation (RMSD) for all components are (0.0411,
0.0208). These values show that the NRTL model was
able to represent better the equilibrium in the presence of

NRTL model at 298.15K
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Fig. 9.
1-Butanol/ 10%KCI with the equilibria calculated
from NRTL model at 298.15K
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Fig. 10.  Comparing the experimental LLE of Water/

Ethanol / 1-Butanol/ 15%KCI with the equilibria
calculated from NRTL model at 298.15K

4. CONCLUSION

This study concerned the salting-out effect as applied to
solvent extraction systems. Liquid-liquid equilibrium
data for the partially systems of Water/ Ethanol/1-
Butanol /Salts were experimentally measured at 298.15K
and atmospheric pressure. The salt used was potassium
chloride at different weight percentages of 10 and 15%.

The binodal and tie-line data results were determined by
cloud point measurements method. The addition of salt
showed to be effective in modifying the LLE of Water/
Ethanol/1- Butanol system in favor of the solvent
extraction of ethanol from aqueous solution with 1-
butanol, particularly at high salt concentrations.
Potassium chloride increased the area of the two-phase

region and decreased the mutual solubilities of 1-butanol

and water and also decreased the concentration of 1-
butanol and ethanol in the aqueous phase while
significantly increased their concentrations in the organic
phase.

The experimental data were correlated considering the
modified version of the NRTL model for the activity
coefficient, with the estimation of new binary interaction
parameters solvent-solvent and solvent-salt.

The deviations between experimental and calculated
compositions in both phases for the ternary system using
this model were reasonable showing the ability of model
NRTL for the determination of LLE of solvents-salt
system using the solvent-solvent interaction parameters
given on salt-free basis.
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Tiirk Insaat Sektdriinde Calisanlarin Gﬁveplik Kiltiiri
Diizeyinin ve Giivenlik Performansi 1le Iliskisinin
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Tiirkiye’de is kazalari, genelde tiim endiistriyel sektorlerin, 6zelde ingaat sektoriiniin en 6nemli sorunlarindan birisi olmaya, bir
¢ok kanuni diizenlemeye ragmen, her yil 6liim, siirekli isgérmezlik ve yaralanmalarla sonuglanan binlerce ingaat kazas1 meydana
gelmeye devam etmektedir. Bu durum kazalarin sadece teknik bir sorun olarak ele alinmamasi gerektigini ortaya koymaktadir.
Geligmis iilkelerde, 6zellikle Cernobil Niikleer kazasi ile birlikte is kazalarinda insan faktoriine odaklanilmig, kazalarin 6nemli
oranda caliganlarin gilivensiz davraniglarindan kaynaklandigi tespitinden hareketle, ¢alismalar gilivenlik kiiltiirii ve giivenlik
performansi iizerinde yogunlagtirilmistir. Bu ¢caligmada, Tiirk ingaat sektoriinde ¢alisanlarm giivenlik kiiltiirii diizeyi arastirilmstir.
Bu amagla 4 farkli sehirde bulunan 5 farkli santiyede, insaat yonetici ve isgileri arasinda bir anket ¢aligmasi diizenlenmis, giivenlik
kiiltiirii ile caliganlarin degisik demografik 6zellikleri ve giivenlik performansi arasindaki iligki incelenmistir. Caligma sonuglari
dogrultusunda, insaat sektoriinde is kazalarinin 6nlenmesine yonelik ¢esitli dnerilerde bulunulmustur.

Anahtar Kelimeler: Tiirk insaat Sektorii, is Kazalar, is Giivenligi, Giivenlik Kiiltiirii.

Investigation of Safety Culture Level Among Turkish
Construction Sector Employees and its Relation with
Safety Performance

ABSTRACT

Occupational accidents in Turkey, is one of the most important problems generally of all industries particularly of the construction
industry. Despite many legal regulations, every year, thousands of construction accidents that result in deaths, injuries and
permanent incapacity, continue to occur. This situation reveals that need accidents couldn’t be addressed purely as a technical
problem .Especially with the Chernobyl nuclear accident, in developed countries, it is focused on human factor and it has been
determined that work-related accidents are caused significantly by unsafe behavior of employees. The researchers concentrated
their work on safety culture and safety performance. In this study, the level of safety culture of Turkish Construction Sector
Employees was investigated. For this purpose a survey was conducted in four different cities and five different construction sites.
The relation between safety culture and various demographic characteristics of Turkish construction sector employees and between
safety culture and safety performance were investigated. According the results of the study, various proposals have been made to
prevent occupational accidents in the construction industry.

Keywords: Turkish Construction Sector, Occupational Accidents, Job Safety, Safety Culture.

1. GIRIS (INTRODUCTION)

Gelisen ve ihtiyaglari artan bir iilke olarak Tiirkiye’de,

olan is kazalari, tiim yasal tedbirlere ragmen ingaat
sektoriiniin de olumlu ilerleme kaydedemedigi problem

benzer bir ¢ok iilkede oldugu gibi gelisimin ana eksenini
ingaat sektorli olugturmakta, kentsel mekanlar, barajlar,
enerji iiretim tesisleri, yollar, havaalanlari, fabrikalar,
hastaneler ve diger tiim yasamsal mekanlar ile o
mekanlar1 yasanilir kilabilecek altyapinin temelinde in-
saat faaliyetleri bulunmaktadir. Girdi saglayan diger sek-
torlerin katkis1 da dikkate alindiginda insaat sektdriiniin
Gayri Safi Milli Hasilla (GSMH) i¢indeki pay1 yaklasik
%30 seviyelerine ulasmaktadir [1]. Ote yandan Tii-
rkiye’de calisma hayatinin en 6nemli sorunlarindan birisi

*Sorumlu Yazar (Corresponding Author)
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sahalarindan biri olmaya devam etmektedir.

Uluslararas1 Calisma Orgiitii (ILO) verilerine gore insaat
iscileri, diger sektorlerde caligan isgilere oranla 3-6 kat
daha fazla kazaya ugrama riski tagimaktadirlar [2,3].
Insaat sektoriiniin, iilkemizin genel teknolojik ve sosyo-
ekonomik yapisinin yaninda projelerin ve isgiiciiniin sii-
reksizligi, islerin dogal iklim kosullarinda, genis ve
dagmik c¢alisma sahalarinda ve degisken c¢alisma
kosullar1 altinda yiiriitiiliiyor olmasi, ingaat isletmelerinin
¢ogunun kiiciik ve kurumsallasmamis firmalar olmasi,
sektoriin egitim ve biling diizeyi diisiik yogun insangiicii
kullanmasi [4, 5, 6, 7 ve 8] gibi kendine ve iilkemize has
ozellikleri, diinyada oldugu gibi Tiirkiye’de de bu sektori
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is kazalarima ¢ok daha acik hale getirmektedir. Sosyal
Giivenlik Kurumu (SGK)’nun 2013 yil1 is kazasi istatis-
tiklerine gore, “Bina Insaati”, “Bina Dis1 Yapilarin
Ingaati” ve “Ozel Insaat Faaliyetleri” birarada deger-
lendirildirildiginde toplam 26697 kaza ile Tiirkiye’de en
fazla kazanin meydana geldigi sektor insaat sektoriidiir.
2013 yili igerisinde tiim isgdéremezliklerinin yaklagik
9%20’si ingaat sektoriinde yaganirken, 2013 yil1 igerisinde
459 calisan siirekli isgérmez hale gelmis, 521 ¢alisan ise
hayatin1 kaybetmistir 2013 yilinda Tiirkiye’de yasanan
tiim is kazalarinin %0.7 si 6liimle sonuglanirken ingaat
sektoriinde bu oran %1.9 olmustur [9] . Bir bagka bakis
acist ile Tirkiye’de 2013 yilinda her 1,000 ingaat sektorii
calisanindan 15’1 is kazas1 yasarken, 10,000 ¢alisandan
6’s1 ya hayatin1 kaybetmis yada siirekli is gremez hale
gelmistir. Ote yandan SGK istatistiklerinin sadece sigor-
talilarin ugradiklari is kazalarini kapsadig ve tilkemizde
sigortasiz ¢aligmanin yaygin oldugu dikkate alindiginda,
gercek i kazasi sayilarinin bu rakamlarin ¢ok 6tesine ge-
¢ecegi ve durumun goriinenden daha da vahim oldugu
aciktir [10].

Calisma ve Sosyal Giivenlik Bakanligi (CSGB) insaat
sektoriinii Tehlike Siniflart Yonetmeligi'ne gore "Cok
Tehlikeli Isler" smifina alirken [11], is kazalariyla
miicadele ac¢isindan belirledigi dncelikli ii¢ sektdr arasina
da dahil etmis [12], bu bilingle son yillarda ¢ok sayida
yasal ve kurumsal diizenleme yapilmustir. Biitiin bunlara
ragmen, Is Saglig1 ve Giivenligi (ISG) konusunda istenen
iyilesme bir tiirli saglanamamaktadir. Bu durum ka-
zalarin teknik nedenleri kadar, belki ondan daha fazla
olarak insan faktoriine odaklanilmasi gerektigini ortaya
koymaktadir. Gelismis iilkelerin 6zellikle 1986 yilinda
meydana gelen Cernobil niikleer kazasinin ardindan
baslattig1 ¢alismalar, kazalarin temel olarak ¢alisanlarin
giivensiz davranislarindan kaynaklandigini gostermis, bu
davraniglarin ancak giivenlik kiiltiiriiniin gelistirilmesi ile
engellenebilecegi ortaya konmustur.

Giivenli kiiltiirii konusundaki bu farkindalik diinyada bir
cok arastimaciy1, ISG-giivenlik kiiltiirii iliskisini degisik
boyutlariyla ve farkli sektorler iizerinde c¢alismaya
itmistir. Ulkemizde bu konuda yapilan calisma sayist
kisitl oldugu gibi, yazarlar ingaat sektori ile ilgili
yapilmis bu tiir bir ¢alismaya ise rastlamamigtir. Tiirk
ingaat sektoriinde gilivenlik kiiltiirii, giivenlik performansi
iligkisinin incelendigi c¢alismanin bu agidan Onemli
oldugu degerlendirilmektedir. Caligmanin ilk béliimiinde
giivenlik kiiltiiri kavramu tanitilarak, diinya literatiiriin-
deki insaat sektoriinde 1SG-giivenlik kiiltiirii iligkisine
dair ¢aligmalar hakkinda bilgi verilmistir. Calismanin
ikinci bolimiinde, Tiirkiye'nin degisik sehirlerindeki
santiyelerde  ingaat sektorii c¢alisanlart  arasinda
gergeklestirilen bir anket caligsmasi ile ¢aligsanlarin giiven-
lik kiiltiirii alg1 diizeylerinin tespit edilmesine ¢aligilmus,
giivenlik kiiltiiriiniin demografik degiskenler ve giivenlik
performanst ile olan iligkisi incelenmistir. Sonug
boliimiinde, tilkemiz insaat sektoriinde giivenli ¢alisma
ortamlar1 yaratilmasina katki saglamak iizere ¢esitli 6ne-
rilerde bulunulmustur.

2. GUVENLIK KULTURU VE INSAAT SEKTORU
(SAFETY CULTURE AND CONSTRUCTION
SECTOR)

2.1. Giivenlik Kiltiiriit Kavram (Safety Culture Con-
cept)

Is kazalarinin yaklasik %90’min ¢alisanlarin giivensiz
davranislarindan kaynaklandigi goriisii, kazalarm olus-
masinda insan faktoriine odaklanilmasini saglamis [13],
kazalarin ardindaki sosyo-teknik siireclerin anlasilma-
styla birlikte kaza siireci teorileri orgiitsel siirecleri ve
psiko-sosyal etkileri kapsayacak sekilde genisletilmisgtir
[14]. Biiyiik felaketlere iliskin vaka ¢aligmalar1 orgiitsel
kazalar1 giivenlik kiiltlirii zayifligina baglarken, giinii-
miizde bireysel kazalari agiklamak i¢in de giivenlik kiil-
tiiri kavrami yaygin bir sekilde kullanilmaya baglanmis-
tir [15].

Gtivenlik kiiltiirli, bir grup insan tarafindan paylasilan,
soyut (inang ve degerler) unsurlarla, bu soyut unsurlari
tagtyan, daha goriiniir ylizeydeki somut sembolleri ve uy-
gulamalari i¢eren paylasilmis bir olgu seklinde tanimla-
nan [16] orgiit kiiltlirliniin bir parcasi olarak karsimiza
¢ikmaktadir. Tehlikeli sektorlerde orgiit kiiltiiriiniin gii-
venlikle iliskilendirilmesi ile ortaya ¢ikan giivenlik kiil-
tiirii iginde gruplar ve bireylerin islev gérdiigi, ulusal, or-
giitsel ve mesleki tutum ve degerlerin meydana getirdigi
karmasik bir cerceve [17] veya Turner’in ifadesi ile
calisanlarin, yoneticilerin, miisterilerin veya halkin teh-
likeli veya yaralayict durumlara maruz kalmasini en aza
indirmek i¢in gelistirilen inanglar, normlar, tutumlar,
roller, sosyal ve teknik uygulamalar kiimesidir [18].
Giivenlik kiiltliriiniin, giivenlik ve saglik performansina
o6nemli oranda katki sagladigina inang her gegen giin
bliylimekte ve kavram genis bir yelpazedeki bir ¢ok
sektoriin daha fazla ilgisini ¢cekmektedir [19].

Giivenlik kiiltiiriiniin amaglari, kaza ve yaralanmalar
azaltmaya yonelik risk, kaza ve hastaliklar hakkinda ayni
inang ve fikirlerin paylasilmasini saglayarak davranig
normlari olusturmak, dikkat geken konular hakkinda ge-
reken giivenligi saglamak, giivenlik konularinda ilgi ve
katilimi arttirarak kisilerin giivenlige bagliligini sagla-
mak, orgiitiin sahip oldugu saglk ve giivenlik programi-
nin bigim ve yeterligine karar vermek ve is giivenligine
dair gergeklestirilen uygulamalarin tarzini ve becerilerini
belirlemek seklinde ifade edilmektedir [20]. Orgiit iiyele-
rinin giivenlige yonelik olarak paylastiklar: davranig ka-
liplar1, tutumlari, algilar ve degerler kiimesi olarak ifade
edilen pozitif giivenlik kiiltiirli calisanlarin giivenli olma-
yan eylemlerden sakindigi bir ¢alisma atmosferi yarat-
maktadir [21].

2.2. insaat Sektoriinde Giivenlik Kiiltiiriine iliskin
Calismalar (Studies on Safety Culture in Construc-
tion Sector)

Is kazalarmin miimkiin oldugunca azaltilmasinda pozitif
bir giivenlik kiiltlirii ve giivenlik iklimi yaratilmasinin
Onemi giiniimiizde insaat sektoriinde de anlagilmaya
baglanmugtir [22] . Artik yetkililer kiiltiirlin bir ingaat or-
ganizasyonun tiim seviyelerinde giivenlik hususlarimi
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gliclendiren ve destekleyen olumlu bir faktor olarak rol
oynayabilecegi gibi, giivenligin ncesine verimliligi yer-
lestiren, is¢i  yaralanmalarmi  ingaat  sektOriiniin
kaginilmaz bir pargasi olarak kabul eden ve bu duruma
tolerans gosteren olumsuz bir rol oynayabileceginin
farkina varmaktadir. Santiyenin olaganiistii glivenli ya da
son derece tehlikeli olup olmadigi, yonetimin ve isgilerin
giivenlige ve tehlikelere yaklagim ve tutumlarini yansitan
giivenlik kiiltiiriiniin bir sonucudur. Bu baglamda, isin
fiziksel ve organizasyonel kosullari, giivenlik kiiltiiriiniin
yansimasi olarak karsimiza ¢ikmaktadir. Kisaca, santiye-
lerde "Insaat tehlikeli bir istir - kaza olur"dan "Giivenlik
ve saglik, isimizi nasil gergeklestirdigimizdir"e uzanan
ortilii veya acik Orgiitsel gilivenlik mesajlart ile
kargilagmak miimkiindiir [23].

Tiirkiye’de konuya iliskin degisik sektorler tizerinde ya-
pilmis bazi ¢aligsmalar bulunmakla birlikte, insaat sek-
torii iizerinde yapilmig bir calismaya rastlanmamuistir.
Oysa basta projelerin ve iggiiciiniin siireksizligi olmak
lizere, insaat sektoriiniin kendine has bir ¢ok 6zelligi ne-
deniyle, diger sektorler lizerinde yapilmis ¢caligma sonug-
larinin insaat sektoriine genellenmesi miimkiin géziikme-
mektedir. Ote yandan diinya literatiiriinde insaat
sektoriine yonelik gesitli ¢aligmalar bulunmaktadir. Bu
calismalarda genel olarak degigik giivenlik kiiltiiri
boyutlari ile ¢alisanlarin giivenlik performanslari arasin-
daki iliski ele almmustir. S6z konusu ¢aligmalar,
ayrintilart 3 iincii bolimde verilen bu arastirmanin ko-
nusu olan gilivenlik kiiltiirii boyutlarindan hangilerinin
ele alindigina gore incelenmistir. Caligmalarda ele alinan
giivenlik kiiltiirli boyutlari, gilivenlik performansinin
nasil 6l¢iildiigi, izlenen metotlar ve elde edilen sonuglara
ililsikin genel bilgiler Cizelge 1°de sunulmustur.

3. ARASTIRMA (RESEARCH)

3.1. Arastirmanin Amaci ve Hipotezleri (Purpose and
Hypotheses of Research)

Arastirmada insaat sektorii ¢alisanlarinin giivenlik kiil-
tiirti algilarinin, farkli demografik degiskenlerle olan ilis-
kisi ile giivenlik performansi tizerindeki etkisi incelen-
mistir. Bu dogrultuda medeni durum, egitim diizeyi, yas,
tecriibe, yonetici olup olmama ve santiye ortaminin gii-
venlik kiiltiirii algis1 tizerindeki etkisi arastirilmistir. Gii-
venlik kiiltiirii algisinin giivenlik performansi tizerindeki
etkisi ii¢ hipotez lizerinden incelenmistir. Bunlar;

e Giivenlik kiiltlirii diizeyi ile is kazasina maruz kalma
arasinda bir iliski vardir,

e Giivenlik kiltiirii degiskenleri ile giivenlige uyma
davranis1 arasinda iliski vardir,

e Giivenlik kiiltiirii degiskenleri ile ¢alisanlarin giiven-
lige katilma davranislar1 arasinda bir iliski vardir hi-
potezleri olmustur.

3.2. Arastirmanin Metodolojisi (Research Methodo-

logy)

3.2.1. Arastirmada Kullanilan Anket Formu (Survey

Form Used in the Research)

Ikinci béliimiinde deginildigi iizere, giivenlik kiiltiiriiniin

Olciimiinde niceliksel ve niteliksel yontemler kullanil-

maktadir. Bu galismada ¢aliganlarin giivenlik kiiltiirii al-

gilar1 ve giivenlik performansini niceliksel olarak dlgmek
lizere, Cizelge 2’de sunulan sorulardan olusan bir anket
formu kullanilmigtir. Giivenlik kiiltiirii anketinde 8 bo-
yuta yer verilmis, giivenlik performansi ise is kazasina

maruz kalma ile giivenlik uyumu ve giivenlik katilimi ol-

mak iizere iki alt boyuttan olusan giivenli davranis 6lgegi

Cizelge 1. Insaat sektériinde giivenlik kiiltiirii giivenlik performansi iligkisine dair ¢alismalar (Studies on safety culture safety

performance relation, in the construction sector)

Giiv.

Incelenen Giivenlik Kiiltiri Boyutu Perf. Ole.

Aragtirma

Farkindahk ve

Yetkinlik
Raporlama
Kiiltiirii

Is Kazasma
Maruziyet

Katilhmy
Kadercilik
Giivenli
Davranis

Yonetimin
Baghhg
Gitvenlik
Cahganlarm

Omnceligi

Giivenlik

Tletisimi

Giivenlik
Egitimi

Araghrmamn Yiintesmi Arastirma Sonucu

Gillen vd. [24] X | X X | X | X | X X

Kaliforniva’da
yaralanmig sendikali ve sendikasiz 235|givenlik egitimi ve kadercilik boyutlarindal
ingaat iggisi ile anket caligmass

ingaat kazasmnda|Yonetimin baghlim, givenlik farkindaligs,
sendikali ve sendikasiz galiganlar arasindal
farklilike, givenlik iklimi skorlari ile yaralanmal
derecesi arasinda Snemli korelasyon tespit]

edilmigtir.

Melia vd. [25]

Ingiltere ve Ispanya’dan toplam 982|Yénetici ve

genel drneklem ile Cin ve Ispanya’dan
473 ingaat sektori galigan ile anket
galigmast

calizan  dizeyinde givenlik]
tepkilerine ve risk algisina iligkin karakterisitik]
farkhliklar oldugu tespit edilmistir.

Lingard [26]

Avustralya’da ilk yardim egitiminin,
giivenlik motivasyonuna etkizine dair
24 haftalik bir deneysel galizma

Egitim sayesinde caliganlann farkimdalifinm)
artmazmmn  givenlik  ve  saglkla  ilgili
vaklagzmlarin pozitif ydnde etkiledigi sonucunal
ulagilmagtir.

Mohamed [27]

Avustralya’da 36 ingaat firmasinm
yoneticileri ile bir anket galigmas:

Giivenlik performansi, proaktivite ve givenlik]
kayd: ile giivenlik yGnetimi baghilisy arasindal
pozitif bir iligki olmadigs tespit edilmigtir

Mohamed [28]

Avustralya’da 10 farkh santiyeden 68
kiginin katildigi anket ile toplanan
verilerin yapisal egitlik modellemesi ile
degerlendirilmesi

Pozitif  giivenlik  iklimine  ulagilmasmdal
yonetimin  baglihiF, iletigim,  galianlann)
katilimi, davramg ve yetkinlillerinin Gnemli]
oldugy belirlenmistir.

Siu vd. [29]

Hong EKong'da 27
santivesinde, toplam
caligans ile ankeet galigmas:

farkls
374

ingaat
ingaat

Giivenlik tutumlarnan ve psikolojik]
zorlanmanin kaza oranlarmg anlaml gekilde]
agtkladi@s tespit edilmigtir. Tletisim ile givenlik]
performans: iligkisi anlamsiz bulunmugtur.
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Cizelge 1 Devam. insaat sektoriinde giivenlik kiiltiirii giivenlik performansi iliskisine daire caligmalar (Studies on safety
culture safety performance relation, in the construction sector)

incelenen Giivenlik Kiiltiri Boyutu

Giiv.
Perf. Olc.

Aragtrma

Yinetimin
Baghhg
Gitvenlik

Omnceligi

Farkindahk ve

Yetkinlik
Maruziyet
Giivenli

Raporlama
Kiiltiirii
Is Kazasma

Katihm
Kadercilik
Davrams

Giivenlil
Cahzanlarm

Tletisimi

Giivenlik
Egitimi

Arastrmanm Yontemi

Aragtirma Sonucu

Shoji ve Egawa
[30]

]

]
]
]
<]
]
i
¥

Japonya'daki gantiyelerde 300 ustabagy)
ve 300 galigan ile &Gzdegerlendirme
anketi

Givenlik iklimine iliskin sekiz faktdr ile 4
pozitif ve 4 negatif ¢aligan givenlik davramsg)
tespit etmiglerdir.

Burt vd. [31]

Orman, ingaat ve enerji Gretim iggileri)
ile, ilk asamaya 8 farkl girketten 80,
ikinei agamaya 2 farkl girketten 104
galiganin katilimi ile anket caligmast

Meslektaglaninin  givenligini
takym giivenlik ruhu ile pozitif iligkisini ortayal
koymusgtur

onemsemenin|

Térner ve
Pousette [32]

Isveg ingaat projelerinden
giivenlik temsilcizi ve 19 ilk kademe)
yoneticisi ile gdriigmeler yapilmas:

5 izl

Giivenlik prosediirlerine iligkin dért kategoril
bulnmugtur: 1
vapilar; givenlik kiltirine

bireysel yetenek ve yaklagimlar.

Izin dogasi; organizasyon vel

iligkin degerler:

Gittleman vd.[33]

Las Vegas ingaat projelerinde yanetici,
ustabagt ve iggilerden olugan toplam
3480 kigi ile anket caligmast

Giivenlik iklimine yonelik yoneticilerin daha
pozitif bir algis1 bulundugu tespit edilmigtir.

Fung vd. [34]

Kamu ve &zel ingaat firmalannda)
galigan 61 yonetici, 103 amir'nezaretgi)
ve 239 izci olmak dzere toplam 423
kigi ile anket galigmas

Yonetim kademesinde caliganlarm givenlik]
algizs, Grgitsel baghlik
raporlama, kisim yonetiminin baghlig, ligisel
tol ve iy arkadaglanmin etkizi boyutlarnda,
galiganlardan daha yiiksek bulunmugtur.

ve iletigim. kaza

Zhou vd. [35]

2004 (N=626) ve 2007 (N=621) yillary
arasinda Cin ingaat sektdriinde 4 farkly
igyerinde anket caligmass

2007 yilnda 2004 yilina gére her bir givenlik]
iklimi boyutlars ortalamass anlamli bir artig)
ghstermigtir

Goldenhar vd.[36]

ABD’de ingaat iggileri sendikasina iiye|
olan 391 kisi ile anket ¢aligmass

Giivenlik  iklimi ile yaralanmalar arasindal
negatif. givenlik uyumu arasinda pozitif yEnliil
anlamls bir iligki bul

agtur,

ile dl¢iilmiistiir. Anket tamami 5 1i likert dlcegine gore
hi¢ katilmiyorum ve tamamen katiliyorum arasinda degi-
sen cevaplarla degerlendirilen ve olumlu yonde goriis

iceren toplam 47 sorudan olusmustur.

Anketin ilk boliimiinde ¢alisanlarin yas, cinsiyet, medeni
durum, egitim durumu, isteki konumu, is tecriibesi ve
firmada caligma yili, meslek hayatlarinda ve mevcut
veya ramak kala geg¢irip
gecirmedikleri sorularindan olusan kisisel bilgi formuna

firmalarinda

yer verilmistir.

Cizelge 2. Anket formunda yer verilen giivenlik kiiltiiri
boyutlari ve sorular (Safety culture dimensions and

is kazasi

the questions given in the survey form)

12. Yonetim giivenligin iretimle es bir
6neme sahip oldugunu diigiinmektedir.

13. Bu igyerinde giivenlik konular1 hakkinda
yogun bir iletigim vardir.

14. Calisanlar giivenlik konular1 hakkinda tist
yonetimle miizakere edebilir.

Giivenlik Kiiltiirii
Boyutu ve Olgegin
Ana Kaynag [37]

Soru

1.Yoneticiler ¢alisanlarin katilimini, glivenlik
icin temel olarak gormektedirler.

2. Yoneticiler, ¢alisanlarm egitimini giivenlik
icin esas olarak gérmektedirler.

3. Yoneticiler orgiit i¢i iletisimi giivenlik igin
esas olarak gérmektedirler.

Yonetimin Baghhg:

4. Yoneticiler, faaliyetlerin izlenmesini temel
olarak gormektedirler.

(Muniz, Peon ve Ordas
(2007) Blgegi)

5. Yoneticiler, saglik ve giivenlik
konularinda da sorumluluk almaktadirlar.

6. Yoneticiler aktif olarak giivenlik
konularinda 6nciiliik etmektedirler.

Guvenllk. Il_etlslml 15. Toplantilarda giivenlik konularina
(Neal, Griffin ve Hart desinmek icin veterince firsat vard
(2000) dloedi) eginmek igin yeterince firsat vardur.
16. Bu igyerinde giivenlik konular1 hakkinda
acik bir iletigim vardir.
17. Caliganlarin diizenli olarak igyeri saglik
ve giivenlik konular1 hakkinda fikri alinir.
18. Egitim programlarinda giivenlik
konularina yiiksek bir oncelik verilir.
Giivenlik Egitimi l1(9. Gliive;(lllik egitiTigallsaTlarﬁ islerinde
(Neal, Griffin ve Hart arstlastiklan gesit Urumean xapsar.
(2000) dlcesi) 20. Calisanlar 15yermde§a.gllk ve giivenlik
konularinda kapsamli egitim alir.
21. Calisanlar isyerinde saglik ve egitim
programlarina yeterince ulagabilir.
22. Isyerimde giivenlik konusunda
sorumluluklarimin ne oldugunu biliyorum.
23. Tsimin gerektirdigi giivenlik kurallarim
Giivenlik anliyorum.
Farkindahgy/ 24. 15 yerimdeki giivenlik sorunlariyla bas
Yetkinlik edebiliyorum.
(Lin vd. (2008) 6lgegi) |25. Giivenlik kurallarina her zaman
uyuyorum.

26. Calisirken giivenligin en 6nemli sey
oldugunu diigiiniiyorum.

7. Yoneticiler, diizenli olarak is yerlerini
ziyaret etmektedirler.

8. Yoneticiler, giivenlik konular1 i¢in
toplantilar diizenlemeyi tegvik etmektedirler.

9. Yonetim, ¢alisanlarin giivenliginin bityiik
bir 6nemi oldugunu diisiinmektedir

Giivenlik Onceligi
(Cox ve Cheyne
(2000) dlgegdi)

10. Giivenlik meselelerine yiiksek bir 6ncelik
verilmektedir.

11. Giivenlik prosediirleri dikkatli bir sekilde
takip edilmektedir.

Calisanlarin Katilinm
(Muniz, Peon ve Ordas

27. Calisanlar talimatnameler ve
prosediirlerin hazirlanmasina
katilmaktadirlar.

28. Calisanlar giivenlik planinin
diizenlenmesi ve uygulanmasina aktif
katilim saglar.

(2007) dleegi) 29. Calisanlar giivenlik yonetmeliklerine
uymaktadirlar.
30. Calisanlar ¢alisma kosullarindaki
noksanlar i¢in yazili dnerilerde bulunuyorlar.
- 31. Kazalar aniden olur ve 6nlemek igin
Kadercilik

yapabilecek ¢ok az sey vardir.
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(Rundmo ve Hale
(1999) 6lgegi)

32. Calisirken baginiza ne gelecegi biiyiik
Olciide sans meselesidir.

33. Kazalar kagmnilmazdir.

34. Bir kazadan kaginmaniz imkansizdir.

35. Makinelerin ve teknik ekipmanlarin
kullanimi1 kazalar1 kaginilmaz kilar.

36. Sirketin ¢abalarina ragmen kazalarin
onlenmesi kag¢mnilmaz goriiniiyor.

Raporlama Kiiltiirii
(Havold ve Nesset
(2009) olgegi)

37. Biz, sirketimizde her zaman kazalar1 ve
olaylar bildiriyoruz.

38. Emniyetsiz kosullar1 bildirmeye tesvik
ediliyorum.

39. Kazalarin/olaylarin bildirilmesi
organizasyonumuzda giivenli caligmada
onemlidir.

40. Calisanlar kil pay1 atlatilan kazalari
(ramak kala kazalari) bildirmeye istekliler.

41. Calisanlar kazalar bildirmeye istekliler.

("}iivenli Davranis
Olgegi
Giivenlik Uyumu/

42, Isimi yaptigim esnada biitiin gerekli
giivenlik ekipmanlarini kullanirim.

43. Isimi yaparken uygun giivenlik
prosediirlerini kullanirim.

44, Isimi yaptigim esnada en yiiksek
giivenlik seviyelerini saglarim.

Giivenlik Katilim1
(Neal, Griffin ve
Hart (2000) &lgegi)

45, Isyeri iginde giivenlik programlarin
tegvik ederim.

46. Isyeri giivenliginin iyilestirilmesi icin
fazladan ¢aba harcarim.

47. Isyeri giivenliginin iyilestirilmesine
yonelik gorevleri goniillii olarak yaparim.

3.2.2. Anketin uygulanmasi ve analizi (Survey
implementation and analysis)

Arastirma, Ankara'da 2, Sivas, Diyarbakir ve Malatya'da
1 er olmak iizere 5 farkli santiyede gergeklestirilmistir.
Bu santiyelerin tamaminda farkli biiytikliiklerde tek bir
bina ingas1 ve benzer iistyapi ingaati imalatlari s6z konusu

iken, Ankara’da insa edilen binalarin kullanim alanlari
digerlerine daha biiyiiktiir. Calismanin gerceklestirildigi
santiyelerden, Ankara’da sozlesme bedelleri 35 ve 20
milyon TL olan iki farkli egitim tesisi, Sivas’ta yaklagik
3 milyon TL bedelli karargah binasi, Diyarbakir’da yak-
lasik 1 milyon TL bedelli hizmet binasi ve Malatya’da
1.5 milyon TL bedelli destek binasi insast gerceklestiril-
mektedir. Ankara’daki santiyelerde siirekli is giivenligi
uzmani bulunmakla birlikte, 5 firmaninda genel olarak
kurumsal yapisinin zayif oldugu, hem teknik personelin
hem de c¢alisanlarin firma biinyesinde siirekli degil proje
bazli istihdam edildigi tespit edilmistir.

Santiyede bulunan kontrol miihendisleri vasitasi ile uy-
gulanan toplam 137 anket formundan 15°i eksik veri icer-
digi i¢in kapsam diginda birakilmis, analiz ve degerlen-
dirmeler 122 anket formu iizerinden gerceklestirilmigtir
Toplanan verilerin analizi SPSS 21.0 (Statistical Package
for Social Sciences- Sosyal Bilimler icin Istatistik Paketi)
[38] programu ile gerceklestirilmis, betimleyici analiz,
glivenirlik analizi, t-testi, varyans analizi, korelasyon ve
regresyon analizleri yapilmustir.

3.3. Arastirmadan Elde Edilen Bulgular (Research
Findings)
3.3.1. Demografik bulgular (Demographic findings)

Katilimcilara ait demografik bulgular Cizelge 3-8’de
verilmistir. Buna goére tamamina yakini erkek olan
katilimcilarin yaklasik % 60’1 evlidir. Agirlikli olarak 18-
40 vyaslarinda olan ¢alisanlarin % 50°si ilkdgretim
mezunudur. % 10’u hayati boyunca enaz bir is kazasi
yasamis, % 15’1 ise mevcut igyerinde is kazasina veya
ramak kala olayina maruz kalmstir.

Cizelge 3. Katilimcilarin cinsiyet, medeni durum ve isteki konumuna gore dagilimlar1 (Distribution according to gender,

marital status and position)

Cinsiyet Medeni Durum Isteki Konum

Erkek Kadin Evli Bekar Yonetici Calisan Toplam
N 119 3 75 47 16 106 122
% 97,5 2,5 61,5 38,5 13,1 86,9 100

Cizelge 4. Katilimcilarin yag gruplarina gore dagilimlar: (Distribution according to age)

Yas Grubu

18-29
30-39
40-49
50 ve iizeri
Toplam

N %
44 36,1
45 36,9
24 19,7
9 7,4
122 100,0

Cizelge 5. Katilimcilarin egitim seviyesine gore dagilimlari (Distribution according to level of education)

Egitim Durumu

Okur-Yazar
ilkogretim
Lise ve dengi
Universite
Toplam

N %
9 74
62 50,8
32 26,2
19 15,6
122 100,0
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Cizelge 6. Katilimcilarin is tecriibelerine gore dagilimlari (Distribution according to work experience)

Yas Grubu

0-2 Y1l
3-9 Y1l
10-19 Y1l
20 y1l ve iistii
Toplam

N %

18 15,5
37 31,9
37 31,9
24 20,7
116 100,0

Cizelge 7. Katilimcilarin i kazas1 ve ramak kala durumu dagilimlar1 (Distribution according to work accident)

Kaza Durumu Hayat1 Boyunca Mevcut Isyeri Ramak Kala veya
is Kazas1 is Kazas1
Evet Hayir Evet Hayir Toplam
N 13 109 19 103 122
% 10,7 89,3 15,6 84,4 100,0

Cizelge 8. Katilimcilarin santiyelere gore dagilimlari (Distribution according to sites)

Santiye Yeri N %

Ankara-1 14 115
Ankara-2 39 32,0
Diyarbakir 24 19,7
Malatya 31 25,4
Sivas 14 11,5
Toplam 122 100,0

3.3.2. Kullamlan olceklerle ilgili tanimlayicr sinir degerlerin oldukca {izerinde ¢ikarak, Olgegin

istatistikler ve giivenirlik analizi sonuclar1

(Descriptive statistics on the scales and results of

reliability analysis)
Arastirmada kullanilan odlgeklerle ilgili tanimlayici
istatistiklere iliskin sonuglar ve giivenirlik katsayilari
Cizelge 9’da verilmistir. Sorulara verilen cevaplarin
ortalamasi 3 ile 4 arasinda degismekte, yani kararsizim
ile katiliyorum arasinda gergeklesmistir. Cizelgede
gorildiigi tizere, 6l¢eklerin giivenirlik degerleri 0,83 ile
0,93 arasindadir. Bu degerler, Cronbach ve Helmstater’in
onerdigi 0,5 ve Bowling ve Shah’in 6nerdigi 0,7 olan

giivenilir oldugunu géstermistir [39;41].

Demografik degiskenler ile giivenlik Kiiltiirii
degiskenleri arasindaki iliskiler: Cizelge 10
calisanlarin medeni durumlarina gore giivenlik kiiltiirii
degiskenlerinin ortalamalarin1 gostermektedir. Cizelgede
evlilere ait ortalamalar tim boyutlarda bekarlarin
ortalamalarindan daha yiiksek ¢ikmigtir. Mann-Whitney
U testi ile tiim boyutlarda medeni durum kategorileri
acisindan farklilik bulunmadig: seklindeki hipotezler test
edilmis, sadece kadercilik ve giivenlik iletisimi
boyutlarinda hipotez reddedilmistir (p<0,05). Buna gore

Cizelge 9. Olgeklerin giivenirlik katsayilar1 (Reliability coefficients of scales)

Degisken '\é':sl‘:le ort.  StSap. Osr(i“;, CAlph  C.Alph*
Yoneticilerin Tutumlari 122 4 14,06 4,206 3,52 0,90 0,84
Yoneticilerin Davramislart 122 4 14,36 4,227 3,59 0,88 0,83
Giivenlik Onceligi 122 4 14,94 4,224 3,74 0,89 0,72
Giivenlik Iletisimi 122 5 18,58 5,162 3,71 0,93 -
Giivenlik Egitimi 122 4 14,60 4,499 3,65 0,95 -
Giivenlik Farkindahgi 122 5 19,83 4,737 3,97 0,90 0,83
Calisanlarin Katilin 122 4 14,30 4,312 3,58 0,88 0,76
Kadercilik 122 6 18,57 7,264 3,10 0,90 0,76
Raporlama Kiiltiirii 122 5 18,54 5,242 3,71 0,89 0,76
Giivenlik Uyumu 122 3 11,80 3,041 3,93 0,93 0,94
Giivenlik Katilimi 122 8 11,45 3,015 3,82 0,83 0,85

* Olgeklerin orijinallerindeki giivenirlik degerleridir [37].
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bu iki boyutta evli ve bekarlar i¢in anlamli farklilik s6z

egitimsiz (okur yazar) grubun ortalamasi

yiiksek

konusudur. c¢ikarken, liniversitelilere iliskin ortalamalar daha diisiik
Cizelge 10. Medeni durum giivenlik kiiltiirii iligkisi (Marital status safety culture relationship)
. Mann-Whitney U

Olgekler Evi Bekar Testi

N M SS N M SS Sig Karar
Yoneticilerin Tutumlari 3,57 97 3,43 1,17 ,561 Kabul
Yoneticilerin Davraniglari 3,63 97 3,52 1,19 ,702 Kabul
Giivenlik Onceligi 3,80 1,04 3,64 1,08 428 Kabul
Giivenlik Tletisimi 3,87 1,02 3,48 1,02 ,031 Red
Giivenlik Egitimi 75 3,79 1,10 47 3,43 1,14 ,079 Kabul
Giivenlik Farkindaligt 4,00 ,88 3,91 1,05 ,868 Kabul
Calisanlarin Katilimi 3,60 1,08 3,54 1,08 737 Kabul
Kadercilik 3,31 1,17 2,75 1,20 ,019 Red
Raporlama Kiiltiirii 3,78 ,99 3,59 1,13 ,502 Kabul

Cizelge 11°de katilimcilarin egitim seviyesine gore
degisik giivenlik kiltiirii boyutlar1 agisindan anlamli fark
bulunup bulunmadigina iliskin Kruskal Wallis test
sonuglari verilmistir. Genel olarak biitiin boyutlarda daha

¢ikmistir. Bu durumun egitim seviyesi arttikca konuya
daha  gercek¢i  yaklasilmasindan  kaynaklandigi
degerlendirilmektedir. Diger taraftan, biitiin boyutlar
icerisinde yalnizca kadercilik ve raporlama kiiltiirii i¢in

Cizelge 11. Egitim seviyesi giivenlik kiiltiirii iliskisi (Education level safety culture relationship

. - Kruskal Wallis Testi
Olgekler Egitim Durumu N M SS Chi-Square df | Asymp. Sig.
Qkur Yazar 9 3,94 ,62 2,435 3 487
e e Tk gretim 62 3,51 1,03
Yoneticilerin Tutumlari I:isegve dengi 32 3.60 98
Universite 19 3,47 1,37
Okur Yazar 9 4,08 72 4,016 3 ,260
Yéneticilerin Ilkdgretim 62 3,48 1,02
Davraniglari Lise ve dengi 32 3,77 ,98
Universite 19 343 1,37
Okur Yazar 9 4,47 48 6,662 3 ,084
o Tlkogretim 62 3,57 1,08
Givenlik Onceligi Lise ve dengi 32 3,93 ,88
Universite 19 3,41 1,26
Okur Yazar 9 4,51 ,60 6,843 3 ,077
o Tlkdgretim 62 3,60 1,07
Givenlik lletisimi Lise ve dengi 2 3.75 9
Universite 19 3,64 1,14
Qkur Yazar 9 4,20 46 4,571 3 ,206
Giivenlik Farkindalig E}‘s‘;g\jztggngi g; ‘31:12 ’1;3)2
Universite 19 411 ,99
Okur Yazar 9 4,38 ,57 3,849 3 ,278
S Tkdgretim 62 3,56 1,18
Gilvenlik Egitimi Lise ve dengi 2 372 89
Universite 19 3,43 1,37
Okur Yazar 9 4,03 ,65 3,282 3 ,350
Calisanlarin Katilimi II_I:(SC(’ag\:Zthelngi gg g:?g ’1552
Universite 19 3,18 1,32
Qkur Yazar 9 4,09 ,90 11,491 3 ,009
W R—E E
Universite 19 2,48 1,33
Okur Yazar 9 4,73 ,36 13,903 3 ,003
T T e e
Universite 19 3,47 1,27
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egitim seviyesine gore istatistiksel olarak anlamh
farkliliklar tespit edilmistir (p<0,05).

Cizelge 12'de degisik giivenlik kiiltiirii boyutlarinda san-
tiyelere gore anlamli fark bulunup bulunmadigina iligkin
Kruskal Wallis test sonuclar1 verilmistir. Buna gore gii-

Cizelge 13'de giivenlik kiiltiirii degiskenleri ile isteki
konum iligkisi incelenmistir. Buna gore ydneticilerin
tutumlari, yoneticilerin davranislari, giivenlik egitimi,
giivenlik farkindaligi, ¢alisanlarin katilimi ve raporlama
kiiltiirii boyutlarinda katilimcilarin konumlari agisindan

Cizelge 12. Santiyelere gore giivenlik kiiltiirli algis1 (Safety culture perception according to the sites)

yonetici | yonetici | giivenlik | giivenliki | giivenlike | giivenlik | ¢alisan | kader- | rapor-
tutumu | davranisi | onceligi | letisimi gitimi | farkindal. | katthmi | cilik lama
Chi-Square 6,823 5,588 8,102 17,045 14,850 9,227| 11,572| 23,422| 14,726
df 4 4 4 4 4 4 4 4 4
Asymp. Sig. ,146 232 ,088 ,002 ,005 ,050 ,021 ,000 ,005
venlik iletisimi, giivenlik egitimi, giivenlik farkindaligi, fark yoktur hipotezi reddedilmistir. Yoneticilerin

calisan katilimi, kadercilik ve raporlama kiiltiirii i¢in san-
tiyeler arasinda anlamli farkliliklar tespit edilmistir
(p<0,05). Bu boyutlarda Ankara'da bulunan iki farkli san-
tiye digindaki diger santiyeler arasinda genel olarak an-
lamli farkliliklar oldugu goriilmiistiir. Bu durum santiye-
lerdeki giivenlik ikliminden kaynaklanacagi gibi ¢alisan-
larin memleketlerine has ozelliklerinden kaynaklanma
ihtimali de bulunmaktadir. Konu bu anlamda bagka calis-
malarla daha ayrintili incelenmelidir.

algilarina iligkin ortalamalarin daha yiiksek olmasi
konumlar1 geregi daha dogru goriinse de, yasanan kazalar
calisanlarin algilarinin ger¢ek hayatla daha uyumlu
oldugunu géstermektedir.

Gtivenlik kdltiirii degiskenleri ile katilimeilarin is
tecriibeleri arasindaki iliski incelendiginde, biitiin
boyutlarda tecriibesiz ¢alisanlarin ortalama puanlarinin
tecriibeli ¢aliganlardan daha yiiksek oldugu, en
tecriibelilerin  en diigsiik puanlara sahip oldugu

Cizelge 13. Konum (yonetici-¢aligan) giivenlik kiiltiirii iligkisi (Position (manager-employee) security culture relationship)

" Yonetici Calisan Mann-Whitney U Testi
Olgelder N M ss N M |SS |Sig Karar
Yoneticilerin Tutumlari 4,17 91 3,41 | 1,03 | ,008 Red
Yoneticilerin Davraniglari 4,12 1,03 3,50 | 1,06 | ,028 Red
Giivenlik Onceligi 4,04 ,85 3,68 | 1,07 | ,241 Kabul
Giivenlik Iletisimi 4,01 1,02 3,67 | 1,02 | ,305 Kabul
Giivenlik Egitimi 16 4,18 76 106 356 | 1,14 | ,032 Red
Giivenlik Farkindaligt 4,42 ,88 3,89 | 0,97 | ,037 Red
Calisanlarin Katilimi 4,09 54 3,49 | 1,08 | ,031 Red
Kadercilik 3,563 ,89 3,02 | 1,17 | ,114 Kabul
Raporlama Kiiltiirii 3,62 1,37 3,62 | 1,06 | ,011 Red

Cizelge 14. Is tecriibesine gore anlaml farkliliklar bulunan boyutlarda giivenlik kiiltiirii algis1 (Safety culture perception in
dimensions with significant differences according to work experience)

Kruskal Wallis Testi
Olgekler Santiye N M SS Chi- df Asymp.
Square Sig.
1) 0-2 Yil 18 3,88 ,86 9,630 3 ,023
Y oneticilerin 2) 39 Vil 37 3,49 .96
Tutumlart 3) 10-19 Y1l 37 3,78 1,00
4) 20 Yildan Fazla 24 3,00 1,23
Toplam 116 3,54 1,06
1) 0-2 Yil 18 4,01 1,12 7,945 3 ,047
Giivenlik 2)3-9 Y1l 37 3,76 ,87
Onceligi 3) 10-19 Y1l 37 3,95 1,01
4) 20 Yildan Fazla 24 3,27 1,16
Toplam 116 | 3,76 1,04
1) 0-2 Y1l 18 4,00 ,98 8,417 3 ,038
Giivenlik 2)3-9 Y1l 37 3,62 ,92
Egitimi 3) 10-19 Y1l 37 3,94 1,12
4) 20 Yildan Fazla 24 3,19 1,27
Toplam 116 | 3,69 1,10
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goriilmektedir. Bu durumu tecriibe ile gergegin daha iyi
anlasildigr seklinde yorumlamak miimkiindiir. Giivenlik
kiiltliri boyutlarindan yonetici tutumu, giivenlik 6nceligi
ve gilivenlik egitimi i¢in anlamli farkliliklar elde
edilmistir. Bu boyutlara iligkin analiz sonuglar1 Cizelge
14'de sunulmustur.

Cizelge 15°de verilen Kruskal Wallis test sonuclari
demografik degiskenlerden yas ile gilivenlik kiiltiirii
degiskenleri arasinda herhangi bir anlamli farklilik
olmadigini gostermistir.

boyutlarinda istatistiksel olarak p=0.1 diizeyinde anlaml1
oldugu goriilmiistiir.

Gtivenlik kiiltliri degiskenlerinin kendi iglerindeki ve
calisanlarin giivenli davraniglart (giivenlik uyumu ve
giivenlik katilimi) ile korelasyonlar1 Cizelge 17°de
verilmistir. Buna gore giivenlik kiiltiirii boyutlarinin
kendi iclerinde kadercilik disindaki diger tim
degiskenlerle giiclii ve pozitif yonlii anlaml bir iliski
icinde oldugu, kadercilik degiskeni ile iligkinin ise daha
zaylf oldugu goriilmektedir. En giiglii iliski gilivenlik

Cizelge 15. Yasa gore giivenlik kiiltiirii algis1 (Safety culture perception according to age)

yOnetici| yonetici | glivenlik | glivenlik | giivenlik | giivenlik | ¢alisan |kadercilik|raporlama
tutumu | davranisi | 6nceligi | iletisimi | egitimi |farkindal.| katilimu
Chi-Square ,260 ,139 ,131 3,895 2,323 ,991 3,132 6,621 ,687
df 3 3 3 3 3 3 3 3 3
Asymp. Sig. ,967 ,987 ,988 ,273 ,508 ,804 ,372 ,085 ,876

Giivenlik kiiltiirii - giivenlik performansi degiskenleri
arasindaki iliskiler: Bu bolimde gilivenlik kiiltiirii
degiskenleri ile giivenlik performansi degiskenleri olarak
belirlenen is kazasina ugrama, giivenlik uyumu
(glivenlige uyma) ve giivenlik katilimi degiskenleri
arasindaki iliskiler ele alinmistir. Giivenlik kiiltiirii ile is
kazasina ugrama iliskisinin analizinde yasanan kaza
sayisinin goreceli olarak az olmasi nedeniyle calisma
hayat1 boyunca kaza geciren ve bu igyerinde ramak kala
olay yasayan caliganlar birlikte analiz edilmislerdir.
Analiz sonucunda elde edilen Cizelge 16’da, kaza veya
ramak kala olay yasayanlarin ortalamalarinin daha diisiik
oldugu, yani cevrelerindeki risklere kars1
farkindaliklariin daha yiiksek oldugu ve giivenlik
konusunda diger ¢alisanlar kadar rahat diistinmedikleri
goriilmektedir. Farkliliklarin, giivenlik 6nceligi, giivenlik

egitimi ile giivenlik iletigsimi (r=,860; p<0,01) arasinda,
en zayif iliski ise kadercilik ile giivenlik farkindalig:
(r=,224; p<0,05) arasindadir. Tablo 14’de verilen
giivenlik kiiltiiric degiskenleri ile ¢alisanlarin giivenli
davraniglar1 degiskenleriarasindaki korelasyon analizi
sonuglari incelendiginde, hem giivenlik uyumu hem de
giivenlik katilimi degiskenlerinin, kadercilik degiskeni
ile zayif diger tiim degiskenlerle gii¢lii ve pozitif yonli
anlaml bir iliski i¢inde oldugu goriilmektedir. Giivenlik
uyumu degiskeninin en gicliiliski iginde oldugu
degisken, giivenlik iletisimi (r=,708; p<0,01), giivenlik
katilimi degiskenininki ise giivenlik farkindaligidir
(r=,761; p<0,01). Giivenlik uyumu ve katilimi arasinda
da dogal olarak ¢ok giiclii bir iliski s6z konusudur
(r=,842; p<0,01).

egitimi, gilvenlik iletisimi ve ¢alisan katilim
Cizelge 16. Giivenlik kiiltiirii degiskenleri ile is kazasi iligkisi (Safety culture work accident relationship)
Kaza veya ramak kala Mann-Whitney U
Olgekler Evet Hayir Testi
N M SS N M SS Sig Karar
Yoneticilerin Tutumlari 3,35 1,12 3,56 1,27 ,484 Kabul
Yoneticilerin Davraniglari 3,32 1,03 3,66 1,06 ,162 Kabul
Giivenlik Onceligi 3,38 1,14 3,83 ,98 ,079 Red
Giivenlik Iletisimi 3,38 1,02 3,81 ,93 ,079 Red
Giivenlik Egitimi 27 3,28 1,20 95 3,75 1,21 ,096 Red
Giivenlik Farkindaligi 3,79 ,99 4,01 1,00 ,206 Kabul
Calisanlarin Katilimi 3,11 1,13 3,70 1,30 ,020 Red
Kadercilik 3,08 ,98 3,09 1,18 ,894 Kabul
Raporlama Kiiltiirii 3,57 1,12 3,74 1,08 ,398 Kabul
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Cizelge 17. Giivenlik kiiltiirii degiskenleri ile giivenli davranis arasindaki korelasyon analizi sonuglart (Results of
correlation analysis between safety culture variables and safe behavior)

1 2 3 4 5 6 7 8 9 10
1-Yoneticilerin Tutumlari 1
2-Yoneticilerin Davramiglart  ,719** 1
3-Giivenlik Onceligi ,679%*  829** 1
4-Giivenlik Iletisimi ,707%*% [ 763** 849** 1
5-Giivenlik Egitimi 717%* [ 759** | 809** | 860** 1
6-Gilivenlik Farkindalig ,658** | 674** | 738** \710** ,686** 1
7-Calisanlarin Katilimu ,519** | 572**  601** \632** ,641** 661** 1
8-Kadercilik ,252%% | 293** | 311** [ 319** [343** 224* [ 403** 1
9-Raporlama Kiiltiiri ,644**  619** | 691** [691** [ 718** [711** 666** ,399** 1
10-Gilivenlik Uyumu ,532**  609** | 621** | 708** ,681** ,696** ,668** ,282** 681** 1
11-Giivenlik Katilimi ,618** [642** | 707** [744** [712** [761** 670%* ,294** 724** B42**

*p<0,05 **p<0,01

Giivenlik kiiltiirii degiskenlerinin ¢alisanlarin giivenlik
performansint  nedensellik  {izerinden  incelemek
maksadiyla regresyon analizleri gerceklestirilmistir.
Cizelge 18°de giivenlik kiiltiirii degiskenlerinin giivenlik
uyumu {iizerindeki etkisine yonelik regresyon analizi
sonuglar1 verilmistir. Buna gore, ¢oklu regresyon analizi
sonuglari F testine gore kurulan modelin 0,05 diizeyinde
anlamli oldugunu gdstermektedir. Giivenlik kiiltiiriine
iligkin bagimsiz degiskenler, bagimli degisken olan
giivenlik uyumu davranisindaki degisimi %62 oraninda
aciklamaktadir. (Diizeltilmis R? = ,618). Diger taraftan
tablodan degisime giivenlik onceligi, giivenlik iletisimi,

giivenlik farkindaligi, ¢alisanlarin katilimi ve raporlama
kiiltiiric boyutlarinin anlamli katkida bulundugu, diger
boyutlarda anlamli katki saglanmadigi goriilmektedir.

Cizelge 19°da giivenlik kiiltiirii degiskenlerinin giivenlik
katilimi tizerindeki etkisine yonelik regresyon analizi
sonuglar1 verilmistir. F testine gére kurulan modelin 0,05
diizeyinde anlamlidir. Giivenlik katilimi davranigindaki
degisim, %68 oraninda giivenlik Kkiiltiiriine iligkin
bagimsiz  degiskenler tarafindan  agiklamaktadir.
(Diizeltilmis R? = ,675). Degisime giivenlik iletisimi,
giivenlik farkindaligi ve raporlama kiiltiirii anlamli

Cizelge 18. Giivenlik kiiltiirii degiskenlerinin giivenlik uyumuna etkisi ¢oklu regresyon analizi sonuglari (Results of
multiple regression analysis of the effect of safety culture variables on safety harmonization)

Bagimsiz Degisken: Bagimli Degisken: Giivenlik Uyumu t Sig.
Giivenlik Kiiltiirii B Std. Hata Beta (B)

Y Oneticilerin Tutumlari -,145 ,089 -,151 -1,643 ,103
Y oneticilerin Davraniglar1 139 ,106 144 1,308 ,194
Giivenlik Onceligi -,257 127 -,268 -2,026 ,045
Giivenlik iletigimi ,363 ,129 ,370 2,825 ,006
Giivenlik Egitimi ,102 ,112 ,113 ,907 ,366
Gilivenlik Farkindaligi 292 ,106 273 2,747 ,007
Calisanlarin Katilimi ,191 ,080 ,203 2,370 ,019
Kadercilik -,022 ,054 -,026 -,412 ,681
Raporlama Kiiltiiri 212 ,093 ,219 2,267 ,025
R? = 0,647 Diizeltilmis R? = 0,618 F =22,775*  *p<0,05
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katkida bulundugu, diger boyutlarda anlamli katki
saglanmadig1 goriilmektedir

kiiltiirli igin egitim seviyesine gore istatistiksel olarak an-
lamli farkliliklar tespit edilmistir. Farkli sehirlerde bulu-

Cizelge 19. Giivenlik kiiltiirii degiskenlerinin giivenlik katilimina etkisi ¢oklu regresyon analizi sonuglar1 (Results of
multiple regression analysis of the effect of safety culture variables on safety participation)

Bagimsiz Degigken Bagimli Degisken Giivenlik Katilimi t Sig.
Glivenlik Kiiltiirii B Std. Hata  [Beta (B)

Y oneticilerin Tutumlari -,004 ,081 -,004 -,049 ,961
Y 6neticilerin Davramglar1 ~ [-,005 ,097 -,005 -,048 ,962
Giivenlik Onceligi ,002 116 ,002 ,013 ,990
Giivenlik Iletisimi ,256 ,118 ,263 2,175 ,032
Giivenlik Egitimi ,039 ,103 ,044 ,383 ,702
Giivenlik Farkindaligt 334 097 315 3,445 ,001
Calisanlarin Katilimi 131 074 141 1,782 077
Kadercilik -,009 ,049 -,011 -,180 ,857
Raporlama Kiiltiirii ,194 ,085 ,202 2,267 ,025
R? =0,699 Diizeltilmis R? = 0,675 F =28,936* *p<0,05

4. SONUCLAR VE ONERILER (RESULTS AND
RECOMMENDATIONS)

Yasal ve kurumsal anlamda alinan bir ¢ok 6nleme rag-
men insaat sektoriinde is kazalarma yasanmasina engel
olunamamasi, konuya daha farkli yaklasilmas1 geregini
ortaya koymaktadir. Biitiin diizenlemelerin hayata ancak
insan tarafindan gecirilebildigi diisiiniildiigiinde, ¢ozii-
miin de ancak insanin kendisinde aranmasi gerekligi ger-
cegi ile karsilasilmaktadir. Bu gergekten hareketle gelis-
tirilen giivenlik kiiltiirii ve giivenlik iklimi kavramlari,
cagdas diinyanin son 20-30 yildir iizerinde titizlikle ca-
listig1 konularin temelini olusturmaktadir. S6z konusu
kavramlar1 gozardi ederek yapilan diizenlemelerin, kaza-
lar1 6nlemede yetersiz kaldig1 ve basarisizliga mahkim
oldugu, bugiin agik bir sekilde goriilmektedir. Ulkemiz
ingaat sektoriinde giivenli ¢aligma ortamlar1 yaratilma-
sma katki saglamak amaciyla gergeklestirilen bu ¢alig-
mada, insaat ¢alisanlarinin giivenlik kiiltiirii alg1 diizey-
leri tespit edilerek, giivenlik kiiltiiriiniin demografik de-
giskenler ve giivenlik performans: ile olan iligkisi ince-
lenmistir.

Arastirmanin ilk boliimiinde giivenlik kiiltliri demogra-
fik yapi iliskisine dair sonuglar elde edilmistir. Caligan-
larin medeni durumlarina gore yapilan analizde kaderci-
lik ve giivenlik iletisimi boyutlarinda evli veya bekar
olma durumlarina gore istatistiksel olarak anlamli bir
farklilik elde edilmis, evlilerin daha kaderci bir yaklagim
sergiledikleri goriilmiigtiir. Katilimcilarin egitim seviye-
leri ile giivenlik kiiltiirii iliskisi incelendiginde genel ola-
rak biitiin boyutlarda daha egitimsiz (okuryazar) grubun
ortalamasi yiiksek cikarken, iiniversitelilere iligkin orta-
lamalar daha diisiik ¢ikmistir. Bu durumun egitim sevi-
yesi ile birlikte risklere karg1 farkindaligin artmasindan
kaynaklandigi degerlendirilmektedir. Diger taraftan, bii-
tiin boyutlar igerisinde yalnizca kadercilik ve raporlama

nan 5 farkli santiyede gergeklestirilen ¢aligmada giiven-
lik iletisimi, glivenlik egitimi, giivenlik farkindalig, cali-
san katilimi, kadercilik ve raporlama kiiltiirii i¢in santi-
yeler arasinda anlamli farkliliklar tespit edilmistir. Bu du-
rumun santiyelerdeki giivenlik iklimi farkliligindan m,
yoksa calisanlarin kendilerine has o&zelliklerinden mi
kaynaklandigini tespit etmek igin daha ayrmtili ¢alisma
yapilmasi gerekecektir. Giivenlik kiiltiirii degiskenlerinin
bir¢ok boyutunda ¢alisanlarin isteki konumuna gore an-
lamli farkliliklar olustugu goriilmiistiir. Yoneticilerin do-
gal olarak olumlu alg1 gelistirdigi, ancak meydana gelen
kazalardan calisanlarin yaklasiminin daha gergekei oldu-
gunu sdylemek miimkiindiir. Katilimcilarin ig tecriibeleri
acisindan bakildiginda, biitiin boyutlarda tecriibesiz ¢ali-
sanlarin tecriibeli ¢alisanlara gore daha yiiksek ortalama-
lara sahip oldugu ve yonetici tutumu, giivenlik 6nceligi
ve glivenlik egitimi boyutlarinda farkliliklarin anlamli ol-
dugu gorilmiistiir. Buradan tecriibesiz ¢alisanlarin kaza-
lara kars1 duyarliliginin daha az oldugu sonucuna ulasil-
maktadir. Aragtirmada yas ile giivenlik kiiltiirii degisken-
leri arasinda ise herhangi bir anlamli farkliliga rastlanma-
mistir.

Aragtirmanin ikinci bolimiinde giivenlik kiiltiirii gliven-
lik performansi iligkisi aragtirilmistir. Giivenlik kiiltiirii
ile is kazasina ugrama iliskisine dair analizler kaza yasa-
mis ¢alisanlarin risklere kars1 farkindaliginin arttig1, ¢a-
liyma ortaminda saglanan giivenlik kosullarmin yeterli-
ligi konusunda daha ihtiyath bir tutum sergiledikleri go-
rilmektedir. Arastirma, giivenlik kiiltirii ve giivenlik
performansi degiskenlerinin kendi i¢lerinde ve birbirleri
arasinda ytiksek bir korelasyon bulundugunu gostermis-
tir. Aragtirmanin en kritik noktalarindan birisi giivenlik
kiiltiirtinlin ¢aliganlarin giivenlige uyma ve gilivenlige ka-
tilm davraniglarini etkileyip etkilemediginin tespitidir.
Yapilan regresyon analizi sonuglari, giivenlik performan-
sindaki degisimlerin, glivenlik kiiltlirii degiskenlerinden
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giivenlik onceligi, gilivenlik iletisimi, giivenlik farkinda-
1181, ¢alisanlarin katilimi ve raporlama kiiltiirii tarafindan
anlaml1 oranda agiklandigini gdstermistir.

Yapilan tiim ¢alismalar, ingaat calisanlari icin giivenli ve
saglikli calisma ortamlarinin olusturulmasinda, pozitif
giivenlik kiiltiiriiniin 6nemini orataya koymaktadir. Bu
arastirmaya iliskin sonuglar bir biitlin olarak degerlendi-
rildiginde, giivenlik performansinin tiim giivenlik kiilttird
boyutlari ile az ya da ¢ok iligkili oldugu goriilmektedir.
Bu anlamda yonetimin bagliligimin gelistirilmesinden
baslamak iizere, glivenligin 6ncelenmesi, iletigimin sag-
lanmast, egitim faaliyetlerinin artirilmasi, farkindaligi ve
yetkinligi artirict tedbirler alinmasi, ¢alisan katiliminin
saglanmasi, kadercilik anlayisinin azaltilmas: ve rapor-
lama kiiltiirii edindirilmesi kapsaminda yapilacak tiim fa-
aliyetler kazalarin azaltilmasina katki saglayacaktir.

Bu ¢alismanin, giivenlik kiiltiirii kavraminin Tiirk ingaat
sektoriiniin daha fazla glindemine girmesine katki sagla-
yacagi degerlendirilmektedir. Insaat sektoriinde giivenlik
kiiltiirti giivenlik performansi iligkisinin daha iyi anlasi-
labilmesi i¢in, daha fazla sayida ¢alismanin yapilmasi ge-
reklidir. Bu kapsamda, giivenli kiiltiirii boyutlarindan
yalnizca bir veya birkacinin daha detayli bir sekilde ele
alindig1, insaat firmalarmin biiyiikligii ve kurumsallig
gibi unsurlarin dikkate alindigi, 6rneklem sayisinin bii-
yiik tutuldugu, niceliksel 6l¢iim metotlar1 ile birlikte ni-
teliksel dl¢limlerin yapildigi ¢aligsmalar, ingaat kazalari-
nin 6nlenmesi yolunda paydaslara yol gosterecektir.
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Bu ¢alismada egitim amagli kullanilmak tizere donel eklemlere sahip 5 Serbestlik Dereceli (SD) bir seri robot manipiilatorii ger-
¢eklestirilmistir. Robot 150 gr tasima kapasiteli ve eklem hareketleri rahat, stirtiinmesiz ve titresimsiz olarak hareket edebilmesine
imkan saglayacak 6zelliklerde, radyo kontrollii R/C Servo motorlar kullanilmigtir. Eklem uzayinda y6riinge planlamasi yapabilmek
icin robotun ters kinematik problemi ¢6ziilmiis ve yoriinge planlamasi liglincii dereceden bir polinom kullanilarak gerceklestiril-
mistir. Tasarlanan 5 eksenli manipiilatoriin kullanici tarafindan rahat ve basit bir sekilde kullanilmasi amaciyla Visual BASIC
programinda gorsel bir arayiiz hazirlanmistir. Son olarak gelistirilen mekanizmanin 6grenciler tarafindan yapilan robotlarla ilgili
uygulamalarda basariyla kullanildigi gézlemlenmistir.

Anahtar Kelimeler: Manipiilator, Yoriinge Planlamasi, Ters Kinematik, Uciincii Dereceden Polinomlar.

Trajectory Planning of a 5-DOF Serial Robot
Manipulator in Joint-Space

ABSTRACT

In this study, a five Degrees of Freedom (DOF) serial robot manipulator with revolute joints was designed and realized to be used
for educational purposes. The robot has 150 gr payload and the motions of the joints were provided by using radio controlled R/C
servo motors with smooth and vibration-free movement. In order to perform the trajectory planning in the joint space the inverse
kinematics problem of the robot was solved and a third order polynomial was used for the trajectory planning. So as to present a
simple and efficient way to the user for controlling the robot, a visual user interface was also designed by utilizing Visual Basic
Programming Language. Finally, it was observed that the designed mechanism has been successfully used by the students for the

projects involving robots.

Keywords: Manipulator, Trajectory Planning, Inverse Kinematics, Third Degree Polynomial.

1. GIRIS (INTRODUCTION)

Yoriinge planlama ve engellerden sakinma problemleri
robot uygulamalar1 konusunda 6nemli arastirma alanla-
rindan birisi olmustur. [1] Ug efektdrii bulundugu ko-
numdan arzu edilen konuma gotiirmek, bir robot manipii-
latoriin en temel sorunudur. Ug efektdriin bu hareketi ger-
¢eklestirirken yonelimi ve konumu ana gergeveye gore
degisir ve ayn1 zamanda bir takim ara noktalardan geger.
Aslinda, ug efektoriin baslangic ve bitis noktalart da birer
ara nokta sayilir. Ug efektorii bu noktalardan gecerken,
zamana bagli olarak degisen belli bir hiza ve ivmeye sa-
hiptir. Bu degisken ivmeli hareket titresime neden olabi-
lir. Robotun titresimden uzak, ¢alisma uzayindaki her-
hangi bir cisme ¢arpmadan, eyleyicilerin sinirlarini zor-
lamadan kontrollii ve yumusak bir sekilde hareket edebil-
mesi i¢in yoriinge planlamasi yapilir [2]. Bu, her an i¢in,
istenilen ug efektoriin hizim1 ve dolayisiyla istenilen ek-
lem hizlarin1 hesaplayarak yapilabilir. Manipiilatdriin
serbestlik derecesi; ug efektdriin istenen kosullarda arzu
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edilen yoriingeyi takip etme becerisini, denklem sayisini
ve zorlugunu etkilemektedir. Eklem uzayinda yoriinge
planlamasi yapilirken {i¢ veya daha yiiksek dereceli poli-
nomlar kullanilir. [2-3]. Bu ¢alismalarin 6grenciler tara-
findan egitim amagli incelenmesi ve uygulama yapilabil-
mesi i¢in egitim amagli robotlara ihtiya¢ vardir. Bu bag-
lamda, Duran ve arkadaslar1 [4] g serbestlik dereceli
PUMA tipi robot kolunun ug¢ elemaninin PID ydntemi ile
yoriinge kontrolii gerceklestirmistir. Saritas ve arkadas-
lar1 [5] bes eksenli bir Edubot robotun; pozisyonda, hizda
ve ivmede siireklilik saglamak igin, besinci dereceden
polinomlar kullanarak yériinge planlamasi gergeklestir-
mistir. Cirak [6] iki eklemli bir scara robot manipiilato-
riiniin hesaplanmis tork yontemi ile yoriinge kontroliini
ve simiilasyon yazilimimi gergeklestirmistir. Robotlarin
egitim amacli olarak kullanilmasina veya gelistirilen ya-
zilimlarla robot egitiminin simiilasyonlar yolu ile veril-
mesine olan ilgi son zamanlarda oldukca artmistir. Bu
konuda literatiirde yer alan ¢aligmalara bazi 6rnekler su
sekilde verilebilir. Kucuk ve Bingul [7] c¢aligmalarinda
egitim amagh bir yazilim gelistirmiglerdir. Yazarlarin
ROBOLAB ismini verdikleri ve MATLAB programu ile
birlikte ¢alisan bu yazilimda 6 SD ne sahip 16 adet temel
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seri robot mekanizmasinin simiilasyonu, kinematik ana-
lizi ve yoriinge planlanmasi gerceklestirilebilmektedir.
Toz ve Kucuk ise ROBOLAB’1n bir iist verisyonu gelis-
tirmislerdir. Bu yazilim sayesinde ROBOLAB’1n tiim ye-
teneklerine ek olarak 16 seri robot mekanizmasi i¢in iki
farkli yontem ile dinamik analiz gerceklestirilebilmekte-
dir [8]. Toz ve Kucuk [9] bir diger ¢alismalarinda ise 6
SD ne sahip paralel robot mekanizmalarinin tasarimu, ki-
nematik analizi, simiilasyonu, yoriinge planlamasi, tekil
nokta analizi vb iglemlerin yapilabildigi ve GSPDAP
adin1 verdikleri bir yazilim gelistirmiglerdir. Benzer bir
diger caligmada, Inner ve Kucuk [10], genellestirilmis
Stewart Platform mekanizmalarinin tasarimi, analizi si-
miilasyonu i¢in STEWSIM ismini verdikleri bir yazilim
geligtirmislerdir. Cardeira ve Costa [11], mithendislik 6g-
rencilerinin robotlara olan ilgisini arttirmak amaciyla bir
mobil robot gelistirmislerdir. Tanzawa ve arkadaglari
[12], dis hekimligi egitiminde kullanilmak iizere bir hasta
robot gelistirmiglerdir. Bu robot kafatasini, dilini, ¢ene-
sini ve gozlerini hareket ettirme kapasitesine sahip olacak
sekilde tasarlanmustir.

Goriildigi gibi robotlar egitimin hemen her alaninda kul-
lanilabilmektedir. Bu ¢aligmada da egitim amaciyla kul-
lanilmak tizere 5 SD’ne sahip bir seri robot manipiilatorii
gerceklestirilmigtir. Ters kinematik denklemleri robot
geometrisine uygun bir sekilde g¢ikartilmistir. Robotun
hassas ve titresimsiz bir sekilde hareket etmesi i¢in eklem
uzayinda yoriinge planlamasi yapilarak kontrolii saglan-
mis ve istenilen sartlarda hareketi gergeklestirdigi goriil-
miigtiir. Eklem uzayinda yoriinge planlamasi i¢in tigiincii
dereceden polinomlardan yararlanilmistir.

2. YONTEM (METHOD)

Yoriinge planlamasi i¢in egitim amaciyla kullanilmak
iizere 5 SD’ne sahip bir seri robot manipiilatér kullanil-
mustir. Bu robot mekanizmasi birbirine 5 tane donel ek-
lemle bagh kati cisimlerden olusturulmustur (Sekil 1).
Eklemlerde kullanilan motorlar i¢in RC servo motorlar
tercih edilmistir. Son olarak kontrol islemleri igin
POLOLU Micro Maestro Servo kontrolér kullanilmis,
gii¢ kat1 ise kontrol kartina uygun olarak tasarlanmistir.
[13]

Sekil 1. 5 SD manipiilator sistem pargalar1 (The Platform of 5
DOF manipulator)

Yoriinge planlamasinda kullanilan ters kinematik denk-
lemleri, robot geometrisine uygun bir sekilde analitik ¢6-
zim yontemi ile basit arama yonteminin birlikte kullanil-
dig1 bir algoritma tarafindan gergeklestirilmistir. Seri ro-
botun ug efektoriiniin baslangigtan hedefe dogru sarsinti-
siz bir yoriingede hareket etmesini ve tiim eklemlerin
ayni anda hareketi bitirmesi i¢in ti¢iincii derecen bir po-
linom kullanilarak eklem uzayinda yoriinge planlamasi
gerceklestirilmistir.

Eklem uzayindaki ydriinge planlamasinda; yol-zaman,
hiz-zaman, ivme-zaman grafikleri MATLAB programi
aracilig ile gergeklestirilen ve birebir robotun ayni mo-
deli olan seri robotun simiilasyonundan elde edilmistir.
Ayrica ti¢lincii derece polinomlardan elde edilen yol, hiz
ve ivime degerleri Visual Basic programi ile gergeklesti-
rilen arayiiz sayesinde gercek robota uygulanmis ve si-
miilasyondaki gibi sarsintisiz bir hareket gerceklestigi
gozlemlenmistir (Sekil 2).
B3 Forms.

=)o
- Iginyapina sires see [Combat v

GOREVI YaP

stap | ¢
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ACT

e P
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Sekil 2. Yoriinge planlamasi arayiiz programi (User interface of
trajectory analysis)

2.1. Mekanik Tasarim (Mechanical Design)

Temel olarak egitim amactyla kullanilmasi planlanan seri
robot mekanizmasinin kati1 govde yapisi tasarlanirken ro-
botun ug iglevcisinin maksimum 150gr agirlik tagimasi-
nin yeterli olacag1 degerlendirilmis ve kat1 gévde bu se-
¢ime gore tasarlanmistir. Mekanik kismin tasarimi yapi-
lirken SolidWORKS programindan yararlanilmistir. Me-
kanizmanin bu program kullanilarak modellenen kati
govde yapist Sekil 3’ te verilmistir.

Ug Islevcisi
Bilek D6nmesi
Bilek Bukimu

Sekil 3. 5SD’li manipiilatériin SolidWORKS goriintiisii
(SolidWORKS drawing of 5 DOF manipulator)
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Mekanizmanin mekanik tasarimi yapilirken ug efektoriin
kaldirabilecegi maksimum yiik miktari, motor ve bagla-
rin agirliklart hesaplanarak optimum mekanik tasarim
gerceklestirilmeye caligilmistir ve mekanik kisimlarin
malzeme se¢iminde bu smirlamalar dikkate alinmstir.
Bu kisimlar sirasiyla, alt tabla, agir malzeme olan 1040
celik, hareketli tabla motora yiik bindiginden ve siirtiin-
menin az olmasi istendiginden poliamit, robot kol kisim-
lar1 ise hafif olmasi i¢in 1040 gelik yerine ¢elik sac mal-
zemeden Uretilmigstir. Ayrica robotun agirlik merkezinin
orijinden kaymamasi i¢in dengeleyici yiik kullanilmistir.
Mekanizmanin her bir eklemindeki agisal sinirlar Cizelge
1’de verilmistir.

Cizelge 1. 5SD Manipiilator eksen doniis agilart (Rotation
angles of 5 DOF manipulator)

Eksen Agisal ismi Dénme Agisi
Ug Efektor - 0~ 330mm
Bilek Dén- (55 )

mesi 86,75° ~ -83,34°
Bilek Bii- (54 )

kiimii 47,32° ~ -47,64°

Dirsek (%) 95,07° ~ -84,36°

Oomuz (62) 146,831° ~ -3,19°

Bel (61) 107,26° ~ -102,8°

Sistemimizde robotun hareketini saglamak i¢in RC servo
motorlar tercih edilmistir. Motorlarin tork degerleri be-
lirlenirken her bir motorun bulundugu yere gére o motora
etki edebilecek en biiyiik tork degerlerinin olustugu robot
kol pozisyonlari dikkate alinmistir. Bunun nedeni bu po-
zisyonlarda agirlik merkezlerinin motorlara dik olarak
olugmasidir. Sistemde kullanilan motor 6zellikleri Ci-
zelge 2°de verildigi gibi belirlenmistir.[13]

Cizelge 2. Sistemde kullanilan RC servolarin tork degerleri

(Torque values of RC servos used in the system)

Tork(Nm)
0.42168 Nm
0.4903325 Nm

Eksen
Ug Efektor Motoru

Bilek Donmesi Motoru

Bilek Biikiimii Motoru 1.2552512 Nm
Dirsek Motoru 3.9 Nm
Omuz Motoru 2.941995 Nm

Bel Motoru 2.941995 Nm

2.2. Ters Kinematik (Inverse Kinematics)

Ters kinematik ¢6ziimii, ileri kinematik ¢6ziimii gibi ta-
sarlanan her robot i¢in kolayca ¢oziilebilen bir problem
degildir. Bu nedenle ters kinematik probleminin ¢ozii-
miinde analitik yontemler kullanilabildigi gibi analitik
¢oziimiin miimkiin olmadig1 tasarimlarda farkl iteratif

yontemler de uygulanabilmektedir. Bu ¢alismada kulla-
nilan seri robotun geometrisinden dolay: analitik ve ite-
ratif yontemler birlikte kullanilarak ters kinematik ¢6zii-
miine gidilmistir.

Bu makalede kullanilan seri robotun ileri kinematik
denklemleri Uzuner tarafindan gergeklestirilen yiiksek li-
sans tezinden alinmugtir [13]. Ters kinematik ¢éziimii igin
ise ilk asamada analitik olarak tim ¢6ziimler denenmis
ve “G1 7 icin analitik ¢6zliim elde edilmis ancak diger
acilarin ¢dzlimlerine manipiilatoriin geometrisi yiiziinden
ulagilamamistir. Bu nedenle iteratif yontemlerden olan

basit arama yontemi kullanilarak «Bz » degeri bulunmus-
tur (Sekil 4). Ug islevcisinin konumunu etkileyen diger

iki ag1 «Hg ” «84” tekrar analitik yontemle bulunmus-
tur. Boylelikle her iki metottan yararlanarak sadece ana-
litik yontemle ¢odziilemeyen ters kinematik ¢ozlimii ger-
ceklestirilmistir. Ters kinematik analiz arayiiz programi
Visual Basic ortaminda gerceklestirilmistir.

8, agisi analitik olarak bulmak igin, T = cpg errerroe T

esitligini asagidaki Es. 1°deki gibi yazabiliriz.
Fyp Ty Ty X
Tyq

> 2 2 ¥
o = Fgy Tz Tz 2 (1)
0 0 0 1
Burada; rj; i.j =0.1.2 transformasyon matrisin y6ne-

lim degerlerini temsil etmektedir ve x, y, z degerleri ise
uc islevcisinin konum bilgisini vermektedir. Ters kine-
matik denklemleri Es. 2’deki gibi ileri kinematik denkle-
min her iki tarafini transformasyon matrisinin tersi alinip
carpilarak bulunur. Bu islem tiim agilar buluna kadar de-
vam eder.

[3T]7* 5T = [T) " IT3TETETSTET ST ETST )

Burada , [IT]* asagidaki gibi yazilabilir;

c®©,) s(®) 0 0
[ET] -1 _ _S{ﬂe]_:] ':'{ ?1:] ? _[I;E (3)
0 Q 0 1

99 95

Denklemde “s” ve ”’c” sembolleri sirasi ile siniis
ve kosiniisiin kisaltmasidir. Es. 2 icerisine Es. 3’11 yerles-
tirip denklemi diizenlikten sonra olusan denklemden asa-
gidaki gibi 8, agisini veren esitliligi bulabiliriz.

181

xs(6) = — (4)

_11(:{'91 } - 5{]

=5 ac1 degeri trigonometrik denklemlerden yararlanila-
rak agagidaki gibi yazilabilir.

8, = arctan? (-x.v)

R’X‘ + - (181 ) (8L D

®)
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=P ac1 degeri analitik yontemle bulunamadigi igin basit

arama yonteminden yararlamlmistir (Sekil 4). ~# ag1 de-
gerinin alabilecegi minimum deger -3.19°, maksimum
deger ise 146.831° ve ilgili ekleme baglanan servo moto-
run en kiigiik dénme agis1 0.01° dir.

Yenl pozisyon igin ters

XY Z (Koordinat bilgilerini gir » 6,
lanematik bélimi ac 2K & |

Eoré:=-ifto
146 step 0.01
63,0,

Hareketi gergeklestir 8,,6, 65,6, II

Sekil 4. Basit arama algoritmasi (Simple search algorithm)

1

&2 *nin her bir degeri i¢in G4 and Fa asagidaki esit-
liklerden yararlanilarak bulunur.

#t) = ag + ast + agt? + agt® )

Eklem uzayinda yoriinge planlamasi yapabilmek igin ve-
rilen koordinat bilgileri kullanilarak ters kinematik denk-
lemlerinden eksen ag1 bilgilerinin bulunmasi gerekir. Be-
lirlenen ters kinematik degerler kullanilarak yoriinge
planlamasi gerceklestirilebilir. Buna gore;

Robot kolun baglangi¢ ve bitis pozisyonundaki hiz deger-
leri sifir (Durgun halden belli mesafe sonra duragan hale
gectigi icin) olmak {izere; ii¢lincii dereceden bir poli-
nomla yoriinge planlamasi yapabilmek igin ilk olarak
asagidaki dort deger belirlenir.

Q(0) = Qy (10)
Q) = q; (11)
g =0 (12)
gitfi=0 (13)

+(1z— 163 — 1255(8,))]2 — 21017

&, = arctan %

:= (Iiixc|:81:|+ vs(8,) — 125¢(8,)1]2 )*
- |

2,101,104

(6)

+([z— 163 — 1255(6,))]% — 21017

( (Ixc(By) + vs(By) — 125¢(68,))]° )

2,101,104

g; degerini asagidaki Es. 7°deki gibi tanimlarsak, F; ac1 degeri Es. 8’deki gibi olur.

((z-163)c B, +(xc(B,)+ys(8,))) ((z-163)-125 s(8,))

1015 (®,) ((xc@))+ ys(E))-125¢(8,)),

&;=arctan?

((z-163)e 8+ (xc(0) )+ ys(8)))) ((xc(®) )+ ys(8)))-125¢(8,))

(7)

+1015 8, ((z-163)-125s(8,))

(101 c(B,) +104) 101 s(8;+8, ) +104 s(5, )’

-1015(8,) 101c(6,+0,) +104c(;)
(101c(8,)+104)101c(B;+8,)+104 c(8,)
. T1015(8,)1015(8,+6,)+1045(8,)-8,

&;=arctanl

2.3. Yoriinge Planlamasi (Trajectory Analysis)

Bir Robot kolunun bir noktadan bagka bir noktaya ger-
¢eklestirdigi hareketini sarsintisiz, tiim eklemlerinin ayni
anda gorevini tamamladig1 ve etrafindaki cisimlere garp-
madig sekilde bitirmesi istenir. Bu amagla o robot kolu
i¢in yoriinge planlamasi yapilir. Eger yoriinge planlamasi
yapilmazsa robot kola hedef pozisyon verdigimizde ro-
botun nasil bir hareket sonucunda o konuma gelecegini
bilemeyiz. Dolayisiyla, robot kolu bu hareketini gercek-
lestirirken zemine, etrafindaki bir cisme veya kendisine
carpabilir. Bu da robot kola zarar verir. Bu nedenle kar-
tezyen uzayda veya eklem uzayinda yoriinge planlamasi
yapilir. Bu c¢aligmada gelistirilen sistemde eklem uza-
yinda yoriinge planlamasi {iglincili dereceden polinomlar
kullanilarak gerceklestirilmistir (Es. 9).

®)

Burada @o baglangi¢c konumu, Qs hedef konumu,

Qo) b baslangi¢ hizi Q) b bitis hizidir. Daha
sonra bu degerler Es. 14,15,16’daki gibi yol, hiz, ,ivme
denklemlerinde yerlerine yazilarak yol-zaman, hiz-za-
man, ivme-zaman degerleri elde edilir.

6(t) = ag + a,t + agt? + agt? (14)
B(t) =, + 205t + 30413 (15)
6(t) = 2a; + 6ast (16)
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Burada @a: @1. @3- @3 denklemin katsay1 degerleridir ve
robot hareketinin baslangi¢ ve bitis hizlarini sifir aldigi-
miz i¢in denklemdeki katsayilarin degerleri asagidaki gi-

bidir.
Qg = Gy 17)
a, =0 (18)
3
ﬂ: = E—: {Ef - Eu} (19)
QE = t_g {E.f - Eu} (20)

Ornek bir uygulama olarak tasarlanan robot kol ug efek-
toriiniin baslangi¢ pozisyonu X=330mm, Y=3.62mm,
Z=163mm ve hedef pozisyonu icin ise X=100mm,
Y=100mm ve Z=400mm olarak se¢ilmistir. Se¢ilen ko-
numlar i¢in gergeklestirilen simiilasyon Sekil 5’te sunul-
mustur.

-

u Figure 1 = | (S |-
File Edit View Insert Tools Desktop Window Help ~
NEEde | kR EL- =08 ~

400-"
300
200

100 4

-400

- .
200 4m0

-400
B Figure 1 = | B S
File Edit View Inset Tools Desktop Window Help k]
Dgde | RECERA- 2|08 | ad
cod 100
o100 -
.. Z 400
- A
400
a0
I U
=04
04
e
1004
504 .
400
o
400 _ i
e -200
400 400
Sekil 5. a) Baglangi¢ pozisyonu (Referans position) b) Hedef

pozisyonu (Target position)

Ornek uygulamanin gercek sistem iizerinde gerceklesti-
rilebilmesi i¢in ilk olarak gelistirilen kullanici arayiizii
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programu sayesinde ters kinematik analiz yapilarak ge-
rekli eksen ag1 degerleri bulunmustur. Bu sonuglardan bir
tanesi segilerek yoriinge planlamasi yapilmustir.

Sonug Boldmi T
Py

& Fomd

SH BEL OMUZ DIRSEK BILFK X Y  Z TOPLAM

1) 43533~ 15,340 - 66,346 _azq_wm_nm-mnum-mnﬂm- 26,

X 000 - 128,196
21 43533 - 15,340 - 69,308 - - 334 - 100,000 - 100,000 - 400,000 - 129,156

ﬂ3533 ‘5“00 65,748 - 4,073 - 100.000 - 100,000 - 400,000 - \23755
400- 70,762 --4,073 - 100,000 - 100,000 - 400,000 - 133,768
135]3 15vﬂD £5.564 - 4,381 - 100,000 - 100,000 - 400,000 - 129,303

-}

00 - 100,000 - 400,000 - 130053
-] 43533 - 15,420 - 71,031 - -4 663 - 100,000 - 100,000 - 400,000 - 134,653
19| 43533 - 15.430- 65,265 - 4,540 - 100,000 - 100,000 - 400,000 - 130,188
20 43,533 - 15,430 - 71,152 - -4,340 - 100,000 - 100,000 - 400,000 - 136,056
21143533 - 15.440 - 65,146 - 5,157 - 100,000 - 100,000 - 400,000 - 130,316
22| 43533 - 15,440 - 71267 - 5,197 - 100,000 - 100,000 - 400,000 - 135 437
2]]1‘35]‘3 15-150 8801’3 5,442 - 100,000 - 100,000 - 400,000 - 130438
2443533 - 15 375 - 5,442 - 100,000 - 100,000 400,000- 135 £01
5113533 liﬂsn EESE 5,676 - 100,000 - 100,000 - 400,000 - 130,555
’\slusla 15450 71 J?E 56?6 mnaun \aur.un wumn 136,148

271 43533 - 15. 00,0011 - 400,000 - 1 30,667
2843531 IE{?D 1157? 5302 100,000 WDDI'.OD IUDU]D 136482
2943533 - 15,480 65,643 + 6,118 - 100,000 - 100,000 - 400,000 - 130,775

BEL=43533 OMLZ=15340 DIRSEK=68348 BILEK=3574 TOPLAM=128,196
[ oo

" Secii olana gove gt @ En az eneijpe gare git

X Y 4
Fiefeeens GIT Plarh Haiskel o el e

Sekil 6. Ters kinematik analiz sonuglar1 (Resault of inverse
kinematics)

Ters kinematik analiz sonuglardan segilen bir ¢éziimiin
ac1 degerleri asagidaki gibidir.

Elde edilen ters kinematik ¢dziimlerine gore gergeklesti-
rilen yoriinge planlamasi sonucunda hesaplanan degis-
kenler her bir eklem i¢in ayr1 ayr1 hesaplanmistir. Tim
eklemler i¢in ayni islemler yapildig: igin asagida sadece

& icin yapilan hesaplamalar sunulmustur.

& (Bel agsi)= 43.533°

2 (Omuz agsi)=103.020°

By (Dirsek agsr)= 68 348°

9% (Bilek dsnme agrs1)= -1.605°

Ters Kinematik
I

Cazumu

2.3.1. 21 Exlemi icin yoriinge planlamasi

Qo)=o0 (21)
Q(tf) = 43.533 (22)
goy=o0 (23)
gty =0 (24)

Robot kolun baslangi¢ pozisyonundan hedef pozisyo-
nuna piiriizsiiz bir sekilde 4sn’de gotiiriilmesi amacla-
nirsa yukaridaki degerlere gore yol, hiz ve ivme denk-
lemleri agagidaki gibi olur.

Q(t) = 8.1624t% - 1.3604¢£3 (25)
Q(t) = 16.3249t% - 40812t (26)
O(t) = 163249 — 81624 ¢ @7)

Bu denklemlere gore = i¢in yol-zaman, hiz-zaman ve
ivme-zaman grafikleri de Sekil 7°de verildigi gibi elde
edilmistir.
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& i¢in yapilan bu iglemler benzer sekilde diger eklem agilart igin tekrarlanmig ve asagidaki grafikler elde edil-

mistir.
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Sekil 10. B i¢in; a)Yol-Zaman grafigi b) Hiz-Zaman grafigi c)lvme-Zaman grafigi

Analiz sonuglarina goére tiim eklemlerin Yol-Zaman gra-
figinde goriildiigii gibi egrilerin baslangi¢ pozisyonuna
ve bitis pozisyonuna hatasiz bir sekilde ulastig1 goriil-
miistiir. Hiz-Zaman grafiginde ise eklem motorlarinin
t=0 aninda sifir hizla basladig1 ve gittik¢e artan bir hizla
hedeflenen siirenin yarisinda maksimum hiza ulastig1 ve
diger kalan yarisinda ise hizin ayni oranda azalarak ya-

vas bir sekilde sifira degerine ulastig1 goriilmektedir. Tv-
melenme ise hiza ters orantili olarak degismektedir. Bu
sayede eklemdeki motorlarin, eklem agilar1 farkli da
olsa ayn1 anda gérevlerini tamamlamakta ve motorlara
uygun hiz ve ivme degerleri verilerek sarsintisiz bir se-
kilde hareket saglanmaktadir.
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3. SONUC VE TARTISMA (CONCULUSION AND
DISCUSSION)

Robot kollarin tasarim farkliligindan dolay1 ters kinema-
tik ¢oziimleri sabit degildir. Bu ¢alismada gergeklestiri-
len robot kolu i¢in bazi geometrik sikintilar ters kinema-
tik ¢6ziimii zorlagtirmig ve bu durum da analitik olarak
ters kinematik ¢6ziimii imkansizlagtirmistir. Bu nedenle
¢oziime ulagmak icin analitik ¢éziimlerin yaninda bilgi-
sayar programindan yararlanilmistir. Gelistirilen basit
arama ve analitik yontemin birlestirildigi algoritma saye-
sinde analitik olarak ¢6ziimii olmayan 5 SD sahip robot
kolun ters Kinematik ¢oziimiine ulagilmigtir. Ayrica ger-
ceklestirilen robot kolun eklem uzayinda yoriinge planla-
mas1 yapilarak normal harekete gore daha hassas, titre-
simsiz hareket etmesi saglanmistir. Yapilan analiz sonu-
cunda istenilen sartlarda hareketlerin gergeklestigi goz-
lemlenmistir.

BILGI (INFORMATION)

Bu makale Ulusal Miihendislik Arastirmalari Sempoz-
yumunda Ozet Bildiri olarak (UMAS 2015) sunulmus-
tur.

KAYNAKLAR (REFERENCES)
1. Kizilhan A., Toz M., Aliustaoglu C. ve Bingiil Z., “Gezgin

robot tasarim ve hareket planlamasi”, TOK'07 Bildiriler
Kitabu, istanbul, 371-376, (2007).

Bingii, Z., Kiigiik S., “Robot teknigi 17, Birsen Yayinevi,
ISBN:975-511-424-6, istanbul, 275-282, (2005).

Kumar V., “Motion planning and control of robots”, In
handbook of industrial robotics, John Wiley and Sons,
New York, (1999).

M.A. Duran, A. Ankarali, "Ug serbestlik derceli PUMA tipi
bir manipiilatoriin PID kontrolii", Teknik Bilimler MYO
Teknik-Online Dergi, 9: 79-98, (2010).

10.

11.

12.

13.

157

Saritas M., Tonbul T. S., "Bes eksenli bir robot kolunda ters
kinematik hesaplamalar ve yoriinge planlamast", Yiiksek
Lisans Tezi, Gazi Universitesi, Fen Bilimleri Enstitiisii,
(2002).

Crrak B., "Iki eklemli bir SCARA robot manipiilatdriiniin
hesaplanmus tork yontemi ile yoriinge kontroli." , Erzincan
Universitesi Fen Bilimleri Enstitiisii Dergisi, 7(1): 77-91,
(2014).

Kuguk S., Bingul Z., "An off-line robot simulation tool-
box", Comput Appl Eng Edu., 18(1): 41 - 52, (2010).

Toz M., Kuguk S., "Dynamics simulation toolbox for in-
dustrial robot manipulators”, Comput Appl Eng Edu., 18:
319-330, (2010).

Toz M., Kuguk S., "Parallel manipulator software tool for
design, analysis, and simulation of 195 Gsp mechanisms",
Comput Appl Eng Edu., 23(6): 805-966, (2015).

Inner B., Kuguk S., (April 18, 2013), “A novel kinematic
design, analysis and simulation tool for general stewart
platforms”, The Society for Modeling and Simulation In-
ternational, 89(7): 876-897, (2013).

Cardeira C., Da Costa J. S., "A low cost mobile robot for
engineering education"”, 32st Annual Conference of IEEE
Industrial Electronics Society, 2162-2167, USA, (2005).
Tanzawa T., Futaki K., Tani C., Hasegawa T., Yamamoto
M., Miyazak, T. and Maki K., “Introduction of a robot pa-
tient into dental education”, European Journal of Dental
Education, 16: €195-e199, (2012).

Uzuner S., “Eksen kaciklig1 olan endiistriyel robotlarin ters
kinematik ¢oziimiine yeni bir yaklagim”, Yiiksek Lisans
Tezi, Marmara Universitesi, Fen Bilimleri Enstitiisi,
(2012).



Journal of Polytechnic, 2017; 20 (1) : 159-164 Journal of Polytechnic, 2017; 20 (1) : 159-164

Dynamic Behavior Analysis of Rotor Supported by
Damped Rolling Element Bearing Housing

Hamit SARUHAN?, Menderes KAM?*, Fuat KARA3

L Engineering Faculty, Department of Mechanical Engineering, Diizce University, Diizce, Turkey
2Cumayeri Vocational School, Mechanical Division, Diizce University, Diizce, Turkey

8 Technology Faculty, Department of Manufacturing Engineering, Diizce University, Diizce, Turkey
( Received : 24.03.2016 ; Accepted : 22.04.2016 )

ABSTRACT

A typical rotating machinery system consists various components, such as rotor, support bearing, and disks. These components
pass out energy into the system when coincident to critical speeds. Ignoring such event might lead to disastrous breakdown of the
system. Due to necessity and vital contribution to most rotating machineries, the requirements on rolling element bearings have
become stricter every day. In this experimental study, the dynamic behavior and displacement of rotor supported by damped rolling
element bearing housing for different running speeds and load levels are analyzed and compared.

Keywords: Rotor, Rolling Element Bearing, Damped Bearing Housing, Critical Speed.

Sonumli Yuvarlanmali Yatakla Desteklenen Milin
Dinamik Davranis Analizi

0z
Yaygin olarak kullanilan donen sistemler miller, diskler ve rulmanlar gibi ¢esitli makine elemanlarindan olusur. Bu pargalarin
biiyiik bir ¢cogunlugu yuvarlanmali yataklar {izerinde ¢alisirlar. Mil-yatak sisteminde yiikleme konumunun belirlenmesi sistemin
dinamik davranislari agisindan biiyiik 6nem tasir. Sistemde uygun olmayan yiiklemelerin yapilmasi milin mekanik enerjisini artirir.
Bu tiir dinamik davraniglarin olusumunu dikkate almamak sistemde arizaya neden olabilir. Bu nedenle yuvarlanmali yataklar
makinelerin dinamik davraniglari i¢in hayati bir fonksiyona sahiptir. Bu deneysel ¢alismada, farkli ¢alisma hizlar1 ve yiik seviyeleri
icin sonimlii yuvarlanmali yatakla desteklenen mil, dinamik davraniglart ve yer degistirme yoniinden incelenmis ve

karsilagtirilmigtir.

Anahtar Kelimeler: Mil, Yuvarlanmah Yatak, Soniimlii Yatak, Kritik Hiz.

1. INTRODUCTION

Rolling element bearing is a fundamental component of
rotating machinery and diagnosis of its dynamic behavior
is very important. Large amount of use of rolling element
bearings indicates their vital contribution to the
performance of rotating machinery. Rotating machinery
plays an important role in industry due to wide range of
their applications. It is very important to control their
dynamic behavior for a safe operation. There are many
studies for rolling element bearing in literature. However,
very few studies on the damped rolling element bearing
housing. Dynamic behavior control has been an area of
theoretical and experimental research [1]. Extended
literature reviews on the state of the art can be found in
reference [2] and reader is also referred to the references
[3-10] for further reading. Rotating machinery often has
problems of instability at high running speed, which can
result in sudden failures of the whole system or parts of

*Sorumlu Yazar (Corresponding Author)
e-posta: mendereskam@diizce.edu.tr
Digital Object Identifier (DOI) : 10.2339/2017.20.1 159-164

it. This problem can be solved by adding damping in the
bearing housing [5].

This study presents an isolator as damping between
bearing and its surrounding and an experimental analysis
of bearing housing able to work as an effective vibration
damper has been employed. The results showed that the
damped bearing housing can be used for reduction in
rotor resonance amplitude where mass and stiffness
cannot be used.

2. EXPERIMENTAL SETUP

The experimental setup wused in this study is
schematically shown in Figure 1. A shaft having length
of 850 mm and diameter of 12.7 mm located in the set.
The shaft is supported on two ball bearings and driven by
0.5 HP alternative current induction motor attached to
flexible coupling and a variable speed control unit. Six
disks having diameter of 126.2 mm and weight of 1507,
1508, 1506, 1500.5, 1506.5, and 1506.5 grams (from the
left to the right respectively) are used in order to load the
shafts for enhancing the spectrum amplitude of the
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system. The disks are mounted on the shaft at different
locations and unbalance is introduced to each disk with
unbalance screw separately as sets to excite the shaft for
critical speeds. The vibration spectrum of the inboard and
outboard bearing housings in the vertical and horizontal
directions are measured with accelerometers having
frequency range up to 10 kHz. Two accelerometers are
mounted on each of bearing housings with 90° apart. The
system incorporates Data Acquisition card supplies
channels for vibratory response and rotational speed
acquisition. Channels were set as Chl and Ch2 for
inboard (close to motor) bearing housing while Ch3 and
Ch4 for outboard bearing housing to measure vibration
response in the vertical and horizontal directions
respectively. Two Eddy Current Proximity probes
(whose resolution is 1 um - micrometer) for measuring
the shaft relative displacements are fixed on rigid
supports at 2 mm linear distance between probe tip and
shaft surface. The vertically and horizontally mounted
probes make it possible to reliably observe the vibration
behavior. The data were gathered using the Spectra
Quest™ software and hardware system.

The experimental test procedures were as follows: two
test cases were utilized to understand dynamic behavioral
changes of the shaft mounted on typical (plain) bearing
housing and damped bearing housing. Seven
experimental setups were employed under five shaft
running speeds (10, 20, 30, 40, and 50 Hz) for each of the
test cases. The set A was utilized for normal state without

Damped Bearing

&

unbalance screw in order to establish the base-line data.
Set B, Set C, Set E, Set F, and Set G were used for
different location with unbalance screw attached to the
disk while the Set D was used with two unbalance screw
attached to disk. The sets (Set A, Set B, Set C, Set D, Set
E, Set F, and Set G) configurations are given in Figure 2.

3. RESULTS AND DISCUSSION

The vibration responses of plain and damped bearings
were measured at different unbalance screw position and
speeds. Figure 3 gives maximum peaks of vibration
spectrum from inboard bearing housing in the vertical
direction (Chl) and the horizontal direction (Ch2), and
also from outboard bearing housing in the vertical
direction (Ch3) and the horizontal direction (Ch4) for all
test cases with respect to running speeds of 10, 20, 30,
40, and 50 Hz. It can be observed from Figure 3 that
values of vibration amplitude vary with sets
configurations. This indicates that unbalanced weight
distribution affect the amplitude. It should be noted that
the spectrum from from bearing housing in vertical
direction represents resonance compare to the horizontal
direction for the most of the test cases. Thus, the
unbalance force gravity acts perpendicular downward on
the shaft. This is very clear for the shaft running speed of
50 Hz. The maximum amplitude value of 0.0500 gRMS,
an average of overall vibration, was recorded from Ch4
for Set D of damped bearing housing at shaft speed of 50
Hz while 0.0450 gRMS from Ch4 for Set D of plain

Plain Bearing
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=

REROPPTILIP B 2

I,
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40
121 170 70
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Fig. 1. Experimental setup
(1) Basis; (2) Rubber isolators; (3) Extended rotor headpiece; (4) Motor; (5) Variable speed controller; (6) Tachometer; (7)

Accelerometer; (8) Shaft; (9) Flexible coupling; (10) Rigid support for proxy probe; (11) Disk (1507 gr); (12) Disk (1508 gr);
(13) Disk (1506 gr); (14) Disk (1500.5 gr); (15) Disk (1506.5 gr); (16) Disk (1506.5 gr); (17) screw (4.5 gr); (18) Bearing

housing; (19) Proxy probe.
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bearing housing. It can be said that the faster the shaft
running speed the larger the magnitude of vibration
response. It should be noted that the most of amplitude
values for the plain bearing housing was higher than the
damped bearing housing at shaft running speed of 20 Hz
comparing to those of 10, 30, and 40 Hz at start-up. Also
it should be note that it is not the case for shaft speed of
50 Hz. Figure 4 illustrates the vibration data captured
from inboard and outboard bearing housing in the vertical
and horizontal directions showing multiple channels in
one graph for shaft running speed of 20 Hz. The vibration
data collected from all channels are arranged as from the

bottom plot through the upper plot as chl, ch2, ch3, and
ch4 respectively. Although each spectrum is composed
of 5000 individual peak, the frequency range of 0-1 kHz
is presented. The amplitude peaks show the energy
distributions at different frequencies for plain and
damped bearing housing. The magnitude of amplitude
spectrum for plain bearing is found to be quite unstable
in comparison to damped bearing. It can obviously be
seen that the vibration level for plain bearing housing is
higher than that for damped bearing housing. It can be
concluded that adding damping between bearing and its
surroundings enables to reduce amplitude of the vibration

Fig. 2. Configurations of experimental setups
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Fig. 4. The amplitude spectrum of bearing housing types for set D at shaft running speed of 20 hz
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Fig. 5. Waterfall plot of run up and coast down in test cases for set D

Figure 5 shows the frequency waterfall in the vertical
(Ch1) and horizontal (Ch2) directions for both plain and
damped bearing housing. Set D is selected due to higher
vibration. High vibration level was observed in both
vertical and the horizontal direction of plain bearing case
compare to the damped bearing. It can be seen that the
surrounding isolator can damp some frequencies.

It can be noticed that a large frequency component of 1X
causing 2X and 3X are barely recognized. Figure 6 shows
the Bode plots of Set D during start-up processes. The
speed controller allowed the system to operate in the
range from 0 to 3000 rpm. The data were obtained by
proximity probes for shaft running speed varying up to
3000 rpm. It can be seen that the maximum amplitude
value in the vertical and horizontal directions for plain
bearing is around 1400 rpm while for damped bearing is
around 1200 rpm. It can be seen that vibration amplitudes
of plain bearing housing are more propagating than the
damped bearing housing.
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4. CONCLUSIONS

This study experimentally showed how the location of
disk with respect to attaching unbalance screw and load
position can significantly affect the dynamic behavior of
shaft supported by plain and damped bearing housings.
The experiment is mainly focused on the rotating
machinery dynamic characteristics under unbalance
conditions. The results showed that the location of the
unbalance screw attached to the disk with respect to the
load position can significantly affect the vibration
response. The damped bearing housing can be used for
reduction in rotor resonance amplitude where mass and
stiffness cannot be used. The reduction of vibration
transmission to the system can be obtained by applying
an isolator between bearing and housing. Since damping
is the most cost effective and appropriate means to
attenuate resonant vibration, the damped bearing housing
is less costly. The results show that the use of an isolator
in the bearing housing can be very efficacious in rotating
machinery vibration control.
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ABSTRACT

Electrical characterization of an Au/n-Ge semiconductor Schottky diode with organic (rubrene) interface has been systematically
carried out over a wide temperature range. In sample fabrication stage, first, the ohmic In contact has been performed on one surface
of n-Ge wafer grown in direction of (100). Later, the other surface of the wafer has been coated with rubrene by spin-coating
method and then the Schottky contact has been constituted on the organic material via thermal evaporation method. The current-
voltage (I-V) characteristics of prepared Schottky diode has been measured at a temperature range of 150-300 K and it has been
observed that the diode have a rather good rectification behavior at all temperature. By using the 1-V characteristics, the idealite
factor, barrier height and some other diode parameters have been calculated for all temperatures. These parameters have also been
calculated by means of Cheung-Cheung method. Werner and Giittler’s model has been employed to analyze the temperature
dependence of barrier height and ideality factor at low temperatures. The standard deviation of the zero-bias barrier height was
calculated as 120 mV and the voltage coefficients of the barrier height were determined as p, = 0.184 and p; = 0.232 mV. At high
temperatures, the zero-bias barrier height decreases with increasing temperature because of the temperature dependence of
semiconductor band gap. The non-linearity has been observed in the Richardson plot due to temperature dependence of the zero-
bias barrier height. Richardson constant was determined by using different methods. Of the current-voltage analysis’s has emerged
an abnormal decrease of apparent barrier height and increase of ideality factor at low temperature. It is determined that these
abnormalies result due to the barrier height inhomogeneities prevailing at the organic-semiconductor interface. As a result,
homogeneities in Au/rubrene/n-Ge Schottky barrier diode can be successfully characterized by a Gaussian distribution.

Key words: Schottky Contacts, Rubrene Thin Film, Gaussian Distribution, Inhomogeneities.

1. INTRODUCTION HOMO which is the highest occupied molecular orbital

electronics, and it has progressed at a rapid pace, and  @are usually replaced by the LUMO and the HOMO,
electronics based on organic thin-film materials could ~ respectively. Especially in amorphous layers of organic
soon become a backbone of semiconductor technology. ~ Semiconductor the density of states (DOS) is quite well
The performance of organic semiconductors is mainly represented by a Gauss_lan_-I!ke distribution of localized
connected to their molecular packing which contains the ~ Molecular orbitals of individual molecules [2]. These
definitions of surfactant tail volume, tail length and ~Materials are either based on oligomers such as
equilibrium area per molecule, crystallinity which is the ~ Pentacene, anthracene, rubrene, or oligothiophenes, or on
degree of structural order in a material, growth mode, and ~ Polymers such as polypyrrole, polyacetylene, poly(3-
purity [1]. Holes and electrons in p orbitals are the typical ~ hexylthiophene)(P3HT), or poly(p-phenylene vinylene)
charge carriers inorganic semiconductors. When our ~ (PPV) [3]. Djurovich et al. [4] have been presented the
daily lives are considered, it is an undeniable fact that ~ interrelationships between the LUMO energies of a
electronic devices are and will be an indispensable part ~ Variety of organic semiconductors measured by several
of our lives. Semiconductor based materials are used in ~ techniques. These correlations allow us to evaluate the
many of these devices which have been a permanent part ~ accuracies and advantages of the various methods, and to
of our lives. Among these, Schottky diodes produced by ~ extracta relationship between the exciton binding energy
combining a metal and semiconductor material appear to and the energy gap.

be an indispensable item in the world of electronics  Organic semiconductors have attracted much attention
together with big developments in the field of because of their fundamental scientific importance and
semiconductor based technologies and vacuum impressive improvements in performance in a wide
technology. When the fields in which these devices are  variety of commercial products based on organic light
used considered, we face with an extent whose borders  emitting diodes (OLEDSs), organic photovoltaic cells
are vague. Charge transport typically relies on the ability ~ (OPV) and organic field-effect transistors (OFETS) have
of the charge carriers to move from one molecule to  entered the market. The future may see an even wider
another, which depends on the energy gap between range of application for this technology [5]. One specific
area that organic semiconductors is Schottky Barrier
*Sorumlu Yazar (Corresponding Author) Diode application. The choice of the material that will be
e-posta: muratyildirim@selcuk.edu.tr used in Schottky diode should be compatible with the
Digital Object Identifier (DOI) : 10.2339/2017.20.1 165-173 conditions of the diode’s scope of application. The fact
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that germanium semiconductor has high electron
mobility has caused it to be used commonly in high
frequency applications. It is a great issue of interest to
thoroughly comprehend the nature of the electrical
characteristics of Schottky diode due to their
technological importance. This point is of remarkable
significance in terms of the fact that the produced circuit
part should serve fort the desired purpose. Moreover,
knowing the behavior of produced diodes against sample
temperature is an desideratum fort them to operate in
harmony with the temperature conditions to which
application scopes depend on. Some certain operations
have been carried out in order to obtain high quality
productivity from Schottky diodes. Of these operations,
the annealing process appears to be as an effect to
increase the diode quality significantly. When this feature
is considered, the effect of annealing temperature and
how the annealing temperatures affect various features of
the diode and resulting from this how the electronic
features change are becoming important.

One of the most potential organic semiconductors is
Rubrene (Ca2Hzs, 5,6,11,12-tetraphenylnaphthacene)
because of its high electrical conductivity which is the
ability of a material to conduct and mobility which is the
ability of charged particles to move through a medium in
response to electric field for technological applications
like organic light emitting diodes (OLEDS) [6], organic
photovoltaic (OPV) devices [7,8], thin film transistors
(TFTs) [9], field effect transistors (FETSs) [10], and so on.
There are a number of experimental works on the effect
of organic semiconductor material in device applications.
However, we still do not know the temperature
dependent Current-Voltage (I-V) characteristics of
Au/rubrene/n-Ge  structure.  Therefore, electrical
characteristics need to be studied in detail. In literature,
very little experimental information is still available on
the barrier formation at organic/inorganic semiconductor
interfaces and the temperature dependent conduction
mechanisms of the interfaces at a wide temperature
range.

Analysis of the |-V characteristics of Schottky barrier
diodes based on thermionic emission theory usually
reveals an abnormal decrease in the barrier height and an
increase in the ideality factor with decreasing
temperature [11,12]. The standard thermionic emission
theory fails to explain this result as it expects the
Schottky barrier height variation to be controlled only by
the variation of band gap with temperature [13]. Schottky
barrier height in Schottky contacts is likely to be a
function of the atomic structure, and the atomic
inhomogeneities at metal-semiconductor interface,
which are caused by grain boundaries, defects, multiple
phases, etc. [14]. Analysis of |-V characteristics of
Schottky barrier diodes at room temperature only does
not give detailed information about their conduction
process or the nature of barrier formation at the metal-
semiconductor interface. The temperature dependence of
the 1-V characteristics allows us to understand different
aspects of conduction mechanisms [15].

Recently, germanium has been considered to be a
promising channel material for next-generation, high-
mobility complementary metal-oxide-semiconductor
(CMOS) devices in terms of overcoming the scaling
limits of its Si counterpart. A major challenge in the
realization of high-performance Ge-based CMOS
devices is posed by the effect of strong Fermi-level
pinning close to the valence band of Ge [16-18]. Lieten
et al. [19] have investigated the current conduction of
different metals which Al, Cr, Co, Au, and Pt on n-Ge for
contacts. All contacts rectifying behavior. The electrical
behavior of the junction for Au and Pt, the I-V
characteristic remained clearly rectifying, on the other
hand, for Al, Cr, and Co has a large influence on the |-V
characteristics. For these metals, the junction has become
Ohmic high current density both influence on the I-V
characteristics.

The goal of this work is to investigate potential use of
rubrene material for n-type Ge based electronic devices
and determine the electrical properties of Au/rubrene/n-
Ge diode. However despite the prominent features of
Au/n-Ge Schottky barrier diodes, no detailed information
about the Schottky interface with rubrene interlayer. such
as temperature dependence of the Schottky barrier
parameters still remains unclear, though this is required
for the further enhancement of device performance. |-V
measurements of Au/rubrene/n-Ge have been performed
in the temperature range from 150 to 300 K. By using
thermionic emission theory with a Gaussian distribution
of the barrier heights around a mean value due to barrier
height inhomogeneities prevailing at the metal-
semiconductor interface the temperature dependence of
the ideality factor and the barrier height are discussed.
Furthermore, by means of admittance method, the series
resistance and barrier height properties of the diode are
determined.

2. EXPERIMENTAL PROCEDURE

The n-type Ge (100) substrate used in this study has a 500
pum thickness and 1-10 Qcm resistivity. Initially, the
substrate has been cleaned in methanol and acetone
using ultrasonic agitation for 3 min and rinsed in de-
ionized water (18 MQ). Firstly, The n-Ge substrate is
cleaned using the Radio Corporation of America (RCA)
cleaning method [15,20]. Ohmic contact with low
resistance is made by evaporation of indium (In, 99.99%
from Kurt J. Lesker) metal with thickness of 150 nm in
5x10¢ Torr on the backside of the n-Ge substrate and
then by thermal annealing at 400 °C for 2 min in vacuum.
The rubrene (from Sigma-Aldrich) which its chemical
structure is shown in Fig.1(a) was dissolved in toluene
with a concentration of 10 mg ml. This solution was
stirred for 5 min at a magnetic stirrer. The solution was
prepared and kept in MBraun glovebox maintaining a N
environment. A rubrene organic film is prepared on the
n-Ge substrate by the spin coating technique at a spinning
rate of 1200 rpm for 60 s with a Laurell Spin Coater. This
methods of the most common techniques for applying
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thin films. The advantage of spin coating is its ability to
quickly and easily produce very uniform films from a few
nanometers to a few microns in thickness. Schottky
contacts are prepared on rubrene organic film with a
diameter of 2 mm by a metal shadow mask by
evaporating gold (Au, 99.95% from Kurt J. Lesker)
metal with thickness of 150 nm in 5x10% Torr. High
purity In and Au metal contacts were thermally
evaporated from a tungsten filament in a high vacuum
coating unit (Edwards, E-306A) to form the bottom and
top contact onto rubrene/n-Ge film surface, respectively.
The schematic diagram of the prepared device is shown
in Fig. 1(b). The I-V measurements were performed by a
Keithley 2410 SourceMeter at temperature range from
150 to 300 K using an ARS Closed Cycle Cryostat Model
DE202 Al and a Lake Shore model 331 temperature
controller.

QO
(I
OO

Fig. 1.

.

(a) Molecular structure of 5,6,11,12-
tetraphenylnaphthacene (rubrene) organic
compound. (b) Structure of Au/rubrene/n-Ge
Schottky device for electrical characterization.

3. RESULTS AND DISCUSSION
3.1. Current-Voltage Characteristics of the Diode

Experimentally  observed  Current-Voltage (I-V)
characteristics are mostly semi-logarithmic and they are
compatible with thermionic emission theory. The |-V
curves can be investigated by the following equations
[21-23]:

I=loexp (Z2)=1]; 1o = AaT?exp (- 222) (1)
where I, is saturation current, n is the diode quality
factor, q is the electronic charge, A is the Schottky diode
contact area, A* is the effective Richardson constant and
is equal to 143 A cm K2 for n-type Ge [24,25], T is the
absolute temperature in Kelvin. [, is the saturation
current derived from the straight line intercept of In | at
zero-bias. The &5 Schottky barrier height and n ideality
factor values of Au/rubrene/n-Ge can be determined from

intercepts and slopes of the voltage dependent of
forward-bias In | curve respectively, as [21,22,26]:

_ kT AA*T? _q _av
Pp = 7ln( Io ) and n = kT din(D) @

n equals to 1 for an ideal diode. However, n has usually
a value greater than unity. High values of n can be
attributed to the presence of the interfacial thin layer, a
wide distribution of low-Schottky barrier height patches

(or barrier inhomogeneities) and to the bias voltage
dependence of the Schottky barrier height [26].

Fig. 2 displays the I-V characteristics of the
Au/rubrene/n-Ge diode in the temperature range of 150—
300 K. The saturation current (lg) values  were
determined from the linear portion intercept of Inl-V at
V=0 in the temperature range of 150-300 K. These
curves indicate a very strong temperature dependence of
the Schottky diodes.
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Fig. 2. Current-Voltage of characteristics of Au/rubrene/n-Ge
Schottky barrier diode.

The values of saturation current (lp) were obtained from
the linear portion intercept of In I-V at V = 0 in the
temperature range of 150-300 K. The values of barrier
height (®z) were calculated according to this lo values.
The calculated values of n and @5 for the Au/rubrene/n-
Ge diode range from 2.398 and 0.360 eV (at 150 K) to
1.230 and 0.553 eV (at 300 K), respectively. &5 and n
plots as a function of Au/rubrene/n-Ge diode are
presented in Fig. 3. As seen in Fig. 3 the Schottky barrier
height (®g) decreases and the ideality factor (n)
increases with decrease in temperature. Werner and
Gittler [27] have suggested that such dependence is
created by barrier inhomogeneity which can be caused by
various interface properties, which, in turn, depends on
different factors such as the metal, the deposition
process, the surface treatment, and the surface defects
density [27-29]. High n values can be attributed to the
presence of the interfacial layer and lateral
inhomogeneous barrier height distributions [30-36]. On
the other hand, the large values of n are also referred to
the existence of an organic layer [11,20,26,35,37] plus
thin native oxide layer at metal semiconductor interface
[38-41] or to the presence the actual conduction process
dominating in the junction in literature.
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Fig. 3. Temperature dependence of ideality factor and barrier
height of Au/rubrene/n-Ge Schottky barrier diode.

In Schottky diodes, the series resistance is one of the
most important parameters governing the electrical
properties of diodes. In order to determine the value of
series resistance, we analyzed the 1-V characteristics of
the diode using Cheung and Cheung model [42].
According to this method, the forward bias current—
voltage characteristics due to the thermionic emission
theory of Schottky contacts can be expressed as Eq. 1. If
I, saturation current is substituted into this expression
and then extracting the applied voltage V from the
equation , one obtains

V=IR, +ndy + ? In (AAﬁTZ) 3)
By differentiating this equation with respect to | and
rearranging we find that

av nkT

2 = e + IR, 4
dV /dIn(I) versus | plot should yield straight lines in the
downward curvature  region of Inl —V plot in
accordance with Eg. 4 and its slope gives the series

resistance (R,) and its intercept on the current axis gives
nkT/q.

To obtain barrier height (®g), Cheung and Cheung
defined a function as [15,20,42]

HD) =V - ("qﬂ) In (AAI—TZ) = nd, + IR, ()
In Fig. 4 we give the plots of dV /din(I) and H(l) versus
I for Au/rubrene/n-Ge Schottky diodes at room
temperature. The values of R; and n were calculated
from dV /din(I) versus | curve, yielding Ry=7.65 and
n=1.25 for Au/rubrene/n-Ge diode at room temperature.
Similarly, the plot of H(l) versus | gives the series
resistance and the barrier height @g. The values of @
and R, were calculated, yielding values of @z;=0.542 eV
and R,= 7.66 for Au/rubrene/n-Ge diode at room
temperature. It should be noted that the value of n
obtained from the dV /din(I) versus | curves is higher
than that of the forward-bias In I versus V plot. This can
be attributed to the effect of series resistance, interface
states and voltage drop across the interfacial layer [38-
41].
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Fig. 4. dv/d(Inl)-I and H(I)-1 characteristics of

Au/rubrene/n-Ge Schottky barrier diode at 300 K.

Table 1. Temperature dependent values of diode parameters determined by different methods for an Au/Rubrene/n-Ge
Schottky barrier diode.

-V dv/din(l) —1 H() - 1

T(K) 0 o, n R, @ R

150 2.39 0.360 1.92 8.18 0.386 8.18
175 2.15 0.403 1.66 7.96 0.433 7.96
200 1.77 0.450 1.51 7.82 0.466 7.93
225 1.65 0.479 1.49 7.75 0.484 7.82
250 1.48 0.505 1.46 7.71 0.502 7.72
275 1.29 0.531 1.34 7.69 0.525 7.71
300 1.23 0.553 1.25 7.65 0.542 7.66
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The results obtained have been listed in Table 1. in the
temperature range of 150-300 K, together with the n and
@ values calculated from the current-voltage
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Fig. 5. Variation of Rg with temperature of Au/Rubrene/n-Ge
Schottky barrier diode.

characteristics using Egs. (4) and (5). As seen from the

table, the values obtained by different techniques are in
good agreement with each other. The variations of n and
@y with temperature have already been discussed above.
On the other hand, the values of series resistance R,
calculated from the Cheung and Cheung plots decrease
by increasing temperature as seen Fig. 5. This decreasing
in R, can be attributed to the decrease of n with increase
of temperature and also to the rising of free carrier
concentration at higher temperatures.

Chawanda et al. [43] have studied the electronic
properties of the Au/n-Ge (100) Schottky contacts from
their  current-voltage characteristics at varying
temperatures from 150 to 300 K. Khurelbaatar et al. [25]
have fabricated the Au/n-Ge Schottky barrier diodes and
investigated on their electrical properties using the
current-voltage characteristics at room temperature.
They have been cross-checked Schottky barrier
properties of Au/n-Ge Schottky barrier diodes by various
analysis techniques such as forward 1-V, C-V, Cheung’s,
and Norde’s methods. Chawanda et al. [43] and
Khurelbaatar et al. [25] have determined effect of the

temperature on junction parameters n, @z and R,. This
study results have been compared to theirs results and
listed Table 2. for at room temperature values.

3.2. Analysis of Inhomogeneous Barrier Height of the
Diode

Chand et al. [46,47] have analyzed Gaussian distribution
of barrier heights in inhomogeneous Schottky diodes The
current-voltage characteristics of inhomogeneous
Schottky diodes have been generated by using
analytically solved thermionic-emission diffusion
equation incorporating Gaussian distribution of barrier
heights and by direct numerical integration over a barrier
height range [44]. The Schottky barrier height
inhomogeneity of the Au/rubrene/n-Ge Schottky diode
was considered by Gaussian distribution of the barrier
heights [35, 45-52]. Werner and Giittler [13,27,45] have
proposed that the abnormal behavior can be explained by
assuming a Gaussian distribution of Schottky barrier
height with a mean barrier height &5, (mean) and a zero-
bias standard deviation o .

P(d)ap) _ (Pp—Ppo)? ©)

202,

where 1/04V2m is the normalization constant of the
Gaussian barrier distribution. The Gaussian distribution
of the Schottky barrier height yields the following
expression for experimental apparent Schottky barrier
height at zero bias. Their relation in a simple form,
proposed by Chand and Kumar [21,28,44,46,47,53] can
be given as,

1

Tso V2T exp [_

4935
)
where @, is the apparent barrier height measured
experimentally. @, and oy, are the mean Schottky
barrier height and its standard deviation at zero-bias
(V=0), respectively. The temperature dependence of g,
is usually small and can be neglected. The plot of @,
versus 1/2KT (as show in Fig. 6) should be a straight line
that gives ®g, and a,, from the intercept and slope,
respectively. The mean value ®g, is 0.740 eV and
standard deviation g, equals to 120 mV, respectively. A
low value of for homogeneous Schottky type contacts is
expected. However, 120 mV value is not low and it
confirms the presence of inhomogeneous barrier height
for Au/rubrene/n-Ge device [13,27,46,54,55].

(bap = CT)BO -

Table 2. Comparison of diode parameters determined for an Au/n-Ge and an Au/Rubrene/n-Ge Schottky barrier diodes.

-V dv/din(l) —1 H(l) - 1
n Dy n R, Dy R, Ref.
Au/rubrene/n-Ge 1.23 0.553 1.25 7.65 0.542 7.66 This work
Au/n-Ge 1.34 0.590 1.48 7.01 0.470 7.14 [ 25]
Au/n-Ge 1.12 0.428 -- -- -- -- [42]
Au/n-Ge 1.10 0.610 -- -- -- -- [18]
Au/n-Ge -- 0.560 -- -- -- -- [44]
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Fig. 6. Barrier height vs. 1/(2kT) curves for Au/rubrene/n-
Ge Schottky barrier diode.

The observed variation of ideality factor with
temperature in the model is given by [21,28,44,53]
——l=—p ®)

Nap 2kT

where n,,, is the apparent ideality factor (experimental
data) and the coefficients p, and p; quantify the voltage
deformation of the barrier height distribution. The plot of
n versus 1/2KT (as show in Fig. 7) should be straight line
that gives voltage coefficients p, and p; from the
intercept and slope respectively. The values of p, and p;
were obtained 0.184 and 0.020 in 150- 300 K
temperature ranges.

-0.1

y=-0.0209 x +0.184
02 F
py=0.184
03} p3=0.232
i
= -04f
=
-
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0.6 | 9
0.7
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Fig. 7. Temperature dependence of ideality factor (1/n-) for
Au/n-Ge Schottky barrier diode

The @3 is also determined by means of the conventional
Richardson plot of the saturation current lo. In this case,
Eqg. (2) can be obtained as [20,26,31-40]

In (%) = In(AA*) — %80 9)

kT

The conventional activation energy experimental
In(l,/T?) vs. 1/kT plot (as show in Fig. 8) has showed
nonlinearity behavior at low temperatures, as indicated
above. In(l,/T?) versus 1/kT should be a straight line
that gives @z, and A* from the intercept and slope,
respectively. The values of ®z, and A* are 0.512 eV and
35 A cm?2 K2 in 150-200 K temperature range and as
0.188 eV and 38 A cm? K2 in 250-300 K temperature
range. The A* values are much lower than the theoretical
value of 143 A cm K2 for n-Ge [24]. This deviation in
Richardson plots may be due to the inhomogeneous
barrier and potential fluctuations at the metal-
semiconductor interface; that is, the current through the
contact will flow preferably through the lower barriers
[31,43,54].

-19

y=-0.512 x -0.101

In(1,/T?)

y=-0.188 x -0.191

15 20 25 30 35 40
1/KT (1/eV)

Fig. 8. In(I,/T?) versus 1/KT plots for the Au/rubrene/n-Ge
Schottky barrier diode according to two Gaussian
distributions.

Since the conventional Richardson plot deviates from
linearity at low temperatures due the barrier
inhomogeneity, it can be modified by combining Eq. (1)
and (7), to explain these discrepancies, according to the
Gaussian distribution of the barrier height [26,35,43,56]
we gets

in(72) - (5) - mtaa) - 4322 (10)

Using the experimental I, data, a modified In(l,/T?) —
(q%02/2k?T?) versus 1/KT plot according to Eq. (10)
should give a straight line with the slope directly yielding
the mean barrier height and the intercept (= In AA*) at
the ordinate determining A* for a given diode area A. The
In(l,/T?) — (q%02/2k?*T?) using two values of A* and
&, obtained for temperature ranges of 150-300 K. The
modified In(I,/T?) — (q®02/2k?T?) versus 1/KT plots
for the values of ®p, and A* are 0.816 eV and 121
Alcm?K? have been given in Fig. 8. Richardson constant
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value of A* is very close to the theoretical value 143 A
cm2 K2 [32]. 1/2KT plot at higher temperatures in Fig. 8.
This value is smaller than the reported of 143 A cm2? K2,
This may be due to greater inhomogeneities at the
interface.

y=-0.816 x + 3.64

@, =0.816 eV

A*=121 A em™ K?

In(I,/T)-(qo,) 2(kT)’ (A/K’)

-60 O

-65

3‘5 4‘0 4‘5 5‘0 5‘5 6‘0 6‘5 7‘0 7‘5 8‘0 SIS
KT (eV")
Modified Richardson In(l,/T?) — (q?c2/2k?T?)

versus 1/kT plots for the Au/rubrene/n-Ge Schottky
barrier diode according to Gaussian distributions.

Fig. 9.

4. CONCLUSIONS

The spin coated grown monolayer rubrene was employed
as the interlayer in Au/n-Ge Schottky barrier diodes. We
investigated rubrene interlayer effects on Schottky
barrier parameters such as ideality factor, barrier height,
and series resistance of Au/n-Ge Schottky barrier diode.
It is observed that, the electrical parameters strongly
depend on the organic layer between the metal-
semiconductor contacts. Increase in the temperature
causes an exponential decrease in the ideality factor. It is
clearly seen that the values decrease more rapidly at low
temperatures. However, temperature has a lower effect
on the determination of ideality factor values at high
temperatures. It can be also estimated that the values
become closer to its ideal value at wvery high
temperatures. In contrast to ideality factor, it is observed
that the potential barrier height values increase with the
temperature and the variation of potential barrier height
with temperature is linear and sensitively temperature
dependent. Effect of temperature on the serial resistance
values have been illustrated in the Fig. 5. To check
accuracy of the results, Cheung—Cheung method is also
employed to calculate the electrical properties. It can be
said that the values are good agreement with those
obtained from |-V method. In order to obtain evidence of
a Gaussian distribution of barrier heights, we have
plotted @5 vs. 1/2KT graphs, and from which the of value
®5,=0.740 eV and o= 120 mV for barrier heights with
a mean barrier height and standard deviation
respectively, have been obtained. Our results show that
organic interlayer is a particularly important factor that

influences the electronic properties of a diode system,
depending on the temperature and the n-Ge wafer. We
found that the rubrene interlayer could improve Au/n-Ge
Schottky barrier diode properties to enable high quality
Ge and rubrene devices with Schottky contacts in the
future.
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0z

Mobil uygulamalar izin tabanli modelleri sayesinde kendi giivenlik ve gizlilik modellerini olustururlar. Uygulamalar, yiiklendikleri
mobil araglarda herhangi bir hassas veriye erismek isterlerse, bu erisim i¢in sadece ihtiya¢ duyduklari izinleri tanimlamalidirlar.
Ancak bazi uygulamalar, gerek duyacaklari izinlerin haricinde fazladan izin talebinde bulunmakta ve bunu daha sonra yapacaklari
stipheli kaynak erisimleri i¢in kullanabilmektedirler. Bu calismada belirlenen yontem ile veri setleri kullanilarak daha dnceden
belirlenen seviyeler dogrultusunda uygulamalarin risk degerleri belirlenmektedir. Statik analiz ve kod analizi metotlarini birlikte
kullanilmustir. Kullanilan yaklasima gére uygulamalarim istedikleri ve kullandiklari izinler belirlenmekte ve fazladan izin talebinde
bulunan uygulamalar ¢ikarilmaktadir. Sonrasinda ortaya konulan formiil sayesinde her bir uygulama icin siiphe degeri belirlen-
mekte ve bu degere gore uygulamalar kotiiciil veya zararsiz olarak siniflandirilmaktadir. Ortaya konulan bu yaklagim, var olan veri
setleri lizerinde uygulanarak sonuglari karsilagtirilmig ve dogruluk seviyesi belirlenmistir. Android isletim sistemi i¢in, gelistirilen
bu yeni yontem sayesinde kdtiiciil yazilimlarin tespit edilmesi ve kullanicilar agisindan daha giivenli bir Android ortaminin olus-
turulmasi1 amaglanmigtir.

Anahtar Kelimeler: Android, izin Tabanh, Giivenlik, Risk Degerlendirmesi.

Permisson Comparison Based Malware Detection
System for Android Mobile Applications

ABSTRACT

Mobile applications create their own security and privacy models through permission based models. Applications, if they require
to access any sensitive data in mobile devices that they are downloaded on, in order to do the needed system call for this access,
they have to define only required permissions. However, some applications may request extra permissions which they do not need
and may use these permissions for suspicious database access they do later. In this study, the aim is to determine those extra
requested permissions and to use this on the security and privacy model. According to the study, through the determined methodo-
logy, risk values of applications are determined in the light of pre-determined levels within datasets. It is an approach that uses
static analysis and code analysis together. According to this approach, the permissions that the applications request and use are
determined separately and the applications that request extra permissions are discovered. Then, via the produced formula, suspicion
value of every application is determined and applications are classified as malicious or benignant according to this value. This
approach was applied on existing datasets; the results were compared and accuracy level was determined.For Android operating
system, it is aimed to determine the malicious applications via this newly developed method and to create a safer Android atmosp-
here for users.

Keywords: Android, Permission Based, Security, Risk Assesment.

1. GIRiS (INTRODUCTION)

Modern iletisim teknolojilerinin gelisimi ile birlikte,
akilli telefon, tablet bilgisayar, multimedya merkezleri,
ev uygulamalari gibi insanlarin hayatlarinin ig¢ine girmis
akilli ve kisisellestirilmis servisler sunan mobil arag/plat-

tirmistir. [2][3]. Bunun gibi nedenlerle, mobil arag gelis-
tiricileri, mobil arag isletim sistemi gelistiricileri, mobil
uygulama market sahipleri, uygulama gelistiricileri ve
devletler kullanicilarin mobil araglarda karsilagabilecek-
leri kotii durumlar1 6nlemek i¢in bu alandaki agik kapilari

formlarinin ortaya ¢ikmasi hizlanmustir [1]. Giiniimiizde,
artitk cok rahatlikla mobil cihaz kullanimimin kablolu
baglant tiirlerini gectigi sdylenebilir. Mobil ara¢ kullani-
minin yayginlasmasi, kullanicilarin kisisel/gizli verile-
rini, banka hesap numaralari gibi kritik bilgilerini mobil
araglari lizerinde saklamalarindaki artig1 beraberinde ge-

*Sorumlu Yazar (Corresponding Author)
e-posta: nbarisci@gazi.edu.tr
Digital Object Identifier (DOI) : 10.2339/2017.20.1 175-189

kapatma ve Onlem alma c¢alismalarint yiiriitmektedirler
[4].

Mobithinking’in 2013 yilinda yayinlamig oldugu verilere
gore mobil internet kullanimi1 kablosuz internet kullani-
mini ge¢mistir. Bunun nedenini sadece akilli telefonlarin
ve altyapilarin gelisimi olarak gérmek eksik olacaktir. Bu
noktada, akilli telefonlar i¢in yeni uygulamalar sunan
Google Play, Apple Store gibi uygulama marketlerin var-
lig1 g6z ard1 edilemez. Bu uygulama marketleri saye-
sinde, kullanicilar talep ettikleri islevleri/fonksiyonlari
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yerine getirebilecek uygulamalar1 ¢ogu hallerde iicretsiz
olarak bu uygulama marketlerinden indirebilmekte ve te-
lefonlarinda kullanabilmektedirler. Bu da kullanicilarin
mobil araclart daha fazla kullanma egilimi gdstermele-
rine neden olmaktadir [5].

Mobil telefonlarda Nokia Symbian, Windows Phone,
IOS, Blackberry OS ve Android isletim sistemi en yaygin
kullanilan mobil igletim sistemleri arasindadir. Bu isletim
sistemleri arasinda, Android isletim sistemi agik kaynak
kodlu olarak sunulan ve Linux ¢ekirdek yapisini kullanan
bir isletim sistemidir. Bu isletim sisteminin kullanilmasi
i¢in herhangi bir iicret talep edilmez. Sadece kullanicilar
gelistirdikleri uygulamalar1 satmak i¢in markete koymak
istediklerinde, gelistirici tiirtinde bir market hesab1 agma-
lar1 gereklidir. Android isletim sistemi diger igletim sis-
temleri arasinda agik kaynak kodlu ve {iicretsiz erigime
sahip olmasi1 nedeniyle en yiliksek market payina ve satis
miktarina sahiptir ve bu durum hizl bir sekilde yiikselis
gostermektedir [6].

Mobil araglarin kullaniminin yayginlagmasi, kisilerin ar-
tik daha fazla kigisel ve kritik verilerini mobil araglarinda
sakliyor olmalari ve Android igletim sisteminin de te-
melde iicretsiz ve agik kaynak kodlu olmasi sebebiyle en
genis kullanim agina sahip olmasi, Android tabanli mobil
araglar1 kotiiciil uygulama gelistiricileri igin bir hedef ha-
line getirmektedir. Kullanicilarin Google Play benzeri
uygulama dagitim ortamlarindan istenilen her tiirde prog-
ramin herhangi bir ekstra ¢alismaya gerek duymadan, in-
dirilip kullanabilmeleri miimkiindiir. Her ne kadar bunun
gibi biiytik 6l¢ekli uygulama havuzlari, uygulamay1 kul-
lanicilara sunmadan bir 6n giivenlik kontroliinden gegir-
mekte iseler de, bu platformlarda dagitim yapilan uygu-
lamalar i¢in tam bir gilivenlikten s6z etmek miimkiin de-
gildir. “Google Bouncer” benzeri 6n giivenlik kontrol sis-
temleri miimkiin oldugunca uygulama marketi giivenligi-
nin saglanmasi roliinii iistlenmektedirler. Ancak tam bir
giivenligin saglanamadigini ortamlarda kullanicilar agi-
sindan daha dikkatli olunmasi noktasinda hassas bir du-
rus sergilenmesi gerekliligi agiktir [5].

Uygulama marketlerinde dagitimi yapilan ve kullanici-
lara sunulan uygulamalar incelendiginde, bir¢cok uygula-
manin ¢aligmast i¢in gerek duydugu izin sayisindan daha
fazla izin talebinde bulundugu goriilmiistiir. Uygulama-
nin ihtiya¢ duydugundan daha fazla izin talebinde bulun-
masi kullanicilara zarar verebilecek bir nitelikte olabile-
cegini disiindirmektedir. Bu dogrultuda, uygulamalar
ihtiya¢ duyulabilecek ve 6zel olarak belirlenmis bazi ge-
reksiz izinleri de talep ederek, siipheli bir hale gelmekte-
dirler. Bu sekilde markette sunulan ve ihtiya¢ duymaya-
cagl izinleri de talep eden uygulamalar kullanicilar tara-
findan indirilerek mobil araglarina yiiklenebilmektedir.
Bu noktada bu tarz uygulamalarin ayrica takip edilmesi
gerekliligi ortaya ¢ikmaktadir. Bunun yaninda kullanici-
lar mobil araglarina uygulama marketlerinin haricinde de
uygulamalar yiikleyerek kullanabilmektedirler(3. Parti
servisler). Bu nedenle, uygulama havuzlarinda izin kul-
lanimina yonelik kismen saglanabilecek giivenlik meka-
nizmalarinin kolaylikla atlatilabilecegini, farkli servisler

yardimryla kullanicilara sorunlar ¢ikartilabilecegini gos-
termektedir [1].

Uygulamalarin ihtiya¢ duyduklarindan daha fazla izin ta-
lebinde bulunmalar: halinde tespit edilmelerinin saglan-
mast i¢in bir kag farkli yaklagim bulunmaktadir. Bu yon-
temler sayesinde uygulamalar izlenerek; siipheli olarak
degerlendirilen ve harigten izin talebinde bulunan bu uy-
gulamalarin koétiiciil olup olmadiklarinin belirlenmesi
amaclanmaktadir. Bu ydntemlere kisaca bakacak olur-
sak; birincisi ve en temel kullanilan yontem statik analiz
metodolojisidir. Buna gére uygulamalar heniiz ¢alistiril-
madan izinleri ve kaynak kodlari incelenerek analiz edi-
lirler. Bu sekilde uygulamanin harigten izin isteyip iste-
medigi, istiyor ise nedeni bulunmaya c¢alisilir [7][8][9].
Ikinci yontem dinamik analiz metodudur. Buna gore in-
celenmek istenen uygulama bir benzetimlik tizerinde ko-
sularak, hangi izinleri hangi kaynaklara erismek icin kul-
landig1 tespit edilmeye calisilir. Boylece, uygulamanin
servis ¢agri karakteristigi ve erisim stratejisi belirlenerek
uygulamanin kétiiciil bir aktiviteye yonelip yonelmedigi
ortaya konulmaya ¢ahsilir [10][11]. Ugiincii ydntem, 3.
parti yazilimlar1 kullanarak mobil araglardaki tiim uygu-
lamalari hangi kaynaklara eristiklerini ve hangi izinleri
kullandiklarini listelemedir. Bdylece, daha 6nce yiikleni-
len veya gozden kagmis olan bir uygulama var ise tespit
edilerek kotiiciil aktiviteleri gézlemlenebilecektir. Dor-
diincii yontem ise isletim sistemi ayricalik engelidir.
Buna gore, isletim sistemleri uygulamalarinin bazi kigisel
verilere erisim saglayip saglamadiklar1 kontrol edilebil-
mektedir. Ornegin, Android kullanicilara boyle bir imkan
tanimaktadir. Kullanicilar herhangi bir marketten veya
dogrudan tiglincii parti bir uygulamayi indirip kurmak is-
tediklerinde, uygulamanin hangi izinleri talep ettikleri ve
hangi kaynaklara erismek istediklerine dair bir liste gos-
termektedir. Uygulamalarin mobil araglara yiiklenmesi
ancak kullanicilarin bu listeyi onaylamalar1 sonrasinda
miimkiin olmaktadir. Boylece, bir 6n giivenlik sistemi
saglanarak kullanicilar bilgilendirilebilmektedir. Tiim bu
teknikler bazi giivenlik ¢oziimleri iiretseler de, uygula-
manin ihtiya¢ duydugundan daha fazla izin isteyip iste-
medigine dair bir sonug ¢ikarmak i¢in ortagonal metotla-
rin izlenmesi gereklidir [5].

Bu ¢aligmada, uygulamalarin ihtiya¢ duyulandan fazla
izin talebinde bulunup bulunmadiklari, bulundular ise
bunu kullanip kullanmadiklari analiz edilerek bir kotiiciil
yazilim tespit araci gelistirilmeye ¢aligilmistir. Bu yakla-
sima gore, statik analiz metodunun avantajlar ile birlikte
kaynak kod analizi yapilarak uygulamanin potansiyel ko-
tiiciil risk durumuna iligkin bir degerlendirme sonucu su-
nulmasi amaclanmaistir.

2. ILGILI CALISMALAR(RELATED WORKS)

Bu béliimde, kullanicilarin sahip olduklart Android isle-
tim sistemli mobil cihazlar1 dolayist ile karsilastiklar1 gii-
venlik ihlalleri ve izin kullanimina yonelik kotiiye kul-
lanmaya dair daha once yapilmis olan galismalar veril-
mistir.
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Dinamik analiz tabanli olarak ¢alismakta olan giivenlik
¢oziimlerine 1iliskin bazi ¢aligmalar sunlardir: Taint-
Droid [10] android eklentilerinin, hassas verileri {iglincii
parti uygulamalar iizerinden belli merkezlere ilettigini or-
taya koymustur. Ayni sekilde AppsPlayground [12] ko-
tiiciil fonksiyonlarin ve gizli bilgilerin sizdirilmasi teseb-
biislerinin tespit edilmesi i¢in dinamik analiz altyapisim
kullanan bir altyap: sunmaktadir. [13][14] Daha once ta-
nimlanmig politikalar 1s181nda kullanicilarin sahip olduk-
lar1 verilerinin kontrol edilebilecegi bir ¢calisma goriintii-
leyici sunmustur. [15] 2010 yilinda Enck’in ¢aligmasin
gelistirerek, daha ince detaylarda giivenlik politikalarinin
tanimlanip, uygulamalarin bu detayli politikalar dahi-
linde incelenebilecegi bir c¢alisma yapmuglardir.
MockDroid [16] kullanicilara daha 6nce vermis olduklari
izinleri tekrar geri alabilme imkani tanimaktadir.

Statik analiz giivenlik ve gizlilik ¢6ziimleri: [17][18] Di-
namik analiz metodolojilerini tamamlayacak sekilde, sta-
tik analiz tabanli olarak uygulamalarin kullanici gizliligi
acisindan giivenli olup olmadigin tespit edebilecek ca-
lisma yapmusglardir. AppProfiler [19] verilen uygulama-
larin gizlilik seviyelerini belirlemek i¢in kullanilabilecek
olaylarin incelenmesine imkan tanityan bir ¢aligmadir.
ScanDroid [20] uygulamalarin manifest dosyalarindan
istemis olduklari izinleri ¢ikarmakta ve bunlarin hangile-
rinin kullanici bilgilerinin sizdirilmasi igin kullanilabile-
cegini degerlendirmektedir.

Yetki tabanli ¢oziimler: Kullanici verilerinin istek dist
hareketlerinin kontrol edilmesi ve engellemesi igin kulla-
nilan ve yukarida verilmis olan tekniklerin disinda, yetki
tabanli ¢6ziimlerde bulunmaktadir. [7][8] Uygulamalarin
statik analiz edilmesi ve uygulamanin gerek duydugun-
dan fazla izin talep edip etmediginin tespit edilmesine yo-
nelik ¢calismadir. Her bir ¢6ziim, izin haritasinin ¢ikaril-
masl ile baglamakta ve bu haritanin analiz edilerek mey-
dana gelmesi muhtemel giivenlik risklerinin ortaya ¢ika-
rilmasint amaglamaktadir. [21] Zincirleme olarak mey-
dana gelebilecek tehditlerin tespit edilmesine imkan tani-
yan bir tarayici arag gelistirmislerdir. Bu ara¢ mobil ci-
hazlara diger uygulamalar gibi yiiklenmektedir. Caligti-
rilmasi durumunda, diger uygulamalarin manifest dosya-
larini analiz etmek ve muhtemel zayif yonlerini goster-
mektedir. [5] benzer sekilde, uygulamalarin manifest
dosyasinda istemis olduklari izinleri istemekte ve bunla-
rin degerlendirmesini yapmaktadir. Uygulamalarin talep
ettiklerinden daha fazla izin istemeleri durumunda siip-
heli olabilecekleri degerlendirmesinde bulunmaktadir.

3. ANDROID IiSLETIM SISTEMI iZiN TABANLI
GUVENLIK MODELi (ANDROID PERMISSON
BASED SECURITY MODEL)

Android isgletim sistemi Linux tabanlt bir model olmasi
sebebiyle kisisel verilerin korunabilmesi, sistem kaynak-
larma erigsimin sinirlandirilmast ve Java’dan kaynakl
problemlerin kolayca ¢dziilmesine imkan tanimaktadir.
Sekil-1’de “Android” isletim sisteminin yapist genel hat-
lar ile gosterilmistir.

Uygulama-1 } t Uygulama-2 } ( Uygulama-3 ]
Q

Uygulama Catis1 ]
.
t Cekirdek Kiitiiphaneleri }
Kiitiiphaneler
[ Dalvik Sanal Makinasi J
-
Linnx Cekirdegi J
.

Sekil 1. Android Yazilim1 Modiiler Yapisi(Android Software
Architecture) [5]

Android, her bir uygulamayi kendi kullanici yetkileri al-
tinda calistirir ve her birine essiz bir numara tanimlar. Bir
kullanici altinda birden fazla uygulama ¢alistirmaya izin
veren isletim sistemlerinden bu yoniiyle ayrilir

Varsayilan olarak, uygulamalar, farkli bir kullaniciyi
veya uygulamay etkileyecek sekilde kosturulamazlar ve
normal durumlarda kendilerine tahsis edilen sinirli bir
kaynak grubuna erismeleri miimkiindiir. [22] Uygulama-
lar tiim hassas operasyonlart ile ilgili olarak manifest dos-
yasinda gerekli izinleri tanimlamalidirlar. Boylece kulla-
nicilar uygulamalari mobil araglarina kurarlarken bu izin-
leri goriirler ve onaylamalar1 halinde ilgili yazilim kuru-
lumu gergeklesmis olur. Uygulamalar sadece manifest
dosyasinda tanimlanan izinlerin izin verdigi c¢ercevede
kaynaklara erisebilirler. Bu sekilde, izin mekanizmasi sa-
yesinde kullanicilar i¢in bir giivenlik katmani olusturul-
mus olur. Ornek bir manifest dosyas: Sekil-2 de gosteril-
mistir.

<android.permission.CAMERA/>
<android.permission.WRITE_EXTERNAL_STORAGE/>
<android.permission.INTERNET/>
<android.permission.ACCESS_NETWORK_STATE />
<android.permission.READ_PHONE_STATE/>
<android.permission.READ_CONTACTS/>
<android.permission.VIBRATE/>
<android.permission.WRITE_CALENDAR/>

Sekil 2. Manifest Dosyasi (Manifest File)[5]

Sekilde de gosterildigi gibi bir uygulama eger mobil ara-
cin kamera sistemine erismek, bilgi alis verisi yapmak is-
tiyor ise, “android.permission.camera” seklinde izin tale-
bini manifest dosyasinda deklare etmelidir. Boylece kul-
lanicilar da mobil araglarina yiikleyecekleri uygulamanin
kamera sistemine erisecegini gorebilecektir. Eger kulla-
nic1 bunu kendisi i¢in riskli bir durum olarak goriiyor ise
de uygulamay1 reddederek giivenligi tehdit edici bu uy-
gulamadan kurtulmus olabilecektir. Eger uygulamalar
gerek duyduklart izinleri talep etmeden, bu sistemlere
erismek isterlerse, bu durumda Android isletim sistemi
tarafindan gilivenlik olagandisilig firlatilir ve uygulama-
nin ¢aligmasi sonlandirilir.

177



Recep Sinan ARSLAN, Ibrahim Alper DOGRU, Necaattin BARISCI / POLITEKNIK DERGISI, Politeknik Dergisi, 2017; 20 (1) : 175-189

Mobil uygulamalar, konum bilgisinden ¢agr1 gecmisine,
mesajlardan maillere kadar birgok kisisel veriyi yonet-
mektedirler. Bu bilgiler kisilerin profilinin ¢ikarilmasi
acisindan kiymetli girdilerdir. Sadece kotiiciil uygulama-
lar degil, ayn1 zamanda zararsiz uygulamalar da bu bilgi-
lere erismeyi istemektedirler. Ornegin Twitter uygula-
mast, kisilerin izni olmadan kullanici bilgilerini almakta-
dir. Uygulamalar bu bilgileri sadece almakla kalmayip
silme ve degistirme gibi islemler de yiiriitebilmektedirler.
Kisisel veriler iizerinde manipiilasyon iglemlerine iligkin
olarak detayli analizlere [18][23] kaynaklarindan erisile-
bilir.

Kétiiciil uygulamalar, olduk¢a kiymetli olan kisisel veri-
lere erigmek i¢in her zaman kendi izinlerini kullanmazlar.
Bazi durumlarda, zararsiz olan uygulamalarin sahip ol-
duklari izinleri kullanarak da bu bilgilere erigim izni elde
edebilirler [24]. Boylece kullanici izin vermese bile kisi-
sel bilgilerine ulasilabilir. Bu gibi durumlar gozetildi-
ginde, uygulamalarin ihtiya¢ duyduklarindan daha fazla
izin talep ettikleri durumlarda, eger kullanicilar bu du-
rumu onaylarlar ise uygulamalar rahatlikla kdtiiciil bir
moda gegebilirler. Bu islemleri gergeklestirmek i¢in uy-
gulamalar genelde giincelleme yontemini kullanirlar
[21]. Fazladan talep ettikleri izinler baslangicta herhangi
bir sekilde kullanilmaz iken, bir uygulama giincellemesi
sonrasinda, aktif olarak kullanilir hale gelebilir. Bu du-
rumda uygulamalar kullanicilar igin riskli bir durum
olugmasina neden olurlar.

Mobil kétiiclil yazilimlar bu sekilde farkli yontemler iz-
leyerek, mobil kétiiciil yazilim tespit araglarini atlatmak
ve kotiiclil aktivitelerini hedef mobil araglar lizerinde
gostermek istemektedirler. Bu yazilimlara iliskin tiretilen
giivenlik mekanizmalar1 da, Android’in temel felsefesini
ve ¢aligma yapisini kullanmaktadir. Android isletim sis-
teminde izni 6nceden alinmamuis hig bir aktivite kosturu-
lamaz [5]. Ayn1 zamanda, koétiiclil uygulama yapilar
dogrudan kullanicidan izin isteyerek uygulama katmani
seviyesinde ¢alismak yerine, bu izni almadan bir sekilde
sistem kaynaklarina erigsmek igin farkli yontemleri kulla-
nabilmektedirler. Sonugta kotiiciil aktiviteler bu sekilde
sistemsel veya kullanict davranig zayifliklarini kullana-
rak faaliyetlerini yerine getirmektedirler. Bu durumda, en
az izin en iyidir prensibi dogru bir giivenlik kurgusu yak-
lagimi olacaktir. Yapilacak ¢alismada bu yaklagim teme-
linde, gerektiginden fazla izin talep eden uygulamalar
0zel olarak incelenecek ve giivenlik konusunda zaaflar
olabilecegi 6n yargist ile uygulamalar giivenlik tespit ya-
pisina tabi tutulacaklardir [5].

4. ANDROID GUVENLIK YAKLASIMI VE TEO-
RIiK ALTYAPI (ANDROID SECURITY
APPROACH AND THEORETICAL
FRAMEWORK)

Bu ¢aligmada mobil uygulamalarin profillerinin ¢ikaril-
masi ve analiz edilmesi i¢in verimli ve hizli bir model
ortaya koymaya ¢alisilmistir. Bunun i¢in uygulamalarin
talep etmis olduklar izinler degerlendirilmistir. Metodo-
lojinin temelinde uygulamalarin paketlerinin agilmasi,

izinlerinin ve kaynak kodlarinin elde edilerek, uygulama-
larin davranislarinin tahmin edilmesi prensibi yatmakta-
dir. Buna gore uygulamalarin bir sekilde paketlerinin
acilmasi ve izin dosyasi ile kaynak kod dosyalarinin elde
edilmesi gerekmektedir. Bunun igin statik analiz kullani-
larak ilgili dosyalara erisim saglanmus, karsilastirma is-
lemleri yapilarak izinlerin kullanilma durumlart belirlen-
mistir. Bu karsilastirma sonucunda da, uygulamanin ger-
cekten fazladan izin talebinde bulunup bulunmadigi ve
bunun ne seviyede gerceklestigi degerlendirilerek, kotii-
ciil yazilim tespit edilmeye calisiimustir.

4.1. Paketlerin A¢ilmasi ve Analiz(Application Analy-
sis And Repackaging)

Android mobil uygulamalarindan dogrudan Java byte
kod yerine Dalvik byte kodunu elde etmek amaglanmak-
tadir. Java tabanli uygulamalar iizerinde, Jad(Jad Java
Derleyicisi), ASM gibi araglarla kolay bir sekilde tersine
miihendislik gergeklestirebilir. Benzer sekilde Apktool
araci ile de mobil uygulamalar analiz edilebilir ve iize-
rinde degisiklikler gerceklestirilebilir. Dexpler [25],
Dex2jar, Androguard gibi uygulamalar da benzer sekilde
kullanilabilirler. Tersine mithendislik asamasinda her bir
aracin kabiliyeti uygulamadan uygulamaya degisebil-
mektedir. Yapilan ¢caligmada uygulamanin izin dosyasina
saglikli bir sekilde erigebilmek ig¢in Apktool aract tercih
edilmistir. Bu sekilde diizglin okunup, ayristirilabilir ma-
nifest dosyasi elde edilebilmistir. Uygulamanin kaynak
koduna erigsmek iginse, Dex2jar araci tercih edilmistir.
Boylece basit bir islemle uygulamanin “classes.dex” dos-
yasi kullanilarak kaynak koda erisim saglanmistir. Bu is-
lemlere iliskin yap1 Sekil-3’te gdsterilmistir.

o ygulama Kaynak
Kodu(Java)

Sekil 2. Uygulama Tersine Miihendislik Diyagrami
(Application Reverse Engineering Diagram)

Buna gore, uygulama ApkTool ve Dex2jar aracina veri-
lir, sonucunda elde edilen degerler incelenmek iizere ha-
zirlanmig olan Java uygulamasinda islenir.

4.2. Teorik Yaklasim(Theoretical Approach)

Uygulamalarin risk tespitlerinin yapilip degerlendirile-
bilmeleri i¢in 6ncelikle Android igletim sistemi i¢in kag
adet izin tipinin oldugunun belirlenmesi gereklidir. Bu-
nun i¢in Android resmi sitesinden toplam kag farkl: izin
oldugu belirlenmistir. Sekil-4’te bir kism1 gosterildigi
gibi toplam 135 farkli izin tipi bulunmaktadir.
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Izin | Izin ismi izin
ID Tipi
1 ACCESS_CHECKIN_PROPERTIES | String
2 ACCESS_COARSE_LOCATION String
3 ACCESS_FINE_LOCATION String
4 ACCESS_LOCA- String
TION_EXTRA_COMMANDS
5 ACCESS_NETWORK_STATE String
6 ACCESS_NOTIFICA- String
TION_POLICY
7 ACCESS_WIFI_STATE String
8 ACCOUNT _MANAGER String
9 ADD_VOICEMAIL String
10 BATTERY_STATS String
11 BIND_ACCESSIBILITY_SERVICE String
12 BIND_APPWIDGET String
13 | BIND_CARRIER_MESSAGING_ | String
SERVICE
14 BIND_CARRIER_SERVICES String
15 BIND_CHOOSER_TARGET_ String
SERVICE
16 BIND_DEVICE_ADMIN String
17 BIND_DREAM_SERVICE String
18 BIND_INCALL_SERVICE String
19 BIND_INPUT_METHOD String
20 BIND_MIDI_DEVICE_SERVICE String
TOPLAM 135 ADET iZiN BULUNMAKTADIR.

Sekil 4. Android Isletim Sistemi Izin Listesi(Android
Permission List)[18]

Sekil 4’te verilen izinler 1518inda tiim uygulama kaynak
kodu ve manifest dosyasi taranarak bulunmasi halinde 1
bulunamamasi halinde 0 olacak sekilde 1x135°lik bir uy-
gulama matrisi elde edilmektedir. Bu matris hem mani-
fest hem de kaynak kod i¢in ayr1 ayr1 hesaplanmaktadir.
Bu hesaplama iglemi tamamlandiktan sonra da veri taba-
ninda her bir uygulama bir satira denk gelecek sekilde
Cizelge iizerine kaydedilmektedir. Sekil-5’te veri tabani
mimarisinin izin kayit Cizelgesu gosterilmistir.

=" application
& applicationID: INTEGER
¢ packageMame: VARCHAR

& permissionsFromManifest: VARCHAR
< permissionsFromUsage: VARCHAR

Sekil 5. Veri Tabani Uygulama Kayit Cizelgesu(Database App-
lication Registry Table)

Sekil-5’te gosterildigi gibi, 1x135°lik matris bir metin ha-
line getirilerek veri tabanina kaydedilir. Boylece daha
sonra yapilacak genel degerlendirmede her bir uygulama
sirast ile “applicationID”leri yardimiyla bu Cizelgedan
cekilerek kullanilabilecektir. Bu yapida kétiiciil ve zarar-
siz uygulamalar i¢in ayni1 Cizelgedan iki adet olusturul-
mas1 mantig1 tercih edilmigtir. Bdylece kotiiciil ve zarar-
s1z uygulamalar seklinde 2 ayr1 veri seti elde edilmis ola-
caktr.

4.3. Risk Tespiti ve Degerlendirme (Risk Identifica-
tion and Evaluation)

Uygulamalar ortaya konulan teorik yaklasima gore elde
edilen veriler 15181nda bir degerlendirmeye tabi tutulurlar.
Bu yaklagima gore; manifest dosyasinda uygulamalarin
talep etmis olduklart izinler(M) ve bunlarin toplam sa-
yisi(MP), Java kaynak kodunda sistem cagrist yaptiklari
izinler(U) ile izinlerin toplam say1si(UP) olarak tanimla-
nacak olursa, asagida verilmis olan Java kodu kullanila-
rak degerlendirilirler

for (int j = @; j < MP.length; j++) {
if (MP[j].equals("@") && UP[j].equals("1")) {
warncount++;
I else if ((MP[j].equals("1") && UP[j].equals("@"))) {
suspiciouscount++;
List<MyArray> liste = pew Arraylist<»();
liste = showUsagePermissions();
String retrieve = ret.getPermissionlameGivenID(j);
for (int n = 8; n < liste.size(); n++) {
String listename = liste.get(n).gethame();
if (retrieve.egquals(listename)) {
suspiciousvalue += liste.get(n).count;

kL
1 else {

normalcount++;

Sekil 6. izin Tabanli Kétiiciil Yazilim Degerlendirme Java
Kodu(Permission Based Malware Evaluation Java
Code)

Sekil 6’da verilmis olan bir kisim Java kodunun da yap-
t181 gibi uygulamanin manifest dosyasinda talep etmis ol-
dugu izinler ile bu izinlerden kag tanesinin uygulama ige-
risinde kullanildig, fazla/eksik kullanimin s6z konusu
olup olmadig1 belirlenmektedir. Bu degerlendirme igin
Sekil-6’da verilen Java kodu Cizelge-1deki gibi bir de-
gerlendirme yapmaktadir.

Cizelge 1. Degerlendirme Matrisi (Evaluation Matrix)

Mi (Manifest Ki (Kullamlan SONUC
Dosyasi Izinleri Izinler)
1 1 NORMAL
0 0 NORMAL
1 0 SUPHELI
0 1 IKAZ

Bu Cizelgeya gore, Sekil-5te verilmis olan izinler uygu-
lama manifest dosyasinda aranarak, bulunmasi halinde 1,
bulunmamasi halinde 0 olacak sekilde degerlendirilerek
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veri tabanina kaydedilir. Sonrasinda uygulamanin bu
izinleri kullanip kullanmadig tek tek kontrol edilmekte-
dir. Bunun i¢in de kendi kendini ¢agiran bir fonksiyon
yardimiyla uygulamanin var olan tiim dizin yapisi ¢ika-
rilmaktadir. Sonrasinda metin arama metodu kullanilarak
bu izni Java kaynak kodunun herhangi bir yerinde ¢agirip
cagirmadigi belirlenmektedir. Buna gore 0 veya 1 olacak
sekilde degerlendirilmesi yapilmaktadir. Cizelge-1’deki
matrise gore bu iki deger karsilastirilarak her bir uygu-
lama icin siipheli deger sayis1 ortaya ¢ikarilmaktadir. Bu
deger bir uygulamanin koétiiciil olup olmadigini degerlen-
dirmemiz i¢in kritik bir sonugtur.

Bu degerlendirmeler sonucunda elde edilen siipheli du-
rumlarin sayist bir uygulamanin calismasi i¢in gerekli
izinden fazlasini talep ettigi ve onun bir kotiiciil yazilim
olabilecegi riskinin bulundugu gosterir. Ancak bazi kotii-
ciil karakteristige sahip olmadig1 disiiniilebilecek uygu-
lamalar i¢in de benzer durumlarla karsilagilmaktadir. Bu-
nun uygulama gelistiricilerin hatalarindan kaynaklanabi-
lecegi diisiiniilmektedir. Bunun gibi hatali durumlari or-
tadan kaldirip daha dogru kétiiciil yazilim tespiti yapmak
i¢in bu yonteme bir ¢arpan degeri eklenmistir. Bu ¢arpan
degeri Sekil-6’da 6rnek olarak gosterildigi gibi bir iznin
kotiiciil veri seti igerisinde kullanilma sayisindan elde
edilmistir. Gergcekte fazladan/gereksiz yere talep edilen
bu izinlerin kétiiciil yazilimlar igerisinde kullanilma fre-
kansi dikkate alinmaktadir. Yaklasima gore, bir uygula-
manin fazladan talep etmis oldugu izin kétiiciil uygula-
malar arasinda yogunlukla kullanilan bir izin ise bu du-
rum o uygulamanin ger¢ekten kotiictil olma riskini arti-
ran bir unsur olmaktadir.

Cizelge 2. Frekans Cizelgesu(Frequency Table)

istenilen izinler Kullanilma
Sayisi

INTERNET 49

READ_PHONE_STATE 46

WRITE_EXTERNAL_STORAGE 41
ACCESS_NETWORK_STATE 38
ACCESS_WIFI_STATE 36

Cizelge-2’de 6rnek olarak verildigi gibi kotiiciil uygula-
malar i¢gin “INTERNET” izninin kullanim frekans1 ol-
dukea yiiksektir. Eger bir uygulama bu izni isteyip, kul-
lanmamus ise oldukea riskli bir gruba girmis olacaktir.
Asagida verilen formiile gore bu degerlendirme yapilarak
her bir uygulama igin siiphe degeri elde edilmektedir.
Siiphe Degeri =
sayust (1)

. StupheFrekans;, n = siipheli izin

Her bir uygulama igin siipheli izin sayisina gore (1) nu-
marali yaklasim dogrultusunda siiphe degeri hesaplan-
maktadir. Bu hesaplama sonucunda olusan siiphe degeri
eger zararsiz uygulama veri seti siiphe degeri ortalama-

sindan yiiksek ise o uygulama kotiiciil riskli olarak belir-
lenmektedir. Bu sekilde uygulamalarin kétiiciil olup ol-
madiklart belirlenebilmektedir.

Ortaya konulmus olan metodolojik yaklasimin genel akis
diyagrami Sekil-7’de gosterildigi gibidir

Java code

Manifest.xml

Kullanilan

Istenen Izinleri izinleri

Istenen | Kullamilan | Sonue
| | Normal
{1 0 Normal
| 0 | Stipheli
0 | Tkav.

Karsilagtr
ma Yap

Degerlendirme icin 5
dosyalari olustur

adet  excel
olusturulur,

dosyasi

Sonuglar
Degerlendinme

Sekil 7. Akis Diyagramu (Flow Chart)

Bu diyagrama &zetlenecek olursa; dncelikle uygulama
icin Dex2jar ve Apktool araglart ile tersine miithendislik
islemi gerceklestirilir. Sonrasinda “Manifest” ve “Java
Kaynak Kod” elde edilir. Bu iki elde edilen paket hazir-
lanan yazilim sayesinde ayristirtlarak, 135 adet izin 1s1-
ginda veri tabanina kaydedilirler. Bu kayit sonrasinda,
uygulamanin istemis oldugu ve kullandigi izinler sekilde
verilen Cizelge 1s18inda karsilastirilir ve sonugta siipheli
goriilen izinler listesi ¢ikarilir. Bu ¢ikarilan liste ile fre-
kans degeri carpimi sonucunda elde edilen deger incelen-
mek iizere ayrica Excel dosyalarina aktarilir ve sonuglar
degerlendirilir. Bu degerlendirme sonucunda, zararsiz
uygulamalar i¢in belirlenmis olan ortalamalarin {izerinde
stiphe degerine sahip uygulamalar kotiiciil olarak belirle-
nir. Tiim bu islemler hazirlanan Java tabanli yazilim sa-
yesinde gerceklestirilmektedir.

5. UYGULAMA (Application Details)

Calismanin dordiincii bdliimiinde teorik altyapisindan
bahsedilmistir. Bu altyap1 dogrultusunda asagida verilen
kabuller ve veri setleri 15181inda uygulama hazirlanmis ve
sonuglari elde edilmistir. Buna gore;
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Degerlendirme Olgiitleri:

1- Uygulamalarin degerlendirilmesi i¢in Android isle-
tim sistemi resmi web sitesinde paylasilan 135 adet
farkli izin referans izin listesi olarak alinmistir.

Yeni uygulamalarin degerlendirilmesi i¢in 50 adet
kotiiciil ve 25 adet zararsiz uygulama segilmistir.

Koétiiciil uygulamalar Drebin veri setinden [26], Za-
rarsiz uygulamalar ise sadece banka mobil uygulama-
lar1 arasindan segilmistir.

Uygulamalarin Java kaynak kodlarini elde etmek igin
Dex2jar programi tercih edilmistir.

Uygulamalarin “AndroidManifest.xml” dosyalarint
elde etmek i¢in Apktool programi tercih edilmistir.

Tiim bu islemleri gergeklestirmek i{izere Java prog-
ramlama dili ve Mysql veritabani ydnetim sistemi
Apache ile birlikte kullanilmistir.

Bu degerlendirme 6lgiitleri 15181nda elde edilen sonuglar
Cizelge-3’te sunuldugu gibidir.

ortaya g¢ikmaktadir. Ornegin uygulamalarin “INTER-
NET” izni talep etme sayis1 49 iken, bu iznin kullanilma
orani 23’tlir. Bu bariz fark bu iznin bir¢ok uygulama ta-
rafindan talep edilmekte ancak kullanilmamakta oldu-
gunu gostermektedir. Kotiiciil uygulamalarin aslinda
“INTERNET” iznini talep etmekte ve kullanmakta he-
vesli olduklart ancak bunlarin biiyiik bir kisminin da bu
izni daha sonra kullanmak tizere istedikleri ancak kullan-
madiklar1 gdzlemlenmistir. Bu durum kétiiciil uygulama-
lar agisindan, oldukca siiphe uyandirici bir mesaj ver-
mektedir.

Benzer sekilde, 25 adet zararsiz veri setinin incelenmesi
sonucu elde edilen izin kullanilma listesi Cizelge-4’te
gosterilmistir. Cizelge incelendiginde, bazi izinler igin is-
tenme ve kullanilma durumlari agisindan farklar olustugu
gozlemlenmis olsa da bu farklar sadece bir kag izin i¢in
olduk¢a azdir. Bu durumda da, bu karsilastirma sonu-
cunda elde edilecek fark degerleri hem koétiiciil uygulama
veri setleri i¢in hem de zararsiz veri setleri i¢in kullanila-

Cizelge 3. Uygulama Sonucu Elde Edilen Frekans Degerleri (Kotiiciil Veri seti) (Frequecy Values Obtained After

Application(Malware Data Set))

Uygulama Manifest Dosyasi izin Talep Frekansi | Uygulama Kaynak Kodu izin Talep Frekansi

49
46
41
38
36
29
26
25
22
18
18
17
13
12
12
10

Cizelge-3’te, incelenen 50 adet kotiiciil oldugu varsayi-
lan uygulama i¢in elde edilen izin frekans degerleri gos-
terilmektedir. Cizelge incelendiginde, aslinda uygulama-
nin teorisinde anlatilan tiim durumlar sayisal deger olarak

18

[uy

27
26
23
19
18
16
15
13
12
10

9
8
8
8
6
5

bilir bir siiphe degeri elde etmemize imkan tanimaktadir.
Ortaya ¢ikan bu izin kullanim farklar1 sonucunda incele-
nen 50 adet kotiiciil uygulama i¢in, elde edilen sonuglar
Cizelgesunun bir boliimii Cizelge-5’te verilmistir
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e Siipheli izinler: Uygulamada istenilip kaynak kodda
kullanilmayan izinlerin toplam sayisidir.

Cizelge 4. Uygulama Sonucu Elde Edilen Frekans Degerleri (Zararsiz Yazilim Veri seti) (Frequecy Values Obtained After
Application(Benign Data Set))

Uygulama Manifest Dosyasi izin Talep Frekansi | Uygulama Kaynak Kodu izin Talep Frekansi
24 [INTERNET 15
20 |wakeloek s
v N
16 |vieraTE ] u
15 |BLUETooTH 10
12 |READ PHONE STATE 9
11 |WRITE EXTERNAL STORAGE 9
10 |ACCESS NETWORK STATE 8
10 |Access wiFpsTaTE 7
0 Jeamera T 6
9 |eeTAccounts s
9 |AccEss coARrse LocaTioN 4
o feume 4
s |senpsms 4

Cizelge 4. 10 Adet Kétiiciil Uygulama Igin Izinleri Gosterir Durum Cizelgesu(Status Table Showing Permissions for 10

Malware Application)
2

- 2 0 133 0
- 12 5 126 8 1
- 11 0 124 11 0
- 11 4 124 9 2
- 10 0 125 10 0
- 10 5 126 7 2
- 14 13 126 5 4
- 5 13 123 2 10
- 12 7 130 5 0
- 8 7 124 6 5

Istenen izinler: Uygulamanin manifest dosyasinda iste- e Ikaz: Manifest dosyasinda istenilmeyip, kaynak
mis oldugu izinlerin toplam sayisidir. kodda ¢agr1 yapilan izinler toplanudir.

e Kullamlan izinler: Uygulamanin kaynak kodunda  Cizelge-5 incelendiginde, her bir uygulama igin 5 farkl
¢agr1 yaptigi izinlerin toplam sayisidir. izin simiflandirmast yapildig: goriilmektedir. Bu karsilas-

e Normal izinler: Manifest ve kaynak kodda isteyip tirma Cizelge-1’de verilen sistematige gore yapilmakta-

kullanildig1 veya istemeyip kullanmadigi izinlerin dir. Bu degerlendirme sonucunda her bir uygulamanin
toplam say1sidir. stipheli izin sayilar ¢ikarilmaktadir. 10 adet uygulama

[ERN
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icin sunulan listede goriilecegi tizere siipheli izni hig ol-
mayan bir uygulama yoktur. Her bir uygulamanin belir-
lenen risk

matrisine gore hesaplanacak bir siiphe degeri olacaktr.
Bu gozlem sonucunda, uygulamalar igin bir risk de-
geri(siiphe degeri) hesaplanarak siniflandirma yapilabile-
cegi disiniilmiistiir. Ayni sekilde zararsiz uygulamalar
icin Cizelge-6’da sunulan 6rnek gosterge Cizelgesunda,

stipheli izin sayis1 0 olan bir¢ok uygulama oldugu ve bir-
¢ogunun da oldukga diisiik sayida siipheli izne sahip ol-
duklar1 goriilecektir. Bu genel durum dahi bize bu nok-
tada kotiiciil ve zararsiz uygulamalar arasinda bu noktada
ciddi farklar oldugunu gostermektedir.

Cizelge 5. 10 Adet Zararsiz Uygulama Icin izinleri Gosterir Durum Cizelgesu(Status Table Showing Permissions for 10 Be-

nign Application)

I 1

0 134 1 0
N 0 0 135 0 0
3 10 9 124 6 5
4 2 0 133 2 0
5 2 1 132 2 1
6 12 9 124 7 4
R 1 0 134 1 0
8 11 29 113 2 20
9 5 4 130 3 2
Cizelge 6. Kotiiciil Uygulamalar igin Siiphe Degeri Cizelgesu(Suspicious Value Table for Malware Applications)
- 5 13 123 2 10 2
- 12 7 130 5 0 3
- 6 2 131 4 0 2
- 8 7 132 2 1 0
I 9 123 5 7 2
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Cizelge 7. Kotiiciil Uygulamalar i¢in Siiphe Degeri Cizelgesu(Suspicious Value Table for Malware Applications) (Devami)

Boylece uygulamalar ile ilgili genel bir degerlendirme  verilmis olan Cizelge-7 ve Cizelge-8 elde edilmistir.
Cizelgesu olusturulmustur. Cizelgelar degerlendirilereck  Buna gore Cizelge-5 ve Cizelge-6’dan farkli olarak
(1) numarali formiil 15181nda her bir uygulama igin, kotii-  siiphe degeri her bir uygulama i¢in hesaplanmistir.

ciil ve zararsiz uygulamalar i¢in ayr1 ayri1 olarak, asagida

Cizelge 8. Zararsiz Uygulamalar igin Siiphe Degeri Cizelgesu(Suspicious Value Table for Benign Applications)

[ 0 0 135 0 0 0
[ 10 9 124 6 5 5
4 2 0 133 2 0 2
[ 5 2 1 132 2 1 0
L T 9 12¢ 7 4 [E
[ 14 9 124 8 3 9
[ 14 8 123 9 3 7
9 13 10 124 7 4 7
10 12 7 126 7 2 5
L u 10 120 8 A
12 4 0 131 4 0 4
- 28 26 109 14 12 9
- 11 29 113 2 20 1
- 5 4 130 3 2 1
- 9 17 127 0 8 0
- 8 5 128 5 2 6
- 1 0 134 1 0 0
- 6 0 129 6 0 4
- 1 0 134 1 0 0
- 5 5 125 5 5 7
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Cizelge-7 ve Cizelge-8 bu boliimde anlatilan tiim teorik
altyapinin ve modelin var olan kétiiciil ve zararsiz uygu-
lama veri setlerine uygulanmasi sonucu elde edilen de-
gerlerdir. Cizelgeda yesil olarak isaretlenmis olan hiicre-
ler, yiiksek siiphe degerine sahip uygulamalar1 goster-
mektedir. Genel bir bakis ile kotiiciil Cizelgesundaki ye-
sil hiicrelerin ¢oklugu ve aksi yonde zararsiz uygulama
Cizelgesundaki yesil hiicre sayisinin azlig1 kolayca goz-
lemlenebilecektir.

Ayrica Sekil-8’de goriilecegi lizere sonuglar detayli ola-
rak incelendiginde, 50 adet kotiiciil uygulama igin toplam
1654 siiphe degeri ve ortalama 33.08 gibi bir ortalama
stiphe degeri elde edilir iken, 25 adet zararsiz uygulama
icin 159 toplam siiphe degeri ve ortalama 6.26 siiphe de-
geri elde edilmektedir.

Kotiiciil veri seti igin ortalama olarak 33.08 ve zararsiz
veri seti i¢in elde edilen 6.26’lik ortalama siiphe degeri
arasinda ciddi bir fark oldugu goriilmektedir. Bu bize as-
linda (1) numaral formiile gére elde edilecek siiphe de-
gerinin, uygulamalarin kotiiciil olup olmadiginin tespit
edilmesi noktasinda iyi bir fikir verecegini gostermekte-
dir.

6. TARTISMA (DISCUSSION)

Bu ¢alismada 6nerilmis olan modelin kendi igerisinde tu-
tarll sonuglar iirettigi, kotiicil uygulamalar ile zararsiz
uygulamalar i¢in elde edilen siiphe degeri yaklagiminin
belli bir seviyede ayirt edici degerler elde etmemize yar-
dimci oldugu besinci boliimde anlatilmistir.

Bu béliimde Android 6.0 Marshmallow ile birlikte gelen
yeni izin mekanizmasi kargisinda modelin nasil davranis-
lar sergileyecegi incelenecektir. Ayrica, ikinci boliimde
verilmis olan bu konudaki benzer ¢aligmalar ile gelistiril-
mis olan modelin performans degerlerinin karsilastiril-
mas1 yapilacaktir.

6.1. Android 6.0 Marshmallow ile Gelistirilen Mode-
lin Karsilastirnlmasi (Comparison Between
Android 6.0 Marshmallow and Developed Model)

Android igletim sisteminin son jenerasyon iiriinii olan 6.0
(API Level 23) Marshmallow olarak adlandirilmigtir. Bu
yeni tiriin Kasim 2015 gibi ¢ikmig ve bir dizi glincelleme
bugiine kadar yayimlamistir [27]. Bu version “material
design” olarak adlandirilan yeni sistemin ayak seslerini
duyurmaktadir. Bu sisteme gore Android klasik temasin-

Ortalama Deger

KARSILASTIRMA

Zararsiz Uygulama Veriseti - 6,26

0 5

10

15 20 25 30 35 40

Sekil 8. Siiphe Degeri Karsilagtirmasi(Suspicious Value Comparison)

Uygulama markete veya 3.parti bir uygulama paylagim
organizasyonuna her yeni yiiklenen uygulamanin siiphe
degerinin belirlenmesi ve bunun kullanicilar ile paylasil-
masi, uygulamay1 yiiklemeyi planlayan kullanicilar agi-
sindan bir fikir verebilecektir. Hatta baz1 durumlarda ¢ok
yiiksek stiphe degerleri elde edilmesi halinde, uygulama-
lar markete yiiklenmeden ciddi bir sekilde sorgulamasi
yapilabilecektir.

Bu sonug gostermektedir ki, elde edilen metodoloji kendi
igerinde kotiiclil ve zararsiz uygulamalar icin yol goste-
rici sonuglar iiretmektedir ve kendi i¢inde tutarh bir ya-
pidir. Diger taraftan, uygulamanin statik analiz kullana-
rak kotiiciil yazilim tespiti yapan araglar ile karsilastiril-
mas1 ¢aligmanin altinci bolimiinde ayrica degerlendiril-
mistir.

dan vazgegerek, her bir uygulama i¢in kendine 6zgii bir
diinya hazirlamaya imkan taniyarak, uygulamalar arasin-
daki gegiste yepyeni bir diizen ve sema ile karsilagilma-
st saglamaktadir [27]. Bu yeni isletim sisteminde basta
yukarida verilmis olan “material design” yapis1 olmak
lizere, bu makalede bahsedilen izin mekanizmasina ilis-
kin baz1 degisikliklere gidilmistir. 6.0 dncesi versiyon-
larda, kullanicilarin dogrudan Android resmi marketin-
den veya {iglincii parti web servisleri iizerinden uygulama
yiiklemek istediklerinde, uygulamalarin kurulmasi esna-
sinda talep ettikleri tiim izinler kabul etmeleri zorunlu-
lugu bulunmaktaydi. Bu izinleri kabul etmemeleri ha-
linde hic bir sekilde bu uygulamalar1 kullanabilmeleri
miimkiin olamamaktaydi. Kullanicilarin, gelistirilen bu
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yeni izin mekanizmas: sayesinde izinleri kurulum son-
ras1, uygulamalari kullanmalar1 esnasinda kabul/ret ede-
bilmeleri miimkiin olabilmektedir. Kullanicilarin giiven-
likle ilgili farkindaliklarimi gelistirecek bir mekanizma
kurulmustur [27].

Bu caligmada gelistirilmis olan model statik analiz ta-
banlt olarak kod analizi yapan bir yapida ¢aligsmaktadir.
Statik analiz metodu kullanicilarin sahip olduklar1 uygu-
lamalar1 ¢aligmalar1 esnasinda analiz etmek yerine dog-
rudan gelistirilmis olan kod tizerinden analiz yapmakta-

6.2. Bu Konudaki Benzer Calismalar ile Performans
Degerleri Karsilastirmasi(Compare Performance
Values with Similar Studies)

Android kotiiciil yazilim tespit araglarina iligkin olarak
statik analiz metodolojisini kullanan bir¢ok yontem bu-
lunmaktadir ve bu konudaki detayli caligmalar ikinci bo-
liimde verilmistir. Bu boliimde gelistirilmis olan android
kétiiciil yazilim tespit araci ile literatiirde bulunan kotii-
ciil yazilim tespit araglarindan statik analiz yontemi kul-
lananlarin 6zellikleri Cizelge-9’da verilmistir

Cizelge 9. Android Kotiiciil Yazilim Araglari Kargilastirmasi(Comparison Between Android Mobile Software Tools)

Referans  Analiz )
No Teknigi Algoritma Ozellikler
[29] Statik 1-NN Kod Parga Grameri
. . Izinler, Kod Ta-
[30] Statik Naive Bayes banl: Ozellikler
[31] Statik ) Izin Kombinasyon-
lart
. Karar Agaci, Naive APl ile ilgili 6zel-
[32] Statik Bayes likler ve izinler
API ¢agrilan, ikili
[33] Statik Naive Bayes izinler ve linux ko-
mutlari
. - Istenilen ve Kulla-
[34] Statik Karar Agaci nilan izin giftleri
Birincil Parga Ana-
[4] Statik lizi, Destek Vektor  izinler
Makineleri
. Destek Vektér Ma- . .
[35] Statik Kineleri Izinler
. API cagrilar1 ve
[36] Statik Grup Siniflandirma ikili izinler
[37] Statik VF2 algoritmasi Android, Ozel par-
calar
[38] Statik Lojistik Regresyon  izinler

Basan
Veriseti Degerlendirme Orani(%)
/Fﬁ)\n(_irold Genom Sinirlandirma Dogrulugu 94.26
roject
Android Genom Hatt.z; gram’ (ggmlll:l;’ G.etr.(é%( Ne-
Project, 1000 zarar- gatit rant, fyereek vozitil Lrant, g4

s1z uygulama

Android Genom
Project, 741 zarar-

Yalanci Negatiflik Orani, Yalanct
Pozitiflik Oran1, Hassaslik

Tespit Orani

88 zararsiz,

dir [28]. Bu sebeple, Android isletim sisteminin izin yo-
netim mekanizmasi ile dogrudan iligkili degildir. And-
roid 6.0 ile gelen bu yeni izin mekanizmasinda kullanici-
lar i¢in daha giivenli olan bir izin kabul/ret yapis1 kurul-
mustur. Bu kurguda, izinlerin fazladan talep edilip edil-
medi g6z o6niinde bulundurulmamaktadir.

Yapilan bu galismada, aslolan uygulamanin isteyip kul-
lanmadig izinlerin sayisi ve frekansidir. Kullanicilarin
bu izinleri onaylayip onaylamadigindan etkilenmemekte-
dir. Yeni sistem i¢inde uygulama yiiklendikten sonra kod
analizini gergeklestirip uygulamanin kotiiciil olup olma-
dig1 belirlenecektir.

s1z uygulama 96 kotiicl
Gergek Negatif Orani, Gergek Po-
McAfee i¢ kaynak-  zitif Orani, Yalanci Negatiflik 97
lar Orani, Yalanci Pozitiflik Orani, Si1-
niflandirma Orani
. Gergek Negatif Orani, Gergek Po-
';‘rlz)d;g;d 1GO‘(3)r(I)OZIQrar- zitif Orani, Yalanct Negatiflik 9.1
o Ject, lama Orani, Yalanci Pozitiflik Orani, Si- ’
zuygu niflandirma Orani
. .. Gergek Negatif Orani, Gergek Po-
ézggrzlg%ézg roid zitif Orani, Hassaslik, Siniflan- 98.6
) dirma Dogrulugu
Android Genom .
Project, Android g:ﬁgg;‘iﬂipmm’ Swirlan- g4
Resmi Marketi gruiugy
Contagio Mobil ve . 75.78 -
Anzhi Marketi Sinirlandirma Dogrulugu 8511
gr;cjlgcc):d Genom Hassaslik, F-6l¢tim 98.8
ﬁ}’;‘j’gg;d Genom  respit Orant 86.36
88
Android Genom - . (dogruluk),
Project, Drebin Dogruluk, Cesililik 92.5
(cesitlilik)

Cizelge-9 incelendiginde, kotiiciil yazilim tespit araglari-
nin algoritma olarak Karar agaci, Naive Bayes teoremleri
ile Destek Vektor Makinelerini yaygin olarak kullandik-
lar1 goriilmiistiir. Ozellik olarak genelde izin tabanli ola-
rak ¢aligmis ve izin ¢iftlerinin karsilastirilmasi yoluna gi-
dilmistir. Gelistirilen araglarin test edilmesinde yaygin
olarak kullanilan Android Genom Project ve Drebin ve-
risetleri tercih edilmistir. Degerlendirme Olgiitii kotiiciil
yazilimlar i¢in dogru sekilde tespit olarak belirlenmistir.
Ve sonugta, biitiin bu se¢imler sonucunda gelistiren mo-
dellerin verisetleri izerinde ¢alistirilmasi sonucunda elde
edilen dogruluk oranlar1 belirlenmistir. Genel olarak in-
celenecek olursa, iki tanesi haricinde tamami sadece ko-
tiiciil verisetlerinde ¢alistirilmistir. Kotiictil verisetleri
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icin dogruluk oran1 %98.8 ile %85.11 arasinda degis-
mekle birlikte, zararsiz yazilim veri setleri i¢in %75.78
ile %88 oranlar1 elde edilmistir.

Caligmanin, uygulama boliimiinde 50 adet kotiiciil ve za-
rarsiz yazilim i¢in test sonuglarini gosterir sonuglar su-
nulmustur. Buna gore kotiiciil uygulamalardan olusan ve-
riseti igin incelenen toplam 50 uygulama i¢in %80°lik bir
dogruluk orani elde edilmistir. Bu oran, Cizelge-9’da su-
nulmus olan uygulamalara goére diisiik bir deger gibi go-
riinebilmektedir. Ancak, gelistirilmis olan model kétiiciil
uygulamalarin kullandiklart izin frekanslarini baz alarak
sonuglar tirettigi i¢in uygulama sayisindaki artis ile bir-
likte modelin daha dogru sonuclar elde etmesi kaginil-
mazdir. Clinkii 50 adet uygulama i¢in sonuglar incelen-
diginde, 5 adet kotiiciil uygulama i¢in O siiphe degeri elde
edilirken, 3 adet uygulama iginde 2 siiphe degeri elde
edilmistir ve bu sebeple gelistirilen modelin dogrulugunu
diistiren uygulamalar olmuslardir. Ancak 0 veya 0’a ¢ok
yakin c¢ikan degerler elenmesi gereken uygulamalardir
[39]. Uygulama sayisinin belli bir sayiy1 agmasi duru-
munda, aslinda siipheli izinlere sahip olmasina ragmen
frekans degerlerinin 0 olmasi sebebiyle sonugta 0 siiphe
degerine sahip olmalar1 bu uygulamalarin zararsiz oldu-
gunu gostermeyecektir. Bu uygulamalarin elenmesi ha-
linde de %97.62’lik bir dogruluk orani elde edilmis ola-
caktir. Bu da yaklasik olarak Cizelgeda verilmis olan 11
adet uygulama arasinda ilk siralarda yer alacak kadar
dogrulukta sonuglar iireten bir model oldugunu gostere-
cektir. Diger taraftan, zararsiz uygulamalar {izerinde de
test edilen iki adet arag i¢in %75.78 ve %88’lik dogruluk
oranlar1 elde edilmistir. Bu ¢alismada gelistirilmis olan
model, %80’lik bir dogruluk orani ile sonuglar {iretmistir.
Bu oran daha 6nceki ¢aligmalara gore ortalama bir sonug-
tur.

Bu béliimde daha 6nceki ¢aligmalarin verisetleri tizerinde
test edilmesi sonucu elde edilen dogruluk oranlari ile bu
calismada gelistirilmis olan modelin dogruluk oranlar
arasinda bir kiyaslama yapilmistir. Ancak bu kiyaslama-
nin salt degerler lizerinden yapilmasi dogru bir yaklasim
da olmayacaktir. Ciinkii bu ara¢larin kullandig1 veriset-
leri asag1 yukar1 ayn1 olmakla birlikte, secilen 6rnek uy-
gulamalarin sayist 1000’ler seviyesindedir ve homojen
bir dagilim gosterdigi sdylenemez [5]. Bu sebeple, ayni
uygulamalar tizerinde test edilmeyen araglarin sonuglari-
nin degerlendirilmesi saglikli olmayacaktir. Ayrica, ko-
tiiciil verisetlerinin dagitimmnin sinirli olmasi sebebiyle
tiim araclar aym verisetleri {izerinde test edilmislerdir.
Ancak zararsiz yazilimlar igin bdyle bir veriseti dagitimu
bulunmamaktadir. Bu sebeple araglarin hangi zararsiz ol-
dugu diisiiniilen yazilimlar iizerinde test edilecegi belli
degildir. Dolayisi ile rastgele resmi marketlerden indiri-
len uygulamalarin zararsiz olarak kabul edilmesi ve test
edilerek bunlarin araglarin dogrulugu gosterir sonuglar
olarak alinmasi gergekei karsilagtirmalar yapilmasina en-
gel bir durumdur.

Sonugta, bazi problemli yanlar1 olsa, kdtiiciil ve zararsiz
yazilim verisetleri {izerinde yapilan testlerde diger arag-
lara gore kotiiciil verisetlerinde en iyi araglara yakin bir
deger elde edilebilirken, zararsiz yazilim verisetlerinde

ortalama dogrulukta sonuglar iiretilmistir. Ancak, test
edilen uygulama sayisinin artisi ile birlikte daha dogru
sonuglar iiretilebilecegi diisliniilmektedir.

7. SONUC (CONCLUSION)

Kullanicilar arasinda kullanilma orani hizla artig gésteren
Android isletim sistemi, yazilimcilarin bu alana yonel-
melerine neden olmaktadir. Bu yonelis kullanicilar agi-
sindan bir¢ok faydali uygulamanin marketlerde paylasil-
masint beraberinde getirmistir. Kullanicilar ihtiyag duy-
duklari birgok uygulamayi tlicretsiz bir sekilde resmi veya
3.parti uygulama marketlerinden indirebilmektedirler.
Bu sekilde iicretsiz olarak paylasilan birgok uygulama
beraberinde kotiictil uygulamalarin dagitimint da getir-
mektedir. Boylece icerisinde kotiiciil ve zararsiz uygula-
malar1 barindiran bir dagitim pratigi ortaya ¢ikmaktadir.

Uygulamalarin “AndroidManifest.xml” dosyasinda talep
ettikleri izinler ile bunlarin bazilar1 kullanmadiklart izin-
ler arasindaki fark gereksiz izinler olarak tanimlanabilir.
Bu durumda, uygulamalar i¢in kullanicilarin hassas ve
kisisel verilere erisme de kullandiklar1 yeni bir kotiiciil
yaklagimu beraberinde getirmektedir. Kullanicilar uygu-
lama kurulurken, uygulamanin istedikleri izinlere giive-
nerek uygulamayi mobil araglarina kurmaktadirlar. An-
cak bu sekildeki gereksiz izinler barindiran uygulamalar,
daha sonra gelebilecek giincelleme vb. sekildeki kod par-
calar ile bu gereksiz izinler kullanmilarak kotiiciil faaliyet
yapabilmektedirler.

Bu ¢alismada, bu kétiiciil ve zararsiz yazilimlarin belir-
lenmesi i¢in farkl bir statik tabanli metodolojik yaklagim
ortaya konulmustur. Bu metodolojinin temelinde, uygu-
lamalarin “AndroidManifest.xml” dosyalarinda talep et-
tikleri izinler ile bunlari ne 61¢iide kaynak kodlarinda kul-
landiklarina iliskin bir degerlendirme yatmaktadir. Bu
degerlendirme sonucunda, uygulamanin g¢aligmasi igin
gereksiz izin talebinde bulunulmus ise, bu uygulamalar
riskli kategoride degerlendirilerek, kendileri igin bir
stiphe degeri belirlenmektedir. Buna gore, ortalamanin
iizerindeki degerlerine sahip uygulamalar kétiiciil uygu-
lama olarak simflandirilmaktadir. Incelenen 50 Adet ko-
tiiciil ve 25 adet zararsiz uygulama i¢in; Kotiiciil uygula-
malarda %97.62’1lik bir tespit orani yakalanmigtir. Ancak
ayni yaklasim zararsiz kabul edilen uygulamalar igin
yaklagik %20°lik bir kotiiciil tespit orant vermektedir. Bu
da gostermektedir ki, ortaya konulan yeni yaklagim tek
basina yeterli degildir ve dinamik analiz yaklagimi ile
desteklenerek birlikte kullanilmalidir. Boylece daha et-
kili ve dogru sonuglar iiretilebilecektir.
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ABSTRACT

In the present study, a comparative study of hole-EDM drilling of die steel, namely as DIN 1.2080 using electrical discharge
machining method was performed in order to discover the effects of coolant types, namely distilled-water, kerosene and water. The
electrical parameters of electrical discharge machining process were taken as constant. the performance parameters were defined
as machining speed, electrode wear, surface roughness value (Ra) and white layer thickness. The experimental results reveal that
the increasing the current causes decreasing in machining speed, increasing in white layer thickness, increasing in electrode wear
and decreasing in surface quality of electrical discharge machining process. The distilled-water has comparatively better results
than the other coolant types. The results indicated that machining speed 101 mg/min, electrode wear 4,9 mg/min and surface
roughness value Ra 2,7 um were obtained by using distilled-water at 10 A current level.

Keywords: EDM, EDM Drilling, Coolant, Kerosene, Distilled-water.

Sogutma Sivisinin Elektriksel Erozyon Delik
Delme Performansi Uzerine Etkileri

(0V4

Bu calismada, delik elektriksel erozyon isleme yontemi kullanilarak DIN 1.2080 kalip ¢eligine 2 mm ¢apinda delikler delinmis ve
farkli sogutma sivilarinin performansa etkileri incelenmistir. Musluk suyu, saf (de-iyonize) su ve kerosenin kullanildigi deneysel
calismada elektriksel erozyon isleme parametreleri sabit tutulmustur. Performans parametreleri olarak; is parcasi isleme hizi
elektrot asinmasi, yiizey piiriizliiliik degeri (Ra) ve beyaz katman tabakasi1 kalinlig1 alinmistir. Deney sonugclari, elektriksel erozyon
parametrelerinden akimin artmasi, isleme hizin1 yavaslatmis, beyaz katman tabakasini arttirmis, elektrot agimmasini arttirmig ve
yiizey kalitesini kotiilestirmistir. Ayrica sogutma sivisi olarak de-iyonize suyun kullanimi diger sogutma sivilarina gore daha iyi
sonuglar vermistir. Sonug olarak, 101 mg/dak isleme hizi, 4,9 mg/dak elektrot asinmasi ve 2,7 um ortalama yiizey piiriizliiliik
degeri, 10 A akim degerinde de-iyonize su kullanildiginda elde edilmistir.

Anahtar Kelimeler: EEI, EEI Delik Delme, Sogutma Sivisi, Kerosen, De-iyonize Su.

1. INTRODUCTION

Electrical discharge machining (EDM) is one of the
advanced metal cutting process that it takes place the
conventional machining processes such as drilling and
milling. EDM is proficient of machining complex

employed to produce narrow holes on advanced materials
as tool breakage/wear and slow machining speed cause
imprecise hole sizes and improper surface characteristic.
The performance of advanced parts such as combustion
chambers and turbine blades directly related to the great

geometries and advanced materials that are specified as
hard to machine materials. EDM processes are classified
into three main categories such as Wire-EDM, Sink-
EDM and Hole-EDM. sink-EDM is used for
manufacturing the dies whose shape is the reversed of the
electrode tool. Wire-EDM is used to manufacture
extrusion dies brass and copper electrodes are used in
wire-EDM process. High diameter to depth ratio holes
are drilled by Hole-EDM process by using 6 mm to 0.3
mm tabular brass and copper electrodes. Drilling small
holes is one of the main machining processes;
approximately 35% of all manufacturing time is spent to
drill holes. Conventional drilling techniques cannot be
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number of slight cooling holes for hot components.

Conventional cooling holes have diameter from 2 to 4
mm and have length to diameter ratio from 1 to 200 [1].
Electrical discharge machining process takes away
microchips from the workpiece surface by aid of a
sequence of repetitive electrical flushing. The EDM
process is accomplished by applying a sequence of
distinct discharges between the workpiece and the
electrode cooled by a coolant. By using hole-EDM
process; injection mould cooling holes, fuel injectors,
turbine blade holes and starting holes of wire-EDM are
machined [2-4]. The main performance parameters of
hole-EDM process are the machining speed, electrode
wear, surface quality and the white layer thickness [1]. In
all EDM processes, white layer (recast layer) is
generated. The workpiece profile, surface quality and the
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dimensional accuracy are directly related to the white
layer characteristic [5].

Eyercioglu et al. [1] reported that the effect of EDM
parameters is more important than the effect of the other
parameters on hole-EDM process. Yilmaz and Okka [6]
investigated the single and multi-channel copper and
brass electrodes in hole-EDM process for Inconel and
titanium alloys. They concluded that the brass electrodes
have better MRR and EW performance then copper
electrodes. And also, they showed that the single-channel
electrodes have better performance than the multi-
channel electrodes. Though, the surface quality is better
when using multi-channel brass electrode. Kuppan et al.
[7] reported that MRR is affected by duty factor, tool
rotation and current, while current and pulse on time
effect the surface quality. Singh et al. [8] studied the
effect of EDM parameters over performance parameters
of sink-EDM and they concluded that taper angle, MRR,
surface quality and increase whereas the pulse on-time
and current were higher. Ozgedik [9] studied the history
of the electric discharge machining process as a non-
traditional manufacturing area. The performance of the
Wire-EDM process [10-12] was studied and the effects
of input parameters on performance were discussed by
some researchers. In micro hole-EDM process, the effect
of pulse energy on surface quality and workpiece
geometry for blind holes was studied by Ekmekci et al.
[13]. The effects of input parameters on the response
parameters for example surface quality and average
circularity of the drilled holes in nickel-based super alloy
was studied by Yadav et al. [14]. Janmanee and
Muttamara [15] studied the effect of EDM parameters on
EWR, MRR and taper angle of AISI 431 martensitic
stainless steel. The recast layer creation was much
thinner by using oxygen-assisted hole-EDM machining
process. Gov [16] investigated that the effects of the
dissolved oxygen in the coolant on the hole-EDM
performance parameters such as MR, EW, surface
quality, over cut, taper and WLT. The results showed that
the increasing in the oxygen dissolution in the coolant,
improving the performance parameters. The vibration
effects on EDM performance was studied by Cogun et
al.[17, 18] they concluded that the EDM performance
was improved by using vibration on EDM process. The
variations of machining performance outputs were
studied with the EDM parameters for metallic powder
mixed coolant in EDM by Cogun et al. [19] it is reported
that the powder concentration and powder type in the
coolant and the pulse-on time were current output
parameters of EDM process. The powder mixed EDM
was studied by Ekmekci et al. [20], the SiC powder
mixed distilled water was used as coolant fluid. They
concluded that the surface morphology extremely
affected the powder as means of secondary discharges
and particle migration from dielectric liquid. Some
researcher studied the different coolant types, especially
water was used as coolant in EDM process [21-23]. Yan
and Chen [24] studied the effect of different coolant for
the titanium alloys, and showed that when kerosene is

used as a coolant, the material removal rate is lower and
electrode wear rate is higher compared to the distilled-
water. The urea added distilled-water was studied by Yan
et al.[25] It is indicated that the nitrogen decomposed
from the coolant, resulting in good wear resistance of the
machined surface after EDM. In this study, electro
discharge hole drilling process was applied to DIN
1.2080 die steel by using single-channel brass electrode
and three types of coolants (Distilled-water, kerosene and
water). In the study the electro erosion parameters of arc
on-time (Ton), arc off-time (Tor), and capacitance (C)
kept constant and the effect of the current (1) and coolant
types on the performance parameters such as machining
speed (MS), electrode wear (EW), average surface
roughness value (R,), and white layer thickness (WLT)
were examined.

2. MATERIAL AND METHOD

Experiments were performed by using JS-EDM AD-20
type hole electrical discharge machine. The samples were
prepared by 10x10x40 mm DIN 1.2080 die steel which
were cut by wire electro discharge machining. Each face
of the samples was ground by emery papers gradually
and polished by using 1 um diamond suspension before
drilling. 2 mm diameter single-channel brass electrode
was used for drilling the holes which were drilled on the
centre of the matched polished faces vertically (Figure
1.). The major electrode material properties are given in
Table 1. Experiments were performed in three repetitions
and the performance parameters were defined by the
average of these three measurements. EDM parameters
such as current, arc on-time, arc off-time, and
capacitance were chosen as the optimum values which
were reported by Eyercioglu et al. [1] The list of the EDM
parameters are given in Table 2.

Table 1. Electrode Properties

Electrode Brass
Melting point (°C) 900-950
Thermal conductivity (W/m-°K) 160
Electrical resistivity (ohm-cm) 4.71
Specific heat capacity (J/g-°C) 0.38

Table 2. Experimental Parameters

Fixed parameters Value
Time on, Ton (us) 30
Time off, Tosr (us) 10
Capacitance C (uF)) 1422
Voltage (volt) 30
Electrode rotation (rpm) 200
Coolant pressure (bar) 100
Electrode polarity Negative (-)
Variable parameters

Distilled-

water,
Coolant types Kerasene,

Water
Current, | (Ampere) 10,11,12
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Fig. 1. Photograph of the specimen

EDM drilling process is schematically explained in
Figure 2. Spark intensity is concentrated on the tip of the
electrode in EDM drilling process. This spark intensity
causes high erosion at the tip of the electrode rather than
the other portion of the electrode. This high erosion
causes the taper on the tip. The electrode is initially flat
and sharp edges (Figure 2-a). Taper is created during the
EDM drilling process due to the high-level erosion
(Figure 2-b). This taper causes the taper at the exit of the
EDM drilled hole (Figure 2-c). This view is known as
bullet protrusion. Because of the leaving electrode tip
from the specimen, the cooling and chip removal is
stopped and this event causes the burning on surface or
welding of electrode with workpiece surface.

surface. And the effects of the coolant types on the
performance were investigated.

3. EXPERIMENTAL RESULTS AND
DISCUSSIONS

3.1. Machining Speed

EDM is defined as the high-energy sparks that occur
between the workpiece and electrode cause material
removal and evaporation. In EDM process, the
machining speed is defined as the amount of material
removal at unit time. In EDM process high machining
speed is intended and the studies are performed at this
situation. In this study, the specimens were weighed
before and after the experiments by using 0,1 mg
sensitive Shimadzu AUX220 digital balance. The
machining time was measured by using digital
stopwatch. And the machining speed was calculated by
equation (1).
mg., _ initial weight—final weight
MS () = (1)

Machining time

In this study, three types of coolants and three types of
current level were used. The effects of coolant types
versus current on machining speed for DIN 1.2080 die
steel are shown in Figure 3. When machining speed is
considered according to the current, the MS is decreased
as the current increased for all coolant types. The better
MS was obtained at 10 A current value as approximately
100 mg/min for this workpiece material. When MS of the
coolant types are compared, distilled-water has the better
machining speed than the other coolants. And the
kerosene type coolant performed better machining speed

Electrode

Pressurized

Electrode

O-rmg

Coolant

holder

’:"l!‘:" -4 _- &

q

SR

e e

Cd

N
ks

Fig. 2. Electrode wear (a) initial stage; (b) taper starting; (c) full taper; (d) leaving specimen

In this study, the performance parameters are defined as
machining speed, electrode wear, surface roughness
value (Ra) and white layer thickness of the workpiece

compared to the tap water.

Figure 3 shows the response trends for the influence of
distilled-water on MS. More sparking time prolongs the
melting and vaporization phenomenon. With the use of
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distilled-water, wider discharge channel and longer
energy discharge cycles were resulted, which eventually
prolonged melting and evaporation and resulted in higher
MS [26]. The higher MS obtained in the case of distilled-
water maybe due to higher thermal conductivity which
could have allowed more thermal energy transfer toward
the sparking area.

110
Water @Distilled-water Kerosene
100

— 90

..gn 80

£ 5 7

2 %

& 60 / b
50 g g
40 / /

11 12
I(A)

Fig. 3. Machining speed
3.2. Electrode Wear

In EDM process, high temperature sparks provide the
chip removal from the workpiece at the same time these
sparks erode the electrode. This erosion is known as
electrode wear in EDM process. In EDM drilling process,
machined geometry is directly related to the electrode
wear, so the minimum electrode wear gives better
geometric performance on workpiece. In this study, the
electrodes were weighed before and after the machining
by 0,1 mg precision digital balance. And the electrode
wear was calculated by using equation (2).

mg

W(—=) =

min

initial weight—final weight (2)

machining time

In present study, the electrical parameters of ton, torr and
capacitance (C) were taken constant and the effect of the
current and coolant types on the electrode wear was
examined. EW is generally depending on the EDM
parameters, electrode and coolant [27]. It is shown in
Figure 4; the electrode wear is lower for distilled-water
then kerosene and water type of coolants for all current
levels. And the kerosene type coolant has the lower
electrode wear compared to the water.

—
=

EDistilled-water Water Kerosene

NN

EW (mg/min)
R T TR S TN VY

10 11
Iy

Fig. 4. Electrode wear

Figure 4 shows the response plots for the influence of
coolants on EW. Using kerosene and tap water reduce the
area for striking positive ions on work surface due to
narrow plasma discharge channel. Higher ions in the
kerosene and tap water ensure fresh gap condition for
subsequent sparking cycles by allowing reionisation of
the ionized gap condition and minimizes the chances of
unwanted arcing [28]. Lower MS obtained in case of
kerosene and distilled water may be due to withstand
ionized state for longer duration and longer material
erosion cycles of electrode.

3.3. Surface Roughness

In EDM drilling process, the average surface roughness
value (R.) is related to the electrical parameters of the
EDM. In the present study, the EDM electrical
parameters were taken as constant. The surface
roughness value (Ra) was measured by using Mitutoyo SJ
401 stylus type surface roughness measuring machine.
Measures were performed according to the standard
tables as the cut-off length 0.8 and sampling length 4 mm.
The surface roughness value was taken as the average of
the 3 measurements of each hole. In this study, the results
show that the use of distilled-water as coolant provides
better surfaces quality, the R, value was measured about
2,7 um for distilled-water. The kerosene type of coolant
performed the surface roughness value of nearly 3,0 um
at 10 A current value. Approximately 4,2 um surface
roughness value was obtained by using water at 12 A
current value. And also, the results concluded that the
current increasing, increases the surface roughness value
from 2,7 to 4,2 gradually.

5

Water FIDiztilled-water Kerozene

Ra (um)

NN

Fig. 5. Surface roughness

Results in Figure 5 show the response trends for average
surface roughness value (R,) under the influence of
coolants. Sparks strike on the work material more
intensely at higher current causing more material to be
ejected due to impact force developed. Furthermore, an
increase in energy due to current increases energy
penetration in the material surface which eventually
results into deeper and wider craters which in turn results
into coarser surface [26, 29]. However, resulted lower R,
in the case of distilled water may be due to wider
discharge channel and longer energy discharge cycles
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were resulted, which eventually prolonged melting and
evaporation and resulted in lower R, value.

3.4. White Layer Thickness

In all types of EDM processes, white layer is generated,
related to the high electrical discharge that is caused by
the high temperature generation and sudden cooling
between the workpiece and electrode. This white layer
has very hard and brittle properties. Thermal stresses are
generated in the white layer and it causes the micro
cracks which lays from white layer to main material [30].
These micro cracks tend to develop from the white layer
to main material and they decrease the fatigue strength
and service life of the part [30]. Through the EDM
drilling of holes, white layers are created at the side wall
of each hole. The WLT at the wall of the hole was
measured since it is the surface exposed to continuous
machining throughout the hole-EDM drilling process. In
this section, the effects of electrodes and current coupled
with the hole-EDM drilling process on average white
layer thickness were compared. Moreover, as white layer
thickness was not uniform throughout the machined
surface, a representative average white layer thickness
was determined. Figure 6 shows that white layer
thicknesses of the EDM drilled holes were changing from
10 um to 20 um. The WLT increases when the current
increases. The distilled-water type coolant has the lower
WLT of 12 pum then the kerosene and water ones. White
layer thickness increases when the current increases. The
WLT of 19 um was obtained by using water type of
coolant at 12 A current level.

20

EDistilled-water
18

Warter Kerozene

-
=

WLT (pum)
-
TR

RN

=)

10 11
1(4)

Fig. 6. White layer thickness

Figure 6 represents the effect of coolants on the
behaviour of WLT. It can be seen that kerosene and tap
water influenced the WLT to a marginal extent. Using
distilled water ensures fresh gap condition for subsequent
sparking cycles by allowing reionisation of the ionized
gap condition. Also, smaller and shallower craters are
formed due to reduced sparking time to decrease WLT.
However, lower WLT obtained in the case distilled water
may be due to lower ion content which could have
allowed uniform energy density on the work material
surface which in turn resulted into shallower and smaller
crater formation [29].
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CONCLUSIONS

The outcomes of this study can be concluded as:

e Nearly 50 percent decrease in MS has been
achieved by using the distilled-water compared
to the kerosene and water types of coolant. This
provides a significant improvement of the
machining time for EDM drilled deep holes.

e MS is decreased as the current increased for
each condition. The better MS was obtained at
10 A and distilled-water type of coolant.

e Electrode wear is reduced approximately 20%
by using distilled-water. This means, electrode
life increased and also manufacturing cost
decreased.

e EW is increased as the current increased for all
coolants. The minimum EW (4,9 mg/min) was
obtained at 10 A and distilled-water.

e Surface roughness value is increased as the
current increased for all coolants. The better
surface quality was obtained at 10 A and
distilled-water type of coolant.

e  Approximately 30 percent surface improvement
has been achieved by using distilled-water.

o Nearly 30% white layer reduction was obtained
by using distilled-water as coolant. It can be
expected that the service life and fatigue
strength of the workpiece will be improved by
decreasing the white layer thickness.
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ABSTRACT
Calculating feeder losses accurately is an important part of evaluating designs for electric power distribution systems. Historically,
these losses have been calculated one of three ways: (1) using a peak load calculation and the load factor method, (2) using customer
class statistics normalized for a month, season, or year, or (3) using customer class statistics together with feeder measurements to
reflect the variation in load every hour of the year. The first two methods require far less data but provide far less accuracy than
the third method. In this paper, the authors present a method of calculating losses that achieves better accuracy than the first two
methods without the large data requirements of the third method.

Keywords : Load Factor Method, Measurements, Lagrange Interpolation, Advanced Metering Infrastructure (AMI), Loss
Calculation.

Rastgele Yiik Egrisi Metodu ile Elektrik Kayiplariin
Hesaplanmasi

0z

Fiderlerin elektrik kayiplarmin dogru bigimde hesaplanmasi elektrik dagitim sistemlerini degerlendirirken ¢ok dnemli bir paya
sahiptir. Gegmiste, bu kayiplarin hesaplanmasi ii¢ degisik metod ile yapilirdi: (1) en yiiksek yiikk hesaplamasi ve yiik faktorii
metodunun kullanimii ile (2) normalize edilmis miisteri sinif istatistiklerinin aylik, sezonluk ve yillik kullanimu ile ve (3) miisteri
sinif istatisliklerinin fider 6l¢timlerinide kullanarak yiikiin yil i¢inde her saat degisimini dikkate alarak kullanimidir. Bunlardan ilk
ikisi daha az bilgi gereksinimine ihtiyag duymasina ragmen tigiincii metoda gore daha az dogruluk paylar vardir. Bu ¢alismada,
elektrik kayiplarmin hesaplanmasi i¢in yeni bir metod kullanilacak ve bu ilk iki metoddan daha dogru sonuclar elde edilecek ve
ayni zamanda {iglincii metodun gereksinim duydugu genis bilgi ihtiyacina da gerek kalmayacaktir.

Anahtar Kelimeler : Yiik Ol¢iim Metodu, Ol¢iimler, Lagrange Enterpolasyonu, ileri seviye él¢iim altyapis1 (AMI), Kayip

Hesaplanmasi.

1. INTRODUCTION feeders, there would often be a peak feeder reading from

When planning engineers are laying out new feeders or ~ acircle chart that would assist in modeling the peak load.
reconfiguring or updating existing feeders, they want to A Power flow calculation [7] would then produce the
either choose the least expensive design that meets total Iosses_ for the feeder, and the load factor would be
certain criteria or else choose the design with the highest ~ Used to estimate the losses for the whole year.

cost-benefit ratio. Part of calculating the costs of each  As the cost of metering equipment fell, utilities became
design includes the cost of the electrical energy losses able to generate load statistics for different types of
that will be incurred on the feeder over time. The customers to help them create "typical” load curves for
accuracy with which these losses can be calculated may  more accurate calculation of losses [8-9]. By gathering
impact the decision of which design, if any, is hourly metered measurements for just a few meters of a
implemented. few different customer types, the utility could generate

The accuracy of the calculation of feeder losses is largely ~ an approximate load curve for each type of customer for
dependent upon the accuracy of the load model [1-3]. In ~ €ach season or month for each type of day
the past, many engineers worked only with a peak load (weekday/weekend). These load curves would be scaled
model [4-6]. For a new feeder, there would be rough at each customer meter based on the kWh of consumption
assumptions about how much load would be located in ~ DPilled for each month of the year. Power flow

type of day for each season or month, and the losses

*Sorumlu Yazar (Corresponding Author) would be calculated at each hour. By modeling the time-
e-posta: ahmet.onen@agu.edu.tr varying nature of loads, a more accurate estimate of
Digital Object Identifier (DOI) : 10.2339/2017.20.1 197-203 losses could be achieved [10-11].
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When flow measurements are available at the start of the
feeder, these "typical" load curves could be adjusted to
match the feeder flow measurements, resulting in even
greater accuracy. With one measurement for each hour of
the year, 8760 power flow calculations could be made to
calculate the losses for the year. With the increased data
and increased calculations, a large increase in accuracy
was possible.

In rare cases, a utility may have hourly metered loads at
every point of service, often called AMI (advanced
metering infrastructure) [12-16]. As of the writing of this
paper, however, very few utilities have extensive
installations of such meters combined with the electrical
model to make effective use of this data.

Without AMI, using feeder flow measurements to adjust
customer class load statistics offers the most accurate
calculation of losses. Feeder flow measurements,
however, are not available on all feeders, nor are they
helpful when adding significant numbers of new loads,
as these new loads must be modeled in some time-
varying way to be used together with the feeder
measurements. In this paper, the authors present a
method of modeling loads that makes effective use of a
peak load measurement or estimate as well as customer
class load statistics, without requiring feeder
measurements for every hour of the year.

In section 2, the older load modeling and loss calculation
methodologies will be presented in more detail, followed
by a presentation of the new load modeling method in
section 3. These methods are then compared in section 4
for a few feeders for which both monthly kWh billing
data and hourly feeder measurements were available.
Finally, in section 5, the work is summarized and some
conclusions are drawn.

2. PREVIOUS METHODOLOGIES

Loss calculation methodologies have advanced in direct
correspondence with the availability of more detailed
measurements on the power system. Starting with the
load factor method requiring no more than a
measurement or estimate of the total feeder flow and
progressing to the more precise time-varying load flow
analysis using AMI measurements, electrical power
system engineers have seen the complexity of the
mathematical problem rise together with increased
accuracy.

2.1. Load Factor Method

The earliest and simplest method uses a single
measurement (or estimate) of the peak feeder demand
and a rough model of how that load is distributed, as well
as a load factor. The peak feeder demand may either be
estimated or read from a circle chart. The load
distribution varies from an assumed even distribution of
load over the feeder to a model representing each
transformer kVA where the load is assumed proportional
to the transformer rating. Regardless of how the load is
modeled, a power flow analysis is performed using the

estimated peak demand on the feeder to calculate the
energy losses at peak.

The load factor (LF) represents the ratio of average

annual energy consumption to peak demand, as shown in

Equation 1.

LF = 2o (1)
Ppeak

Using the peak load flow results and the load factor, the

average losses may be calculated using Equation 2, and

these average losses are multiplied by the number of

hours in a year (assuming 8760 hours in a year) to provide

the total annual losses, as shown in Equation 3.

L0SSqyg = LOSSpeqy * LF? 2
L0SStorqr = L0SSqyq * 8760 3)

This approach to calculating annual losses on a feeder
leads to an underestimation of the losses and a further
underestimation of the cost of losses, as proven in
reference [17].

2.2. Customer Class Load Statistics Method

Of course, in order to bill their customers correctly,
utilities have been measuring more than merely the peak
demand at the feeder even since the earliest power
systems infrastructure was being built. In order to make
use of these measurements in a load flow analysis,
however, one must be able to convert the total monthly
kilowatt-hour consumption into a kilowatt demand at a
given hour of the year.

By metering a few loads, a generic load curve could be
estimated for various customer types for various seasons
or months and for various types of days. The monthly
kilowatt-hours read from customer meters (or anticipated
consumption based on energy sales to similar customers)
could then be divided among the hours of the month
based on the typical load curve and the types of days. For
example, in Figure 1, we have a sample plot for two
different customer types (residential and commercial)
and two different types of day (weekday and weekend).
The vertical axis of Figure 1 shows the kW demand at
each hour based on a total monthly consumption of 1000
kWh. For a residential customer with only 500 kWh, the
load curve would take the same shape but each value
would be halved.
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Fig. 1. Comparison of kW demand for two different

customer types and Days
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The number of distinct daily curves depends on the
variation in customer load. For some utilities, four
seasons and two types of day (weekday/weekend) may
prove sufficiently accurate. For other utilities, there will
be different curves for each day of the week for each
month of the year, resulting in 2016 hourly curve points
(12 months x 7 day types x 24 hours/day). Modeling
holidays independently would add additional curve
points to be analyzed.

A more precise formulation is given in Equations 7-10 of
reference [11].

2.1. Customer Class Load Statistics With
Measurement Matching

An obvious shortfall of the customer class load statistics
method is that the load is assumed to be the same for
many days in a given month. Without representing the
variation in load, the total losses will be underestimated
by the same proof as given in [11]. If feeder
measurements are available, the loads produced by the
customer load statistics and monthly kWh billing data
can be scaled at each hour to match the feeder flow
measurement. This then provides the variation in load
needed to greatly improve the accuracy of the total feeder
losses calculation.

2.2. Fully Metered Loads (AMI)

When matching feeder measurements, the total feeder
flow is accurate but the actual distribution of the load is
only as accurate as the customer load statistics. If the
actual loads were known at each point of service, then the
feeder measurement would not be needed (or would only
be needed to help scale unmetered loads or to identify
significant errors in the metered loads). This type of
information is provided by advanced metering
infrastructure (AMI). While the extent of AMI
deployment has been increasing over the last several
years, such detailed measurements are not available in
much of the service territory around the world.

Table 1 below shows the variations in amount and types
of data required as well as the variation in amount of
calculations required. The rows are listed in order of
increasing accuracy which corresponds with increasing

data requirements and increasing computational cost. In
this case, the customer load statistics method uses two
daily curves per month (weekday and weekend),
resulting in 576 time points (12 months x 2 day types per
month x 24 hours per day type).

Table 1 provides inspiration for another load modeling
technique introduced below. Since greater accuracy is
possible with greater measurements and increased
analysis times, another row could be introduced between
the customer load statistics and the customer load
statistics scaled for feeder measurements: a row that uses
the peak feeder flow as well as the monthly kWh
consumption which also models time variation for all
8760 hours of the year, not just for 576 hours per year. It
is this new method to which we now turn.

3. RANDOMIZED CUSTOMER CLASS LOAD
STATISTICS METHODOLOGY

When neither AMI measurements nor feeder flow
measurements are available, or when feeder flow
measurements are insufficient due to large load growth
on the feeder, the planning engineer is left with only two
sets of data to use in modeling the load: (1) an expected
peak load for the whole feeder and (2) customer class
load statistics and either actual or estimated monthly
kWh consumption data. The load factor method makes
use of the former but not the latter, with rather poor
accuracy. The customer class load statistics method
makes use of the latter but not the former with somewhat
improved accuracy. Even greater accuracy is available to
the engineer if both the feeder peak load can be used as
well as the anticipated kWh consumption.Our proposal is
to take the “typical” daily load curves calculated from the
customer class load statistics and scale them randomly
throughout the month such that the following two
conditions are met: (1) the total consumption matches the
provided kWh consumption forecasts and (2) that the
peak load on the feeder matches the forecasted feeder
peak. The feeder peak helps to put an upper bound on the
randomized scaling. A third piece of data, the ratio of the
average load to the minimum load, is used to set the lower
bound on the randomized scaling. While this ratio is not
as likely to be known for individual feeders, the utility

Table 1. Comparison of Data Required For Each Methods

Method Measurement Data Requirements Number of Time Points
Analyzed for One Year
Load Factor Peak Feeder Flow 1
Customer Load Monthly kwWh Consumption per Service 576
Statistics Point
Customer Load Hourly Feeder Flow Measurements + 8760
Statistics Monthly kwWh Consumption per Service
Scaled for Feeder Point
Measurements
Power Flow with AMI Hourly Load Measurements at Every 8760
Data Service Point
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will often have a rule-of-thumb number that may be used
(for utilities involved in both the generation and
distribution of electric energy, this ratio is part of
planning their base load generation and thus likely has
good data behind it). Even if the minimum-to-average
load ratio is not chosen accurately, it will not prevent the
model from achieving both objectives listed above.

2.5
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Fig. 2. Scaled Residential Load Curves

In Figure 1, the residential customer type has a minimum
load point on the weekend and a maximum load point on
the weekday. The three constraints listed above can be
explained in terms of the scaled residential load curves
shown in Figure 2. The upper bound of the scaling is
determined by the average-to-peak ratio (B / A in Figure
2) and the lower bound of the scaling is determined by
the minimum-to-peak ratio (C / A in Figure 2). The
average must be maintained so that the total consumption
on the feeder matches the total kWh billed to the
customers. The maximum scaling factor (SF) for the it"
type of day can be calculated in terms of the average load
curve (scaling factor of 1.0) using Equation 4.

MonthlyPeak
SFMax- — " onthlyPea
3 MonthlyAvg

DailyAvg;

(4)

The minimum scaling factor can likewise be calculated
using Equation 5.

DailyPeak;

__ DailyAvg; MonthlyMin
SFMini - * (5)

DailyMin;
The curves in Figure 2 assume an average-to-peak ratio
of 0.65 and a minimum-to-peak ratio of 0.4. Using these
values, the scaling factors for each curve are calculated
as shown in Table 2.

MonthlyAvg

Table 2. Scaling Factors For Each Curve

and (1.0, SFmax). These three points may be interpolated
using Lagrange interpolation to provide the
randomization functions, as shown in Figure 3. For each
customer type, then, a distinct Lagrange interpolation
function must be calculated. Note that, although the
maximum scaling factor is larger for the weekend, the
peak will still (on average) be on a weekday, since the
weekday curve starts out higher.

1.3

1.2

I
-

0.9 - N ekday
e N2 ekznd
0.8 -
0.7 T T T T |
0 0.2 0.4 0.6 0.8 1

Cumulative Probability

Fig. 3. Randomization Function produced by Lagrange
Interpolation

Since the load curve shape is to be maintained, all loads
of a given type shall have the same scaling factor for the
entire day; i.e., the entire daily curve gets scaled 28 to 31
times a month, depending on the number of days in the
month. Additionally, in order for the feeder peak and
minimum to correspond to the monthly peak-to-average
and minimum-to-peak ratios, and, in respect of the fact
that loads are often temperature-dependent, the same
random number must be supplied to each Lagrange
interpolation function for each day of the month. Thus,
all loads on the system will see their highest weekday on
the same day of the month, and all loads on the system
will see their highest weekend on the same day of the
month. Since some loads peak on the weekdays and some
loads peak on the weekend, the different load types will
peak on one of two different days, so the scaling factors
must be calculated based on the curve data for different
types weighted based on the percent of load on the feeder
allocated to a particular type of customer.

4. SIMULATION RESULTS

Table 3 below shows loss results for load factor
calculation for 8 different feeders. As we discussed

Type of Day DailyAvg DailyAvg SFyax SFyin
DailyPeak DailyMin

Weekday 0.793 1.245 1.220 0.766

Weekend 0.817 1.294 1.257 0.796

The randomization function that satisfies these three
constraints can be depicted as a cumulative distribution
function which must pass through (0, SFmin), (0.5, 1.0)

previously, loss calculation with load factor method is
underestimated, so loss values are very lower than its
original measurement values. Table 3 also provides extra
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information to calculate losses by using load factor  method and customer class statistic methods are under or

method. overestimated with these methods.
Table 3. Load Factor Loss Calculation
Load Factor calculation
Load
Feeder# | MaxKWFlow KWFlowSum KWFlowAvg Factor LossesKWMax LossesKW
Feederl 4496.15 1623715.19 2255.16 0.50 81.30 14725.74
Feeder2 4312.54 2023898.59 2810.97 0.65 58.72 17961.45
Feeder3 3751.95 1322135.87 1836.30 0.49 86.72 14956.37
Feeder4 3381.83 1506666.53 2092.59 0.62 18.86 5199.40
Feederb 6815.34 2795443.59 3882.56 0.57 139.46 32586.05
Feeder6 531.45 245696.83 341.25 0.64 2.95 875.96
Feeder7 3754.92 1619877.46 2249.83 0.60 37.49 9690.08
Feeder8 5623.38 2600546.54 3611.87 0.64 77.71 23082.48

Another way of calculation the losses is to get customer ~ When we don’t have actual measurements or AMI data,
class statistics which basically dependent on accuracy of  system losses needs to be calculated by different method
customer class curves. Table 4 shows detail calculation  than load factor and customer class statistic method to be

of losses by using customer class statistics method. able to plan for future power systems more accurately.
Table 4. Customer Class Curve Loss Calculation

Customer Class Curve Loss

Calculation
Feeder # | LossesKW KWFlow KVARFlow MaxKWFlow
Feederl 51209.86 2915378.20 627254.78 5847.75
Feeder2 22764.78 1905225.87 1154151.19 3810.41
Feeder3 17377.86 1491892.73 465625.82 2986.67
Feeder4 7937.17 1657220.31 995658.61 3311.64
Feeder5 54290.76 2650325.64 1603754.01 5293.32
Feeder6 1899.71 312417.75 189837.58 624.63
Feeder7 14785.36 1664536.00 924510.92 3324.75
Feeder8 31064.30 2192025.61 1289755.67 4385.54

Also Table 5 shows the actual measurement for losses for ~ Table 6 shows the randomized load curve method results
each feeder. Notice that losses calculated by load factor ~ among with power flow results. It is interesting to see that

Table 5. Actual Measurements For Losses

Measurements of losses

Feeder # LosseskKW KWFlow KVARFlow MaxKWFlow

Feederl 34005.36 1623715.19 -383872.48 4496.15
Feeder2 24419.53 2023898.59 1206260.58 4312.54
Feeder3 27513.36 1322135.87 -1603911.28 3751.95
Feeder4 6807.19 1506666.53 894542.87 3381.83
Feeder5 56435.99 2795443.59 1666101.43 6815.34
Feeder6 1428.90 245696.83 145831.94 531.45
Feeder? 14684.76 1619877.46 962173.18 3754.92
Feeder8 32849.89 2600546.54 464311.18 5623.38
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losses by calculated randomized load are between load
factor method and customer class load curve method.

measurements of little use, the utility needs another
means of calculating the load and losses to evaluate their

Table 6. Loss Results with Randomized Load Curve

Randomized Load Curve

Feeder # | LossesKW KWFlow KVARFlow  MaxKWFlow

Feederl 50706.68  2876338.63 597331.38 6265.69
Feeder?2 2252853  1879711.77  1138401.85 4083.04
Feeder3 17158.10  1471901.64 439409.83 3199.89
Feeder4 7828.45  1635012.71 982224.68 3547.60
Feeder5 53911.62  2615039.34  1581825.66 5671.22
Feeder6 1882.49 308235.83 187260.53 669.28
Feeder? 14639.23  1642283.51 910893.22 3561.53
Feeder8 30748.39  2162656.37  1271488.03 4699.70

Among these loss calculation technique, proposed
technique provides the most accurate data when there is
no measurement or AMI data. Table 7 below shows the
accuracy comparison of three methods based on actual
measurement values.

design decisions. In this paper, a novel method of
calculating customer loads at every service location is
presented. This method does not have the large
measurement requirements of the more accurate
methodologies but makes effective use of peak load

Table 7. Comparison of Accuracy Among Methods

Randomi

Randomized Average Load zed Load | Customer
Load factor Load Curve Load Curve | Measurement factor Curve Load Curve

Feeder # LossesKW LossesKW LossesKW LossesKW Accuracy Accuracy | Accuracy
Feederl 14725.74 50706.68 51209.86 34005.36 0.43 0.67 151
Feeder2 17961.45 22528.53 22764.78 24419.53 0.74 1.08 0.93
Feeder3 14956.37 17158.10 17377.86 27513.36 0.54 1.60 0.63
Feeder4 5199.40 7828.45 7937.17 6807.19 0.76 0.87 1.17
Feeder5 32586.05 53911.62 54290.76 56435.99 0.58 1.05 0.96
Feeder6 875.96 1882.49 1899.71 1428.90 0.61 0.76 1.33
Feeder7 9690.08 14639.23 14785.36 14684.76 0.66 1.00 1.01
Feeder8 23082.48 30748.39 31064.30 32849.89 0.70 1.07 0.95

As it is seen from Table 7, average accuracy with load
factor method is 0.62 while accuracies are 1.01 and 1.06
with randomized load curve and customer class load
curve respectively.

5. CONCLUSION

When a utility needs to evaluate the impact of a design
decision on the operating costs of a feeder, they must
often incorporate the impact of the design on the cost of
losses on the feeder. Historically, these losses have been
calculated one of three ways: (1) using a peak load
calculation and the load factor method, (2) using
customer class statistics normalized for a month, season,
or year, or (3) using customer class statistics together
with feeder measurements to reflect the variation in load
every hour of the year. Some utilities are beginning to
have AMI data available which allows them to
significantly reduce the uncertainty of the load. When
AMI data is not available and either feeder measurements
are not available or else the topology and loading of the
feeder have changed so as to make the feeder

measurement/estimation and customer class statistics to
greatly improve the accuracy of the feeder loss
calculation. In the eight feeders simulated, this novel
method presented 37% improvement in loss calculation
relative to using the load factor method and 4%
improvement in loss calculation relative to using
normalized customer load statistics.
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0z
Bu ¢alismada AHK sistemindeki mesafe kontrol sistemi farkli iki kontrolcii ile test edilmistir. i1k kontrolcii mesafe kontroliinii PD
algoritmastyla araglar arasindaki mesafeyi sabit tutmaya ¢alisarak saglanstir. Ikinci kontrolcii ise Sabit Zaman Algoritmasi (SZA)
ile mesafe kontroliinii araglar arasindaki siireyi sabit tutmaya ¢alisarak saglamistir. MATLAB/Simulink programiyla yapilan
simiilasyonlar sonucunda ¢ikan sonuglara gére PD algoritmasi ile yapilan mesafe kontrolii daha az hata ile daha konforlu gegisler
saglarken; SZA algoritmasi ile yapilan mesafe kontrolii daha ¢ok hata ile daha keskin gegisler saglamistir. Sonug olarak PD
algoritmast ile donatilan AHK sistemi daha giivenli ve konforlu bir siiriig saglayabilir.
Anahtar Kelimeler: MATLAB/Simulink, Adaptif Kiz Kontrolii, Otonom Kontrol Sistemleri, Ara¢c Kontrol Sistemleri,
Aktif Giivenlik Sistemleri.

Comparison of A Distance Controller Design Via
Constant Distance And Constant Time Gap (CTG)
Methods In An Adaptive Cruise Control (ACC)
System

ABSTRACT
In this study, the distance control system of the ACC system was tested via two different controllers. The first controller is the PD
controller which tries to keep the distance between vehicles according to the reference distance. Moreover, the second controller is
the CTG controller which tries to keep the time gap between vehicles according to the reference time gap. The simulations were
done via MATLAB/Simulink. Results show that the PD controller provided smoother transitions with less error however, the CTG
controller provided sharper transitions with more error. Therefore, the ACC system which was developed with the PD controller
could be much safer and comfortable than the CTG controller.
Keywords: MATLAB/Simulink, Adaptive Cruise Control, Autonomous Control Systems, Vehicle Control Systems,
Advanced Driver Assistance Systems.

1. GIRiS (INTRODUCTION) monitdr ederek siiriiciiniin istedigi mesafeyi belirlenen

Araglardaki aktif giivenlik sistemleri yillardir daha da ~ ©randa gaz ve fren pedalinin otomatik kontrolii ile
geliserck kaza dnleyici ve siiriicii destekleyici sistemler ~ gereeklestirmektedir  [4].  Mesafe  kontrolii igin
olarak literatiirde yerini almustir [1]. Bu sistemler kazay1 llteratﬁrd§k1 .blr ¢ok algoritma kullanilabilir. Bunlardan
engellemek adma siiriiciiyii destekleyerek siiriiciiden €0 6n'emlller1 bu ¢alismada kullanllfilgl ﬁ'zere SZA ve PD
kaynaklanan hatalar1 en aza indirgemeye ¢alismaktadir ~ algoritmalaridir — [5]. AHK sistemindeki —mesafe
[1]. Bunlarm yam sira AHK sistemi hem konfor hem de  Kontroliiniin devreye girmesi igin Ondeki aragla
bir giivenlik sistemidir [2]. Bu sistem araci siiriiciiniin ~ mesafenin siiriicii tarafindan belirlenen degerden daha az

belirledigi hizda siirerken aym zamanda ondeki aragla ~ Olmast gerekir [6]. Eger mesafe siiriicii tarafindan
mesafeyi de vyine siiriiciiniin  belirledigi oranda  Delirlenen degerden fazlaysa AHK sistemindeki mesafe

ayarlayarak otomatik bir siiriis saglamaktadir [3]. Sistem kontrolii yerine hiz kontrolii devrededir [6]. Hiz kontrolii
ondeki aracla olan mesafesini aracin 6n kismma  Suricinin belirledigi hiza ulagana kadar araci otomatik

yerlestirilmis bir radar vasitasiyla gergek zamanli olarak ~ ©larak hizlandirir ve araci o hizda sabit tutmaya caligir
[6]. Bu durumda aracin 6niine baska bir ara¢ ¢ikarsa ve
*Sorumlu Yazar (Corresponding Author) bu aragla olan mesafe siiriicii tarafindan belirlenen
e-posta: sahinhasan@itu.edu.tr mesafeden az olursa hiz kontrolii devreden ¢ikar ve
Digital Object Identifier (DOI) : 10.2339/2017.20.1 205-210 .. .

mesafe kontrolii devreye girer [6]. Bu g¢aligmada hiz
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kontrolii olarak PI algoritmasi se¢ilmistir. Hiz kontrolii
ile mesafe kontrolii arasindaki gegisi AHK sistemi
kodlandig1 sekilde otomatik olarak gergeklestirmektedir.

Bugaligmanin simiilasyonu MATLAB/Simulink
iizerinde herhangi bir katilimer olmaksizin yapilmistir.
Katilimcilarla yapilabilecek bir deneyde AHK sisteminin
stiriciiler iizerine etkisi de gozlemlenebilir [7]. Bu
sistemin bir araca entegre edilmesinin olas1 en 6nemli
avantajl ise sistemin reaksiyon zamanmin insanin
reaksiyon zamanindan daha kisa olmasidir [8].
Boylelikle siiriis giiveninirligi de artmis olacaktir [9].
Omek vermek gerekirse AHK sistemi icermeyen bir
aragla AHK sistemini igeren bir ara¢ kiyaslanabilir. AHK
sistemini icermeyen aracla seyreden bir siiriictiniin niine
aniden bir ara¢ ¢iktiginda siiriicli profesyonel bir siiriicii
dahi olsa reaksiyon zamani yiiziinden fren pedalint aktif
hale getirmesi AHK sistemi igeren bir araca gore daha
gec olacaktir. Bu sebeple de olasi bir kazay1 engelleme
sans1 daha az olacaktir [9]. Bunun yani sira AHK sistemi
iceren bir ¢ok aragla bir arag konvoyu yaratilabilir. Bu
konvoydaki araglarin birbiriyle baglantilari belirlenen bir
ses dalgasi ile saglanarak araglar arasindaki mesafe
istenilen oranda hatasiz saglanabilir [10].

Bu ¢aligmada tek bir araca AHK sistemi entegre edilerek
bu aracin 6niindeki ara¢la olan mesafe kontrolii iki farkli
algoritmayla kiyaslanarak yapilmigtir. Bu algoritmalar
PD ve SZA algoritmalaridir. Bu algoritmalarin igerigi bir
sonraki boliimde detayli olarak agiklanacaktir. Yapilan
simiilasyonlardan elde edilen sonuglara gére PD
algoritmasi ile yapilan mesafe kontrolii daha az hata ile
daha konforlu gecisler saglarken; SZA algoritmasi ile
yapilan mesafe kontrolii daha ¢ok hata ile daha keskin
gecisler saglamistir.

2. DENEY YONTEMIi (METHOD)

Daha 6nce bahsedildigi tizere AHK sistemi hiz kontroli
ve mesafe kontrolii olmak {iizere iki farkli kontrol
sistemini igermektedir. Bu ¢aligmada mesafe kontroliine
odaklanilmis olsa da hiz kontrolii olmadan AHK sistemi

diistiniilemez. Dolayisiyla deney yonetiminde hiz
kontroli ve mesafe kontroli detayli olarak
agiklanacaktir.

Tasit modeli ise iist ve alt kontrol modeli olmak iizere iki
modele ayrilmistir.Modeller [3] nolu kaynaktan referans
almarak tasarlanmustir. Ust kontrol modelinde tasitin
istenen hiza ulagmasi i¢in gerekli olan anlik ivme degeri
hesaplanmistir. Bu makalenin amaci farkli algoritmalarla
bu anlik ivme degerini en saglikli sekilde belirlemeye
calismaktir. Alt kontrol modelinde ise belirlenen bu anlik
ivmeyi saglamak icin tasit parametreleri géz Oniinde
bulundurularak gerekli olan motor torku
hesaplanmaktadir. Tagitintimozellikleridegisse bile bu
degisiklikler motor torku degistirilerek tolore edilebilir.
Bu makaledeki tiim simiilasyonlar tasitin sadece {ist
kontrol modeli kullanilarak yapilmistir. Motor torkunu
kontrol etmek ayr1 bir ¢aligma konusudur. Dolayistyla bu
makalede vurgulanan {iist kontrol modelindeki ivme
¢iktisint dogru bir sekilde kontrol edebilmektir. Tasitin

ist kontrol modeli PILPD ve SZA algoritmalarinin
aciklandig boliimlerde detayli olarak yer almaktadir. Alt
kontrol modelindeise 1 numarali denklemde goriildiigii
tzere T

wee MOtorun net yanma torkunu, [ motorun

efektif atalet katsayisini, R gevrim oranmi, X g .iist
kontrol modelinde hesaplanan tasit i¢in anlik istenen
ivme degerini, T, y: jefektif lastik  yarigapini, ¢,
aerodinamik hava katsayisii ve cu,, motorun agisal hizini
gostermektedir. Buradaki anlik ivme degeri belirtildigi
lizere iist kontrol modelinden gelmektedir. Ona gore de

gerekli olan motor torku ayarlanabilir.
e 2
Thet = EFF-rdes‘l' [EER!TE_,I'-_,I'-!@E +R{Te,r',r'Rx}] 1)

RA¥g

2.1 PI algoritmasiyla hiz kontrolii

l Xdes O Xdes 1 X |
055245
Step Cruise Cont Velocity
Transfer Fen

Sekil 1. PI algoritmastyla hiz kontrol sistemi (Cruise Control
System via PI Controller)

PI algoritmasi oransal ve integral denetleyici PID kontrol
dongiisii yonteminin kisaltmasi olarak verilmigtir. PI
algoritmasiyla hiz kontrolii yapilacak olan tasitin st
kontrol modeli 2 numaralidenklemde gosterilmistir. Bu
denklemde PI  algoritmast  kullanilarak  tasita

uygulanmasi gereken dogrusal ivme X ;.. hesaplanmak-
tadur. k,, degeri oransal katsayiy1, k, degeri ise integral

katsayisini gostermektedir. V tasitin gercek hmzive V, F

ise tasitin olmasi gereken hizidir. 3 numarali denklemde
2 numarali denklemin basitlestirilmis hali goriilmektedir.

- T r t r r
xdes{ﬂ = _'[Cg:l{ll"x - III'r's*_,r' } - kl -rn {1’1 - IIIrrs*lr'}l':“ (2)
K = _kg:l'i-f — Xgeg) — k(X — X ges, ()

Bu denklemlerle yapilan kapali ¢evrim kontrol modeli
Sekil 1’de gosterilmistir.Kapali ¢evrim modelinde
2.dereceden bir transfer fonksiyon bulunmaktadir. Bu
fonksiyon 4numarali denklemde gosterilmistir. Bu

denklemdeki T degeri simiilasyondaki gecikme siiresini
saniye cinsinden temsil etmektedir.

P(s) = — )

sfTe+1’

Dolayisiyla Sekil 1’de gosterildigi tizere bu transfer
fonksiyon sistemde 0.5 saniyelik bir gecikme siiresi
olacak sekilde kontrolcii tarafindan belirlenen ivmeyi
hiza doniistirecek sekilde tasarlanmistir [3]. Olasi
gecikme siiresi sistemin reaksiyon zaman olarak da
kabul edilebilir [3]. Transfer fonksiyonun ¢iktist aracin
gercek hizidir. Bu hizla hiz kontrol sistemine siiriicii
tarafindan girilen referans hiz arasindaki fark PI
algoritmastyla kontrol edilerek transfer fonksiyona ivie
¢iktist olarak iletilmektedir. Sekil 1’de referans hiz olarak
bir basamak fonksiyonu tanimlanmistir. Hiz kontrolii
icerisindeki PI algoritmasina ait katsayilar “Koklerinin
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Yer Egrisi Cizimi” yontemiyle hesaplanarak secilmistir
[3,11]. Hiz kontrol sisteminin kapali ¢gevrim modelinin
“Koklerinin Yer Egrisi Cizim” yontemiyle ¢izilen grafigi
Sekil 2°de gosterilmistir.

Root Locus

Imaginary Axis
e

Real Axis
Sekil 2. PI algoritmasi koklerinin yer egrisi ¢izimi (Root
Locus Plot of PI controller closed loop transfer
function)

Sekil 2’deki grafige gore PI algoritmasindaki I degeri
0.1875 ve P degeri 0.75 olarak belirlenmistir [3,11].
Tasarlanan hiz kontrol sisteminin basamak fonksiyonu
cevabi ise Sekil 3’de gosterilmistir.

Sekil 3. PI algoritmasi basamak fonksiyonu cevabi(Step
response of Pl controller)

Sekil 3’de goriildiigii iizere sistemin basamak fonksiyon
cevabinda 25% oraninda tagsma meydana gelmistir. Bu
tagma iyilestirilebilir, ancak hiz kontrol sisteminin
tasarimi [3] nolu kaynaktan bir 6rnek olarak diizenleme
yapilmadan alinmistir. Bu ¢aligmanin amaci hiz kontrol
sisteminin tasarimini iyilestirmek degildir. Daha once
belirtildigi {izere ¢aligmanin asil amaci1 mesafe kontrol
sisteminin hassas tasarimi ve uygulamasidir. Dolayisiyla
hiz kontrol sistemi degistirilmeden belirtilen kaynaktan
almarak AHK sistemine eklenmistir.

2.2 PD algoritmasiyla mesafe kontrolii

[pD| (WG] 1 (]|
ikl B M

Step! distance cont distanca limit

=]

Sekil 4. PD algoritmasi ile mesafe kontrolii (Distance Control
via PD Controller)

PD algoritmas1 oransal ve tiirevsel denetleyici PID
kontrol  dongiisii  yonteminin  kisaltmast  olarak
verilmistir. PD algoritmasiyla mesafe kontrolii yapilacak
olan tasitin iist kontrol modeli 5 numarali denklemde
gosterilmistir. Bu denklemde PD algoritmasi kullanilarak

tasita uygulanmasi gereken dogrusal ivme X,

hesaplanmaktadir. k, degeri oransal katsayiyi, kg
degeri ise tiirevsel katsayiyr gostermektedir. x tasitin
anlik aldig1 mesafe ve ;.. ise tasitin anlik almasi
gereken mesafedir.

-fdesz _'["_ﬂ':-r_-rdes:] _kd{-f_-fdes: (5)

Bu denklemle yapilan kapali ¢evrim kontrol modeli Sekil
4’te gosterilmistir. Kapali ¢evrim modelinde 3.dereceden
bir transfer fonksiyon bulunmaktadir. Bu fonksiyon 6
numarali denklemde gosterilmigtir. Bu denklemdeki T
degeri simiilasyondaki gecikme siiresini saniye cinsinden
temsil etmektedir.

Ps) = — 6)

2 (TE+1]
Dolayisiyla Sekil 4°te goriildiigii lizere bu transfer
fonksiyon sistemde yine 0.5 saniyelik bir gecikme siiresi
olacak sekilde kontrolcii tarafindan belirlenen ivmeyi
mesafeye doniistiirecek sekilde tasarlanmustir [3].
Transfer fonksiyonun ¢iktist ndeki aragla olan gergek
mesafeyi gostermektedir. Bu mesafeyle mesafe kontrol
sistemine siirlicti tarafindan girilen referans mesafe
arasindaki fark PD algoritmasiyla kontrol edilerek
transfer fonksiyona ivme ¢iktisi olarak iletilmektedir.
Bununla birlikte PD algoritmasi ile transfer fonksiyonu
arasinda aracin {ist ve alt ivmelenme degerleri
belirlenmistir. Buna gore ara¢ hizlanirken iist ivmelenme

limiti 1.0 m/s? ve ara¢ yavaglarken alt ivmelenme limiti

25 mis? dir. Bu degerler ara¢ hizlanirken ve
yavaglarken siiriici  konforunu sarsmayacak sekilde
belirlenmistir [3]. Sekil 4’te referans mesafe olarak bir
basamak fonksiyonu tanimlanmistir [3]. Mesafe kontrolii
igerisindeki PD algoritmasma ait katsayilar yine
“Koklerinin Yer Egrisi Cizimi” yontemiyle hesaplanarak
secilmistir [3,11]. Bu yontemle yapilan 6zgiin tasarimda
PD algoritmasindaki D degeri 0.9495 ve P degeri 0.284
olarak belirlenmistir.

Sekil 5’te goriildiigii iizere sistemin basamak fonksiyon
cevabinda sistem integral icermedigi i¢in herhangi bir
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40 (sec) 5O

Sekil 5. PD algoritmasi basamak fonksiyonu cevabi (Step
response of PD controller)

tagma gorilmemektedir. PD algoritmasiyla yapilan
mesafe kontrol sistemi ise Sekil 6’da goriilmektedir.

Sekil 6. PD algoritmasiyla mesafe kontrol sistemi (Distance
Control System via PD controller)

Sekil 6’da Sekil 4’¢ ek olarak o6ndeki aracin hizi
baslangi¢ aninda ve simiilasyon boyunca 20 m/s ve
ondeki aragla olan baslangi¢ mesafesi ise 50 metre olarak
tanimlanmigtir. Bununla birlikte siiriici  tarafindan
ondeki aracla olan referans mesafesi de 100 metre

olarak tanimlanmigtir. Mesafe kontroli yiiklii olan ana
aracin simiilasyon basladigr ilk andaki hiz1 0 m/s dir.
Simiilasyon sonucu ilerleyen bdliimlerde gosterilerek
tartigilacaktir.

2.3 SZA algoritmasiyla mesafe kontrolii

Sekil 7°de goriildiigi iizere Sekil 6 ile kiyaslandiginda
PD algoritmasinin yerini SZA algoritmasi almistir. Sekil
7°de mavi kutucukla gosterilen SZA algoritmasinin
MATLAB igerisine yiiklenmis kodu ise Cizelge 1°de
gorilmektedir. “%" isareti igeren satirlar formiil
aciklamalaridir. Cizelge 1’deki ilk satir ise SZA
algoritmasinin temel formiilinii gostermektedir [3]. Bu
temel formill bir ka¢ formilin birlesmesinden
olugmaktadir.

TIME GAP FOR CTG

x

1

CTG controller gain

Sekil 7. SZA algoritmasiyla mesafe kontrol sistemi (Distance
Control System via CTG controller)

Cizelge 1. SZA algoritmasinin MATLAB/Simulink
igerisine yilklenmis kodu (The code of CTG
controller)

Y = (-1/time) * [(V1- V2) + [L* (-D + (time*V1))]] ;
% Y = SZA algoritmas: tarafindan hesaplanan ivme
degeri (m/sz)

% time = Siiriiciiniin belirledigi ondeki aragla olan siire
farki (s)

% V1 = Mesafe kontrol sistemi yiiklii olan aracin
gercek hizi (m/s)

% V2 = Ondeki aracin gercek hiz1 (m/s)
% D = Ondeki aragla olan ger¢ek mesafe (m)
% L = SZA algoritmas: hassasiyet katsayisi (1/s)

Cizelge 1°deki temel formiil ¢iktisi aracin dogrusal yonde
istenilen  ivmesidir. = SZA  algoritmasinda  PD
algoritmasina gore araglar arasi istenilen mesafe sabit
degildir ve hiza bagh olarak 7 numarali denklemde

gbsterildigi iizere degistirmektedir. h araglar arasi

istenilen siire farkini, V., ise mesafe kontrol yiiklii olan
aracin ger¢ek hizini gostermektedir.

ai des = h'llr;’ (7)

Cizelge 1°deki temel formiilde gosterilen (V1-V2)
ifadesi 8 numarali denklemde gosterilen &;ifadesinin

tiirevinden gelmektedir. &araclar arasi mesafe farkinin
tiirevi olarak araclar aras1 hiz farkini gdstermektedir.Yine
Cizelge 1°deki temel formiilde gosterilen (-D +
(time*V1)) ifadesi ise 8 numarali denklemde belirtilen

araglar aras1 mesafe hatasini ¢o; gostermektedir.
@i = —0; + hVy(8)

7 ve 8 numarali denklemler birlestirildiginde Cizelge
1’deki temel formiil elde edilmektedir [3]. Sekil 7°de ve
Cizelge 1’de belirtildigi {lizere SZA algoritmasi
hassasiyet katsayisi 1; siriicii tarafindan belirlenen
ondeki aragla olan siire farki 3 saniye; mesafe kontrol
sistemi yiiklii olan aracin ilk hizt 0 m/s; dndeki aracin
baslangi¢ anindan sonra simiilasyon boyunca hizi 40 m/s
ve Ondeki aragla olan baglangic mesafesi ise 5 metre
olarak tamimlanmigtir. SZA algoritmast da PD
algoritmas1 gibi bir kapali ¢evrim sistemine sahiptir. PD
algoritmasindaki

kapali ¢evrimde sadece mesafe farklari kullanilirken;
SZA algoritmasindaki kapali ¢evrimde mesafe kontrol

sistemi ylklii aracin gergek hizi, 6ndeki aragla olan
gergek mesafesi ve oOndeki aracin gercek hizi
kullanilmigtir. Bununla birlikte SZA algoritmasi ile
transfer fonksiyonu arasinda PD algoritmasinda oldugu
gibi aracin iist ve alt ivmelenme degerleri belirlenmistir.
Buna gore arag hizlanirken iist ivmelenme limiti yine 1.0

m/s? ve arag¢ yavaslarken alt ivmelenme limiti -2.5 m/s2
dir. PD ve SZA algoritmalarinin simiilasyon sonuglar1 bir
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sonraki boliimde gosterilip detayli bicimde kiyasla-
nacaktir.

3. SONUCLAR VE TARTISMA (RESULTS AND
DISCUSSION)

Sekil 8. PD algoritmasi ile donatilan mesafe kontrol sisteminin
sagladifi mesafe degisimi (The distance between
vehicles provided by the distance control system via PD
controller)

Ik olarak PD algoritmasi sonuglari incelenecek olursa
Sekil 8’de goriildiigii lizere simiilasyon baslangi¢ aninda
araglar arasi mesafe 50 metredir. Sonrasinda mesafe
kontrol sistemi yiiklii ara¢ hizlanarak 6ndeki aracin hizin
20. saniyede (20 m/s) yakalamistir. Sonrasinda araglar
arasindaki mesafe referans deger olan 100 metreye
gelinceye kadar mesafe kontrol sistemi yiikli arag
hizlanmaya devam etmistir. Araglar arast mesafe 100
metreye geldiginde mesafe kontrol sistemi yiiklii arag
yavaslamaya basglamis ve sonrasinda araglar arasi mesafe
92 metreye geldiginde 6ndeki aracin hizin1 yakalamistir.
Sonrasinda hizlanip  yavaslayarak oOndeki aragla
mesafesini 100 metre olarak korumaya devam etmistir.

200 250 (sec) 300

Buradaki hata payt 8 metre olarak olgiilerek referans

olarak belirlenen mesafenin 8% ‘idir.

Sekil 9. SZA algoritmas1 ile donatilan mesafe kontrol
sisteminin sagladigi mesafe degisimi (The distance
between vehicles provided by the distance control
system via CTG controller)

SZA algoritmasi sonuglar1 incelenecek olursa Sekil 9’da
goriildiigii iizere simiilasyon baslangic aninda araglar
arasi mesafe 5 metredir. Sonrasinda mesafe kontrol
sistemi yiiklii ara¢ hizlanarak ondeki aracin hizini 40.

saniyede (40 m/s) yakalamistir. Sonrasinda araglar
arasindaki mesafe referans deger olan 3 saniyeye yani
120 metreye gelinceye kadar mesafe kontrol sistemi
yiikli ara¢ hizlanmaya devam etmistir. Araglar arasi
mesafe 120 metreye geldiginde mesafe kontrol sistemi
yiiklii arag yavaglamaya baglamis ve sonrasinda araglar
arasi mesafe yaklasik 1 metreye geldiginde 6ndeki aracin
hizin1 yakalamigtir. Sonrasinda hizlanip yavaslayarak
ondeki aragla mesafesini 120 metre olarak korumaya
devam etmistir. Buradaki hata pay1 yaklasik 119 metre
olarak Olgiilerek referans olarak belirlenen mesafenin
99% ‘u yani neredeyse tamami kadardir. Bu sonug
neredeyse bir kazaya yol acgacak sekilde meydana
geldiginden asla kabul edilemez. SZA algoritmasinin
hassasiyet degeri tavsiye edilen degere yakin bir deger
almmustir [3]. Hassasiyet degeri ne kadar degistirilse de
PD algoritmasinin sagladigt 8% ‘lik hata payma
yaklagamamugtir. Dolayistyla ilk bakista bu sonuglara
gore mesafe kontrol sisteminde PD algoritmasi tercih
edilebilir.

4. SONUCLAR (CONCLUSIONS)

Bu ¢alismada AHK sistemindeki mesafe kontrol sistemi
PD ve SZA algoritmalariyla denenmis ve hata oranlari
kargilagtirtlmigtir. Cikan sonuglara gore otomatik pilot
olarak kullanilan PD algoritmasiyla donatilan mesafe
kontrol sisteminin davranisi insan davranigina ¢ok benzer
oldugundan bu algoritma tercih edilebilir [12]. Diger bir
yandan SZA algoritmasindaki hata payr cok yiiksek
oldugundan ve neredeyse bir kazaya sebep olacagindan
bu algoritmanin kontrol modeli degistirilmeden otomatik
pilot olarak kullanilamaz.

PD algoritmasinda siirlicii 6ndeki aragla olan referans
mesafeyi  metre  cinsinden  belirlerken;  SZA
algoritmasinda  saniye cinsinden belirlemektedir.
Giintimiizde AHK sistemlerinde siiriicii 6ndeki aragla
olan referans mesafeyi saniye cinsinden belirlemektedir.
Ara¢ hizlarmin degisken oldugu diisiiniiliirse bunun
saniye olarak belirlenmesi ¢ok daha mantiklidir. Ancak
bu durumda PD algoritmasinin kullanilmas pratik olarak
miimkiin degildir. Dolayisiyla gelecek c¢aligsmalarda
yapilmasi gereken SZA algoritmasinin kontrol modelinin
diizenlenerek PD  algoritmasi  gibi  ¢aligmasinm
saglamaktir. Siirtictiye destek olan bu otonom sistemlerin
tasariminda insanin reaksiyon zamani da baz alinirsa
stirliciiyle beraber daha verimli bir sistem ortaya
cikacaktir [13,14].

KISALTMALAR (ABBREVIATIONS)

ACC Adaptive Cruise Control

CTG Constant Time Gap

PD Proportional-Derivative

Pl Proportional-Integral

PID Proportional-Integral-Derivative
SZA Sabit Zaman Algoritmasi

AHK Adaptif Hiz Kontrol

Toe Motorun net yanma torku

209



Hasan SAHIN / POLITEKNIK DERGISI, Politeknik Dergisi, 2017; 20 (1) : 205-210

] Motorun efektif atalet katsayisi
Tefs Efektif lastik yaricap1
k Cevrim orani
Xia Tasitin olmast gereken dogrusal ivmesi
Xga Tagitin anlik almasi gereken mesafesi
1 Tasitin anlik aldig1 mesafe
B4, Ondeki tasitla istenen mesafe farki
8 Ondeki tagitla gergek mesafe farki
F Ondeki tasitla gergek hiz farky
c Aerodinamik hava katsayisi
&
g Motorun agisal hizi
k, PID oransal katsayisi
L PID integral katsayisi
k, PID tiirevsel katsayisi
v, i Tasitin gercek hizi
; Tasitin olmasi gereken hiz1
Veep Fae |
b Ondeki tasitla istenilen siire farki
@ Ondeki tasitla mesafe farki hatasi
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Bu ¢alismada, termodinamik kanunlarma genel bir giris yapilmis ve degisken sogutucu akigkan debili sistemler incelenmistir.
Ayrica, 6rnek bir degisken sogutucu akigkan debili sistemin termodinamik analizi yapilmus, farkli ¢aligma kosullarinda ve farkl
sogutucu akigkanlar kullanilmasi durumlarinda sistemin ekserji kayiplart karsilastirilmistir. Sistemin es zamanli 1sitma-sogutma
yapma kosulunda en diisiik sogutucu akiskan debisi ger¢eklesirken, yalniz sogutma yapma kosulunda en yiiksek sogutucu akiskan
debisi gergeklesmistir. Entropi olusumlar1 ve ekserji kayiplari incelendiginde, es zamanli 1sitma-sogutma yapma kosulunda en
diisiik entropi olusumu ve ekserji kayb1 meydana gelmistir. Yalniz sogutma yapma kosulunda ise, en yiiksek entropi olusumu ve
ekserji kaybi gergeklesmistir. Sogutucu akigkanlar kargilastirildiginda ise, R404 sogutucu akigkani kullanildiginda en diigiik ekserji
kayb1 gergeklesmistir. En yliksek ekserji kaybi ise R410A sogutucu akiskani kullanildiginda meydana gelmistir. Bu ¢alisma ile
konuya yonelik bilinglenmenin arttirilmasi amaglanmustir.

Anahtar Kelimeler: Degisken Debi, Termodinamik Analiz, Sogutucu Akiskan.

Comparison of Energy and Exergy Analysis for
Variable Refrigerant Flow System (VRF) with
Different Rerigerants

ABSTRACT

In this study, an overview of laws of thermodynamics and variable refrigerant flow systems have been investigated. Besides,
thermodynamic analysis of a sample variable refrigerant flow system has been evaluated and exergy losses of different working
conditions and different refrigerants has been compared. While minimum refrigerant mass flow rate has been occured in
simultaneous heating-cooling working condition of the system, maximum refrigerant mass flow rate has been occured in only
cooling working condition. When entropy generations and exergy losses analyzed, minimum entropy generations and exergy losses
has been appeared in simultaneous heating-cooling working condition. Maximum entropy generations and exergy losses has been
appeared in only cooling working condition. When refrigerants are compared, minimum exergy losses has been occured in using
refigerant R404. Maximum exergy losses has been occured in using refigerant R410A. With this study, it has been intended to
increase the awareness of the subject.

Keywords: Variable Rate, Thermodynamics Analysis, Refrigerant.

1. GIRIS (INTRODUCTION)

4 adet i¢ tiniteden olusan bir VRF sisteminde, i¢ iiniteler
sogutucu borulari ile paralel bir sekilde dig liniteye
baglanmaktadir. Dig tinitedeki 4 yollu vana baglantis ile
sogutucu akigskan yonii degistirilebilir ve bu 6zellik
sayesinde VRF Sistemi hem sogutma sistemi hem de 1s1
pompasi olarak kullanilabilmektedir.

Sogutma modunda, kompresdrden ¢ikan sogutucu
akiskan dis iinite esanjoriine (kondenser olarak kullanilir)
girerek 4 yollu vanaya dogru gider. Yiiksek basing diisiik
sicakliktaki sogutucu akigkanin, EEV (Elektronik
Genlesme Valfi) vasitasi ile basinci diiger ve i¢ {inite
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esanjoriine (buharlastirict olarak kullanilir) girer. Bunun
sonucunda i¢ {inite bolgeden 1s1 ¢eker ve bolgeyi sogutur.
Dana sonra diisiik basingli kizgin sogutucu akigkan
kompresdre doner ve dongii tamamlanir.

Isitma modunda ise, 4 yollu vana sogutucu akigkan
yoniinii tersine ¢evirir. Sogutucu akiskan kompresdrden
i iinite esanjoriine (kondenser olarak kullanilir) girer. i¢
iinite 1s1y1 disar1 verir ve bdlgeyi 1sitir. Daha sonra,
yiiksek basing diisiik sicakliktaki sogutucu akigkanin
basinct EEV vasitast ile disiiriiliir. Diisiik sicakliktaki
sogutucu akigskan dig iinite esanjoriine (buharlastirici
olarak kullanilir) girer. Diisiik basingli kizgin sogutucu
akiskan kompresore doner ve dongili tamamlanir.

Cok yonlii VRF Sistemleri dis liniteleri biri degisken hizli
olmak tizere iki veya ii¢ adet kompresdrden olusur. VRF
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sistemlerindeki inverter siiriiciili kompresorler genis
frekans araliginda caligir. Inverter frekansi genel olarak
20-30 Hz ile 105-120 Hz araligindadir. [1,2]

VRF sistemlerinin en 6nemli dezavantajlarindan biri
maliyetidir.  Ancak VRF sistemlerinin  maliyeti
uygulamaya ve bina planina baglidir. Ayrica VRF
sistemlerinin havalandirma kapasitesi bulunmadigindan
ayr1 bir havalandirma sistemi gerekmesi de maliyeti
artirmaktadir. [1,2]

VRF Sistemlerinin i¢ tniteleri genellikle, esanjor,
elektronik genlesme valfi, sicaklik sensorii ve fandan
olusur. ilk zamanlar 1-2 i¢ iinite bir dis iiniteye
baglanirken, 1980°lerin sonunda 4-8 i¢ iinite, 1990’larda
16 i¢ iinite, 1999°da 32 i¢ {inite, 2003 te 40 iinite bir adet
dis liniteye baglanabilmistir. Gliniimiizde ise 60 ve daha
fazla i¢ inite tek bir dig Tlnite ile kontrol
edilebilmektedir.[3]

Farkli konfor sartlar1 sunabildigi i¢in ¢ok yonli VRF
sistemleri okullarda, otellerde, ofis binalarinda vb.
uygulanmasi ¢ok uygundur. Ayrica hastaneler, bolgeler
arasi hava karisimini engellemesi nedeni ile VRF
sistemleri i¢in iyi misterilerdir. Bankalar, kanal
sisteminin ¢ikis yollarinin kiigiik ¢capta olmasi sebebiyle,
giivenlik agisinda sistemi desteklemektedir. Sistem liiks
evlerde veya birden ¢ok ailenin yasadigi konutlarda da
kullanilabilir. Ayrica, tarihi binalarda ¢ok yonli VRF
sistemlerinden de faydalanmaktadir. [3]

2003 mali yilinda baglica VRF {ireticilerinden bir tanesi
diinya ¢apinda 85500 adet VRF iiriinii satmistir: %69°u
Asya’da, ( %46,8 Japonya, %222 Cin ) %21,9’u
Avrupa’da, %6,3’ii Okyanusya’da ve sadece %2,8’i
Diinya’nin geri kalaninda, bu veriler Amerika’daki
pazarin siirli oldugunu gostermektedir. [3]

VRF sistemlerinin toplam maliyeti aym1 kapasitedeki
chiller su sogutma grubundan %5-20 daha yiiksektir.
VRF sistemlerinin  maliyeti tek kanalli sogutma
sistemlerinden %30-50 daha fazladir. Bir VRF sistemi
iireticisi 1998 yilinda italya’da, 7 tanesi VRF sistemi
kullanan 7 tanesi de chiller/boyler sistemi kullanan 14
binay1 ilk yatirim maliyeti ve isletme giderlerini
kiyaslamak amaciyla incelemistir. Nemli, astropikal
iklimde ve ¢aligma yapilan periyotta, VRF sistemlerinin
%35 daha az enerji tiikettigi, %40 daha az bakim-onarim
maliyeti gikardig1 goriilmiistiir. Ancak, donanim maliyeti
VRF sistemlerinde chiller/boyler sistemlerine gore
yiiksek ¢ikmistir. 200 tonluk bir sogutma sistemi igin
VREF sistemleri, chiller grubu sistemlerine gore %30-40
enerji tasarrufu saglamigtir. Ancak VRF sistemlerinde
kurulum maliyeti chiller su sogutma grubuna gore %8,
chiller hava sogutma grubuna goére %16 daha fazladur.
Enerji  kullanimi  ve kurulum maliyeti birlikte
hesaplandiginda, VRF sistemlerinin yatirim geri doniis
stiresi, hava sogutmali sistemlerde 16 ay, su sogutmali
sistemlerde 8§ ay olarak gergeklesmistir.[3]

Aynur, VRF sistemleri ile ilgili ¢aligmalart igeren bir
literatiir caligmasi1 yapmis, sistemin yapist, i¢ iinite ve dis
iinitelerin konfigiirasyonu ile ilgili detayli bir inceleme
ortaya koymustur. [4]

Park ve Kim, i¢ iinite yiiklerini ve kompresor hizini
degistirerek, iki i¢ tniteli birbirinden ayrt EEV bulunan
¢ok yonlii VRF sisteminin performansinin dlgiilmesi ile
ilgili bir ¢alisma yapmustir. Bu ¢alismada, i¢ tiniteler i¢in
kizgin buhar sicaklik degerinin EEV ayar1 yapilarak
4°C’de tutulmast ve kompresor hizinin her bir i¢ {inite
icin yeterli sogutma kapasitesini saglayacak sekilde
ayarlanmasi gerektigi ortaya konmustur. [5]

Xia, 5 adet i¢ {initeli cok yonlii 3 borulu VRF sistemi igin
bir deney sistemi gelistirmistir. Bu test, i¢ liniteler ve dis
initede  bulunan 6  adet  kalorimetre  ile
gerceklestirilmigtir. COP degeri, sistemin toplam 1sil
yiikiiniin, tiikettigi toplam enerjiye oranina esittir. ki
kompresoriin tandem olarak kullanmasinin, performans
degerini artirdig1 tespit edilmistir. [6]

Masuda, iki i¢ tniteli ¢ok yonlii VRF sistemi i¢in bir
kontrol metodu gelistirmistir. Bu yeni kontrol metodu,
yiiksek sogutma yiikii olan odada kurulan i¢ iinitedeki
sogutucu akiskan debisinin digerini gore daha fazla
oldugunu gostermektedir. Bu metot oda sicakliginin
istenilen sicakliga geldiginde kompresor frekansinin
azalmasmm1  veya tersi durumda  yiikselmesini
saglamaktadir. Sonug olarak, yeni kontrol metodu ile i¢
iinitelerdeki sogutucu akiskan debisinin birbirinden
bagimsiz  sekilde kontrol edebilmesi miimkiin
olmaktadir. [7]

Hai, 30 kW anma kapasiteli 3 borulu ¢ok yonlii VRF
sistemi {izerine caligmistir. Sistem, R22 sogutucu
akigkani kullanilan ve hepsi farkli kapasitede 5 i¢ iiniteye
sahip bir sistemdir. Deneysel ¢alismalar sonucu, kararlt
sartlar altinda sistemin COP degerlerinin eszamanl
1sitma-sogutma modunda yiiksek oldugu ortaya
konmustur. [8]

Hava sogutmali VRF sistemleri ortamdaki hava ile
sogutulurken, su sogutmali sistemler ise su ile sogutulur.
Su sogutmali sistemlerde plaka tipi 1s1 degistiricisi
mevcutken, hava sogutmali sistemlerde yiizgegli tip 1s1
degistiricisi kullanilmaktadir. Hava sogutmali VRF
sistemlerinde oldugu gibi su sogutmali sistemlerde de
birden ¢ok i¢ linite bir dis liniteye baglanabilmektedir.[9]

Aynur, VRF sistemlerinin ofis uygulamasindaki
performanslart ile ilgili bir caligma yapmustir. Sisteme iki
farkli kontrol modu uygulanmistir. Bireysel kontrol
modunda, biitiin i¢ {initeler kendi termostatlari ile kontrol
edilmistir. Ana kontrol modunda ise, biitiin i¢ {lniteler
ofis ortaminin merkezine konulan tek bir termostat
vasitast ile kontrol edilmistir. Sonugta, bireysel kontrol
modunda, ana kontrol moduna goére hem daha iyi 1sil
konfor hem de daha yiiksek verim elde edilmistir.[10]

VREF sistemlerinde i¢ iinitede bulunan sicaklik sensorii,
gergek hava sicakligt  ile termostat sicakligim
karsilastirmak icin kullanilir. Sicaklik farkina gore, ic
iiniteye giden sogutucu akigskan debisi EEV tarafindan
ayarlanir. Boylece, termostat sicaklif1 ve gergek ortam
sicakligina gore, her bir i¢ linite birbirinden bagimsiz bir
sekilde kontrol edilebilir ve i¢ iinitelerin bir kismi
calismasa bile digerleri calismasina devam edebilir.
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Boylece, farkli bolgeler birbirinden bagimsiz sicakliklara
sahip olabilir.[10]

Hai, buz depolama tankli ¢ok yonlii VRF sistemi iizerine
aragtirma yapmis ve yeni bir sistem tasarlamistir. Buz
depolama tanki ile birlikte ekstra 30°C alt sogutma
saglanmis ve bu durum enerji verim oraninda %25 artis
saglamigtir. Shangai'daki elektrik fiyatlar1 g6z Oniine
alindiginda bu sistemin yatirim geri donis siiresi 3 yil
olarak hesaplanmustir. [11]

Aynur, degisen dig hava kosullarinda VRF sistemine
entegre bir 1s1 geri kazanimli havalandirma sistemi
kullanarak, bunun 1sil konfora, enerji tiiketimine ve
sistemin verimine etkisini incelemistir. Bu arastirma,
havalandirmanin i¢ alan sicaklik kontroliine etkisi
olmadigini, bunun yerine i¢ ortamin nemini artirarak
konfor sartlarint diigiirdiigiinii ortaya koymustur. Ayrica
bu sistemin, dis Unitenin enerji tiiketimini artirirken
(havalandirma sistemi destekli VRF sistemi digerine
gore %27,8 daha fazla enerji tiiketmistir), VRF
sisteminin verimine Onemli bir katkis1 olmadigt
gozlemlenmistir. [12]

Aynur, VRF sistemine, havalandirma sistemi ve
rejeneratif 1s1 pompasi destekli kurutucu entegre ederek,
iki sisteme performans testi uygulamistir. Bu durumda
rejeneratif 1s1 pompast destekli kurutucu kullanan
sistemin daha iyi konfor sart1 ve daha iyi nem kontrolii
sagladig1 tespit edilmistir. Ayrica, 1s1 pompast destekli
kurutucunun sogutma yiikiine yaptig1 katki ile birlikte
VREF sistemi %26,3 daha az enerji tikketmistir. U¢ modda
calismast incelenmistir; havalandirmasiz, 1s1 pompasi
destekli kurutucu ile birlikte, 1s1 pompas: destekli
kurutucu-nem alma destekli. Arastirma sonuglari, VRF
sistemlerinde 151 pompasi  destekli  kurutucu
kullanilmasinin uygun oldugunu gostermistir. [13]

Camdal1 ve Tung, termoekonominin temel prensipleri ile
ilgili bir ¢aligma yapmustir. Bu ¢alismada, ekserji destekli
maliyet minimizasyonu yapilmigtir. Yapilan ¢alismada,
termoekonominin ekserji izerindeki etkisi incelenmistir.
[14]

Can, sogutma elemanlarinda ekserji analizi yapmus,
ekserji kaybini en aza indirmek i¢in temel prensipler
lizerine ¢alisma yapmustir. Yapilan ¢alismada, debideki
artis ile tersinmezligin arttig1 tespit edilmistir. [15]

Dogan, su kaynakli bir VRF sistemini detayl bir sekilde
incelemis, sistemin  bir  alig-veris  merkezinde
uygulamasini analiz etmistir. Caligmasinda, su kaynakli
ve hava kaynakli sistemler arasindaki dogru sec¢imin
6nemi hakkinda bilgiler verilmistir. [16]

Egriboyun, 1s1 geri kazanimli degisken sogutucu akiskan
debili  klima sisteminin  termodinamik  analizini
yapmustir. Caligmasinda sogutucu akiskan debilerinin
hesabini yapmis ve sogutucu akigkanin sistem elemanlari
icerisinde izledigi yolu gdstermistir. [17]

2.  SISTEMIN TERMODINAMIK ANALIZi
(THERMODYNAMIC ANALYSIS OF THE
SYSTEM)

Dis Unite
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Sekil 1. Dort adet ic tiniteli VRF sistemi (VRF System with
Four Indoor Unit)
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Sekil 2. VRF Sisteminin Sematik Gosterimi (Schematic view
of VRF System)

Sekil 1’de verilen sisteme Oncelikle 4 farkli akiskan
kullanildigi  durumlarda, termodinamigin 1. Yasasi
uygulanmistir.  Bunun sonunda sistemde kullanilan
sogutucu akigkanin debileri hesaplanmistir.

L am .
Kiitlenin Korunumu Yasasi s Yinth —

Zout m (1)
Termodinamigin I. Yasasi

L =0~ W+ T (e+Pv) = Toyem (e +Pv)
(2)

Sistemdeki elemanlar i¢in I. Yasa
uygulanm1$t1r.Qcomp = m(Ahcomp) 3)
Qet;apl = m(Ahevap) (4)

I. Yasa uygulamasindan sonra, Sisteme
Termodinamigin II. Yasasi uygulanmustir.

Termodinamigin II. Yasasi ( Entropi Olusumu )
: das Qi . X
Sgen = ax ZiT_:—}' Zoutms - Zinms =0 (5)

Sistemdeki Elemanlarin tamami i¢in ekserji kayb1
hesaplanmustir.
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o 5 T .
I@_mIM(TOSgen)comp = (1 - T_(;) Qcomp -

VVcomp + (pcomp,in - (pcomp,out (6)
Bubharlastirici:

. T . : .
(TOSgen)evap = (1 - ﬁ) Qevap - Vl/evap + (pevap,in -

(pevap,out (7)
Kondenser:
. T . . .
(TOSgen)cond = (1 - ﬁ) Qcond - Wcond + Pcond,in —
¢cond,out (8)

Genlesme Valﬁ:(TOSgen)exp = ¢exp,in - ¢exp,out (9)

Sistemdeki elemanlarin ekserji kayiplari bulunduktan
sonra, toplam ekserji kayb1 hesaplanmustir.

Xdes = (Tosgen)comp + (Tosgen)evap + (Tosgen)cond +

(Tosgen)exp (10)
Sistem i¢in ekserji analizi yapilmistir.
E, = ?:1[(}1_1' —ToSi)in — .UO,L']Ni,in - Z?ﬂ[(h_i -

TOS_i)out - .uO,i]Ni,out - TOSgen (11)
Ornek uygulamamizda, 4 i¢ {initeye sahip bir 1s1 geri
kazanimlit VRF Sisteminin 5 farkli kosulda ve 4 farkli
sogutucu akigkan kullanilmasi durumlarinda I. Kanun ve
Il. Kanun analizi yapilmistir. Ornek sistemde sogutucu
akigkan olarak R410A, R22, R404A ve R507 sogutucu
akigkanlar1 kullanilmustir.

Sekil 2’de gosterildigi lizere hesaplamalarda gosterilen,
1. nokta kompresdr girisini, 2. nokta kompresor ¢ikisini,
3. nokta yogusturucu ¢ikisini ve 4. nokta buharlastirict
girisini gostermektedir.

Sogutucu akiskanlara ait termodinamik &zellikler, ilgili
akigkanlara ait basing-entalpi diyagramlarindan, doymus
stvi ve doymus buhar 6zellikleri tablolarindan ve kizgin
buhar 6zellikleri tablolarindan alinmistir.

R410A sogutucu akigkani i¢in analiz sonuglari,

Cizelge 1. R410A Sogutucu Akiskani icin Sistemin Ozellikleri
(Values of System for R410A Refrigerant)

RA10 Sicakhk Basing Entalpi Entropi
(°c) (bar) (ki/kg) | (ki/kgK)

1 12 9,90 431,85 1,82940

2 82,54 33,96 466,8 1,85210

3 50 33,96 292,19 1,30060

4 7 9,90 292,19 1,32890

Cizelge 2. R410A Sogutucu Akiskani i¢in Sistemin Is1 Yiikleri
ve Debileri (Heat Load and Mass Flow Rate of
System for R410A Refrigerant)

Isil Yiikler ve Debiler
. i¢ Unite
ISLETME DURUMU | ¢ . Qp Qy Wy Kiitlesel
Yiikleri (kw) .
(kw) (kw) (kw) Debi (kg/s)

A |Yanhz Sogutma 20 20 25 5 0,14320
3 Unite Sogutma 15

B — 15 18,75 3,75 0,10740
1 Unite Isitma 5
2 Unite Sogutma 10

Cl— - 10 12,50 2,5 0,07160
2 Unite Sogutma 10
1 Unite Sogutma 5

D— ” 12 15 3 0,08592
3 Unite Sogutma 15

E |Yanhz Isitma 20 16 20 4 0,11456

Cizelge 3. R410A Sogutucu Akiskam Icin Bes Farkli Calisma
Durumu Igin Sistem Elemanlarindaki Entropi
Olusumlart (Entropy Generations of System
Components in Five Different Working Conditions
for R410A Refrigerant)

Sistem A-Yanhz | B-3 Unite | C-2 Unite | D-1Unite | E- Yanlz
Elemanlari Sogutma | Sogutma | Sogutma | Sogutma Isitma
Entropi Olugum
Kompresor 0,00325 0,00244 0,00163 0,00195 0,00260
Genlesme Valfi 0,00405 0,00304 0,00203 0,00243 0,00324
Buharlagtirici 0,00025 0,00018 0,00012 0,00015 0,00020
Kondenser 0,00276 0,00207 0,00138 0,00165 0,00221

Cizelge 4. R410A Sogutucu Akiskani igin Bes Farkli Calisma
Durumu Igin Sistem Elemanlarindaki Ekserji
Kayiplar1 (Exergy Loses of System Components in
Five Different Working Conditions for R410A

Refrigerant)

Sistem A-Yanlz | B-3 Unite | C-2 Unite | D-1Unite | E-Yanhz
Elemanlari Sogutma | Sogutma | Sogutma | Sogutma Isitma
Ekserji Kayiplari (Tersinmezlik
Kompresor 0,96872 0,72654 0,48436 0,58123 0,77498
Genlegme Valfi 1,20770 0,90578 0,60385 0,72462 096616
Buharlagtirici 0,07316 0,05487 0,03658 0,04389 0,05853
Kondenser 0,82189 0,61641 0,41094 049313 0,65751
Toplam 3,07147 2,30360 1,53574 1,84288 245718

Cizelge 5. R410A Sogutucu Akiskani icin Bes Farkli Calisma
Durumu I¢in Sistem Elemanlarindaki Ekserji
Dengesi (Exergy Balances of System Components
in Five Different Working Conditions for R410A

Refrigerant)

Sistem A-Yanhz | B-3 Unite | C-2 Unite | D-1 Unite | E-Yanliz
Elemanlari | Sogutma | Sogutma | Sogutma | Sogutma Isitma
Ekserji Dengesi
Kompresor 4,03629 302722 2,01814 240177 3,22903
Genlesme Valfi -1,20770 -0,90578 -0,60385 -0,72462 -0,96616
Buharlagtirici 19,92684] 1494513 996342 11,9611 1594147
Kondenser -24,18313|  -18,13735|  -12,09156|  -14,50988]  -19,34650

Cizelge 2°de goriildiigii izere sistemin eg zamanl1 1sitma-
sogutma yaptigl yani 2 i¢ initenin sogutma ve 2 i¢
Unitenin 1sitma yaptigi durumda en diisiik sogutucu
akigkan debisi ger¢eklesmistir. Buna bagli olarak da
cizelge 3’te ve ¢izelge 4’te goriildigi iizere en disiik
entropi olusumu ve ekserji kaybr meydana gelmistir.
Cizelge 4’te goriildiigii lizere, biitiin i¢ initelerin sogutma
yaptig1 durumda 3,07 kW, 3 iinitenin sogutma 1 iinitenin
1sitma yaptig1 durumda 2,3 kW, 2 i¢ iinitenin sogutma ve
2 i¢ initenin 1sitma yaptigi durumda 1,53 kW, 1 ig¢
iinitenin sogutma 3 i¢ {initenin 1sitma yaptig1 durumda
1,84 ve biitiin i¢ iinitelerin 1sitma yaptig1 durumda 2,45
kW ekserji kayb1 meydana gelmistir.
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Sekil 3. R410A Sogutucu Akiskani i¢in Farkli Calisma Kosullarinda Sistem Ana Elemanlardaki Entropi Olusumu (Entropy
Generations of System Components in Different Working Conditions for R410A Refrigerant)
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Sekil 4. 4R410A Sogutucu Akiskami I¢in Farkli Calisma Kosullarinda Sistemin Tamanu ve Ana Elemanlardaki Ekserji Kayb1
(Exergy Loses of System Components and Entire System in Different Working Conditions for R410A Refrigerant)

R22 sogutucu akigkant i¢in analiz sonuglart,

Cizelge 6. R22 Sogutucu Akigkani Igin Sistemin Ozellikleri (Values of System for R22 Refrigerant)

R22 Sicaklik Basing Entalpi Entropi
(°c) (bar) (ki/kg) | (ki/kgK)
1 12 6,20 409,04 1,750
2 82,54 22,00 445,5 1,768
3 50 22,00 263,2 1,203
4 7 6,20 263,2 1,228
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Cizelge 7. R22 Sogutucu Akiskani I¢in Sistemin Is1 Yiikleri ve
Debileri (Heat Load and Mass Flow Rate of System
for R22 Refrigerant)

Isil Yiikler ve Debiler
. i¢ Unit:
iSLETME DURUMU | S e ol Q W, Kitlesel
Yuikleri (kw) .
(kw) (kw) (kw) Debi (kg/s)
A |Yanlhz Sogutma 20 20 25 5 0,13714
3 Unite Sogutma 15
— 15 18,75 3,75 0,10285
1 Unite Isitma 5
2 Unite Sogutma 10
Ci— 10 12,50 2,5 0,06857
2 Unite Sogutma 10
1 Unite Sogutma 5
D— 12 15 3 0,08228
3 Unite Sogutma 15
E |Yanhz Isitma 20 16 20 4 0,10971

Cizelge 8. R22 Sogutucu Akiskam I¢in Bes Farkli Caligma
Durumu Igin Sistem Elemanlarindaki Entropi
Olusumlar1  (Entropy Generations of System
Components in Five Different Working Conditions
for R22 Refrigerant)

Sistem A-Yanhz | B-3 Unite | C-2 Unite | D-1 Unite | E-Yanlhz
Elemanlari Sogutma | Sogutma | Sogutma | Sogutma Isitma
Entropi Olusum
Kompresor 0,00247 0,00185 0,00123 0,00148 0,00197
Genlegme Valfi 0,00343 0,00257 0,00171 0,00206 0,00274
Buharlastirici 0,00016 0,00012 0,00008 0,00009 0,00013
Kondenser 0,00126 0,00095 0,00063 0,00076 0,00101

Cizelge 9. R22 Sogutucu Akiskani icin Bes Farkli Calisma
Durumu fI¢in Sistem Elemanlarindaki Ekserji
Kayiplar (Exergy Loses of System Components in
Five Different Working Conditions for R22

Refrigerant)

Sistem A-Yanhz | B-3 Unite | C- 2 Unite | D-1 Unite | E-Yanhz
Elemanlari Sogutma | Sogutma | Sogutma | Sogutma Isitma
Ekserji Kayiplari (Tersil lik
Kompresor 0,73560 0,55170 0,36780 0,44136 0,58848
Genlegme Valfi 1,02167 0,76625 0,51083 0,61300 0,81733
Buharlastirici 0,04670 0,03503 0,02335 0,02802 0,03736
Kondenser 0,37627 0,28220 0,18814 0,22576 0,30102
Toplam 2,18025 1,63518 1,09012 1,30815 1,74420
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Cizelge 10. R22 Sogutucu Akiskani icin Bes Farkli Calisma
Durumu Igin Sistem Elemanlarindaki Ekserji
Dengesi (Exergy Balances of System Components
in Five Different Working Conditions for R22

Refrigerant)

Sistem A-Yanhz | B-3 Unite | C-2 Unite | D-1Unite | E-Yanhz
Elemanlari | Sogutma | Sogutma | Sogutma | Sogutma Isitma
Ekserji Dengesi
Kompresor 4,26440 3,19830 2,13220 2,55864 341152
Genlegme Valfi -1,02167 -0,76625 -0,51083 -0,61300 -0,81733
Buharlagtirici 19,95330 14,96497 9,97665 11,97198 15,96264
Kondenser -2462373|  -1846780|  -1231186|  -14,77424|  -19,69898

Cizelge 7°de goriildiigii izere sistemin es zamanli 1s1tma-
sogutma yaptigi yani 2 i¢ initenin sogutma ve 2 i¢
linitenin 1sitma yaptigi durumda en diisiik sogutucu
akigkan debisi ger¢eklesmistir. Buna bagli olarak da
cizelge 8’de ve ¢izelge 9’da goriildiigii lizere en disiik
entropi olusumu ve ekserji kaybt meydana gelmistir.
Cizelge 9°da gorildigli izere, biitiin i¢ Unitelerin
sogutma yaptig1 durumda 2,18 kW, 3 iinitenin sogutma 1
iinitenin 1sitma yaptig1 durumda 1,63 kW, 2 i¢ {initenin
sogutma ve 2 i¢ iinitenin 1sitma yaptigi durumda 1,09
kW, 1 i¢ iinitenin sogutma 3 i¢ initenin 1sitma yaptigi
durumda 1,30 ve biitlin i¢ iinitelerin 1sitma yaptigi
durumda 1,74 kW ekserji kayb1 meydana gelmistir.
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Sekil 5. R22 Sogutucu Akiskam Icin Farkli Caligma Kosullarinda Sistem Ana Elemanlardaki Entropi Olusumu (Entropy
Generations of System Components in Different Working Conditions for R22 Refrigerant)
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Sekil 6. R22 Sogutucu Akiskani I¢in Farkli Calisma Kosullarinda Sistemin Tamanu ve Ana Elemanlardaki Ekserji Kayb1
(Exergy Loses of System Components and Entire System in Different Working Conditions for R22 Refrigerant)

R404A sogutucu akigkani i¢in analiz sonuglari,

Cizelge 11. R404A Sogutucu Akiskam I¢in Sistemin Ozellikleri (Values of System for R404A Refrigerant)

RA04 Sicakhk Basing Entalpi Entropi
(°c) (bar) (ki/kg) | (ki/kgK)
1 12 7,50 394,55 1,688
2 82,54 25,60 422,4 1,695
3 50 25,60 283,2 1,266
4 7 7,50 283,2 1,287
Cizelge 12. R404A Sogutucu Akiskani i¢in Sistemin Is1 Yiikleri ve Debileri (Heat Load and Mass Flow Rate of System for
R404A Refrigerant)
Isil Yiikler ve Debiler
iSLETME DURUMU | '€ Unite Qs Q W, Kiitlesel
Yiikleri (kW) .
(kw) (kw) (kw) Debi (kg/s)
A |Yanhz Sogutma 20 20 25 5 0,17961
3 Unite Sogutma 15
B 15 18,75 3,75 0,13471
1 Unite Isitma 5
2 Unite Sogutma 10
Cr— 10 12,50 2,5 0,08981
2 Unite Sogutma 10
1 Unite Sogutma 5
D — 12 15 3 0,10777
3 Unite Sogutma 15
E |Yanhz Isitma 20 16 20 4 0,14369
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Cizelge 13. R404A Sogutucu Akiskani i¢in Bes Farkli Calisma Durumu Igin Sistem Elemanlarindaki Entropi Olusumlar
(Entropy Generations of System Components in Five Different Working Conditions for R404A Refrigerant)

Sistem A-Yanliz | B- 3 Unite | C- 2 Unite | D-1 Unite | E- Yanhz
Elemanlarni Sogutma | Sogutma | Sogutma | Sogutma Isitma
Entropi Olusum
Kompresor 0,00131 0,00098 0,00066 0,00079 0,00105
Genlesme Valfi 0,00377 0,00283 0,00189 0,00226 0,00302
Buharlastirici 0,00054 0,00041 0,00027 0,00033 0,00043
Kondenser 0,00083 0,00063 0,00042 0,00050 0,00067

Cizelge 14. R404A Sogutucu Akiskam Igin Bes Farkli Calisma Durumu Igin Sistem Elemanlarindaki Ekserji Kayiplari

(Exergy Loses of System Components

in Five Different Working Conditions for R404A Refrigerant)

Sistem A-Yanhz | B- 3 Unite | C- 2 Unite | D-1 Unite | E- Yanhz
Elemanlari Sogutma | Sogutma | Sogutma | Sogutma Isitma
Ekserji Kayiplari (Tersinmezlik
Kompresor 0,39073 0,29305 0,19537 0,23444 0,31259
Genlesme Valfi 1,12402 0,84302 0,56201 0,67441 0,89922
Buharlastirici 0,16172 0,12129 0,08086 0,09703 0,12938
Kondenser 0,24878 0,18658 0,12439 0,14927 0,19902
Toplam 1,92525 1,44394 0,96263 1,15515 1,54020

Cizelge 15. R404A Sogutucu Akigkani Igin Bes Farkli Calisma Durumu Igin Sistem Elemanlarindaki Ekserji Dengesi (Exergy
Balances of System Components in Five Different Working Conditions for R404A Refrigerant)

Sistem A-Yanhz | B- 3 Unite | C-2 Unite | D-1 Unite | E- Yanhz
Elemanlari Sogutma | Sogutma | Sogutma | Sogutma Isitma
Ekserji Dengesi
Kompresor 4,61151 3,45863 2,30576 2,76691 3,68921
Genlesme Valfi -1,12402 -0,84302 -0,56201 -0,67441 -0,89922
Buharlastirici 19,83828 14,87871 9,91914 11,90297 15,87062
Kondenser -24,75347 -18,56510 -12,37673 -14,85208 -19,80277

Cizelge 12°de gorildigli lizere sistemin es zamanli
1sitma-sogutma yaptigi yani 2 i¢ initenin sogutma ve 2 i¢
Uinitenin 1sitma yaptigi durumda en diisiik sogutucu
akigkan debisi gergeklesmistir. Buna bagli olarak da
cizelge 13°de ve gizelge 14’°te goriildiigii iizere en disiik
entropi olusumu ve ekserji kaybi meydana gelmistir.
Cizelge 14’te gorildigl lzere, biitlin i¢ {nitelerin
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sogutma yaptigir durumda 1,92 kW, 3 iinitenin sogutma 1
iinitenin 1sitma yaptig1 durumda 1,44 kW, 2 i¢ {initenin
sogutma ve 2 i¢ iinitenin 1sitma yaptigi durumda 0,96
kW, 1 i¢ initenin sogutma 3 i¢ {initenin 1sitma yaptigi
durumda 1,15 ve bitin i¢ Unitelerin 1sitma yaptigi
durumda 1,54 kW ekserji kayb1 meydana gelmistir.

Genlesme Valfi

Entropi Olusumu

REEE

Kondenser

id

Entropi Olusumu

RRR

Sekil 7. R404A Sogutucu Akiskam Icin Farkli Calisma Kosullarinda Sistem Ana Elemanlardaki Entropi Olusumu (Entropy
Generations of System Components in Different Working Conditions for R404A Refrigerant)
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Sekil 8. R404A Sogutucu Akiskami I¢in Farkli Calisma Kosullarinda Sistemin Tamami ve Ana Elemanlardaki Ekserji Kaybi
(Exergy Loses of System Components and Entire System in Different Working Conditions for R404A Refrigerant)

R507 sogutucu akiskani i¢in analiz sonuglari,

Cizelge 16. R507 Sogutucu Akiskani igin Sistemin Ozellikleri (Values of System for R507 Refrigerant)

R507 Sicaklik Basing Entalpi Entropi
o . .
(°c) (bar) (ki/kg) | (ki/kgK)
1 12 7,75 390,40 1,671
2 82,54 26,50 418,80 1,680
3 50 26,50 277,20 1,240
4 7 7,75 277,20 1,260
Cizelge 17. R507 Sogutucu Akiskani igin Sistemin Is1 Yiikleri ve Debileri(Heat Load and Mass Flow Rate of System for R507
Refrigerant)
Isil Yiikler ve Debiler
. i¢ Oni
iSLETME DURUMU | 16 Unite Qs Q Wi Kiitlesel
Yiikleri (kw) .
(kw) (kw) (kw) Debi (kg/s)
A |Yanhz Sogutma 20 20 25 5 0,17668
3 Unite Sogutma 15
B —: 15 18,75 3,75 0,13251
1 Unite Isitma 5
2 Unite Sogutma 10
C— 10 12,50 2,5 0,08834
2 Unite Sogutma 10
1 Unite Sogutma 5
D —— 12 15 3 0,10601
3 Unite Sogutma 15
E |Yanhz Isitma 20 16 20 4 0,14134
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Cizelge 18. R507 Sogutucu Akiskani I¢in Bes Farkli Calisma Durumu igin Sistem Elemanlardaki Entropi Olusumlar:
(Entropy Generations of System Components in Five Different Working Conditions for R507 Refrigerant)

Sistem A-Yanhz | B- 3 Unite | C-2 Unite | D-1 Unite | E-Yanlz
Elemanlan Sogutma | Sogutma | Sogutma | Sogutma Isitma
Entropi Olusum
Kompresor 0,00159 0,00119 0,00080 0,00095 0,00127
Genlegsme Valfi 0,00353 0,00265 0,00177 0,00212 0,00283
Buharlastirici 0,00119 0,00089 0,00059 0,00071 0,00095
Kondenser 0,00152 0,00114 0,00076 0,00091 0,00122

Cizelge 19. R507 Sogutucu Akiskani i¢in Bes Farkli Calisma Durumu Icin Sistem Elemanlarindaki Ekserji Kayiplari(Exergy

Loses of System Components in Five Different Working Conditions for R507 Refrigerant)
Sistem A-Yanhz | B-3 Unite | C- 2 Unite | D-1 Unite | E-Yanhz
Elemanlari Sogutma | Sogutma | Sogutma | Sogutma Isitma
Ekserji Kayiplari (Tersinmezlik)
Kompresor 0,47385 0,35539 0,23693 0,28431 0,37908
Genlesme Valfi 1,05300 0,78975 0,52650 0,63180 0,84240
Buharlastirici 0,35351 0,26513 0,17675 0,21210 0,28281
Kondenser 0,45266 0,33950 0,22633 0,27160 0,36213
Toplam 2,33303 1,74977 1,16651 1,39982 1,86642

Cizelge 20. R507 Sogutucu Akiskani icin Bes Farkli Calisma Durumu I¢in Sistem Elemanlarindaki Ekserji Dengesi(Exergy

Balances of System Components in Five Different Working Conditions for R507 Refrigerant)

Sistem A-Yanlz | B- 3 Unite | C-2 Unite | D-1 Unite | E- Yanhz
Elemanlan Sogutma | Sogutma | Sogutma | Sogutma Isitma
Ekserji Dengesi
Kompresor 4,54382 3,40786 2,27191 2,72629 3,63505
Genlesme Valfi -1,05300 -0,78975 -0,52650 -0,63180 -0,84240
Buharlastirici 19,64649 14,73487 9,82325 11,78790 15,71719
Kondenser -24,56500 -18,42375 -12,28250 -14,73900 -19,65200

entropi olusumu ve ekserji kaybr meydana gelmistir.
Cizelge 19’da gorildiigi tizere, biitiin i¢ {initelerin
sogutma yaptig1 durumda 2,33 kW, 3 iinitenin sogutma 1
iinitenin 1sitma yaptig1 durumda 1,74 kW, 2 i¢ {initenin
sogutma ve 2 i¢ iinitenin 1sitma yaptigi durumda 1,16

Cizelge 17°de gorildigli {lizere sistemin es zamanli
1sitma-sogutma yaptigi yani 2 i¢ linitenin sogutma ve 2 i¢
iinitenin 1sitma yaptigi durumda en diisiik sogutucu
akigkan debisi gerceklesmistir. Buna bagli olarak da
cizelge 18’de ve ¢izelge 19°da goriildiigii iizere en diigiik
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Sekil 9. R507 Sogutucu Akiskani Icin Farkli Calisma Kosullarinda Sistem Ana Elemanlardaki Entropi Olusumu(Entropy
Generations of System Components in Different Working Conditions for R507 Refrigerant)
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kW, 1 i¢ linitenin sogutma 3 i¢ {initenin 1sitma yaptigi
durumda 1,39 ve biitiin i¢ initelerin 1sitma yaptigi
durumda 1,86 kW ekserji kayb1 meydana gelmistir.

Termodinamik I. Kanun analizine gore sistemin
5 farkli kosulda ve 4 farkli sogutucu akiskan kullanilmasi
durumlarinda sogutucu akigkan debileri hesaplanmuistir.
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Sekil 10. R507 Sogutucu Akiskani I¢in Farkli Calisma Kosullarinda Sistemin Tamami ve Ana Elemanlardaki Ekserji Kaybi
(Exergy Loses of System Components and Entire System in Different Working Conditions for R507 Refrigerant)

Cizelge 21. Farkli Sogutucu Akiskanlar igin Sistemde Olusan Toplam Ekserji Kayiplar1 (Exergy Loses in Entire System for

Different Refrifgerants)

Sogutucu A- Yanhz | B- 3 Unite | C- 2 Unite | D-1 Unite | E-Yanhz
Akigkan Sogutma | Sogutma | Sogutma | Sogutma Isitma
Ekserji Kayiplari (Tersinmezlik
R410A 3,07147 2,30360 1,53574 1,84288 2,45718
R22 2,18025 1,63518 1,09012 1,30815 1,74420
R404A 1,95525 1,44394 0,96263 1,15515 1,54020
R507 2,33303 1,74977 1,16651 1,39982 1,86642
3. SONUC (CONCLUSION) Sistemin es zamanh 1sitma ve sogutma yaptigi

Gliniimiizde enerji sorunu, tiim diinyanin en Onemli
sorunlarindan bir tanesidir. Ozellikle, yaklasik %70 disa
bagimlilik orami ile iilkemizin enerji sorunu baslica
sorunlarindandir. Ayrica CO; salimimi konusunda
imzalanan s6zlesmeler ile birlikte enerji konusunda daha
hassas ¢alismalar yapilmasi zorunlu bir hal almistir.

Bu ¢alismada, 6rnek bir VRF sisteminin farkli ¢calisma
kosullarinda ve farkli sogutucu akiskan kullanildig:
durumlarda enerji ve ekserji analizi yapilmistir.
Termodinamigin 1. ve II yasasina goére ekserji
kayiplarinin hesab1 yapilip, karsilagtirilmistir.

durumlarda sogutucu akigkan debisinin en diisiik, biitiin
i¢ Unitelerin sogutma yaptig1 durumlarda ise sogutucu
akiskan debisinin en yiiksek oldugu tespit edilmistir.

Termodinamik II. Kanun analizinde ise, 5 farkli kosulda
ve 4 farkli sogutucu akigkan kullanilmas1 durumlarinda
sistemin ana elemanlarinda gergeklesen entropi
olusumlar1 hesaplanmigtir. Sistemin es zamanli 1sitma-
sogutma yapma kosulunda ger¢eklesen entropi {iretimi,
sistemdeki elemanlar bagimsiz olarak ele alindiginda,
yalniz 1sitma ve yalniz sogutma yapma kosullarina gore
daha az gerceklestigi tespit edilmistir. Bunun
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sonuncunda sistemin tamami ele alindiginda es zamani
1sitma-sogutma yapma kosulunda gergeklesen entropi
olusumunun, yalmz i1sitma ve yalniz sogutma yapma
kosularina gore daha az gerceklestigi tespit edilmistir.
Sistem elemanlarinin ekserji kayiplar1 hesaplandiginda
es zamanli 1sitma-sogutma yapma kosulunda sistemin
ekserji kaybi, yanliz 1sitma ve yalniz sogutma yapma
kosullarina  gore  O6nemli miktarda daha az
gerceklesmistir. Ayrica, R404A sogutucu akiskani
kullanilmas1 durumunda sistemde meydana gelen ekserji
kaybinin en diisiik oldugu tespit edilmistir. R404A
sogutucu akigkanimi sirasiyla R22 ve R507 sogutucu
akigkanlar1 takip etmis, R410A sogutucu akiskani
kullanilmas1 durumunda ise en yiiksek ekserji kaybinin
meydana geldigi tespit edilmistir.

Analiz sonuglarinda da gorildigi {izere,
degisken sogutucu akiskan debili sistemlerin, es zamanli
1sitma ve sogutma ihtiyaci olan ortamlarda(otel, hastane
gibi) kullanilmasi, sistemde olusan ekserji kaybini en aza
indirmektedir. Ayrica daha farkli akiskanlar kullanilarak
yapilacak analizlerle, sistemde meydana gelen ekserji
kayiplar1 en diigik seviyeye indirilebilecektir. Bu
calisma, sistemde olusan ekserji kayiplarii diigiirecek
calismalar yapilarak sistemin ekserji veriminin
artirillabilmesi ve yeni iriinlerin tasarlanmasi agisindan
o6nemlidir.

KISALTMALAR ve SEMBOLLER
(ABBREVIATIONS and SYMBOLS)
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VRF  Variable Refrigerant Flow
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DistaloyAB Tozundan Uretilmis ve Elmas
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0z
Bu caligmada; iki farkli kimyasal bilesimdeki DistaloyAB tozlarindan iiretilen numunelere uygulanan nanoelmas ilaveli krom
elektrokaplama igleminin numunelerin mikroyapi ve korozyon davranigina etkisi incelenmistir. % 0,2 ve % 0,5 karbon ilaveli
DistaloyAB tozlar1 420 MPa basingta sikistirilmis ve sinterlenmistir. Uretilen numunelerin SEM ve AFM incelemesi ve korozyon
testleri yapilmustir. Numunelerin korozyon hizlar1 0,1M H2SO4 ve 0,1M NaOH ¢ozeltilerinde, Tafel ekstrapolasyonu yontemi ile
Ol¢iilmiistiir. Deneysel sonuglar, toz metal numunelerin nanoelmas ilaveli krom ile kaplanmasi ile korozyon hizlarinda 6nemli
azalmalar oldugunu goéstermistir.

Anahtar Kelimeler: Toz Metalurjisi, Kompozit Kaplama, Nanoelmas, Korozyon, AFM.

Investigation of Corrosion Behavior of Powder
Metallurgy Materials Produced From DistaloyAB
Powders and Electrochemically Coated Chromium

With Diamond Nanopartical Additive

ABSTRACT

In this study, 0,2% and %0,5 carbon added DistaloyAB metal powders were pressed under 420 MPa compression and sintered.
The specimens produced were coated with diamond nanoparticle added chromium using electrochemical method. The coated and
uncoated specimens were compared and the effect of coating on the microstructure, and corrosion behavior of the powder metal
specimens was studied. The specimens were examined with scanning electron microscope (SEM) and atomic force microscopy
(AFM). Their corrosion rates were measured in 0,1 M H2SO4and 0,1M NaOH solutions by applying Tafel extrapolation method.
The experimental results showed that coating of powder specimens with diamond nanoparticles added chromium decreases
corrosion rate the samples.

Keywords: Powder Metallurgy, Composite Coating, Nanodiamond, Corrosion, AFM.

1. GIRiS (INTRODUCTION)

Toz metalurjisi kiiclik yapisal parca imalatinda hizla

kaplama, anodik veya katodik koruma ve alagimlama
yontemleri kullanilmaktadir [1]. Kaplamalar akimsiz ve

geligen bir teknolojidir. Toz metalurjisinde elde edilen
diizenli mikroyapi, alasim ve kompozit imalatina ilgiyi
artirmistir.  Toz metaliirjisi  Urlinlerinde asinma ve
korozyon endiistride sik karsilagilan bir problem
olmustur. Bu durum f{iretilen pargalarin kullanimini
sinirlamaktadir. Bu nedenle genellikle korozyonun ve
aginmanin olmayacagi ortamlar tercih edilmektedir. Bu
problemlerin ¢oziilmesi ile toz metalurjisinin endiistriyel
uygulamalarinin sayist artacaktir. Endiistride metal
parcalarin korozyon direncini iyilestirmek amaci ile

*Sorumlu Yazar (Corresponding Author)
e-posta: esalamci@gazi.edu.tr
Digital Object Identifier (DOI) : 10.2339/2017.20.1 223-230

elektrolitik kaplama olarak yapilmaktadir. Akimsiz
kaplama ile akimli kaplama karsilastirildiginda, kaplama
hizi, sertlik, asmma direnci ve siirtiinme katsayisi
degerlerinde farkliliklar oldugu, elektrolitik kaplamada
s6z konusu degerlerinin daha yiiksek oldugu
bulunmustur|2].

Uygulanan kaplamalarin 6zelliklerini iyilestirmek ve
uygulama alanlarin1 genisletmek icin kaplama igerisinde
nano boyuttaki partikiillerin dagitilmasi ile kompozit
kaplamalar olusturulmaktadir. Bu tiir kaplamalarda
krom; matris olarak asinma direnci yiiksek ve gelecek
vaat eden malzeme olarak bilinmektedir. Literatiirde
krom kompozit kaplamada ¢ok g¢esitli pargaciklar
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kullanilmustir. AlO3, TiO,, B4C, TiBy, CrsC», Zr By, WC,
CeO,, grafit ve elmas pargaciklar 6rnek olarak verilebilir
(3.

Nanoelmas parcaciklarin kompozit kaplamanin asinma
ve korozyon direncini artirdig1 arastirmacilar tarafindan
belirtilmistir [4,5]. Nanoelmas ilaveli krom kaplamalar
farkli celikler tizerine uygulanmistir[6,7]. Ancak
literatlirde toz metal parga ilizerine nanoelmas ilaveli
krom kaplamaya rastlanmamstir. Bu ¢aligmada;
nanoelmas ilaveli krom kaplamalarin, karbon oranlari
farkli olan toz metal numunelere uygulamasi yapilmis,
kaplanmis ve kaplanmamis numunelerin mikroyapilar
ile 0,2M H,SO. ve 0,1M NaOH ¢ozeltilerinde korozyon
direnci incelenmistir.

2. MALZEME VE METOT (MATERIAL AND
METHOD)

Bu c¢alismada kullanilan kismen o6n alasimli karbon
ilaveli DistaloyAB tozlarmmm kimyasal bilesimi
Cizelge.1’de verilmistir. Toz numuneler 420 MPa
stkistirma basincr ile tek yonlii olarak preslenmis,
endogaz atmosferinde 1120 °C’de 30 dakika siire ile
sinterlenmis ve daha sonra ayni soguma hizi ve atmosfer
altinda oda sicakligina kadar sogutulmustur.
Cizelge 1. Caligmada kullanilan metal tozunun kimyasal
bilesimi (% agirlik) The chemical composition of the
metal powder used in the study (weight %)

- . Yaglayici
Baz Toz | Grafit |Cu| Ni | Mo | MnS | Fe (H.Wachs)
Distaloy

Py 02 |15|171]05]| 05 | Kalan 0,9
Disaloy | 05 |15 17| 05| 05 |Kalan | 09

Teorik yogunluk, %0,2 C ilaveli DistaloyAB tozlarindan
tiretilen numuneler igin 7.89 g/cm® ve % 0,5 C ilaveli
DistaloyAB tozlarindan iretilen numuneler igin 7.88
g/cm® olarak hesaplanmistir. Sinterlenen numunelerin
yogunluklar1  Argimet teknigi ile bulunmustur.
Sinterleme sonrasi gézenek miktarlart belirlenmistir.

Kaplama banyosu kimyasal bilesimi 220 g/l CrOs, 2.2 g/l
HSO,  ve 25 g/l nanoelmas  karigimindan
olusturulmustur. Nanoelmaslarin boyutlar1 ortalama 6
nm’dir. Nanoelmas tipi DND-B olup, NPO Altai,Bissk
(Russian Federation)(Patlatma sentezi ve saflastirma)
irtiintidiir. Nanoelmaslarin ¢ozelti igerisinde
topaklanmamasi i¢in, kaplama sirasinda 120 devir/dak
hizinda manyetik karistirict  kullanilmistir.  Banyo
bilesimi ve ¢aligma kosullart (banyo sicakligi 50 °C, akim
yogunlugu 45 A/dm?, kaplama siiresi 45 dakika) kaplama
sirasinda sabit kalacak sekilde ayarlanmistir.

Mikroyapt incelemesi i¢in sicak bakalite alinan
kaplamasiz numuneler geleneksel SiC zimparalama ve
ardindan 3um ve lpum elmas siispansiyonlarla kece ile
parlatilmistir ve ultrasonik temizleme yapilmistir.
Kaplamasiz ve kaplamali numunelerin yiizeyleri
mikroyap1 incelemesi optik mikroskop Olympus GX79
ve SEM FEI QUANTA 450 FEG cihazlarinda
yapilmigtir. AFM goriintli analizi Nanomagnetics Ins.
marka AFM cihazi ile dinamik modda alinmis 6lglimler
oda sicakliginda gergeklestirilmistir. Kaplanmamis ve
kaplanmis numuneler soguk bakalite alinarak korozyon
testi i¢in caligma elektrotu hazirlanmistir.
Elektrokimyasal 6l¢timler 0,1M H2SO4 and 0,1M NaOH
¢ozeltilerinde oda sicakliginda yapilmustir. Uglii elektrot
sisteminde, referans elektrot olarak doygun kalomel
elektrot (DKE), karsi elektrot olarak platin tel
kullanilmugtir.  Elektrokimyasal — olgtimler,  lvium
Compactstat cihazi ve IviumSoft programui kullanilarak
yapilmistir. Tafel ekstrapolasyonu yonteminde anodik ve
katodik Tafel polarizasyon egrileri elde edilerek
korozyon hizi, korozyon potansiyeli Ekor, Tafel egimleri
Ba ve Bk ve polarizasyon rezistansi belirlenmistir.

3. DENEYSEL CALISMALAR (EXPERIMENTAL
STUDIES)

3.1. Yogunluk ve Mikroyapi (Density and
Microstructure)

Demir esasli toz metallerin kimyasal bilesim farkliliginin
yogunluk ve gézeneklilige etkisi Cizelge.2’de goriilmek-
tedir. Numunelerin sinterleme sonrasi yogunluklari
sirasiyla yaklagik 7,10 g/cm® ve 7.16 g/cm® olarak
bulunmustur. Numunelerin toplam gozenek orani yakla-
stk olarak ayni bulunmustur.

%0,2 C ve %0,5 C ilaveli DistaloyAB tozlarindan
iretilen numunelerin optik mikroskop goriintiileri
sirasiyla  Sekil 1’de  goriilmektedir. Numunelerde
homojen ve kiigiik gdzenek yapist gorilmektedir.
DistaloyAB tozunda bakir kati ¢dzelti icinde
bulundugundan sinterleme sonrasinda biiyiik ve diizensiz
gozenek olusturmamistir [8].

Cizelge 2. Toz metal numunelerin yogunluk ve toplam
gozenek miktar1 (Density and amount of total
porosity of powder metal specimens)

Sinterleme Toplam
Numune sonrasi yogunluk gozeneklilik
(g/cmd) oram (%)
%0,2 C Tlaveli
DistaloyAB 7,16 9.24
%0,5 C ilaveli
DistaloyAB 7,10 98
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Sekil 1. DistaloyAB toz metalinden iiretilen kaplanmamig numunelerin 100X biiyiitmede optik mikroskop goriintiileri (a)
%0,2 C ilaveli (b) %0,5 C ilaveli (Optical micrographs with 100X magnification of uncoated specimens made of

DistaloyAB with (a) 0.2%C (b) 0.5%C

Gozle muayenede kaplanan malzemelerin diizgiin,
homojen bir yapida oldugu ve kaplama yiizeyinde
diizensizlikler — olmadigr  gorilmiistiir.  Kaplanan
numunelerin SEM goriintiileri Sekil 2°de goriilmektedir.
Kaplamanin gozenekli yapida oldugu goriilmektedir.
Sekil 3’te goriildiigii gibi numunelerin yiizeyindeki
kalint1 i¢ gerilme sonucu ¢atlaklar olusmus ve olusan
catlaklarin  yogunlugunun, kaplamanin  sertligini,
korozyon ve asinma direncini etkiledigi diisliniilmek-
tedir. Benzer c¢aligmalarda ¢atlak yogunlugunun

g 2 — =] ot
= | 4 Darex v x | ¢ £1D

kaplamanin sertligini, korozyon direncini ve asinma
direncini etkiledigi bulunmustur [9].

Kaplamalarin optik mikroskoptan alinan kesit resimleri
Sekil 4’te gortiilmektedir.

Toz metal malzemenin yiizeyinin gézenekli olmasindan
dolay1 kaplama kalinliginda bolgesel farkliliklar
goriilmektedir. Elektrolitik kaplama yapilan numunenin
yilizeyindeki piriizliiliik, kaplama kalinliginin yer yer
farklilik gdstermesine neden olmustur. Keskin kose ve
kenarlar, gibi ana malzeme ylizeyindeki farkliliklar,
anoda olan mesafe farkliligi homojen akim yogunlugu

Sekil 3. DistaloyAB toz metalinden iiretilen kaplanmig numunelerin SEM goériintiileri (a) %0,2 C ilaveli (b) %0,5 C ilaveli
(SEM images of coated specimens made of DistaloyAB with (a) 0.2%C (b) 0.5%C)
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dagilimin1 6nlemektedir. Bunun sonucu olarak kaplama  elementlerin tespiti beklenen bir sonugtur. Farkli iki
kalinliginda diizensizlik olmaktadir.[10] numunenin EDS analizlerinin sonuglarinda bir farklilik

Sekil 4. DistaloyAB toz metalinden iiretilen kaplanmis numunelerin optik mikroskop goriintiileri (a) %0,2 C ilaveli (b) %0,5
C ilaveli (Optical micrographs of coated specimens made of DistaloyAB with (a) 0.2%C (b) 0.5%C)

Sekil 5’te her iki kaplanmis numuneden ¢ekilen SEM  olmadigi anlagilmaktadir. Ana malzemenin grafit
goriintiisii goriilmektedir. Sekil 6 ve Sekil 7°de her iki  oranindaki farkliligin kaplamaya herhangi bir etkisinin
numuneden elde edilen SEM goriintiilerinin nokta EDS  olmadigi bulunmustur [10].

analizinde Cr ve C elementleri belirlenmistir. Bu

Sekil 5. a) % 0,2 C ilaveli DistaloyAB toz metalinden iiretilmis ve kaplanmis numunenin 120000 biiyiitme ile ¢ekilen SEM
goriintiisii (SEM image with 120000x magnification of coated specimen made of DistaloyAB with 0,2%C) b) % 0,5
C ilaveli DistaloyAB toz metalinden iiretilmis ve kaplanmis numunenin 30000 biiyiitme ile ¢ekilen SEM goriintiisii
(SEM image with 30000x magnification of coated specimen made of DistaloyAB with 0,5%C)

Cr Ka
243K

Element % A grlik % Atomik Hata %
C 12,94 3915 11,43
1.89K Cr 87.06 60,85 203

216K

162K

135K

1.08K

081K

0.54K

027K

0.00K ——
00 13 26 39 52 6.5 78 91 104 n7 130

Sekil 6. % 0,2 C ilaveli DistaloyAB toz metalinden iretilmis ve kaplanmis numunenin EDS analizi (EDS analysis of coated
specimen made of DistaloyAB with 0,2%C)
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£.IUK
CrKa
243K Element % A gtk % Atomik Hata %
216K € 382 14,69 15,77
189K Cr 96,18 8531 1,97
162K
135K
1.08K]
0.81K]
054K Crla
CrKp1
0.27K| cka
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o 13 26 39 82 65 78 91 104 117 130

Sekil 7. % 0,5 C ilaveli DistaloyAB toz metalinden iiretilmis ve kaplanmis numunenin EDS analizi (EDS analysis of coated

specimen made of DistaloyAB with 0,5%C)

3.2 Atomik Kuvvet Mikroskobu Analizi (Atomic
Force Microscopy Analysis)

AFM ile Ixlum? alandaki 3 boyutlu goriintiileme
yapilmistir. Numunelere ait goriintiiler Sekil 8 ve Sekil
9’da goriilmektedir.

1000.0 nen.

1000.0 nm

Sekil 8. % 0,2 C ilaveli DistaloyAB toz metalinden iiretilmis ve
kaplanmis numunenin 3D AFM goriintiisii ( 3D AFM
image of coated specimen made of DistaloyAB with
0,2%C)

BT

1000.0 nm.

1000.0 nm

Sekil 9. % 0,5 C ilaveli DistaloyAB toz metalinden iiretilmis ve
kaplanmig numunenin 3D AFM goriintiisii 3D AFM
image of coated specimen made of DistaloyAB with
0,5%C)

Hesaplanan R. ve RMS degerlerini gosteren Cizelge
Cizelge3’de verilmistir. Kaplamanin Ra ve RMS yiizey
purizliligi degerleri AFM goriintiilerinden yazilim
kullanilarak hesaplanmistir. Yapilan yiizey morfolojisi
calismalari neticesinde Cr/NE kaplamalari,
gorilintiilerden de anlasilacagi gibi olduk¢a homojen ve

diizgiin yiizeylere sahiptirler. Kaplamadaki piiriizliilige
etki eden parametreler ana malzeme pirtzliligi ve
banyodaki nanoelmas parcaciklarin konsantrasyonudur.
Ana malzemedeki grafit oraninin degismesinin
kaplamalarin piiriizliiligiine bir etkisi olmamustir.

Cizelge 3. Kaplanmig numunelerin yiizey piiriizliilik degerleri
(Surface roughness values of coated specimens)

Numune kodu Ra (nm) | RMS (nm)
%0,2 C ilaveli DistaloyAB 3,18 4,01
%0,5 C Ilaveli DistaloyAB 5,00 6,23

3.2 Korozyon Davranisi (Corrosion Behavior)

Kaplanmamis toz metal numunelerin, 0,1 M H>SO4
cozeltisindeki  korozyon testi sonucundaki Tafel
polarizasyon egrileri, Sekil 10°da verilmektedir.
Numunelerin Tafel egrileri sonuglar1 Cizelge 4’te
verilmistir. Numunelerin  kaplanmamis  durumdaki
korozyon hizlarinin hemen hemen ayni oldugu
gorilmiistiir. 0,1M HySOs ¢6zeltisinde zamana bagh
olarak, gozeneklerde korozyon firiinleri birikmesi
muhtemeldir.  Diisiik  yogunlukta  numunelerde
gozenekler ¢cok acgiktir ve yiiksek yiizey alani nedeniyle
korozyon hiz1 biiyiiktiir [11].

Log Akim

1-%0.2 C takviyeli Distaloy
AB tozundan dretilmig
numune

2-%0.5 C takvyeli Distaloy
AB tozundan dretilmig
numune

T T T
1.0 05 0.0

Potansiyel (DKE) Vv

Sekil 10. 0,1 M H2SO4 ¢6zeltisinde %0,2 C ve %0,5 C ilaveli
DistaloyAB toz metalinden {iretilen kaplanmamis
numunelerin Tafel polarizasyon egrileri (Tafel
polarization curves of uncoated samples made of
DistaloyAB with 0,2%C and 0,5%C in 0,1 M H2SO4
solution)
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Cizelge 4. 0,2 C ve 0,5 C ilaveli DistaloyAB toz metalinden
iretilen kaplanmamis numunelerinin 0.1M H2SO4
¢ozeltisinde Tafel polarizasyon sonuglart (Tafel
polarization results of uncoated samples made of
DistaloyAB with 0,2%C and 0,5%C in 0,1 M H2SO4

solution)
Korozyon

Numune Ekor| Rp pa Bk iz

(V) | (Ohm) | (V/dec) | (V/dec) (mmyal)
%0,2 C Tlaveli
DistaloyAB 048937 |0158 |0163 13,04
%0,5 C Tlaveli
DistaloyAB 0521216 |0151 |0187 13,13
A

Log Akim
w
1

1- Kaplanmamis numune
2-Kaplanmig numune

T
-1.0 05 00
Potansiyel (DKE) Vv

Sekil 11. 0,1M H2SO4 ¢ozeltisinde %0,2 C ilaveli DistaloyAB
toz metalinden tretilen kaplanmamis ve kaplanmig
numunelerin Tafel polarizasyon egrileri (Tafel
polarization curves of uncoated and coated samples
made of DistaloyAB with 0,2%C in 0,1 M H2SO4
solution)

Log Akim

1- Kaplanmamis numune
2-Kaplanmis numune

T T
-1.0 -0.5 0.0

Potansiyel (DKE) Y

Sekil 12. 0,1M H2SOg4 ¢ozeltisinde %0,5 C ilaveli DistaloyAB
toz metalinden iretilen kaplanmanmus ve kaplanmis
numunelerin Tafel polarizasyon egrileri (Tafel
polarization curves of uncoated and coated samples
made of DistaloyAB with 0,5%C in 0,1 M H2SO4
solution)

Sekil 11°de ve Sekil 12°deki tafel polarizasyon egrilerin-
de kaplanmamis ve kaplanmis numunelerin katodik ve
anodik dallar1 incelendiginde; kaplamis numunelerin,
korozyon akim yogunlugunda Snemli oranda azalma
oldugu goriilmektedir.

Numunelerin Tafel egrilerinden elde edilen sonuglar
Cizelge 5 ve Cizelge 6°da verilmistir. Buna gore
nanoelmas ilaveli krom kaplama, hem %0,2 C ilaveli
Distaloy AB tozundan firetilmis numunene de hem de
%0,5 C ilaveli Distaloy AB tozundan iiretilmis
numunene de %57 oraninda korozyondan koruma
saglamigtir. Her iki numune-de de kaplanmis
numunelerin  korozyona kars1 direncinin  arttig1
anlagilmaktadir. Buna gore, toz metalurjisiyle iire-tilmis
numunelerinin  0,1M H,SO4 ¢ozeltisinde korozyon
direncinin zayif oldugu ancak iizerine yapilan nanoelmas
krom kaplamalarin korozyon direncini artirdigi goriil-
miistiir. Cr kaplama ¢ozeltisindeki nanoelmas parcacikla-
rinin varligl, metal matrisin mikroyapisini degistirerek,
korozyon direncini artirmaktadir [12].
Cizelge 5. %0,2 C ilaveli DistaloyAB toz metalinden {iretilen
kaplanmamis ve kaplanmis numunelerin 0,1M
H2SO04 ¢ozeltisinde Tafel polarizasyon sonuglari
(Tafel polarization results of uncoated and coated
samples made of DistaloyAB with 0,2%C in 0,1 M
H2S04 solution)

Numune Ekor| Rp pa Pk KOLC:;]YO”
(V) | (Ohm) | (V/dec) | (V/dec) (mm/yil)

Kaplamasiz | -0,48 | 93,7 0,158 0,163 13,04

Kaplamali |-0,83 | 2754 [0,139 |0,132 |5,55

Cizelge 6. %0,5 C ilaveli DistaloyAB toz metalinden iiretilen
kaplanmamis ve kaplanmis numunelerin 0,1M H2SO4
cozeltisinde Tafel polarizasyon sonuglari (Tafel
polarization results of uncoated and coated samples
made of DistaloyAB with 0,5%C in 0,1 M H2SO4

solution
Numune Ekor | Rp pa Pk lll<121rozy0n
(V) | (Ohm) | (Videc) | (V/dec) (mm/yil)
Kaplamasiz | -0,52 | 121,6 |0,151 |0,187 13,13
Kaplamali |-0,74 |446,5 |0,176 0,157 5,709

Kaplanmamig toz metal numunelerin 0,1M NaOH
cozeltisindeki korozyon testi sonrasi Tafel polarizasyon
egrileri, Sekil 13’de Tafel egrilerinden elde edilen
sonuglar ise Cizelge 7°de verilmistir.

1

1-%0.2 C takviyeli Distaloy
4_| AB tozundan dretilmig
numune

2-%0.5 C takviyeli Distaloy
AB tozundan dretilmig
numune

T T T T

-15 -1.0 05 0.0

Potansiyel (DKE) Y

Sekil 13. 0,1M NaOH ¢ozeltisinde %0,2 C ve %0,5 C ilaveli
DistaloyAB toz metalinden iiretilen kaplanmamig
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numunelerin Tafel polarizasyon egrileri (Tafel
polarization curves of uncoated samples made of
DistaloyAB with 0,2%C and 0,5%C in 0,1 M
NaOH solution)

Cizelge 7. %0,2 C ve %0,5 C ilaveli DistaloyAB toz metalinden
iretilen kaplanmamis numunelerin 0,1M NaOH
¢ozeltisinde Tafel polarizasyon sonuglar1 (Tafel
polarization results of uncoated samples made of
DistaloyAB with 0,2%C and 0,5%C in 0,1 M NaOH

metalinden {iretilen numuneler i¢in %84 oraninda
koruma saglamistir.

Cizelge 8. %0,2 C ilaveli DistaloyAB toz metalinden iiretilen
kaplanmamis ve kaplanmis numunelerin 0,1M
NaOH ¢ozeltisinde Tafel polarizasyon sonuglari
(Tafel polarization results of uncoated and coated
samples made of DistaloyAB with 0,2%C in 0,1 M
NaOH solution)

solution)
Korozyon
Ekor| Rp Ba pk Korozyon Ekor | Rp pa Bk Y
Numune 17" | (ohm) | (videc) | (videc) | | M2 Numune 1y | (ohm) | (videc) | (videc) | M
(mm/y1l) (mm/y1l)
%0,2 C Kaplamasiz | -1,04 | 268,2 |0,147 |0,155 |[4,52
gai‘\slgl'oyAB 10412682 10,147 10155 14,525 Kaplamali |-0,85 | 1996 |0,181 |0179 |[0,72
%0,5 Cc A 2|
ilaveli -1,05(198,6 (0,126 |0,146 |5,311
DistaloyAB
c -3
0,1 M NaOH ortamindaki numunelerin korozyon hizlar1 E)
pasiflesme nedeniyle, 0,1M H>SO,; ortamina kiyasla 4

olduk¢a diigiik ¢cikmustir. %0,2 C ve %0,5 C ilaveli
Distaloy AB tozundan iiretilen toz metal numunelerinin
kaplanmamis durumdaki korozyon hizlar1 arasinda
onemli bir fark goriilmemektedir.

Sekil 14 ve Sekil 15°de tafel polarizasyon egrilerinde
kaplanmamig ve kaplanmis numunelerin tafel egrileri
kargilagtirilmig, Cizelge 8 ve Cizelge 9°da tafel
egrilerinden elde edilen sonuglar verilmistir.

Log Akim

1-Kaplamamig numune

2-Kaplanmig numune

Potansiyel (DKE)

Sekil 14. 0,1M NaOH ¢ozeltisinde %0,2 C ilaveli DistaloyAB
toz metalinden tiretilen kaplanmanmus ve kaplanmig
numunelerin Tafel polarizasyon egrileri (Tafel
polarization curves of uncoated and coated samples
made of DistaloyAB with 0,2%C in 0,1 M NaOH
solution)

Cizelge 8’de goriildiigii gibi kaplanmamis ve kaplanmig
numunelerin korozyon hizlar sirastyla 4,525 ve 0,724
mm/y1l olarak bulunmustur. Nanoelmas ilaveli krom
kaplama bu ortamda %0,2 C ilaveli DistaloyAB toz

1-Kaplamamig numune

2-Kaplanmig numune

-15 -1.0 05 0.0

Potansiyel (DKE) v

Sekil 15. 0,1M NaOH ¢ozeltisinde %0,5C ilaveli DistaloyAB
toz metalinden iiretilen kaplanmamis numunelerin
Tafel polarizasyon egrileri (Tafel polarization curves
of uncoated and coated samples made of DistaloyAB
with 0,5%C in 0,1 M NaOH solution)

Cizelge 9. %0,5 C ilaveli DistaloyAB toz metalinden iiretilen
kaplanmamis ve kaplanmis numunelerin 0,1M
NaOH c¢ozeltisinde Tafel polarizasyon sonuglari
(Tafel polarization results of uncoated and coated
samples made of DistaloyAB with 0,5%C in 0,1 M
NaOH solution)

Numune Ekor | Rp pa Bk KOLC:;yon
(V) | (Ohm) | (V/dec) | (V/dec) (mm/yil)

Kaplamasiz | -1,05 | 198,6 |0,126 |0,146 |5,311

Kaplamali |-0,86 | 2212 0,284 |0,234 |0,931

Kaplanmamis ve kaplanmis numunelerin korozyon
hizlarnt sirasiyla 5,311mm/y1l ve 0,931 mm/yil olarak
bulunmustur. Nanoelmas ilaveli krom kaplama bu
ortamda %0,5 C ilaveli DistaloyAB toz metalinden
iretilen numuneler i¢in %82 oraninda koruma
saglamistir. Kromun soy kaplama olmasi ve kararliligini
koruyup, metal ile korozyona neden olan ortam arasinda
etkili bir engel olusturmas: sayesinde malzemenin
korozyon direnci artmustir [13]. Benzer sekilde Nguyen
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ve ark.(2009) AISI 1024 celigini krom ve nanoelmas
ilaveli krom ile kaplamislar, %3,5 NaCl ortamda
nanoelmas ilaveli krom kaplamali numunenin krom kaplh
numunenin korozyon direncinin daha iyi oldugunu %86
oraninda arttigini bulmuslardir [14].

4. SONUC VE ONERILER (CONCLUSIONS AND
RECOMMENDATIONS)

Bu ¢aligma ile aragtirmalarda ¢elik numune {izerine
uygulanan nanoelmas ilaveli krom kaplama
isleminin, toz metal numune tizerine uygulanmasi
saglanmistir. Yapilan kaplamanin numunelerin
asidik ve bazik ortamlarda, korozyon direncini
artirdig1 anlasilmustir.

Toz metal numunelere yapilan nanoelmas ilaveli
krom kaplama 0,1M H;SO4 ¢ozeltisinde her iki
numunede de %57 oraninda korozyondan koruma
saglamustir.

Toz metal numunelere yapilan nanoelmas ilaveli
krom kaplama 0,1M NaOH c¢ozeltisinde %0,2 C
ilaveli Distaloy AB tozundan iiretilmis numunede
%84, %0,5 C ilaveli Distaloy AB tozundan
tiretilmis numunede ise %82 oraninda korozyondan
koruma saglamistir. Caligmada agirlik¢a iki farkli
karbon orant ile c¢aligma yapilmasinin nedeni
kimyasal bilesimdeki grafit yiizdesinin kaplamanin
korozyon direncine etkisinin arastiritlmasidir.
Sonucta grafit oraninin korozyona direncine
etkisinin olmadigi bulunmustur.
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Is1l Islemin Baz1 Aga¢ Malzemelerde Yiizey

Piirtizliligi ve Vernik Yapisma Direncine Etkisi

Suat ALTUN", Musa ESMER
Karabiik Universitesi, Teknoloji Fakiiltesi, Endiistriyel Tasarim Miihendisligi Boliimii,
Demirgelik Kampiisii, 100. Y1l, Merkez, Karabiik.
( Gelis/Received : 03.06.2016 ; Kabul/Accepted : 04.10.2016 )

0z

Son yillarin en ¢ok arastirilan konularindan olan 1s1l iglem gérmiis aga¢c malzemeler i¢in de geleneksel iist yiizey malzemeleri
kullanilmaktadir. Isil islem malzemenin fiziksel ve kimyasal yapisinda degisimlere neden oldugundan, geleneksel iist yiizey
malzemelerinin katman performansini da etkileyecegi diisiiniilmektedir. Bu ¢aligmada 1s1l iglem gérmiis aga¢ malzemede, yiizey
hazirlik isleminin ve vernik ¢esidinin, vernik yapigma direnci {izerine etkilerini belirlemek amaglanmugtir. Thermowood yontemi
ile 1s1l islem gormiis Disbudak (Fraxinus excelsior L.), Saricam (Pinus sylvestris Lipsky) ve Iroko (Chlorophora excelsa)
orneklerinin zimparalanmis ve rendelenmis yiizeylerine; solvent bazl sentetik esasli, renk pigmentli yar1 seffaf vernik (HD), alkid
baglayici esash silikonlu vernik (SI), iiretan alkid kombinasyon esasli tek bilesenli poliiiretan (PU) vernik ve akrilik esasli su bazli
vernik (AS) uygulanmus, yiizey piirlizliiliigiiniin ve vernik ¢esidinin vernik yapisma direncine etkileri ortaya konmustur. Isil iglem
gormiis orneklerde vernik yapisma direncinin genellikle daha diisiik oldugu belirlemistir. En yiiksek vernik yapigsma direnci,
politiretan vernikte tespit edilmistir. Sarigam, iroko ve disbudakta en yiiksek yapisma direnci degerleri sirasiyla 4.98 MPa, 5.88
MPa, 6.61 MPa olarak, kontrol grubu rendelenmis yiizeyde, poliiiretan vernikte tespit edilmistir.

Anahtar kelimeler: Isil islem; Vernik Yapisma Direnci; Yiizey Piiriizliiliigii; Ahsap Vernikleri.

The Effect of Heat Treatment on The Surface
Roughness and Varnish Adhesion of Wood

ABSTRACT

The same conventional varnishes which are produced for untreated wood are used for heat treated wood, which is a popular material
in recent years, too. Heat treatment causes changes on chemical properties of wood and consequently on physical and surface
properties of wood. Because of this, performance of these traditional varnishes can be different on the heat treated substrate. In this
study, effects of surface machining and varnish types on the adhesion of varnishes on the heat treated wood were investigated.
Planed and sanded heat treated iroko (Chlorophora excelsa), Scots pine (Pinus sylvestris) and ash (Fraxinus excelsior L.) wood
surfaces were coated by using solvent base (HD), acrylic based waterborne (AS), alkyd based silicon-containing (SI) and urethane
alkyd based one component polyurethane (PU) varnishes and varnish adhesion values were determined. The highest adhesion was
determined in samples coated with polyurethane varnish. The highest adhesion values were 4.98 MPa, 5.88 MPa, 6.61 MPa in
untreated, planed and coated with polyurethane varnish scots pine, iroko and ash, respectively.

Keywords: Heat Treated Wood, Varnish Adhesion, Surface Roughness, Wood Varnishes.

1. GIRiS (INTRODUCTION)

Agag¢ malzeme, insanoglunun ilk yillarindan bu yana pek
cok alanda kullanilmaktadir. {1k yillardan giiniimiize ka-
dar yakacak, barinma, alet yapimi ve silah iiretimi i¢in
hammadde ihtiyacini karsilayan aga¢ malzeme, insanog-

yontemdir [2]. Aga¢ malzeme yiizeylerinin estetik ve
ekonomik yonde kullanim siiresini arttirmak amaciyla,
koruyucu katman olusturmada en ¢ok tercih edilen
maddeler ise boya ve verniklerdir. Literatiirde boya ve
verniklerin katman performanslarinin incelendigi birgok

lunun teknolojik alanda yaptig1 gelismelerde 6nemli rol
oynamigstir [1]. Orman alanlarinin siirekli azalmasina kar-
silik, kisi bagina diisen tiiketimin artmasi, agag¢ malzeme-
nin faydali kullanim siiresinin daha uzun olmasini
zorunlu hale getirmektedir. Olumsuz ortam kosullarina
kars1 aga¢ malzeme ylizeyinin daha uzun siire dayanikli
kalmasini saglamak amaciyla, malzemenin c¢esitli
koruyucu st yiizey katmanlar ile kaplanmasi en yaygin

*Sorumlu Yazar (Corresponding Author)
e-posta: saltun@karabuk.edu.tr
Digital Object Identifier (DOI) : 10.2339/2017.20.1 231-239

calisma bulunmaktadir. Vernik yapigsma direnci de
verniklerin kullanim alanin1 sinirlayan ve dolayisiyla da
katman performansini degerlendirmek i¢in kullanilan en
onemli parametrelerden birisidir [3,4]. Konu ile ilgili
literatiir  bilgileri incelendiginde; vernik ¢esidinin
verniklerin ylizeye yapisma direncindeki farkliligin en
onemli etkeni oldugu sdylenebilir [5-8]. Cesitli su bazl
verniklerin yiizeye yapisma direnci degerlerinin solvent
bazli verniklere oranla daha diisiik oldugu belirtilmistir
[5, 7-9]. Ozdemir [6] 5 farkh agag tiirii ve 3 farkli vernik
cesidi kullandigr calismasinda, en yiiksek yapisma
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direncinin akrilik vernikte, en diisiik yapisma direncinin
ise seliilozik vernikte oldugunu belirtmistir.

Kaygin [10] calismasinda seliilozik, sentetik ve akrilik
esaslt opak boyalar kullanmis, vernik yapisma
direncindeki degisimlerin agac malzemeden
kaynaklanmadigini, esas degisimin boya tiiriine bagh
oldugunu ve sentetik boyada en yiiksek degerlerin tespit
edildigini belirtmistir. Aga¢ malzemenin biyotik ve
abiyotik etkenlere karsi dayanimini arttirmak igin yapilan
emprenye isleminin de vernik yapigsma direnci lizerindeki
etkileri arastirma konusu olmustur. Ozcifci ve Ozpak
[11], Keskin ve ark. [12] Toker ve ark. [13] Protim WR-
230, imersol aqua ve Tanalith-E ile emprenye isleminin
vernik yapisma direncini 6nemli oranda azalttigini tespit
etmiglerdir. Atar ve Peker [14] ise borlu bilesiklerle
emprenye isleminin vernik yapisma direncini arttirici etki
yaptigini belirtmislerdir.

Aga¢ malzemenin azot veya benzeri inert bir gaz veya
normal atmosfer ortaminda, 100 °C - 250 °C arasinda
sicakliga belirli bir siire maruz birakilmasi, 1sil islem
olarak adlandirilmakta ve bir odun modifikasyon
yontemi olarak kabul edilmektedir [15]. Isil iglemin en
onemli amac1 aga¢ malzemede boyutsal stabilizasyonun
saglanmast ve hicbir koruyucu kimyasal madde
kullanmaksizin odun dayanikhiliginin  artirilmasidir.
Yiksek sicaklik etkisiyle odunun kimyasal yapisinda
meydana gelen degismeler malzemenin fiziksel ve
mekanik 6zelliklerini 6nemi derecede etkiler. Isil islem
sonrasi Ozellikle egilme direnci ve sok direnci basta
olmak iizere mekanik ozelliklerde diisiis meydana gelir
[16, 17]. Isil islemin mekanik 6zellikler {izerindeki bu
etkilerinin nedenleri iizerine detayli tartisma Boonstra
and Tjeerdsma [18] tarafindan yapilmistir. Isil iglemin
agac¢ malzemenin fiziksel 6zellikleri lizerindeki ana etkisi
ise denge rutubet miktarmi diistirmesidir [19-22]. Isil
islem gdren odunda denge rutubetinin diigmesini Jamsa
and Vitaniiemi [23], 1s1l iglem sirasinda hidroksil
gruplarindaki  azalmaya neden olan kimyasal
degisiklikler ile daha az su molekiiliniin absorbe
edilebilmesi ile acgiklamaktadirlar. Diger bazi
arastirmalarda ise seliilozun kristallik derecesinin
artmasinin da 1s1l islem gérmiis odundaki denge rutubet
miktar1 azaliginda 6nemli rolii oldugu belirtilmektedir
[18, 24, 25].

Isil iglem gormiis aga¢ malzemede denge rutubet
miktariin azalmasi ile malzemenin daha hidrofobik bir
Ozellik kazanmasi, malzemenin tutkal ve ist ylizey
malzemeleri tarafindan 1slatilabilme &zelliklerini de
etkilemektedir. Kocaefe ve ark. [26] ve Hakkou ve ark.
[27] 1s1] iglem gormiis aga¢ malzemenin 1slanma
ozelliklerini incelemis ve malzemede olusan bozunma
bilesikleri nedeni ile malzemenin islanma &zelliginin
diistiigiini belirtmislerdir. Petric ve ark. [28] baz1 ticari
su bazli vernik sistemleri ile yag ile 1s1l islem gormiis
sarigamin 1slanabilirligini incelemisler, odun yiizeyinin
hidrofobik karakterinin artmasina ragmen, dis ortam i¢in
hazirlanan su bazli boyalarin ¢ok daha iyi 1slatabilme
ozelligi gosterdigini belirlemislerdir. Jamsa ve ark. [29]
5 yil siire ile dig ortam kosullarina maruz biraktigi 1sil

islem gormiis malzemelerde islem gérmemislerle aym
catlamalarin olustugunu ancak asit sertlestiricili vernik
ve akrilik verniklerin 1s1l islem gérmiis odunda daha iyi
sonug verdigini, akrilik vernikteki ¢atlak yogunlugunun
daha az oldugunu belirlemislerdir.

Isil islem gbérmiis aga¢ malzemede kullanilan verniklerin
dis ortam kosullarindaki performansimi inceleyen
caligmalar olsa da, bu ¢aligmalarda sonug almak oldukga
uzun siirmektedir. Vernik yapigma direnci ise ¢ok daha
kisa silirede karsilagtirilabilir  sonuglar  alinmasini
miimkiin kilan {ist ylizey katman performansi belirleme
yontemlerinden birisidir. Isil islem goérmiis aga¢
malzemede vernik yapigma direncine iligkin az sayida
calisma bulunmaktadir. Kesik ve Akyildiz [30] ti¢ farkli
sicaklikta, normal atmosfer basmcinda, oksijensiz
ortamda 1s1l isleme tabi tuttuklar1 dort farkli agac
malzemeye, cift bilesenli su bazli vernigin yapisma
direncini incelemisler, 1s1l islem siire ve sicakliginin artisi
ile vernik yapisma direncinin diistiigiinii, igne yaprakli
tiirlerde yaprakli agag tiirlerinden daha diisiik oldugunu
bildirmiglerdir. Yaglh 1sil islem gérmiis sarigamda ve
goknarda su bazli vernik katmanlarinin performansinin
incelendigi ¢alismalarda, bezir yagi ile 1s1l islememin su
bazli  vernigin yapigsma direncini  etkilemedigi
belirtilmistir [31, 32].

Aga¢ malzemeye uygulanan 1sil iglem, malzemenin
kimyasal yapisinda dolayisiyla fiziksel yapisinda ve
yiizey 6zelliklerinde degisimlere neden olmaktadir. Bu
nedenle geleneksel iist ylizey malzemelerinin 1s1l islem
gormiis malzemedeki performansi farkli olacaktir. Bu
konuda ¢ok az sayida da olsa bazi ¢aligmalar yapilmis
olmasina ragmen; 1s1l islem ydntem ve parametrelerinin
cok degisken olmasi, vernik sistem ve bilesenlerinin
cesitliligi, farkli vernik sistemlerinin 1s1l islem gormiis
aga¢c malzemede yapigma direncine etkisinin tespit
edilmesini 6nemli kilmaktadir. Bu ¢alismanin amaci, 1s1l
islem gormiis sarigam, disbudak ve iroko aga¢
malzemelerin ~ rendelenmis  veya  zimparalanmis
yiizeylerinin piiriizliiliigiini ve bu yiizeylerde solvent
bazli vernik, alkid baglayici esasli silikonlu vernik,
iiretan alkid kombinasyon esasli tek bilesenli poliiiretan
vernik ve akrilik esasli su bazli verniklerin yapisma
direnci degerlerini belirlemektir.

2. MATERYAL VE YONTEM (MATERIALS and
METHOD)

Yapilan ¢alismada aga¢ malzeme olarak Sarigam (Pinus
Sylvestris Lipsky), Disbudak (Fraxinus excelsior L.), ve
Iroko (Chlorophora excelsa) kullanilmistir. Agag
malzemeler ThermoWood® yetkili iireticisi olan Nova
Orman Uriinleri San. Tic. A.S.’den temin edilmistir.

Calismada kullanilacak aga¢ malzeme lif kivrikligi,
catlak, budak, kurt yenigi, ciriiklik vb. gibi odun
kusurlart bulunmayan kerestelerden segilmis ve her
kerestenin yarist 1s1l islem Oncesi kontrol numunesi
olarak ayrilmistir. Kerestelerin diger yaris1 odun tiiriine
gore Nova Wood firmasinin standart uygulama paramet-
relerine uygun olarak Thermo-D ydntemi ile 1s1l igleme
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tabi tutulmustur. Disbudak 210 °C 2 saat, sarigam 212 °C
1 saat, iroko 190 °C 1,5 saat 1s1] isleme tabi tutulmustur.

Isil islem gormiis ve kontrol grubu kerestelerden
540x100x22 mm Olgiilerinde taslak 6rnekler kesilmis ve
iklimlendirme dolabma (NUVE ID 501) alinarak 20 +
2 °C ve % 65 £5 bagil nem kosullarinda sabit agirliga
ulasincaya kadar bekletilmistir [33]. Daha sonra bu par-
calar kalinlik makinesinde net olarak 20 mm kalinlikta
olacak sekilde iki yonlii rendelenmistir. Rendeleme isle-
minde 1 mm talag miktari, 7 m/dak besleme hizi ve 6000
dev/dak kesici devri kullanilmistir. Her bir agag tiirii i¢in
1s1l islem gormiis ve kontrol numuneleri ikiye ayrilmis ve
yarist rendelenmis yiizey, yarist zimparalanmis yiizey
olacak sekilde gruplandirilmistir. Rendelenmis grup
oldugu gibi birakilirken diger grup silindirli zimpara
makinesinde 8 m/dak besleme hizinda, 200 numara
aliminyum oksit asindiricil zimpara ile
zimparalanmistir. Her grup i¢in iki adet numune
hazirlanmistir. Bu islemin ardindan rutubet farkliliklarini
onlemek igin Ornekler iklimlendirme dolabina alinarak
20 £ 2 °C ve % 65 £ 5 bagl nem ortaminda
iklimlendirilmistir [33].

Saricam, digbudak ve iroko odunlarindan elde edilen
numuneler dig ortam kosullar1 i¢in liretilmis 4 vernik ile
verniklenmistir. Calismada Hemel firmasindan temin
edilen solvent bazli, sentetik esasli, renk pigmentli, yar1
seffaf ahsap boyasi1 (HD) [34, 11]; akrilik esasli su bazli
renk ve ciladan olusan su bazli sistem (AS) [35, 36];
Favori boya firmasindan temin edilen {iretan alkid regine
kombinasyon esasli tek bilesenli poliiiretan vernik (PU)
[37] ve Filli Boya firmasindan temin edilen alkid
baglayici esash silikonlu ahsap vernigi (SI) [38]
kullanilmistir.  Kullanilan  verniklere iligkin {iretici
firmalar tarafindan saglanan bilgiler Cizelge 1’de
verilmigtir.

Caligmada kullanilan 1s1l islem goérmiis ve gérmemis
agac malzemelerin hava kurusu yogunluklar1 TS 2472
[39], rutubet miktar1 TS2471 [33] standardi esaslarina
uygun olarak tespit edilmistir. Orneklerin yiizey
puriizliligii (Ra), TS6956 EN 1SO 4287 [40] ve TS 971
[41] esaslarina uyularak, Mitutoyo SJ301 temasl yiizey
piiriizliiliigii test cihazi ile belirlenmistir. Olgiimler,
liflere dik yonde 20 mm araliklarla, 2.5 mm Ornek
uzunlugu (A) ve 5 6rnek uzunlugu sayis1 (cut—off) ile
yaptlmistir. Isil islem gormiis ve kontrol numuneleri
tizerindeki vernik katman kalinliklart ASTM-D1005 [42]
esaslarina uyularak 10 pm (mikron) hassasiyetle 6l¢iim
yapabilen dijital komperatér (Instro 730-01-508) ile
tespit edilmistir.

Vernik yapisma direnci 6l¢limiine ASTM D 4541 [43]
standardinda belirtilen esaslara uyulmustur. 500x100x20
mm boyutlarindaki her 6rnek yiizeyinden 5 adet 6l¢iim
yaptlmistir. 20 mm ¢apindaki celik yapigma direnci
silindirleri, o6rneklerin ortasina gelecek sekilde ¢ift
bilesenli epoksi tutkali ile yapistirilmig ve Ornekler
normal sartlar altinda 7 giin bekletilmistir. Kopmanin tam
vernik katmanindan olmasini saglamak amaciyla
silindirlerin etrafindaki vernik katmani bu is i¢in Ozel
yapilmig aparat ile kesilmistir. Daha sonra, Zwick/Roel®
Universal test cihazi kullanilarak 5 mm dk? cekme
hizinda test gergeklestirilmis ve vernik yapisma direnci
asagidaki esitlikten hesaplanmuistir.

X= 4F /nd? MPa (1)
Burada;

X : Vernik yapisma direnci (MPa)

F : Kopma anindaki kuvvet (N)

d : Deney silindiri ¢ap1 (mm)

Vernik yapigsma direncine; 1sil islem, yiizey islem

Cizelge 1. Verniklerin bazi 6zellikleri (Some properties of varnishes)

Kat1 madde
Yogunluk pH orani (%) Viskozite
HD 1+0.02 gcm?® - 63 +-1 65 +2 sn DIN4 20 C
AS (Primer) 1018 g It 7.5 16 -
(Son kat) 10459 It 8.4 37 -
PU 0.88- 0.94 g cm™® - 50-54 80 + 5 sn ISO CUP6
SI 0.87-0.91 g cm™® - 40-44 -

Orneklerin yiizey piiriizliiliigii tespit edildikten sonra,
hazirlanan 6rneklere iiretici firma tavsiyesi goz oniinde
bulundurularak vernikler uygulanmistir. Poliiiretan
vernik firca ile tek yiizeye % 10 sentetik tiner ile
inceltilerek 150+ 5 g m? olacak sekilde 3 kat; diger
vernikler firga ile tek yiizeye 145 + 5 g m? olacak sekilde
2 kat uygulanmis, katlar arasi 24 saat kuruma siiresi
sonras1 200 numara zimpara kagid1 ile zzmparalanmstir.
Ornekler vernikleme isleminden sonra 24 saat kurumaya
birakilmis, ardindan iklimlendirme dolabina alinarak 20
+ 2 °C ve bagil nemi % 65 + 5 olan bir ortamda sabit
agirliga gelinceye kadar bekletilmistir.

yontemi ve vernik ¢esidi faktorlerinin etkisini belirlemek
icin agag tlirlerinde ayr1 ayri olmak iizere, ¢oklu varyans
analizi kullamilmig ve gruplar arasi fark Onemli
ciktiginda, LSD testi ile ortalama degerler arasindaki fark
karsilastirilmistir.  Diger parametrelerden bagimsiz
olarak yiizey iglem yonteminin ylizey piiriizliiliigiine ve
vernik yapisma direncine etkisini belirlemek i¢in t testi
kullanilmistir. Diger parametrelerden bagimsiz olarak
1s1l islemin vernik yapisma direncine etkisini belirlemek
i¢in ise eslestirilmis 6rneklem t testi kullanilmustir.
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3. BULGULAR VE TARTISMA (FINDINGS and
DISCUSSION)

Sarigam, iroko ve digbudak aga¢ malzemelerin kontrol ve
1s1l islem gérmiis 6rneklerinin hava kurusu yogunluk ve
denge rutubet miktar1 degerleri Cizelge 2’de verilmistir.
Isil iglem her ii¢ aga¢ malzemede de yogunlugun ve
denge rutubet miktarinin diismesine neden olmus ancak
irokoda bu diisiis nispeten daha az olmustur.

Isil islem gormiis ve gérmemis Orneklerin, ortalama
plriizlilik degerleri ve her bir grup Ornekte
zimparalanmis ylizey ile rendelenmis ylizeylerin
arasindaki ylizey pirizliligi degerine ait t testi
sonuglar1 Cizelge 3’te verilmistir.

kizilagacta dnemli derecede etkilemedigini ancak ardi¢
ve erikte ise azalttigini belirtmislerdir. Karagoéz ve ark.
[46] sarigamda 200 °C’de 2 saat 1sil islemin yiizey
pliriizliligiini azalttigini, kaym ve goknarda ise 6nemli
derecede etkilemedigini bildirmislerdir.

Calismada kullanilan verniklerin tespit edilen katman
kalinliklar1 tizerinde aga¢ malzeme tiirii ve 1s1l islemin
g0z ardi1 edilebilecek kadar az etkili oldugu ve ortalama
olarak PU vernikte 110 um, HD ve Si verniklerde 60 um,
AS vernikte ise 50 pm oldugu belirlenmistir. AS vernik
katmaninin ince olmast vernik yapisindaki kati madde
miktarmin digerlerine gore nispeten diisiik olmasindan
kaynaklanmaktadir. PU vernikte kati madde oran
nispeten yiksek ve polimerizasyonun malzeme

Cizelge 2. AZa¢ malzemelerin hava kurusu yogunluk ve denge rutubet miktar1 degerleri (Air-dry density and moisture of

content of the wood)

Aga¢ Malzeme Hava Kurusu Yogunluk (g cm™) Denge Rutubet Miktar1 (%)
Kontrol Isil iglem Kontrol Isil islem
Sarigam 0.496 0.422 11.3 6.2
Iroko 0.588 0.576 11.8 8.3
Disbudak 0.634 0.589 12.1 7.1

Cizelge 3. Saricam, iroko ve digbudak aga¢ malzemelerin ortalama yiizey piiriizliligli (Average surface roughness of the

Scots pine, Iroko and Ash woods)

Agac Malzeme Tiirli Isil islem Yiizey islem Yiizey Piirtizliligii (Ra) P (0=0.05)
Ra (um) S
; Rende 3.90 0.91 .
Sarigam it Islem Zimpara  2.11 0.55 0.001
I Rende 2.89 0.47 0.002%
rontro Zimpara  2.04 0.44 .
i Rende 3.28 0.67 .
i il fslem Zimpara  2.37 0.51 0.006
Disbudak
Kontrol Rende 3.36 0.88 0.001%
Zimpara  1.54 0.42
i Rende 2.72 0.48 .
Iroko i Islem Zimpara ~ 2.09 0.47 0.013
| Rende 3.68 0.62 0.000"
rontro Zimpara  1.79 0.37 .

Ra: Ortalama yiizey piiriizliiliigl, S: Standart sapma, P: t testi 6nemlilik degeri

Isil islem gormils ve gérmemis tiim islem gruplarinda,
rendeleme ve zimparalama yiizey isleminin ortalama
ylizey purizliliigiini istatistiksel olarak 6nemli derecede
etkiledigi tespit edilmistir. Zimparalanan yiizeylerin
ortalama pliriizliigii daha diisiiktiir. Isil islem disbudak ve
iroko aga¢ malzemenin rendelenmis yiizeyinde
puriizliliigii azaltirken, sarigamda artirmistir. Kilig ve
ark. [44] da g¢aligmalarinda zimparalannus yiizeylerde
planyalanmis yiizeylerden daha diisiik piirtizliliik degeri
elde ettiklerini belirtmislerdir. Literatirde de agag
malzeme tiiri ve 1s1l islem sartlarina bagli olarak 1sil
islemin ylizey pirizliliigine etkisine iligkin farkli
sonuglar bildirilmistir. Kesik ve ark. [45], 160 °C’de 1s1l
islemin yiizey plrizliliigini yalanct akasya ve

yilizeyinde tamamlanmasi nedeniyle kuru film katmamn
diger verniklere oranla daha kalindir [47]. Solvent bazli
HD vernikte katt madde oraninin PU verniginkine yakin
olmasina ragmen, PU vernikten daha ince bir kuru film
katmani olusmustur.

Isil islem, yiizey islem ve vernik ¢esidine gére vernik
yapisma direnci degerleri aga¢ malzeme tiirleri i¢in ayr1
ayr1 Cizelge 4.°de verilmigtir. Isil islem gormiis
orneklerde vernik yapigma direncinin genellikle daha
diisik oldugu tespit edilmistir. Isil islem agac
malzemenin mekanik 6zelliklerini 6nemli derecede
diisiirdiigiinden, yeterli adezyonun saglandigi 6rneklerde
malzeme yiizeyindeki liflerin daha kolay kopmasi bu
sonugta etkili olmus olabilir. Is1l islem gérmiis digbudak
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ve sarigam gruplart disinda rendelenmis yiizeylerde
zimparalanmis ylizeylere oranla daha yiiksek vernik
yapisma direnci degerleri belirlenmistir. Rendelenmis
yiizeylerde piiriizliiliik daha yiiksektir ve elde edilen
sonuglarla uyumlu olarak Ségiitlii et al. [9] ve Ozdemir
et al. [48] da ¢aligmalarinda piirtizliliik artig1 ile vernik
yapisma direncinin  arttigim1  tespit  etmislerdir.
Caligmalarinda piiriizliiliigiin artisi1 ile vernik ile malzeme
arasindaki mekanik ve kimyasal baglanmanin arttigini
belirtmislerdir. Saricam, iroko ve disbudakta en yiiksek
yapisma direnci degerleri sirasiyla 4.98 MPa, 5.88 MPa,
6.61 MPa olarak, kontrol grubu rendelenmis yiizeyde,
poliiiretan vernikte tespit edilmistir. Aga¢c malzeme
tiirleri agisindan degerlendirildiginde vernik yapigma
direnci, malzeme yogunlugunun artisiyla paralel degisim
gostermektedir. Atar ve ark. [49] bes farkli aga¢ malzeme

goknar gibi nispeten diisik yogunluklu malzeme
yiizeylerindekinden (1.40-2.49 MPa) yiiksek oldugunu
bildirmislerdir.

Vernik ¢esidinin vernik yapigma direncine etkisine ait
varyans analizi aga¢ malzeme ftiirleri i¢in ayr1 ayri
yapilmus, her tigiinde de vernik ¢esidinin vernik yapigma
direnci iizerinde etkili oldugu tespit edilmistir (P<0.05).
Vernik ¢esidi bazinda ikili karsilagtirma igin yapilan LSD
testi sonuglart Cizelge 5°te verilmistir. Saricam agag
malzemede vernik ¢esidi, vernik yapisma direncini
onemli derecede etkilemistir. Her dort vernik ¢esidinin de
yapisma direnci istatistiksel olarak birbirinden farklidir.
En yiiksek vernik yapisma direnci poliliretan vernikte
iken, diger verniklerin vernik yapigma direnci silikonlu,
solvent bazli ve su bazli vernik sirasina gore
azalmaktadir. Bu siralama ayn1 zamanda vernik katman

Cizelge 4. Islem, yiizey islemi ve vernik gesidine gore vernik yapisma direnci (Varnish adhesion according to heat treatment,

surface machining and varnish type)

Vernik yapisma direnci (MPa)

Agac Tiirii Iroko Sarigam Disbudak
Islem  Yiizey Vernik ¢esidi X S X S X S
Tipi islemi
. Solvent Bazh 3.29 476 2.74 163 4.56 433
g Su Bazli 3.08 444 2.71 247 4.00 308
- g Poliiiretan 455 709 3.27 211 5.60 353
FE’ N Silikonlu 533 558 3.31 294 5.90 325
S . Solvent Bazh 438 328 3.25 193 4.89 180
S Su Bazl 482 254 3.55 470 3.94 590
g Poliiiretan 588  .216 4.98 472 6.61 .805
Silikonlu 390 551 3.22 112 2.86 535
s Solvent Bazli 3.54 572 2.45 141 3.83 .158
g Su Bazl 429 880 2.98 205 3.46 438
£ £ Poliiiretan 412 439 299 218 574 274
) N Silikonlu 406 326 286 364  4.35 197
= Solvent Bazli 443 406 3.42 339 4.20 283
= 8 Su Bazli 399 171 159 232 357 275
g Poliiiretan 475 536 2.61 223 517 720
Silikonlu 413 179 3.19 182 3.31 404

X: Aritmetik ortalama, S:Standart Sapma

ve {i¢ farkli vernik kullanarak yaptiklar arastirmalarinda,
calismamizda elde edilen bulgular1 destekleyen sonuglar
elde etmislerdir. Kayin ve mese gibi daha yiiksek
yogunluktaki yaprakli aga¢ malzeme yiizeylerindeki
vernik yapisma direncinin (2.83-4.37 MPa) sarigam ve

kalinhig siralamasimna da uymaktadir. irokoda da
poliiiretan vernik en yiiksek yapigsma direncine sahip
iken, su bazli ve silikonlu verniklerin yapigma direnci
farkli degildir. Disbudak aga¢ malzeme vernik yapisma
direnci degerlerinde de iroko aga¢ malzemeye paralel

Cizelge 5. Vernik cesidine gore vernik yapisma direnci ikili kargilagtirma sonuglar (Pairvise comparison of the varnish

adhesion according to varnish type)

Agac Tiirii Saricam Iroko Disbudak
Vernik Cesidi X HG X HG X HG
AS 2.70 A 4.04 X 3.74 K
HD 2.96 B 3.91 X 4.36 L
Si 3.14 C 4.35 Y 4.10 L
PU 3.46 D 4.82 y 5.78 M
LSD + 0.144 0.253 0.298

X: Aritmetik ortalama, HG: Homojenlik grubu (a=0,05)
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sonuclar elde edilmistir. En yiiksek vernik yapisma
direnci poliliretan vernikte iken, solvent bazli ve
silikonlu vernikler arasinda fark yoktur. En diisiik deger
su bazli verniktedir.

Vernik yapisma direnci degerleri incelendiginde, her ii¢
aga¢c malzeme igin de poliliretan vernigin en yiiksek
degerlere sahip oldugu ve digerlerine oranla belirgin
sekilde yiiksek oldugu belirlenmigtir. Tutgun [50] da
ylizey pliriizliiliigiiniin vernik yapigma direncine etkisine
iligkin caligmasinda, kullandigi vernikler arasinda en
yiiksek yapigma direncinin poliiiretan vernikte, en diisiik
su bazli vernikte oldugunu belirtmistir. Bu durumun
politiretan verniklerin reaksiyonlarini aga¢ malzeme
ylizeyinde tamamlamalarindan kaynaklandigi ve bu
nedenle daha yiiksek vernik yapisma direnci degerleri
verdigi seklinde agiklanmaktadir [1, 51]. Budake1 [52]

yilizeyindeki baglanma diger vernik tiirlerine gére daha
zaylf olarak gergeklesmistir. Atar ve ark. [49] da
caligmalarinda 1s1l  islem gOormils sarigam agag
malzemede su bazli vernik yapigsma direncini 2.21 MPa,
kontrol grubunda 2.95 MPa olarak tespit ettiklerini
bildirmekte ve bu sonucu desteklemektedirler.

Literatiirdeki hemen hemen tim c¢aligmalarda agag
tiiriiniin ve vernik ¢esidinin yapisma direnci lizerinde
onemli etkisi oldugu belirtilmektedir. Bu nedenle baskin
sekilde etkili olan bu faktorlerin etkisi disinda, yalnizca
ylizey islem yonteminin vernik yapigsma direnci
iizerindeki etkisini tespit etmek i¢in zimparalanmis ve
rendelenmis ylizeylerdeki vernik yapigsma direnci t testi
ile karsilastirilmig ve sonuglar1 Cizelge 6’ da verilmistir.

Solvent bazli vernikte disbudak kontrol grubu disindaki
gruplarda istatistiksel fark tespit edilmistir. Kontrol

Cizelge 6. Aga¢ malzeme, 1s1l igslem ve vernik ¢esidine gore yiizey islem faktoriiniin vernik yapigma direncine etkisi (The
effect of surface machining on the varnish adhesion according to wood species, heat treatment and varnish type)

Agac Islemtipi Yiizey Solvent Bazli Su Bazli Poliiiretan Silikonlu
tlird Islemi X P X P X P X P
K z 329 0.009* 308 0.009* 455 0.009* >33 0.009*
g R 4.38 ' 4.82 ' 5.88 ' 3.90 '
£ i Z 354 oo 429 T Alr a6
R 4.43 ' 3.99 ' 4.75 ' 413 '
g K z 21 g00er ZTY oo0er 22T oo0er 23 o4ss
A R 3.25 ' 3.55 ' 4.98 ' 3.22 '
(})% ! £ 245 0.009* 2.98 0.009* 299 0.036* 280 0.076
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2 I z 3.83 3.46 5.74 4.35
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K: Kontrol; I:Isil islem; Z:Zimparal yiizey; R:Rendelenmis yiizey; X:Ortalama vernik yapisma direnci
(MPa); P: t testi onemlilik degeri; *: istatistiksel olarak dnemli(a=0.05)

da ¢esitli vernikler ile farkli katman kalinliklari
olusturacak sekilde degisik agag tiirleri iizerinde yaptigi
calismasinda, polimerik esasli verniklerde katman
kalinlig1 artiginin vernik yapigma direnci degerini arttirict
etki yaptigint belirtmistir. Kaygin [10] da cesitli agag
malzeme yiizeylerine farkli opak boyalar uyguladig
calismasinda, yapigsma direncindeki degisimlerin agag
malzemeden kaynaklanmadigini, esas degisimin boya
tiiriine bagli oldugunu belirlemistir. Su bazli vernikte
yapisma direncinin diisiik olmasi, 1s1l islem goren agag
malzemede meydana gelen kimyasal degisimler
sonucunda 1slanma  Ozelliginin  diismesine  [26]
baglanabilir. Mekanik adezyon, yapistirict veya vernigin
malzemenin ylizeyine uygulanmasini ve bu yiizeyi
1slatmasint  gerektirmektedir [53]. Isil islem sonrasi
malzemede hidrofil 6zelligin diismesine bagli olarak, su
bazli vernikler yiizeyi yeterince islatamamis ve yeterli
mekanik adezyonu saglayacak derecede niifuz
edememistir. Bu nedenle vernik katmani ile malzeme

gruplarinda zimparalama isleminin daha etkili oldugu
sOylenebilir. Vernik ¢esidi ve aga¢ malzeme tiiriine bagh
bazi farkliliklar olsa da, ¢ogunlukla rendelenmis
yilizeylerdeki vernik yapisma direnci, zimparalanmis
yilizeylerinkinden daha yiikksek ¢ikmugtir.  Yiizey
piiriizliligii degerleri ile birlikte degerlendirildiginde,
rendeli yiizeylerde piirlizliliiglin daha fazla oldugu, bu
nedenle de vernik ile malzeme yiizeyi arasindaki temas
alant artisinin, mekanik adezyon vasitasi ile vernik
yapisma direncini arttirdigi sdylenebilir. Ancak mekanik
adezyondaki bu artig piiriizliiliigiin artis1 ile dogru orantili
olarak devam etmemektedir. Disbudak Ornekler ile
sarigam ve iroko 1s1l islem gruplarinda oldugu gibi yiizey
puriizlilliigii 3 mikronun iizerine ¢iktiginda, vernik
yapisma direncinde artig degil, bir diisiis gozlenmektedir.
Budak¢1 ve Sonmez [7] iyi bir yapisma ig¢in yiizey
plriizliiliigiiniin azaltilmasini ve {ist yiizey film katmani
ile malzeme temas yiizeyindeki havanin aradan
cikarilmas: gerektigini belirtmislerdir. Bu baglamda
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ylizey purtizliligii artist ile mekanik baglanmanin artisi
ancak belirli sinirlar igerisinde saglanabilmektedir.

Aga¢ malzeme tiirii ve yiizey islem tiiriinden bagimsiz
olarak, yalmizca 1sil islemin vernik yapisma direnci
iizendeki etkilerini belirlemek icin yapilan, eslestirilmis
orneklem t testi sonuglar1 Cizelge 7°de verilmistir. Isil

Cizelge 7. Agag tiirii, ylizey islemi ve vernik ¢esidine gore 1

1slanabilirliginin diismesinin yan1 siwra mekanik
ozelliklerinde meydana gelen degisikliklere de
baglanabilir. Literatiirde malzeme yilizeyinde ve 6zellikle
0zisin1  paransim  hiicrelerinde  meydana  gelen
deformasyonlarin, mikro g¢atlaklarin malzemenin lifleri
arasindaki  ¢ekme  dayanimimi  da  disirdigi

sil islem faktoriiniin vernik yapisma direncine etkisi (The Effect

of heat treatment on the varnish adhesion according to wood species, surface machining and varnish type)

Agac  Yiizeyis Islem Solvent Bazli Su Bazli Poliiiretan Silikonlu
tirii lemi tipi X P X P X P X P
Z K 3.29 3.08 4.55 5.33

. *
g i 354 055 o 0077 . 0277 .. 0006
= R K 4.38 4.82 . 5.88 . 3.90
i sa3 0497 oo 0007* U0 0016% o 047
Z K 2.74 2.71 3.27 3.31
. .003* 211 12 .
g i 245 000 598 O 209 286 0%
g R K 3.25 3.55 . 498 . 32
% i a4 0488 o 0001 o0 0001 o 0757
Z K 4.56 4.00 5.60 5.90
v . * *
3 i sgz  0011* S0 0125 [ 0535 .. 0001
5 R K 4.89 3.94 6.61 2.86
A i 4oo 0019% o 0234 . 0012* . 0184

K: Kontrol; I:Is1l islem; Z:Zimparal1 yiizey; R:Rendelenmis yiizey; X:Ortalama vernik yapisma direnci
(MPa); P:Eslestirilmis 6rneklem t testi degeri; *:6nemli (a=0.05)

islemin diger faktorlerden bagimsiz olarak vernik
yapisma direnci lizerindeki etkisi, agag tiirii, ylizey islem
ve vernik g¢esidine gore farklilik goéstermektedir. Isil
islem gormiis ylizeylerdeki vernik yapisma direnci
genellikle daha diisiik olmasina ragmen, istatistiksel
anlamda Onemli farklar yalnizca bazi gruplarda tespit
edilmistir. Isil islem solvent bazli vernigin yapisma
direncini, disbudakta her iki yiizeyde de ve saricam
zimparalanmis yiizeyde Onemli derecede -etkilerken,
rendeli yiizeyindekini ve irokoda her iki yiizeyde de
etkilememistir. Su bazli vernigin yapisma direnci
iizerinde 1s1l islem, yalnizca iroko ve sarigamin rendeli
ylizeylerinde etkili olmustur. Poliliretan vernigin
yapisma direnci, 1s1l islemden her ii¢ aga¢ malzemenin de
rendeli yiizeylerinde Onemli derecede etkilenirken,
zimparali ylizeylerinde etkilenmemistir. Isil islem
silikonlu vernikte yalnizca iroko ve disbudak zimparali
yilizeylerde Onemli farka neden olmustur. Bu sonuglar
rendeli yiizeylerde piiriizliliiglin daha yiiksek oldugu
bilgisi ve vernik katman kalinliklar1 ile birlikte
degerlendirildiginde, PU vernikte oldugu gibi daha kalin
katman kalinligt s6z konusu oldugunda, yiizey
plriizliligi distikge 1s1l islemin yapigma direnci
iizerindeki etkisinin de azaldigim1 gostermektedir.
Nispeten ince vernik katmanlar1 1sil iglemin yam sira,
isleme yonteminden kaynaklanan yiizey piiriizlili-
giinden de daha fazla etkilenmektedir.

Isil islem sonras1 vernik yapisma direnci degerlerindeki
diislis, malzemenin kimyasal yapisinda meydana gelen
degisiklikler sonucu yogunlugunun, denge rutubetinin ve

belirtilmektedir [49]. Cekme dayanimindaki bu diisiisiin,
vernik yapisma direnci degerlerini de olumsuz ydnde
etkiledigi diisliniilmektedir

4. SONUCLAR VE ONERILER (CONCLUSION
and RECOMMENDATIONS)

Arastirmada 1s1l islem gormiis aga¢ malzemede, ylizey
hazirlik igleminin ve vernik gesidinin, vernik yapisma
direnci {izerine etkilerini belirlemek amaglanmistir.
Thermowood yontemi ile 1sil islem goérmiis disbudak,
saricam ve iroko Ornekleri ve kontrol drneklerinin;
zimparalanmig ve rendelenmis yiizeylerine; dort tiir
vernik (solvent bazli vernik, silikonlu vernik, poliiiretan
vernik ve su bazli vernik) uygulanmis ve vernik yapisma
direnci degerleri belirlenmistir.

Arastirmada, 1s1l islemin malzemenin hem yogunlugunu
hem de denge rutubet miktarini distirdiigi tespit
edilmistir. Yizey islem  metodunun etkisi
degerlendirildiginde, her ii¢c aga¢ malzeme tiiriinde de,
hem 1s1l islem gormiis, hem de gérmemis drneklerde, 200
numaralt zimpara ile zimparalanmis yiizeylerin,
rendelenmis yiize y ortalama piiriizlilliigiinden 6nemli
derecede diisiik oldugu belirlenmistir. Isil islem, vernik
katman kalmligin1 6nemli derecede etkilememistir. Bu
sonuglar 15181nda vernik katman kalinligini etkileyen en
onemli faktoriin, vernik ¢esidi oldugu séylenebilir.

Isil islem gérmiis 6rneklerde vernik yapisma direncinin
genellikle daha diisiik oldugu; 1s1l iglem gérmiis disbudak
ve sarigam gruplart disinda rendelenmis ylizeylerde
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zimparalanmis ylizeylere oranla daha yiiksek vernik
yapisma direnci degerleri tespit edilmistir. Yiizey islem
faktorii dikkate alindiginda, yilizey pirizIiligi tim
gruplarda farkli olmasina ragmen, vernik yapisma
direncinde aga¢ tiirli ve vernik ¢esidine gore farkli
sonuglar elde edilmistir. Yiizey piirtizliligiiniin vernik
yapisma direncini sarigamda daha fazla etkiledigi goriilse
de, vernik ¢esidi veya 1s1l iglem gruplar icin genelleme
yapilabilecek sonuglar goriilmemistir. Yiizey
plriizliligiiniin artis1 belirli sinirlar icerisinde vernik
yapisma direncinde de artiga neden olmustur. Her ii¢ agac
malzemede de en yiiksek yapisma direnci politiretan
vernikte tespit edilmistir. Su bazli vernigin en diisiik
yapisma direncine sahip oldugu sdylenebilir.

Isil iglem gormiis ve gdérmemis aga¢c malzemede farkli
verniklerin, vernik yapisma direnci benzer sonuglar
ortaya koymustur. Vernik yapigma direncinin daha ¢ok
vernigin yapisina ve katman kalinligina bagli oldugu
tespit edilmistir. Bu bilgiler 1s18inda vernik yapisma
direnci agisindan en iyi sonucu veren poliiiretan vernigin
kullanilmasi1 6nerilir. Ozellikle zemin doseme, kent
mobilyalar1 gibi mekanik etkilere maruz kalacak
tirlinlerde poliliretan vernigin kullanilmas1 daha uygun
olacaktir.
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ABSTRACT

This study reviews velocity-pressure changes in spiral case, rotor and outlet pipes, force-torque values affecting the turbine rotor,
vortexes in the outlet pipe, and pressure changes and vibration effects on two models with different numbers of rotor blades. The
study evaluates the effect of different numbers of rotor blades on the flow and the effects on turbine components to obtain maximum
turbine power. Furthermore, this study evaluates the relationship between the number of rotor blades and guide rotor blades on
velocity-pressure interactions. The analysis determined the turbine rotor blade number to be 17 (Model 1) and 20 (Model 2) and
the wicket gate angle was altered between 12°-48° to analyze the effects on turbine characteristics (velocity, pressure, torque,
vortex, and power).

Keywords: Design of Francis Turbine, Computational Fluid Dynamics, Turbomachinery.

Farkli Rotor Kanat Sayisina Sahip Francis Tiirbin
Modellerinde Akis Etkilerinin Incelenmesi

(0V4
Bu ¢alismada farkli rotor kanat sayilarina sahip iki model iizerinde, salyangoz, rotor ve ¢ikis borularindaki hiz-basing degisimleri,
tiirbin rotoruna etkiyen kuvvet-tork degerleri, ¢ikis borusunda olusan vorteksler ile basing degisimleri ve titresim etkileri
incelenmigtir. Caligmada maksimum tiirbin giicii elde edebilmek i¢in farkli sayiya sahip rotor kanatlarinin akisa olan etkisi
degerlendirilmis ve tiirbin bilesenlerinde meydana gelen etkiler incelenmistir. Ayrica rotor kanat sayilar ile yonlendirme kanat
acilar arasindaki iligki hiz-basing etkilesimleri tizerinde incelenmigtir. Yapilan analizlerde tiirbin rotor kanat sayis1 17 (Model-1)
ve 20 (Model-2) olarak belirlenmis ve yonlendirme kanat agis1 120-480 araliginda degistirilerek tiirbin karakteristikleri (hiz, basing,

tork, verim ve gii¢ gibi) lizerinde olusan etkiler incelenmistir.

Anahtar Kelimeler: Francis tiirbini tasarimi, Hesaplamali Akiskanlar Dinamigi (HAD), Turbomakinalar.

1. INTRODUCTION (GIRIS)

Computational Fluid Dynamics (CFD) analyses have
powerful design tools to display flow characteristics of
hydraulic power components. Many researchers have
benefited from CFD applications while analyzing rotor-
stator interactions, cavitation behaviors, and performance
under various loads in the computational analysis of
Francis turbines.

Carija et al. (2010) made an analysis with CFD for
different discharge flows in the outlet pipe of a Francis
turbine system. Fifteen rotor blades were used in the
model with 20 wicket gates; vortexes in the outlet pipe
were reviewed and small changes were observed in
efficiency levels [1]. Ruofu et al.(2008) studied pressure
distribution on the turbine rotor under seven different
boundary conditions (68%-75%-85%-92%-100%-106%-
113%) for partial, normal, and extreme loads with a fixed
head value[2]. Choi et al. (2013) made an optimization
through CFD on a 500kW horizontal axis Francis turbine
*Sorumlu Yazar (Corresponding Author)

e-posta: asozen@gazi.edu.tr
Digital Object Identifier (DOI) : 10.2339/2017.20.1 241-249

measurements and obtained improvements in efficiency
up to 9.96% [3]. In the study performed by Saaed et al.
(2010), different models constructed to reduce the
stresses on the vanes of the turbine were investigated. In
these models, components of the radial and tangential
velocity as well as the strength of the vanes at different
loading and flow rate values were examined. In the
parametric model constructed by, the flow analysis of the
exit tubes and their structural analysis were performed.
In the structural analysis, total deformation and forces
creating stress were visualized [4]. In another study
performed by Okyay et al. (2009), Francis turbine design
related with computational fluid dynamics was
performed and variation in the pressure of grid structure
which raised around the stay vanes and spiral was
demonstrated [5]. In two study performed by Chen
(2009), the stresses on wicket gate and rotating runner of
a Francis turbine formed by a flow were examined by
finite elements method [6]. Jain, et al. (2010) reviewed
the rates of input-output powers at different flow rates in
a study for efficiency estimation with the help of CFD in
a horizontal axis Francis turbine. They obtained output
values on two different boundary conditions (pressure
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input and mass flow input) and provided
recommendations to the manufacturers [7]. Pennacchi et
al. (2011) developed a model to reduce vibration on
turbine blades. They attempted to reduce vibration on
blades with a compression mechanism on connection
points of blades [8]. Zhange et al. (2012) studied
cavitation behaviors of a high head Francis turbine under
partial load. They developed an empirical relationship for
cavitation amounts in areas close to the turbine wheel and
the output pipe [9]. Bing et al. (2012) studied vibrations
on the main shaft system with ANSYS software for
critical rotational speeds and made certain dynamic
analyses to be used as a reference in turbine design [10].
Nilsson et al. (2000) calculated velocity and pressure
effectiveness at certain distances by changing angles of
the output axis for Kaplan and Francis water turbine
wheels [11].

This study obtained geometric values for the turbine with
calculations for six different models in the literature
according to data for a point with a known flow rate and
head values. The turbine was designed with one of the
various calculation techniques, the Kuarner method [12].
The number of wicket gates were obtained and the wheel
was designed with geometric values of the turbine. The
designed turbine scroll, fixed blades, wheel and outlet
pipes were prepared and analyzed with the modules in
CFD software.

2. FLOW SIMULATIONS (AKIS
SIMULASYONLARI)

2.1. Geometric model (Geometrik Model)

To the start turbine design, a flow rate of 56.15m3/h and
a head value of 100m were set as the physical parameters,
the number of revolutions was 250min according to
different calculation results based on these values.
Moreover, while selecting the number of revolutions, the
Kuarner method, which provided the closest value to
250min?t, was selected after calculations with the
methods in Table 1.

The Kuarner method was preferred considering its
compliance with design criteria in terms of specific
speed, flow rate, power parameters, and the statement :
"The output of Francis turbines with a specific speed of
150min? to 250min is known to be better than others
[12]” in literature. Additionally, the most important
point to consider while selecting the specific speed and
the number of revolutions is to select “ns” upper limit and
“n” lower limit to obtain maximum power from a certain
head value. It should also be noted that with more turbine
revolutions, the size of turbines and plants will decline,
and hydromechanical and electromechanical parts will
cost less; on the other hand, the plant will be immersed
deeper to resist cavitation and construction costs will
increase [12,13].

Table 1.Methods for calculation of the specific rotation
speed (Ozgiil devir sayist hesaplama metotlar)

Method ns(min't) ns(mint) n(min) n (min)
Osterien ns= 3500/H¢®" | ns=142.3 | n=ny(Ha*®)/(P*%) | n=172.8
Voith ns=4140/HL7 | ns=168.3 | n=ny(Ha*®)/(P*%) | n=204.4
Kuarner ns=5000/HL7 | ns=203.3 | n=ns(Ha*®)/(P*%) | n=246.9
Egzozarof | ns=5000/H®™ | ns=161.7 | n=ns(Hs"®)/(P*) | n=196.4
USA ne= 2334/HLS | ns=236.9 | n=n(HB)/(P°S) | n=287.7
Leva Ns= 3470/HLS | ns=177.3 | n=ny(Ha®)/(P*%) | n=215.4

Fig. 1. Model geometries (Model geometrileri)

As a result of the calculation, 20 wicket gates were used
in the turbine spiral case (Figure 2). The fixed number of
wicket gates in the Figure is 20 and the modification to
the wicket gate angles was made changing the “Bj;” angle
from the “q” point. The rotor blade number was set to 17
(Model 1) and (Model 2) to analyze the principle of
different denominators for the fixed blade number and
the rotor blade number after drawing rotor blade profiles
(Figure 3).

Fig. 2. Wicket gate profile (Y6nlendirme kanat profili)

Model-1

Model-2

Fig. 3. Rotor views of Model and Model 2 (Model-1 ve Model-
2’ye ait rotor goriiniimleri)
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2.2. Meshing Process (Diigiimleme Islemleri)

The Meshing module, which is important to achieve the
most accurate conclusion in the computational analysis
of the geometric model, was established in 3D.
Tetragonal, Wedge, and Pyrisma mesh structures were
used in the 3D meshs in the meshing module.
Considering quality of the meshs that are important for
convergence in the computational solution, quality is
known to increase with a skewness value closer to 0 and
decrease with a skewness value closer to 1 [14,15,16].
Considering the skewness values of the meshs of two
models in this study, close to 90% have a mesh quality
below 0.5. These meshs have 750.456 nodes and
3.846.257 elements. The table graphic of mesh quality is
provided in Figure 4.

— ]

Fig. 4. Mesh quality (Dugiim kalitesi)

In the mesh module, the curvative method was used, high
mesh quality was obtained, and mesh quality was
increased by setting the span angle center between 12-
36°. On the other hand, a five-layer inflation was
configured to better see the boundary layer and flow
regimes to occur in areas close to the boundary. The
growth rate between these layers was kept as 1.2.
Analyses are made in rotating systems by using the
coordinate system. These systems are used by stating the
boundaries on the reference axis in angular velocity or
revolution number according to their respective axis.
While analyzing the equations of motion depending on
the rotating axis, it is required to enter the relative
velocity or angular velocity for the rotating reference axis
boundary. In this study, an angular velocity 26.16s* was
entered for a -1 counterclockwise rotation on the y axis.

2.3. Numerical modelling of turbulent fluid flow
(Tirbiilanshi Aksta Sayisal Model)

For a stable and three-dimensional flow, the conservation
of mass is described by the following continuity
equation:

o(pu) JO(pv) OJ(pw

(pu) a(pv) (W) _
OX oy 0z

Here, u, v, w represent the velocity values in X, y, z

directions, respectively. For a stable and three-

dimensional turbulent flow, equations of momentum are
as follows;

o))

E_a(_p+rxx)+aryx +%
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In these equations, the surface stresses and body forces
are described separately such that the contributions from
body forces are designated as source terms, i. €., Smx, Swmy,
Swmz. Note that, in a model, the body force originating
from gravity is represented by source terms having values
of Smx = 0, Smy = -pg, Sm; = 0 [14,15]. When a
incompressible fluid flows through a Francis turbine, the
analysis of the flow for the entire system is performed by
using the following forms of the continuity equation and
Reynolds-averaged Navier — Stokes equation [14];

0 -
Dw _ oz, , 97, , O( p+TZZ)+SMz @

D .
pFl::—%IDerlv(ygradu)+SMx ®)
,oE))—\t/:—%+div(ygradv)+smy (6)
p%:—%qLdiv(ygradw)JrSMZ (7

It is possible to write the Navier — Stokes equation in a
more suitable form such that it can be used in the
development of the finite volume method. Reynolds
number is frequently used in the modeling of the
turbulent flow and thereby the effects of turbulent flow
are frequently given by Reynolds stresses, sij , which are
calculated from the k-& turbulence model. It should be
noted that in order to convert the Reynolds-averaged
Navier — Stokes equations to algebraic equations,
unstructured finite volume approach is used in the code
of the model and these algebraic equations are solved
numerically [14,15].

2.3.1. Transport equations for the k- € model (k-€
transport denklemi)

The transport equations given below are used to derive
the turbulent kinetic energy and its rate of dissipation:

0 0 ok (8)
(pk)+§(pku,):g{[;nfj&}-@ +G, —pe—Y, +S,
i k)X

J ag} ‘ 2 ©)

i 8 A | DT K _¢, p&
g(ﬂgﬁ(‘?‘(ﬂgu‘)—mj Klﬁoﬂ.]a)ﬂ +Cy k(Gk+C31:Gb) CouP K +S,

92‘6)

2.3.2. Transport Equations for the RNG k-& Model (k-
€ RNG transport denklemi)

The RNG model has a similar form to the standard k- €
model

0 0 0 ok 10
5(’Dk)+6xv (pkui)ax{[akyeﬁ 6XH+G" +G, —pe-Y,, +S, (10)

i i

11)
0 0 0 O 3 & (
E(PCH@TI(WU. )= ;&[akﬂen aT]*QL- 2(6, +Csan)*CzuP?* R.+S,

i

Here, the turbulent kinetic energy as a result of the mean
velocity gradient is given by Gy. Similarly, G, describes
the turbulent kinetic energy due to buoyancy. It should
be noted that the mean velocity gradient and buoyancy

243



Seleuk KECEL, H. Giiglii YAVUZCAN, Adnan SOZEN / Journal of Polytechnic, 2017; 20 (1) : 241-249

are calculated as depicted in the modelling turbulent
production and effects of buoyancy on turbulence in the
k-¢ models, respectively. Yu represents the contribution
of the fluctuating dilatation incompressible turbulence to
overall dissipation rate, calculated as described in effects
of compressibility turbulence to the overall dissipation
rate, calculated as described effects of compressibility on
turbulence in the k-e models. The quantities ok and o, are
inverse effective Prandtl number for k and ¢, respectively.
Sk and S; are user-defined source terms [14].

2.4. Boundary conditions (Simr Sartlar1)

The system was modeled in three main parts according to
the calculated values. Using the pressure-based analysis
system, water at 23°C was used in the system, defined as
the spiral case, rotating wheel, and outlet pipe. Creating
a flow and control volume for the rotating wheel, the y
rotating axis was defined by entering an angular velocity
value of 250 mint. Moreover, the k-€ model and “swirl
dominated flow” were used in turbulent analyses for
rotating systems and flows with a high Reynolds number.
13 bars of pressure for x=1 direction in cartesian
coordinates was used as inlet pressure as an inlet
boundary condition. Inlet length of run as well as
turbulent viscosity values were defined as 10 %.

In the model, which was defined as “pressure outlet” at
the outlet boundary condition, pressure and velocity
values originating from adjacent surfaces were used.

2.5. Resolution Phase

When the dot products of pressure and viscous forces
with a specific force vector, a, are summed up the total
force component along that force vector is obtained. By
this way, pressure and viscous force components of the
total force in the direction of the vector a can be
expressed separately:

F,—a.F,+a.F, (12)
where a is specified force vector, F, is pressure force
vector, F, is viscous force vector. Apart from pressure
and viscosity based forces and total force, the
corresponding force coefficients can be calculated for
selected Wall zones by taking the reference values into
consideration. Then, these force coefficients are divided
by pv?/2.

3. RESULTS AND DISCUSSION (BULGULAR VE
TARTISMA)

Convergence curves were obtained from analyses of two
models. Using the analyses, pressure, velocity, friction
effects, moment, flow lines, and gradients, which are
difficult to observe under normal conditions, were
observed. Pressure and velocity values for points on the
spiral case, fixed channel inlets and outlets and the outlet
pipe in different models were reviewed.

3.1. Torque and Power Changes (Tork ve Gig
Degisimleri)

Torque, output, and power factors were evaluated by

changing wicket gate angles, which were positioned at

equal distances in the spiral case and allowed for
conversion of the tangential velocity of the fluid to work
in the most efficient way. Force and torque values can be
directly measured from the fluent and CFD-Post module
or can be obtained from the Euler moment equation.
Force and torque values calculated separately for every
model by the software are listed in Table 2. Values
obtained by multiplying the torque values obtained after
the analysis of the models in the software by angular
velocities were provided as the turbine power.

Table 2. Torque and power for wicket gate angles
(Yonlendirme kanat acisina gore Tork ve Giig

degerleri)

Angle Model 1 Model 2
Torque Turbine Torque Turbine
(x10°Nm) power (x10°Nm) power

(MW) (MW)
12° 1.747 45.706 1.554 40.656
15° 1.834 47.986 1.725 45.128
18° 1.962 51.337 1.866 48.482
21° 2.032 53.175 1.933 50.589
23° 2.054 53.736 1.946 50.931
24° 2.068 54.122 1.968 51.500
25° 2.029 53.081 1.975 51.682
27° 2.032 53.162 1.951 51.059
30° 2.010 52.605 1.930 50.508
33° 1.960 51.274 1.879 49.165
36° 1.939 50.729 1.790 46.829
39° 1.863 48.762 1.748 45.749
42° 1.807 47.287 1.677 43.896
45° 1.705 44.624 1.608 42.068
48° 1.554 40.675 1518 39.711

A maximum turbine power of 55.03 MW was obtained
for the flow rate and selected head parameters in turbine
measurement. Considering the theoretical power values
for Model 1, turbine output in the best wicket gate angles
was 98.3%. In Model 2, the turbine had 93.5% output
after a change of 24 degrees in the angle.

Table 3 demonstrates that Model 1 was more efficient
than Model 2. Significant differences were obtained
between torque values caused by wicket gate angles
between 12° and 48° on the rotor in the model of the
turbine data calculated accordingly. Separately
evaluating the models, output and power loss occurred
between 30-33% in different wicket gates. The extent of
the difference is presented in Table 3.
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Table 3. Turbine output loss by models (Modellere gore
tiirbin verim kayiplart)

Angle Model 1 (24°-48°) Model 2 (24°-48°)
Torque Turbine Torque Turbine
(106Nm) power (106Nm) power
(MW) (MW)
Highest
output 2.068 54.122 1.975 51.682
(24°)
Lowest
output 1.554 40.675 1.518 39.711
(48°)
output 33.05% 30.14%
0ss

The highest torque value was obtained at 24° in Model 1
and Model 2, based on the available data. An average
output difference of 5.86% was obtained between the
torque and power values of Model 1 and Model 2. As
described in the purpose of the study, it clearly
demonstrated the output difference arising from the
principle of applying a different denominator for the
wicket gate number and the rotor blade number in
literature.

2,20

2,00 -

1,80

1,60 g
1,40

=0=Nodel 1 mum\f0de] 2

1,20

Torque (x10°Nm)

w7
12° 157 18° 21° 24° 25° 27° 309 33° 369 397 42° 45° 48°
Angle of Wicket Gate
Fig. 4.Torque values of the models by the wicket gate angle
(Yonlendirme kanat agisina gbére modellerin tork
degerleri)

A graphic is provided in Figure 4 for torque values
obtained from the turbine rotor. A difference of 2x10°Nm
was observed as the average torque value between the
models. The ratio between torque values and power
values obtained from the fluent model equals to the
radius of the turbine rotor.

It is clear that torque values obtained from the turbine
rotor were higher between 18°-33°. The main reason is
that the tangential velocity of the fluid discharged from
the turbine wicket gates changes and the ratio of rotor
input velocity (u) to rotor output velocity (v1) differed by
0.5. The change in the power value that can be obtained
from the turbine shaft for the number of revolutions
known to be 26.16rad/s (250 min) of the turbine with
the torque values depending on the wicket gate angle is
provided in Figure 5. The change between torque and
turbine power was parallel. Maximum turbine power was
obtained at a 24° blade angle for Model 1 and Model 2.

60

55

N e

45 %
40

v
=0=Model 1 m=Qum\ode] 2

Turbine Power (MW)

120 ‘ 15° ‘ 18° ‘ 21° I 24° I 25° I 27° I 30° ‘ 33¢ ‘ 36° ‘ 39¢ ‘ 42° ‘ 45° ‘ 48° ‘

Angle of Wicket Gate
Fig. 5. Turbine power values by the wicket gate angle
(Yonlendirme kanat agisina gore Tirbin giici
degerleri)

For Model 2, the change in hydraulic output and rotor
output by the wicket gate angle is provided in Figure 6.
Maximum hydraulic and rotor output obtained from the
velocity at the rotor inlet was obtained at the 24° wicket
gate angle.

=O=uh Effiency of hydraulic ™3™ Effiency of Rotor

12° 15° 18° 21° 24° 27° 30° 33° 36° 39° 42° 45° 48°
Angle of Wicket Gate
Change in hydraulic and rotor outputs in the model
by the wicket gate angle (Model-2 hidrolik ve rotor
verimlerinim yOnlendirici kanat agis1 ile degisimi)

Fig. 6.

Power changes in the turbine rotor are provided in Figure
7. As seen in Figure 7a, power required for rotation
gradually decreased from the center of the turbine rotor
towards the blade inlets. At this point, the necessary
power for a rotation speed of 250min* of the rotor varies
by the turbine rotor radius.

Fig. 7. Power on turbine rotor surfaces 7-a, velocity values 7b,
(7a Tiirbin rotor yiizeylerinde olusan kuvvet, 7-b hiz
degerleri)

The general condition of velocity distribution in the
turbine rotor is provided in Figure 7b. Uniform velocity
distribution on the shaped rotor explains how pressure
forces transferred to the rotor are absorbed. Velocity
decreases by about %, considering velocity distributions
at the rotor inlet and the rotor outlet. This provides a
value that is very close to maximum turbine outputs.
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3.2. Velocity and Pressure Changes (Hiz ve Basing
Degisimleri)
The selection of points on the turbine is generally based
on geometric model sections and closeness to the center
(Figure 8). Using the CFD-Post module, pressure and
velocity values for all angle changes in Model 1 and
Model 2 were obtained from the coordinates of the
concerned points.

a 2 i 0 i o 25 Fre
— — — —

Fig. 8. Points selected on the spiral case (Salyangoz tizerinde
segilen noktalarin gosterimi)

3.2.1 Velocity Changes (Hiz Degisimleri)

This section evaluates velocity distributions on the
system for the turbine rotor with 17 blades within point,
plane, and flow volumes. Figure 9 displays values on the
points determined for the three models with the highest
output in the concerned velocity distribution.

Speed (m/s)
5

~

112 ) . ~
1314151617181‘:?2;121 >
22 ' s
By 26 57 jg:‘ﬁ":'
Fig. 9. Turbine point velocity graphic for Model 1(Model-
1 icin tiirbin noktasal hiz grafigi)

The role of the spiral case is to ensure that the supply
water enters at equal velocities and equal pressures
around the rotor blades. Velocity distributions along the
spiral case in the turbine decreased starting from the entry
point of the fluid into the rotor (from point 4 to point 17)
and exhibited a velocity change of 3m/s. Velocity
significantly decreased in the dead core zone where the
fluid hits the turbine rotor and is directed to the outlet
pipe. Acceleration gradually increased after this point,
starting from the inlet of the outlet pipe. After the outlet
pipe, velocity decreased due to vortex flows and was
directed to the diffuser from the outlet pipe.

The results of the velocity analyses in Model 1 and Model
2 were examined. Changes are clearly displayed with
comparisons between the same wicket gate numbers and
velocity limits in the two models. The point values are

provided in graphics. Moreover, statements about similar
changes in the two models are explained further and
supported with images.
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Fig. 10. Velocity changes in Model 1 and Model 2 (Model-1 ve

Model-2 hiz degisimleri)

Comparison between two models for the highest output
level at 24° is provided in Figure 10. Velocity
distributions in the spiral case section in the figure have
similar values. In addition, there was a difference in
velocity distribution for points 17 and 18 where inlet-
outlet velocity values were provided as used in the
torque-power calculation. The main parameter that
caused Model 1 to be more efficient compared to Model
2 was mainly obtained from this change. In Model 1, the
pressure of the fluid received by the rotor was absorbed
and velocity in the dead core zone dropped by
approximately 3 m/s compared to Model 2. The main
reason for the 5% increase in turbine output in Model 1
can be concluded to arise from this change in velocity at
the rotor outlet.

Figure 11 displays changing velocity flows throughout
the turbine system. Velocity distribution at the outlet pipe
and flow lines show differences in terms of value and
number between two models. The vortex flows,
described for their effects and significance, can be clearly
seen to condense along the outlet pipe in Model 2. It can
be concluded that the viscous forces of these vortexes
increase, and thus, changes in velocity at rotor inlets-
outlets directly decrease the torque value. The decrease
in torque values was 5% as shown in Table 5.3.

veey ?
Vst

Model-1 0 3.000 (m) 3

e A Ges M

Fig. 11. Model 1 and Model 2 velocity flow lines (24° angle)
(Model-1 ve Model-2 hiz akim ¢izgileri)
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In conclusion, velocity fluctuations throughout turbine
systems, depending on changes in blade numbers and
guide angles preferred in turbines, directly affect turbine
output. Another important point other than torque and
output is vibrations in the turbine shaft due to fluctuations
in the outlet pipe. Every vortex to be formed for
additional blades causes more yaw and vibration in the
turbine shaft and directly affects turbine life. Vortex
flows occur depending on the turbine specific velocity in
the dead water core, as shown in Figure 12. They support
the formation of turbulent flow areas that cannot be
calculated by the intensity of vortex flows. The directions
of the dead water core and vortex flows at a 24° angle,
depending on changing velocities in the outlet pipe
section, are provided in Figure 12.

Velocity in Stn Frame
Contour 3

1 3.190e+001 b N\
B 4N

2.552e+001 1

1.914e+001

1.276e+001

I 6.379e+000
0.000e+000

[m s*-1)

Dead water core zone

Fig. 12. Water core zone in the outlet pipe section (24° angle)
(Cikis borusu kesitinde olugan olii su ¢ekirdek
bolgesi (24°’lik ac1 igin))

In this figure, water velocity in the dead water core zone
is very low. There are flows at the edges of the core zone
due to rotor rotation. Velocity distribution in the outlet
pipe is clearly seen in the rectangle section view. Vortex
developments in the outlet pipe in Model 1 are provided
in Figure 13. Although the flow lines emerging after the
dead core zone between 12°-18° have very low velocity
values, the number of rotating flows is high. The vortex
effects, which begin to occur at the start of the outlet pipe
after a change of 36°, are lower between 36°-48°
compared to Model 2.
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3.2.2. Pressure changes (Basin¢ Degisimleri)

According to the results of the analysis in the models,
pressure change in the highest output in the spiral case
section had homogenous development. It is clearly
observed that high pressure water is absorbed in the area
of the turbine rotor and energy is transferred to the
turbine rotor. Turbine power absorption seems problem
free at this point.

Pressure (MPa)

Fig. 14. Pressure change in the turbine spiral case and outlet
pipe (Turbin salyangozu ve g¢ikis borusundaki
basing degigimi)

Figure 14 provides a pressure change graphic for Model
1 at 24°-25°-27°, with high efficiency wicket gates.
Thirteen bar pressure, defined to be the requirement for
input along the spiral case section in the graphic for
changing pressure throughout the turbine, remained
almost fixed homogenously along the entire spiral case.
High pressure water entering from the turbine spiral case
was absorbed by the turbine rotor and was transferred to
the turbine shaft between points 17 and 18. A pressure
change of approximately 11 bars occurred in the turbine.
Low pressure water was discharged from the outlet pipe
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with the effect of gravity and density (Figure 14).
Pressure distribution in the outlet pipe is provided in
Figures 15 and 16. Pressure distribution according to the
spiral case section seems to increase in areas closer to the
outlet pipe.

o 4.000 (m) 0

0 4.000 (m) 0

348 o 4.000 (m) 270 o
2.000 L 2000

= I ®AsyYs = Bl 1

s00 9 ‘ 4.000 (m) 430 0
2000 L 2.000

Fig. 15. Pressure distribution in the outlet pipe between
12°-33° (12°-33° araliginda ¢ikis borusunda
ortaya ¢ikan basing dagilimi)
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Fig. 16. Pressure distribution in the outlet pipe between 36°-48°
(36°-48° arahiginda ¢ikis borusunda ortaya g¢ikan
basing dagilimi)

Pressure distribution in the outlet pipe depending on
varying angles is clearly provided in Figures 15 and 16.
Certain areas were not homogenous and pressure
increases emerged, particularly in areas closer to the end
of the outlet pipe in the angle variance range of 36°-48°.
While pressure reached 4 bars on the bottom of the outlet
pipe at 36°-48°, it exhibited a vacuum effect in the upper
area. This caused the system to create a turbulent flow,
and generate pressure fluctuations, knocking, and noise
and thus, vibration in the turbine shaft.

4. CONCLUSION (SONUCLAR)

It is difficult to design and calculate many components
due to complex structures, considering operating
conditions of turbines. The two phase analysis method
used in the study reviewed changes in torque, output, and
resistance of turbine efficiencies with blade angles. The
output difference by angles in turbine efficiencies varied
between 5-14%.

Computational fluid dynamics software proved useful in
determining flow lines around the turbine spiral case and
blades and observing the effect of tangential velocity
components on the turbine rotor. Furthermore, changes
in blade angles and changes in force and torque values in
the turbine rotor were clearly observed. For the efficient
range of 24°-27° for Model 1 and Model 2, obtaining
same results in different studies in the field [7] is very
important for accuracy of this study.

Pressure distribution was homogenous for boundary
conditions, which were determined at the inlet along the
spiral case, and provided operating pressure in the
models. The two-phased model comparisons in the
turbine rotor described the effects of reduced number of
blades and different number of blades and wicket gates.
The outlet pipe analyses in Model 1 and Model 2
examined flow fluctuations and vortex formations. The
number and intensity of the vortexes as well as vibrations
they would cause in Model 1 were low.

Output differences between the two models demonstrated
the effect of pressure absorption and velocity changes in
the turbine rotor. The fact that results from the models
generated similar values indicated the accuracy of the
analysis results. Benefiting from CFD and FEM software
before production in turbine design can be said to offer
important advantages in terms of time, cost, and
reliability.
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