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Geri Doniisiimlii Akrilonitril Biitadiyen Stiren (ABS)
Plastik Malzemesinin Kaliplama Parametrelerine Etkisi

Arastirma Makalesi / Research Article

Aysegiil GULTEKIN TOROSLU*
Milli Egitim Bakanli§1 Hayat Boyu Ogrenme Genel Miidiirliigii, Tiirkiye
(Gelis/Received : 24.12.2018 ; Kabul/Accepted : 06.02.2019 )
oz

Geri doniisiim esnasinda plastik malzemelere karisan yabanci maddeleri ayristirmak zor ve maliyetli bir istir. Yag, kir, metal
partikiilleri ve boya gibi yabanci maddeler plastik iirtinler kullanilirken ince bir tabaka halinde plastik malzemeye karisirlar. Birgok
uygulamada geri doniisiimlii malzeme kullaniminin iiriin {izerinde etkisinin fazla olduguna inanilir. Plastik malzemenin enjeksiyon
makinasinda tekrar eritilerek basilmasi esnasinda yag ve kir sicakligin etkisi ile ayrisirlar. Bakar, dzellikle elektronik ve otomotiv
sektoriinde plastik malzemelere en yaygin karisim yapan malzemedir. Bu ¢alismada, bakir partikdilleri %1, %3, %5, %7 oranlarinda
karistirtlmis geri doniigiimlii Akrilonitril Biitadiyen Stiren (ABS) plastik malzemesinin fiziksel dzelliklerine etkisi arastiril mistir.
Bakir partiikiillii geri doniistimlic ABS malzemesi ile ilk kez kullanilan ABS malzemesinin gerinim, darbe, akis indeks, termal ve
elektrik iletkenligi 6zellikleri aragtirilmistir. Sonug olarak %3 oranina kadar bakir partikiilii karigimli malzemenin fiziksel ve
kaliplanabilirlik 6zelliklerine etkisinin kabul edilebilir sinirlar igerisinde oldugu goriilmistiir.

Anahtar Kelimeler: Akrilonitril biitadiyen stiren, geri doniisiim, bakir partikiilleri, kaliplanabilkirlik.

Effect of Recycled Acrylonitrile Butadiene Styrene
(ABS) Plastic Material on Moldability

ABSTRACT

It is difficult and costly to disassemble impurities in plastic materials during recycling. Foreign materials such as oil, dirt, metal
particles and paint are mixed into a thin layer of plastic when using plastic products. The use of recyclable materials in many
applications is believed to have a greater impact on the product. During the re-melting of the plastic material on the injection
machine, the oil and dirt are separated by the effect of temperature. Copper, especially in the electronics and automotive industry,
is the most common material for plastic materials. In this study, the effect of copper particles %1, 3%, 5%, 7% and mixed recycled
Acrylonitrile Butadiene Styrene (ABS) on the physical properties of plastic material was investigated. The properties of ABS which
is used for the first time with copper particulate recycled ABS material are investigated for strain, impact, flow index properties,
thermal and electrical conductivity. As a result, it has been observed that the effect of physical and moldability properties of the
mixture of copper particles up to 3% is within acceptable limits.

Keywords: Akrilonitril biitadiyen stiren, recycle, copper particular, moldability.

1. GIRIS (INTRODUCTION) Bu alandaki caligmalara  bakildiginda  plastik
malzemelere farkli malzemeler katilarak elde edilen
kompozit malzemelerin 6zellikleri daha ¢ok arastirma
konusu oldugu goriilmektedir. Diger ¢alismalarda ise
plastik malzemesine katilan katki maddelerinin plastik
malzemesinin fiziksel 6zelliklerine etkisi arastirilmistir.
Metalik partiikiiller kullanilarak plastik malzemelerin
ozelliklerini gelistirme caligmalarinin literatiir de yaygin
calismalar oldugu goriilmektedir [1-11]. Bu ¢caligmalarda
plastik malzemelerin genellikle elektrik ve termal
iletkenliginin  arttirilmast i¢in ¢alisilmustir.  Plastik
malzemelerin termal ve elektrik iletkenlikleri arttirilarak
aliminyum ve krom kaplanabilirlik 6zellikleri

Giinimiizde plastik, yaygin olarak kullanilan bir
malzemedir. Kullanilmis plastiklerin tekrar kullanilmasi
cevre kirliligini azaltacagt gibi ekonomik katkida
saglayacaktir. Bu yiizden evlerden plastik atiklar ayri
olarak toplanarak ekonomiye katilmaktadir. Plastik
malzemelerin kullanilmasi sirasinda toz, kir, yag, boya ve
metal parcaciklariyla kirlendigi ve karisima ugradigi
gorlilmektedir. Bu karigimlar plastik malzemenin
mekanik o6zelliklerini etkilemektedir. Bu karigimlarin
plastigin ozelliklerini ne kadar etkiledigi ve mekanik
ozelliklerinde bir degismenin olup olmadig1 arastirma
konusudur. Geri doniistimli plastiklerin

kullanilmasindaki en biiyilk maliyet karisimlarm
temizlenmesinde harcanir. Bu islemdeki bir kazang geri
doniisiimiin maliyetini 6nemli derecede diistirtir.

*Sorumlu Yazar (Corresponding Author)
e-posta : agultekintoroslu@gmail.com

arttirtlmistir. Caligmalarda plastik malzemelerin elektrik
ve termal iletkenlikleri arttirilirken gerinim-uzama ve
viskozitenin azaldig goriilmektedir.

Plastik malzemelere yiiksek oranlarda katki maddeleri
eklenerek  kompozit malzemeler iretilerek bu
malzemelerin 6zelliklerinin ¢alisildig1 bir¢ok caligmaya
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da literatiirde rastlanmaktadir [12-19]. Bu ¢alismalarda
kalsit, aga¢ tozu, ve metalik pargalar kullanilmistir. Bu
caligsmalarda karigim oranlarinin ve katki maddelerinin
homojen dagilimi kompozit malzemesinin fiziksel
ozelliklerini direk etkiledigi goriilmiistiir. Enjeksiyon
yontemiyle iiretim de kompozit malzemelerin viskozite
azalmasi nedeniyle zorluklar yasandigi goriillmektedir.

Geri doniisimli malzeme kullanilarak enjeksiyon
parametreleri ve viskosite ¢alismalarmin da literatiirde
oldukga fazla oldugu goriilmektedir. Geri doniisiimlii
malzemelerin  %20-25 oranlarinda ham malzemeye
katilarak kaliplama o&zellikleri ve fiziksel ozellikler
incelenmistir [20-24]. Fakat geri doniisiimlii malzeme
kullanilirken bircok yabanci maddenin de kullanim
yerine gore plastik malzemelere karistigi goéz Oniine
almarak yapilan ¢aligmalarin az oldugu goriilmektedir.

Plastik malzemeler kullanim yerine gore bircok farkli

materyaler ile birarada kullanildiklar1 i¢in diger
malzemelerin  partikiilleri  plastik malzeme ile
karismaktadir. Geri doniisim esnasinda da farkhi
malzemelerin  partiikiillerini  ayirmak  oldukga

maliyetlidir. Bu c¢alismada sadece geri doniisimlii
malzeme kullanilarak fiziksel ve kaliplama 6zelliklerine
bakilmamustir. Plastik malzemeye karisan partikiillerin
geri doniisimii yapilmadan kullanilabilirligi
arastirilmistir.

2. MATERYAL VE METOD (MATERIAL and
METHOD)

2.1. Deney Numunesi (Test Sample)

Deney numuneleri LG firmasinin Akrilonitril Biitadiyen
Stiren (ABS) malzemesinden enjeksiyon kalibi
kullanilarak dretilmistir. Numuneleri ASTM 1238-90
standardina gore hazirlanmistir (Sekil 1). Numunelere
hacimsel olarak sirasiyla %1, %3, %S5, %7 oranlarinda
bakir tozu karistirilmistir. Deney numunelerinin 6lgiileri
Cizelge 1°de ve bakir partikullerinin tane dagilimi Sekil
2’de verilmistir. Karisim ekstriizyon ile homojen olarak
karistirilarak graniir hale getirilmistir. Demag D150
enjeksiyon presi kullanilarak numuneler tiretilmistir.

.

b2

Sekil 1. Standart deney numunesi (Standard test sample)

Cizelge 1. Deney numunesini dlgiileri 5A (ISO 527-3) (Test
sample measurement 5A(ISO 527-3)

Sembol Standart 6l¢li (mm) Numune 6lgiisii (mm)
L, 2 75 75
b, 125+ 1 125
Ly st 25
by 4% 01 4
r 8t 05 8
r2 125+ 1 125
L 50+2 50
Lo 20+0.5 20
h > 2 3
Congcentration: Span: Uniformity: Result units:
Specific Surface Area: Surface Weighted Mean D[3,2): Vol. Weighted Mean D[4,3]:
1.54 mifg 3.004 um 8708 um
dio1): 2758 um d(0.5):  7.849 um  d(03): 15878 um D(0.97): 20.68 ym
1 Particle Sze i
10
2
g 7
@ &
£ 5
2 4
3
2
1
DD 1 1 10 100 1000
Particle Size (um)

Sekil 2. Bakir tozunun mikron olarak yiizde dagilimi (Micron
percentage distribution of copper powder)

2.2. Enjeksiyon Parametreleri (Injection Parameters)
Katki maddesi arttikca akisi saglayabilmek icin baski
sicakligr ve baski basinci arttirilmustir. Bu artislar baski
esnasindaki numune dolumlarina gore denemeler
yardimiyla  bulunmustur. Deney  numunelerinin
enjeksiyon kalibinda iiretilirken kullanilan enjeksiyon
parametreleri Cizelge 2’de verilmistir.

Cizelge 2. Enjeksiyon parametreleri (Injection parameters)

Derece Basing (Bar) Hiz (mm/sn)
230 70 60
235 74 60
240 78 60
Cizelge 2’de verilen enjeksiyon parametreleri

kullanilarak iiretilen numunelerin kesitlerini incelemek
icin optik mikroskop ve JEOL JSM -6060 LV SEM
mikroskobu kullanilmustir. Sekil 3°te ve Sekil 4°te verilen
optik mikroskop goriintiiler ve SEM goriintiilerinden de
anlasilacag gibi bakir partiikiillerinin plastik malzemeye
homojen dagildig1 goriilmektedir.
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2.3. Cekme Testi (Tensile Test)

A Shimadzu Autograph tipi ¢ekme test cihazi
kullanilmustir. Olgiimler 25 °C’de ve 5.0 mm/dakika
cekme hizinda yapilmistir. Olgiimler bes tekrarh olarak
yapilmis ve ortalama degerleri alinmustir.

Elastik Modiil

y = 0,0023x3 + 0,0236x2 - 0,0998x + 3,09
2=

K

Elastik Modiil N/cm?
(= JN R AR N
QOQUIFRLOINCITWOIT A 0101

0,00 2,00 4,00 6,00 8,00
Katki Orani1 %

Sekil 5. Katki oranlarina gore elastik modiil (Elastic modulus
according to additive ratios)

c) %7 Yiizde Uzama Grafigi

Sekil 3. Optik mikroskopta deney numunesi kesit gériiniisleri
(Cross-sectional views of the test sample an
experimental microscope)

y = 0,0023x2- 0,025x2 - 0,0933x + 11,55

118 RE=1
116
114
11,2

11
10,8
10,6

%150 TO0wd - pf GUTEF ez 10’4

a) 0,00 2,00 4,00 6,00 8,00
Katki Orani1 %

Uzama %

Sekil 6. Katki oranlarina gore yiizde uzama (Strain rate
according to contribution rates)

Gerinim Grafigi
y =0,0369x3- 0,4364x2 + 0,561x + 35,7
2=1]

Gerinim N/cm2
W W W wwwww
O FRP N WA~ OO N

il 0,00 2,00 4,00 6,00 8,00
c) %7 Katk1 Oranm1 %
Sekil 4. SEM mikroskopta deney numunesi kesit goriiniigleri Sekil 7. Katki oranlarina gore gerinim (Stress according to
contribution rates)
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2.4. Akis indeksi (MFI Melt Flow Index)

Devanpart model 3180 cihazi kullanilarak ASTM 1238-
90 standardina gore yapilan Olgliimlerdeki testler
190°C°de ve 2160 g kuvvet uygulanarak yapilmistir. Her
bir bakir katki orani i¢in 6l¢lim 5 kere tekrarlanmustir.

Ergiyik Akis indeksi Grafigi

y =0,0008x3 + 0,0036x2 - 0,0133x + 3,15

3,55 R:=1
3,5
3,45
3,4
3,35
3,3
3,25
3,2
3,15
3,1

0,00

Akis Indeksi oram gr/10 min

2,00 4,00

Katki Orani %

6,00 8,00

Sekil 8. Katki oranlarina gore ergiyik akis indeksi (melt flow
index according to the contribution rates)

Kayma Gerilmesi Grafigi
y =0,419%3 - 5,286x% + 9,752x + 462
R?=1
470
460
450
440
430

420

Kayma Gerilmesi 1/sn

410

0,00 8,00

2,00 4,00 6,00
Katki Orani %

Sekil 9. Katki oranlarina gére kayma gerilmesi (Shear Rate
according to contribution rates)
Vizkozite Grafigi
y =-0,0679x3 + 2,143x? + 0,1821x + 587

680 R*=1
670
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620
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580

0,00

Viskozite Pa.S

2,00 4,00
Katki Orani1 %

Sekil 10. Katki oranlarina gore viskozite (Viscosity
according to additive ratios)

6,00 8,00

2.5. Darbe Testi (Carpy impact)

50x4x4 mm karesel numuneler kullamlarak 25°C’de
Charpy darbe enerjileri dl¢iilmiistiir. Olciimler Housfield
plastik darbe makinesinde 0.113 kg agirhik kullanilarak
yapilmistir. Numunelerde 1 mm’lik ¢entikler vardir. Bu
testlerde numuneler kirilmamistir. Numunelerin sertlik
degerleri Shore D 0lgii birimine gore oOlglilmiistiir.
Olgiimler asagida grafikle verilmistir.

Sertlik Grafigi
y =-0,0143x3 + 0,1893x2 - 0,3393x + 87
2 =

89,5 RE=1
. 89
@)
o 88,5
o
=
& 88
=
= 87,5
[<5)
@ g7

86,5

0,00 2,00 4,00 6,00 8,00
Katki Oran1 %

Sekil 11. Katk: oranlarina gore sertlik (Hardness according to
the contribution rates)

2.6. Elektrik iletkenligi (Electrical Conductivity)

ASTM D-991 standardina gore numunelerden elektrik
iletkenlik  Olgimleri TR6845  Advantest marka
multimetre kullanilarak yapilmustir. Olgiim yapilmadan
iyi bir iletkenlik elde etmek i¢in baski yoniindeki sacin
altina glimiis pasta siiriilmiistiir. Bakir elektrot ile plastik
numune arasindaki iletkenligin iyi olmasi Olgiimde

sapmanin  olmamast  i¢in  olduk¢a  Onemlidir.
Numunelerde DC iletkenlik iki kontak noktasi
kullanilarak ~ dlciilmiistiir. ~ Ol¢iim  degerleri  oda

sicakliginda ve numuneye baski uyguladiktan sonra 2
dakikalik bekleme sonucunda alinmistir.

Elektrik iletkenligi Grafigi
y =0,0018x3 - 0,0214x% + 0,091x + 12,08
RZ=1
12,35
12,3
12,25
12,2
12,15
12,1

12,05
0,00

Elektrik fletkenligi (Ohm-cm 10xE14)

2,00 4,00

Katki Orani1 %

Sekil 12. Katki oranlarina gore elektrik iletkenligi (Electrical
conductivity according to additive ratios)

6,00 8,00
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2.7. Termal iletkenlik (Termal Conductivity)
Numunelerin termal iletkenlik degerleri kismi tarama
yontemi kullanilarak ve termal iletkenlik testi ise Perkin
Elmer DSC test cihazt kullanilarak yapilmistir.
Kullanilan cihaz bilgisayar kontrollii olup hesaplamalar
cihazin kendi yazilimi olan Pyris programi ile
yapilmaktadir. Biitlin numunelerin 6l¢lim yapilmadan
once 20 °C sicaklikta olmasi saglanmustir.

Termal iletkenlik Grafigi

y =0,0083x - 0,0656x? + 0,1207x + 0,174
R*=1
0,7

0,6
0,5
0,4
0,3
0,2
01

0
0,00

Termal iletkenlik W/m-K

2,00 4,00

Katki Oran1 %

Sekil 13.Katki oranlarina gore termal iletkenlik (Thermal
conductivity according to additive ratios)

6,00 8,00

3. SONUC VE ONERILER (CONCLUSION AND
RECOMMENDATIONS)

Deneysel sonuglar degerlendirildiginde sonuglarin
literatiirdeki ¢alismalar ile benzerlikler gosterdigi ve
katki oranlarinin bazi testlerde olumlu etki yaparken
diger testlerde olumsuz etki yaptigi goriilmektedir. Bu
yiizden testlerdeki degisim miktarlar1 ylizde olarak
hesaplanmistir. Bakir katkili ABS malzemesinin katki
oranina gore test sonuglarinin nasil degistigi Tablo 3’te
verilmistir.

Tablo 3’te karsilastirmali olarak verilen test sonuglarina
gore metalik katkili geri doniisimliit ABS malzemesinin
kullanilmasit bazi testlere olumlu etki yapmaktadir.
Ozellikle termal iletkenlik ve elektrik iletkenligi
ozelliklerine olumlu etki yaparken mekanik 6zelligine ve
akiciligma etkisi olumsuz olmustur. Bu etkinin %3 katki
oranina kadar kabul edilebilir smirlarda oldugu
goriilmektedir. Bu katki oranlarinda geri doniisimlii
malzemelerin pahali ayristirma islemleri kullanilmadan
kullanilabilecegi goriilmektedir. Ayrica bazi
ozelliklerinin olumlu yonde artmasi nedeniyle geri
dontisiimlii ABS malzemesinin uygulama yerine gore
tercih edilebilecegini de gostermektedir. Fakat Elastik
Modiil, yizde wuzama ve gerinim &zellikleri
karsilastirildiginda geri doniisiimliic ABS malzemesinin
% 3 oranmndan fazla kullanilmasinin dezavantaj
olusturacaktir. ~ Ayrica  geri  doniisimli ~ ABS
malzemesinin kullanilmasi enjeksiyon sicakligini ve
basincini arttirdigr gorlilmiistir. Bu ylizden enerji
tiiketimi agisindan iiretim maliyeti daha yiiksek olacaktir.

Cizelge 3. Bakir katkili ABS malzemesinin katki oranina

gore Ozelliklerinin yilizde degisimi (Percentage

change of properties of copper additive ABS)
Testler (% | Vol. %1 | Vol. %3 | Vol. %5 | Vol. %7
Degisim) Katkih Katkih Katkih Katkih
Elastik Modul 1,8 3,39 113 39,53
Yiizde Uzama 2 4,83 7,93 10,33
Gerinim 0,55 4,5 10,8 14,49
Ergiyik Akis
Indeksi (Melt 0,54 1,28 2,98 0,54
Flow Index)
Kayma
Gerilmesi 0,06 2,52 7,71 11,18
(Shear Rate)
Viskozite 0,62 2,07 6,84 13,14
Setlik 0,43 0,66 1,19 13
Elektrik
iletkenligi 0,076 0,24 0,41 0,82
Termal
iletkenlik 2,09 2,96 35,7 180,79

KAYNAKLAR (REFERENCES)

1. V Chifor, Z. Tekiner, M. Tiirker, R Orban, “An
Experimental Investigation of Properties of polyethylene
Reinforced with Al Powders”, Journal of Zhejiang
University-SCIENCE A (Applied Physics Engineering),
1-5, 2010.

2. N. Singh, D. Hui, R. Singh, I.P.S. Ahuja, L. Feo, and F.
Fraternali, “Recycling of plastic solid waste: A state of art
review and future applications”, Composites Part B, 115:
409-422, (2017).

3. Y. Liu, M. Farnsworth, and A. Tiwari, “A review of
optimisation techniques used in the composite recycling
area: State-of-the-art and steps towards a research agenda”,
Journal of Cleaner Production, 140: 1775-1781, (2017).

4, K.H. Sua, JH. Lin, and C.C. Lin, “Influence of
reprocessing on the mechanical properties and structure of
polyamide 6”7, Journal of Materials Processing
Technology, 192-193: 532-538, (2007).

5. N. Feng, X. Wang, and D. Wu, “Surface modification of
recycled carbon fiber and its reinforcement effect on nylon
6 composites: Mechanical properties morphology and
crystallization behaviors”, Current Applied Physics, 13:
2038-2050, (2013).

6. Pyrolysis of synthetic polymers and plastic wastes., Kinetic
study, J.M. Encinar, J.F. Gonzalez, Fuel Processing
Technology 89: 678 — 686, (2008).

7. X. Hua, Y. Guo, L. Chen, X. Wang, L. Li, Y. Wang, “A
novel polymeric intumescent flame retardant: Synthesis,
thermal degradation mechanism and application in ABS
copolymer”, Polymer Degradation and Stability 97:1772-
1778, (2012).

8. D.J. Jung, J. Cheon, and S.J Na, “Effect of surface pre-
oxidation on laser assisted joining of acrylonitrile butadiene
styrene (ABS) and zinc-coated steel”, Materials and
Design 99: 1-9, (2016).

9. Y. Li, X. Wu, J. Song, J. Li, Q. Shao, N.Cao, N. Lu, and Z.

Guo, “Reparation of recycled acrylonitrile- butadiene-



Aysegiil GULTEKIN TOROSLU /POLITEKNIK DERGISI, Politeknik Dergisi,2020;23(1): 1-6

10.

11.

12.

13.

14.

15.

16.

17.

styrene by pyromellitic  dianhydride:  Reparation
performance evaluation and property analysis”, Polymer,
124: 41-47, (2017).

A. Arostegui, M. Sarrionandia, and J. Aurrekoetxea, .
Urrutibeascoa, “Effect of dissolution-based recycling on
the degradation and the mechanical properties of
acrylonitrile-butadiene-styrene  copolymer”,  Polymer
Degradation and Stability, 91: 2768-2774, (2006).

S.J. Pickering, “Recycling technologies for thermoset
composite materials—current status”, Composites: Part A
37: 1206-1215, (2006).

D. Perrin, L. Clerc, E. Leroy, J.-M. Lopez-Cuesta, A.
Bergeret, “Optimizing a recycling process of SMC
composite waste”, Waste Management, 28: 541-548,
(2008).

A.Ashori, and A.Nourbakhsh, “Characteristics of wood—
fiber plastic composites made of recycled materials”, Waste
Management, 29: 1291-1295, (2009).

S.M. Al-Salem, and P. Lettieri, J. Baeyens “Recycling and
recovery routes of plastic solid waste (PSW): A review”,
Waste Management 29: 2625-2643, (2009).

I. Turku, T. Karkia, A. Puurtinen, “Durability of wood
plastic composites manufactured from recycled plastic”,
Heliyon, 4: e00559, (2018).

D. P. Kamdem, H. Jiang, W.Cui, J. Freed, and L. M.
Matuana, “Properties of wood plastic composites made of
recycled HDPE and wood flour from CCA-treated wood
removed from service”, Composites: Part A, 35: 347-355,
(2004).

S.Y. Leu, T.H. Yang, S.F. Lo, and T.H. Yang, “Optimized
material composition to improve the physical and
mechanical properties of extruded wood-plastic
composites (WPCs)”, Construction and Building
Materials 29: 120-127, (2012).

18.

19.

20.

21.

22.

23.

24,

P.Y. Kuo, S.Y. Wang, J.H. Chen, H.C.Hsueh, M.J. Tsai,
“Effects of material compositions on the mechanical
properties of wood-plastic omposites manufactured by
injection molding”, Materials and Design, 30: 3489-3496,
(2009).

K. B. Adhikary, S. Pang, and M. P. Staiger, “Dimensional
stability and mechanical behaviour of wood—plastic
composites based on recycled and virgin high-density
polyethylene (HDPE)”, Composites: Part B, 39: 807-815,
(2008).

M. Gracia, T. Garcia, M. Schlatter, F.M. Cabrera, J. T.
Manzanares, and I.Hanafi, “Recycling of acrylonitrile-
butadiene-styrene using 1njection moulding machine”,
Procedia Technology, 22: 399-406, (2016).

J. Palmer, L. Savage, O.R. Ghita, and K.E. Evans, “Sheet
moulding compound (SMC) from carbon fibre recyclate,”
Composites, Part A, 41: 1232-1237, (2010).

J. Howarth, S.S.R. Mareddy, and P. T. Mativenga, “Energy
intensity and environmental analysis of mechanical
recycling of carbon fibre composite”, Journal of Cleaner
Production 81: 46-50, (2014).

M.Rahimia, M.Esfahanianb, M. Moradi, “Effect of
reprocessing on shrinkage and mechanical properties of
ABS and investigating the proper blend of virgin and
recycled ABS ininjection molding”, Journal of Materials
Processing Technology, 214: 2359-2365, (2014).

A. Ashmawy, R. McDonald, D. Carreon and F. Atalay,
“Stabilization of marginal soils using recycled materials,
Final report”, Florida Department of Transportation,
Contract Number BD-544-4, February 2006.



POLITEKNIK DERGISI

JOURNAL of POLYTECHNIC

Journal of Polytechnic
POLITEKNIK
DERGISi

?’?N RTE AM'( J'{>

EMERGING ®
SOURCES
CITATION
INDEX
‘NpeyE®

ISSN: 1302-0900 (PRINT), ISSN: 2147-9429 (ONLINE)
@) oazi niversiresi URL: http://dergipark.gov.tr/politeknik

A novel probabilistic nuclei segmentation
algorithm for H&E stained histopathological
tissue images

H&E ile boyanmis histopatolojik doku imgeleri
icin yeni Dbir olasiliksal hiicre c¢ekirdegi
boliitleme algoritmasi

Yazar(lar) (Author(s)): Faruk SERIN' , Metin ERTURKLER?, Mehmet GUL3

ORCID': 0000-0002- 1458-4508
ORCID?: 0000-0003-0195-4028
ORCID?: 0000-0002-1374-0783

To cite to this article (Bu makaleye su sekilde atifta bulunabilirsiniz): Serin F., Erturkler M. ve Gul M.,
“A novel probabilistic nuclei segmentation algorithm for H&E stained histopathological tissue images”,
Politeknik Dergisi, 23(1): 7-17, (2020).

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

DOI: 10.2339/politeknik.464541


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

Politeknik Dergisi, 2020; 23(1) : 7-17 Journal of Polytechnic, 2020; 23 (1): 7-17

A Novel Probabilistic Nuclei Segmentation Algorithm
for H&E Stained Histopathological Tissue Images

Arastirma Makalesi / Research Article

Faruk SERINY", Metin ERTURKLER?, Mehmet GUL®
!Department of Computer Engineering, Faculty of Engineering, Munzur University, Tunceli, Turkey
2Department of Computer Engineering, Faculty of Engineering, Inonu University, Malatya, Turkey
3Department of Embryology and Histology, Faculty of Medicine, Inonu University, Malatya, Turkey

(Received/Gelis: 27.09.2018 ; Accepted/Kabul : 28.02.2019)

ABSTRACT

In this study, we propose a novel, fast and accurate segmentation algorithm to segment nuclei in H&E stained histopathological
tissue images. The proposed algorithm does not require pre-processing, post-processing, and any manual parameter or threshold.
The algorithm utilizes probabilistic and statistical properties of the pixels’ color value in the images with RGB color space, and
determines whether pixels are a part of any nuclei or not by using an automatically calculated threshold value. The algorithm
provides time efficiency and reduced overall cost in the segmentation. Two more algorithms are also proposed to distinguish nuclei
cluster from the other clusters obtained by K-means, and eliminate false positives in nuclei cluster, which are not nuclei. In order
to compare and evaluate the performance of the proposed segmentation algorithm in terms of time and cost efficiency, K-Means is
preferred because of its common usage. Expert evaluation is declared as ground truth for determining the accuracy of the results.
The experiments are performed on 60 healthy and 60 damaged kidney, and 60 healthy and 60 damaged liver tissue images. The
evaluations show that the proposed algorithm can effectively segment nuclei. The comparison results also demonstrate that the
deviation between proposed algorithm and the expert is 2%, while the deviation between K-Means and expert is 5%.

Keywords: Image segmentation, medical image processing, clustering methods, pattern recognition.

H&E ile Boyanmis Histopatolojik Doku Imgeleri igin
Yeni Bir Olasiliksal Hiicre Cekirdegi Boliitleme
Algoritmasi

(074

Bu calismada, H&E boyali histopatolojik doku imgelerindeki hiicre cekirdeklerini boliitlemek icin yeni, hizli ve dogru bir
boliitleme algoritmas1 dnerilmistir. Onerilen algoritma 6n islem, son islem, herhangi bir manuel parametre veya esik degeri
gerektirmez. Algoritma, RGB renk uzayinda olan imgelerdeki piksellerin renk degerinin olasiliksal ve istatistiksel dzelliklerini
kullanir ve piksellerin herhangi bir ¢ekirdegin bir pargasi olup olmadigim otomatik olarak hesaplanan esik degeri kullanarak
belirler. Algoritma, zaman verimliligi saglar ve béliitleme genel maliyetini diigiiriir. Ayrica, K-ortalama sonucu elde edilen kiimeler
igerisinden hiicre ¢ekirdeklerini igeren kiimenin belirlenmesi ve hiicre ¢ekirdekleri kiimesi i¢erisinde bulunan ancak hiicre ¢ekirdegi
olmayan yanlis pozitiflerin elimine edilmesi igin iki algoritma daha 6nerilmistir. Onerilen béliitleme algoritmasinin zaman ve
maliyet verimliligi agisindan performansim karsilagtirmak ve degerlendirmek igin, yaygin kullanimi nedeniyle K-ortalama
boliitleme algoritmast tercih edilmistir. Sonuglarin dogrulugunu belirlenmesi i¢in uzman degerlendirmesi baz alinmistir. Deneyler
60 saglikli ve 60 hasarli bobrek ile 60 sagliklt ve 60 hasarli karaciger gorintiisii tizerinde gergeklestirilmistir. Degerlendir meler,
onerilen algoritmanin cekirdekleri etkili bir sekilde bdliitleyebildigini gostermektedir. Karsilastirma sonuglari ayrica 6nerilen
algoritma ile uzman arasindaki sapmanin %2 oldugunu, K-Ortalama ve uzman arasindaki sapmanm ise %5 oldugunu
gostermektedir.

Anahtar Kelimeler: Goriintii boliitleme, medikal goriintii isleme, kiimeleme yontemleri, oriintii tanima.

1. INTRODUCTION Hematoxylin-Eosin (H&E) is the most common staining
In histopathological analysis, the tissue samples are technique and many pathologists believe that H&E will
prepared by performing routine technical procedures —continue to be common practice over the next 50 years
which are fixation, dehydration, clearing, infiltration, ~[3,4]. Hematoxylin stains nuclei with blue color
embedding, sectioning, and staining respectively [1,2]. specification, whlle_E05|_n stains other structures such as
Staining procedure aims to reveal different tissue CYtoplasm, connective tissue, vascular lumen, etc. with

structures by staining it with different colors. ~White and pink color specification. Histopathological
images can be obtained by different imaging techniques

*Sorumlu Yazar (Corresponding Author) [2,5] depending on usage purposes. Fast slide scanners
e-posta : bmfarukserin@gmail.com are usually used to generate digital histopathological
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images that contain relevant information about the
Specimen at a microscopic imaging.

An expert evaluates digital histopathological images
manually or by a Computer Assisted Diagnosis (CAD)
system. In practice, experts visually examine the tissue
sections through a microscope. However, this approach
is slow, time consuming [6] and error-prone due to
inexperience and subjectivity of experts. It is also
presented in [7-9] that the experts make joint decision
between 61% and 73%.

CAD systems have been used in histopathology besides
other medical fields to provide quantitative data to
experts in diagnosis process [3,10-23]. Furthermore,
these data acquired by a CAD system may provide more
confidence in decision-making process during a
diagnosis. CAD systems also reduce the workload, and
speed up the diagnosis and treatment process. Thanks to
recent advances in CAD systems, different various
disease detection and grading application have been
proposed, including counting of ovary follicles [24],
compute areas and volume of the scar cardiac tissue [19],
diagnosing melanocytic and non-melanocytic skin
lesions [25], locating and qualification of fatty and
necrosis area of liver tissues [21-23], detection and
analysis of cancer such as breast [26], prostate [27], lung
[28].

Segmentation is an important initial step of many CAD
systems, and the success of the CAD systems largely
depends on the quality of the segmentation algorithm. A
segmentation algorithm aims to separate interested tissue
structure from others. However, it is not an easy task due
to the complex nature of histopathological images and the
variability in the sample preparation, staining and image
acquisition process. In many histopathological image
analysis systems, segmentation mainly focuses on
identification of nuclei owing to its major and distinct
properties. The nuclei can be identified by using general
or specific image segmentation algorithms.

Well-known image segmentation algorithms can be
categorized based on threshold, edge, region, and cluster
in the literature. Threshold based segmentation assumes
that certain structures have significantly different
intensities than the background or other structures. It
applies a fixed threshold value to image globally or
locally. The threshold value can be depending on the
global or local features of the image such as color
intensities, histogram, and statistical properties of the
features. The threshold value can be determined
manually or calculated by a method such as Otsu [29].
Edge based segmentation algorithms are performed on
especially gray level images by detecting strength
intensity changes in pixels. The first or second order
derivative operators such as Prewitt, Sobel, Canny, Test,
Zero—Crossings and Laplacian are used to identify the
pixels changing. These pixels constitute of the boundary
of components. Region based segmentation algorithms
aim to divide the image into homogeneous sub-regions
considering similarity criteria such as a thresholded color

value, equality of gray level, or relationship between any
features based on histogram, color, etc. Region Growing
[30], Splitting and Merging [31] are well known
algorithms of this category. Clustering based
segmentation algorithms such as K-Means, Fuzzy C-
Means and Unsupervised Fuzzy C-Means separate
images into different homogeneous sub-images called
cluster. K-means [13,22,23,32] and Fuzzy C-Means
[33,34] divide image into n clusters. The determination
of number and initial pixels of clusters plays essential
role in success of the segmentation.

Specific nuclei segmentation algorithms have also been
presented in the literature. H. Kong et al. proposed to
classify pixels of histopathological images into cell and
extra-cellular clusters by using color-texture properties
instead of color intensities. The color-texture at each
pixel is extracted by using local Fourier transform from
the most discriminant color space that is optimized to be
a linear combination of the original RGB color space
[35]. X. Zhang et al. developed a segmentation method
to describe cell by using Gaussian-based hierarchical
voting and repulsive balloon model [36]. Y. Xu et al.
proposed the multiple clustered instance learning to
classify, segment and cluster medical images [37]. S.
Wienert et al. suggested contour based cell detection and
segmentation method utilizing minimal priori
information and avoiding segmentation bias related to
shape features. [38]. Y. Al-Kofahi et al. proposed a novel
segmentation method consisting of various ideas. In first
step of the method, foreground is separated from
histopathological images by using graph-cut based
binarization. After that, seed point of nuclei is obtained
by multi-scale Laplacian of Gaussian filtering that is
restrained by distance-map-based adaptive scale
selection. These points are then used to perform initial
segmentation improved by using second graph-cut based
algorithm including the alpha expansions and graph
coloring methods [39].

The well-known image segmentation and specific
histopathological image segmentation algorithms require
pre-processing, post-processing, algorithm specific
parameter or threshold value determined manually.
These increase the mathematical calculations naturally.
However, the nuclei segmentation can be performed
without these operations to achieve relatively reduced
overall operational cost, if the concern is to segment cell
nuclei in H&E stained histopathologic images, which is
major structure of a tissue especially in cancer
researches.

Two main contributions are presented in this study. The
first contribution is proposed Probabilistic Nuclei
Segmentation Algorithm. The algorithm is novel, fast
and accurate. In addition, it does not require pre-
processing, post-processing, and any parameter or
threshold value determined manually, to identify nuclei
in H&E stained histopathological images. The algorithm
utilizes probabilistic and statistical properties of the
pixels’ color value in the images with RGB color space,
and determines whether pixels are a part of any nuclei or
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not by using an automatically calculated threshold value.
The probabilistic and statistical operations are focused on
blue channel of the RGB color space due to the fact that
the cell nuclei are stained with blue in the H&E stained
histopathological images. This approach provides time
efficiency and reduced overall cost in nuclei
segmentation process. Two more algorithms are
proposed as second contribution to distinguish cluster
containing nuclei from the other clusters obtained by K-
means, and eliminate false positives in nuclei cluster,
which are not nuclei.

We preferred to compare our proposed algorithm with a
well-known segmentation algorithm, which has been
used in histopathological image segmentation, to
evaluate the performance of the proposed nuclei
segmentation algorithm in terms of time and cost
efficiency as well as accuracy of results. For this, K-
means is considered because of its common usage
[12,13,22,23,32,40,41]. The accuracy of an algorithm for
nuclei segmentation is to locate and identify all nuclei
correctly in histopathological image. Expert evaluation is
declared as ground truth for determining the accuracy of
the proposed algorithm.

The experiments performed on 60 healthy and 60
damaged kidney, and 60 healthy and 60 damaged liver
tissue images reveal that the proposed algorithm is
effective to obtain accurate nuclei segmentation and cell
counting. In addition, the experiments show that the
results of the proposed algorithm are closer to expert’s
evaluation than the results of K-Means. It is also shown
that the proposed algorithm is faster than K-Means.

The rest of this paper is organized as follows. Section 2
highlights the requirements of the histopathological
image segmentation algorithms and introduces K-Means.
Nuclei distinguishing, and false positive removal
algorithm are also explained in Section 2. The proposed
segmentation algorithm is presented and analyzed in
section 3. Section 4 describes dataset, evaluations and
discussions of experiments. Conclusions are summarized
in section 5.

2. CELL NUCLEI SEGMENTATION

The well-known histopathological image segmentation
algorithms generally require pre-processing, post-
processing, algorithm specific parameters or threshold
value determined manually as stated in introduction.
Watershed needs to convert image color space from RGB
to gray-scale as a pre-processing step. Similarly,
thresholding requires transforming color space from
RGB to binary or gray-scale in pre-processing step. K-
Means, Watershed, Region Growing and Fuzzy C-Means
algorithms segment image into different clusters, but the
algorithms does not identify the cluster containing nuclei.
Thus, the algorithms include a post-processing step. In
addition, K-Means needs parameters to determine the
number of cluster and initial location of each cluster.
Region Growing requires also number of seed and initial
position of each seed. In threshold-based segmentation

algorithms, determination of a threshold value parameter
is necessary as well.

The proposed algorithm is compared to K-Means
Segmentation Algorithm since it is widely used in
histopathological image segmentation [12,13,22,23,
32,40,41].

2.1. K-Means Segmentation Algorithm

K-Means Segmentation Algorithm divides image into
homogeneous sub-images as clusters. Thus, it is essential
to determine number of clusters for clear segmentation.
The number of clusters can be determined manually or
computationally [42]. If number of clusters is
predictable, it is determined manually to avoid raising the
computational cost. K-Means Segmentation Algorithm is
expressed step by step as follows:

1. Number of clusters is determined.
2. Initial centroid of clusters is selected.

3. Distances between pixels and centroids are
calculated by using Euclidian distance as in (1).

di,j = |lp; —.Uj|| €Y}
where p; is location of i" pixel, i=[1, 2, 3, ..., the
number of pixels], u; is centroid of j" cluster, j =
[1, 2, 3, ..., the number of clusters K], d;; is

Euclidian distance between location of i pixel
and centroid of j™" cluster.

4. Each pixel is assigned to nearest cluster.

5. Centroid of clusters is recalculated as in (2).
1\
wp=yp, vl )

nj =1

where n; is number of pixels in j™ cluster, p{ is
location of I pixels in j™ cluster.

6. Steps 3, 4 and 5 are repeated as long as the
centroid of clusters shifts. This repetition can be
terminated when the amount of shift is smaller
than a predefined threshold value.

Cost function of K-Means J is calculated by summing of
squares of Euclidian distances between each pixel and
centroid of cluster that contains the pixel as in (3).

kY
1= >l - wl’ ®

j=11=1

A histopathological liver tissue image shown in Figure
1(a) is used to demonstrate the segmentation results of K-
Means with 5 clusters. The clusters results of
segmentation are shown in Figure 1(b-f). The structures
in histopathological image are assigned to different
clusters as seen in Figure 1. In this paper, we propose an
algorithm to distinguish nuclei cluster from these
different clusters automatically, since K-Means cannot
distinguish nuclei cluster itself without post-processing.
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0]

Figure 1. A histopathological liver tissue image and its K-
Means segmentation result with 5 clusters (a) Liver
image. (b) Nuclei. (d) Fat vacuoles, vascular
lumens and connective tissue. (c), (e), and (f)
Cytoplasm.

(e)

2.2. Distinguishing Nuclei Cluster

The segmented structures are not identified after cluster-
based segmentation algorithms such as K-Means. Thus,
it is required to distinguish the cluster containing the
nuclei from the other clusters. We propose to take
advantage of average of structure’s color intensity value
for identification. First, clusters are converted to gray
level images and average of structure’s gray level
intensity value is calculated by considering only pixels of
white foreground structures without pixels of black
background area. Second, cluster with minimum average
is identified as the nuclei cluster because structures
stained with blue color have lower intensity value than
the other image structures in H&E stained
histopathological tissue images. Distinguishing of the
nuclei cluster is formulated in (4), (5) and (6).

sz

NENACH )
6= (5)
N = minimum(C) (6)

where n; is number of pixels in j* cluster, p{ is location
of 1" pixels in j" cluster, I is gray level image of j™
cluster, S; is total gray level intensity of I;, C; is average
gray level intensity of /;, N is nuclei cluster binary image.

10

The obtained nuclei cluster after applying the proposed
distinguishing algorithm to clusters in Figure 1(b-f) is
shown in Figure 2(a). As seen in Figure 1(b) and Figure
2(a), nuclei cluster contains false positive tiny points that
are not nuclei. These points have to be removed from
cluster to segment nuclei accurately.

2.3. False Positive Removal

Tiny points in blue color specification can be seen in the
H&E stained histopathological images when the images
are examined in detail. These misleading points can
occur due to the complex nature of histopathological
tissue and the variability in the sample preparation,
staining and image acquisition process. Thus, these
points cause to appear false positive points (FPP) in
nuclei cluster. These FPP are in fact not part of any
nuclei. The FPP is required to be removed from nuclei
cluster for preventing identification of misleading points
as cell nuclei. A false positive removal algorithm is
proposed to remove the FPP.

Area of FPP is considerably smaller than a nucleus area.
Thus, area thresholding is applied to nuclei cluster to
remove FPP in binary nuclei cluster. The threshold can
be determined manually depending on nature and
resolution of image or automatically. In automatic
thresholding, first r the ratio between number of pixels in
foreground of binary nuclei cluster and resolution of
image (total pixels count of the image) is computed as in
(7). The calculated ratio r is used as circle radius. Then,
the area of circle of radius r is calculated as in (8) and this
area is used as area threshold T. Finally, the component
whose area is smaller than T is removed from binary
nuclei image as in (9).
P

r=, 7

T =mnr? (8)
1, A4, =T

Fi:{O,Ai<Ty ©)

where s is the resolution of image, which is number of
pixel in image; ¢ is the number of pixels in foreground
of binary nuclei image; r is the ratio between the number
of pixels in foreground of binary nuclei image and
resolution of image; T is the area of circle of radius r; 4;
is the area of i foreground component, which is the
number of pixels in the component; F; is false positive
removal function of i component. The component is
removed from image if F; equals to 0. The solution for
overlapping nuclei is proposed in [11].

The proposed false positive removal algorithm is applied
to nuclei cluster in Figure 2(a). The obtained nuclei are
shown in Figure 2(b) where FPP are removed.
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Figure 2. Segmentation result of Figure 1(a) by K-Means
Segmentation Algorithm (a) Binary nuclei cluster
that is result of distinguishing algorithm. (b) Nuclei
that is result of false positive removal algorithm.

3. THE PROPOSED SEGMENTATION
ALGORITHM

Tissue staining technique plays an important role in
selection and success of segmentation algorithms. Many
pathologists believe H&E staining will maintain its
dominance in practice over the next 50 years [3,4]. When
histopathological tissue sections are stained with H&E,
cell nuclei are typically stained with blue color and its
specifications in the images with RGB (Red, Green, and
Blue) color space [5]. Thus, blue color value of nuclei is
generally greater than their red and green color value.
The proposed algorithm aims to separate nuclei from the
other structures in H&E stained histopathological tissue
images on the strength of these truths. The overall
schematic of the proposed algorithm is shown in Figure
3.

Input Image with RGB Color Space

I

Calculating Probability of Blue Channel
for Each Pixel

|

Setting Probability Threshold

I

Segmenting Image as
Foreground and Background

I

Output Nuclei Cluster

[

[ J

[ ]

Figure 3. The overall schematic of the proposed algorithm

The proposed algorithm processes an input image with
RGB color space depending on color specification the
image contains. The regions that contain blue color
specifications are determined as foreground (nuclei)
while the rest of the image is determined as background
after the proposed algorithm processes each pixel in the
image. As shown in Figure 4, the output of foreground is
white, and the output of background is black.
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Figure 4. The sample input and output regions for the proposed
algorithm working on blue channel

The proposed algorithm firstly calculates the ratio of blue
(B) value for each pixel as in (10). This ratio represents
the probability of being a part of any nuclei for the pixels.
By utilizing these probabilities, the threshold value t is
set asin (11), (12) and (13) to decide if the pixel is a part
of any nuclei or background. The decision function is
presented in (14).

b 10
~(ry+gi+by) (10)
where r;, gi, and b; are red, green, and blue values of i
pixel in RGB color space respectively; piis the ratio of
the blue value that represents the probability of being a
part of any nuclei for it pixel.

bi

1 n
u= ;Z pi (11)
i=1
i, YA az)
m-DL pi—H
t=u+o (13)

where n is number of pixels, x is the mean of the
probabilities, o is standard deviation of probabilities.
1, =t

fi= {0, ot}rl)(larwise} (14)
The pixel is a part of any nuclei, if decision function f;
equals to 1 for i™ pixel; otherwise the pixel belongs to the
background. If set of images is homogeneous and
threshold value is predictable, t can be calculated once or
defined manually. This reduces workload, and speeds up
process. However, various processes and factors such as
faults in any histopathological procedure and imaging
generally make the dataset heterogeneous. Thus, t is
calculated as in (11-13). The homogeneity means that the
similar structures in image dataset are in the similar color.
The pseudocode of the proposed algorithm is given in
Algorithm 1.
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Algorithm 1. Probabilistic Nuclei Segmentation

Algorithm
Input: RGB image
I(x,y,2) ={ul255=>u=>0AuxyE€E
NAz=1{012}}
Output: Binary image B(x,y) = {0,1} and x,y €
N
v is vertical size of |
h is horizontal size of |
I(i,j,0) is red (R) color intensity of |
I(i,j,1) is green (G) color intensity of |
g I(i,j,2) is blue (B) color intensity of |
% p is probability
= U is mean
> o is standart deviation
t is threshold probability
prob is temporary variable
n is temporary pixel counter variable
8 is temporary variable
Algorithm:
1 prob=0;
2 n=0;
3 6=0;
4 fori=0;i <wv;i=i+1ldo
5 forj=0;j < h; j=j+1do
pij=105,2) / (G, 0) +
6 16,7, D)+ 1(i,1,2));
7 prob = prob+p, j;
8 end
9 end
10 n=hxv,
11 u =prob /n,
12 fori=0i<v;i=i+1 do
13 forj=0;j<h;j=j+1do
14 8=38+ (P~ W%
15 end
16 end
17 c=8/(n-1);
18 t=u+o,
19 fori=0;i <wv;i=i+ldo
20 forj=0;j<h;j=j+1do
21 if Dij >t then
22 B(i,j)=1,
23 end
24 else
25 B(i,j) =0;
26 end
27 end
28 end

3.1. Time Complexity of The Probabilistic Nuclei
Segmentation Algorithm

Table 1. Computation time of the proposed

algorithm
. Time
Step Computation (CC)
1 T 1
2 T 1
3 T 1
4 VA+(v+1)C+ (v+1)T 3v+2
5 v(hA+(h+1)C+ (h+1)T) 3vh+2v
6 vh(T+D+2A) 4vh
7 vh(T+A) 2vh
8 - -
9 - -
10 T+M 2
11 T+D 2
12 VA+(v+1)C+ (v+1)T 3v+2
13 v(hA+(h+1)C+ (h+1)T) 3vh+2v
14 Vh(T+A+2S+M) 5vh
15 - -
16 - -
17 T+R+D+S 4
18 T+A 2
19 VA+(v+1)C+ (v+1)T 3v+2
20 v(hA+(h+1)C+ (h+1)T) 3vh+2v
21 vhC vh
22 vhT vh
23 - -
24 - -
25 vhT vh
26 - -
27 - -
28 - -
Total 22vh+15v+19

12

Time complexity is important to evaluate the algorithm
efficiency. Thus, time complexity of proposed
Probabilistic Nuclei Segmentation Algorithm given in
Algorithm 1 is calculated step by step in Table 1. The

differences between the computation times of
mathematical operations such as addition (A),
subtraction (S), multiplication (M), division (D),

comparison (C), square root (R) and assignment (T) are
ignored. The computation time of the mathematical
operations is denoted as A, S, M, D, C, Rand T
respectively. Computation time of each operation is
accepted as 1 clock cycle (CC). For example, a=b/f+d+e
is denoted as T+D+2A, which means there are 1
assignment, 1 division and 2 addition. The total
computation time of the expression is equal to 4 CC.

Step 22 and 25 do not operate together. Only one of them
is operated and total computation time of these two steps
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is vh. The worst case, best case and average case of the
proposed algorithm is the same as in (15).

T =22vh + 15v + 19 = O(vh) = O(n) (15)
As seen in (15), the time complexity of the proposed

algorithm is O(n) where n is humber of pixels in the
image.

4, EXPERIMENTS
4.1. Datasets

In this study, histopathological images of liver and
kidney tissues were obtained by the expert at Inonu
University and these images were used for experiment.
Liver tissue samples were removed from 150-180g male
Wistar Albino Rats grouped as healthy (control)
damaged. The damaged group were injected with olive
oil and 1 ml/kg/day CCls a xenobiotic used in the
generation of experimental liver damage, and causes
injury on liver by increasing generation of free radicals,
decreasing the activities of antioxidant enzymes, and
inducing lipid peroxidation. Kidney tissue samples were
removed from left kidney of 250-280g male Sprague
Dawley Rats grouped as damaged and healthy. 100
mg/kg/day the intraperitoneal Aluminium Chloride
(AICIs) was injected to damaged group. The rats had been
held in 22-24 °C rooms, the seasonal daylight period, and
fed with standard rat chow pellets and tap water. The rats
were slept using Ketamine (Ketalar, Parke-Davis,
Eczacibagi, Turkey) and Xylazine HCl (Alfazyne %?2;
Alfasan, Woerden, Netherlands) anesthesia and tissue
samples were taken. The samples determined with 10%
formaldehyde were embedded into paraffin block
through routine histologic follow-up procedures. The
sections were cut with a microtome and stained with
H&E. The images were taken from these sections by
Leica DFC280 light microscopy and Leica Q Win (Leica
Microsystems Imaging Solutions, Cambridge, UK)
image analysis system.

Kidney images have 1920x2560 and liver images have
768x1024 resolution. Eight of the obtained 240
histopathological images are shown in Figure 5 where
there are three components with blue, pink and white
color. Blue ones represent nuclei whereas pink and white
ones represent other tissue structures. Dataset consists of
60 healthy and 60 damaged kidney, and 60 healthy and
60 damaged liver tissue images.

4.2. Evaluation

Segmentation of cell nuclei is a crucial step in automatic
analysis of histopathological images. In the experiment,
K-Means [43] and the proposed algorithm are used for
segmentation. In preprocessing step for K-Means, RGB
images are converted to L*a*b* color space image to
reduce color space from three channels (R-G-B) to two
channels (a*-b*). 'L*' layer of the L*a*b* space indicates
a luminosity, 'a*' layer indicates chromaticity (red-
green), and 'b*' layer indicates chromaticity (blue-
yellow). K-Means is applied to 'a*' and 'b*' layers in
which all of the color information is. Number of clusters

for K-Means is selected as 5. Proposed distinguishing
algorithm is applied to distinguish nuclei cluster from
other clusters. False positive removal algorithm is used
to remove non-nuclei components from nuclei cluster.

The segmentation results of K-Means and the proposed
algorithm for eight liver and kidney images are shown in
Figure 5. The nuclei segmented by the proposed
algorithm and K-Means can be counted by any connected
component labeling method such as [44]. The expert also
counted the nuclei in images manually. The number of
nuclei segmented by K-Means, the proposed algorithm,
and expert is illustrated in Table 2 for quantitative
comparison. As shown in Table 2, the number of the cell
counted by the proposed algorithm is closer to expert
evaluation than K-means.

The number of nuclei segmented by the proposed
algorithm and K-Means is plotted in Figure 6 for 200
images in dataset. The difference between the number of
nuclei segmented by the proposed algorithm and K-
Means is also plotted in Figure 6 in order to illustrate
variation. However, the results for 40 images in dataset
are not plotted in Figure 6 since K-Means produces over-
segmented or under-segmented results for these images.
Why K-Means produces such results and how the
proposed algorithm eliminates these errors are described
in discussion section. The comparison results also
demonstrate that the deviation between the proposed
algorithm and the expert is 2%, whereas the deviation
between K-Means and Expert is 5%.

Original

The Proposed
Algorithm

Liver

Figure 5. Histopathological liver and kidney tissue images and
segmentation results
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Table 2. The number of nuclei for images in

Table 3. Processing time of the algorithms
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Figure 6. The number of nuclei segmented by the proposed
algorithm and K-Means, and difference between
them. 1-50: healthy kidney, 51-100: damaged
kidney, 101-150 healthy liver and 151:200
damaged liver tissue images.
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seen in Figure 6, since the difference between the
distributions ratios of the components in the liver images,
which are stained with different color, is greater than the
difference between the distributions ratios of the
components in the kidney images. The details are in
discussion section.

The proposed method is much more efficient than K-
means in terms of processing time. The processing times
of K-Means and the proposed algorithm for all images in
dataset are shown in Table 3 and Table 4.
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The proposed distinguishing algorithm takes much less
time than segmentation in K-Means as seen in Table 3.
The ratios of total processing time for two algorithms are
presented in Table 4 for more convenient comparison of
the processing times. Distinguishing and segmentation
times of K-Means are summed in Table 4.

The processing time of K-Means changes depending on
selection of the initial points for clusters, whereas
processing time of the proposed algorithm is constant for
an image. The proposed algorithm is approximately 6
times faster than K-Means in average as seen in Table 4.

4.3. Discussion

In histopathological image analysis, experts and CAD
systems rely on histological tissue specimens. The
complex three-dimensional (3D) specimens consisting of
structures such as cell nuclei or cytoplasm is sectioned
with a microtome into thin sections, and two-dimensional
(2D) images are obtained from these sections. The size,
shape, color specification and frequency of nuclei in the
sections depend on a variety of parameters, including the
orientation and position of the sectioning plane. The
nuclei in sections are shown as blue spots in the images.
The distance between microtome and nuclei affects the
blue color specification of the nuclei in sectioning
process. The nuclei appear in dark blue color
specification as in Figure 7(b), if the microtome passes
through the nuclei. However, the nuclei appear in light
blue color specification as in Figure 7(c-e), if the
microtome passes over the nuclei. The expert, K-Means,
and the proposed algorithm can see and segment dark
nuclei easily, whereas determination of the nuclei shown
in Figure 7(d-e) is more difficult. In case of many nuclei
with light blue color specification, the result of expert and
the proposed algorithm is close to each other than K-
means as seen in Figure 5 and Table 2.

Figure 7.

Representation of nuclei in different color
specification of blue. (a) A histopathological tissue
image (b) A nucleus of (a) in dark blue color
specification. (c-e) A nucleus of (a) in light blue
color specification.

Imperfections in routine technical procedures in
preparation process of the tissue samples may yield more
different color specification than three main color
specification in H&E stained tissue images. An example
of this can be seen in Figure 8(a), where two samples of
unexpected color specification are shown in rectangles.
These imperfections may hamper performance of
segmentation algorithms, while may have no effect on
the expert’s evaluation. A test image with imperfections

15

shown in Figure 8(a) is segmented with the proposed
algorithm and K-Means and evaluated by the expert.
While the number of nuclei counted by the expert is 130
and the number of nuclei segmented by the proposed
algorithm is 125 for Figure 8(b), K-Means produces
different results depending on the cluster initial point
selected randomly. There are two different results of K-
means as seen in Figure 8(c-d) when the number of
clusters is determined as 5. The number of segmented
nuclei in Figure 8(d) is 122 that is close to expert and the
proposed algorithm results, while there is under-
segmentation in Figure 8(c). When the number of clusters
is determined as 3, K-Means produces over-segmented
results as seen in Figure 8(g). In addition, the number of
clusters is increased and selected as 6, K-Means produces
under-segmented result as shown in Figure 8(h). The
similar results as seen in Figure 8(e-f) are obtained when
the number of clusters is selected as 4. The proposed
algorithm has no requirements of factors such as number
of clusters or initial points, and thus segments images
with imperfections accurately.

g T ~¢\ 5 -3
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<

) @
Figure 8. Over and under segmentation example for K-Means

5. CONCLUSIONS

Segmentation is a crucial initial stage of many CAD
systems, and the quality of the segmentation algorithm
significantly affects the success of the CAD system. In
this paper, a novel segmentation algorithm named
Probabilistic Nuclei Segmentation Algorithm is proposed
to segment H&E stained histopathological images
without any requirement of pre-processing, post-
processing, and any parameter or a threshold value
determined manually. Experimental results show that the
proposed algorithm segments histopathological images
more accurately and approximately 6 times quickly than
K-Means. Additionally, the proposed algorithm is able to
yield a success result in case of processing images with
imperfections, where K-Means fails to produce success
result. The comparison results of the number of nuclei
also demonstrate that the deviation between the proposed
algorithm and the expert is 2%, while the deviation
between K-Means and Expert is 5%.

In addition, the study has two other contributions. First,
the distinguishing nuclei cluster algorithm is developed
to distinguish nuclei cluster from other clusters for K-
means. Second, false positive removal algorithm is
proposed to eliminate tiny points of nuclei cluster, which
can cause deceptive nuclei evaluation.
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(074
Yapilarin deprem davraniglari gesitli dinamik parametreler kullanilarak belirlenmektedir. Bu parametreler yapinin mevcut yapisal
ozelliklerine, malzeme 6zelliklerine, simir sartlarina ve hasar durumuna bagl olarak elde edilmektedir. Karmasik yapisal dinamik
problemleri ¢6zmek i¢in modal analiz insaat mithendisliginde kullanilan bir yontemdir. Minare yapilari, uzun ve ince yigma yapilar
oldugu i¢in yanal yiiklere karsi hassas yapilardir. Narinlik etkisi nedeniyle, siddetli depremlerde bu yapilarda 6nemli hasarlar
meydana gelmektedir. Sunulan ¢aligmada, Kirklareli ili Merkez ilgesinde yer alan ve 1383 yilinda inga edilmis olan Hizirbey Camii
minaresinin lineer dinamik analizi gergeklestirilmistir. Onceki donemde restorasyon siireci geciren Hizirbey Camii’nin, restorasyon
raporundan yararlanilarak minare boyutlart elde edilmistir. Yapinin duvarlarinda kullamilan tas malzemeye yonelik ¢aligmalar
kapsaminda malzeme O6zellikleri belirlenmistir. S6z konusu yapinin tarihi degeri nedeniyle tahribatsiz deney yontemlerinden
faydalanilarak malzeme elastisite modiilil tayin edilmistir. Minarenin dinamik analizi, mod birlestirme yontemi ile 2007 ve 2018
Deprem Yonetmeliklerine (DBYBHY 2007 ve TBDY 2018) gore SAP2000 yazilimi kullanilarak yapilmus ve sonuglar
karsilagtirilmistir. Minare yapisi prizmatik ¢ubuk elemanlarla ve kabuk elemanlarla modellenmis olup modellemelerden elde edilen
sonuglar karsilasgtirilmistir. Minarenin temel periyodunun analitik olarak bulunmasi icin ise Rayleigh yontemini esas alan bir
yaklasimda calisma kapsaminda 6nerilmistir. Caligmanin sonunda TBDY 2018 yonetmeligine gore elde edilen kuvvet ve yer
degistirmelerin DBYBHY 2007 yonetmeligine oranla daha biiyiik degerlere sahip oldugu belirlenmistir. Ayrica ¢ubuk eleman

kabuliiyle yapilan modellemenin kabuk elemanla modellemeye yakin degerler verdigi gézlenmistir. Calismada 6nerilen Rayleigh
yontemi ile bulunan minarenin hakim periyodu, sonlu elemanlar yontemi ile elde edilen sonuca ¢ok yakin olarak elde edilmistir.

Anahtar Kelimeler: Hizirbey Camii minaresi, dinamik analiz, kule yapisi, Kiifeki tasi.

Determination of Dynamic Characteristics of Tower
Type Structures: The Case of Kirklareli Hizirbey
Mosque Minaret

ABSTRACT

Seismic behavior of the structures is determined by using various dynamic parameters. The parameters are obtained depending on
the existing structural characteristics of the structures, material properties, boundary conditions and damage condition. Modal
analysis is a method used in civil engineering to solve complex structural dynamic problems. Minaret structures, because they are
long and thin masonry structures, are sensitive to seismic effects. Due to its slenderness effect, significant damage to the structures
occurs in severe earthquakes. In this study, linear dynamic analysis of the minaret of Hizirbey Mosque, which was built in 1383 at
Kirklareli, was performed. The mosque is a restored structure, by using structural restoration report of the mosque, the dimensions
of the minaret were determined. Studies on the stone-based construction material used on the walls of the structure, were carried
out and material properties were determined. Due to the historical value of the mosque, nondestructive testing methods were used
and modulus of elasticity of the material was obtained. The dynamic analysis of the minaret was performed in SAP2000 software
by using mode superposition method in Turkish Earthquake Codes (TEC 2007 and TEC 2018). Furthermore, the minaret was
modelled with prismatic frame elements and obtained results were compared to the results of shell element modeling. Within the
scope of this study, an approach based on the Rayleigh method was proposed for the analytical evaluation of the fundamental
period of the minaret. At the end of the study, it is seen that the force and displacement obtained according to the TEC 2018 is
greater than TEC 2007. In addition, it was observed that modeling with frame elements gave close values to modeling with shell
element. The fundamental period of the minaret with the Rayleigh method proposed in the study was found very close to the result
obtained by the finite element method.

Keywords: Hizirbey Mosque minaret, dynamic analysis, tower-type structure, kufeki limestone.
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1. GIRIS (INTRODUCTION)

Mimari ozellikleri ve statigiyle ¢agimiz miihendis ve
mimarlarma yol gosteren tarihi yapilar1 korumak,
kiiltiirel mirasin gelecek nesillere aktarilmasi agisindan
onemlidir. Buna karsin deprem, savas, yangin, ilgisizlik
nedenlerine bagl olarak birgok tarihi yap1 yok olmakta
veya yok olma seviyesine gelmistir. Kiiltlirel mirasimn
onemli 6rneklerinden olan tarihi yapilarin mevcut yapisal
giivenliklerinin belirlenerek elde edilen sonuglara gore
yapisal Onlemlerin alinmasit gerekmektedir. Tarihi
yapilarin yapisal giivenliklerinin belirlenerek
degerlendirilmesi ve koruma yontemlerinin belirlenmesi
disiplinlerarast bir ¢alisma gerektirir. Bu itibarla, tarihi
yapilarin kagir duvarlarinda kullanilan taglarin malzeme
ozelliklerinin belirlenmesi ve analiz programlarinda
gergek davranist temsil edecek sekilde modellenmesi
gerekmektedir.

Tarihi yapilarn yapisal giivenliklerinin belirlenmesi ve
koruma yontemleri ile ilgili literatiirde yer alan
calismalar incelendiginde; El-Attar vd. tarafindan
yapilan ¢aligmada, Misir’da  bulunan Memliikler
déneminden kalma tarihi Manjaq Al-Yusufi minaresinin,
sonlu elemanlar yontemi ile kurulan modeli iizerinde
dinamik analiz yapilarak sismik giiglendirme teknikleri
onerilmistir.  Minarenin  dinamik karakteristiklerini
belirlemek i¢in sismik ivmeolgerler kullanilarak ¢evresel
titresim testi yapilmig, sonrasinda minarenin ii¢ boyutlu
sonlu elemanlar modelinin dogrulamasi
gerceklestirilmistir  [1]. Mortezaei vd. tarafindan
gerceklestirilen calismada, fran’daki Jame Mescidi’nin
yapisal davranigt incelenmis olup analiz sonucunda
minarenin hasar gérecegi dngoriilerek minarenin yeterli
performans seviyesine ulasabilmesi i¢in kullanilabilecek
giiclendirme teknikleri karsilastirilarak
degerlendirilmistir [2]. Hejazi’nin calismasinda, iran
Isfahan’da bulunan ve klasik Iran mimarisinde 6nemli
yeri olan dokuz farkli tarihi yigma minare iizerinde
analizler yapilarak yapisal 6zellikler belirlenmis olup
incelenen minarelerde deprem yiiklemesi ve 1s1 etkisi
altinda hasar gorebilecek kisimlar belirlenmistir [3].
Abdel-Motaal minarelerin deprem davranisi {izerinde
kazik temel etkilerini aragtirdigi calismada kazik boyu ve
ozelliklerinin ~ minarenin ~ davranismi  degistirdigi
belirtilmistir [4]. Mirtaheri vd. fran Kasan’da Selguklu
doneminde tamamen tugladan insa edilmis olan tarihi
Zeyned-din  minaresinin  dinamik karakteristiklerini
sismik c¢evresel titresim testi yontemiyle belirlemistir [5].

Y1gma yapilarin deprem giivenliklerinin belirlenmesi ve
koruma yontemleri ile ilgili ¢aligmalar da literatiirde yer
almaktadir. Serhatoglu vd. tarafindan gergeklestirilen
calismada, Sehadet Camii minaresinin frekans, mod
sekilleri ve soniim orani gibi dinamik parametreleri
operasyonel modal analiz yontemi ile incelenmistir.
Caligmada kalibre edilmis sonlu elemanlar modelinin,
minarenin davranisini yakin dogrulukta yansittig1 ifade
edilmistir [6]. Livaoglu vd. ¢alismalarinda, Bursa’daki
yedi adet tarihi yigma minareyi incelemek suretiyle
minarelerin geometrik 6zelliklerinin dinamik davranisa
etkisi incelenmis ve sonu¢ olarak minarenin kesit

20

ozellikleri ve yiiksekliginin dinamik davranisa olan etkisi
belirlenmistir [7].

Tarihi yigma minarelerin sonlu eleman modeli
olusturularak teorik modal analizi, Operasyonal Modal
Analiz yontemiyle de deneysel modal analizi
gerceklestirilerek mod sekilleri ve frekanslart gibi modal
parametreleri  belirlenmektedir. Haciefendioglu vd.
Samsun’da bulunan Biiyilk Camii’nin deneysel modal
analizini gergeklestirmistir [8].

Ural ve Celik, Aksaray il merkezinde bulunan yedi adet
yigma minarenin sismik davranisini incelemistir.
Minarelerin geometrik olglimleri fotogrametrik cihazlar
kullanilarak yapilmis ve sonlu elemanlar metodu ile
minareler modellenerek deprem analizleri
gerceklestirilmistir.  Yapisal —analizler birbirleriyle
karsilastirilarak elde edilen sonuglar yorumlanmistir [9].
Haciefendioglu vd. zemin tiirlerinin  betonarme
minarenin  dinamik davranisi {izerindeki etkisini
arastirmak i¢in laboratuvar kosullarinda insa edilen
betonarme minarenin modal testlerini gergeklestirmistir.
[10]. Erdil vd. 2011 Van depreminde hasar géren Ulu
Cami minaresinin hasar durumunu degerlendirmek,
yapisal ve malzeme ozelliklerini belirlemek amaciyla bir
saha arasgtirmasi yapmislardir. Modal parametreleri
belirlemek igin operasyonel modal analizi yapilmis ve
sonlu eleman modeli olusturulmustur [11]. Akan ve
Ozen, sonlu elemanlar yontemini kullanarak Bursa Yesil
Tiirbe’nin deprem analizini yapmislar ve sonug olarak bu
tiir yapilarda ¢ekme gerilmelerini azaltacak 6nlemlerin
alimmasi gerektigini vurgulamiglardir [12]. Ertek ve
Fahjan, Osmanli déneminde insa edilen minarelerin
analizini gerceklestirmislerdir. Calismada kabuk ve kati
modelleme sonuglari karsilastirilmistir. Calismada sonug
olarak, kati elemanla yapilan modellemede elemanlarin
moment aktarma 6zellikleri olmamasindan dolay1 diger
elemanlarla baglantilarina dikkat edilmesi gerektigi
vurgulanmistir [13]. Beyen, caligmasinda 17 Agustos
1999 Kocaeli depreminde hasar géren, Istanbul’da
bulunan Fatih Camisi’ni ele almis, titresim verileri
kullanarak caminin dinamik &zellikleri ve mevcut yapisal
durumunu incelemis ve simetrik olarak teskil edilmis ve
hiperstatiklik derecesi diisitk olan bu tir yapilarmn
¢ozlimiinde ana tastyict yapi elemanlarm {izerinde
olusabilecek hasar i¢in hakim frekansin bir gosterge
olabilecegini ifade etmistir [14]. Dogangun vd. tarihi
minarelerin dinamik davraniglarmi incelemek tizere 20
m, 25 m ve 30 m yiiksekliklerinde ii¢ farkli minareyi
modelleyerek minarelerin 1999 Kocaeli ve Diizce
deprem kayitlar1 kullanarak dinamik analizlerini
yapmislar ve sonug olarak o6zellikle eksenel ve egilme
gerilmelerinin iist gegis bolgesinde en yiiksek degerleri
aldigi, kesme gerilmesi bakimindan ise en yiiksek
degerlerin tabanda olustugunu vurgulamiglardir [15].
Celep vd. Muradiye Camii’nin yapisal ve deprem
davranismin belirlenmesi amaciyla ¢aligma yapmiglardir.
Calismanin sonunda yapilan analizlerden beklendigi
gibi, diisey normal gerilmelerin duvarlarin tepesinden
asagiya dogru arttigr ve maksimum degerlerin duvarin
tabaninda olustugu goriilmiistiir. Calismada gliglendirme
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yontemi olarak mikro kazik yaklasimi 6nerilmistir [16].
Tiirk vd. istanbul’da bulunan tarihi bir caminin y1gma tas
minaresinin dinamik analizini yaparak analiz sonucunda
lifli polimer ile gliglendirme 6nermiglerdir [17]. Sezen ve
Dogangun, tarihi yapilarm yapim teknikleri ve
malzemelerini anlatarak 1999 Kocaeli depreminde
minarelerin  gegis bolgelerinde olusan  gerilmeler
nedeniyle hasar gordiiklerini belirlemiglerdir [18].
Dogangun ve Sezen, Bolu ve Diizce’deki 1999 Kocaeli
depreminde hasar goren bes ayri tarihi caminin sismik
hasar degerlendirmesini yapmislardir [19]. Turk,
Istanbul’da bulunan tarihi bir camiye ait yigma tas
minarenin dinamik analizi ile mevcut durumunu
belirleyerek kritik kesitlerin lif takviyeli ¢imentolu matris
malzeme ile gii¢clendirilmesini dnermistir [20].

KIRKLARELI HIZIRBEY CAMIi’NiN
MIMARI VE YAPISAL OZELLIiKLERIi
(ARCHITECTURAL AND STRUCTURAL
PROPERTIES OF KIRKLARELI HIZIRBEY
MOSQUE)

Kirklareli merkezde konumlanan Hizirbey Camii, 1383
(H.785) yilinda Kdse Mihalzade Hizir Bey tarafindan
yaptirilmis, kare planli bir yapidir. Duvarlarin dis yiizleri,
kubbe kasnagi ve minaresi diizgiin yonu kiifeki tagindan
imal edilmistir. 1470 m? arsa iizerinde 15 m x 15 m
ebatlarinda temel tlizerine oturmus, 328 m?’lik i¢ alana
sahip olarak ayni anda 1000 kisinin ibadet edebilecegi
kapasiteye sahiptir [21]. Deprem sonucu yikilan ve cami
ingasindan daha sonra yapilmis olan dikdértgen planh
son cemaat yeri, Aydoslu Haci Yusuf Pasa tarafindan
1824 yilinda onarilmistir. Tosunoglu Ali Efendi
tarafindan 1887 yilinda bir onarim daha gecirmistir.
Minaresi kesme tas ve tek serefeli, kiitikk kare ve kiilah
kursunludur. Balkan savasinda Bulgarlar tarafindan
yariya kadar yikilan minaresi tekrar yapilmistir. Biiyiik
Cami olarak da bilinen, ibadete agik olan yapi, 2007
yilinda Vakiflar Genel Midiirliigii tarafindan restorasyon
calismasi yapilmistir. Zengin kalem isi siislemeleri ile
erken Osmanl1 dénemi yapisidir. I¢ duvarlarini siisleyen
bilyilk harfli yazilar Kastamonulu Hattat Tevfik
tarafindan yazilmistir. Hizirbey Camii temel boyutlariyla
Kébe-i Muazzama’ya benzemektedir [22]. Edirne
Vakiflar Bolge Midiirliigli arsivinden temin edilen
Hizirbey Camii’nin plani ve sol yan (bati1) goriiniisii Sekil
1’de verilmistir.

b ey ) ooyt —t]

Sekil 1. Caminin kat plam ve sol yan (batr) gériiniisii (Story
plan and Western facade of the mosque) [22]
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3. MALZEME VE YONTEM (MATERIAL AND
METHOD)

Calisma kapsaminda, Hizirbey Camii minaresinin
deprem yiikleri altinda dinamik &zellikleri belirlenmistir.
Hizirbey Camii, Kirklareli ili merkezinde bulunan kalker
esasli malzeme (kiifeki tas1) kullanilarak inga edilmis
yigma bir yapidir. Kirklareli ili, cografi konum itibariyle
Marmara Bolgesi’nin Trakya kesiminde yer almaktadir.
Istranca daglar1 ve Ergene nehri arasinda kalan bu sinir
ili, DBYBHY 2007’ye gore dordiincii derece deprem
bolgesinde bulunmaktadir [23].

Yapisal analizin gergeklestirilebilmesi i¢in gerekli olan
malzeme oOzellikleri belirlenmistir. Elastisite modiilii
degeri, tahribatli deney yontemleriyle dogrudan
belirlenebilirken, caminin tarihi niteligi nedeniyle
malzeme 6rnegi alinarak bu deneylerin gergeklestirilmesi
miimkiin olmamistir. Bu nedenle, Pundit PL200
(Ultrasonik darbe hizi test cihazi) kullanilmistir. Test
cihazi malzemelerin homojenligini
degerlendirebilmekte, catlaklar1 algilayabilmekte, darbe
hizin1 hesaplayabilmekte ve darbe hizi korelasyonu
kullanilarak basing dayanimini belirleyebilmektedir.
Bunlarm yanmda malzemenin elastisite modiiliinii tespit
edebilmektedir. Elastisite modiilii tespiti i¢in Once 54
kHz duyargalar ile P-dalgasi 6l¢iimii daha sonra 250 kHz
duyargalar ile S-dalgasi 6l¢timii yapilmaktadir. P ve S
dalgas1 olglimleri yapildiktan sonra cihaz elastisite
modiilii degerini vermektedir. Cami minaresinin tas
duvarlarinda bu yontemle ol¢iimler yapilmis ve kiifeki
taginin  elastisite modiillii  belirlenmistir.  Minare
duvarlarinin kesme kiifeki tasi ile Oriilmesi ve derz
kalinliklarmin az olmasindan dolayr elastisite modiilii
tespitinde harg etkisi dikkate alinmamustir.

Kiifeki tasi, deniz kabuklarinin ¢ogunlukla da istiridye
kabuklarinin olusturdugu bir kalker tiridiir. Bakirkdy
tagi, limaselli kalker ve maktrali kalker olarak da
adlandirilmaktadir. Igeriginde biiyiikk miktarda fosil
bulunmakta olup, bosluklu ve kalsit 6zellikli bir dokusu
vardir. Acik bej-beyaz tonlarinda, ince taneli ve kumlu
goriiniimde, kompakt bir kaya¢ olup kolay islenebilmesi
nedeniyle tercih edilmektedir. Kimyasal bilesiminde
asgari %90 oraninda kalsiyum karbonat, mineralojik
bilesiminde asgari %90 oraninda kalsit minerali
bulunduran kayaglar, kalker ya da kiregtasi olarak
adlandirilmakta olup kirectaginin birim hacim agirhg
2,5-2,7 g/cm?® arasmnda degismektedir [24]. Trabzon ili
civarinda yer alan kaya birimleri miihendislik jeolojisi
acisindan degerlendirildiginde, bu bolgedeki kirectasinin
ozgiil agirhig ortalama 2,82 g/cm? olarak belirlenmistir
[25]. TS 11137°de kiregtasi igin verilen alt limit birim
hacim agirlik degeri 2,16 g/cm® olarak belirtilmistir [26].
Literatiirde, kalsiyam karbonatli kayaglarin standart
ozelliklerinin incelendigi bir ¢alismada, kirectas1 olarak
siiflandirilan kayaglarda pas tehlikesi oldugu, agik hava
etkilerine maruz kaldiginda renk degisimi gozlendigi
belirlenmistir [27].

Kiifeki tasi, hafifligi sayesinde nakliye kolaylig
saglarken yiiksek hizda iiretim yapilabilmesine olanak
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saglamaktadir. Bununla birlikte kesme kolayligi, istenen
boyutlarda yap1 tasi {iretilebilmesini ve kullanim
cesitliligi saglamaktadir. Kimyasal yapisinda bulunan
kalsiyum karbonat, ortamdaki karbondioksit ile
tepkimeye girerek zamanla basmg dayaniminda,
elastisite modiilinde ve ¢ekme dayaniminda artis
saglamakla beraber permeabilite, klor diflizyonu ve su
gegirgenliginde azalma olusturmaktadir [28]. Erzurum
Lala Paga Camisi’nin incelendigi bir ¢aligmada, yapi
elemanlarmin  mekanik 6zellikleri  Cizelge 1°de
gosterilmistir [29]. Tas malzeme kullanilarak insa edilen
Cosandere (Kinal1) kopriisiiniin sonlu eleman yontemiyle
analizinde kullanilan malzeme ozellikleri Cizelge 2’de
verilmektedir [30].

Cizelge 1. Erzurum Lala Pasa Camii’nin malzeme mekanik

ozellikleri (The mechanical properties of materials
used in Erzurum Lala Pasha Mosque) [29]

Elastisite Cekme
Cami boliimii modiilii dayanimi
(MPa) (MPa)
Duvarlar 3,92 0,3
Fil ayaklar1 ve kemerler 5,63 0,3
Kubbeler 3,00 0,3

Cizelge 2. Cosandere (Kinali) kopriisii tas malzeme 6zellikleri
(Material properties of the stone used in Cosandere-
Kinali Bridge) [30]

Malzeme Elastisite modiilii (GPa) | Poisson orani
Yan duvar 2,5 0,20
Dolgu 1,5 0,05
Tas kemer 3,0 0,20

Hizirbey Camii minare duvarlart incelenmis ve duvarda
kullanilan tas tiiriiniin kiifeki tasi (fosilli kalker) oldugu
tespit edilmistir. Literatiir ¢alismalarindan yararlanilarak
kiifeki tagmin birim hacim agihk degeri 2,55 g/cm3
olarak belirlenmistir. Pundit PL200 (Ultrasonik Darbe
Hiz1 Test Cihazi) ile Hizirbey Camii minaresinin tas
duvarlarinda Ol¢iimler yapilmis ve tas malzemenin
elastisite modiiliiniin 4-6 GPa araliginda degerler aldig:
tespit edilmistir. Cami minaresinde kullanilan kiifeki
taginin elastisite modiilii degeri analizlerde 5 GPa olarak
kullanilmistir. Hizirbey Camii minaresine ait olgiiler,
Edirne Vakiflar Bolge Miidirliigi arsivinden temin
edilen Kirklareli Hizirbey Camii Rolove-Restitiisyon-
Restorasyon raporundaki rolove ¢izimlerinden alinmistir.
Cizimlerden belirlenemeyen 6lgiiler ise minare iizerinden
ve igerisinden lazermetre yardimiyla yerinde tespit
edilmistir. Olgme imkin1 olmayan kisimlarda ise
yaklasik deger kabul edilmistir. Elde edilen veriler
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dogrultusunda SAP2000 [31] yazilimi kullanilarak
Hizirbey Camii minaresinin dinamik analizi yapilmigtir.

4. MINARENIN DINAMIK ANALIZI (DYNAMIC
ANALYSIS OF THE MINARET)

Hizirbey Camii minaresinin dinamik analizi, lineer
analizde zaman tanim alaninda analize yakin sonug
veren, gecerliligi kabul gdoren ve yaygin olarak kullanilan
mod birlestirme yontemine gore SAP2000 yazilim
kullanilarak yapilmistir. Mod birlestirme yontemine gore
dinamik analiz gerek DBYBHY 2007 gerekse TBDY
2018 [32] ydnetmeliklerine uygun olarak yapilmistir.
Analizlerde yap1 geometrisi nedeniyle x ve y dogrultular
icin elde edilen deplasman ve i¢ kuvvet degerleri ayni
olarak elde edilmis olup bu nedenle yalnizca x dogrultusu
sonuglar1 verilmistir.

Minarenin konumlandigi zemin smifinin belirlenmesi
i¢in Nitelik Mithendislik Insaat ve Gida San. Tic. Ltd.
Sirketinin katkilar1 ile yiizey Dalgast Analiz Yontemi
(MASW) kullanilmistir. Yapilan geoteknik analizlerden
tist 30 m’deki kayma dalgasi hiz1 Vs30=592 m/s olarak
bulunmustur. Elde edilen bu verilerden DBYBHY 2007
yonetmeligine gore zemin sinifi Z2 olarak belirlenirken
TDY 2018 Yonetmeligine gore zemin smnifi ZC olarak
tespit edilmistir.

Minarenin DBYBHY 2007 Yo&netmeligi esas alinarak
gerceklestirilen  dinamik analizinde esas alinan
parametreler Cizelge 3’te verilmistir.

Cizelge 3. DBYBHY 2007 Yo6netmeligine gore spektral analiz
parametreleri (Spectral analysis parameters based

on TEC 2007)
Etkin ivme katsayist (Ao) 0,1
Bina 6nem katsayzisi (I) 1
Zemin simifi z2
Tastyici sistem davranis katsayisi (R) 2

TBDY 2018’¢ gore yapilan analizlerde Kirklareli
merkezi icin dikkate alinan parametreler Cizelge 4’te

ile azaltilarak hesaplarda dikkate alinmistir. Calisma
kapsaminda yalnizca yatay tepki spektrumu kullanilmis
olup diisey tepki spektrumunun etkisinin ihmal
edilebilecek mertebede olmasi nedeniyle analizlerde bu
etki dikkate alinmamustir.

DBYBHY 2007 ve TBDY 2018 deprem
yonetmeliklerine ait elastik tasarim spektrumlar1 Sekil
2°de verilmistir.

Minarenin analizinde elastisite modiilii yerinde yapilan
Olglimler baz almmarak 5 GPa olarak alinmistir. Birim
hacim agirlig1 ve Poisson orani literatiirdeki degerlere
uygun olarak 255 kN/m® ve 0,2 seklinde dikkate
almmustir [13]. Modellemede merdivenin etkisi de
dikkate almarak merdivenin agirhigr yayili kiitle olarak
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minareye etkitilmistir. Merdivenli ve merdivensiz olarak
yapilan ¢oOziimlerden merdivenin dinamik analize
etkisinin smirli seviyede oldugu degerlendirilmistir.
Minare modellenirken dogrusal analizde yeterli
uygunlukta sonuglar veren ve tiim yapinin homojen
anizotropik olarak kabul edildigi makro modelleme
teknigi kullanilmistir. Bu itibarla makro modelleme
kullanilarak analiz siiresi kisaltilmaktadir. Analizlerde
malzemenin lineer oldugu ve geometrik nonlineer
etkilerin ihmal edilebilecegi kabulleri yapilmistir.
Analizlerde kabuk eleman modeli ile birlikte gubuk
eleman modeli de kullanilarak ¢ubuk elamanla
modellemenin uygunlugu da arastirilmigtir.  Ayrica
minarenin temel periyodu Rayleigh yontemi ile analitik
olarak hesaplanmustir.

Cizelge 4. TBDY 2018’e gore spektral analiz parametreleri
(Spectral analysis parameters based on TEC 2018)

Zemin sinifi ZC
Kisa periyot bolgesi i¢in harita spektral ivme | 0,388
katsayisi (Ss)
1,0 saniye periyot bolgesi i¢in harita spektral | 0,128
ivme katsayist (S1)
En biiyiik zemin ivmesi (PGA) 0,165
Kisa periyot bolgesi icin yerel zemin etki | 1,3
katsayisi (Fs)
1,0 saniye periyot bdlgesi igin yerel zemin | 1,5
etki katsayisi (Fy)
Kisa periyot bolgesi icin tasarim spektral | 0,504
ivme katsayisi (Sps)
1,0 saniye periyot bolgesi igin tasarim | 0,192
spektral ivme katsayisi (Sp1)
Tastyici sistem davranis katsayisi (R) 2
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& &\
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Sekil 2. TBDY 2018 ve DBYBHY 2007’ye gore elastik tasarim
spektrumlari (Elastic design spectra according to TEC
2018 and TEC 2007)

4.1 Minarenin Kabuk Elemanlar Kullamlarak
Dinamik Analizi (Dynamic Analysis of the
Minaret by using Shell Elements)

Literatiirde yapilan c¢alismada minarelerin dogrusal
analizinde, kabuk elemanla modelleme sonucu elde
edilen degerlerin, kati eleman kullanilmasi durumunda
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elde edilen degerlere yakin oldugu goriilmiistiir [13]. Bu
calismada kat1 elemana oranla modellemesi daha kolay
olan kabuk (shell) elemanlar kullanilmistir. Modelleme
sirasinda yap1 toplam 528 kabuk (shell) elemana
bolinmils olup minarenin toplam agirhigi 1604,7 kN
olarak hesaplanmustir.

Minarenin periyotlar1 ¢atlamamis ve c¢atlamig Kkesit
dikkate alinarak SAP2000 yazilimi yardimiyla
hesaplanarak Cizelge 5’te sunulmustur.

Cizelge 5. Minarenin ilk dort periyodu (First four periods of the

minaret)
Mod | Dogrultu Periyot T(s) Periyot T(s)
(Catlamamisg kesit (Catlamus kesit
kabuliinde) kabuliinde)
1 y 0,39 0,56
2 X 0,39 0,56
3 y 0,13 0,18
4 X 0,13 0,18
Minarenin  mod sekilleri Sekil 3’te gosterilmistir.

Analizlerden elde edilen tepe noktasi yer degistirmesi ve
taban kesme kuvveti degerleri Cizelge 6’da sunulmustur.
Analizlerde yap1 geometrisi nedeniyle x, y dogrultusu
icin elde edilen deplasman ve i¢ kuvvet degerleri ayni
olarak elde edilmis olup bu nedenle yalnizca x dogrultusu
sonuglar verilmistir.

il

Mod 1 (¥) Mod 2 (x) Mod 3 (x) Mod 4 (y)

Sekil 3. Cami minaresinin mod sekilleri (Mode shapes of the
mosque minaret)

Elde edilen gerilmeler ise Cizelge 7°de verilmistir.
Burada S11 ve S22 diisey gerilmeleri, S12, S13 ve S23
ise kayma gerilmelerini gostermektedir.
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Cizelge 6. DBYBHY 2007 ve TBDY 2018 deprem
yonetmeliklerine gore elde edilen tepe noktasi
deplasmani ve taban kesme kuvvet degerleri
(Peak point displacement and base shear force
values obtained with TEC 2007 and TEC 2018)

X dogrultusu
DBYBHY TBDY
(2007) (2018)
Tepe noktasi 14 mm 40 mm
deplasmani
Taban kesme 86,8 kN 142,7kN
kuvveti

Cizelge 7. 2007 ve 2018 deprem yonetmeliklerine gore elde
edilen maksimum gerilme degerleri (Maximum
stress values obtained with TEC 2007 and TEC

2018)
Gerilmeler (MPa)
DBYBHY 2007 TBDY 2018
S11 0,098 0,140
S22 0,490 0,700
S12 0,056 0,091
S13 0,004 0,007
S23 0,025 0,042

4.2 Minarenin Cubuk Elemanlar Kullamlarak
Dinamik Analizi (Dynamic Analysis of the
Minaret by using Frame Elements)

Minare SAP2000’de prizmatik olmayan ¢ubuk elemanlar
(nonprismatic frame elements) kullanilarak
modellenmistir (Sekil 4).

[ B 10
[« P B
B T

Sekil 4. Prizmatik olmayan ¢ubuk elemanlarla modelleme
goriintlisti (Modelling using nonprismatic frame
elements)

Cubuk elemanlarla modellemede minarenin periyotlari
catlamamis ve c¢atlamig kesit dikkate alinarak
hesaplanmis ve Cizelge 8’de sunulmustur.

Prizmatik ¢ubuk elemanlarla modellemeden elde edilen
tepe noktasi deplasmani ve taban kesme kuvveti degerleri
ise Cizelge 9’da verilmistir.

Cizelge 8. Cubuk elemanla modellemede minarenin ilk dort
periyodu [s] (First four periods of the minaret)

Mod | Dogrultu Periyot, T(s) Periyot, T(s)
(Catlamamis (Catlamus kesit
kesit kabuliinde) kabuliinde)
1 y 0,39 0,55
2 X 0,39 0,55
3 y 0,13 0,19
4 X 0,13 0,19
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Cizelge 9. Prizmatik ¢ubuk elemanlarla modellemede 2007 ve
2018 deprem yonetmeliklerine gore elde edilen
deplasman ve taban kesme kuvvet degerleri (Peak
point displacement and base shear force values
obtained by using prismatic frame elements model
according to TEC 2007 and TEC 2018)

X dogrultusu
DBYBHY
(2007) TBDY (2018)
Tepe noktasi yer 14.4 mm 42 mm
degistirmesi ’
Taian kesme 89,3 kN 151,6 kN
uvveti

4.3 Rayleigh Yontemi Kullanilarak Minarenin
Hakim Periyodunun Hesaplanmasi
(Determination of Fundamental Period of the
Minaret by using Rayleigh Method)

Rayleigh yontemi ile minarenin hakim periyodu Dnk. 1
kullanilarak hesaplanmistir. Burada minare, literatiire
uygun olarak esdeger bir Timoshenko kirigi olarak
modellenmis olup bu durumda Dnk. 2-11 yazilabilir [33]:

T, =% 6

Burada w, acisal frekansi gostermekte olup Dnk. 2 ile

- w
bulunur.

2
2 _ wiwi

w

@

Burada we salt egilme deformasyonlarinindan hesaplanan
acisal frekansi, wy ise salt kayma deformasyonlarmindan
hesaplanan agisal frekansi gostermekte olup (3) ve (4)
bagintilari ile hesaplanabilir:

witw?

2
Iy EIe)(-33ey?

2 =
Ve H* [} pA()ye? @)
NGl
R TR @)
H2 [ pA()yy?

Burada E elastisite modiiliinii, G kayma modiiliinii, I(g)
atalet momenti fonksiyonunu, A(g) kesit alanini, k kayma
sekil faktoriinii gostermektedir. Sirasiyla ye ve yi salt
egilme ve salt kayma deformasyonlarindan olugan 1. mod
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seklini gostermekte olup yaklasik olarak Dnk. 5 ve 6’daki
gibi kabul edilebilir [37]:

11
Ye =1—cos(5) ©)
. 11
Yie = sin(5) (6)
Burada ¢, Dnk. 7 ile tanimlanir:
e== ©)

H
Burada z, minarenin yiiksekligi boyunca degisimini ve H
minarenin toplam yiiksekligini gdstermektedir. Bu
calismada atalet momenti ve kesit alanininm yap:
yiiksekligi boyunca parabolik ve kiibik olarak degisimi

durumlart  dikkate almmis olup Dnk. 8-11°de
sunulmustur:
_ I(H)\ 2
I(e) =1(0)[1 - (1 - 5e’] )
A(®) = AO)[1 - (1 -5 ©)
1&) = 1)1~ (1 = 15)e’] (10)
A(®) = A1 - (1 -5 (11)

Burada 1(0) ve A(0) tabandaki atalet ve kesit alanim, 1(H)
ve A(H) ise tepe noktasindaki atalet momenti ve kesit
alani gostermektedir. Dnk. 1-11 bagntilar1 kullanilarak
parabolik ve kiibik degisim kabulleri i¢in temel periyot
degerleri hesaplanmistir. Rayleigh yontemi ile atalet
momenti ve kesit alaninin parabolik ve kiibik olarak
degismesi durumlart i¢in bulunan ¢atlamamis ve catlamis
kesit temel periyot degerleri Cizelge 10’da verilmistir.

Cizelge 10. Rayleigh yontemi ile bulunan temel periyot [s]
(Fundamental period obtained using Rayleigh

method)
Degisim Periyot, T(s) Periyot, T(s)
kabuli (Catlamamus kesit | (Catlamis kesit
kabuliinde) kabuliinde)
Parabolik 0,36 0,51
Kiibik 0,38 0,54

5. BULGULAR (RESULTS)

Calismada incelenen minare Once kabuk elemanlar
kullanilarak modellenmis, daha sonra ise prizmatik
cubuk elemanlarla modellenmistir. Iki modelleme
sonucu elde edilen sonuglarin olduk¢a yakin oldugu
goriilmektedir.  TBDY 2018’¢ goére tepe noktasi
deplasman1 kabuk elemanlarla modellemede 40 mm
bulunurken c¢ubuk elemanlarla modellemede 42 mm
olarak elde edilmistir. Taban kesme kuvvetleri
karsilastirildiginda ise kabuk elamanlarla modellemede
142,7 kN bulunurken, ¢ubuk elemanlara modellemede bu
deger 151,6 kN olarak bulunmustur. Bu sonuglar ¢gubuk
elemanlar kullanilarak yapilan modellemenin yapinin
dinamik analizinin belirlenmesinde 6n bilgi verme
amactyla kullanilabilecegini gostermektedir.

Calismada onerilen Rayleigh yontemi ile ise minarenin
hakim periyodu dogruya yakin yaklasiklikla elde
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edilmektedir. Bu tiir yaklasik yontemlerin 6zellikle az bir
parametre ile yapt davranigsinin anlagilmasi agisindan
yararli oldugu degerlendirilmistir.

2007 ve 2018 deprem yonetmeliklerinden elde edilen
sonuglar karsilastirildiginda 2018 deprem
yonetmeliginden elde edilen degerlerin daha yiiksek
degerlere sahip oldugu goriilmektedir. Ornegin kabuk
elemanla modelleme baz alinarak taban kesme kuvveti
degerleri karsilastirilirsa 2018 deprem ydnetmeligine
gore elde edilen taban kesme kuvveti degerinin 2007
deprem yonetmeligine gore elde edilen taban kesme
kuvveti degerinin 1,64 kat1 oldugu goriilmektedir. Tepe
noktast deplasman sinir1 olarak kabul géren H/500 orani
kabul edilirse toplam minare yiiksekligi 25,88 m
oldugundan sinir deger 52 mm olmaktadir. Calismada
bulunan tepe noktasi deplasmani degerleri bu smirmn
altinda kalmaktadir.

Elde edilen ¢ekme gerilmelerine bakildiginda, Cizelge
7’de sunulan ¢ekme gerilmelerinin literatiirde [9]
minareler i¢in gekme emniyet gerilmesi kabul edilen 0,4
MPa degerini astig1 goriilmektedir.

6. SONUCLAR (CONCLUSIONS)

Sunulan c¢alismada Kirklareli ilinde bulunan tarihi
Hizirbey Camii minaresinin malzeme ve mekanik
ozellikleri yerinde yapilan dlgiimlerle belirlenmis ve bu
veriler esas alinarak minarenin dinamik parametreleri
SAP2000 yazilimi kullanilarak belirlenmistir. Sonlu
elemanlar ¢6ziimlemesinde iki farkli eleman tiirt
kullanilarak elde edilen sonuglar degerlendirilmistir.
Minarenin dinamik analizi, spektral analiz ydntemi
kullanilarak DBYBHY 2007 ve TBDY 2018’e¢ gore
yapilmistir. Yapilan analizler sonucunda kabuk eleman
kullanildigi durum igin tepe noktasi deplasmaninin,
TBDY 2018’de DBYBHY (2007)’ye gore 2,86 kat fazla
ciktig goriilmiistiir. Ayrica taban kesme kuvvetinin ise
kabuk elemanla modelleme sonucunda TBDY 2018de,
DBYBHY 2007’ye gore 1,64 kat fazla elde edildigi
belirlenmistir. Yapilan analizlerden g¢ubuk elemanla
modelleme ile elde edilen sonuglarm kabuk elemanla
modelleme ile elde edilen sonuglara ¢ok yakin oldugu
gozlenmistir. Calisma kapsaminda temel periyodun
Rayleigh yontemi ile pratik bir sekilde bulunmast i¢in de
bir yaklasim &nerilmistir. Onerilen yaklasim ile elde
edilen temel periyot degeri sonlu elemanlar ile analizle
elde edilen temel periyoda ¢ok yakin sonug¢ vermistir.
Sonug itibariyle, gerceklestirilen bu c¢alismada yapilan
analizler dogrusal davranisi esas almaktadir. Minarenin
olasi bir biiyilkk depremdeki davranisi icin dogrusal
olmayan analizlerin yapilmasi gerekmektedir.
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Bakir ve Piring Talasi ile Takviye Edilmis Boru
Baglanti Elemanlarinin Iki Farkli Uretim Tiirii i¢in
(SEC) Ozel Enerji Tiiketim Modeli

Arastirma Makalesi / Research Article

i} Burak OZTURK", Ozkan KUCUK
Bilecik Universitesi, Miithendislik Fakiiltesi, Metaliirji ve Malzeme Miihendisligi, Bilecik, Tiirkiye

(Gelis/Received : 22.10.2018 ; Kabul/Accepted : 16.03.2019)
(074
TS 11 EN 10242 Standartlara uygun dl¢iilerde ve geometrilerde iiretimi yapilan boru baglant1 elemanlarinin (fittings); havacilik,
otomotiv ve makine {iretimi gibi dnemli alanlar basta olmak iizere, bina i¢i dogalgaz ve su tesisatlarina kadar birgok sektdrde yaygin
olarak kullanilmaktadir. Fittings malzemelere tek seferde dis agma islemi, genelde CNC Freze tezgahlarinda ve 6zel dis agma
makinelerinde yapilmaktadir. Ayrica iiniversal torna tezgdhlarinda da kademeli dis agma islemi ile de fittings malzemeler
tiretilmektedir. Ozellikle Amerika ve Hindistan'da otomotiv sektérii ve makine ekipmanlari igin iiretilen aliiminyum alagimli
fittings malzemeler, bu caligmada hurda piring ve bakir talasiyla belirli oranda alasimlandirtlmistir. Literatiirde ilk defa boru
baglanti elemanlarinin, endiistride seri tiretim kosullar1 dikkate alinarak, CNC Freze'de kilavuzla dis agma ve tornada kademeli dis
agma iglemleri ile yapilmus ve karsilastirmali olarak incelenmistir. Bu ¢alismada, parametre olarak devir sayisi, alagim tipi ve tezgah
tirli se¢ilmis ve enerji giic doniisim denklemleri kullanilarak 6zel enerji tikketimi degerini (SEC (Specific Energy Consumption))
optimum yapan sartlar belirlenmistir. Optimum sartlarin belirlenmesinde, Taguchi Yontemi kullanilmistir. Elde edilen
malzemelerin igyapilan ve sertlik degisimleri incelenmistir. SEC sonuglari incelendiginde %73,91 oranda isleme tipinin ve %26,05

oranda da devir sayisimn etkili oldugu gézlemlenmistir. Bu sonuglara gore tezgah tiirli olarak CNC freze, devir sayis1 olarak 180
RPM ve alagim tipi olarak da %8 Prin¢ Takviyeli 6061 Aliiminyum alagimi segildiginde optimum sartlar elde edilmistir.

Anahtar Kelimeler: Ozel enerji tilketimi, aliiminyum fittings, boru dis agma, Taguchi metodu.

Specific Energy Consumption (SEC) Model for Types
of Two Different Production of Fittings which is
Reinforced by Chip of Copper and Brass

ABSTRACT

TS 11 EN 10242 Pipe fittings (fittings) manufactured according to standards and geometries; It is widely used in many sectors such
as aerospace, automotive and machinery production, mainly in building natural gas and water installations. Threading of the fittings
to the materials at one time is usually carried out on CNC mill and on special manual threading machines. In addition, fittings are
also thread by universal lathes. Especially in America and India, aluminum alloy fittings manufactured for the automotive industry
and mechanical equipment are alloyed via chips of brass and copper in this study. Pipe fittings for the first time in the literature,
considering industrial mass production conditions, made in gradual threading via lathes and milling by tap tool were evaluated
comparatively. In this study, speed, alloy type, and machine type are selected as parameters and the conditions which make
optimum specific energy consumption (SEC) by using energy power conversion equations are determined. Taguchi method was
used to determine the optimum conditions. microstructure and hardness changes in the obtained materials were investigated. When
the results of SEC were examined, it was observed that 73,91% of the processing type and 26,01 % of the rotational speed were
effective. According to these results; CNC milling as the machine type, 180 RPM as the number of revolutions, and 8% brass
reinforced 6061 aluminum alloy as the alloy type, conditions were obtained.

Keywords: Specific Energy Consumption (SEC), aluminum fittings, pipe threading, Taguchi method

1. GIRIS (INTRODUCTION) saglanamamasi gliniimiizde enerji ticretlerinde dnemli bir
Seri  iiretimde  maliyetlerin  azaltilmasi  ve Artisa sebep olmustur. Ayni zamanda iiretimin ve enerji
siirdiirebilirligin  artirilmasi igin enerji tiiketiminde ~ itiyacmin yiiksek oranda artis gdstermesi sonucunda,
optimizasyon ile ilgili yapilan arastirmalar giinimiizde ~¢eVre kirliligi de artis  gdstererek  cesitli ~ iklim
6nemli bir konu basghigmi olugturmaktadir [1-3]. Diinya d.?gls.lkl.lk.ler ni ortaya g¢ikarmustir [4,5]. Endiistride enerji
¢apinda iiretim i¢in gerekli olan enerji ihtiyacinin giin tilketiminin yiiksek oranda yapildig1 yerlerden biriside

gectikge artmast ve enerji iretiminin yeterli diizeyde talash imalat yapan kuruluslardir. Strdirilebilir tiretim,
birgok miihendislik alanina ve uygulamasina ait 6nemli

unsurlart igerisinde barindirmaktadir [6].
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Siirdiiriilebilir {iretim uygulamalarinin  gelistirilmesi
kuruluglarin ekonomiksel ve cevresel performanslarini
artirmalarma imkan saglamaktadir. Makine
ekipmanlarinm elektrik sarfiyatlarini azaltmak ve gevre
dostu bir iretim gergeklestirmek igin tedbirlerin
arastirilmast  tretim  sektorii  i¢in  biiyllk 6nem
arzetmektedir. Bu nedenle CNC makinelerde enerji
tiiketimi miktarlarinin incelenmesi gerekmektedir [7].
Uretimle ilgili daha iyi bir enerji verimliligi elde etmek
i¢in takim tezgahi ve kesme iglemi arasindaki elektrik
enerjisi tiiketimi iliskisinin incelenmesi gilinlimiizde
zorunlu hale gelmistir. Enerji sarfiyat: iilke ekonomileri
i¢in bir¢ok seri iiretim kurulugunda 6nemli bir iiretim
parametresi olarak yer almaktadir. Yiiksek miktarda
enerji sarfiyati yapilan iirlinlerden biride boru baglanti
elemanlaridir. Boru baglanti elemanlarinin iiretim
maliyetlerinin  azaltilmas1  i¢in  talag  kaldirma
parametrelerinin endiistriyel kosullar altinda incelenmesi
bu arastrmanm temellerini olusturmustur. Literatiirde
farkli metal kesme parametrelerinin optimizasyonu ile
ilgili ¢esitli calismalar yaymlanmigtir [8-14]. Bu
calismalarda, arastirmacilar yiizey piirtizliiliigii, kesme
kuvveti, kesme giicii, takim 6mrii ve talas kaldirma orani
gibi bazi talagh imalat parametreleri incelemislerdir.
Delik delme ve frezeleme islemi i¢in kesme kosullarinin
giic titketimi tizerindeki etkisi dl¢iilmiistiir [8]. CNC dik
isleme tezgdhinda kanal frezeleme islemi sirasinda
kuvvetler ve gii¢ tilketimi dl¢iilerek yeni bir talagh imalat
enerji tiiketimi modeli onerilmistir [9]. Diger bir
calismada torna tezgahlarinda enerji sarfiyati en aza
indirilirken, en iyi yiizey kalitesini elde etmek igin
gerekli optimum kesme parametresi degerleri tespit
edilmistir [10]. 5 eksen CNC Freze tezgdhinda optimize
edilmis takim egim acisi belirlenmis ve bunun sonucunda
enerji tiiketimi azalmigtir [11]. Tornalama sirasinda
kesme bolgelerinde ortaya g¢ikan 1sinin is pargasinin
yiizey kalitesinde ve gii¢ tiiketiminde 6nemli bir rol
oynadig1 bir baska calismada gozlemlenmistir [12].
Yiizey frezeleme ile talag kaldirma islemi sirasinda
tiiketilen giic endeksindeki artiglar1 olgiilerek iki farkl
kaplama tipine sahip kesici takim ile talashi imalat
isleminde optimizasyon saglanmustir [13]. Frezeleme
islemi sirasinda yiizey piiriizliiliigiiniin tahmin edilmesi
icin spesifik kesme enerji tiiketiminin (SCEC) analitik
hesaplanmasint ve yiizey pirizliligi ile SCEC
arasindaki korelasyonun deneysel karakterizasyonunu
birlestiren bir yaklasim gelistirilmistir [14].

2. ALUMINYUM ALASIMLI BORU BAGLANTI
ELEMANLARI (ALUMINUM ALLOY
FITTINGS)

TS 11 EN 10242 standartlarinda tiretimi yapilan dokme

demir boru baglanti elemanlarinin seri tiretimi i¢in, 1s1l

islem ve galvaniz kaplama gibi bazi imalat islemleri
gerekmektedir. Bu sektorde son 20 yilda 18 adet TSE,

ISO ve Yerli Mal1 belgeli iiretim yapan sanayi kurulusu,

Cin ve Tayvan gibi uzak dogu dilkelerinde diretilen

irtinler ile pazar rekabet giiclinii kaybederek {iiretimini
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durdurmustur [15]. Bunun en muhtemel nedeninin iiretim
maliyetleri oldugu diisiiniilmektedir. Ozellikle bu
iiriinlerin cidar kalinliklar1 ¢ok ince oldugundan dolayi,
dokiim soguma hizlar1 ¢ok yiiksektir [16]. Soguma hiz1
neticesinde ortaya c¢ikan izotermal doniisim ile son
derece kirilgan mikroyapilar olusmaktadir (Sekil 1.) [16].

i fowiatode s o R e Do W ® JoT A
Sekil 1. Fittings driinlerin cidar kalinhigina bagl olarak
mikroyapr degisimleri (Microstructure changes

depending on wall thickness of fittings)[16]

Fittings malzemelere uygulanan 6stemperleme 1sil islemi
ile  kirilganlik  azalirken  sertlik  artmaktadir.
Ostemperleme 151l islemi ile islenebilirlik olumsuz yonde
etkilendiginden endiistride sadece Ostenitleme 1s1l islemi
uygulanarak malzemeler yumusatilir. Bu islem ise
malzemenin akma dayanimini azaltmakta olup, sertlik
degerlerini  90-100 HB degerlerine diistirmektedir.
Boylelikle islenebilirlik artarken emniyet katsayisi
azalmaktadir [17]. Avrupa’da pring ve Amerika’da bakir,
fittings malzemesi tretiminde kullanilmaktadir. Ayrica
bu tiriinler Hindistan ve Cin’de 6061-T6 malzemesinden
iiretimi yapilmaktadir.

Ulkemizde ise mukavemetsiz, islenebilirligi diisiik ve
iretim maliyeti yiiksek olan dokme demir fittings
malzemeler yerine islenebilirligi daha yiiksek, {iretim
maliyeti daha az ve daha mukavemetli malzeme olarak
aliminyum 6061 malzemesinin kullanilabilecegi
diisiiniilmektedir. Uretim maliyetlerini ~ artirmadan
mukavemet Ozelliklerini iyilestirmek boru baglanti
elemant {ireticileri i¢in 6nemli bir amagtir. Aliminyum
6061 malzemesinin kullaniminda, mukavemet 6zellikleri
dokme demir fittigs malzemeler ile karsilastirildiginda
daha diisliktiir. Bu yiizden aliiminyum alagimlarinin
giiclendirilmesi gerekmekte olup, bu konuda literatiirde
yapilan calismalar incelenmistir. Bir ¢alismada, Al-Mg-
Si alagimlarmin dogal yaslanma ve ¢okelme sertlesme
davranismma Ag ve Cu ilavesi ile elementlerin etkisi
incelenmistir [18].

Bir diger ¢alismada, siiper yiiksek mukavemetli Al-Li
alagimmi gelistirmek i¢in, T8 1sil islemli Al-Cu-Li
alasgimlarmin mikroyapilart ve mekanik o6zellikleri
incelenmistir [19]. Farkli bir arastirmada, g¢esitli yapay
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yaglandirma  islemleri  swrasmmda  Al-Si-Mg-Cu
alagimlarinin  mekanik ve termal Ozelliklerine
intermetaliklerin ¢okelmesinin etkisi arastirtlmistir [20].
Mevcut alagimlarin mekanik dzelliklerini arttirmak igin
farkli katilasma kosullarinda Al-Si-Mg alagimmin tglii
sisteminde bakir kullanilmustir [21]. Kiligarslan vd. Fe-Si
igeren Al-Cu-Fe sistemine dayanan %10 Cu elementi
igeren bir hipoétektik alagim arastirmiglardir. Mikroyapi
dagilimi ve katilagsma yapisi, alagimin tribolojik
ozelliklerinde artig ile sonuglanmistir [22].

Bu makalede, literatiirde aliminyum alagimlarinin
giiclendirilmesi ile ilgili aragtirmalar dikkate alinarak,
boru baglanti elemanlarinin sertlik degerlerini artirmak
ve ikinci bir 1s1l iglem yapmadan seri iiretim i¢in 6061
alagimi  giiclendirilmek istenmistir. Arastirmamizda,
endiistride kuru kesme tornalama islemi sonucunda elde
edilmis piring ve bakir talaglart diisiik maliyetleri

nedeniyle, 6061  alagimmm  giiclendirilmesinde
kullanilmistir. Boylece ince talaglarin geri doniigiimii
sonucunda  siirdiirebilirlik  diisik  maliyet ile

saglanabilecek ve 6061 alagimi giiclendirilerek sertlik
degeri ve mekanik Ozellikleri 1iyilestirilebilecektir.
Aliminyum 6061-T6 fittings malzemelerinin {iretim
maliyetlerinin azaltilmast ve mukavemetinin
artirilmasiyla kullanim isteginin iilkemizde artabilecegi
diisiiniilmektedir. Bunun sonucunda fiiretilen malzemeler
ile sihhi tesisat ve dogalgaz sistemlerindeki giivenilirlik
artabilecektir. Endiistride i¢ dis agma islemi iki farkli tip
tezgahta gerceklestirilmektedir. Bunlardan bir tanesi
CNC freze ve kilavuz kullanilarak dis agma iglemidir.
Diger bir iiretim isleminde ise kademeli dis agma iglemi
torna tezgahi kullanilarak uygulanmaktadir. Bu iki farkli
tezgah da, ayni talagh imalat islemi i¢in kullanilmasma
ragmen, lretim siireleri ve enerji tiiketimleri arasinda
farkliliklar mevcut olup, bu konuda bir arastirmaya
literatiirde rastlanilmamistir. Calismamizda, her iki
iretim yontemi farkli tip alasimlar i¢in karsilagtirmali
olarak incelenmistir. Parametre olarak devir sayisi,
alagim tipi ve tezgah tlrl secilmis, Ozel enerji
tilketimlerini optimum yapan sartlar Taguchi Metodu
kullanilarak belirlenmistir.

3. MATERYAL VE METOT (MATERIALS AND
METHODS)

3.1. Dis Acma Islemi ve Taguchi L18 (21x32) Deney
Tasarinm (Taguchi L18 (2! x 3%) Design of
Experiment (DOE))

Boru baglanti elemanlarinin imalat1 yapilan endiistriyel
kuruluslarda dis cekme islemi, devir sayisi degisimleri ile
iligkilendirilir. Genel olarak endiistride devir sayist 90-
180 RPM araliklarinda alinarak dis agma islemi
gercgeklestirilmektedir.

Universal Torna, fittings seri iiretimde kullanilan bir
takim tezgahidir. Bu tezgdhlarda dis a¢ma islemi
kademeli olarak gergeklestirilmektedir. Bu makalede
torna tezgahinda dis agma islemi sirasiyla dis dibi
tornalama islemi ve sonrasinda ise sirasi ile 0,65, 0,35 ve
0,15 mm paso miktariyla gergeklestirilmistir. Her deney
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iki kez tekrar edilmistir. Talagli imalat iglemi sirasinda
Korloy 14W IR 55° i¢ dis agma takma ucu ve Korloy
DCMT-HMP NC 5330 i¢ delik takma ucu kullanilmigtir
(Sekil 2). Kademeli dis agma islemi Toss SN 50 {iniversal
torna tezgahinda gergeklestirilmistir.

Yo
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Sekil 2. Korloy 14W IR 55° sert metal ug (Korloy 14W IR
55 © hard metal insert)

Diger bir yontem olan CNC Freze tezgdhinda dis agma
islemi uygulanirken, Microcut 1000 CNC dik isleme
tezgahinda %2 BSP dis ¢ekmek i¢in, Well Cut marka hava
celigi kilavuz  kullanilarak dis a¢ma  islemi
gerceklesmistir. Rediiksiyon triinlere, tezgah tablasina 4
ayakli aynaya baglanan i kalibi yardim ile dis agma
islemi yapilmistir (Sekil 3).

=
2

Sekil 3. Kalip baglantis1 (solda), Welcut 1/2 " BSP kilavuz
(Mold connection (left), Welcut 1/2 " BSP tap tools)
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Yapilan caligmada, deney tasarim ve analiz ydntemi
olarak Taguchi Lig (2'x3?) faktoriyel fraksiyonel deney
tasarimi  kullanilmistir. Parametrelerin etki oranlarini
hesaplamak icin Anova Varyans Analizi yapilmistir.
Taguchi Lig (2'x3?) faktériyel fraksiyonel deney tasarmi
Cizelge 1'de ve kullanilan parametreler ve seviyeleri ise
Cizelge 2’de verilmistir. Maliyetleri en diisiik seviyede
tutmak icin en az deney yapma prensibine dayanan
yontemlerden birisi olan ve Japon Bilim adami Genichi
Taguchi’nin gelistirmis oldugu bu yontemin diger
istatistiksel deney tasarim yontemlerinden farki; bir
deneyi etkileyen parametreleri, kontrol edilebilen ve
kontrol edilemeyen olmak iizere iki grupta incelemesi ve
¢ok sayida parametreyi ikiden fazla seviyede incelemeye
imkan saglamasidir.

Cizelge 1. Taguchi Lis (2'x3%) Deney Tasarmmi (Taguchi Lis
Design of Experiment (DOE))

3.2. Deney Numunelerinin Dékiimii (Casting Of Test
Samples)

Bu ¢alismada, et kalinlig1 ince ve soguma hiz1 en fazla
olan malzemelerden biri olan % - !5 in¢ rediiksiyon,
deney numunesi olarak secilmistir. Bu iirliniin tasarimi
TS 11 EN 10242 standartlarma goére yapilmistir. Cizelge
3'de rediiksiyon fittings malzemesinin tasarim &zellikleri
yer almaktadir. Ayrica Cizelge 4'de deneysel ¢alismada
kullanilmak iizere Seykog¢ Aliiminyum kurulusundan
temin edilmis 6061 alasimmin ve Cizelge 5’de piring
talasmmm Oxford Faundry Master Pro spektrometre ile
Ol¢iilmiis kimyasal analizleri verilmigtir.

Cizelge 3. Tasarim Ozellikleri (Design Specifications)

Deney No 123456789 10111213 14][15]16] 17] 18
Tegabiril | )y 1 1 1 2 2 2 2 2 2 2 2 2
Devir Sayi

|11 12 2 2 3 3 3 1 1 1 2 2 2 3 3 3
(RPM) -(B)
Al"*:EJT“"123123123113123123

Cizelge 2. Dis A¢ma Islemi Parametreleri (Parameters of

Threading)
Tezgah Tiirii (A) ‘ Devir (RPM) (B) ‘ Alasim Tipi (C)
CNC Freze 90 6061
Universal Torna 125 6061+ %8 Pring T.
180 6061+ %8 Bakir T.

Taguchi yaklagiminda, sonuglari analiz edebilmek i¢in
S/N oran1 olarak bilinen bir istatistiksel performans
oOlgiisii kullanilir. Deneylerden elde edilen sonuglar
sinyal/giiriilti oranina (S/N) cevrilerek degerlendirme
yapilir. S/N oranindaki S sinyal faktoriinii, N ise giirtiltii
faktoriinii ifade etmektedir. Sinyal faktorii sistemden
alinan gercek degeri, giiriiltii faktorii ise deney tasarimina
katilamayan fakat deney sonucuna etki eden faktorleri
ifade etmektedir. Giiriilti kaynaklari, elde edilmek
istenen performans karakteristiklerinin hedef degerden
sapmasina sebep olan tiim degiskenlerdir. SEC (Spesific
Energy Consuption) ve Prota (kW) sonuglarmin diisiik
olmasi elektrik tiiketimi acisindan biiyiikk bir 6neme
sahiptir. Ayn1 zamanda bu veriler bir iriiniin
islenebilirligi hakkinda bilgi vermektedir. Sonuglarin en

kiigik  degerde olmast i¢in deney tasarmmi
parametrelerinden  sonuglar1 en kiiciik yapanlar
belirlenmelidir. S/N  oranlarinin  hesaplanmasinda;

karakteristik tipine bagli en kiiglik en iyidir esitligi
(Esitlik 1.) kullanilmistir [13].

1

=-10 log%Z"

i3 ®

En kiigiik en iyi Z%

30

i¢ Di I¢ Dis .
Model Tasarim 1?2“35 Talas Adim Dis Dis
Adi Hacmi Hacmi 0 (mm) Boyu Olgiisii
1 mL rani mm
(mL) (mL) (%) (mm)
s -z 10,097 0,302 3 1814 20 2"
Red. ' ' ' BSP
Cizelge 4. Aliminyum Alagiminin Kimyasal Analizi
(Chemical Analysis of Aluminum Alloy)
Element Ad1 Al | Si | Fe | Cu | Mn | Mg | Zn | Cr
% Afarhk %5 077 033 073 006 12 007 013
Oram

Cizelge 5. Piring Malzemenin Kimyasal Analizi (Chemical
Analysis of Brass Material)

Element .
Ad Cu Zn Pb Sn Fe Ni Sb
% Agirhk 59,6 371 2,12 0415 0275 0,205 0,051

Boru baglanti elemanlarmin modelleri, kuma dokiim

derece  sisteminde, mekanik pres  yardimiyla
kaliplanmistir. Temiz grafit pota kullanilarak 750°C
sicaklikta deney numuneleri eritilmistir.  Farkli

numuneler homojen dagilim igin sivi fazda 30 dk siirede
300 RPM hizla karstirilmustir ve sonrasinda kaliba
dokiilmiistiir. Dokiimii yapilan ¢ farkli aliiminyum
fittings malzemesi numaralandirilarak gruplandirilmistir.

3.3. DENEY NUMUNELERININ iMALATI VE
GUC INDEKSLERININ (A) OLCUMU
(MANUFACTURE OF TEST SAMPLES AND
MEASUREMENT OF POWER INDEXES (A))

Torna tezgahinda akim degisimleri asenkron motora ve
CNC frezede ise motor siiriiciisiiniin ii¢ fazl1 giriginin her
birine Dijital Entes epm 4c ampermetre ve Entes ct-25
akim trafosu baglanarak, 0.07-200 A araliginda +1 A
hassasiyeti ile gii¢ indeksi 6l¢iimii yapilmustir (Sekil 1).
Sekil 3’de torna ve sekil 4’de CNC freze i¢in Olgiilen
akim degisim grafigi yer almaktadir. Motorlar iki
nedenden dolay1 gii¢ harcarlar. Mil saftin1 hizlandirmak /
yavaglatmak ve ataletine, siirtinme direncine ve yer
cekimine kargt hareket ettirmek ilk nedendir (Puos).
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Kesme direncinin iistesinden gelmek i¢gin gerekli kesme
kuvvetini saglamak ise ikinci sebeptir (Pkesme) [8]. Esitlik
2 normal calisma sirasinda bir takim tezgahinin giig
titkketiminin P (Wh) modelini gostermektedir.

P=P1x(T1 + T2)+ P2xT2+ P3xT3 2

Burada, P toplam enerji tiikketimi (Ptoplam), P1 ¢aligma
durumu ne olursa olsun makine galigmasi sirasinda sabit
gii¢ tiiketimi (Ppog), T1 (h) tezgdhin talas kaldirmadigi
yani bosta hareket ettigi siire, T2 (h) talas kaldirma
sirasindaki siire, P2 kesme kosullarinda mil ve servo
motor tarafindan giic tiketimi (Pyesme), P3 isi
konumlandirmak ve is milini belirtilen hiza kadar
hizlandirmak/yavaglatmak icin gii¢ tiikketimi ve T3 (h)
gereken zamandir (Puog). Sekil 4 ve 5°de bu farkli gii¢
tilketim bolgeleri her iki tezgah i¢in detayli bir sekilde
gosterilmigtir.

TUniversal Torna

. Vi
LI A =N .
E LW I P toplom \Lu \ ™
=7 VWA \ \/\UI v

Zaman

Sekil 4. Torna tezgahinda dis agma islemi sirasinda olusan
akim degisimleri

CNCFreze

T\
\
\

\

\
-
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I
1
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Sekil 5. CNC Freze tezgahinda dis agma islemi sirasinda
olusan akim degisimleri

Talas kaldirma isleminde ampermetre ile spindle servo
motor siriictisiiniin ¢ektigi gii¢ indeksi (A) 6l¢iilmekte, 3
fazli motor enerji giic doniisiim denklemi (Esitlik 3) ile
kW tiirtinden gii¢ tiiketimine doniistiiriilmektedir [12].
Gii¢ faktorii degeri literatlirden almmustir . Bu esitlikte;
V=Spindle Motoru Voltaj Degeri (V, 0,38),
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I=Ampermetre ile dlgiilen enerji yiikii (A), Cos 6=Gii¢
Faktorii (Servo; 0,60, Asenkron Motor; 0,85)’diir.

P toplam = /3.V.I.Cos ¢ 3)

Talasgh imalat islemleri ile ilgili yapilan arastirmalar
giiniimiizde 6nemli konu basliklarini olusturmaktadir
[23-25]. Yapulan literatiir arastirmalar1 sonucunda, enerji
gii¢ doniistim denklemleri ile MRR (Material Removal
Rate), SCEC (Specific Cutting Energy Consumption) ve
SEC (Specific Energy Consumption) gibi talagl imalat
islemlerimde Onemli kesme parametrelerinin hesabi
yapilabilmektedir. MRR; Is pargasindan bir saniyede
kaldirilan mm?® cinsinden talas miktaridir. MRR asagida
verilen Esitlik 4 ile hesaplanmaktadir. Ap derinlik
miktari, ae talag kaldirilan genislik yada yana kayma
miktar1 ve F ilerleme hizidir SEC ise esitlik 5°de yer alan
formiille hesaplanan 1 mm? talas kaldirmak icin toplam
enerji tiiketimi miktaridir [9,13].

MRR = (ap * ae * F) /1000
C)

J __ Ptotal (W)

3
RR (mm )
s

4. SONUCLAR VE DEGERLENDIRME
(RESULTS AND DISCUSSION)

4.1 Mikroyap1 Sonuglar1 (Microstruc. Results)

SEC( (5)

mm3

Deney numunelerinin mikroyap1 goriintiilerini elde
etmek i¢in dis yiizeylerinde ilk olarak finish tornalama
islemi yapilmistir. Daha sonra metalografik parlatma ve
daglama (etching) islemleri ile mikroyapinin ortaya
cikmast saglanmis ve optik mikroskop goriintiileri
almmistir  (Sekil 6). 6061 Aliminyum alagimi
numunesinin mikro yapisindaki o-Al fazina ait tane
boyutlart 50 pm ile 250 pm arasinda degismekte olup,
ortalama tane boyutu 150 pum dir. Tane sinirlarinda
kismen koseli hatlar goziikse de, genelde tane sinirlari
keskin kenarlara sahip degildir ve tanelerin en-boy
oranlar1 bir birilerine yakindir (plaka tiirii tane yapisi). Bu
mikroyap1 sertlik degeri 27 HB’dir. Pring talasi katkili
numunede ise tane sinirlari biraz daha kiigiiktiir. Ayrica
¢inkonun tane smirlar i¢inde noktalar halinde benek
seklinde dagilim gosterdigi diisiiniilmektedir. Bu
mikroyapi sertlik miktar1 76 HB’ dir. Bakir talas:1 katkili
numuneye bakildiginda ise a-Al fazlarmin boyutlarinin
diger her iki numuneden de daha kii¢iik oldugu (ortalama
70 um) ve yapi icerisinde daha homojen bir sekilde
dagildiklar1 goriilmektedir Bu malzemeye yapilan bakir
ilavesiyle tane yapisindaki bu kiiciilme nedeniyle yine
sertligin 97 HB’le arttigin1 diisiiniiyoruz. Ayrica
literatiirde de o-Al fazimin tane boyutlarim kiigiilmesi

sertlik degerlerinin artmasina neden oldugu rapor
edilmektedir [18-22].
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Cizelge 6. Torna Tezgihinda Kademeli Dis A¢ma Isleminde
Enerji Tiiketimi Sonuglart (Energy Consumption
Results of Gradual Threading on Lathe)

Dis derinligi (mm)
Deney Tornalama Giig SEC
No (P) (I/mm?)
0,65 0,35 0,15
1 3,90 3,76 3,74 3,73 3,78 366,83
2 3,88 3,72 3,70 3,69 3,75 363,41
3 3,89 3,74 3,72 3,71 3,76 364,86
4 4,01 3,80 3,75 3,74 3,82 267,00
5 3,98 3,75 3,71 3,70 3,79 264,52
6 3,99 3,77 3,73 3,71 3,80 265,57
7 4,15 3,79 3,74 3,74 3,86 187,08
8 4,13 3,75 3,71 3,70 3,82 185,35
9 4,14 3,76 3,72 3,72 3,84 186,09

6061 + %8 Piring T.

Sekil 6. Aliiminyum Boru Baglanti Elemaninin Mikroyapi
Resimleri (Microstructure of Aluminum Fittings)

4.2 ENERJi TUKETiMi SONUCLARI (ENERGY
CONSUMPTION RESULTS)

Universal torna tezgahinda dis agcma islemi kademeli
olarak  gergeklestirilmistir.  Boylece farkli  paso
miktarlarida tiiketilen enerji tiikketimi incelenebilecektir.
Bu yiizden Taguchi analizi disinda sonuglarinda elde
edilmesi gereklidir. Bu sebeple belirlenen deney
tasarimma gore akim degisimleri, torna tezgahinda dis
acilirken ol¢tilmiistiir (Cizelge 6). Enerji giic doniisiim
esitlikleri kullanilarak kWh olarak gii¢ tiiketimleri
hesaplanmistir. En ytiksek giic tiiketimi 180 RPM’ de ve
takviyesiz 6061 alasimi igin tornalama isleminde
gbzlemlenmistir. En az gii¢ gereksinimi ise 90 RPM’de
ve pring talasi takviyeli alasimda, 0,15 mm dis
derinliginde dis agma islemi yapilirken g6zlemlenmistir.
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Torna tezgahinda isleme tipi degisimlerinin devir sayisi
ve alasim tipi ile farkli formasyonlarinin gii¢ tiiketimine
etkilerinin gdozlenmesi i¢in Minitap paket programinda
surface plot grafigi olusturulmustur (Sekil 7). Devir
sayisl artikca ve igleme tipi degisimine gore, gii¢ tiiketimi
artis gostermistir. Tornalama isleminde devir sayisi
degisimi daha yiiksek oranda gii¢ tiikketimi sonuglarma
etki etmistir. Malzeme tipinin etkisi torna ile kademeli
dis agma isleminde isleme tipine gore ¢ok daha az oldugu
sOylenebilir.

Giig Tiibetimi 7

35

Giig Tiketimi +°

Tezgah Tii i

Sekil 7. Isleme Tipi-Devir Sayis1 (solda) ve Islem Tipi—
Malzeme Tipi (sagda) Degisimlerinin Gii¢ Tiiketimine
Etkileri (Effect of Type of Process — Rev. (left) and
Type of Process - Material Type (right) Changes on
Power Consumption)

CNC dik isleme tezgahindan elde edilen SCEC ve P kesme
degerleri malzemelerin islenebilirligi hakkinda bilgi
vermektedir [13]. Bu ii¢ farkl tip alasgimin, farkli devir
sayillarindaki kilavuz ile dis a¢ma iglemi enerji
tiikketimlerine etkileri, grafik haline getirilmistir (Sekil 8).
Devir sayis1 azaldikga SCEC degeri uzaklastirilan talag
miktar1 ile orantili olarak artmaktadir. Islenebilirligi en
yiiksek olan malzeme pring talasi takviyeli 6061
alasimidir. Pyesme degeri incelendiginde islenebilirligi
digerlerinden daha diisiik olan bakir talasi takviyeli
malzemelerdir.
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SCEC

: Alasim Tipi

Devir Sayisi

: Alasim Tipi

Devir Sayisi

Sekil 8. CNC Dik isleme Tezgah1 SCEC ve Pkesme Degisimleri

Grafigi (Graph of SCEC and Pcutting Change on CNC
Mill)

Cizelge 1°de yer alan deney tasarimi parametrelerine ve
seviyelerine bagh olarak dis agma iglemi uygulanmistir.
Montaj1 gergeklestirilen akim trafosu ve ampermetre
deney diizenegi yardimiyla anlik akim degisimleri (PI
(A)) olgilmiistiir. Enerji - giic degisim denklemleri
(Esitlik 2-5) kullanilarak yapilan bu hesaplamalar
soncunda elde edilen enerji tiiketimi sonuglar1 Cizelge 7'
de verilmistir.

Cizelge 7. Enerji Tiiketimi Sonuglar1 (Energy Consumption

Results)

Df\l"oey SEC (I/mmd) | P (kw) MRR (mm?)
1 184,03 7,56 41,08
2 183,06 7,52 41,08
3 196,45 8,07 41,08
4 136,65 78 57,08
5 13455 7,68 57,08
6 144,18 8,23 57,08
7 97,37 7,99 82,06
8 95,54 7,84 82,06
9 102,24 8,39 82,06
10 366,83 3,78 10,31
11 363,41 3,75 10,31
12 364,86 3,76 10,31
13 267 382 14,31
14 264,52 3,79 14,31
15 265,57 38 14,31
16 187,08 3,86 20,61
17 185,35 382 20,61
18 186,09 3,84 20,61

Verilerin Anova Varyans analizi yapilarak, sonuglar
Sekil 9’da S/N grafigi olarak verilmistir. Bu grafik
yardimi ile belirlenen kriterlere gore tasarim
parametrelerinin optimum seviyeleri segilecektir.
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Sekil 9. Taguchi Analizi S/N Grafikleri (Taguchi Analysis S/N
Graphics)

Sekil 9° da SEC i¢in S/N degerleri dikkate alindiginda,
sirast ile A1,B3,C2 seviyelerinin optimum sonuglari
sagladigi gozlemlenmistir. Buna goére CNC Freze
tezgahinda dis agma islemi, 180 RPM’de pring talas
katkili alagima uygulanmasi ile optimum degerin elde
edilebilecegi anlamma gelmektedir. Alasim tipi
degisimleri tiim sonuglar1 diger parametrelere gore ¢ok
fazla oranda etkilememektedir. Anlik gii¢ tiiketiminde en
O6nemli parametre tezgah tiirlidiir. CNC freze tezgihi
daha fazla anlik enerji sarfiyat1 yapmaktadir. Devir sayist
artirilarak ve CNC freze tezgahi kullanilarak MRR
sonuglart i¢in en iyi degerler elde edilebilmektedir.
Anova Varyans analizi kullanilarak her bir tasarim
parametresinin sonuglari etki siddetleri
hesaplanmaktadir. Minitap Programinda Varyans Analizi
deney tasarimina ve sonuglarina uygulandiginda Cizelge
8’deki sonuglar elde edilmisti. SEC sonuglari
incelendiginde malzeme tipi ¢ok diisiik etki siddetinde
sonuglara etki etmektedir. Anlik gii¢ tiiketimi sonuglarina
ise en fazla tezgah tipi etki ederken malzeme titirli devir
sayisindan daha fazla etkili olmustur.
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Cizelge 8 Anova Analizi Sonuglar1 (Anova Analysis Results)

Source | DF | Seqss 'g‘éj ’:Adé F % Etki
A 1 76016 76916 76916 150,66 73,91
B 2 54210 54210 27105 5300 26,05
( an'§§3) c 2 92 92 4% 009 0,040
Eror 12 6126 6126 511
Total 17 137344
A 1 75481 75481 75481 284347 99,74
B 2 0141 0141 0070 265 0,003
(kv'?/h) c 2 025 0259 0130 488 0,167
Error 12 0,319 0,319 0,027
Total 17 76,200

5. TARTISMA (CONCLUSION)

Enerji iiretim maliyetlerinin giin gectikce artmasi ve
enerji kaynaklarmimn yetersiz kalmasi nedeniyle son
yillarda talag kaldirma islemleri enerji sarfiyati iizerine
yapilan aragtirmalarmn sayisi artmistir. Farkli aliminyum
alasimli rediiksiyon fittings {irlinlerinin seri {retim
kosullar1 dikkate alinarak i¢ dis agma islemi iki farkli
yontem i¢in bu makalede incelenmistir. Metal kesme
islemlerinde enerji tiiketimi arastirmalar1 ve farkli tip
aliminyum alagimlarinin iglenebilirligi i¢in bu makale ile
referans bir kaynak olusturulmustur. Farkli tip
aliminyum alagimlar pring ve bakir talasi ilavesi ile elde
edilerek liretim maliyetleri azaltilmak istenmistir. Sertlik
degeri 27 HB’den 76 ve 97 HB ¢ikartiimistir. Bu sertlik
artist tane smirlarinin kiigtilmesi ile elde edilmistir.
Ostenitleme 1s11 islemi ile 90-100 HB sertlik degerleri
ortaya ¢ikan dokme demir fittings iriinler yerine bu
calismada ayni sertlik degerlerine sahip aliiminyum boru
baglanti elemanlari tiretilmistir [16,17,26].

Nas ve Oztiirk, kiiresel sfero malzemenin frezelemesi
sirasinda 3.2 kW enerji tiiketimi Olgtiiler [13]. Negrete
6061 aliiminyum malzemesinin tornalanmasinda
maksimum 5,8 kW enerji tiiketimi ortaya ¢ikmistir [10].
Dokme demir fittings malzemelerin dis agma islemi igin
16,5 kWh toplam gii¢ tiiketimine ihtiyag oldugu
gozlemlenmistir [17]. Bu calismada ise CNC freze
tezgaht icin dis agma islemi 7,52-8,39 kWh giic ile
gergeklestirilmistir. Bununla birlikte diger bir tezgah tiirii
olan iiniversal torna tezgahinda ise, 3,75-3,86 kWh gii¢
ile kademeli dis agma islemi gerceklestirilmistir. CNC
freze tezgahinda 25,02 Wh {iriin basina tiiketim ile tiretim
yapilirken bu degerler torna tezgahinda 30,9 Wh’dir.
Dokme  demir malzemelere gore aliiminyum
alagimlarinin dis agma isleminde gii¢ ihtiyac1 daha azdur.
Bu sonuglar incelendiginde 6zel enerji tiiketimi (SEC)
iizerinde tezgah tiirlinlin %73,91, devir sayisinin %26,05
oldugu goriilmektedir. Anlik gii¢ (P) miktar1 degisimi
iizerinde ise %99.74 tezgah tiirli etkindir. CNC freze
tezgahinda anlik tiiketim ¢ok daha fazla olmasma ragmen

tek operasyonda dis agma isleminde MRR daha yiiksek
oldugundan dolayt {iriin basima maliyet daha azdir.
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oz

Bu calismada, dstemperleme isleminin kesici takim gerilmeleri iizerindeki etkisi incelenmistir. Deneysel ¢aligsmalardan elde edilen
kesme kuvvetleri (esas kesme kuvveti, ilerleme kesme kuvveti ve pasif kuvvet) ANSYS Workbench programinda, kesici takimdaki,
talas yiizeyi, esas kesici kenar ve yardimei kesici kenar iizerine 3 boyutlu olarak uygulanmstir. Ostemperleme siirecinin roliinii
vurgulamak i¢in, ilk olarak Kiiresel Grafitli Dékme Demir (KGDD) numuneler 900°C de 60 dakika tuz banyosunda dstenitlenmis,
daha sonra 60 dakika boyunca 250°C ve 325°C deki bir tuz banyosunda 1s1l islem yapilmustir. Analizler sonunda, kesici takim
iizerindeki es deger gerilme (vonMises), kayma gerilmesi (Tresca), X, Y ve Z yonlerindeki normal gerilmeler heaplanmustir.
Anahtar Kelimeler: Metal kesme, sonlu elemanlar metodu, 6stemperlenmis kiiresel grafitli dokme demir.

Numeric Simulation of Effect on The CBN Cutting
Tool Stresses of Austempering Process

ABSTRACT

In this study, we were investigated the effect of austempering process on the cutting tool stresses. The cutting forces obtained from
experimental studies (main cutting force, feed force and passive force) were applied to rake face, main cutting edge, auxiliary
cutting edge on the cutting tool as three dimensional in the ANSY'S Workbench program. To emphasize the role of the austempering
process, Ductile Iron (DI) specimens were firstly austenitized in salt bath at 900°C for 60 min, after which they were quenched in
a salt bath at 250°C and 325°C for 60 min. The equivalent stress (von-Mises), shear stress (Tresca), normal stresses in the X, Y
and Z directions on the cutting tool were calculated at the end of the analysis.

Keyword: Metal cutting, finite element method, austempered ductile iron.

1. GIRIS (INTRODUCTION) Malzemelerin akma gerilmesi egrileri (flow stress

Metal kesme islemleri deneysel, analitik ve sonlu curves) Ozellikle kesme analizlerinde mutlaka
elemanlar yontemi ile yapilabilmektedir. Deneysel ~kullanilmalidir. Fakat giinimiizde her malzemenin akma
yontemler hem maliyet hemde zaman agisindan smirli bir ~— gerilmesi egrisi meveut degildir. Bunun i¢in malzemenin
yapiya sahiptir. Kesme analizleri talash imalatta uygun  farkli sicakliklarda ve sekil degistirme hizlarinda bir seri
kesme kosullarinin aragtirlmasinda bir alternatif olarak ~ ¢ekme testi yapilmasi gerekmektedir.

kullanilmaktadir. Sonlu elemanlar yontemi ile kesme  Birgok arastirmact metal kesme siirecini sonlu elemanlar
parametrelerine gore kesici takim, igparcasi ve talas  metodu kullarak incelemistir. Attanasio ve dig. [1] takim
iizerinde olusan sicaklik, kesme kuvveti, takim aginmasi,  aginmasmin 3 boyutlu olarak sonlu eleman analizini,
kesici takim iizerinde olusan normal ve kayma Kose ve dig. [2] ilerlemenin kesici takim gerilmeleri
gerilmeleri, temas basmncit ve talag olusumu gibi  {izerindeki etkisini, Kim ve dig. [3] kesici takim kenar
durumular say1sal ve grafiksel olarak  yarigapinin sicaklik ve kesme kuvvetleri iizerinde
hesaplanabilmektedir. Sonlu elemanlar yontemi ile etkisini, Duran ve Nalbant [4] kesici takim iizerinde
oOzellikle deneysel verilerin 6nceden tespit edilmesinde  olusan ¢6kme degerlerinin sonlu elemanlar metodu ve
biyiik kolaylik saglamaktadir. Sonlu elemanlar  kastiglano metodu ile karsilastirilmasini, Jaharah ve dig.
yonteminin avantajlarinin yani sira kullammii kisitlayan ~ [5] sonlu elemanlar metoduyla AISI 1045 celigin
durumlarda s6z konusudur. Metal kesme islemi ylisek  tornalanmasmda cesitli talas ve bosluk acilarina sahip
sicaklik ve yiksek sekil degistirme hizlarmda kesici takimlarin efektif gerilme ve sicaklik artisina
gerceklestigi igin kesme sirasinda kullanilan malzemenin  etkisini, Dechjarern [6] talas agisnin kesme performansi
mekanik 6zelliklerinin eksiksiz olarak bilinmesi gerekir.  {izerinde etkisini, Ucun ve Aslantas [7] kesme kuvvetleri,
sicaklik, kayma agis1 ve takim gerilmesi iizerinde
*Sorumlu Yazar (Corresponding author) kaplama katman sayist ve kaplama tipinin etkisini
e-posta - kadir.gok@cbu.edu.tr anlamak i¢in bir seri deneysel ve sayisal ¢alismayi, Zhou
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ve digerleri [8] siiper finis sert tornalamada, PCBN kesici
takimm takim aginmasi iizerinde pah agismin etkisini,
Attanasio ve dig. [9] visko-plastik parga tahmini
kullanarak ~ mikro  fezelemenin  sonlu  eleman
simiilasyonlarmi1  geligtirmis ve =~ DEFORM-3D
yazilimmda termo-mekanik bir analizini, Ozel ve dig.
[10] deneysel dogrulama ile modelleme c¢aligmasini
kullanarak, talag akisgi, talas sivanmasi ve ¢apak olusumu
icin ¢ok ihtiya¢ duyulan siireg bilgisini, Ozel [11] sabit
ve degisken kayma ve siirtinme katsayilarina dayali
modeller gelistirerek, FE simiilasyonlari iizerinde takim-
talag arayiizeyi sirtinme modelinin  etkilerini
incelmislerdir.

Kiiresel grafitli dokme demirler (KGDD) disli, kam ve
krank mili gibi pek ¢ok makine ve otomotiv parcalarinin
tretilmesinde ~ genis  kullanom  alanmma  sahip
malzemelerdir. KGDD malzemelerin son seklinin
verilmesinde, genellikle talagh imalat yoéntemleri
kullanilmaktadir. Bu nedenle, KGDD malzemelerin
islenmesinde maksimum takim 6mrii ve minimum iiretim
maliyeti i¢in optimum kesme parametrelerinin ve uygun
kesici takimm onceden belirlenmesi gerekmektedir [12,
13]

Bu calismada, KGDD ve farkli sicakliklarda
ostemperlenmis KGDD malzemelerin islenebilirlik
testlerinden elde edilen kesme kuvveti degerlerinin, 3
boyutlu olarak modellenmis kesici takimin, talas yiizeyi,
esas kesici kenar ve yardimci kesici kenari lizerine
ANSYS Workbench paket programinda uygulanmasi ile
ostemperleme isleminin kesici takim gerilmeleri
tizerindeki etkisi incelenmistir.

2. DENEYSEL VE SAYISAL ISLEMLER
(EXPERIMENTAL AND NUMERIC PROCESSES)

2.1. Metal Kesme Islemi (Metal Cutting Process)

Islenebilirlik testleri icin Iscar tarafindan iretilen CNMA
120404T IB55 kodlu CBN kesici takimlar kullanilmistir.
Takim tutucu olarak ise PCLNR 2525M 12 kodlu tutucu
secilmistir. Kesici takima ait ug¢ yaricapi 0.4 mm’dir.
Takima ait talas ve bosluk agilar1 0°°dir. Tornalama testi,
sabit ilerleme, kesme derinligi ve 100, 200, 300ve 400
m/dk arasinda degisen kesme hizlarinda yapilmistir.
Tum islenebilirlik testlerinde ilerleme f=0.05 mm/dev,
kesme derinligi ap=1 mm olarak alinmistir. Sogutma
stvist  kullanilmamis ve tiim testler kuru kesme
sartlarinda gerceklestirilmistir. Tornalama sirasinda
kesici takim iizerinde kuvvetler meydana gelmektedir.
Bu kuvvetler tornalama sirasinda ii¢ boyutlu o6lgme
yapabilen Kistler dinamometresi ile Ol¢iilmiistiir.
Analizlerde kullanilan kesme kuvveti degerleri bu
galigmadan [14] almmustir (Sekil 1).

38

200

——KGDD| |
——325°C
——250°C |

190 ----mmnnes
180 ommmmemmm e NG mmm oo

170 4----o---

1171 PETRRERPEEFRRRRRN W

1111 [ PP -

Esas Kesme Kuwveti (N}

140 4 --nmmmmmmmmeenneeneeea

130 T T T T

500

280
. R LI

== KGO0
——325%0
—e— 250" L

)
o]
=
=

L

200 foommeemeneees
200 f-mmmemmmnne e
180 -mmmmemmmmmee e N
160
140
120
100 . . . .

ilerleme Kuvveti (N

A
o

[mn]
o
|

-~
=
|

Pasif Kuvvet (N}
[ay]
[}

]
o]
I

P
=

200 300 400

Kesme Hizi {m/dak.}

Sekil 1. Kesme kuvveti degerleri, (a) esas kesme kuvveti,
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2.2. Sonlu Elemanlar Metodu Kullanarak Modelleme
(Modelling Using Finite Element Method)
Kesici takim iizerinde meydana gelen gerilmeler,
islenebilirlik testlerinden ede edilen esas kesme kuwvveti,
ilerleme kesme kuwveti ve pasif kuvvet [14] degerleri
kullanilarak ANSYS Workbench paket programinda
analiz edilerek elde edilmistir. Takim tutucu, altlik, HSS
u¢ ve CBN wuca ait modeller SolidWorks 2010
versiyonunda olusturularak (Sekil 2) “iges” formatinda
AnsysWorkbench  sonlu eleman esasli  analiz
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programinda agilmistir. Kesici takim {izerindeki tiim
pargalar i¢in Hex Dominant ag (mesh) tipi segilirken,
farkli eleman boyutlar1 kullanilmistir. Eleman boyutlar
strastyla, takim tutucu i¢in 3mm, altlik i¢in 1mm, HSS ug
i¢in Imm ve CBN ug i¢in ise 0.25mm olarak se¢ilmistir.
Kesici takim ve diger elemanlarin ag yapist Sekil 2 b’ de
verilmistir. Ag islemi sonrasi toplam 42410 digim,
11281 eleman meydana gelmistir. Ansys, Inc tarafindan
gelistirilen Mesh Metric'e gore [15], sonuglarin
giivenilirligi agisindan ag kalitesi cok onemlidir. Diisiik
Ortogonal Kalite (Orthogonal Quality) veya yiiksek
carpiklik (skewness) degerleri onerilmez. Genellikle
minimum ortogonal kalite> 0.1 veya maksimum
carpiklik <0.95 olmahdir. Carpiklik ag metrikleri
spektrumu ve Ortogonal Kalite ag metrik spektrumu
Sekil 3 ve Sekil 4 de verilmistir. Analiz sonuglarimizda,
ortalama garpiklik degeri Sekil 5° de 0.42 olarak
hesaplanmistir. Sekil 3'e gore, bu deger c¢ok iyidir (0.25-
0.50). Ortalama ortogonal kalite degeri de Sekil 6'da 0.68
olarak hesaplanmistir. Sekil 4’ e gore, bu deger iyidir
(0.20-0.69). Kesici takim iizerine uygulanan smir sartlar
ve kesme kuvvetleri kullanici tarafindan girilirken,
elemanlar arasinda bonded tiirlinde temas bdlgeleri
program tarafindan otomatik olarak olusturulmustur
(Sekil 7). Kesici takim {izerine uygulanan esas kesme
kuvveti ve ilerleme kuvveti egilme etkisi ile ¢ekme
gerilmesi olustururken, pasif kuvvet ise basma gerilmesi
olugturacaktir. Giinay ve digerleri [16] ve Kurt [17]un
yaptiklar1 caligmalardaki temas tiirleri incelenmistir.

Excellent Very good
0-0.25 0.25-0.50

Good
0.50-0.80

Kesme analizinde kullanilan kesici ug i¢in CBN, kesici
ucun bagli oldugu parga i¢in HSS, takim tutucu ve diger
parcalar i¢in ¢elik malzemesi kullanilmistir. Bu pargalara
ait mekanik 6zellikler Cizelge 1.de verilmisgtir.

b)

Sekil 2. SolidWorks ortaminda modellenmis takim tutucu,
takim ucu ve altlik a), ag (mesh) yapis1 b) (tool
holder, tool insert and base modeled in SolidWorks
environment a), mesh structure b)

Bad Unacceptable
0.95-0.97 0.98-1.00

Acceptable
0.80-0.94

Sekil 3. Carpiklik ag metrikleri spektrumu (Skewness mesh metrics spectrum)

Unacceptable Bad
0-0.001 0.001-0.14

Acceptable
0.15-0.20

Very good Excellent
0.70-0.95 0.95-1.00

Good
0.20-0.69

Sekil 4. Ortogonal kalite ag metrikleri spektrumu (Orthogonal quality mesh metrics spectrum)

Details of "Mesh” 2
[=I| Display ~
Display Style |Body Color
[=|| Defaults
Physics Preference Mechanical
Relevance o
Element Crder Program Controlled
Sizing
[=| Quality
Check Mesh Quality ‘Yes, Errors
Error Limits Standard Mechanical
Target Quality Default (0050000
Smoothing Medium
Skewness -
Min 1,306e-010
Max 099983
Average 04279
Standard Deviation | 0,2703

Sekil 5. Hesaplanan ortalama ¢arpiklik degeri (Calculated mean skewness value)
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Details of "Mesh” o
[=I| Display ~
Display Style |Body Color
[=]| Defaults
Physics Preference Mechanical
Relevance 0

Element Order

Program Controlled

Sizing
[=1| Quality
Check Mesh Quality Yes, Errors
Error Limits Standard Mechanical
Target Quality Default (0.050000)
Smoothing Medium
morthogonal{luality -
Min 1,2396:-004
Max 0,999%99
Average 0,68561
Standard Deviation | 0,32023

Sekil 6. Hesaplanan ortalama ortogonal kalite degeri (Calculated mean orthogonal quality)

. Esas kKesme Kuwwvebi: 193,79 N
. ilerleme Kuvveti: 241,25 M
[B Pasif kuvvet: 88,3214

Kisith izeyler

. Temas Bilgesi 1
. Temas Bilgesi 2
. Temas Bolgesi 3
. Temas Bilgesi 4

Sekil 7. Kesici takim iizerine uygulanan sinir sartlari, kesme kuvvetleri ve temas bolgeleri (Boundary conditions, cutting forces
and contact zones applied on cutting tool)

Cizelge 1. Kesici uca ait mekanik 6zellikler (Mechanical
properties of the cutting tool)
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3. KESiCi TAKIM UZERINDE MEYDANA
GELEN GERILMELER (STRESSES ON THE

Ozellik CBN[18] HSS[4] Celik [19] CUTTING TOOL)
Elastikiyet

Modulii (MI)’/a) 7,2.10° 2.10° 2.10° Uy%ulanlan sn;érG b Dsartléllrmdan scoglrgk analiger
: ¢Ozdiiriilmiistiir. malzemesinin esici takim
P01s§;> nvorlalfli 03 03 03 ile 100 m/dk kesme hizinda tornalanmasi sonucunda
oiu I/l 5 15000 8600 7850 takim ucunda meydana gelen es deger gerilme
(lgt) (vonMises), kayma gerilmesi, X, Y ve Z yonlerindeki
Akma Dayanmt | 5 850 250 normal gerilmeler program tarafindan hesaplanmis ve
(MPa) Sekil 8’ de gerilme dagilimlar1 gésterilmistir. Bu gerilme

degerleri grafiksel olarak Sekil 9 da verilmistir.
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— g 6360,7 Max
S654,5
4048,4
4242,3
3536,1

2830

7123,8
1417,7
711,54

L8 53923 Min

E
E

3654,1 Max
3245,4
2842,7
2437,1
2031,4
1625,7

1220

14,32
408,64
2,9504 Min

0,0074832 Max
0,0066524
0,0058217
0,0049909
0,0041801
0,0033254
0,0024556
0,0016679

0, 00053571
6,343%e-b6 Min

414,18 Max
35,145
454,47
-933,8
-1383,1
-1832,5
2281,8
2731,1
-3180,5
-3629,8 Min

{a)
{c)

(d}

841,67 Max
116,82
608,03
-1332,9
2057,7
2782,6
-3507,4
4232,3
-4957,1
-5682 Min

162,9 Max
-393,92
050,74
-1507,6
-2064,4
2621,
-31758
-3734,8
-4291,7
-4848,5 Min

Sekil 8. Gerilme a) von Mises, b) Kayma gerilmesi, c)
Toplam deformasyon, d) Gx, e) Gy, f) Gz. (Stress a)
von Mises, b) Shear stress, ¢) Total deformation, d)
Gx, e) Gy, f) Gz

Grafikten ve sekilden de anlasildigi gibi KGDD
malzemesinin CBN kesici takim ile islenmesinden elde
edilen kesme kuvvetlerinin kesici takim talas yiizeyi, esas
kesici kenar ve yardimct kesici kenar {izerine
uygulanmast ile elde edilen maksimum es deger
gerilmeler kesici kenarm esas kesme kenar1 iizerinde
yogunlagmustir. 100 m/dak. kesme hizinda maksimum
esdeger gerilme 6360,7 Mpa, 200 m/dak igin 6081,1
Mpa, 300 m/dak i¢in 5255,5 MPa ve 400 m/dak i¢in 5234
Mpa olarak gerceklesmistir. 100 m/dak. kesme hizinda
maksimum kayma gerilmesi 3654,1 Mpa, 200 m/dak i¢in
3491,1 Mpa, 300 m/dak i¢in 3016,9 MPa ve 400 m/dak
icin 3000,5 Mpa olarak gergeklesmistir. Deformasyonlar
incelendiginde, 100 m/dak. kesme hizinda maksimum
deformasyon 0,0074832 mm, 200 m/dak igin 0,0071542
mm, 300 m/dak i¢in 0,0061829 mm ve 400 m/dak igin
0,0061577 mm olarak ger¢eklesmistir.

11000
{a) —o—KGOD
& 10000 fe---msopmmmmnnemmans ——325°C
5 ——250°C
72' 9000 Fo--mmmm e Mmoo
R T v,
o
3
iy FOOD o- oo mmaf o g
i
- 1011 I R 4 S s, R
5000 ' ' ; ;
0 100 200 300 400 500
Kesme Hizi (m/dak.)
G240
b —o—KGDD
T BZAD oo Mg ooees ——325°C
=}
=
— 4250
¢
= 3250 4
4]
&
11
E 2B oo
280 T T T T
i} 100 200 300 400 500
Kesme Hizi (m/dak.)
1,40E-02
1,20E-02 “ KGDD
TR —325°C
E 1,00E-02 f---comoco e ——280°C
S 900E-03 4o e M
==
E B, 00E-03 J--ccmm oo O
B 131 O S
=
= O
0,00E+00 . . . .
0 100 200 300 400 400

Kesme Hizi (m/dak.)
Sekil 9. Gerilmeler a) Es deger gerilme, b) Kayma gerilmesi,
c) Deformasyon (Stresses a) Equivalent stress, b)
Shear stress, ¢) Deformation)
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Sekil 10° da 100 m/dak. kesme hizinda 3 farkli malzeme
ile yapilan analizlerde CBN kesici takim iizerinde
meydana gelen esedeger gerilmeler goriilmektedir.
KGDD malzemesi kullanilarak yapilan kesme analizinde
kesici takim da meydana gelem maksimum esdeger
gerilme 6360.7 MPa, 325°C de 6stemperlenmis malzeme
kullanilarak yapilan kesme analizinde kesici takim da
meydana gelen maksimum esdeger gerilme 6684.2 MPa
ve 250°C de oOstemperlenmis malzeme kullanilarak
yapilan kesme analizinde kesici takim da meydana gelem
maksimum esdeger gerilme ise 9817.7 MPa olarak
hesaplanmustir. Gorildigi  gibi 250°C de
ostemperlenmis malzeme kullanilarak yapilan kesme
analizinde kesici takim da meydana gelen maksimum
esdeger gerilmenin diger iki malzeme igin sézkonusu
olan gerilmeden daha yiiksek oldugu saptanmistir.
Ostemperlenme sicakligi artttkca malzemeni sertligin
artmasi, kesme durumunda kesici takim {izerinde
meydana gelen kesme kuvveti dolayisiyla gerilmelerin de
artmasina neden olacaktir. 250°C ve 325°C de
Ostemperlenmis malzemelerin kesme analizlerinden elde
edilen degerler karsilastirildiginda 325°C de elde edilen
gerilmeler daha disiiktiir.

Ostemperleme islemi ile malzemelerin yapisinda
martenzit ve kalinti Ostenit gézlenmistir. Bu yapinmn
olusmasimin sebebi, amaglanan osferrit yapisi icin yeteri
kadar Ostemperlenme siiresinin  kullanilmamasidir.
Boylece yapida bir kalintt Ostenik olusmus ve
ostemperleme sicakligiyla birlikte artmaktadir. 325°C

kolay kesilecektir. Sonu¢ olarak kesici takimda daha
diigiik gerilmeler ortaya gikacaktir [15].
V=100m/min. a=Tmm f= 0.05mm/rev.

10000 S
anan
&000
7000
£000
5000
4000
3000
2000
1000

o

Esdeqer Gerilme {MPa)

KGOD 325°C 280°C

Sekil 10. 100 m/dak. kesme hizinda farkli malzemeler de olusan
es deger gerilmeler (Equivalent stresses in different
materials in 100 m / min.)

Sekil 11. de kesici takim iizerinde meydana gelen normal
gerilmeler X, Y ve Z yonlerinde Gx, Gy ve Gz olarak
gosterilmistir. Her ii¢ yondeki gerilmeler basi ve ceki
gerilmesi  seklinde  gergeklesmistir.  250°C  de
Ostemperlenmis malzemenin islenmesinde, kesici
takimin lizerinde meydana gelen bast ve ¢eki
gerilmelerinin diger malzemelere goére daha yiiksek
ciktigi saptanmistir. Kesme hiznin artisinin ¢ekme ve
basma gerilmelerini pek etkilemedigi gézlenmistir. Ayni
zamanda bas1 gerilmeleri, ¢eki gerilmelerine kiyasla daha
yiiksek cikmigtir. Bu durum kuvvetlerin kesici takim

deki malzeme yapisnda daha fazla kalmti Gstenit —Uzerinde B basma kuvveti olarak uygulanmast ile
bulunmasindan dolayr 250°C deki malzemeden daha  agiklanabilir.
1000 @ ﬁ:h__. ——Basi Gerilmesi (KGDD)
1] T T T T = Ceki Gerilmesi (KGDD)
1000 §..... 109280 S0 480 500 —#—Basi Gerilmesi (325°C)

—&—Ceki Gerilmesi (325°C)
—s—Basi Gerilmesi (250°C)
—— Ceki Gerilmesi (250°C)

Kesme Hizi {m/dak.)

—=Bas Gerilmesi (KGDD)

——Ceki Gerlmesi (KGDD)
—re—Bas Gerilmesi (325°C)
—&—Ceki Gerilmesi (325°C)
—#—Bas Gerilmesi (250°C)
—— ki Gerilmesi (250°C)

Kesme Hizi (m/dak.)
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1000
(c} —=—Basi Gerilmesi (KGDD)
0 —————y— oo
T T ——Ceki Gerilmesi (KGDD)
-1000 4 S A0 ELI— a0 510 ——Basi Gerilmesi (325°C)
11 —&—eki Gerilmesi (325°C)
& —#—PBasi Gerilmesi (250°C)
E 3000 e —e—Geki Gerilmesi (250°C)
@ -4000 -
-5000 ~
-6000 ~
-7o0o

Kesme Hizi (m/dak.)

Sekil 11. Normal gerilmeler a) Gx, b) Gy, ¢) Gz. (Normal stresses)

4. DEGERLENDIRME (CONCLUSION)

KGDD ve farkli sicakliklarda 6stemperlenmis KGDD
mazlemelerin iglenebilirlik testlerinden elde edilen
kesme kuvvetleri degerlerinin, 3 boyutlu olarak
modellenmis kesici takimin, talas yiizeyi, esas kesici
kenar ve yardimci kesici kenar fiizerine  ANSYS
Workbench paket programinda uygulanmas: ile
ostemperleme isleminin kesici takim gerilmeleri
tizerindeki etkisi incelenen bu galigsmada.

e Kesici takim iizerinde meydana gelen maksimum es
deger gerilmeler kesici kenarin esas kesme kenari

tizerinde yogunlagmustir.

250°C de ostemperlenmis malzeme kullanilarak
yapilan kesme analizinde kesici takim da meydana
gelen maksimum esdeger gerilmenin diger iki
malzeme ic¢in sozkonusu olan gerilmeden daha
yiiksek oldugu saptanmustir. Ostemperlenme sicakligi
arttikca malzeme sertliginin artmasi, kesme aninda
kesici takim tizerinde meydana gelen kesme kuvveti
dolayisiyla  gerilmelerin  de artmasina neden
olmaktadir. Hasirci [20], bu galismada kiiresel grafitli
dokme demirlerde (KGDD) alasim elementleri (Cu
ve Ni) ilavesi ve Ostemperleme siiresinin mikroyapi
ve ¢ekme Ozelliklerine etkileri incelenmistir.
Numuneler daha sonra Ostenitleme sicakligi olan
900°C’de 90 dakika bekletildikten sonra 370°C’de
degisik stirelerde (60, 90, 120, 150, 180 ve 200
dakika) Ostemperlenmis ve g¢ekme deneyine tabi
tutulmustur. Ostemperlenmis numunelerin ¢ekme
dayanimlarmin 6stemperleme siiresi ile alasim
elementlerinin  tiir ve miktarlarina bagli olarak
farklilik gosterdigi goriilmiistiir. Genel olarak biitiin
numunelerde uzun 6stemperleme siirelerinde karbiir
olusumu sonucu akma ve ¢ekme dayanimi artarken
yilizde uzama azalmistir.

250°C ve 325°C de oOstemperlenmis malzemelerin
kesme analizlerinden elde edilen  degerler
karsilastirildiginda 325°C de elde edilen gerilmeler
daha diisiiktiir. Ostemperleme sirasinda malzemelerin
yapsinda martenzit ve kalint1 6stenit gézlenmistir. Bu
yapinin olugmasinin sebebi, amaclanan Osferrit
yapist i¢in yeteri kadar Ostemperlenme siiresinin
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kullanilmamasidir. Béylece yapida bir kalint1 dstenik
olusmus ve  Ostemperleme sicakligiyla birlikte
artmaktadir. 325°C deki malzeme yapisinda daha
fazla kalint1 6stenit bulunmasimdan dolay1 250°C deki
malzemeden daha kolay kesilecektir. Béylece 325°C
de dstemperlenmis malzemeyi keserken CBN kesici
takimda olusan gerilmeler analizlerde oldugu gibi
daha diigiik olacaktir [14]. Kircali ve Cakir [21],
ostemperleme sicakliginin ve zamaninin islenebilirlik
iizerine etkisi incelenmistir. i¢ yap1 resimlerinde de
acikca goriilecegi gibi kalinti 6stenit miktarindaki
degisim ostemperleme sicakligina ve zamanina
baglhdir. Genel olarak ostemperleme zamaninin
azalmasiyla kalinti 6stenit miktar1 artis gosterirken
sicakligin artmasiyla da kalinti stenit miktarinda
artis gozlenir.

250°C de 6stemperlenmis malzemenin islenmesinde,
kesici takimin {izerinde meydana gelen basi ve ¢eki
gerilmelerinin diger malzemelere gére daha yiiksek
ciktig1 saptanmistir.

Ayn1 zamanda, basi1 gerilmeleri, ¢eki gerilmelerine
kiyasla daha yiiksek ¢ikmigtir. Bu durum kuvvetlerin
kesici takim tizerinde  basma kuvveti olarak
uygulanmasi ile agiklanabilir.
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Eksenel Basincin Dik-katmanli ve Orta Kalinlikta
Silindirlerin Serbest Titresim Frekanslarina Etkisi

Arastirma Makalesi / Research Article
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Miihendislik Fakiiltesi, Ingaat Miih. Boliimii, Akdeniz Universitesi, Antalya, Tiirkiye
(Gelig/Received : 24.07.2018 ; Kabul/Accepted : 06.02.2019)
oz
Bu caligmada, eksenel basing altindaki dik-katmanli kompozit silindirlerin serbest titresim davranislar1 donel atalet ve
kalinlik/yarigap oranini igeren birinci mertebeden uygun bir kayma deformasyonlu kabuk teorisine dayanan yari-analitik bir sonlu
eleman kullanilarak arastirilmstir. Oncelikle, eksenel simetrik kabuk sonlu elemanimnin dogrulanmasi igin bir ¢alisma yapilmis ve
basincin bulunmadigr haller igin gelistirilmis sonlu eleman ile elde edilmis titresim frekanslarinin literatiirde bulunan neticeler ile
¢ok iyi uyum i¢inde oldugu goriilmiistiir. Ayn1 eleman ilk katman gd¢me analizi i¢in de dogrulanmis ve kayma deformasyonlu bir
egri kabuk elemant ile ile elde edilen ilk katman gé¢me yiikleri ile iyi uyum gozlenmistir. Daha sonra, gesitli sinir sartlarina sahip
ve burkulma ve ilk katman gd¢me yiiklerinden diisiik olacak sekilde farkli diizeylerde eksenel basinca maruz kompozit silindirler
icin serbest titresim analizleri yapilmustir. G6z oniinde bulundurulan silindirik yapilarin temel titresim frekanslarinda kars1 gelen
burkulma yiiklerinin % 60 ila 80 nispetinde eksenel yiik degerleri i¢in hizla azaldig1 gézlemlenmistir. Ayrica, bazi nispeten kalin
silindirlerde ilk-katman go¢me yiikiiniin burkulma yiikiinden az oldugu da belirlenmistir.
Anahtar Kelimeler: Titresim, burkulma, kompozit silindir, sonlu elemanlar, basing.

The Influence of Axial Compression on the Free
Vibration Frequencies of Cross-ply Laminated and
Moderately Thick Cylinders

ABSTRACT

In this study, the free vibration behavior of axially compressed cross-ply laminated composite cylinders is investigated using a
semi-analytical shell finite element based on a consistent first order shear deformable shell theory, which includes the influences
of rotatory inertia and thickness coordinate/radius ratio. First, a verification study is conducted to validate the axisymmetric shell
finite element used in this study and, for the non-compressed cases, the free vibration frequencies obtained using the finite element
developed are found out to be in excellent agreement with the published results found in the literature. The same element is also
validated for first-ply failure analysis and good agreement is observed with the first-ply failure loads obtained using a shear
deformable and curved shell element. Then, numerical results for free vibration analyses are presented for axially compressed
composite cylinders having different boundary conditions and for which the level of axial compression is kept below the
corresponding linear buckling and first ply failure loads. It is observed that, the fundamental free vibration frequencies decrease
sharply for axial load levels higher than about 60~80% of the buckling loads of the cylindrical structures considered. It is also
determined that the first-ply failure load is lower than the buckling load for some of the thicker cylinders.

Keywords: Vibration, buckling, composite cylinder, finite elements, compression.

research studies found in the literature [4-13]. Armenakas
1. INTRODUCTION [4] has investigated the influence of axial stress on the
In the present study, the influence of axial compression ~ frequncy of vibration of simply supported circular
on the vibration behavior of cross-ply laminated and  cylindrical shells using a bending theory. Rosen and
moderately cylinders is numerically investigated. The  Singer [5] have considered stiffened shells under axial
primary aim here is to determine the relationship between ~ compression and have presented analytical results for
the natural frequencies of vibration and buckling in order ~ vibration frequency in comparison with experimental
to be able to predict the onset of buckling. results. Bradford and Dong [6] and Greenberg and

Surveys on the dynamics of cylindrical shells can be  Stavsky [7] ~have investigated the vibratory
found in the review papers of Qatu [1] and Khdeir et al. chqracterlstlcs of initially stressed Ia_mlnat(_ad orthotroplc
[2] and the research study of Jones et al. [3]. The cylinders. Yamada et al._[8] have mves_tlgated S|m_ply
influence of axial loading for homogeneous isotropic, supported orthotropic cylinders under axial loads using

and orthotropic cylindrical shells was treated in several ~ the transfer matrix method. Chang and Lin [9] have
considered simply supported and cross-ply laminated

*Sorumlu Yazar (Corresponding author) thin cylinders and have obtained a closed form solution.
e-posta : izzetufuk@gmail.com Greenberg and Stavsky [10] have also considered the
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influence of nonuniform axial loads on the vibration
characteristics of orthotropic composite cylindrical shells
using a complex finite Fourier transform method.
Matsunaga [11] has studied the free vibration behavior of
thick circular cylinders using a higher order shell theory.
Skusis et al. [12] have studied the vibration bahevior of
steel cylinders under axial compressive loads in a more
recent study. Arbelo et al. [13] have used experimental
results to determine the real boundary conditions of flat
plates and cylindrical shells. However, in general,
thinner composite cylinders have been studied and the
first-ply  failure (FPF) load, the thickness
coordinate/radius  ratio, and different boundary
conditions taken into account here, has not been
considered in these cited studies. In some of the related
studies correlation of Matsunaga [11] has stated that the
critical buckling stress of simply supported circular
cylindrical shells subjected to initial axial stress can be
predicted from the natural frequency of the shell without
axial stress. Similar vibration-buckling correlation
studies exist in the literature [12, 13].

The finite element numerical results are obtained here
using a semi-analytical finite element, which is based on
this consistent shell theory developed by Qatu [14], who
obtained very accurate free vibration results for
laminated composite shells by using a consistent first
order shear deformable shell theory. In this theory, the
1+z/R term is taken into account, where z and R denote
the thickness coordinate and the radius, respectively.
Using the same shell theory, Cagdas [15] has developed
a curved axi-symmetric shell element, which is modified
here for free vibration analysis, and Cagdas and Adali
[16] have investigated the influence of pressure stiffness
on the stability of cross-ply laminated moderately thick
cylinders under hydrostatic pressure. In more recent
studies, Cagdas [17, 18] has modified the same element
for the stability and stress analysis of filament wound
cones. This study is the first application of this
moderately thick shell finite element to composite
cylinder vibration problems including compressive
loads. Also different boundary conditions are considered
in this study.

In order to validate the computer code developed for free
vibration analysis, comparisons with published results in
the literature are made and excellent agreement with the
references for non-compressed cases is observed. Also,
the element is validated for FPF analysis by comparing
the FPF loads obtained with the ones obtained using a 2D
superparametric shell element, developed recently by
Cagdas and Adali [19]. After validating the finite element
developed, the influence of axial compression on the free
vibration frequencies of cross-ply laminated perfect
cylinders having different boundary conditions is
investigated. Numerical results are presented for axial
compression levels less than the corresponding linear
buckling or FPF loads of the cylinders. The influences of
axial compression on the vibration frequencies are
demonstrated by tables and graphs. Moreover, the
influence of the boundary conditions are investigated.
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2. FINITE ELEMENT FORMULATION

Brief formulation of the semi-analytical shell element
used here, which was developed recently by Cagdas [15],
is given next. In this study, this shell element is modified
for free vibration and FPF analyses. The finite element is
based on the following displacement field,;

u, [c, 0 0 0 Olu
Up| |0 s, 0 0 0 ug
u, e=>/0 0 ¢, 0 0Rul (1)
Voil ™o 0o 0 ¢, ofvh
Vi |0 0 O Sn || Vai

where ¢, , s,, and m denote cos(né), sin(nd), and the

n

total number of harmonics, respectively. u;, ug, uj,

n
al !

axial displacement components and the rotations in the
nodal coordinate system corresponding to harmonic n,
respectively. A local coordinate system («,6,z') is
defined at a Gauss point on the mid-surface of the
cylinder where u, v, and w denote the displacements
parallel to ¢, 6, and z' coordinates and v, , and v,

are the rotations of the transverse normal about € and «
axes. R, Rext, Rint, and H denote the mean radius, external
radius, internal radius, and thickness respectively.

The cylinder problem considered is schematically shown
in Fig. 1 excluding the restraints. The boundary
conditions considered are explained in Table 1.

and V,; denote the radial, circumferential, and

Fig. 1. Details of the cylinder problem and the global and local
coordinate systems
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Table 1. Boundary conditions considered (F:free,
R:restrained) (See Fig. 1)
Name | u, | uy, | u, | V, | Vy
S3 F* R R F R
S4 F* F R F R
C3 F* R R R R
C4 F* F R R R

* U, isnot free at the restrained end

2.1. The Strain-Displacement Relations

The linear and non-linear strain-displacement relations
are given below;

Eu =80 +1' Xy (2.1)
g = (ﬁ}(%e + Z'la) (2.2
1
Va0 = €00t (m}?ow +
. 2.3)
Z'ijl&z +la9:|
=l ow) 24)
Ya 1+ z/R Yoar .
Yo =Va t+ WO,a (25)
g(r;; = % [(Uo,a)z + (VO,a )2 + (WO,a)z] (26)
no_ 1 (Uo,e)z +(V0,0 f +(Wo,a Fe.. 27
%" 2R? 2Wq Vg g — 2V Wy g + V4 + W5 '
58&9 = %(_VOWO,Q +WOVO,a) (2.8)
E0p = %(UO,aUO,H +Vo,oVo,6 + WO,aWO,H) (2.9)
and,
oy 1 ((Uo,a) )
B £00 ~ E WO +V0‘9
oo ] Moo) [
€06a %(Uoﬂ)
V)
la 1 ( )
_ Xo _ = l//e,e
X Xao ?V/H,a) l
Xt E(l//aﬂ)
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¥ l//a+W0,a

_J/0az" | _

R S Y
06z R R [

2.2. The force and Moment Resultants
The force and moment resultants are given below;

N, K11 612 'Kl(i 6‘16 €0a

Ng _ 512 Az ézs A || 0o .

Ngo A 'f\ze Ass 666 €0ab

Tﬂa A:LG_ Ax Ass Pes | f00n 3.1)

Bi1 I?12 Bis I?’16 Xa

B, By By By || 2o

B_le ?26 §66 I?ee Xao

Bie By Bes Bgs (e

M, By Bi By B | €oa
I My _ By, é22 Bas éze €00 .

Mo Bie Bax Bes Bes ||S0as

'\_/' Oc BlG_ éZG Bes ése €06a (32)

Dy I?12 Dis [316 Xa

D, Dy Dy Do | 2o

516 [326 566 [366 Xab

Dis D2 Des Des || X0a
GHRz e

Qo) 6| A5 Ay lYoa

The rigidity terms appearing in Equations (3.1, 3.2, and
3.3) were presented by Qatu [14]. The lamination angle
is taken as the angle between the fiber direction and the
local « axis.

2.3. The Element Matrices
The strain energy U, of element e can be written as

1
u, :EJ(NT80+MT1+QT(|))dA )

A
where N=Ag’ + By, M=Be’+ Dy, and Q=Cg¢ are

defined in Equations (3.1, 3.2, and 3.3) and the element
stiffness matrix is given below in Eq. (5)

[B1DB, +BIBB, +... "
KD —kz[|BICB, +BlAB, +... | (-z.)Rds (5)
B} BB,
where, k=2 for n=0,and k=1 for n=1...,m. B,,

BZ , B¢ are the strain-displacement matrices, and the

superscript n stands for the n" harmonic. & denotes the
shape function coordinate.
The kinetic energy of the shell can be expressed as
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22 1), ]
(ué+v§+w§(ll+lzﬁ +...

P 1
T :E” (y/§+y/§(|3+ I“E}”'

al

Rdadd  (6)

(. . . 1
UV o +Vo¥e |2+|3E

where {Il,lz,l3,l4}:%pk{l,z,zz,f} and p* is the
k=1

mass density of the K layer of the cylinder per unit mid-
surface area; see Qatu [14]. Similarly, the element mass
matrix denoted by M*®" can be obtained.

The element geometric stiffness matrix is defined in Eq.

()
K =k (676 (2. Rde )
4

where S is a matrix of membrane stresses and G is a
vector of derivatives of in-plane deformations at a Gauss
point.

2.4. Free Vibration Analysis
Compressed Structure

Before conducting the free vibration analysis of the
prestressed  (axially compressed) structure, the
corresponding buckling load should be calculated. First,
the pre-buckling deformations under given axial
compressive load  should be calculated. Then, the
buckling load parameter can be obtained by solving the
eigenvalue problem given in Eq.(8)

det(™ - 1, KY )=0 ®)

of the Axially

where K™ is the global stiffness matrix, K¢ is the

global geometric stiffness matrix corresponding to the
harmonic n,. The critical value of n; and the

corresponding buckling load, which is equal to
P.r = PoAe , are determined by trial.

The natural frequency of vibration of a cylinder under a
pre-determined level of axial compressive load can be
obtained by solving the eigenvalue problem given in

Eqg.(9)
det[K”Z —fx A (ng )+ (w”Z)ZM"Z}: 0 ©)

where, ®™ is the circular vibration frequency and M"™
is the global mass matrix corresponding to the harmonic
n, . The multiplier f is a positive real number, which

scales the axial compressive load level. In the present
study it is assumed that, 0< f <0.95. Buckling will

generally not be the dominant failure mode for relatively
thick cylinders; i.e. cylinders will fail due to excessive
stress before buckling. Therefore, first-ply failure
analysis using the maximum stress failure criterion is also
conducted after obtaining the buckling load. If the FPF

load is less than the buckling load, then the axial load
level is kept below the FPF load.

3. VERIFICATION PROBLEMS

The finite element used here has been verified for linear
static and stability analyses by Cagdas and Adali [16],
and Cagdas [15] and therefore verification problems are
only presented for vibration and FPF analyses as given in
the following sections.

The non-dimensional in-plane load parameter N and the
non-dimensional circular frequency Q are defined as
6
- 10°NR ,
E,LH

where, E; is the modulus of elasticity in the fiber

direction.
3.1. Verification of the Element for Free Vibration
Analysis

The problem considered here has been examined by Qatu
[14], who has presented exact solutions for open
cylindrical shells having two opposite edges simply
supported. This type of boundary condition is also
referred to in the literature as “all edges simply supported
with shear diaphragm boundaries” or S3 type boundary
condition as explained in Table 1; Khdeir et al. [2]. To be
able to compare the numerical results with the reference
analytical results and to prevent numerical problems, u,

is restrained only at the mid-length in the finite element
model and not at the cylinder ends. The “shear-
diaphragm” compatible boundary conditions used in this
study are shown in Fig.2.

Free vibration frequencies of cross-ply laminated
cylinders made up of a graphite-epoxy material with

E, = 20.02 x10° psi , E, =1.3x10° psi,

Gy, =1.03x10%psi , v, =0.3

are listed in Tablel in comparison with the results
presented by Qatu [14]. For the results presented in Table
1, R/H=100 and stacking sequence is [90°/0°]. The L/R

ratio varies between 0.5 and 8. A total of 50 elements are
used in the finite element model.

Q=wRp/E (20)

A B ;
| L2 | L/2 |

Fig. 2. The “shear-diaphragm” compatible boundary conditions
Excellent agreement with the analytical results of Qatu

[14] can be observed from Table 2. It can also be
observed that the accuracies of the numerical results do
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Table 2. Frequency parameters Q for R/H=100, [90°/0°] cylinders (material 1).

L/R =8

L/R =4

L/R =2

L/R =1

L/R =0.5

N | Present
Study

Qatu
[14]

Present
Study

Qatu
[14]

Present
Study

Qatu
[14]

Present
Study

Qatu
[14]

Present | Qatu
Study [14]

0.08907

0.08907

0.17815

0.17815

0.35629

0.35629

0.73575

0.71259

0.73078 | 0.73090

0.04925

0.04925

0.11653

0.11653

0.24079

0.24079

0.44337

0.44339

0.63562 | 0.63573

0.02182

0.02182

0.06276

0.06276

0.14667

0.14668

0.29320

0.29322

0.49547 | 0.49559

0.01553

0.01553

0.03836

0.03836

0.09770

0.09770

0.21023

0.21025

0.38987 | 0.38999

0.02143

0.02143

0.03146

0.03147

0.07183

0.07184

0.16103

0.16105

0.31682 | 0.31694

0.03296

0.03298

0.03697

0.03699

0.06124

0.06126

0.13133

0.13136

0.26676 | 0.26689

0.04785

0.04789

0.04971

0.04975

0.06308

0.06312

0.11555

0.11560

0.23332 | 0.23335

0.06562

0.06570

0.06669

0.06678

0.07425

0.07433

0.11152

0.11160

0.21256 | 0.21273

0.08618

0.08632

0.08692

0.08707

0.09162

0.09177

0.11763

0.11777

0.20288 | 0.20311

O|o|N|O|O|A_([WIN(F|O

0.10948

0.10971

0.11007

0.11030

0.11336

0.11359

0.13192

0.13216

0.20295 | 0.20327

=
o

0.13552

0.13587

0.13602

0.13637

0.13856

0.13892

0.15247

0.15284

0.21162 | 0.21208

not significantly detoriate with increasing mode number
n. This probably is because the number of elements used
was relatively high for the problem under consideration.

3.2. Verification of the element for FPF analysis

FPF analysis of a R/H=60, L/R =1, composite cylinder

made up of T300/5208 material under axial compression
is considered next. The S3 boundary conditions are
imposed. The properties of T300/5208 graphite/epoxy
pre-preg are listed in Table 3, see Ochoa and Reddy [20].
The numerical results obtained using the axisymmetric

obtain plausible FPF analysis results using the 2D shell
elements. However, it should be noted that, excessive
mesh refinement may result in errors when using the 2D
shell element. It is observed that, if, due to mesh
refinement, the thickness of the 2D shell element
becomes less than % of the element’s shorter edge length
a finer mesh may vyield unreliable results. The
axisymmetric element does not demonstrate such
behavior.

Table 4. FPF load parameters NFPF for R/H=60,

Table 3. Material properties of T300/5208 ]
graphite/epoxy pre-preg. (units: N-mm) L/R =1, S3 B.C., material T300/5208.
E, 13237937 X+ 1513.40 Lay-up Axisym.(50el.) | 2D (32x10)
E, 10755.82 Xc 1696.11 [90/90]s 112465 115469
E, 10755.82 Y; =Z; 43.78 [0/0]s 3482472 3394267
Gy, =Gy3 5653.70 Yo =2Z¢ 43.78 [90/0]s 756430 767994
G 3378.43 R 67.57 3(3. PR at{on of #1828 ment for e %RSration
Vir =V 0.24 S=T 86.87 analysis including axial stress
B Before proceeding with the numerical study, the
Va3 0.49 numerical results presented by Greenberg and Stavsky

shell element are given in Table 4, in comparison with
the results obtained using a 2D shell element; Cagdas and
Adali [16]. For both models, stresses are extrapolated
from the Gauss points to the element corner nodes. As
can be seen from Table 4 the maximum difference
between the 2D shell element results and the
axisymmetric shell element results is less than 3% for all
of the cases considered. A refined mesh is required to

[10] for two layered cross-ply laminated composite
cylinders under 10%lbs/in. axial compressive force with
S3 B.C. are compared with the results obtained in this
study; see Table 5. Note that, the inner layer has fibers
aligned in circumferential direction with a thickness of 4
mm and the total thickness is equal to 10 mm. The
material properties used by Greenberg and Stavsky [10]

are; E,; =19x10° N/m?, E, =7.6 x10° N/m?

Table 5. Free vibration frequencies a)(n)/ 10° (sec?) for R/H=20, S3 B.C.

L/R Donnel theory [10] | Love-type Theory [10] | Greenberg and Stavsky [10] | Present Study
5 16.05 (4) 15.39 (4) 10.40 (4) 9.61 (4)
9 9.02 (4) 8.45 (3) 6.51 (4) 5.96 (4)
2 4.86 (3) 4.33(3) 3.96 (3) 3.27(3)
4 2.92 (4) 2.41(2) 2.65(2) 2.04 (2)

49
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Table 6. Frequency parameters Q for R/H=60, [90°/0°]s, L/R =1 cylinder.

.ny f =0.00 f =0.25 f =0.50 f =0.75 f =0.80 f =0.90 f =0.95
0 0.6492 0.6487 0.6459 0.6426 0.6406 0.6382 0.6319
1 0.4134 0.4125 0.4080 0.4029 0.3996 0.3959 0.3938
2 0.2714 0.2701 0.2632 0.2551 0.2499 0.2439 0.2406
3 0.1980 0.1962 0.1867 0.1751 0.1674 0.1583 0.1531
4 0.1645 0.1623 0.1506 0.1360 0.1259 0.1135 0.1062
5 0.1626 0.1605 0.1486 0.1338 0.1236 0.1109 0.1033
6 0.1876 0.1858 0.1756 0.1632 0.1550 0.1419 0.1173
7 0.2324 0.2309 0.2228 0.2132 0.2069 0.1819 0.1462
8 0.2913 0.2901 0.2837 0.2762 0.2690 0.2439 0.2121
9 0.3610 0.3600 0.3549 0.3489 0.3410 0.3188 0.2951
10 0.4398 0.4390 0.4348 0.4300 0.4230 0.4051 0.3868
Table 7. Frequency parameters Q for R/H=60, [90°/0°]s, L/ R =10 cylinder.
Ny f =0.00 f =0.25 f =0.50 f =0.75 f =0.80 f =0.90 f =0.95
0 0.0649 0.0648 0.0646 0.0642 0.0641 0.0638 0.0637
1 0.0380 0.0379 0.0374 0.0367 0.0365 0.0361 0.0358
2 0.0222 0.0219 0.0211 0.0197 0.0193 0.0185 0.0180
3 0.0358 0.0357 0.0352 0.0342 0.0340 0.0334 0.0331
4 0.0660 0.0659 0.0656 0.0648 0.0644 0.0633 0.0624
5 0.1059 0.1059 0.1057 0.1043 0.1036 0.1010 0.0984
6 0.1547 0.1546 0.1547 0.1522 0.1509 0.1402 0.1130
7 0.2118 0.2118 0.2136 0.2084 0.2298 0.1794 0.1455
8 0.2771 0.2771 0.2788 0.2808 0.2857 0.2404 0.2125
9 0.3504 0.3504 0.3522 0.4045 0.3972 0.3171 0.2954
10 0.4312 0.4312 0.4327 0.4510 0.4528 0.4037 0.3870

Gy = 4.1x10° N/m? , Gy =19x10° N/m?,

Gy =19x10° N/m? | p=1.643x10°kg/m® , v}, =0.3.
As can be observed from Table 5, there are considerable
differences between different shell theories and the
results obtained in this study are lower than the results
presented by Greenberg and Stavsky [10], even though
shear deformation was considered in [10]. The
differences may be attributed to the influence of
thickness coordinate/radius ratio considered in the
present study.

4. NUMERICAL RESULTS AND DISCUSSION
The problem under consideration is the determination of
the free vibration frequencies of cross-ply laminated
cylinders under pre-determined levels of axial
compressive load. The axial compressive load is limited
to the corresponding critical buckling load or to the FPF
load of the cross-ply cylinder analyzed.

4.1. Numerical Results

In the following sub-sections the numerical results
obtained using 50 axisymmetric finite elements for the
selected problems are given both in tabular and graphical
forms. The material used is specified as T300/5208
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graphite-epoxy for which material properties are given in
Table 3. The non-dimensional thicknesses of the 0° and

90° plies are given by hy =Hy/H and hgy = Hgy /H ,
respectively, where H, and Hgy, are the thicknesses of
0° and 90° plies.

4.1.1. The influence of L/R ratio

In Table 6, numerical results are presented for S3 B.C.,

hgy =0.25, L/R=1 and H=R/60 and for several values of

f=[0,0.95]. The non-dimensional buckling load N,
=713160, and the corresponding critical wave number
ner=6 and N gpr =756430 (see Table 3) for this case.

As can be observed from Table 6, for the non-compressed
case, i.e. for =0, the 5" harmonic gives Q,;, =0.1626,

which is the lowest vibration frequency and Q values
decrease with increasing f for all of the n, values
considered. Also, the value of n,min does not change for
f<0.95 and the numerical results show that

there is a smooth decrease up to f=0.9 and a sharp
decrease after higher axial compressive load level is
reached. This sudden change is a warning of buckling and
may be helpful while inspecting or monitoring related
structures. Another observation that can be made from
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Fig. 3. Variations of » with R/t and f for L/R=1, [90°,0°]s (a) S4 (b) C4

Table 6 is that, the negative influence of axial
compression on the free vibration frequency is very high
for some n values, especially for the ones corresponding
to the lowest natural frequency and the buckling mode
shape. Here, for the cases considered, f=0.75 leads to a
reduction of around 20% in Q,;, and the other
frequency values are reduced less. The decrease in Q
with increasing f is more pronounced for n,=5 and 6.
These preliminary results obtained show that the negative
influence of axial compression on the free vibration
behavior will be lower if appropriate safety factors are
used against buckling.

Numerical results are also presented in Table 7 for L/R
=10, in order to investigate the influence of cylinder L/R

ratio. For this case, N, =88740, ny=6 and N epr
=106266. It can be observed from Table 7 that, for L/R
=10, the negative influence of axial compression is lower
comparing with the case L/R =1.

4.1.2. Buckling and FPF critical cylinders
The percentage difference denoted by 7 is defined as

" (Qn,f:O _Qn,fio)
B onf=0

n %100

51

where Q™™ 0"™"=0 denote the n' vibration mode
non-dimensional frequencies corresponding to the cases
f#0and f=0.

It can be observed from Figures 3(a) and 3(b) that, the
influence of axial compression on the free vibration
frequencies is higher for thicker cylinders and thicker
cylinders more rapidly loose rigidity with increasing
axial compression level comparing with thinner cylinders
especially for f<0.8. The curvature of the 7 curve changes
rapidly for £>0.8 and the behavior is only slightly
different for S4 and C4 boundary conditions. It can also
be observed that the decrease in omega with increasing f
is unexpectedly lower for thinner cylinders.

The results obtained, in general, show that it may not be
possible to correlate free vibration and buckling
parameters. Different boundary conditions are also
considered and the vibration frequency-buckling load
correlation is shown to be related with the boundary
conditions. However, it is influence is found out to be
limited. However, as expected cylinders with C4 BC are
more stiff comparing with the cylinders with S4 BC.



[zzet Ufuk CAGDAS / POLITEKNIK DERGISI, Politeknik Dergisi,2020;23(1): 45-52

4. CONCLUSIONS

A finite element formulation for free vibration analysis
of axially compressed, moderately thick, cross-ply
laminated composite cylinders is presented. Firstly, some
verification problems are solved and the high accuracy of
the element in free vibration and FPF analyses is
demonstrated. The free vibration frequencies obtained
for the non-compressed cases are found out to be in
excellent agreement with the analytical results found in
the literature. Then, the effects of the axial compression,
geometry, end conditions, and the stacking sequence on
the free vibration frequencies are investigated. Numerical
results for free vibration analyses are presented for
axially compressed cylinders having different boundary
conditions and for which the level of axial compression
is kept below the corresponding linear buckling and the
first ply failure loads. The numerical results show that,
the related natural frequencies decrease somewhat
linearly with increasing axial compressive load levels up
to about 70~80% of the buckling loads of the structures
considered and decrease non-linearly for higher load
levels. Therefore, it is deduced that, it may, in practical
applications, be possible to predict the onset of buckling
by monitoring the change of the natural frequencies
under increasing axial compressive load levels. It is also
revealed that the decrease in frequency parameters is
more pronounced for the mode shapes corresponding to
the lowest frequency, i.e. not for the ones corresponding
to the buckling mode shapes.

The most important outcome of this study for design
purposes is that, the negative influence of axial
compression is found out to be the reduction of the
minimum natural frequency by about 20% even for
f=0.75. Also, it is revealed that higher L/R ratios lead to
lower reduction and for thick cylinders, for which the
buckling load is lower than the FPF load, the reduction in
free vibration frequency will be much lower.
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ABSTRACT

Obtaining the side-by-side probabilities accurately is a very important procedure during two lane loaded live load factor analysis.
To calculate the load factors properly, side-by-side loading events should be investigated very carefully. This study presents a
statistical method to investigate the side-by-side events on the Oregon bridges. Numerical simulations were performed for this
investigation. These simulations were developed in MATLAB. Gross vehicle weights (GVW) of the trucks were used during the
analysis. Monte Carlo simulations were performed to analyze side-by-side loading events. Degree of correlation coefficient of
GVW for side-by-side trucks were also obtained from Monte Carlo simulations. 290 bridges located at the prescribed mile markers
on Interstate-5 (I-5) southbound on Oregon highways and 1-year of Oregon state-specific weigh-in-motion (WIM) data were used.
75,000 trucks were randomly selected from 1,787,612 trucks that correspond to 1-year WIM data from Woodburn NB traffic site
that is located in Oregon. Inverse standard normal distribution functions and cumulative distribution functions of the truck data
were generated. With respect to the statistical analysis, side-by-side loading probabilities were found to be smaller than the ones
presented in American Association of State Highway and Transportation Officials LRFD calibration.

Keywords: Bridge, civil engineering, highway, monte carlo simulation, side-by-side loading.

Oregon Kopriilerinde Yan Yana Ara¢ Yiiklemelerinin
Tahmini i¢in Bir Monte Carlo Simiilasyonu

oz

Iki seritli yollardaki hareketli yiik katsayilarinin tayininde, yan yana arag yiiklemelerinin belirlenmesi ¢ok énemli bir asamadir.
Yiik katsayilar1 belirlenirken yan yana arag¢ yiiklemeleri ¢ok dikkatli bir sekilde hesaplanmalidir. Bu ¢alismada, Amerika’da
bulunan Oregon eyaleti kopriilerindeki yan yana arag yiiklemelerinin ve briit arag agirliklar korelasyon katsayilarmim tayini i¢in
istatistiksel bir yontem sunulmustur. Bu yontemde bir Monte Carlo simiilasyonu gelistirilmis ve uygulanmistir. Hesaplamalar
esnasinda kamyonlarin briit arag agirliklari géz Oniine alinmustir. Analizlerde MATLAB programinda hazirlanan sayisal
simiilasyonlar kullamlmustir. Sayisal simiilasyonlarda, Oregon eyaletindeki eyaletler arasi I-5 otoyolunda, giineye giden dogrultuda
bulunan 290 kopriiniin bilgileri ve 1,787,612 adet kamyonun, hareket halinde tartma (WIM) verileri kullanilmustir. Koprii verileri
kopriilerin I-5 otoyolu iizerindeki gecis km degerleri, bir diger deyisle gercek mil isaretlemeleri ve gercek koprii uzunluklaridir.
Monte Carlo simiilasyonlarinda ayrica 75,000 adet rassal (rastgele se¢ilmis) kamyon kullanilmigtir. Bu kamyon verileri kullanilarak
standart normal dagilim fonksiyonlar1 ve kiimiilatif dagilim fonksiyonlar1 hesaplanmustir. Istatistiksel analizler sonucunda yan yana
yiikleme olasiliklari, Amerikan otoyol ve tasima standartlarini belirleyen kurum olan AASHTO’nun hazirladigi koprii tasarim
sartnamelerindeki (LRFD) degerlerinden daha diisiik olarak bulunmustur.

Anahtar Kelimeler: Kopriiler, insaat miihendisligi, karayolu, monte carlo simiilasyonu, yan yana yiikleme.

1. INTRODUCTION associated with the alongside truck. Accurate calculation

Weigh-in-motion (WIM) devices are designed to capture of m_ulti—lane_ load facf[ors is crucial durir_lg the_esti_mation
and record the axle weights, and gross vehicle weightsas ~ Of side-by-side loading events. The investigation on
vehicles drive over a measurement site. WIM data are ~ Multi-lane load factors and side-by-side loading events
obtained from the measurement of these devices, during ~ have being studied by researchers during the last decade
the traffic. In load factor calculations [1-2] WIM data is [5-7]. The Jurlsdlctlongl_anq enforcement characf[erlstlcs
being used widely. A method was proposed in [4] for of Orggon, the modlfl_catlons used to de§cr|be the
calculating site-specific load factors, using truck weight ~ alongside truck population based on the unique truck
data from WIM sites that follows the format used in the  Permitting conditions in the state, the WIM data filtering,
derivation of live load factors contained in the Sorting, and quality control, as well as the calibration
specifications [3]. This approach is to determine the Process, and the computed live load factors, were
statistics associated with the Oregon type truck (352  Presented in [5]. A framework for multi-lane factors

truck) population to characterize the uncertainty (MLFs) for bridge traffic loading was proposed in [6].
Example application of the framework of a site using

*Sorumlu Yazar (Corresponding Author) WIM data was demonstrated in their study. Two, three,
e-posta : yanikar@itu.edu.tr and four-lane transverse reduction factor based on
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probability theory and the recently actual traffic flow data
were presented in [7]. Live load factors of Oregon
bridges were calculated by using WIM data and statistical
approaches in [8]. Distribution factor equations that
accurately predict the distribution factor of the decked
precast and prestressed concrete girder bridge systems
when it is subjected only to single-lane loading were
given in [9]. Lately Monte Carlo simulation is being
studied increasingly in bridge engineering research [10-
15]. However, side-by-side loading event estimation
studies through Monte Carlo simulation are rare. A
comprehensive model for Monte Carlo simulation of
bridge loading for free-flowing traffic and presentation
of how the model matches results from measurements on
five European highways was given in [10]. Through
Monte Carlo simulation, seismic analysis was carried out
to take into account the variability of certain factors
relating to the seismic input of a bridge in [11]. Monte
Carlo Simulation technique was integrated to
quantitatively estimate the basic probabilities and to
produce robust overall bridge condition ratings in [12].
In order to estimate the probabilistic response of a bridge,
obtaining the simulation number with the exact solution
through Monte Carlo Simulation and determining the
type of statistical distribution were carried out in [13].
The dynamic response of floating bridges subjected to
harsh weather condition was predicted in the time domain
using Monte Carlo simulations in [14]. A framework for
probabilistic analysis of bridge networks based on system
reliability and Monte Carlo simulation was carried out in
[15]. An interesting Monte Carlo simulation application
was studied to provide the probable effect of bismuth
shielding on dose reduction to organs and investigation
of applicability of Monte Carlo (MC) method in [16]. A
statistical regression analysis on the estimation of the
amount of earthquake induced permanent Ground
displacements using strong ground motion records in
Turkey was carried out in [17].

As it can be indicated from the previous paragraph,
Monte Carlo simulation integration on bridge studies are
mostly on seismic analysis of the bridges, bridge rating,
probabilistic response of the bridges, time domain
analysis and reliability analysis. However, a Monte Carlo
simulation process on side-by-side loading analysis, for
the Ohio WIM data was performed in [18]. This is one of
the few studies on Monte Carlo implementation on side-
by-side loading event calculation. In their example the
number of trucks in the sample was 1,530. It was
suggested in [18] that, the higher number of data sample
available to the number of data points extracted, the
better the results. Therefore, in this study 75,000 trucks
were used in the analysis.

In this paper Monte Carlo simulation was implemented
for the estimation of side-by-side loading events on
Oregon bridges. A MATLAB code was written for
performing the simulations. For calculating side-by-side
loading events 290 bridges on I-5 highway were
considered during the simulation procedure. 1-5 is the
main interstate highway on the West Coast of the United
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States, running largely parallel to the Pacific coast of the
continental U.S. from Mexico to Canada. Average daily
traffic data (ADTT) effect was considered in the
simulations. Therefore 1-year data from WIM site of
Woodburn Northbound (NB), which has the highest
traffic density among the Oregon highways were used in
the analysis. After performing Monte Carlo simulations
through the 290 bridges on I-5 southbound, the side-by-
side loading probabilities were obtained. The results were
compared with the ones given in the calibration of [3].

2. MONTE CARLO SIMULATION FOR SIDE-BY-
SIDE LOADING EVENTS

In this section before presenting the specific Monte Carlo
Simulation approach for side-by-side loading events in
Oregon bridges, information on Monte Carlo Simulation
method is given.

2.1 Monte Carlo Simulation Method

Monte Carlo simulation is an efficient approach for the
reliability analysis of engineering systems. In Monte
Carlo simulation method, the uncertainties are defined
with random variables. Although the values of random
variables in a certain case are unknowns, the numerical
range of the values of these random variables can be
obtained. To obtain these values, firstly random numbers
that vary between 0 and 1 are generated. After that, by
using inverse cumulative distribution method (CDF), the
numbers are transformed into random numbers that are
generated for uniformly distributed variables [19-20].
Then the problem is evaluated deterministically for each
set of realizations of all the random variables. The other
step is the extraction of probabilistic information from N
number of realizations. And lastly the accuracy of the
method is determined. In this study, normal distribution
was used as a distribution function, as it is suitable for the
random parameters generated in this paper. However,
there are several distribution functions like log-normal,
uniform, Weibull, exponential etc. The Monte Carlo
method is defined briefly with the basic equations below.
In generating random numbers, CDF of the random
variable is equated to the generated random variable with
the following formula [20].
—r-1 —
X =F(x)=u @
where CDF of a random variable is a method to describe
the distribution of random variables. In Eq. 1, x; is the
certain value and F(x) is the CDF which can be presented
as
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where m is the mean of the random variables and S, is
the standard deviation of them and the normal
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formula is written below

e m?
e 2s?

distribution

1

V2ps

For the solution of CDF which has normal distribution
that is given in Eqg. 1, the random numbers (u;) between 0
and 1 are converted to standard normal random numbers
(si) as given below

F(x.s,m= ®)

_X-m
Sl_i
S

X

(4)

The CDF of standard normal random parameter can be
defined as

l éds
e 2

L :

and then this expression is equated with u; as shown

L =F(X)=F(E)=FC

X

F($)=0, ©)

below

(6)
lastly the x of the random variable X with normal
distribution can be obtained as

+s5. S

X1

X =

7 ()
More information on Monte Carlo simulation can be
obtained in [20-21]. The statistical approach and Monte
Carlo simulation for the specific problem studied in this

paper is defined below.

2.2 Calculation of Side-by-Side Loading Events for
Oregon Bridges

WIM data time stamps and Monte Carlo simulation of
statistical load effects were used to establish side-by-side
loading events. Details of Woodburn NB records are
shown in Table 1. The multiple presence factors of the
trucks and degrees of correlation coefficients were
obtained using Monte Carlo simulations.

Table 1. Details of Woodburn NB WIM records

. Site Site
Corridor Location | Designation ADTT |All Year Data|
I-5 W°°Nd|'3°“m WBNB | 5550 | 1,787,612

The real bridge span lengths and starting milepost
locations along 1-5 southbound were used in the Monte
Carlo simulation procedure. While the WIM data from
Woodburn NB was used for selecting 75,000 random
trucks. The bridges included in the simulations are
reported in [8]. The first page of the bridge log (mile
markers, bridge names, and total bridge length) is given
in the Appendix of this paper. However, the information
of the remaining bridges can be found in [8]. The bridge
log was obtained from Oregon Department of
Transportation (ODOT). There were a total of 290
bridges included in the simulations. The Monte Carlo
simulation process was executed by as follows:
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Assemble the GVW data representing the trucks from
the Woodburn NB WIM site in the truck travel lane
into a population consisting of 75,000 trucks
(correspond to two weeks of WIM data ADTT =
5,000). Randomly select 75,000 trucks out of the 1-
year population of WIM data consisting of 1,787,612
trucks.

Assemble the GVW data representing the trucks from
the Woodburn NB WIM site in the passing lane into
a population consisting of 75,000 trucks (correspond
to two weeks of WIM data with ADTT = 5,000).
Randomly select 75,000 trucks out of 1-year of WIM
data consisting of 1,787,612 trucks.

Randomly select the truck identification number
(truck id), truck GVW, truck velocity from the main
lane population by implementing Monte Carlo
method.

Randomly select the truck identification number
(truck id), truck GVW, truck velocity and the real
time stamp that was calculated from the real WIM
data from the passing lane population by
implementing Monte Carlo method.

Calculate the arrival and leaving time of the truck
from the main lane population to the real bridge on I-
5 considering the distance and length of the bridge.

Calculate the arrival and leaving time of the truck
from the passing lane population to the real bridge on
I-5 by taking into account of the real time stamp of
the passing lane truck.

Compare all the arrival and leaving times of the trucks
from the main lane and passing lane. If the arrival or
leaving times are equal for the main lane and passing
lane trucks, then it is a single side-by-side event. And
the corresponding side-by-side trucks should be taken
out of the populations.

Repeat the whole Monte Carlo simulation process for
each of the 290 bridges on 1-5 southbound.

Take the sum of all the single events for each bridge
to obtain the total of side-by-side events on the
corresponding bridges.

Divide the number of side-by-side events by total
number of trucks (75,000) to obtain the side-by-side
probability.

Store the GVW and truck id information of the side-
by-side trucks for each bridge.

Calculation of the arrival and departure times of the
trucks from the main lane and passing lane over a single
bridge is illustrated in Figure 1.

The arrival time of the truck in the main lane to the bridge
can be written as:

T,=D/Y, ©
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I

@ % Start point

Main lane

Figure 1.Illustration of simulation of truck coincidence on
bridges along I-5.

where D;j is the distance of the ith bridge (i=1....290) to

the starting point on I-5 southbound. And Vj; is the

velocity of the jth truck (j=1....75,000) on the main lane

as depicted in Figure 2. The leaving time from the bridge

can be expressed as:

Ty =D+l 1V ©)
where Lg is the length of the ith bridge on 1-5
southbound. The arrival time of the truck on passing lane
to the ith bridge is

T =DV, + 00, (10)
in this equation Vy; is the velocity of the jth truck on
passing lane, At; is the time separation between the truck
on the main lane and jth truck on the passing lane. Time
separation values were obtained from the real WIM data
time stamps. The actual time stamps throughout the full
year of Woodburn NB WIM site data were used to
generate time separation At;j for each truck. The leaving
time of the truck on passing lane to the ith bridge were
calculated as:

T, =(D +L)/V, + I (11)
The arrival and departure times on the bridge for each
truck in the main lane and passing lane were compared
with each other and the total number of side-by-side
events were calculated as explained above. Schematic
representation of the Monte Carlo simulation for side-by-
side trucks is presented in Figure 2.
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Truck in Lane 1

E¥ o
e

Truck in Lane 2

it
3

Population
75,000 truck

Figure 2. Schematic representation of side-by-side MonteCarlo
simulations.

Population
75,000 truckg

For Woodburn NB all year WIM data, the statistical
information (the GVW and the velocity of the trucks) is
shown in Figure 3. As it can be indicated from Figure 3
that, the GVW’s of these trucks range from almost 1 ton
to 100 tons (2 kips to 220 kips). In addition, the velocities
of the corresponding trucks range from, 16 km/h to 150
km/nh (10 mph to 95 mph). Moreover, the inverse
standard normal distribution of all year truck data with
respect to GVW is shown in Figure 4. As it can be
indicated from Figure 4 that, for the trucks with GVW
ranging from 1 ton to 100 tons the inverse standard
normal distribution function values range from -4.87 to
4.87. Cumulative distribution function (CDF) of the truck
data with respect to the time separation values of t(@)side-
by-side trucks is presented in Figure 5. CDF values start
from 0.48. Time separation between the side-by-side
trucks ranges from 1 to 100,000 seconds. CDF is
normally distributed.

Velocity (km/h)

0 0 2 k] o L] n L 9 10

vaslatom]
Figure 3.Statistical data of Woodburn NB all year data
1,787,612 trucks.
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Inverse Standard Normal Distribution Function
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GVWE:]M\:D
Figure 4. Inverse Standard Normal Distribution of GVW on all
year data.
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time between trucks (seconds)
Figure 5. Cumulative Distribution function of the Truck Data.

After performing the simulations and obtaining the side-
by-side events, the degrees of correlation between the
side-by-side trucks for each bridge were calculated. The
GVW of the main lane and passing lane trucks for each
side-by-side event identified on a bridge during the
Monte Carlo simulations were used to obtain the degree
of correlation between the trucks. The correlation
coefficient (p) equation between two random variables X
and Y with expected values uyx and uy and standard
deviations oy and oy are given as:

r=g[(X- m)Y-m)|ls,s,

where E is the expected value operator.

Matlab and Microsoft Excel spreadsheets were used to
obtain correlation coefficients for each bridge and side-
by-side loading event. The side-by-side event numbers
vs. the bridge lengths are given in Figure 6 for the half of
the bridges. Total number of the bridges in Figure 6 is
145. The same results for the other half are shown in
Figure 7. Each marker in Figures 6 to 9 represents a
single bridge on I-5 southbound. Bridge span lengths
range from 1.22 m (4 ft) to 567 m (173 ft). As seen in
Figure 6, the bridge span lengths did not strongly
influence on number of side-by-side events. It can be
indicated from Figure 6 and 7 that side-by-side event
numbers range from 30 to 67. The majority of the bridges
have a span length ranging between 50 to 100 m. The
side-by-side probabilities vs. the degree of correlation for
the corresponding half of the bridges are given in Figure
8. The side-by-side probabilities of the other half of the
bridges are shown in Fig. 9. As given in Figures 8 and 9,
the degree of correlation ranged from 0.40 to -0.54 for

(12)
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the different bridges and the side-by-side probability
(Ps/s) range from 0.005 to 0.0075.

70

Number of Side-by-Side

0 100 300 400

. 200
Bridge length (m)

Figure 6. Side-by-side event numbers for bridges on I-5 - half
of the 290 bridges.

80
70 ~

Number of Side-by-Side

200 400
Bridge length (m)
Figure 7. Side-by-side event numbers for bridges on I-5 - half

of the 290 bridges.
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Figure 8. Degree of correlation vs side-by-side probability- half
of the 290 bridges (each point represents a bridge on

15 southbound).
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Figure 9. Degree of correlation vs side-by-side probability-
other half of the 290 bridges.
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A histogram of the correlation coefficients is shown in
Figure 10 for all the bridges. In Figure 10 on average, the
degree of correlation is near zero and appears to be
normally distributed. The observed largest side-by-side
probability was 0.0075. This value was smaller than the
1/15 value given by [18], for an ADTT of 5,000. And the
degree of correlation at worst was less than 0.5. It was
reported in [22] that, side-by-side probabilities (Ps) are,
0.008, 0.0016 and 0.0001578 for ADTTs of 5,000, 1,000
and 100, respectively.

0.325513

, Standard Deviation=0.164791,

100

Number of Bridges

06 045 03 015 0 015 03 045
Degree of Correlation

Figure 10. Histogram for degree of correlation from Monte
Carlo simulations.

3. LANE LOAD STATISTICS

In this section lane load parameters are generated
considering the Monte Carlo simulations defined above.
Three degrees of correlation between the trucks loads in
two adjacent lanes was considered in [18]. These
correlations were; no correlation (p=0), partial
correlation (p=0.5) and full correlation (p=1).
Assumptions given in [18] were the following; every 15t
truck is on the bridge is simultaneously with another
truck (side-by-side). It was assumed in [22] that, for each
simultaneous occurrence every 10" time the two trucks
are partially correlated and every 30" time the two trucks
are fully correlated with regard to weight. To be
conservative in the two lane-loaded moment and shear
calculations, the degrees of correlation defined in [22]
were implemented in this study. The lane load parameters
that were obtained for two lane bridges in this paper
correspond to ADTT=5,000 (truck traffic in two lanes in
one direction). Lane load parameters for Woodburn NB
are presented in Table 2. The total number of
occurrences, N, expected in the time period, T, is
determined as:

N=T (ADTT) (365) (13)
here, T is the time period (5 years) and ADTT is 5,000
for Woodburn NB site. The number of events for lane 1
(L1) with p=0, is expressed as:

N, _,=N P, (14)
where Pgs is the side-by-side probability 1/15. The
number of events for lane 1 (L1) with p=0.5 is calculated
as:

58

N,,.= N Py (1/10)

r=0.5 (15)
in which 1/10 value comes from every 10" time trucks
are partially correlated. For the fully correlated case the
number of events in lane 1 can be written as:

N,_ = N P (1/30)

(16)

in which 1/30 corresponds to every 30" time trucks on
both lanes are fully correlated (both heavy trucks). The
parameters for lane 2 are calculated such that when no
correlation exists between the trucks the truck in lane 2
corresponds to the average truck. For the partially
correlated case p=0.5, N in lane 2 can be determined as:
Nr:O.S,LZ =N, Py (1/10) @an
For fully correlated case p=1, N in lane 2 can be written
as:

=N

r=1L, r=1

(18)

From the number of events, the z score can be determined
for each of the lanes as:
z=-F'(1/N) (19)

Where a z-score is the number of standard deviations
from the mean of a data point.

Table 2. Lane Load Parameters for Two Lane Traffic
Woodburn (ADTT=5,000).

Number N z T
of
Lanes
Loaded
One 9,125,000 5.18 5 Years
Two p =0 L: 608,333 4.65 4
Months
L2 1 0 Average
Two p=05 Li 60,833 4.15 12 Days
L2 405 2.81 1 day
Two p=1 L1 20,277 3.89 4 Days
L2 20,277 3.89 4 Days
(13)

In the study of [23] higher side-by-side probabilities that
vary with ADTT (1/15, 1/100 and 1/1,000) were used, in
this paper a side-by-side probability of 1/30 was used for
all different ADTT levels. In [23], Np*Ps/s was
considered as the number of events. However th{d4pper
used just Np as the number of events. With these new
modifications the conclusions obtained from this study is
given below.
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4. CONCLUSION

In this study the side-by-side loading probabilities were
found to be smaller than the ones that had been defined
in the literature. These probabilities were also smaller
than the ones presented in American Association of State
Highway and Transportation Officials LRFD manuals.
Degree-of-correlation of the side-by-side events were
found to be normally distributed. The absolute maximum
value of the degree of correlation was calculated as 0.54
that correspond to a side-by-side probability of 0.006.
The smallest side-by-side probability was obtained as
0.0052. Maximum side-by-side event number on the
corresponding bridges was found as 67. Highest z score
was obtained for the one lane loaded case with 5 year
time period and the lowest z score was found in two lane
loaded case with a time period of one day. It was also
found that, the bridge span lengths that ranged from 1.22
m to 567 m did not have a strong influence on the number
of side-by-side events.
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APPENDIX

Table A-1 Bridges on I-5 Southbound (Lengths are given in feet)

Highway | MP Bridge Name Length
1 282.8 Champoeg Creek, Park Rd (Park Br) 220
1 4.61 Hwy 1 over Hwy 1 Frontage Road 136
1 5.36 Hwy 1 SB over Hwy 273 234
1 10.34 Hwy 1 over Neil Creek Rd 75
1 11.93 CORP over Hwy 1 (Mistletoe) 146
1 13.2 Hwy 1 SB over Crowson Rd 150
1 14.77 E Main St over Hwy 1 385
1 14.96 Bear Creek, Hwy 1 SB at MP 14.96 200
1 16.7 Mountain Ave over Hwy 1 259
1 17.29 Hwy 1 SB over Eagle Mill Rd 227
1 18.56 Butler Creek Rd over Hwy 1 277
1 21.92 Suncrest Rd over Hwy 1 275
1 22.42 Bear Creek, Hwy 1 SB at MP 22.42 285
1 23.07 Bear Creek, Hwy 1 SB at MP 23.07 285
1 27.09 Bear Creek, Hwy 1 SB at MP 27.09 315
1 27.2 Monotube Sign Cantilever Hwy 001 at MP 27.20 33
1 28.66 Medford Viaduct, Hwy 1 878
1 29.64 Hwy 1 over McAndrews Rd 164
1 30.69 Bear Creek, Hwy 1 SB at MP 30.69 206
1 33.85 Upton Rd over Hwy 1 218
1 34.28 Griffin Creek, Hwy 1 24
1 35.24 Jackson Creek, Hwy 1 30
1 36.09 Hwy 1 SB over CORP (Seven Oaks) 344
1 36.64 Tolo Road over Hwy 1 184
1 38.73 Hwy 1 over Foley Lane Frontage Rd 83
1 43.08 Hwy 1 over Galls Creek Front Rd Conn 31
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ABSTRACT

In this study, the effect of binary and ternary cementitious systems composed of portland cement, high-lime fly ash and silica fume
on the compressive strength, alkali-silica reaction (ASTM C 1567) and drying shrinkage of mortar mixtures was researched. For
this purpose, binary and ternary binders were prepared with partial replacement of cement with either fly ash (15wt% and 30wt %)
or silica fume (5wt%) or both mineral admixtures (15wt+%5wt% and 30wt%+5wt%). An alkali reactive basalt aggregate was used
in this study. It was found that partial replacement of cement with high-lime fly ash reduced the strength of mortar mixtures even
up to 28-days. Besides, addition of 5% silica fume had not a significant effect on the early strength of fly ash-bearing mixtures.
However, silica fume inclusion improved the 28-day strength of mixtures. In terms of alkali-silica reaction (ASR), the fly ash with
lower lime content reduced the 14-day expansion more than that of fly ash with higher lime content. The opposite results were the
case in 28-day ASR expansions. The ASR expansions of the fly ash-bearing mixtures were significantly reduced by the introduction
of the additional 5% silica fume to these mixtures. However, silica fume incorporation remarkably increased the drying shrinkage
values of the mixtures. Finally, fly ash with higher lime content was found to be more satisfactory in terms of compressive strength,
alkali-silica reaction and drying shrinkage in the ternary binder system.

Keywords: Mortar, lime content of fly ash, silica fume, compressive strength, alkali-silica reaction, drying shrinkage.

Harclarin Alkali-Silis Reaksiyonu ve Kuruma
Biiziilmesini Kontrol Etmek i¢cin Silis Dumani Ikamesi
Ile Yiiksek Kirece Sahip Ucucu Kiiliin I¢eriginin
Optimizasyonu

0z

Bu calismada, portlant ¢imentosu, yiiksek kirecli ugucu kiil ve silis dumanindan olusan ikili ve {iclii ¢imentolu sistemlerin har¢
karigimlarinin basing dayanimu, alkali-silis reaksiyonu (ASR) ve kuruma biiziilmesi {izerindeki etkisi arasgtirilmistir. Bu amagla,
ikili ve liglii baglayicilar ugucu kiil (%15 ve %30) veya silis dumani (%5) veya her ikisinin birlikte (%15+%5) ¢imento ile agirlikca
kismi ikamesiyle hazirlanmustir. Calismada, reaktif bir bazalt agregasi kullanilmustir. Sonug olarak, ¢imentonun yiiksek kiregli
ucucu kiillerle kismen ikamesi harglarin dayanimini 28 giine kadar bile diisiirmektedir. Ayrica %S5 silis dumani ikamesinin ugucu
kiillii karisimlarin erken yas dayanimlarina 6nemli bir etkisi yoktur. Ancak silis dumani kullanimi karigimlarin 28 giinliik
dayanimlarini iyilestirmistir. ASR bakimindan géreceli olarak diisiik kireg igerikli ugucu kiil, 14 giinliik genlesmeleri yiiksek kire¢
igerikli ugucu kiilden daha fazla azaltmustir. 28 giinliik genlesmelerde ise zit bir sonug elde edilmistir. Ugucu kiil iceren karigimlarin
ASR genlesmeleri %5 oraninda silis dumani ikamesinde 6nemli oranda azalmistir. Ancak silis dumanmnin ikamesi karisgimlarin
kuruma biiziilmesini kayda deger oranda artirmustir. Nihai olarak, daha yiiksek kireg igerigine sahip ugucu kiil ve az miktarda silis
dumam iceren karigimlarinin basing dayanimi, alkali-silis reaksiyonu ve kuruma biiziilmesi agisindan daha iyi sonuglar
gOstermistir.

Anahtar Kelimeler: Har¢, ucucu kiiliin kireg¢ icerigi, silis dumani, basing dayanim, alkali-silis reaksiyonu, kuruma

biiziilmesi.

1. INTRODUCTION and concrete industry in addition to its benefits on

Utilization of the cementitious wastes such as flyash has ~ Physical, mechanical and chemical properties of the

been an essential topic for the sustainability of cement ~ cementitious systems. However, high lime fly ashes are
generally less effective in controlling alkali-silica

*Sorumlu Yazar (Corresponding Author) reaction (ASR) expansion, thus, it becomes necessary to
e-posta : suleymangokce @bayburt.edu.tr increase its replacement level even up to 60% to control
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the ASR expansion [1]. Researchers emphasize some
drawbacks of the high volume fly ash cementitious
systems such as insufficient early strength due to poor
reaction rate [2-5]. Moreover, drying shrinkage of the
concrete containing mineral admixture may be higher
than that of the plain concrete due to higher paste volume
and presence of higher amount of smaller capillary pores
in the matrix [6]. Therefore, in practice optimising the
inclusion level of the mineral admixture in the binder to
meet all of the requirements including strength, volume
stability and durability is challenging.

Some physical, mechanical and durability properties of
the cementitious systems can be improved by using
ternary systems containing silica fume [7-10]. However,
owing to its less availability, the use of silica fume
increases the cost of the binder compared to that of the
ordinary portland cement [11]. Thomas et al. [1] reported
that high lime fly ash requirement to supress ASR
expansion can be significantly reduced by the addition of
a small amount of silica fume to the mixture.

In this study, the performance of binary and ternary
cementitious systems containing high lime fly ashes
(having different lime contents) and small amount of
silica fume was researched from compressive strength,
alkali-silica reactivity and drying shrinkage of mortar
mixtures viewpoints.

2. MATERIAL AND METHOD
2.1. Materials

In this study, an ordinary portland cement (CEM 1 42.5R)
was used. Two types of fly ashes having 15.94% and
39.45% lime contents were supplied from Cayirhan and
Soma Power Plants (Turkey), respectively. According to
Thomas et al. [12], the Cayirhan and Soma fly ashes can
be classified as intermediate calcium fly ash (IFA) and
high calcium fly ash (HFA), respectively. Silica fume
(SF) was supplied from Antalya Etibank Ferrochrome
Plant (Turkey). Basalt aggregate with maximum size of
4.75 mm was used in preparation of the mortar mixtures.
A polycarboxylate ether-based superplasticizer (SP) was
used in some of the mixtures to improve their flow to the
desired value (161 cm). Some properties of the cement,
fly ashes and silica fume are presented in Table 1.

2.2. Mix Proportions

Table 2 shows the proportions of mortar mixtures used in
the compressive strength and drying shrinkage test
specimens. The samples are designated by their mineral
admixture type and replacement level. For example,
115/S5 indicates a mixture containing 15wt%
intermediate calcium fly ash and 5wt% silica fume.

Moreover, the mix proportions prescribed in ASTM

C1567 [13] for the ASR test specimens are given in Table
3.

Table 1. Some properties of cementitious materials

Item % Portland IFA HFA Silica Fume
cement
SiO2 18.40 47.07 32.80 78.82
Al203 451 11.56 13.77 0.00
Fe203 3.16 7.22 4.78 0.98
SiO2+Al203+Fe203 - 65.85 51.35 79.80
CaO 63.9 15.94 39.45 2.35
MgO 1.6 7.77 2.05 6.41
SOs 3.62 2.78 4.22 1.00
Na20 0.46 1.59 0.4 -
K20 0.75 3.04 1.18 3.69
Na20eq 0.95 3.59 1.18 2.42
Loss on ignition 3.2 0.42 0.72 3.01
Blaine fineness, cm?/g 3630 - 2992 200000
Specific gravity 3.10 2.55 242 2.37
Table 2. Mix proportions of compressive strength and drying shrinkage test specimens
. Cement Silica Fume  Water SP Fine
Mixtures IFA (g) HFA (9) - aggregate  Flow, cm
(9) ©) ©) (%) ©
Ref 500 0 0 0 317 0 1375 16
S5 475 0 0 25 317 0 1375 16
115 425 75 0 0 317 0 1375 16
115/S5 400 75 0 25 317 0 1375 15.5
130 350 150 0 0 317 0.2 1375 16
130/S5 325 150 0 25 317 0.2 1375 15.5
H15 425 0 75 0 317 0 1375 15.5
H15/S5 400 0 75 25 317 0 1375 15.5
H30 350 0 150 0 317 0.2 1375 17
H30/S5 325 0 150 25 317 0.2 1375 16.5

* Percent by weight of cementitious material
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2.3. Methods

Mortar mixtures were placed into the 50 mm-cube molds
for determination of compressive strength, and into the
25x25x285 mm- prism molds for determination of alkali-
silica reactivity and drying shrinkage. The molded
specimens were kept at 23+2°C and at least 90% relative
humidity for first 24 hours. After demolding, the cube
specimens were kept in water at 20+2°C for further 2, 6
and 27 days for compressive strength. Alkali-silica
reaction test was performed in accordance with the
ASTM C 1567 [13] (accelerated mortar bar method). For
drying shrinkage test, mortar bar specimens were cured
in water at 20+2°C up to 28 days, and then exposed to
drying at 23+2°C and 55-65% relative humidity up to 28
days. The gage length of the specimens was considered
as 250 mm.

3. RESULTS AND DISCUSSION
3.1. Compressive Strength Test Results
The actual and relative compressive strength results of

compressive strength of the mortars according to
reference mixture up to 68% and 58% for 3 days and 7
days, respectively. The reductions were found more
remarkable in the mixtures containing IFA compared to
those containing HFA. Prolonging the curing time
reduced the difference between the strength of mineral
admixture-bearing mixtures and the control mixture.
However, the strength of binary and ternary mixtures was
found to be lower (up to 34%) than that of the control
mixture even at 28 days. Silica fume incorporation
improved the 28-day compressive strength of the
mixtures containing HFA.

The presence of large amount of lime affects both the
nature of the glassy and crystalline phases of the fly ash.
The amorphous phase in high-lime fly ash may be simply
described as calcium-alumino-silicate glass [14],
although different glass types may probably coexist over
wide range of compositions [15-17]. The presence of
lime in fly ash affects its reactivity. Calcium substitution
in the glassy phase of the fly ash is generally considered
to increase the reactivity of its glassy phase. Thus, in

Table 3. Mix proportions for ASR as prescribed in ASTM C1567 (water/binder ratio: 0.47, sand/cement ratio: 2.25)

Mixtures Ce(rg ; nt I(Fg? FEBA‘ Silica Fume (g) Water (g) (OS/OE) Sand (g)
Ref 444 0 0 0 209 0 1000
S5 422 0 0 22 209 0 1000
115 377 67 0 0 209 0 1000
115/S5 355 67 0 22 209 0 1000
130 311 133 0 0 209 0.2 1000
130/S5 289 133 0 22 209 0.2 1000
H15 377 0 67 0 209 0 1000
H15/S5 355 0 67 22 209 0 1000
H30 311 0 133 0 209 0.2 1000
H30/S5 289 0 133 22 209 0.2 1000

* Percent by weight of cementitious material
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Figure 1. Compressive strength of mortar mixtures

the mortars are given in Figure 1 for 3, 7 and 28-day
curing times, respectively. Introduction of the fly ash and
silica fume significantly reduced the early age
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high-lime fly ashes, the presence of lime causes the
formation of calcium-silicate or calcium-aluminate
hydrates in the absence of an additional source of lime.
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The self-cementitious behaviour of high-lime ashes is
attributed to the hydration and reaction of lime-bearing
crystalline phases [12]. Mehta [18] stated that calcium
content and particle size distribution of fly ash are the
most important parameters governing the strength
development in normally cured portland cement mixtures
containing fly ash. Thomas et al. [12] reported that the
introduction of high lime fly ash results in higher
compressive strength values than that of low lime fly ash
at curing ages up to 28 days.

3.2. ASR Test Results

ASR expansions of mortar bars are shown in Figure 2.
Although, 14 days soaking period in NaOH solution is
prescribed in the standard, the duration of the test was
extended to 56 days in the present study. The basalt
aggregate, showing 0.747% 14-day expansion, was
found to be significantly reactive in terms of ASR.
However, as it was expected, the expansions significantly

decreased by the use of mineral admixtures, in spite of
higher Na.Oe contents of the mineral admixtures than
that of the portland cement.

Figure 3 shows the relative 14-day and 28-day expansion
of mortar bars compared to that of the control mixture
containing no mineral admixture. The IFA mixtures
showed somewhat lower 14-day ASR expansion values
than those of HFA mixtures. The expansion of mix
130/S5 was found lower by 95% according to reference
mix. However, beyond 14 days the opposite results were
observed, i.e., HFA bearing mixtures showed slightly
lower expansions than those of IFA containing mixtures.
Further, addition of 5% silica fume to the mixtures
significantly reduced the ASR expansions. The 28-day
expansion of mix H30/S5 was found lower by 88%
according to reference mix. Thomas et al. [12] reported
that the efficiency of high lime fly ash in controlling ASR
expansions is reduced in concrete specimens cured over
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water at 38 °C for 24 months. Shehata and Thomas [19]
similarly reported that 5% silica fume incorporation
significantly reduced the fly ash substitution level
required for satisfactory expansions caused by ASR. The
supplementary cementitious materials that are low in
alkali and calcium, and high in silica tend to be the most
effective in reducing alkalinity of the pore solution and
these materials can be wused at relatively lower
replacement levels to eliminate damaging ASR
expansion [20]. On the other hand, effect of the
supplementary cementitious materials on the formation
and expansion of ASR gel is reported to be more complex
than the limited above mentioned assessments [21].

3.3. Drying Shrinkage Test Results

Drying shrinkage-time relationship and 28-day shrinkage
values as well as the relative 28-day shrinkage of the
mixtures (compared to that of the control mixture) are
presented in Figure 4. As it can be seen from the figure,
silica fume remarkably increased (up to 23% according
to reference mixture) the shrinkage values of the mortars
containing IFA. Nath and Sarker [22] reported that type
F fly ash with 2% CaO can increase the 28-day drying
shrinkage of concrete with a constant w/b ratio and a
constant binder content. The drying shrinkage results can
be affected by strength variation, paste volume and
amount of small capillary pores in the matrix [6,22].

days. The effect was more pronounced in the mixtures
containing fly ash with lower lime content.

- Addition of 5% silica fume had not a significant effect
on the early strength of fly ash-bearing mixtures, even it
caused a further reduction in the strength. However, silica
fume inclusion improved the 28-day strength of mixtures
containing fly ash having higher lime content.

- The fly ash with lower lime content reduced the 14-day
ASR expansion more than that of fly ash with higher lime
content. The opposite results were the case in 28-day
ASR expansions. The ASR expansions of the fly ash-
bearing mixtures were significantly reduced by the
introduction of the 5% silica fume.

- Drying shrinkage of the mortars containing fly ash
having lower lime content was adversely affected by the
addition of silica fume. However, the presence of silica
fume in the mixtures containing high lime fly ash had not
a significant effect on the drying shrinkage.

- Further study seems to be necessary on the optimization
of fly ash and silica fume contents in ternary cementitious
systems in terms of lime content of fly ash to maximize
compressive strength and minimize ASR expansion as
well as drying shrinkage of the cementitious systems.
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Figure 4. Drying shrinkage values of mortar specimens

3. CONCLUSION

The following results cafn be drawn for the materials
used and tests applied in this study:

- Partial replacement of cement with high-lime fly ash
reduced the strength of mortar mixtures even up to 28-
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ABSTRACT

Dynamic applications such as e-commerce, blogs, forums, e-governance, e-banking and portals that are in these platforms have
become a part of our lives. However, a tremendous increase in the use of dynamic web and mobile applications has resulted in
security vulnerabilities originating from the Hypertext Markup Language (HTML) coding system. Site-to-site Script Execution
(XSS) attack is the largest contributors to security exploits. There are different models according to the dynamic content that XSS
attacks use. The interest of the study is composed of attacks on visual content with the "img" tag. In study, an algorithm has been
developed to detect XSS attacks with the decision tree which is motivated by the fact that they tend to be easier to implement and
interpret than other quantitative data-driven methods. The algorithm that successfully classifies 392 of 400 malicious and clean
codes in the data set with 8 different features. This result contributes to the use of secure internet without XSS attacks that use

visual content..

Keywords: Security vulnerability, XSS attacks, feature extraction, decision tree.

1. INTRODUCTION

The dynamic transformation of web and mobile
applications with Web 2.0 causes some vulnerability.
These vulnerabilities are used to attack systems. These
attacks are categorized by the Open Web Application
Security Project (OWASP) [1]. In OWASP report, Cross-
Site Script Execution attacks (XSS) are the most common
attack type. It has been found that XSS attacks have also
increased in parallel with an increase in the level of
interaction of an application. The most important reason
for this increase is due to the fact that the XSS commands
operate at the application layer of the Open Systems
Interconnection (OSI) architecture. This problem causes
most existing intrusion detection systems to have
difficulty detecting XSS attacks [1].

As shown in Figure 1, the attacker can use malicious
JavaScript, VBScript, ActiveX, Hypertext Markup
Language (HTML) or Flash code to attack the dynamic
web page in the XSS process. Embedded HTML and

JavaScript codes are the most used ones. In this process,
it is possible to execute code to get access to data and
cookies on the remote computer with XSS codes [2].
Information such as the user name and password of the
user canbe obtained by accessing data and cookies on the
remote computer.

XSS attacks are divided into three categories: Stored XSS
Attack, Reflected XSS Attack and Document Object
Model (DOM) [3]. The Stored XSS Attack is done by
using fields such as the forum application and a text box
that provides the visitor-book style interaction process in
the web sites. XSS codes sent via these fields are
recorded in the database. Thus, any user who uses the
attacking application or visits the page is converted to
XSS attack [4]. The Rejected XSS Attack is done with
code entry into the Uniform Resource Locator (URL)
fields. Users are searched for attacks by social media and
URL addresses which is sent via an e-mail. The user who
falls into this trap is in the target position by activating

Attackers send
malicious codes to
the Web application.

Vulnerable Web
Applicaiton

The source containing
malicious code is requested.

Attacker

The malicious code is executed on the user's
device and the information is sent to the attacker.

Target

Figure 1. XSS Attack Scheme
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the URL. The important point of this attack is that this
attack can be seen only by the user who composed the
XSS attack. The target user is in danger because of the
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unseen codes [5]. In the DOM XSS attack, the DOM field
of the HTML page is changed. With the changing DOM,
the payload field in Hyper Text Transfer Protocol
(HTTP) is used for different purposes. The requested
code in DOM is separated by the payload '# symbol with
the part in the URL.

This character is not received by the server. If malicious
codes integrated after this character, this request is
processed. The “document.referrer”, which represents
the URL of the uploading document, is directed with the
DOM routing object. The payload is received by the
server in the routing header information. Thus, the
malicious codes are placed on the page by interfering
with the code structure and index page of the web site.
These operations are usually done with terminal-side
JavaScript codes [6].

Risk reporting, using of SSL, login validation and
authorization are used to protect the system from attacks
during the design phase [7]. However, a malicious script
running in the context of the current user, firewall,
encryption method, or Intrusion Detection System (IDS)
in XSS attacks may be ineffective in preventing these
types of attacks [8]. Because, the XSS codes are run
directly in the browser program that causing the
application or web page to be damaged. Static, dynamic
and hybrid approaches are used to solve this problem [9].
These solutions include some investment strategies in
corporations and intuitions. These investments that can
be applied in the process of making cyber security
investment decisions are grouped into 5 categories. These
categories are the determination and measurement of
cyber security risks, measurement of the cost and effect
of security attacks, measurement of the effectiveness of
security technologies and determination of the optimal
level of security investments [10]. To determine the
investments, the malicious code analysis can be done.

Code propagation analysis, string test and software test
tools are used in Static analyzes. One of them, code
propagation analysis, is based on flow control structure
[11]. Each node in the flow is represented by a label.
When a decision variable of a node is observed, the web
page is considered vulnerable or no problem in the
running code. Another static analysis, String Analysis,
uses the Context Free Grammar (CFG) structure [12].
CFG refers to the whole grammar or rules used in
language design. Content in CFG structure consists of
four features. These features consist of the ending ones,
the continuous ones, the relations and the starting

symbol. These 4 labels define the features of the string
expressions. In the software-based test process, which is
the third static analysis, error injection and penetration
tests are used [13]. In dynamic analysis, XSS attacks are
not tried to be detected with proxy based solutions. In this
process, specific codes are allowed to operate according
to the structure of the application and the service model
[14]. In some cases, both static and dynamic structures
are used together. This is the name given to the hybrid
solution. Static and dynamic models are used together
according to the application's service model and code
structure [15].

There are different solutions in literature to overcome
malicious codes which contains XSS. The easiest one is
to disable the Javascript command execution process in
browser programs. The other solution is Server-side
programs. XSS-Guard is the one of them [16]. XSS
Guard creates a shadow page for the actual response page
of the programs on the server. This process makes it
difficult for the attacker to kill or harm the process
because the shadow page is accessed instead of the actual
response page in the XSS attacks. On terminal side
solution is proposed to prevent terminal-side High-Rate
Distributed Denial of Service (HDDoS) attacks. In the
first step of the work, the data is transformed by
preprocessing, then the features of the captured data are
extracted and in the last step the a-divergence test is
performed. This process is applied to all incoming and
outgoing packets through the proxy. When the
distribution is examined, if the threshold value exceeds a
predetermined value, the demand is not further processed
and the process is terminated [17]. In the work of attack
detection by following the proxy process, the parameter
values of the request pages and the HTML and JavaScript
codes of the response pages are analyzed. The method
includes data collection, preprocessing, feature
extraction and attack clustering on the most appropriate
subset of related properties. In an attack, the JavaScript
is disabled by the proposed program [18]. An artificial
learning algorithm, on the other hand, detects XSS
attacks with self-generated qualities on both static and
dynamic structures. In proposed method, high false alarm
rate and scaling problems have been observed in the
detection process [19,20].

The proposed algorithm resolves the high false positive
problem without having to disable Javascript and to make
cyber security investment decisions. It is designed as
server, client or proxy-side that provides .

Malicious
Source "img" code detector Feature Evaluation with <: Code
Code [  with Regex function Extraction Decision Tree Clean
Code

Figure 2. Block Diagram of Algorithm
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- Initialize HTML request

- Initialize Regexp Function

- while the img tag token

- Calculate 8 Features

- while img tag matches

- If src,www, http,https are equals 1 and =/,#,hex are equals 0
- Print Code is clear, Keep Going Application or Web Page
- Else

- Print Code is not clear, Block the Web Page or Application

Figure 3. Pseudo Codes of the Proposed Algorithm

protection against dynamic and static XSS attacks by
using the characteristics of the code. The decision tree
method has been used as a classification technique and a
predictive approach in order to analyses these
characteristics. The trained decision tree algorithm
classifies 400 sets of attributes with clean and
maliciously code of visual html requests in the data set
with 98% success. It supports secure internet usage by
detecting XSS attacks to be done with html “img” tags.

2. PROPOSED APPROACHED

Block diagram of the proposed method which includes
artificial learning algorithm with the decision tree
structure is shown in Figure 2. The source code
isreceived on request. Then the “img” label is detected by
Regex function. If there is “img” label on request, it is
analyzed by the proposed method. At analyze stage
features of the code is obtained. Then the obtained
features are given to the trained decision tree. At final
stage the code status is determined as malicious or clean
code. Also, the pseudo code of the algorithm is shown in
Figure 3.

3. DETECTION OF XSS ATTACK

In the experimental part of the study, 3 steps are
followed. These are the creation of the data set, feature
extraction and evaluation steps.

3.1. Collection of Data

The malicious codes used in the training and testing
phase of the study were taken from OWASP [21]. These
malicious codes contain different XSS attack options.Our
scope of in this study is about the malicious visual
content. Therefore, the 350 malicious code line contains
“img” labels. Then, our dataset is enriched with 50 clean
code sets with clean "img" tags. The training and testing
dataset of the decision tree is expressed on the Table 1.

Table 1: Training and Testing Dataset of Decision Tree

Clean Malicious Codes in
Code Code Dataset
Training
16 48 64
Testing
50 350 400

69

Table 2: Clean and Malicious Code Samples from Dataset

<img id="resim" src="
http://www.xyz. org /images/

Clean Code slide/slide-2/slide5.jpg "onmouseover=
"hover(this);"
onmouseout="unhover(this);" />

XSS Malicious
St?u%(iire <img src="x:x" onerror=
"alert(XSS)">
Disabling alert(Xss)
WAF

The code samples of the “img” tag used in web
operations that represent the visual content are in the data
set of the study. Sample of clean and malicious code of
these are shown in Table 2. The clean code which is in
the Table 2 is effective in loading and using visual
content. On the other hand, the "x: x" in XSS containing
malicious code structure allows to exceed the firewall of
the application.

3.2. Preprocessing and Feature Extraction

This step includes the creation of features to identify
aggregated data. With the Regexp function, incoming
and outgoing HTML requests are scanned on the terminal
or server. For each request that is scanned, the tags
areobtained in array form with the token and match sub-
functions. When tags are defined with tokens, the
parameters and values which are contained in the tags are
obtained as a string array with the plug-in function. When
“img” tags are derived from the token, the parameters and
values of all the lines containing “img” tag are obtained
with the matched plug-in. The code of the acquired visual
content request contains the feature vector, these
parameters and values.

Table 3: Features

Feature Explanation of Feature
f1 Img
f2 #
fs Hex
fa Src
fs “=" After character “/”
fs WWW.
f7 http:/
fs https://

The 8 features obtained from the data set of the worker
are described in Table 3. The f; feature changes to "1" if
it is the "img" tag. When the "img" tag is not found, this
feature information remains "0”. The second feature is
the "#" character. This character is used before the
functions in the distressed code lines are called. f, feature
is "0" if it is not "1" in case of "#" character in “img”. In
the case of f3, these features are updated as "1", otherwise
they remain as "0" in the feature vector. The f, measures
the “src” characters. If these characters are composed of
the together, this feature is set to “1”. Otherwise the fs
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Figure 4. Structure of Decision Tree

feature is set to “0”. The = and / characters combination
is the another XSS detect feature and it is represeted with
fs. If this combination is in the code then fs is set to 1. In
the case of a visual request " fs, f7, and fs when the "src"
part has "www", "http" or "https", the update is made in
thefeature vector as "1" in case of these expressions and
as "0" in case of these expressions.

3.3. Evaluation with Decision Tree

The decision tree algorithm tends to be easier to
implement and interpret than other quantitative data-
driven methods [22]. It starts with a single node that
covers all the data in the training data set. The data in this
node are divided into leafs and placed in the most
appropriate class according to the division criterion. This
criterion is to maximize the acquisition of information
between random sub-samples of the dimensions obtained
at each point. The splitting process continues until the
minimum criterion or variance stop criterion is obtained.
Decision trees and other classification algorithms have
been tested and applied to malicious code detection.
Generally, decision tree classifiers have been
successfully created using data from honeypots and data
from normal activities.This analysis leads to the creation
of decision rules to identify malicious activity [23].
There are certain labels in the process of defining the
XSS attacks in the OWASP report [1]. These labels are
used to prepare the training vector of the decision tree.
There are 64 raw data in training vector which is
composed of 8 feature. The decision tree structure was
formed with this vector.

When a decision tree of 8 features expressed in Table 3
is formed, a process as shown in Figure 4 is obtained
from the dataset of the work. 8 feature information of
each code line with the "img" tag is calculated and passed
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through the decision tree. Detection of malicious code is
still being carried out at the request stage by obtaining
output related to the tree branches.

Decision tree nodes are places where decisions are made
in the flow. Leaves are the final step in which decisions
are aresult. There are 4 nodes and 3 leaves in the decision
tree structure designed in the study. The "Code clean",
"Code malicious" or "No visual content of the code" in
terms of the decisions made at each node is expressed by
Leaf 1, Leaf 2 and Leaf 3 respectively.

The first step in the decision tree is to look at the f1
feature in the first node. In case this value is "1", if 2nd
node is "0", it goes to 1st leaf. At node 2, f3 and f4 are
decided using feature information. If f3 is "0" and f4 is
"1", the third node is going to 3rd leaf if neither or both
of these conditions can be provided. If the values of the
features f2 and f5 at node 3 are "0", the node 4 is directed
to the leaf 3 in other cases. If the value of any one of f6,
f7 and 8 at node 4 is "1", the analysis is terminated by
going to leaf 3 if all values are "0" to leaf 2.

4. RESULTS AND DISCUSSION

XSS is one of the most used attack methods in the
direction of OWASP's report [1]. These attacks, which
are made through the means of interacting in the
application, target the user's cookies. The ability of
attackers to run malicious code on the application layer
makes XSS detection difficult. XSS-style requests can be
blocked by passing the request codes in the page or
instantly through a filter. The proposed algorithm which
is based on decision trees structure can detect these
attacks that can be done with visual tags through “img”
tags.
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Table 4: Classification Result with Confusion Matrix

Actual class

Features img # Hex Src

“= After
A‘/”

Clean

http:// Code

https://

img 60

# 40

Hex 18 2

Src 2 48

©_2 After “/”

30

WWW.

Predicted Class

60

http://

48 2

https://

38 2

Clean Code

48

First, the code line with the “img” tag is determined by
the Regexp function. With the analysis of the string
expression in the “img” tag, it is decided by the tree leaf
about the case that there is no hex expression after the
trace of the word first. After analyzing “#” character and
“=/” characters, “img” examines whether there is at least
one of “www”, “http: //” or “https: //” in triplet. If
thedecisions in the process are positive for each node, the
code is cleared. If any of this process is not successful,
the code is malicious.

The data set containing 50 clean img code lines and 350
malicious img code lines has been successfully
categorized by the algorithm developed to work cleanly
or malicious when the code passed through the decision
tree. The distribution of usage of the 400 data features in
the data set of the study is shown in Figure 5.
Classification Result with Confusion Matrix is obtained
from the classification of this data set with decision tree
is given in Table 4. 342 of the attack codes containing
different tags in the data set were placed in the correct
classes. On the other hand, the data containing 8
malicious code that have problems in classification are
determined as http and https along with the attributes
with “hex” and “src”.

In the case of the detection of the compilation process
to the hex codes of the malicious code and the absence of
the src tag used next to the “img” tag, two lines of
malicious code for the absence of “http” and “https”
before the pages are specified as false negative and false

Figure 5. Frequency of Features in Dataset

71

positive. In order to determine clean code distribution
with https, 2 lines of code are set to true negative.
sensitivity is 98% and specificity is 96%. The results is
shown at Table 5.

To create a model, 50 data sets and 50 JavaScript
keywords and symbols were created. XOS malicious
code was detected using four classifiers, Naive Bayes
[24], ADTree [25], SVM [26] and RIPPER [27]. In the
test phase, classifiers were used to distinguish between
normal and malicious code-containing attack commands.
It is seen that the SVM classifier has the highest
sensitivity and RIPPER has the highest recall value. In
general, the average of malicious tagged scripts by a
classifier is 90% [28].

Table 5: Table of Confusion Matrix

Actual class
Malicious
Code Clean Code
342 48
Dgggteed True False
Predicted Positives Positives
class 6 2
Nong}e;gcted False True
Negatives Negatives

The XSS attack system is implemented by using
different fields in dynamic content. One of them is XSS
attacks on visual content. "Filter bypass-based polyglot",
"IMG OnError and JavaScript warning ciphers"”, and
"WAF Bypass Strings for XSS" are XSS attacks using
visual content [19]. In various studies, the proxies [13],
request quantities of packages [15] and shadow pages
instead of real pages [16] are examined. In an Attack
Detection and Prevention system uses a whitelist, which
may not be always enough can be detect stored XSS
attacks [29]. However, proposed algorithm examines the
codes at request code instantly. This process is provided
protection by blocking the visual contents in case there is
a negative attack by testing visual elements of request
without loading. Each HTML request can be checked
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instantly terminal and server sides or in a proxy. This is
an important consequence of this work, where malicious
code can be caught if malicious code is sent over the
monitoring result visual content.
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PLA Esasli Numunelerde Cekme Dayanimi i¢in 3D
Baski Islem Parametrelerinin Optimizasyonu
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oz

Bu ¢alismada, ergiyik yigma modelleme (FDM) esasli 3D yazici kullamlarak iiretilen PLA+ numunelerin mekanik 6zelliklerine
baski hizi, doluluk oram ve tarama agismnin etkileri detayli olarak aragtirlmistir. Bu amagla, Taguchi Lis deney tasarimina gdre 3D
yazici ile standart gekme test numuneleri hazirlanmustir. Islem parametrelerinin (Bask1 hizi, doluluk orani ve tarama agist) ¢ekme
dayanimu iizerindeki etkileri varyans analizi (ANOVA) ile belirlenmistir. Ayrica, Taguchi metodolojisi uygulanarak ¢ekme
dayanimui igin islem parametrelerinin optimizasyonu yapilmustir. Sonug olarak, ¢ekme dayanimi iizerinde en etkin parametre
doluluk orani olurken, sirasiyla tarama agis1 ve baski hizi diger 6nemli parametreler olarak tespit edilmistir.

Anahtar Kelimeler: 3D baski, FDM, ¢cekme dayanimi, optimizasyon, PLA.

Optimization of 3D Printing Operation Parameters for
Tensile Strength in PLA Based Sample

ABSTRACT

In this study, the mechanical properties of PLA+ samples produced by using fused deposition method (FDM) based 3D printer
were investigated in detail for the effects of printing speed, infill rate and raster angle. For this purpose, standard tensile test
specimens were prepared with a 3D printer according to Taguchi Lis experimental design. The effects on the tensile strength of the
process parameters (printing speed, infill rate and raster angle) were determined by analysis of variance (ANOVA). In addition,
the process parameters for the tensile strength were optimized by applying the Taguchi methodology. Consequently, while the most
effective parameter on the tensile strength was the infill rate, the raster angle and the printing speed were determined as other
important parameters, respectively.

Keywords: 3D printing, FDM, tensile strength, optimization, PLA.

1. GIRIS (INTRODUCTION) Ug boyutlu baski, diger adiyla katmanh imalat ASTM

Giiniimiizde her sektorde oldugu gibi imalat sektoriinde 5290032015 ] standardinda ' geleneksel ' l'iret.im
de artan teknolojik yenilikler, iiriinlerin pazara sirim  metodolojileri ve kaliplasmis imalat yontemleri yerine
stiresini kisaltarak firmalarin rekabetci kalabilmeleri 3D model verilerinden pargalar olusturmak i¢in katman
adina olduk¢a énemli bir rol oynamaktadir [1]. Son ﬁzerir.le. katman olusturar'ak materyallerin birlestirilmgsi
zamanlarda endiistriyel uygulamalarda farkli ve hizli  Strecidir [5]. Katmanli imalat, bir diriiniin hem {retim
prototipleme  teknolojilerinin ~ kullanimi  giderek ~ Stresini hem de maliyetini diistirmek i¢in oldukea
artmaktadir. Hizli prototipleme yontemlerinden birisi mﬁkemmel bir potansiyele 'sahlptlr. Bu teknoloji igin
olarak bilinen ii¢ boyutlu (3D) yazicilar, endiistrinin yan1 birgok yontem kullanllabllmekte olup, ySntemler
sira  arastrma  ve akademik calismalar icinde  arasmndaki fark.hhkl.ar. . g.enelhkle.t .katmanlar.m nasil
kullanilmaktadir [2]. Bu teknoloji sayesinde tasarimlarm ~ Olusturuldugu ile ilgilidir. Secici lazer sinterleme
bir on prototipi kolay ve hizh bir sekilde (Selective Laser = Sintering SLS), ergiyik yigma
iiretilebilmektedir [3]. 3D yazici ile iiretim otomotiv, modellgme (Fused Deposition M'Ode“ng_FDM):
havacilik ve savunma, uzay teknolojileri, mimari yapilar, ~ Stereolithograhpy (SLA), dijital 151k isleme (Digital
{irin ve makine tasarimlari, medikal cihazlar ve tibbi ~ Light Processing DLP) tekn910jileri katmanli imalat igin
uygulamalar gibi birgok alanda kendine yer edinerek €0 ‘?Olf uygulanan  teknolojiler 2'1.ra.smdad1r [2]. FDM
yogun ilgi odag haline gelmistir. Ayrica tip ve saglik  Dif le.stlrme .yoluyla. yigma teknolops1 olup, bu yontemde
alaninda kisiye ve ihtiyaca 6zel organ, doku ve implant 1St ile sekil alabilen termoplastik (PLA, ABS vb.)
uygulamalarinda kullanimi yayginlasmaktadir [4]. malzemeler kullanilmaktadir [6]. FDM teknolojisi, {iriin
kalitesini ve malzeme O6zelliklerini etkileyen ¢ok sayida
*Sorumlu Yazar (Corresponding Author) parametreye sahip karmasik bir siiregtir ve bu
e-posta : mgunay@karabuk.edu.tr parametrelerin kombinasyonunun anlagilmasi oldukga
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giictiir [7,8]. FDM baskili pargalarin kalitesi ve
performansi iizerinde islem parametrelerinin (katman
kalinligi, tarama agisi, tarama genisligi, hava boslugu,
dolgu yogunlugu, baski yonii ve besleme hiz1) 6nemli bir
etkisi vardir [9-11]. Bu ydntemde, mekanik 6zellikler
fonksiyonel parcalar iizerinde olduk¢a Snemli etkilere
sahip olup, islem parametrelerinin mekanik performans
iizerindeki etkilerinin incelenmesi biiyiikk &nem
kazanmaktadir [12]. Diger yandan, ergiyik yigma
modelleme yontemi, {iriin kalitesini ve malzeme
ozelliklerini etkileyen ¢ok sayida parametreye sahip olan
karmasik  bir  siiregtir ve bu  parametrelerin
kombinasyonunun anlasilmasi genellikle zordur [13].

Literatiir incelendiginde, tarama agisi, bask1 hizi ve dolu-
luk oranmin ergiyik yigma modelleme (FDM)
yontemiyle tretilen endistriyel {irlinlerin mekanik
ozellikleri i¢in en Onemli islem/liretim parametreleri
oldugu goriilmektedir. Yapilan caligmalarda genellikle
ABS malzemelerin dayanimi incelenmis olup, en énemli
islem parametrelerinin birlikte etkilerinin incelendigi
calismalarn ¢ok smirli oldugu belirlenmistir. Bu
baglamda, oncelikle PLA+ malzemeden FDM yontemi
kullanilarak ti¢ farkli doluluk orani ve baski hizi ile iki
farkli tarama agisinda ¢ekme numuneleri tretilmistir.
Calisma kapsaminda, maliyetleri minimuma indirmek
amaciyla Taguchi metodolojisi uygulanarak deneysel ve
istatistiksel analizler yapilmistir. Son olarak, islem
parametrelerinin  ¢gekme dayanimi iizerindeki etkileri
varyans analizi ile degerlendirilmis ve islem
parametrelerin optimizasyonu ger¢eklestirilmistir.

2. MATERYAL VE YONTEM (MATERIAL AND
METHOD)

2.1.Malzeme Ve Ekipman (Material And Equipment)

Bu c¢alismada, mekanik 6zellikleri incelenen numuneler
Polilaktik Asit (PLA) malzemeden 3D yazici kullanilarak
dretilmistir. Calisma kapsaminda kullanilan PLA
filament ESUN firmasi tarafindan iiretilen ve PLA+ ticari
iirtin ad1 altinda bulunabilen 1.75 mm ¢apindadir. Ergiyik
yigma modelleme (FDM) yontemi ile kullanima uygun
olan bu filamente ait mekanik 6zellikler Cizelge 1’de
verilmistir [14]. Arastirma kapsaminda, PLA’nin
kullanilmasinin esas nedeni ABS'den daha fazla avantaja
sahip bir plastik tiirti olmasidir [15]. PLA, yenilenebilir
kaynaklardan (misir nisastasi, tapyoka kokleri veya seker
kamusi) tiiretilen, daha az toksik igeren ve 3D baskida
daha diisiik sicakliklar gerektiren, dolayisiyla enerji

tilketimini pozitif yonde etkileyen biyolojik olarak
¢oziinebilen bir termoplastik alifatik polyesterdir.

PLA+ esasli gekme numuneleri delta tipinde sabit basim
tablasina sahip bir 3D yazicida tiretilmistir. 3D yazici, 0.4
mm nozul ¢apina sahip olup, acik kaynak kodlu yazilimla
calisan diisiik maliyetli bir cihazdir. Bu galismada, gekme
testleri icin ASTM D638-1V standardina uygun
numuneler hazirlanmistir. Bu amagla, ilgili numune kat1
modelleri Solidworks yaziliminda olusturularak 3D
yazict  igin  uygun formata  donistiiriilmistir.
Numunelerin kati modelleri Repetier-Host yazilimi ile G-
code dosyalarina ¢evrilerek {iretime hazir hale
getirilmistir.

2.2. Deney Tasarim Ve Optimizasyon (Experimental

Design And Optimization)

FDM yontemi ile imal edilen numunelerin mekanik
ozellikleri islem parametrelerinin se¢imleriyle ilgilidir.
Bu baglamda, ii¢ farkli doluluk oran1 (%50, 75 ve 100)
ve baski hizi (30, 60 ve 90 mm/s) ile iki farkli tarama
acisi (-45/45° ve 0/90°) belirlenmis ve Taguchi Lis deney
tasarimi uygulanarak ¢ekme numuneleri basilmistir.
Numunelerin {iretiminde baski sicakligi malzeme
tedarikgi firmanin dnerisine gore belirlenmis olup, nozul
ucu ve tabla sicakligi sirasiyla 210°C ve 40°C olarak
ayarlanmigtir. Basim sirasindaki ortam sicakligr 26°C
olarak ol¢iilmiistiir. Cekme numunesi standart kalinlig
ve nozul ¢capina bagli olarak ¢ekme numunesi iiretimi igin
17 katman kullanilmigtir. Bu katmanlardan ilk ti¢ ve son
iic tanesi solid olarak adlandirilan tam dolu katman
seklinde ve segilen tarama agisma paralel olarak
basilmistir. Arada kalan katmanlar ise doluluk orani
parametresine gore olusturulmustur. Ayrica, tiim
numunelere 0.3 mm kalinliginda iki adet dis gerceve
eklenmistir. Numunelerin {iretimi i¢in vakumlu koruyucu
icerisinde yer alan PLA+ filament paketi agilarak tiim
iiretim siirecinde ayn1 malzeme kullanilmistir. Uriinlerin
3D vyazic1 tablasi iizerine yerlesimleri tim iiretim
asamalarinda ayni tutulmustur. Bu ¢aligma kapsaminda
kullanilan tiim islem parametreleri Cizelge 2’de
verilmistir.

Cekme dayanimi, bir malzemenin herhangi bir
uygulamadaki performans yeteneginin &nemli bir
Olclisiidiir. Cekme testleri i¢in uygulanan deney
tasarimina gore licer adet numune iretilmistir. Delta tipi
3D yazici ve numunelerin katmanl {iretim modeli detay
goriintiileri  Sekil 1’de verilmistir. Cekme testleri
Karabiik Universitesi Teknoloji Fakiiltesi biinyesinde
bulunan 50 kN kapasiteli SHIMAZDU marka test cihazi

kullanilarak yapilmistir (Sekil 2). Cekme testleri 5 mm/s

Cizelge 1. PLA+ filamentin 6zellikleri (Properties of PLA+ filament)

Baski Yogunluk | Bozulma sicakhgi Cekme Kopma Egme Darbe
sicakhgi (g/cmd) (°C,0.45 MPa) Dayanim uzamasi dayanimi dayanimi
(°O) (MPa) (%) (MPa) (kJ/m?)
205-225 1.24 52 60 29 87 7
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Cizelge 2. Numune islem parametreleri (Process parameters of

sample)
Islem parametreleri Deger
Tarama agis1 (°) (-45/45), (0/90)
Doluluk orant (%) 50, 75, 100
Baski1 hizi (mm/s) 30, 60, 90
Nozul sicakligi (°C) 210
Tabla sicakligi (°C) 40
Ortam sicaklig1 (°C) 26
Alt kabuk katman sayisi 3
Ust kabuk katman sayisi 3
Dis duvar sayist 2
Destek durumu Yok
Tabla kaplamasi Maskeleme bandi
Sogutma Yok

¢ekme hizinda gerceklestirilmistir. Deneysel hatalar
minimize edebilmek icin her bir sart icin {i¢ deney
numunesi test edilmis, elde edilen ¢ekme dayanimi
degerlerinin  ortalamasi1 almarak degerlendirmeler
yapilmistir. Bu calismanin son asamasinda, PLA+
malzemeden katmanli {iretim ile numunelerin iiretiminde
kullanilan islem parametrelerinin (tarama agisi, baski
hizi, doluluk orani) ¢ekme dayanimina bagli olarak
istatistiksel analiz ve optimizasyon yapilmistir. Bu
kapsamda, oncelikle deneysel sonuglara %95 (0=0.05)
giiven diizeyinde varyans analizi (ANOVA) uygulanarak
¢ekme dayanimi iizerinde doluluk orani, baski hizi ve
tarama acismin etki seviyeleri belirlenmistir. Islem
parametrelerinin ~ optimizasyonu  i¢in  Taguchi

metodolojisi uygulanmistir. FDM y6ntemi kullanilarak
dayanimi
islem

basilan numunelerde maksimum ¢ekme

(performans karakteristigi) istenildigi igin

a)

Sekil 1. a) Delta tipi 3D yazici, b) Cekme numunesi detay1 (a- Delta type 3D printer, b- Tensile sample detail)

75

parametrelerin  optimizasyonunda Taguchi’nin “en
biiyiikk en iyi” amag¢ fonksiyonu kullanilmistir (Es.1).
Taguchi, bu parametrelerin seviyelerinin performans
karakteristigini 6l¢gmek i¢in amag fonksiyonu degerlerini
sinyal/giiriiltii (S/N) oranina doniistiiriir. S/N oranlari

yardimiyla islem parametrelerinin optimum
kombinasyonu belirlenmektedir [16].

1 1
S/N = —10log (; ?=1ﬁ) )

3. DENEYSEL VE iSTATISTIiKSEL
SONUCLARIN DEGERLENDIRILMESI
(ASSESSMENT OF EXPERIMENTAL AND
STATISTICAL RESULTS)

3.1. islem Parametrelerinin Cekme Dayammina
Etkisi (Effect on Tensile Strength of Process
Parameters)

3D yazict kullanilarak tretilen PLA+ numunelerin
mekanik o6zelliklerine baski hizi (30, 60, 90 mm/s),
doluluk orani (%50, 75, 100) ve tarama agisin (-
45/+45° ve 0/90°) etkisi sirastyla Sekil 3 ve Sekil 4’te
goriilmektedir. Ayrica, iki farkli tarama agisinda %100
doluluk oraninda elde iiretilen numunelerin ¢ekme testi
sonrasinda elde edilen gerilme-uzama grafikleri Sekil
5’te gosterilmistir. 0/90° tarama agisi, Sekil 1b’den
goriilebilecegi gibi, numunenin alternatif katmanlarinin
FDM makinesi nozulunun yatay diizlemde 0° ve 90°
acilarda yon degistirerek imal edilmesi anlamima
gelmektedir. Benzer sekilde, -45/+45° tarama agisi
makine nozulu tarafindan takip edilen diger biriktirme
diizenini gostermektedir. Bask1 hizina bagl olarak %50,
75 ve 100 doluluk oranlari ile -45/+45° ve 0/90° tarama
agisinda PLA+ malzemesinden iretilen numunelerin
¢cekme dayanimlar1 degisimi Sekil 3’°te verilmektedir

(-45/45°)

(0/90%)

b)
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Sekil 3 incelendiginde, ¢gekme dayanimi her iki tarama
agist i¢in benzer egilimde olup, baski hizinin artmasina
bagl olarak ¢ekme dayanimi degerlerinin azaldigi
goriilmektedir. Chacon ve ark. [17], PLA malzemenin
mekanik ozelliklerine islem parametrelerinin etkisini
arastirmiglar ve sonug¢ olarak baski hizinin artmasiyla
dayanim degerlerinin diistiigiinii, fakat ylizde uzama
degerlerinin arttigmi gozlemlemislerdir. Bu ¢alismada
benzer olarak, baski hizinin artmasi katman kalinliginin
diismesine neden olarak ¢ekme dayaniminin azalmasma
katki saglamistir. Bu nedenle, FDM uygulamalarinda,
hem mekanik 6zelliklerde azalmaya neden olan hem de
baski siiresinde dnemli bir azalma saglamayacagi icin
yiiksek baski hizinda iiretimden kagmilmalidir.

Sekil 2. Cekme test cihazi (Tensile testing device)

Doluluk oranma bagli olarak 30, 60 ve 90 mm/s baski
hizi ile -45/+45° ve 0/90° tarama agisiyla PLA+
malzemesinden iiretilen numunelerin ¢ekme dayanimlari
degisimi  Sekil 4’te goriilmektedir. Sekil 4’ten
goriilebilecegi gibi, ii¢ farkli baski hizinda ve her iki
tarama acisinda yoniinde elde edilen numunelerin ¢ekme
dayanimlart artan doluluk orani ile belirgin bir sekilde
artmigtir. Bilindigi gibi malzemelerin ¢ekme dayanimi
uygulanan  yiikkiin  numunenin  kesit  alanina
oranlanmasiyla belirlenir. Uretilen numunelerin kesit
alanlar1 ayn1 olmasma ragmen, kesit alandaki doluluk
oraninin yiikksek olmasi birim alana diisen ¢ekme yiikii
tagima kapasitesini arttiracaktir. Bu sebeple, Samykano
ve ark. [18] tarafindan bahsedildigi gibi 30, 60 ve 90
mm/s baski hizlarinda ve -45/+45°, 0/90° tarama
acilarinda iiretilen PLA numunelerin hepsi, doluluk
oraninin artmasma bagli olarak yiikksek dayanim
sergilemislerdir. En yiiksek ¢ekme dayanimi %100
doluluk orani, 30 mm/s baski hiz1 ve 0/90° tarama agisina
sahip numunede 34.60 MPa olarak elde edilmistir.
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Sekil 3. Baski hizina gore cekme dayanimi degisimi (Variation
of tensile strength according to printing speed)
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Sekil 5. PLA+ numunenin gerilme-uzama grafigi (Stress-strain
graph of PLA+ sample

Sekil 3 ve 4 dikkatlice incelendiginde, tiim baski1 hiz1 ve
doluluk oranlar1 i¢in 0/90° tarama acgisiyla iiretilen
numunelerin ¢ekme dayanimlarinin  -45/45° tarama
acistyla basilan numunelerden daha yiiksek oldugu
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goriilmektedir. Sekil 5’teki gerilme-uzama grafikleri bu
sonucu desteklemektedir. Bu sonucun, Ahn ve ark.
tarafindan bahsedildigi gibi [19] FDM yontemi ile 3D
yazict  kullanilarak {iretilen PLA+ numunelerin
anizotropik oOzellik sergilemesinden kaynaklandig:
diistiniilmektedir. Diger bir ifadeyle, cekme dayaniminin
tarama acisina bagh olarak kayda deger bir degisim
gosterdigi acikga grafiklerden goriilmektedir. ABS
malzeme ile yapilan ilgili caligmalarda katman kalinligi,
tarama agisi, baski hizi, doluluk orani ve hava boslugu
gibi islem parametrelerinin ergiyik yigma modelleme ile
tiretilen parcalarin mekanik 6zelliklerini etkiledigi ifade
edilmistir [20-22]. Bu c¢alismada, bahsedilen islem
parametrelerinden baski hizi, tarama agisi1 ve doluluk
oraninin numunelerin statik yiik etkisi altindaki
davraniglar1 iizerinde belirgin etkisi oldugu tespit
edilmigtir.  Ancak, endiistriyel uygulamalarda
fonksiyonel is parcalarmin en Onemli mekanik
ozelliklerinden birisi olan ¢ekme dayanimi iizerinde
islem parametrelerinin etki diizeylerinin belirlenmesi
sonuglarmn uygulanabilirligini artiracaktir.

Cizelge 3. Cekme dayanimi i¢in ANOVA sonuglari (ANOVA

results for tensile strength)

F |PCR
Parametre |SD KT KO degeri | (%)
Baskihizi | 2 |14.0470| 7.024 |36.400 | 6.23
Doluluk 2 [162.013| 81.007 | 419.77 | 71.80
orani

Tarama 1| 4545 | 45452 | 235.53(20.15
acist

Baski

hiz*Doluluk | 4 | 0.702 | 0.175 | 0.910 | 0.31
orani

Baski

hizt*Tarama | 2 0.027 0.013 | 0.070 | 0.01
agist

Doluluk

oram*® 2 | 261 | 1.304 | 6.760 | 1.16
Tarama

agist

Hata 4| 0772 | 0.193 0.34
Toplam 17 | 225.621

Islem parametrelerinin ¢cekme dayanimi {izerindeki etki
seviyelerini belirlemek amaciyla %95 giiven diizeyinde
varyans analizi (ANOVA) yapilmistir (Cizelge 3).
Burada, her bir parametrenin énem seviyesini gosteren P
degerleri ile serbestlik derecesi (SD), kareler toplami
(KT), kareler ortalamast (KO) ve F degerleri
goriilmektedir. Parametrelerin 6nem seviyesi, ANOVA
tablosundaki P degeri dikkate alinarak belirlenmektedir.
Ayrica, her bir degiskenin ¢ekme dayanmm iizerindeki
yiizde etki oranlar1 (Percentage Contribution Ratio PCR)

77

hesaplanmis olup, ANOVA tablosunda verilmistir.
Parametrelerin ¢ekme dayanimi iizerindeki yiizde etki
oranlar1 incelendiginde, en fazla dneme sahip degisken
%71.80’lik PCR ile doluluk orani olarak belirlenmistir.
Cekme dayanimi iizerinde istatistiksel olarak 6nem
siralamasi, tarama agist (%20.15 PCR) ve baski hizi
(%6.23 PCR) seklinde oldugu tespit edilmistir.

3.2. Optimizasyon Sonuclar1 (Optimization Results)

FDM yontemi ile en iyi mekanik &zelliklerde endiistriyel
iirlinler iiretebilmek icin islem parametrelerinin gercek
seviyelerini belirlemek zor olmakla birlikte zaman ve
maliyet agisindan onemli kayiplara neden olacaktir.
Bunun temel nedeni, ¢ok sayida FDM parametresinin ve
bu ozellikleri etkileyen parametreler arasinda yiiksek
derecede bir etkilesimin olmasidir. Bu baglamda, deney
tasarimina bagli olarak bir optimizasyon metodolojisi
uygulamak gercege en yakin ¢oziimiin bulunmasmni
kolaylastiracaktir [16]. Bu nedenle hem ilgili literatiire
hem de siirdiiriilebilir imalata katki vermesi agisindan,
bunun gibi siireclerde yaygin olarak kullanilan Taguchi
metodolojisinin uygulanmasi ¢ok anlamli olacaktir. Bu
calismada, literatiir arastirmalarina goére belirlenen en
6nemli FDM islem parametrelerinden ii¢ tanesine (baski
hizi, doluluk orani ve tarama agis1) gore {iretilen
numunelerin  mekanik  dzelliklerinin iyilestirilmesi
amaglanmistir.

Cekme testi i¢in numuneler, FDM yontemi ile Taguchi
Lig deney tasarimi uygulanarak 3D yazicidan
iretilmistir. PLA+ malzemeden basilan numuneler i¢in
¢ekme dayaniminin maksimum olmasini saglayan islem
parametrelerinin bulunmasi amaciyla Taguchi’nin “en
biiyllk en iyi yaklagimina” gore Esitlik (1) ile S/N
oranlart hesaplanmigtir. Islem parametrelerine gore
¢ekme dayaniminin S/N oranlar1 degisimini incelemek
icin Sekil 5’teki ana etki grafikleri ¢izilmistir. Ayrica,
cekme dayanimi igin hesaplanan ortalama S/N
oranlarinin degiskenlere goére dagilimi Cizelge 4’te
verilmistir.

Taguchi metodolojine gore optimum parametre
seviyelerini belirlemek i¢in islem parametrelerinin S/N
oranlar1 incelenmektedir. Maksimum S/N  orami
performans Karakteristigi (¢ekme dayanimi) igin en
uygun iglem parametresini gosterir [16]. Sekil 5’teki ana
etki grafiklerinden baski hizinin ¢ekme dayanimi
iizerinde negatif yonde bir etkiye sahip oldugu
anlagilmaktadir.

Cizelge 4. Cekme dayaniminin ortalama S/N oranlari (Mean
S/N ratios for tensile strength)

Doluluk Tarama
Seviye B?r;l::]/l;;Zl orani agis1
(%) ©
1 29.04* 27.73 28.18
2 28.64 28.37 29.18*
3 28.36 29.94*
Delta 0.68 2.21 1.00

*Parametrelerin optimum seviyeleri




Mustafa GUNAY, Siileyman GUNDUZ, Hakan YILMAZ, Nafiz YASAR, Ramazan KAGAR /POLITEKNIK DERGISI, Politeknik Dergisi,2020;23(1): 73-79

Baski hizi (mm/s)

30,0

30

Doluluk orani {%) Tarama acisi

295

29,0

Mean of SN ratios

285
28,0

60 90 50 75 100 45 90

Signal-to-noise: Larger is better

Sekil 5. Cekme dayanimimin S/N oranlar1 i¢in ana etki grafigi
(Main effect graph for S/N ratios of tensile strength)

Cizelge 4’teki S/N oranlar1 incelenecek olursa, ¢ekme
dayanimina gore optimum parametrelerin baski hizinin
1.seviyesi (30 mm/s), doluluk oraninin 3.seviyesi (%100)
ve tarama acisinin  2.seviyesi (0/90°) oldugu
goriilmektedir. Ayrica, Cizelge 4’teki S/N oranlarinin
maksimum ve minimum degerleri arasindaki fark (delta)
degerlerinden en etkin parametrenin doluluk orani
oldugu tespit edilmistir. Bu sonug, FDM yontemiyle
tiretilen plastik esasli parcalarin basma dayanimlarinda
oldugu gibi [23], ¢ekme dayanimlari agisindan da en
onemli iglem parametresinin doluluk orani oldugunu
gostermektedir. Diger yandan, varyans analizi sonuglar1
ve optimum islem parametrelerine gore elde edilen
sonuglarm tutarliligi géze carpmaktadir. Buradan, FDM
yontemiyle iretilen endiistriyel pargalarm mekanik
ozelliklerinin iyilestirilmesinde Taguchi metodolojisinin
uygulanabilecegi agik¢a goriilmektedir. ileride yapilacak
aragtirmalarda, FDM ile {iretilen endistriyel plastik
driinler i¢in 6nemli diger mekanik o6zellikler dikkate
almarak ¢oklu performans karakteristikleri igin
optimizasyon siiregleri uygulanabilir ve mekanik
ozelliklerin  tahmini i¢in matematiksel —modeller
gelistirilebilir.

4. SONUCLAR (CONCLUSIONS)

Bu c¢alismada, PLA+ malzemeden ergiyik yigma
modelleme ile 3D yazict kullanilarak {iretilen
numunelerde, baski hizi, doluluk oran1 ve tarama agisinin
¢ekme dayanimina etkileri varyans analizi incelenmistir.
Ayrica, Taguchi metodolojisi kullanilarak optimum
islem parametreleri belirlenmistir. Elde edilen sonuglar
asagida 6zetlenmistir.

-45/+45° ve 0/90° tarama agisinda iiretilen PLA+
malzemelerinin hepsinde baski hizinin artmasryla
dayanim degerleri azalirken, doluluk oranmin
artmasima bagli olarak dayanim degerleri artmistir.

%50, 75 ve 100 doluluk orani ile 30, 60 ve 90 mm/s
baski hizinda 0/90° tarama agisiyla {iretilen
numunelerin ¢gekme dayanimi -45/45° tarama agisiyla
iiretilenden daha yiliksek bulunmustur.
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ANOVA sonuglarina gore ¢gekme dayanimi {izerinde
en etkili parametre %71.80’lik PCR ile doluluk orani
olarak belirlenmistir.

Taguchi optimizasyonu sonucunda, maksimum
¢ekme dayanimi i¢in 30 mm/s baski hizi, %100
doluluk orani ve 0/90° tarama agist optimum islem
parametreleri olarak tespit edilmistir.
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oz

Ortopedi ve dis hekimligi alaninda kullanilan implant ve protezlerde en sik karsilasilan problem gevseme problemidir. Bu sorun
sebebi ile implantlar ve protezler islevlerini yerine getiremez hale gelir. Bu gevseme sorunun ameliyat sonrasi takibi ve erken tespiti
¢ok onemlidir. Ortopedi alaninda kullanilan yontemlerin halihazirda gevsemeyi tespit etme basarisi diisiik oldugundan alternatif
bir yontem gelistirilmesi gerekmektedir. Bu ¢alismada da alternatif kullanilabilecek yontem olan titresim yonteminin ameliyat
sonrasl gevsemeyi tespiti sonlu elemanlar yontemi kullanilarak degerlendirilmistir. Modellemesi yapilan femur kemigi ve kalca
protezinin harmonik cevap analizi ile degerlendirilmesi yapilmistir. Ameliyat sonrasi femur kemiginin malzeme 6zelliklerindeki
degisimin etkisi de analize katilmistir. Sonug olarak gevseme derecesi azaldikca elde edilen frekans ve genlik degerlerinin de
azaldig goriilmiistiir. Bu sayede titresim yonteminin ameliyat sonrasi takipte kemik yogunlugundaki degisime ragmen basarili
olabilecegi goriilmiistiir.

Anahtar Kelimeler: Titresim yontemi, sonlu elemanlar analizi, harmonik cevap analizi, gevseme.

Evaluation of Hip Prosthesis Stability via Harmonic
Response Analysis

ABSTRACT

The most common problem in implants and prosthesis used in the field of orthopedics and dentistry is the loosening. Implants and
prosthesis are unable to function due to this problem. Postoperative follow-up and early detection of this loosening problem is very
important. Since the methods used in the orthopedics are already having a low success in identifying relaxation, an alternative
method has to be developed. In this study, the determination of postoperative loosening using vibration method was evaluated via
finite element method. Modeling of femoral bone and hip prosthesis were evaluated by harmonic response analysis. The effect of
the changing properties of the material in the femoral bone was also included in the analysis. As a result of this study, the frequency
and amplitude values decreased as the degree of loosening decreased. Thus, it was observed that the vibration method could be
successful despite the change in bone density in the postoperative follow-up.

Keywords: Vibration method, finite element analysis, harmonic response analysis, losening.

1. GIRIS (INTRODUCTION) edilebilir. Bu sebeple ortopedi ve dis hekimligi alaninda

implantlar ve protezler ortopedi ve dis hekimligi 6nemli bir sorun olan gevseme sorununun azaltilmasi,
alanlarmda siklikla tedavi amach olarak ~ mimkiinse ortadan  kaldirilmast  gerekmektedir.
kullanilmaktadir. Kullanilan implant ve protezler yeterli ~Halihazirda ortopedi algqlnda gevseme tespiti r adyoloji.k
stabilite ile kemige yerlestirilmediginde zamanla gevser ~ gOrtintiileme yontemleri ile yapilmaktadir. Bu yontemin
ve islevini yerine getiremez hale gelir [1]. Bu sebeple ilk ~ gevsemeyi  tespit etme basarist  oldukea  diisik
ameliyattan daha zor ve maliyetli olan revizyon ameliyati ~ 0ldugundan  alternatif  yontemler  gelistirilmesi
yapilmast gerekir. Hem hasta igin hem de cerrah iin zor ~ gerekmektedir [3]. Literatiirde titresim ydnteminin

olan bu durum karsimiza bilyik bir sorun olarak gevseme tespitinde radyalojik goriintiileme yontemine
¢tkmaktadir. alternatif olacag1 vurgulanmistir [3]. Titresim analizi ile

sistemin dogal frekansi veya sisteme verilen belirli genlik
ve frekanstaki titresime sistemin verdigi cevap
degerlendirilerek gevseme tespit edilir. Dogal frekansi
etkileyen faktorlerden biri kemik yogunlugu degisimidir.
Diger faktor ise protez ile femur kemigi arasindaki
kontaga baghdir. Kalga protezi ameliyatlar1 sonrasi
kemik yogunlugu ilk 3 aylik siirecte %8.5, 6 aylik siirecte
%11.2, bir yil sonunda yaklasitk %12.4 oraninda
diismektedir [4]. Bu durumda ameliyat sonrasi gevseme

*Sorumlu Yazar (Corresponding Author) takibinde bu dikkate alinmalidir.
e-posta : celiktlp@gmail.com

Ortopedi alaninda en sik yapilan ameliyatlardan biri olan
kalca protezi ameliyatlarinda gevseme olusma riski ¢ok
yiiksektir. Diinya genelinde yaklasik 1.2 milyondan fazla
kalgca protezi ameliyatlar1 yapilmakta ve bunlarmn
yaklasik %10’u gevseme sebebi ile tekrar ameliyat
edilmektedir [2]. Gelisen teknoloji ve tedavi olanaklari
ile ortalama yasam siiresi artacagi Ongoriiliirse kalca
protezi ameliyati sayis1 daha da artacagi tahmin

81



Talip CELIK, Yasin KISIOGLU /POLITEKNIK DERGISI, Politeknik Dergisi,2020;23(1): 81-84

Bu calismada da sistemin dogal frekanslarini sonlu
elemanlar yontemi kullanilarak belirlenmesi ile ameliyat
sonrasi gevseme tespit ve takibinde titresim yonteminin
kullanilip  kullanilamayacagi arastirilmistir.  Ayrica,
harmonik cevap analizi ile kalga protezi stabilitesi
belirlenmeye ¢alisilmistir. Bu sayede ileriki ¢alismalarda
titresim yonteminin kalga protezi gevsemesi ve takibinde
uygulanabilirligi belirlenmistir.

2. MATERYAL VE METOD (MATERIAL and
METHOD)

Oncelikle femur ve kalca protezi Dbilesenleri
modellenmigtir. Femurun 3 boyutlu modeli MIMICS
(Materialise, Leuven, Belgika) 11.0  programi
kullanilarak BT (Bilgisayarl Tomografi)

goriintiilerinden elde edilmistir. MIMICS yazilimindan
nokta bulutu verisi ile elde edilen femur modeli
Geomagic Studio 10 (Raindrop Inc. ABD) tersine
mithendislik  programmda  kati model olarak
olusturulmus ve IGES veri formatinda SolidWorks
(Dassault Systems, ABD) yazilimina aktarilmistir. Kalca
protezi modeli SolidWorks yazilimi kullanilarak
modellenmigtir. Gerekli protez Olgiileri TIPSAN
(TIPSAN A.S., Tiirkiye) firmasina ait katogdan ve protez
tizerinden kumpas yardimi ile elde edilmistir. Modelleme
islemleri tamamlandiktan sonra titresim analizleri igin
Ansys Workbench 12.0 yazilimma aktarilmistir.
Genellikle gevseme sorunu c¢imentosuz tip kalca
protezlerinde oldugundan c¢imentosuz kalgca protezi
secilmistir.  Kalca protezi malzemesi, Ti6Al4V
alagiminin  mekanik  ozelliklerine gore almmustir
(E=110000 MPa, v=0.33). Kemik malzeme 06zellikleri
BT gorintiilerine dayandirilarak gelistirilen ampirik
formiiller sayesinde MIMICS yazilimda her node’un
mekanik o6zellikleri kemik yogunluguna bagli olarak
atanmustir [S]. Titresim analizlerinde sistemi olusturan
pargalarin yogunluk degisimleri 6nemli oldugundan bu
calismada bu degisim de degerlendirilmistir. Buna gore
femur-protez modelinde yogunluk degisim bdlgeleri
Sekil 1°deki gibi ayrilmig ve bu degisim oranlarina gére

3, 6 ve 12 aylik periyotlarda analize katilmistir. Genel
olarak olusturulan modeller ve yapilan analizler Cizelge
1’de tanimlandig1 gibi gergeklestirilmistir. Stabil femur-
protezlerde kontak tipleri bonded (yapisik), stabilite
azaldikca bonded kontaklar debonded (yapisik olmayan)
kontaga doniistiigli icin siirtinmeli ve siirtiinmesiz
kontaklar tanimlanmustir [6,7]. Element boyutlari protez
icin 1 mm, kemik i¢in 4 mm olarak yakinsama g¢alismasi
ile elde edilmistir. Ayrica kontak bolgesi 0.5 mm element
boyutu ile daha sik ag orgiisii olusturulmustur.

Distal bolge

Orta Bolge

Proksimal Bdlge

Sekil 1. Femur-protez modeli ve kemik yogunlugu degisim
bolgeleri (Femur-prosthesis model and the regions of
bone density changing)

Sonlu elemanlar analizinde uygulanan smir sartlar1 Sekil
2’deki gibi protez basindan x, y ve z yonlerinde
sabitlenmis ve ayn1 zamanda rotasyona izin verilmisgtir.
Distal femurdan (diz eklemi) genligi 10 olan 100 Hz ile
1000 Hz arasinda harmonik titresim verilmistir. SGniim
orani (&) sifir olarak tanimlanmistir. Frekansin cevabi
femurun biyiik trokanter bolgesinden Sekil 2’de
gosterildigi bolgeden alinmustir.

Sin(mt)
. . NARNAN
Sisteme verilen [\ /\ I | »‘ I
uyari sinyali /3’ U \J \/ H‘ \

% L.

Sekil 2. Sonlu elemanlar modal analizi igin kullamlan sinir
sartlar1 (The boundary conditions for finite element
modal analysis)

Sistemin verilen uyari
4 sinyaline verecegi
v cevabimin alindig1 bélge

Cizelge 1. Sonlu elemanlar analizi i¢in tanimlanan modellerin kontak durumlar1 ve kemik yogunluk degisimleri
(Contact types of the models defined for finite element analysis and changes of bone density)

Analiz 1 Analiz 2 Analiz 3
KYD KYD KYD
KT (%) KT (%) KT (%)
Ameliyat Bonded Debonded (siirtiinmesiz Debonded (siirtiinmesiz
sonrasi kontak, k=0) kontak, k=0)
. Proksimal bonded, orta
. Proksimal bonded, orta ve " .. '
Ameliyattan3 | goijeq g5 distal blge Siirtinmeli Ul Lo 52 85
ay sonra kontak (k=0.5) Siirttinmeli kontak
' (k=0.5)
Ameliyattan 6 Proksimal ve orta bonded Proksimal ve orta
Bonded -11,2 . o X ! bonded, distal siirtinmeli = -11,2
ay sonra distal stirtinmeli (k=1) (k=1)
ATITENE £2 Bonded -12,4 Bonded Bonded -12,4
ay sonra
KT: Kontak Tiirii; KYD: Kemik Yogunluk Degisimi; k: siirtiinme katsayisi
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3. SONUCLAR VE TARTISMA (RESULTS AND
DISCUSSION)

Sekil 3’de femur-protez modelinden stabil halde elde
edilen genlik-frekans ve faz agis1 grafigi verilmistir.
Stabil halde proksimal femurdan almman genlik degeri
maksimum 0.7386 mm olarak elde edilmistir. 275 Hz
frekansta alman bu deger ayrica sistemin dogal
frekansidir. Stabil femurdan elde edilen bu degerler
referans alinarak diger sonuglar degerlendirilmistir.

ve orta bolge gevsemesi protez ile kemik arasinda daha
¢ok bosluk olustugunu ve bu bosluk sebebi ile genligin
daha yiiksek ¢iktig1 sdylenebilir. Ayn1 mantik ile total
deformasyon sonuglar1 degerlendirilebilir.

Bu ¢alisma ile stabil durumdaki femur-protez sisteminin
dogal frekansi daha yiiksek oldugu goriilmiistiir. Bu da
stabilite diistiikce dogal frekans degerlerinin de azaldig:
g0z Oniine alinirsa ameliyat sonrasi gevseme takibi i¢in
6nemli bir sonug vermektedir. Diger 6nemli bir sonug ise

0,7386

o
o

Amplitude (mm)
s & o o
W

o

0.1

-

1,4259e4

s5, 125, 250, 375, 500,

Frequency (Hz)

625,

750, a7s, 1000,

@
S

3

ﬂ -

Phase Angle (")

=R

125, 500,

Frequency (Hz)

625, 750, 875,

ul

Sekil 4. Stabil durumda femur-protez modelinden elde edilen frekans cevaplari (Frequency responses obtained from

stable femur-prosthesis model)

Sekil 4’de frekans, genlik ve maksimum deformasyon
degerleri protezin stabilitesine gore nasil degistigini
gostermektedir. Buradan stabilite diistiikce maksimum
genligin olustugu frekans degeri de azalmaktadir. Yani
sistemin dogal frekanslar1 stabilite seviyesine gore
azalmaktadir. Ayrica, genlik degerleri de proksimal ve
orta bolge gevsemis model hari¢ azalmaktadir. Proksimal

Maksimum genligin olustugu frekans (Hz)

275
270
255
I 250

Frekans (Hz)

Genlik (mm)

titresim ile elde edilen genlik degerlerindeki degisimdir.
Stabil durumda bu genlik degerleri yiiksek ¢ikmaktadir.
Bu da gevseme takibinde dogal frekans ile birlikte
gevsemeyi dogru bir sekilde ve derecede tespit etmede
O6nemli bir gosterge olabilir. Ayrica, femur ile protez
arasindaki kontak yiizeylerindeki temas durumlarina
gore de elde edilen genlik degerleri degismektedir. Stabil

Maksimum genlik (mm)

1,13
0,7386
0,38621 0.3398
Stabil Proksimal Distal Proksimal +
Gevseme gevseme orta bolge
gevseme

Maksimum total deformasyon (mm)

Stabil Proksimal Distal Proksimal +
Gevseme gevseme orta bolge
gevseme
6,31
B
S
=
% 3
fas]
£
2
<5)
(&)
=
P Stabil Proksimal
Gevseme

2,68

3,71

Distal gevseme Proksimal + orta

bolge gevseme

Sekil 3. Frekans, genlik ve total deformasyon grafikleri (The graphs of frequency, amplitude and total deformation)
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durumda iken uyarma frekansi ile sistemin dogal frekansi
ist {liste geldiginde rezonans olustugundan yiiksek
genlikler elde edilmektedir. Ayrica kontak temas
yiizeyleri azaldikca da genlik degeri artmaktadir. Bu da
degerlendirmede dikkat edilmesi gereken onemli bir
degisken olmaktadir.

Kalga protezi ameliyatlar1 sonrasi gevseme tespitini
erken ve dogru bir sekilde tespit etmek hem hasta yasam
kalitesi agisindan hem de maliyetler noktasinda dnemli
yararlar saglayacaktir. Bu konu ile alakali farkli tespit
yontemleri iizerinde ¢alismalar yapilmistir. Ozellikle dis
hekimligi alaninda 6énemli ilerlemeler kaydedilmis ve dis
implantinin  stabilitesini belirleyen cihazlar piyasaya
striilmistiir. Bu cihazlar implant1 yeterli saglamlikta dis
yuvasina yerlestirilip yerlestirilmedigi hakkinda dis
hekimine bilgi vermekte ve bu sayede ilerideki implant
gevseme riskini azaltmaktadir. Periotest ve Osstell
cihazlar1 bunlara ornek olarak gosterilebilir. Ortopedi
alaninda da 6zellikle kalca protezinin yeterli stabilite ile
yerlestirilmesi iizerine ¢aligmalar yapilmistir [8,9]. ISAC
cihaz1 ortapedi alaninda gelistirilmis bir cihazdir. Bu
cihaz genel olarak uygulanan bir moment degerine
karsilik kemik ile protez arasindaki hareket miktarinin
Olglimiine dayanmaktadir. Kullanimi zor oldugundan
alternatif ¢alismalar yapilmistir. Bu alternatif ¢aligmalar
da titresim yOnteminin en uygun yontem olabilecegi
belirlenmistir [10]. Diger bir ¢alismada distal femurdan
titresim verilerek proksimal femurdan ivmedlger vasitasi
ile degerler alinmis ve sonuglar degerlendirilmistir
[11,12]. Bu c¢alismalarda ileriki donemde kemik
yogunlugu azalmasi sebebi ile sonuclardaki degisim
incelenmemistir. Bu c¢alismada ise sonlu elemanlar
metodu kullanilarak ameliyat sonrasindaki kemik
yogunlugu degisimi de analize katilmig ve sonuglar buna
gore degerlendirilmistir.

6. SONUC (CONCLUSION)

Sonu¢ olarak titresim yontemi kalga protezi
ameliyatlarinda ileriki donemde meydana gelen gevseme
sorununun tespiti i¢in alternatif bir yontem oldugu
gosterilmis ve degerlendirmede kemik yogunlugunun
sonugclara etkisi goz ardi edilmemistir.
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ABSTRACT

In recent years, with the increase in the number of shopping centers and consumer expectations, comprehensive research on the
performance evaluation of shopping centers has started to be needed. In the performance evaluation process, it is very important to
determine the correct measurement criteria. In this study, the performance measurement criteria were determined by reviewing the
literature and interviewing experts and managers in the shopping center sector. In the next step, the Analytical Hierarchy Process
(AHP), a multi-criteria decision making (MCDM) method, was used to determine the significance levels of these criteria and a new
performance index model was hereby developed. The proposed method consists of a total of 140 criteria including six main criteria
(green building, investors, visitors, tenants, shopping mall turnover, and social life) and 134 sub-criteria. As far as we know, this
study is the first to propose a model for measuring the performance of shopping malls.

Keywords: Shopping malls, multi-criteria decision making, analytical hierarchy process, performance measurement.

AHP Yontemi Kullanarak Alisveris Merkezleri
Performans Kriterleri Analizi Uzerine Bir Calisma

oz

Son yillarda aligveris merkezleri sayisindaki artis ve tiiketici beklentilerinin yiikselmesi ile birlikte aligveris merkezleri’ nin
performans degerlendirmesi ile ilgili aragtirmalara ihtiyag duyulmaya baslanmustir. Performans degerlendirmesi siirecinde dogru
6l¢iim kriterlerinin belirlenmesi ¢ok onemlidir. Caligmada, performans 6l¢iim kriterleri literatiir galigmalar1 ve aligveris merkezi
sektoriinde uzman ve yoneticilik yapmis kisilerle goriistilerek belirlenmistir. Bir sonraki adimda, bu kriterlerin 6nem agirlikl arin
belirleme siirecinde ¢ok kriterli karar verme (CKKV) yontemi olan Analytic Hierarchy Process (AHP) yontemi kullanilmis ve
yeni bir performans indeks modeli gelistirilmistir. Onerilen model, yesil bina, yatirime1, ziyaretgi, kiraci, avm ciro, sosyal yasam
ana kriterleri altinda 134 alt kriter olmak {izere toplamda 140 kriter tanimlanmustir. Bu calisma, bildigimiz kadariyla aligveris
merkezlerinin performansini 6lgmek i¢in bir model 6neren ilk ¢alismadir.

Anahtar Kelimeler: Alisveris merkezleri, ¢ok kriterli karar verme, analitik hiyerarsi siireci, performans 6l¢ciimii.

1. INTRODUCTION objective [3]. Lately, with accelerating technological
As the historical evolution of shopping malls is examined Qevelopment and. the Increasing importance of shopping
on a global scale, it is known that the transformation of ~ i people’s social lives, it has been observed that
trade areas to include shopping centers spread rapidly ~ shopping malls are not only centers for shopping
over the whole world in a short period of time. Turkey ~ anymore. Instead, they are enclosed or open social spaces
started being influenced by other countries in the 1950s ~ that provide services for entertainment, food and
and giant retail chains, like Migros Markets, were then ~ beverages, and cultural and other such activities. This
opened in the country. By the 1980s, with the increasing ~ drastic change in shopping malls has resulted both from
interest in imported goods, the demand for shopping €conomics and from social causes. In recent times, many
centers with these products peaked. According to factors |ncIL_1d|ng the increase in the use of cars, demands
Gottdiener, shopping malls are designed to be machines ~ for growth in product range, the use of credit cards, and
that transform capital into money, and they are definedas  the speed of urbanization have been quite effective in
places that people long for to meet their physical and ~ increasing the number of shopping centers. In the face of
social needs and experience a safe, traffic-free, and ~ rising competition, which results from the increase in the
conditioned urban environment. ([1], [2]). In recent Number of shopping centers, shopping center
times, shopping malls have become one of the most ~administrations are now looking for ways to generate
common alternatives to traditional shopping. A shopping ~ Problem-solving mechanisms to tackle these seriously
center is a cluster of independent shops, planned and ~ ¢hanging  developments and  create  structural

developed by one or several entities, with a common transformations. Particularly in recent years, owing to the
increase in the number of ordinary shopping malls, it has

*Sorumlu Yazar (Corresponding Author) become necessary to analyze the current situation, reveal
e-posta : eenebati@ticaret.edu.tr deficiencies, and develop possible solutions. Today, it is
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a fact that increases in workloads, recreation, and leisure
time have influenced active consumption preferences.
The need for innovative alternatives has become
inevitable. Businesses that aim to maintain their
presences effectively and productively have to keep
focusing on improvement with the help of actual situation
assessments.

In particular, for large enterprises such as shopping malls,
performance measurements in a sustainable framework
can make positive contributions. At this stage, it is very
important to determine performance evaluation criteria
correctly. Some decisions must be made in the process of
determining the importance levels of these criteria. For
this reason, the Analytic Hierarchy Process (AHP)
method, a multi-criteria (MCDM) method, was used to
make decisions for multi-criteria problems that were
aimed to evaluate large enterprises such as shopping
malls. In the study, we defined a total of 140 criteria
consisting of 6 main criteria (green building, investors,
tenants, visitors, turnover and social life) and 134 sub-
criteria, all of which are helpful to evaluate the
performances of shopping malls in different areas
[appendix-1]. A new and an unprecedented index model
were proposed. In forming and developing the structure
of the proposed model, we conducted a detailed literature
review regarding sector-related data. As a result of the
research, the main criteria and sub-criteria were
determined by taking into consideration missing points in
the literature, basic concepts of shopping malls, and
expert opinions. In the next step, the hierarchical
structure model was created. In this model, the main
criteria are shown at the highest level while the sub-
criteria are at the lower levels. The main criteria of the
shopping center performance index are available in the
Figureure 1. The sub-criteria schemes of each main
criteria are given in the respective examples [Figure.2—
Figure.7]. As the final step, experts were asked to
evaluate the pairwise survey’s efficacy by reviewing
shopping malls in Istanbul. Consequently, with the
application of the AHP method, the data for weight
measurements were obtained for the determined criteria
during the Istanbul malls evaluation. In both national and
international literature, numerous studies have so far
been conducted on shopping centers. However, a
comprehensive examination of these studies revealed that
each of them evaluate different aspects of shopping
malls. For instance, while one research paper examines
consumer shopping behaviors and the types of
consumers, another paper focuses on the factors affecting
shop atmosphere such as cleanliness, lightening,
ambiance and similar such issues. Some of the studies
regarding shopping malls are below:

E. Cengiz and B. Ozden, (2002) examined buying
behavior and conduct research on factors that influence
visitors and tenants in preferring the shopping mall [4].
In the study, researchers discuss visitors’ reasons for
preference, what characteristics of malls are liked by
customers, and what services provided by the mall are
liked and used [4,5]. Kristy E. Reynolds and others’
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(2002) compared traditional malls and factory outlets’
shopper typologies and discussed implications for retail
strategy [6]. Zacahrias puts forward in his study (2003)
that entertainment activities and areas strengthen
shopping centers. According to him, entertainment
activities and dedicated areas in the shopping center
increase the duration of the time spent by visitors in malls
and thus affect the profile of visitors and their planning
processes [2,7]. Ibicioglu’s (2005) research aimed to
examine visitors’ demographic characteristics and
visitors’ behaviors. He suggests that malls need to
develop new strategies and alternatives for middle-aged
and elderly adults. This study, which is assisted by
statistical techniques, demonstrates that there is a strong
relationship between education level and going
out/having fun, income level, and visiting frequency [8].
Akat and others’ (2006) made a study regarding buying
behaviors of customers’ in a mall in Bursa. In the study,
a correlation is observed between customers’ age and
shopping frequency, education level, and paying methods
[9]. Yiu and Yau discuss in their study (2006) that there
are six main factors that determine the success of
shopping centers and can be used to compare their
performances. According to the researchers, these factors
include location, architectural design, promotion
activities, property management, leasing strategies, and
tenancy conditions [2,10]. Ngai points out in his study
(2007) that the first of the nine quantitative factors that
can be used to determine the performance of shopping
malls is detailed population information containing
various demographic characteristics such as age groups.
The rest of the factors are the distribution of household
income and expenditure items (food, clothing, etc.);
socio-economic characteristics of the population; and
measures of accessibility including road quality, bus
services, bus stops, presence of parking spaces in the
malls, car ownership, and rail system services [2,11].
Morrison et al. (2010) demonstrate that odor (pleasant)
and music, which are sub-factors of store atmosphere,
positively affect the costumer’s feelings and trigger
him/her to take action in the store. In their study, they
further explain that the two sub-factors lead to a positive
increase in the time and amount of money spent in the
store along with the level of behaviors of satisfaction
[12]. Vilnai-Yavetz and Gilboa argue in their study
(2010) that hygiene provides satisfaction and confidence.
The two researchers state that the cleanliness of the
service area has a significant impact on customers’
feelings of satisfaction. They therefore claim that there is
an intense correlation between pleasure, trust, the
cleanliness of the service area and the consumer
behaviors [13]. Reikli in her study (2012), evaluates the
key factors behind the success of the shopping malls. And
she researched that there are four main factors that impact
the performances of shopping malls: location, customer
mix, tenant mix, and evaluations of shopping center
success [2,14]. Narjes Haj-Salem and others (2016)
researched what factors drive mall loyalty of male and
female shoppers This study aims to explain how service
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and product quality, prices, and mall atmosphere affect
the mall loyalty of male and female shoppers [15]. Amit
Mittal and Deepika Jhamb’s research (2016) discusses
determinants of shopping mall attractiveness. According
to researchers, merchandising, variety, milieu, and
convenience are these determinants [16]. Johan
Anselmsson’s research (2016) examines the positive
relationship between developments in the mall sector,
boosted sales Figureures, and Vvisiting frequency.
Moreover, it seeks an answer on how to compete with
online shopping, which has noticeably increased in the
last decade [17]. Wessam el-Abd and others (2018)
investigate the design of roof windows in the context of
daylight performance. This paper suggests new designs
to optimize daylight performance, and it also gives a
shopping mall from Cairo as an example [18]. The above-
mentioned studies show that there is not any consistency
in the literature about the factors behind the performances
of shopping malls. As such, the different performance
data revealed by different researchers have been
examined. There is no comprehensive and extensive
study that touches upon all the fields of shopping malls
that we propose in our study. Thus, it can be said that this
study is the first of its kind in the related literature. It is
hoped that it will provide a significant and positive
contribution to the literature by filling the gaps in related
studies.

2. METHODOLOGY
2.1. Analytic Hierarchy Process (AHP)

The AHP is a multiple criteria decision-making
technique that allows subjective as well as objective
factors to be considered in the decision-making process.
The AHP allows the active participation of decision-
makers in reaching agreements, and it gives managers a
rational basis on which to make decisions. The AHP is
based on the following three principles: decomposition,
comparative judgment, and synthesis of priorities [19].
The AHP was first introduced by Myers and Alpert in
1968 [20]. It was developed by Professor Thomas Lorie
Saaty in 1977 as a model for solving decision-making
problems. The AHP method helps decision makers by
showing the correlation between purposes, criteria, sub-
criteria, and alternatives to model the most complicated
problems in a multi-level hierarchical structure. The AHP
requires a well-structured problem represented as a
hierarchy with the goal at the top. The subsequent levels
contain the criteria and sub-criteria, while alternatives lie

Table 1. Scale of pairwise comparison values [24].

at the bottom of the hierarchy [21]. The implementation
steps of this method are as follows:

1. The problem should be clearly defined and the
objectives should be determined.

2. Starting from the objectives, the main criteria and the
lowest-level alternatives are placed in a hierarchical
structure.

3. In order to determine which of the alternatives and
criteria are more dominant, the pairwise comparison
between the alternatives and criteria is made using the
scale expressed in Table 1. Comparison matrices are
(nxn) square matrix sizes. When the comparisons and
matrices are formed, the pairwise comparison scale in
Table 1 is used [22].

4. In order to normalize each column in the pairwise
comparison matrix, the total number of columns is
calculated and the normalized matrix is formed by
dividing the elements of the matrix into the respective
column sum.

5. The row sum of the normalized matrices, which are
formed for each alternative and criteria, is determined
and then the weight vector matrix is obtained.

6. In the weight matrix obtained with the weight vector,
the weight values for each criteria or alternative are
multiplied by the column elements of the pairwise
comparison matrix of that criteria or alternative, and the
total weighted matrix is thereby acquired.

7. The sum of the row values of the total prioritized
matrix is divided into the row values of the weight vector
matrix, and the arithmetic mean of the elements of the
(nx1)-sized new matrix is calculated to obtain the weight
values of the criteria or alternatives.

8. When calculating the consistency index [23],
primarily, the CI value is found:

Cl = (A\max-n /(n-1)
where CI = Consistency Index.

9. In the last step, the consistency ratio can be calculated
by the combination of the values of the randomness
scores and the combination of CI, where CR =
Consistency Ratio and Rl = Randomness Indicator. The
consistency ratio in the AHP method should be less than
0.10. If the calculated value is greater than 0.10, the
pairwise comparison matrix should be checked again and
the steps are repeated after the corrections to be made.

10. The priorities of the alternatives calculated within the
framework of the criteria and the priorities resulting from
the pairwise comparisons of the criteria are multiplied for

)

Numerical Definition Explanation

Value

1 Equal importance Two activities contribute equally to the objective

3 Weak importance of one over another Experience and judgement slightly to moderately favor one activity over another

5 Essential or strong Importance Experience and judgement strongly or essentially favor one activity over another

7 Demonstrated importance An activity is strongly favored over another and its dominance is showed in
practice

9 Absolute importance The evidence of favoring one activity over another is of the highest degree possible
of an affirmation

2,4,6,8 Intermediate values between two adjacent Used to represent compromises between the preferences in weights 1, 3, 5, 7, and 9

judgement value
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each alternative, and the last desired weight value can be
calculated.

3. PROPOSAL OF MEASURING
PERFORMANCE CRITERIAS AND RESULTS

As the level of competition increases in business, the
importance of performance evaluation is similarly
increasing day by day. Accurate determination of
performance evaluation criteria is the most important
step in the evaluation of performance. Several factors
have been considered when evaluating shopping center
performance. In the model we proposed for the shopping
mall sector, a total of 140 criteria were defined, including
6 main criteria in Figure.3 and 134 sub-criteria in Figures
[5-7-9-11-13-15]. The process of determining weight
level of the criteria in the model was as follows: First, we
reviewed the literature in detail. These criteria were
evaluated by face-to-face interviews with experts. Then,
by using the Superdecision v2.6 package program,
hierarchical structures were created [Figure.1].

In the next step, the pair survey research presented to the
experts [Figure.2], and the experts were asked to evaluate
these criteria according to their significance by
considering the shopping centers in Istanbul using
Saatty’s 1-9 scale. In Figureures [3-5-7-9-11-13-15] the
main criteria of the shopping center performance index
and the sub-criterion charts of each main criterion are
listed, and their annotations are given in Appendix A. To
share an example, the program screenshots of the tenant
performance index are shown in Figure 1 and Figure 2.
In the survey research, for each criterion, the geometric
averages of the scores obtained from each expert were
calculated and entered into the program. Within the
direction of the data acquired via the program, the data in
the tables of each sub-criteria were multiplied by the
weights of the main criteria. The results were evaluated
and the weights of the determined criteria in the shopping
centers were revealed. First, for each main criterion,
followed the weight numbers are given below [Figure.4].

=l goal =|0]=
ll tenantexpectation _— I DI X|
Physical conditions I onen e ki
d llPerfmnm:eOfS{me -IEIIXI

Request of tourist Staff

Campaigns and ads I l Store location I

||  suberiteria | —|Ox
Rightbrandcomposition I . Storsfront lighting I
i == -
Product diversity
S tenantexpectation =
a ST oot ' » o
isfacti I
Rental l:m'lsl \
[
Mall management d :I Staff -|Ofx
4 [ |
Square meter leasable area I _
i Number of personal
v o uf tenant type B =] B3

National brand I International brand I Domestic brand I

Staff training and experience I

3 |

|

Figure 1. Superdecision program main screen image of tenant performance index

Graphical |‘u‘erba| | Matrix| Questionnaire | Direct

Comparisons wrt "Tenant Performance Index" node in "sub-criteria” cluster
Storeperformance is equally to moderately more important than tenant type

1. Storeperformanc~| >=8.5 9| 8| 7| 6| 5| 4 3|E 2|2|4|5|(6|7|8|2]| »=9.5 | No comp. | tenant type

2. Storeperformanc~ »>=85 (9| 8| 7|6 5|4 |? 2| 2|2|4|56|(6|7|8|9]| »=8.5 | No comp.| tenantexpectati~
3. Storeperformanc~ »=8.5 | Bl Bl T| Sl 5| xll 3| er 2| 3| d.l 5| Bl '|'| Bl 3| ==8.5 |Nnc>urnp. tenantsatisfact~
4. tenant type >=B.5|B|B|T|S|5|A|3|2|r 2|3|i|5|8|?|8|3 >=B.5|NDDDrnp. tenantexpectati~
5. tenant type >=B.5|B|B|T|S|5|4|3|2| |2|F 4|5|B|?|B|B >=B.5|Nnc>urnp. tenantsatisfact~
6. tenantexpectati~ »=08.5 | Bl Bl T| Sl 5| 4| 3| 2|r 2| 3| d.l 5| Bl '|'| Bl 8| ==8.5 |Nnc>nrnp. tenantsatisfact~

Figure 2. Screen image of pairwise comparison questionnaire
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Figure 3. Hierarchical structure of shopping mall performance index main criteria

Weights Of Main Criterias

u Mall Turnower (0,22382)

u Tenant (0,375622)

B Social Life (0,088439)

Investor (0,115605)

B Green Building (0,031645

u Visitor (0,160863)

Figure 4. Weights of Main Criterias in shopping mall performance index

There are 6 main criteria in the shopping mall
performance index; Green Building (A), Investors (B),
Visitors (C), Tenants (D), Mall Turnover (E), and Social
life (F) in Figureure 3. Definitions of criteria are in
Appendix 1.

When Figureure 6 is examined, we can see that the most
important sub-criterion in the green building category of
shopping center performance is building management
(0,005024). Then, we can see that there are additional
important criteria in green building performance such as
mall interior space life quality (0,003499), innovation
(0,003061) and marketing (0,002512).

Figure 5. Hierarchical structure of green building performance index

When Figureure 4 is examined, it is seen that the most
important criteria of shopping center performance is the
tenant performance index with the highest weight
(0,375622). Once the six main criteria were identified,
each main criterion was divided into the sub-criteria. The
weight values of the sub-criteria of each main criterion
are shown below.
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When Figureure 8 is examined, we can see that the most
important criteria in the investor category of shopping
mall performance is Brand composition (0,028684), the
highest weight in the criteria. The rest of the criteria are
as follows: shopping mall location (0,020715),
accessibility to shopping center (0,015536), targeted
customer (0,010653), the population of the region
(0,008737), social economic status group (0,006914),
shopping mall category (0,005355), competition with the
environment (0,005179), and income level (0,004795).
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Weights Of Green Building Performance Criterias

B Land And Envirenment (0,001378)

m Building Management [0,005024 )

B Use of Material (0,000967)

m Innovation (0,003061)

m Proximity to urban transportation vehicles (0,001033)
m Utilization of recycled material {0,000365)
= Marketing (0,002512)

o Intelligent building (0,00057)

u Trigeneration and cogeneration (0,000113)
B Heat pump (0,000228)

m Mallinterior air quality {0,001743)

B Domestic material (0,000086)

u Wastewater treatment (0,000077)

[ Water basis of green roof (0,000109)

m Energy efficiency (0,001344)

W Waste And Recydling (0,000737)

m Mall Interior Space Life Quality (0,003499)

W Efficiency And Activity (0,001791)

m Land and road structure (0,000344)

m Collection area of waste and residue (0,000369)

m Cccupational health and safety (0,001256)

m Cleaning-repair maintenance (0,001256)
Energy basis of green roof (0,000077)

= Renewable energy (0,000356)

B Mall interior utilization of daylight (0,001749)

m Obtainable material (0,000541)

M Eco friendly material (0,000341)

m Gray water (0,000109)
Rainwater collection (0,000154)

m Water efficiency (0,000448)

Figure 6. Weights of sub-criteria of green building performance index

Figure 7. Hierarchical structure of investor performance index

‘Weights Of Investor Performance Criterias

B Shopping mall category (0,005355)

u Population of the region (0,008737)

B Brand com position (0,028684)

m Open and closed roof mall (0,00159)

B Accessibility to shopping center (0,015536)
m Gender (0,001687)

B Age(D,001588)

u A social economic status group (0,006914)

B C1 social economic status group (0,000896)

M Shopping mall kecation (0,020715)
w Targeted customer (0,010653)
B Entertainment focused shopping mal {0,00289)
m Outlet {0,000875)
B Competition with the environment {0,005179)
u Income level (0,004795)
 Population growth prediction {0,000667)
B social economic status group (0,001948)
M C2 sodial economic status group (0,000896)

Figure 8. Weights of sub-criteria of investor performance index
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Figure 9. Hierarchical structure of visitor performance index

C4.2
C.4.3

Weights Of Visitor Performance Criterias

m Expectations of Visitor (0,01314) B Satisfaction of Visitor (0,031788)

M Profile of Visitor {0,01314) W Loyatty of Visitor (0,022366)

m OQutdoor and green area expectation (0,001988) ® Physical elements expectation (0,001834)

W Brand composition expectation (0,007137) W Health and fitness service expectation (0,000546)

m Social activity expectation (0,001636) m Diversity in service (0,007432)

B Interior-exterior design (0,00287) B Location (0,014464)

m 5taff (0,002747) m Customer and shopping mall prestige relation (0,004276)
W Tourist visitor (0,001253) 1 Child visitor (0,003283)

m Frequency of going to mall {0,005591) u Male-Female visitor (0,008604)

W Time spent at mall (0,005591) B Financial expendit ure capacity (0,011183)

Figure 10. Weights of sub-criteria of visitor performance index

gy = —
= 0= = e
allal la =]

Figure 11. Hierarchical structure of tenant performance index
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When Figureure 10 is examined, it can be seen that the
most important criteria in the aspect of visitors in
shopping center performance is visitor satisfaction with
the highest weight (0,031788). Other important factors
are visitor loyalty (0,022366), location (0,014464),
expectations of visitors (0,013140) profile of visitors
(0,013140), and financial expenditure capacity
(0,011183).

The data of Figureure 12 demonstrate that the most
important criterion in terms of tenants in shopping mall
performance is Store performance, which has the highest
weight (0,067426).The other significant criteria include
tenant satisfaction (0,052547), tenant expectations
(0,030907), personnel (0,028911), rental terms
(0,028740), tenant type (0,022475), shopping mall
management  (0,018105), and product diversity
(0,017182).

Weights Of Tenant Performance Criterias

m Tenant expectations (0,030907)
m Type of tenant (0,022475)

W The right brand composition (0,014443)

m Campaigns and ads(0,008567)
m Mall management (0,018105)

B Square meter leasable area (0,005703)

= International brand tenants (0,010887)

= Store location (0,015819)
W Staff (0,028911)

m 5taff training and experience (0,014455)

m Satisfaction Of tenant {0,052547)
Performance of store {0,067 426)

B Physical conditions (0,004948)

m Request of tournist visitor {0,00295)

m Rental terms (0,025874)

W National brand tenants {0,009511)

m Domestic brand tenants (0,002077)
Storefrontlighting {0,005515)

B Product diversity (0,017182)

= Number of personal {0,014455)

Figure 12. Weights of sub-criteria of tenant performance index

Figure 13. Hierarchical structure of mall turnover performance index
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Weights Of Mall Turnover Performance Criterias

m Brand compaosition with respect to turnover (0,052087) m Turnover in international brands (0,030556)

m Category of stores for turnowver (0,026033) w Turnover classification with time (0,026033)
m Turnover in national brands (0,016838) m Weekend (0,011833)

m Holiday-discount days (0,011833) m Fashion (0,010107)

m Food (0,005446) m Turnover in domestic brands (0,004633)
m Women's apparel (0,004196) m Hyper-tech market (0,003751)

m Cafe-Restaurant (0,002723) m Fastfood (0,002723)

 Entertainment (0,002622) 1 Weekdays (0,002367)

W Department Stores (0,002225) B Electronic (0,001944)

M Kids apparel (0,001479) H Men's apparel (0,0005%4 )

M Health-care cosmetics (0,000948) B Home textile (0,000671)

W Accessories optical dock jewelery (0,000508) B Leather- Shoes (0,000484)

W Sportswear 0,000445)  Underwear (0,000282)

Figure 14. Weights of sub-criteria of mall turnover performance index

Figure 15. Hierarchical structure of social life performance index

‘Weights Of Social life Performance Criterias

B 15-18+years old (0,000472) m 6-15 years old (0,0007 49)
u 0-6 years old (0,001189) o Fields of sports and recreational (0,001812)
m Historical building structure (0,002314) m Game halls (0,00240%)

B Educational activities for adults (0,002412)  ® Educational activities for kids (0,002412)
W Social-cultural activities for adults (0,002412) m Social-cultural activities for kids (0,002412)

W ArT (0,003356) B Entertainment and education (0,004431)
u Modern Building structure (0,004627) m Educational activities (0,004823)

W Social-cultural activities (0,004823) 1 Building Design (0,0065941)

m Originality (0,005326) m Number OFf Activities (0,005647)

B Qutdoor And Green Areas (0,008785) B Social Areas (0,012049)

Figure 16. Weights of sub-criteria of social life performance index
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Figureure 14 shows that the most important criteria in
terms of turnover in the shopping mall performance is
Brand mix (0,052067), which combines national,
international and local brands. The other effective criteria
are international brands (0,030596), shopping mall
category (0,026033), time (0,026033), national brands
(0,016838) and fashion (0,010107). Figureure 16 reveals
that the most important criterion in terms of social life in
shopping malls is social areas (0,012049). Other criteria
include outdoor and green areas (0,009785), number of
activities (0,009647), originality (0,009326) and building
design (0,006941).

4. CONCLUSION

The number of shopping centers increases day by day.
Factors that affect the development of shopping centers
include changes in social structure, consumption habits,
rapid urbanization, change in income and education, ease
of  transformation,  accessibility,  technological
developments, increased interaction with foreign
cultures, security concerns, and changing lifestyles
[2,25]. As the number of shopping centers increases,
competition grows. For this reason, it is more important
than ever to make accurate analyses, to be open to
innovations, and to develop comprehensively planned
projects. Shopping centers that develop themselves with
an original and innovative approach are well-managed,
provide a space for social life, perceive the needs of the
consumer correctly, and develop solutions in this
direction come to the forefront in this competition. While
a new generation of shopping malls enters the sector, old
ones start renovating works according to new needs.
Shopping centers are no longer just places to go for
shopping; instead, they reflect lifestyle with their
architecture, services, and social spaces and activities.
Having an original identity, catching the right concept,
being properly manageable, and keeping up with new
generations, all allow shopping centers to survive in the
sector. The model we propose in this study is aimed to
determine important concepts for shopping centers and to
make a positive contribution to the performance
evaluation process provided so far in the literature by
obtaining importance weights for each evaluation
category or criterion. In the study, we determined
primary shopping center performance criteria and asked
sector experts to use them for evaluations. The specified
criteria were transferred to the Superdecision program we
use in the AHP method, and hierarchical structures were
thereby created in Figure. (3-5-7-9-11-13-15). The data
for the model to which AHP was applied were collected
through the survey study. Saaty’s 1-9 scale was
presented to five experts in the shopping mall sector and
they were asked to evaluate the pairwise comparison
surveys using shopping malls in Istanbul. In the last step,
a single entry was made to the program by taking the
geometric mean from all the experts for each pairwise
criteria comparison. The aim of this study was to
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determine the importance and weights of the criteria for
shopping mall performance evaluation using the AHP
model and asking sector experts. Alternatives were not
indicated in this study because the importance levels of
the criteria weights for determined shopping mall
alternatives will be shown in a following study using a
different method. The results of this study are as follows:
We can say that the most important factor of shopping
center performance is the Tenants of the shopping center
(with a weight of 0,375622). Each main criterion was
evaluated. When the sub-criteria of green building
[Figureure 6] were examined, building management was
the most important sub-category (0,005024) followed by
marketing (0,002512). The last criteria was the
Intelligent building system (0,000570). When the sub
criteria of Investor were examined [Figureure 8], Brand
composition had the highest weight (0,028684) followed
by accessibility (0,015536). Figureure 12 demonstrates
that the most important criteria within tenants is store
performance (0,067426) followed personnel (0,028911).
The lowest for the tenants is personnel number, and the
education and experience of personnel have the same
importance. According to the data on Visitor sub-criteria
[Figureure 10], Customer satisfaction was the most
important (0,031788). The most important sub-criteria
for was location (0,014464). The turnover performances
date [Figureure 14] shows that the most important factor
for the turnover criteria affecting shopping mall
performances is the brand composition, which combines
national, international and domestic brands (0,004633).
For its sub-criteria, it can be said that the international
brands (0,030596), national brands (0,016838), and
fashion (0,010107) are the most significant factors. When
the subcriteria of social life (Figureure 16) are examined,
the most important for shopping mall performance is the
social Areas among its sub-criteria with the highest
weight (0,012049). The other two sub-criteria were
social-cultural and educational social-cultural activities
(0,004823), and numbers of these activities come to the
forefront. Considering the results, some suggestions are
made here. The most important structure in the shopping
centers is the tenants. Therefore, in order to boost the
performances of shopping centers, the tenants should be
pleased by meeting their expectations. The shopping mall
administrations, thus, should develop standards of
lifestyle in their malls and carry out innovative marketing
strategies. Some recycling projects, such as the water
purification system, need to be generated and improved.
The level of competition among the shopping centers can
be increased with diversity in the brands to be formed
according to the target customer group, as well as with
ease of access and transportation facilities. Within the
framework of converting visitor satisfaction into loyalty,
findings indicate that criteria such as brand mix, diversity
in service and attractiveness of indoor and outdoor design
can be used. The experienced and educated people in the
management of the malls, product range in stores, and
choosing the right location for the malls lead to positive
developments in tenant satisfaction and store
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performances. Some special strategies need to be
generated for international and national brands, on which
the turnover factor have the most significant impact, as
well as trends, particularly in women’s clothing, food,
holidays, and weekends. In order to increase the
turnovers, social life events such as exhibitions, pop-up
days, and so on can be organized in holidays and
weekends. Customers’ social life can be improved with
original, open-enclosed green spaces, social, cultural, and
educational events, not only for children but also for
adults, workshops, and so on.

REFERENCES

[1] Gottdiener M., “Postmodern Semiotics: Material
Culture and The Forms of Postmodern Life”,
Cambridge and Oxford: Blackwell, 81-98.

Ceylan R., “Performance analysis of shopping malls
within mixed use real estate projects through a sustainable
framework: a methodological proposal for Istanbul case”,
MSc. Thesis Yildiz Teknik University Department of
City and Regional Planning, (2016).

Bajo J., Corchado J.M., Paz Y.D., Paz J.F., Rodriguez S.,
Martin Q., Abraham A., “Shomas: ntelligent guidance
and suggestions in shopping centres”, Applied Soft
Computing, 9(2): 851-862, (2009).

Cengiz E. and Ozden B., “A study aimed at identifying
the major shopping centers and consumers' attitudes with
large shopping in retailing”, Ege University Faculty of
Economics and Administrative Sciences, 2(1): 65-78,
(2002).

Koksal Y. and Aydin E.E.,“A Comperative Investigation
On Shopping Mall Perception Of Consumers: The Case
Of Lakes Area”, Int. Journal of Management
Economics and Business, 11(24): 231-248, (2015).

Reynolds K. E., Ganesh J. and Luckett, M.,”Traditional
malls vs. factory outlets: comparing shopper typologies
and implications for retail strategy”, Journal of Business
Research, 55(9): 687696, (2002).

Zacharias J., Schinazi V., “The impact of an
entertaintment retrofit on the performance of shopping
center”, Journal Of Shopping Center Research, 29-44,
(2003).

Ibicioglu H.,” Shopping centers: an nvestigation on
demographic effect and customer attitudes”, Siilleyman
Demirel University Journal of Faculty of Economics
and Administrative Sciences, 10(1): 43-55, (2005).

Akat,0., Taskin C. and Ozdem A., “Buying behaviour of
international shopping center consumers: an application
in Bursa”, Journal of Anadolu University Social
Sciences 2: 13-30.

Yiu C, Yau Y., “An ecological framework for the
strategic positioning of a shopping mall’’, Journal of
Retail & Leisure Property, 5(4): 270-280, (2005).

[2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

95

[11] Ngai K.L., “The determinants of shopping centre
performance: a regressive-expert system”, Ph.D
Dissertation University of Hong Kong, (2007).

[12] Morrison M., Gan S., Dubelaar C. and Oppewal H., “In-
store music and aroma influences on shopper behavior
and satisfaction”, Journal of Business Research, (2010).

[13] Yavetz V., Iris., Gilboa S., “The effect of service scape
cleanliness on customer reaction, Services marketing
quarterly”, 31(2): 213-234, (2010).

[14] Reikli M., “The key of success in shopping centers:
composing elements of shopping centers and their
strategic fit”, Ph.D Dissertation, Corvinus University of
Budapest, (2012).

Haj-Salem N., Chebat J.C., Michon R. and Oliveira S.,”
Why male and female shoppers do not see mall loyalty
through the same lens? the mediating role of self-
congruity”, Journal of Business Research, 69(3): 1219-
1227,(2016).

Mittal A. and Jhamb D.,"Determinants of shopping mall
attractiveness: the indian context", Procedia Economics
and Finance, 37(16): 386-390, (2016).

Anselmsson J.,”Effects of shopping centre re-investments
and improvements on sales and visit growth”, Journal of
Retailing and Consumer Services, 32:139-150,(2016).

El-Abda W., Kamelb B. Afifyfa M. and Dorraa
M.,” Assessment of skylight design conFigureurations on
daylighting performance in shopping malls: a case
study,” Solar Energy, 170: 358-368,(2018).

Dey P.K., “Managing project risk using combined
analytic hierarchy process and risk map”, Applied Soft
Computing, 10(4): 990-1000, (2010).

Myers J. H. and Mark 1. A., “Determinant Buying
Attitudes: Meaning and Measurement,” Journal of
Marketing, 32: 13-20, (1968).

Srdjevic B. and Srdjevic,Z., “Synthesis of individual best
local priority vectors in  AHP-group decision
making”, Applied Soft Computing, 13: 2045-2056,
(2013).

Saaty T.L., “Axiomatic foundation of the analytic
hierarchy process”, Management Science, 32(7): 841-
855, (1986).

Saaty T.L., “How to make a decision: the analytic
hierarchy process”, European Journal of Operational
Research 48 (1): 9-26, (1990).

Saaty T.L., “The analytic hierarchy and analytic network
measurement processes: applications to decisions under
risk”, European Journal of Pure and Applied
Mathematics, 1(1): 125, (2008).

[25] Erkip F. and Oziiduru B., “Retail development in turkey:
an account after two decades of shopping malls in the
urban scene’’, Propla, 391: 33, (2015).

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]



POLITEKNIK DERGISI

JOURNAL of POLYTECHNIC

Journal of Po%teghnic
POLITEKNIK
DERGISi

ISSN: 1302-0900 (PRINT), ISSN: 2147-9429 (ONLINE)
@) oaziiniversiresi URL: http://dergipark.gov.tr/politeknik

CITATION
INDEX
WpEye®

Borlanmis % 5 Mg katkil1 Ni-Mg alasiminin
yilizey ozelliklerinin incelenmesi

Investigation of surface properties of boronized
Ni-Mg alloy added 5% Mg

Yazar(lar) (Author(s)): ismail YILDIZ', ibrahim GUNES?

ORCID': 0000-0002-9207-591X
ORCID?: 0000-0001-7595-0121

Bu makaleye su sekilde atifta bulunabilirsiniz(To cite to this article): Yildiz I. ve Glnes i, “Borlanmis %
5 Mg katkili Ni-Mg alasiminin yiizey ozelliklerinin incelenmesi”, Politeknik Dergisi, 23(1): 97-104, (2020).

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

DOI: 10.2339/politeknik.512600


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

Politeknik Dergisi, 2020; 23(1) : 97-104 Journal of Polytechnic, 2020; 23 (1): 97-104

Borlanmis % 5 Mg Katkili Ni-Mg Alagimmin Yizey
Ozelliklerinin Incelenmesi

Arastirma Makalesi / Research Article

Ismail YILDIZ"", ibrahim GUNES?
Ufscehisar Meslek Yiiksekokulu, Makine ve Metal Teknolojileri Béliimii, Afyon Kocatepe Universitesi, Tiirkiye
2Teknoloji Fakiiltesi, Metalurji ve Malzeme Miihendisligi Béliimii, Afyon Kocatepe Universitesi, Tiirkiye

(Gelis/Received : 14.01.2019 ; Kabul/Accepted : 04.03.2019)
oz

Bu ¢alismada, % 95 Ni ve % 5 Mg igeren Ni-Mg alagiminin borlama islemi gergeklestirilmistir. Alagim malzemesini iiretmek i¢in
toz metalurjisi yontemiyle Ni ve Mg metal tozlar1 uygun kaplar igerisinde homojen bir sekilde karigmasi i¢in tek faza sahip elektrik
motorlu doner bir karistiricida 24 saat siireyle karnistirilmistir. Karistirilan tozlar 6zel olarak tasarlanmis silindirik kaliplara
dokiilerek 300 bar basing altinda preslendikten sonra Ar atmosferi ortaminda tiip firin igerisinde 530 °C sicaklikta sinterleme
islemine tabi tutulmuslardir. Sinterlenerek iiretilen numunelere sirasiyla sertlik ve yogunluk testleri uygulanmistir. Ayrica,
sinterlenerek iiretilmis numunelere kapali firin ortaminda 900 ve 1000 °C sicakliklarda 1.5 — 4.5 saat siirelerde ticari Ekabor tozu
kullanilarak borlama islemi gergeklestirilmistir. Borlanan numunelerin boriir tabaka kalinliklart optik mikroskop yardimiyla
Ol¢iilmistiir. Borlama iglemi sonucunda elde edilen boriir fazlart XRD analizi ile belirlenmistir. Borlanmis Nikel-Magnezyum
numunelerinin XRD analizi sonucunda NisB, NizB, NiB ve Mg fazlar1 elde edilmistir. Artan borlama sicaklig1 ve siiresine bagl
olarak elde edilen Ni-Mg numuneler iizerinde farkli kalinliklarda boriir tabakalar1 6l¢iilmiistiir. Mg igeriginin borlama olayina
yardimci olmast ve boriir tabakalarinin biiyliimesine etki etmesinin disinda mikroyapida gdzenekli bir yap1 olusmasma neden
olmustur.

Anahtar Kelimeler: Nikel, Mg, boriir tabakasi, mikroyapi, fazlar.

Investigation of Surface Properties of Boronized Ni-
Mg Alloy added 5% Mg

ABSTRACT

In this study, Boronation of Ni-Mg alloy containing 95% Ni and 5% Mg was carried out. In order to produce the alloy material, Ni
and Mg metal powders were mixed in a single-phase powder mixer for 24 hours to mix homogeneously in suitable containers by
powder metallurgy method. Mixed powders were poured into specially designed cylindrical molds and pressed under 300 bar
pressure and then sintered at 530 ° C in tube furnace under Ar atmosphere. The samples produced by sintering were subjected to
hardness and density tests respectively. In addition, sintered samples were made by using commercial Ekabor powder at a
temperature of 900 and 1000 ° C for 1.5-4.5 hours. The boride layer thickness of the boronized samples was measured by means
of an optical microscope. Boron phases were determined by XRD analysis. Boronized Nickel-Magnesium samples yielded Ni3B,
Ni2B, NiB and Mg phases as a result of XRD analysis. The boride layers with different thicknesses were measured on the Ni-Mg
samples obtained depending on the increasing boring temperature and time. It has caused a porous structure in microstructure in
addition to the fact that Mg content helps to boron and affects the growth of boride layers.

Keywords: Nickel, Mg, boride layer, microstructure, phases.

1. GIRIS (INTRODUCTION) Son yillarda, mekanik alasimlama (MA) y&ntemi

Borlama, malzeme yiizeylerinde sert bor tabaklar: vasitasiyla hazirlanan bazi amorf Mg-Ni alagimlarinin
olusturmak icin ana malzeme yiizeyine bor atomlarinin oda.s1cakhg1r.1da bii.yiik miktarda hidrojen emebilecegi ve
difiizyonunu igine alan termokimyasal bir difiizyon desifre edebilecegi sonucuna varildi [8-10]. Mekanlik
islemidir [1-4]. Yani borlama islemi, bor atomlarmmn alasimlama, elektrokimyasal testler sirasinda biyik bir
metalik malzemelerin  yiizeyinden igeriye dogru bosaltma kapasitesine ve yiizey aktivitesine sahiptir [11-
difizyonu ile gerceklesmektedir. Borlama sonucu 131 Anca.lk., zayif dongiisel performans, ‘_ﬁiﬁﬁk déngﬁise@
malzeme yiizeyinin yiiksek sertlik, yiiksek aginma ve  yasam gibi etkenler bu ala§1mlar1p .blrc;ogunu ticari
korozyon direnci gibi 6zellikler kazandig1 belirlenmistir. ~ bataryalarda kullanimlarini engellemistir [14,15].

Biitin bu olumlu ozelliklere karsin, borlamanin tek Bor tabakasi olusumu borlamanm yapildigi sicakliga,

dezavantaji borlanmis tabakanmn sertliginden dolay: gerceklestirilen islem zamanina ve borlanan malzemenin
kirilgan olmasidir [5-7]. ozeliklerine baghdir. Borlama yonteminde bor

atomlarinin sicaklikla malzeme yiizeyinde diflizyonu
sonucunda, malzemenin dis yiizeyinde (iist tarafta) bortir
*Sorumlu Yazar (Corresponding Author) tabakasi, onun altinda gecis bolgesi, en altta da ana yap1
e-posta : iyildiz@aku.edu.tr (matris) olugmaktadir [16,17].
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Borlama genel olarak celikler, dokme demirler, nikel,
kobalt, titanyum, molibden esasli alasimlar ile
sinterlenmis karbiir gibi bir¢ok demir esasli ve demir dist
metallere bagarili bir sekilde uygulanmaktadir. Borlama
malzeme niteligine goére 700-1100 °C sicaklik
araliklarinda, yaklagik olarak 1-12 saat siire ile kati, sivi,
gaz veya plazma ortaminda gergeklesmektedir [18-20].

Bu konuda daha once literatiirde ¢aligsma yapilmamistir.
Calismanin amaci, Ni elementi ile Mg elementinin alagim
yaparak borlanabilirlik yonii ve alasim igerisinde nasil bir
yap1 olusturacagini arastirmaktir. Literatirde de Mg un
toz metaliirjisinde oksitlenme ve genlesme o&zellikleri
gosterdigi i¢in bu elementin kullaniminin zor oldugu
anlagilmistir. Gergeklestirilen ¢alismada, % 95 Ni ile %
5 Mg alasgimlarinin sinterleme yontemiyle {retimi
yapilmigtir.  Uygun  kaplar  igerisinde  konulan
numunelerin iist ve alt taraflarina ticari Ekabor II tozu
konularak firin atmosferinde farkli sicaklik araliklari
uygulanarak  borlama islemi  gergeklestirilmistir.
Mikroyap1 sonucu boriir tabaka kalinliklart &lciilmiis,

olusan fazlar belirlenmis ve borlama isleminin
gerceklestigi  gozlemlenmistir.  Sonuglar literatiirle
kargilagtirilmistir.

Kapak

=

Samot Camuru

Borlama Tozu

(@)

Borlanan numunelere yiizey piiriizlilik, yogunluk,
mikro sertlik, mikroyapi testlerinin yan1 sira XRD analizi
uygulanmustir. Yiizey piiriizlilik ol¢imi Profilometre
yardimiyla yapilmistir. Farkli 6lglimlerin ortalamast

almmistir.  Yogunluk, d=m/v  formiiline godre
hesaplanmistir. Burada m, sinterlenmis numunenin
kiitlesi; v, sinterlenmis numunenin hacmi olarak

belirlenmigtir. Mikrosertlik testinde her bir numunede 5
farkl1 6l¢tim yapilmis ve ortalamasi alinmistir. Mikroyap1
testinde yiizeyde olusan bor tabaka goriintiisii ve kalinlik
Olgtimii Nikon SMZ1000 marka optik mikroskopla

Borlama
kutusu
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2. MATERYAL VE METOD (MATERIAL and
METHOD)

Bu calismada, % 95 Ni-% 5 Mg alasim malzemelerini
elde etmek igin % 99 safliga sahip Ni ve Mg metal tozlar1
kullanilmigtir.  Ni-Mg metalik tozlarm sinterleme
sonrasinda tane yapilarinin iyi bir sekilde yapismasi i¢in
tozlar tek fazli karistiricida 24 saat siireyle karistirma
islemi yapilmistir. Birbiriye karisan tozlar, dairesel sekle
sahip olmalar1 igin 6zel olarak tasarlanmig soguk kaliba
dokiilerek tek eksenli preste yaklagik 300 bar basing
altinda  preslenmistir. ~ Preslenerek elde  edilen
numunelerin dayanimlarint arttirmak i¢in  koruyucu
atmosferik ortama sahip tiip firmda 530 °C sicaklikta 2
saat siireyle sinterleme islemi uygulanmustir.

Sinterlenerek elde edilen numunelere borlama islemi
gerceklestirilmistir.  Borlama igleminde, 6zel olarak
hazirlanmis  kare ya da dikdortgen bir kap
kullanilmaktadir. Kabin igerisine numunelerin altina ve
lizerine ticari Ekabor II toz karisimlart dokiilmiistiir.
Kabin iizeri ve kapagi samot ¢amuru ile hava almayacak
sekilde kapatilmistir. Firin ortammda 900 ve 1000 °C
sicakliklarda 1,5 ve 4,5 saat siire araliginda 1sitmaya tabi
tutulmuslardir. Bu siireler sonrasinda numuneler firindan
cikarilarak sogumaya birakilmistir (Sekil 1).
Firin

]
[ |
800-1000 C

(b)

Sekil 1. Firin igerisinde borlama igleminin yapilisi (a: Numune kutusunun hazirlanmasi, b: Numunenin firinlanmasi) (Boronizing
of process in the furnace) (a: Preparation of sample box, b: Firing of sample)

yapilmis ve gorintiler Clemex kamera ile ortaya
cikarilmigtir.  Gorlintli  almadan Once  borlanmig
numuneler kesit bolgelerinden kesilerek kaliplara alinmis
ve sirasiyla cesitli boyutlardaki zimpara kagitlariyla
zimparalanmigtir. Bu islem sonrasinda Aliimina ile
parlatilan numunelere Nital daglayici uygulanarak tabaka
bolgeleri elde edilmistir.

XRD analizinde, X-Isin1 olarak Cu K (alpha) tercih
edilmistir. Tarama hiz1 0,02 °/dk ve tarama agis1 ise 2
Theta olacak sekilde yapilmistir.
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3. BULGULAR VE TARTISMA (FINDINGS and
DISCUSSION)
3.1. Yiizey Piiriizliiliigii (Surface Roughness)

Numunelere yiizey plrtzliligi olgtimleri
gercgeklestirilmistir. Bu Ol¢timlerin  ortalamalari (Ra)

0.7
0.6
0.5
5,04
]
0.
0.2
0.1

(Ra) (um)

-
3

J

Yiizey Piiriizliilik D

900 °C 1,5h

900 °C 4,5h
Uygulanan Sicaklik ve Siiresi

almmstir.  Olgiim  neticesinde  yiizey piiriizliiliik
degerlerinin 0.25 ile 0.58 arasinda degistigi tespit

edilmistir (Sekil 2).

0.58

1000 °C 1.5h 1000 °C 4.5h

Sekil 2. 900 ve 1000 °C sicakliklarda borlanmis numunelerde 6lgiilen yiizey piiriizliiliik degerleri (Surface roughness
values measured in boronized samples at temperatures of 900 and 1000 °C)

Yiizey piriizliligiiniin artmasiyla difiizyon alani artig
gOstermis ve buna bagli olarak bor tabaka kalinliklar1 da
artmigtir. Borlama siire ve sicakligi bunun temel
nedenidir.

3.2. Yogunluk (Density)

Sinterleme sonrasinda elde edilen numunelerin %95 Ni
ve %5 Mg igeren numunenin yogunlugu 4,78 gr/cm?3
bulunmustur.

3.3 XRD Analizi (XRD Analysis)

Sekil 3 ve 4'te 900 °C sicaklikta 1,5 ve 4,5 saat stirede Ni
%95-Mg %5 kompozisyonuna yapilan XRD analiz
sonuglar1 goriilmektedir. Sonuglarda en yiiksek faz
degerlerine NioB ve NisB pikleri sahiptir. Bu faz
degerlerini takiben NiB degeri gozlemlenmistir. 900 °C
sicaklik ve 4,5 saat siire sonrasi borlanan numunede NizB
faz degerleri 4000 degerden 10000 degerlerine
yiikselmistir. Bu degerdeki artis bile borlamanin
oldugunu gostermektedir. Literatiirde yiiksek oranda
Nikel elementi igeren alagimlarin borlanmasi tizerine gok
az sayida c¢aligma bulunmaktadir [6-8,21,22]. Mg

99

elementinin etkisi ise hi¢ arastirilmamastir. Literatiirdeki
calismalarda XRD analizlerinde genellikle daha baskin
NiB fazi1 elde edilirken, bu ¢alismada NisB ve Ni.B
fazlarmin diger fazlara (NiB, Ni3Bs) oranla daha baskin
oldugu goriilmiistiir. Elde edilen NisB ve Ni;B fazlarinin
NiB fazina gore gore daha tok bir yapida oldugu
bilinmektedir [8,21]. Ueda vd arkadaslarmin yaptiklari
calismada [21], XRD analizi sonucu NizB, Ni;B ve NiB
pik degerlerini elde etmislerdir. NisB faz degerini
ortalama 5000 olarak bulmuslardir. Sekil 5 ve 6'da 1000
°C sicaklikta 1,5 ve 4,5 saat siirede borlanmis Ni %95 Mg
%S5 kompozisyonuna yapilan XRD analiz sonuglari
goriilmektedir. Bu sonuglarda ise, 5000-5500 pik
degerleri elde edilmistir. Gunes vd. %99 safliginda Nikel
elementini 850-950 °C’de 2 ve 6 saat siiresince kutu
borlama yapmiglar ve NiB, NiyB, NisB, NisBs pik
sonuclarmi  bulmuslardir  [6].  Anthymidis  vd.
arkadaglarinin yaptiklar1 ¢alismada [22], NizB ve Ni,B
faz degerlerini bulmuslardir. Gergeklestirilen galigmada,
NisB ve Ni;B faz deger sonuglar1 Nikel ile borlamanin
gerceklestigini gostermektedir.
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[Group:Standard, Data:7199] Ni%9S5 900°C 1.5h
2 1. NisB
2. Niz2B
B 3.NiB
1
] 3
1
] 1
1000 | 5
‘ 1
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Sekil 3. Ni %95-Mg % 5 kompozisyonuna 900 °C sicaklikta 1,5 saat siirede gergeklesen borlama islemi sonrasi yapilan XRD
analiz sonucu (XRD analysis performed after boronizing process which was carried out at temperature of 900 °C and 1,5
hours to Ni %95-Mg % 5 composition)

10000 [Group:Standard, Data:7196] Ni$95 900°C 4.5 saat
| . 1. NisB
2. Ni2B
3.NiB
2 ‘
fl . 2 7 t
| “ | 1., 3 aza |
.....#"‘...ﬁ‘."r—.-‘.‘.....,.........|.....,...|.........,J.‘.'"ﬁ’.~'.‘f“."‘.,.........

0 42 €90 90

The
Sekil 4. Ni %95-Mg % 5 kompozisyonuna 900 °C sicaklikta 4,5 saat siirede ger¢eklesen borlama iglemi sonrasi yapilan XRD
analiz sonucu (XRD analysis performed after boronizing process which was carried out at temperature of 900 °C and 4,5

hours to Ni %95-Mg % 5 composition)

-2Theta (deg
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— 2 Gr Data:7198] Ni$9s 1 C 1.5h
1. NisB
2. Niz2B
e ] 3. NiB
] 1 ;
o
L 1
| 1 2 1
. |1& 1
3 l 1 1
1 3 2
i h )Lgl M' b 3 \J\ y

€d 0 S0

heta-2Theta (deg)
Sekil 5. Ni %95-Mg % 5 kompozisyonuna 1000 °C sicaklikta 1,5 saat siirede gergeklesen borlama iglemi sonras1 yapilan XRD
analiz sonucu (XRD analysis performed after boronizing process which was carried out at temperature of 1000 °C and
1,5 hours to Ni %95-Mg % 5 composition)

= Group:Standard, Data:7197] Nisss 1 C 4.5h
= 1. NisB
2. NizB
3. NiB
20004 2
3
4 ‘ x 1
1 "
. 2
|
: ,UW“'W\'WMA,J‘,J\“,*

AL U ey °U cuU

Theta-2Theta (deg)

Sekil 6. Ni %95-Mg % 5 kompozisyonuna 1000 °C sicaklikta 4,5 saat siirede gergeklesen borlama islemi sonrasi yapilan XRD
analiz sonucu (XRD analysis performed after boronizing process which was carried out at temperature of 1000 °C and
4,5 hours to Ni %95-Mg % 5 composition)
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3.4 Mikroyap1 (Microstructure)

>

27
Bosluk

50 pm

Sekil 7. Borlanmis % 95 Ni ile % 5 Mg alagiminin mikroyapi goriintiileri (a: 900 °C 1,5 saat, b: 900 °C 4,5 saat, c: 1000 °C 1,5
saat, d: 1000 °C 4,5 saat) (Microstructure images of boronized 95% Ni and 5% Mg alloy) (a: 900 °C 1,5 hour, b: 900 °C

4,5 hour, ¢: 1000 °C 1,5 hour, d: 1000 °C 4,5 hour)

Sekil7’de 900 ve 1000 °C

Ni 2695-Mg %5

180
160
140 130
120
100
80 63
60
40
20

Tabaka Kalmlig (num)

900 °C 1.5h

900 °C 4.5h

171

74

1000 °C 1.5h 1000 °C 4.5h

Uygulanan Sicaklik ve Stiresi

Sekil 8. 900 ve 1000 °C sicakliklarda borlanmis numunelerde Slgiilen bor tabaka kalinliklari (Boron layer thicknesses
measured at borided samples at temperatures of 900 and 1000 °C)

sicakliklarda borlanmis % 95 Ni ile % 5 Mg alagimlarinin
mikroyap1 goriintiileri goriilmektedir. Borlama sicakligi
ve siirelerinin artigina bagli olarak bortir tabaka kalmlig:
ve diflizyon bolgeleri ¢ok belirgin bir sekilde
goziikmektedir. Tabaka kalinliklar1 elde edilen
goriintiiler neticesinde dl¢tilmistiir (Sekil 8). Gorilintiiler
incelendiginde sicaklik ve siire artisina bagl olarak bor
tabaka kalinlari artsa da bor tabakasinin ve diflizyon

bolgesinin bozulmamasindan dolayr 900 °C en iyi bor
sicakligi olarak tespit edilmistir. Yiiksek sicakliklarda
XRD piklerinde Mg gozlemlenmistir. Boriir tabakasi ile
matris arasindaki gegis bolgesinde Mg elementine bagli
olarak gozenekli (bosluklu) bir yap1 olusmustur. Bu
durum, Mg’un diisiik ergime derecesi, borlama islem
sicakligmin ise yiikksek olmasindan dolayr ortaya
cikmustir.
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3.5. Mikrosertlik (Microhardness)

Sekil 9°da, borlanmis % 95 Ni ile % 5 Mg alagiminin
mikrosertlik degerleri goriilmektedir. Borlama sicaklik
ve siiresinin artmasiyla sertlik degerlerinde artiglar elde
edilmigtir. 900 °C ve 1000 °C'de 1.5 ve 4.5 saat siireyle
borlanmis numunelerde sirasiyla, 1615£28 HVo s,
1728437 HVo.0s, 179556 HVoos ve 1864+70 HVo.05

sertlik degerleri elde edilmistir. En yiiksek sertlik degeri
1000 °C'de 4.5 saat siire sonrasinda borlanmis numunede
elde edilirken en diisiik sertlik degeri 900 °C'de 1.5 saat
stire sonrasinda elde edilmistir. Borlanmamig numunenin
sertligi ise, 124 HVqs olarak tespit edilmistir. Borlama
islemi % 95 Ni ile % 5 Mg alagiminin sertlik degerinde
onemli derecede artis saglamistir.

2000
] ~-900°C- 1.5h  M=900°C- 4.5h =#1000°C- 1.5h -@-1000°C- 4.5h
1600 }
w2 1200 |
= ]
ot
¥
wn
S ]
é 800 }
400 }
0

10 25 50 100

150 200 250 300

Yiizeyden icerige dogru mesafe, um

Sekil 9. Borlanmig % 95 Ni ile % 5 Mg alagiminin mikrosertlik degerleri (Microhardness values of boronized 95% Ni and 5%

Mg alloy)

4. SONUCLAR (RESULTS)

» 900 ve 1000 °C’de 1,5-4,5 saat siireyle borlama
deneyi sonucunda sirastyla, 63 pm, 130 um, 74
pm ve 171 pum kalinliklarinda boriir tabakalar1
elde edilmistir.

» Borlama sonrasinda numunelere XRD analizi
gerceklestirilmigtir. Analiz sonucunda Ni;B,
NizB, NiB ve Mg faz degerleri ortaya ¢ikmustir.

> %95 Ni ve %5 Mg igeren numunelerin
yogunlugu 4,78 gr/cm® olarak elde edilmistir.

» Sinterleme sonrasinda elde edilen numunelerin
yiizey  plrizlilik  6l¢im  neticesinde
degerlerinin 0.25 ile 0.58 arasinda degistigi
tespit edilmistir.

» Sinterleme sonucunda malzemelerde 12449
HVo 05 sertlik degeri elde edilmistir.

» 900 °C ve 1000 °C'de 1.5 ve 4.5 saat siireyle
borlanmis numunelerde sirasiyla, 1615+28
HVoo0s, 1728437 HVoos, 1795+56 HVipes ve
1864470 HVo .05 sertlik degerleri elde edilmistir.

» Borlama sonrasinda en yiiksek sertlik degeri
1000 °C'de 4.5 saat siire borlanmig numunede
elde edilirken, en diisiik sertlik degeri ise 900
°C'de 1.5 saat siirede borlanmis numunede elde
edilmistir.

» Upygulanan borlama isleminde sicaklik ve siire
artisina bagli olarak boriir tabaka kalinlarinda
artislar olmustur. Buna karsm bor tabakasinin
ve diflizyon bolgesinin bozulmasimdan dolay:

en 1iyi bor sicakhigi 900 °C olarak
gozlemlenmistir.
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Kullanilmis Ni-Mo Hidrodesiilfiirizasyon
Katalizoriinden Nikel Okzalat Dihidrat Uretimi
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(Gelig/Received : 07.02.2019 ; Kabul/Accepted : 04.03.2019)
oz
Kullamilmig Ni-Mo HDS Kkatalizorii, degerli metallerin geri kazanim i¢in &nemli ikincil kaynaklardan biridir. Geri kazanim
prosesleri hem ¢evresel hem de ekonomik agidan 6nem arzetmektedir. Oksitleyeci kavurma sonrasinda Ni-Mo HDS katalizoriiniin
% 5.27 Ni igerdigi belirlenmistir. Bu ¢alismada oksitleyici kavurmaya tabi tutulan Ni-Mo HDS Kkatalizériinden okzalik asitli
cozeltilerde NiC204-2H20 iiretimi incelenmistir. ICP-OES analizinden ¢6zeltideki nikel konsantrasyonunun deneyin baginda
arttig1, bir maksimum degere ulastiktan sonra azalmaya basladigi goriilmiistiir. NiC204-2H20’1n iki adimda konsekiitif reaksiyon
sonucunda olustugu tespit edilmistir. 1/10 kati/sivi orani ile 40 °C sicaklik, 1 M okzalik asit ¢ozeltisi, 300 rpm karistirma hizi
kullanilarak 480 dakika siire ile gerceklestirilen deney sonucunda % 99.1 verimle NiC2042H20 fiiretilmistir. Kuru hava

atmosferinde gerceklestirilen TG-DTA analizi, iretilen NiC2042H20’1mn iki kademede bozundugunu ve 350 °C civarinda
tamamlanan ikinci bozunma kademesinden sonra tamamen NiO’e doniistiigiinii gdstermistir.

Anahtar Kelimeler: Nikel okzalat, hidrodesiilfiirizasyon katalizorii, geri kazanim, nikel oksit.

Production of Nickel Oxalate Dihydrate from Spent
Ni-Mo Hydrodesulfurization Catalyst

ABSTRACT

Spent Ni-Mo HDS catalyst is one of the most important secondary resources for the recovery of valuable metals. Recovery
processes are important from the economical and environmental point of view. Ni content of Ni-Mo HDS catalyst was determined
as 5.27 % after oxidative roasting. Production of NiC204-2H20 from roasted HDS catalyst was investigated in this work. It is seen
from the ICP-OES analysis that nickel concentration in the solution was increased to a maximum value at the beginning of the
experiment and then decreased. NiC204-2H-0 was formed in a consecutive reaction in two steps. NiC204-2H20 was produced with
efficiency of 99.1 % from the experiment carried out using 1/10 solid/liquid ratio, 40 °C temperature, 1 M oxalic acid, 300 rpm
stirring speed and 480 minutes reaction duration. TG-DTA analysis performed in dry air atmosphere showed that NiC2042H>0
produced decomposed in two steps and formed NiO after second decomposition step at about 350 °C.

Keywords: Nickel oxalate, hydrodesulfurization catalyst, recovery, nickel oxide

1. GIRiS (INTRODUCTION)

Ni — Mo Hidrodesiilfiirizasyon (HDS) katalizérleri rafine
petroldeki siilfiirlii bilesiklerin uzaklastirilmasi igin
yaygin olarak kullanilmaktadir. HDS katalizorleri Al,O3

sekilde kontrol altinda tutulmaktadir [2]. Bu tiir atiklarin
depolanmasi da g¢evre yasalari ile ciddi sekilde kontrol
altinda tutulmaktadir [2]. Kullanilmis Ni — Mo HDS
katalizorleri Al (% 15-30), Mo (% 4-12), Ni (% 1-5), Co

ana yapi iizerine fakli oranlarda Ni ve Mo bilesiklerinin
ilave edilmesi ile elde edilmektedir. Katalizorlerin
petrokimya  rafinerilerinde  kullanimi1  sirasinda,
yiizeylerinde karbon, kiikiirt ve metaller (V, Fe, Zn ve
As) birikmektedir. Zamanla yiizeyde biriken bu bilesikler
katalizoriin  6zelliklerini kotlii yonde etkilemekte ve
katalitik etkisini kaybetmesine yol agmaktadir. Rejenera-
syon islemleri ile katalizorlerin tekrar kullanimi miimkiin
olmaktadir. Ancak ¢ok sayida rejenerasyon islemine tabi
tutulmus katalizorler artik tekrar kullanima sunulama-
makta ve atik haline gelmektedir [1]. Kullanilmisg
katalizorler tehlikeli atik olarak tanimlanmakta ve
dogaya atilmalar1 ¢evresel problemlere yol agmaktadir.

Bu tiir atiklarin depolanmasi da gevre yasalari ile ciddi

*Sorumlu Yazar (Corresponding Author)
e-posta : ilhans@istanbul.edu.tr

(% 0-4), karbon ve siilfiir icermektedir [3]. Buna bagli
olarak kullanilmis Kkatalizoriin bilesimi katalizor ve
petroliin tiiriine gore farklilik gostermektedir. Kullanil-
mis katalizorler 6nemli miktarda degerli elementleri
icermektedir. Bu elementlerin ikincil kaynaklardan geri
kazanilmasi artan ihtiyaci karsilamak bakimindan 6nemli
olmakla birlikte ayn1 zamanda birincil kaynaklardan
yapilan iiretimin daha maliyetli, uzun siiren, zahmetli ve
cevreye karst zararli etkilerinin olmasindan dolayr da
6nem arzetmektedir.

Geri kazanim proseslerinde genellikle hidrometalurjik
yontemler kullanilmaktadir. Kullanilmigs Ni-Mo HDS
katalizor atiklar1 asidik ya da bazik ¢ozeltiler kullanilarak
¢ozlindiiriilmekte ve elde edilen li¢ c¢ozeltilerinden
degerli metaller kazanilabilmektedir [4-9]. Hem li¢
veriminin artirtlmast hem de olusabilecek yan
reaksiyonlarin  onlenmesi sebebiyle li¢ islemine

105



Sedat ILHAN /POLITEKNIK DERGISI, Politeknik Dergisi,2020;23(1): 105-110

gegilmeden dnce katalizor artiklarinda bulunan karbon ve
stlftrlii bilesiklerin uzaklastirilmasi gerekmektedir. Bu
sayede li¢ islemi sirasinda kullanilan reaktan miktart da
azaltilabilmektedir.

Karbon ve siilfiirlii bilesiklerin uzaklagtirilmast iki
sekilde yapilmaktadir. Birinci yontemde organik
¢oziciiler (aseton, toluen, CS; vb.) yardimiyla karbon ve
stilfiir uzaklastirilabilmektedir [10]. Kullanilan organik
¢oziiciiler genellikle sagliga zararhidir ve kullanimlar
ozel ekipman gerektirmektedir. Ayrica maliyetleri daha
fazladir [11]. Ikinci yontemde karbon ve kiikiirtlii
bilesikler pirometalurjik yontemle uzaklastirilmaktadir.
Bunun igin oksitleyici atmosferde kavurma islemi
yapilmakta; karbon ve siilfiirlii bilesikler li¢c kademesinde
daha  kolay  ¢oziinebilen  oksitli  bilesiklere
doniistiiriilmektedir [12-15]. Ancak oksitleyici kavurma
isleminde en &nemli parametre oksitleyici kavurma
sicaklift ve 1sitma hizinmn iyi belirlenmesidir. Uygun
olmayan sartlarda gerceklestirilen oksitleyici kavurma
islemi  istenmeyen  fazlarm  olusumuna  yol
acabilmektedir. Disiik sicakliklarda gergeklestirilen
oksitleyici kavurma islemi karbon ve kiikdirtlii
bilesiklerin tamamen uzaklastirilabilmesini
saglayamazken, yiiksek sicakliklarda ya da yiiksek 1sitma
hizlarinda gerceklestirilen oksitleyici kavurma islemi
sonucunda li¢ ¢ozeltilerinde zor c¢oziinen bilesikler
olusabilmektedir.

Kullanilmig HDS katalizorii; endiistriyel atik ¢ozeltiler
[16-23], kullanilmig piller [24-27], katalizorler [28],
elektronik atiklar ve paslamaz celik iretimi sirasinda
olusan tozlar ile birlikte 6nemli ikincil nikel kaynaklarmi
olugturmaktadir [16]. Chaudhary ve digerleri [29]; diisiik
oranda nikel i¢eren kullanilmis katalizoriin hidroklorik
asit iceren ¢ozeltilerde li¢ini takip eden nikel hidroksit
¢oktiirme ve kalsinasyon iglemi sonuncunda nikeli nikel
oksit seklinde elde etmistir. Alex ve Suri [30]; nikel
iceren Kkatalizoriin  ¢oziindiiriilmesi  i¢in  kloriirlii
¢ozeltilerde ligin iyi bir yontem oldugunu belirtmistir.
Alex ve digerleri [31]; indirgeyici kavurma islemini takip
eden siilfirik asit ligi ile kullanilmuis katalizériindeki
nikelin % 83 tnii geri kazanmustir. Tilley [32];
kullanilmus  katalizoriin 921 K sicaklikta hava
atmosferinde kavrulmasmi takiben % 20 H,SO,
¢ozeltisinde ligi ile nikelin geri kazanimini incelemistir.
Al-Mansi [33]; aliimina bazli kullanilmis katalizérden
nikelin li¢i ile ilgili yaptigt c¢alismada yiiksek
konsantrasyonlu siilfiirik asit ¢ozeltisi (% 50) kullanmis
ve nikel siilfat kristalleri elde etmistir.

Valverde ve digerleri [14]; kullanilmig Ni-Mo
katalizortinii 500 °C’ de kavurduktan sonra 90 °C’ de 9
M H,SO; ¢ozeltisi igerisinde ¢oziindiirmiistiir. Molibden
solvent ekstraksiyonu ile geri kazanildiktan sonra
¢ozeltiye amonyum okzalat ilave edilerek nikeli % 98
verimle nikel okzalat olarak ¢oktiirmiistir.

Bu calismada kullanilmis Ni-Mo HDS katalizoriine
oksitleyici kavurma iglemi uygulanmig ve elde edilen
kavrulmus katalizor dort farkli kati/sivi orani kullanilarak
okzalik asit ¢ozeltisinde ¢ozlindiiriilmiistiir. Coziinmiis

nikelden, nikel okzalat dihidrat olusumu ve reaksiyon
mekanizmast belirlenmistir. Nikel okzalat dihidrat
¢oktiiriilmesi i¢in en uygun kati/s1vi orani belirlenmistir.
Ayrica XRD, SEM — EDS, TG-DTA analiz teknikleri ile
iiretilen nikel okzalat dihidratin karakterizasyonu
yapilmistir ve termal bozunma davranisi incelenmistir.

2. MATERYAL VE METOD (MATERIALS and
METHODS)

Kullanilmis Ni-Mo HDS katalizérii hava atmosferinde
yatay tip tiip firmnda (Lenton) 500 °C sicaklikta 4 saat siire
ile kavrulmus ve yapisinda bulunan kiikiirt ve karbon
iceren  bilesikler uzaklagtirtlmistir.  Okzalik — asit
cozeltileri susuz okzalik asit (Fluka) kullanilarak
hazirlanmustir. Karbon-kiikiirt analizi (Thermo Finnigan
Flash EA 1112) yapilarak katalizoriin igerdigi ugucu
madde miktar1 belirlenmistir. Kimyasal bilesiminin
kantitatif olarak belirlenmesi i¢in XRF analizi (PA
Nalytical Axios Minerals), icerdigi fazlarin belirlenmesi
icin XRD analizi (Rigaku D/Max-2200, Cu-K,
monokromatik X-Isin1) yapilmistir. Kavrulmus Ni-Mo
HDS katalizériinden nikel okzalat {iretimi igin yapilan
deneyler 1 L hacme sahip su 1sitmali borosilikat cift
cidari  cam  reaktorde (HWS DN 100)
gerceklestirilmistir. Deneylerde 1 L, 1 M okzalik asit
¢ozeltisi, 1/4, 1/10, 1/20 ve 1/40 kati/sivi orani, 40 °C
deney sicakligr ve 300 rpm karistirma hizi kullanilmistir.
Deney sistemine ait detayli bilgiler daha O6nce
gergeklestirilen galigmada mevcuttur [34]. 1 L ¢ozelti
reaktdrde deney sicakligma isitildiktan sonra tartilan
numune reaktore ilave edilerek deneyler baslatilmistir.
Deney sirasinda belli siirelerde (5, 15, 30, 60, 120, 240,
360 ve 480 dakika) reaktérden sivi numune alinmis ve
ICP-OES cihazinda analiz edilmistir. Boylece ¢oziinen
nikel miktar1 siireye bagli olarak belirlenmistir. Deney
sonucunda reaktordeki ¢ozelti G-4 Gooch krozesinden
stizilerek katt madde ayrilmigs ve etiivde 105 °C
sicaklikta kurutulmustur. Kati maddenin igerdigi fazlar
icin XRD, termal bozunma davranisini belirlemek igin
TGA-DTA-MS (TA SDT Q600), morfolojisi incelemek
icin SEM (Jeol JSM 5600, Japan) ve kimyasal
bilesiminin belirlenmesi i¢in yar1 Kkantitatif EDS
analizleri (iXRF 500, USA) yapilmustir.

3. BULGULAR ve TARTISMA (RESULTS and
DISCUSSION)
Kullanilmis Ni-Mo HDS katalizoriine ait karbon kiikiirt
analizi sonuglar1 Cizelge 1’de gosterilmistir. Buna gore
toplam ucucu madde miktarmm % 25,71 oldugu
goriilmektedir.
Cizelge 1. Kullanilmig Ni-Mo HDS katalizoriiniin CHSN
analizi.
(CHSN analysis of Spent Ni-Mo HDS Catalyst)
Element C H S N
(Ag. %) 10.43 0.8 14.13 0.35

500 °C sicaklikta hava atmosferinde 4 saat siire ile
kavrulan Ni-Mo HDS katalizorine ait XRF analizi
sonuglar1 da Cizelge 2°de gosterilmistir. Katalizor % 5,27
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Ni igermekteyken ¢ok az miktarda (% 0,005) S igermek-
tedir. S miktarmin bu seviyede olmasi kavurma igleminin

nikel konsantrasyonunda meydana gelen azalma diger
kati/sivi oranlarinda meydana gelen azalmaya gore

Cizelge 2. Kavrulmus Ni-Mo HDS katalizoriine ait elementel analizi.
(Elemental Analysis of Roasted Ni-Mo HDS Catalyst)

Element Al Mo Ni P

Si Fe Ca Na S

(Ag. %) 27.70 2024 527 433

0.16 0.08 0.12 0.007 0.005

basarili sekilde yapildigimi ortaya koymaktadir.
Sekil 1°de gosterilen XRD analizi sonuglarindan kavrul-
mus Ni-Mo HDS katalizoriiniin Al,Oz (ICDD Card No:
050-0741), NiMoO4 (ICDD Card No: 012-0348), MoO3
(ICDD Card No: 005-0508) ve AIPO,4 (ICDD Card No:
003-025-0581) fazlarni igerdigi goriilmektedir.

500

0 Compound  1CDD No
o 400 o *ALOy 050-0741
3 NiMoOy4 0120348
=, 300 R MoOs 005-0508
£ AIPO 0030447
£ 200 o .
] . n ) .
= . -
= 100

| : ! : : :

0 20 30 40 50 60 70

2 Theta ()

Sekil 1. Kavrulmus Ni-Mo HDS Kkatalizériine ait XRD
diyagrami. (XRD diagram of roasted Ni-Mo HDS Catalyst)

3.2. Nikel Okzalat Dihidrat Uretimi ve Kimyasal
Reaksiyon Mekanizmasinin incelenmesi
(Production of Nickel Oxalate Dihydrate and
Investigation of Chemical Reaction Mechanism)

Farkl1 sicaklik, okzalik asit konsantasyonu ve karistirma

hizi kullanilarak gerceklestirilen deneyler sonucunda

optimum deney sartlarinin 1 M okzalik asit ¢ozeltisi, 40

°C deney sicakligr ve 300 rpm karistirma hizi oldugu

belirlenmistir. Artan sicaklikla birlikte kataliz6riin
bilesiminde bulunan aliiminyum ve fosfor da artan
miktarda ¢oziinerek ¢ozeltiye gecmekte ve okzalik asit

sarfiyatin1 onemli oranda artirmaktadir [35]. 1 L, 1 M

okzalik asit ¢6zeltisi icerisinde 40 °C sicaklik ve 300 rpm

karistirma hizinda dort farkli kati/sivi orani kullanilarak
gerceklestirilen deneyler sonucunda elde edilen
¢Ozeltilerde ¢6ziinmiis olan nikel miktar1 ICP-OES cihazi
ile belirlenmistir. Analiz sonucglarna gore nikel
ekstraksiyon (%) — siire (dakika) diyagramlari ¢izilmis ve

Sekil 2’ de gosterilmistir.

1/40, 1/20 ve 1/10 kati/sivi orani ile gerceklestirilen

deneylere ait nikel ekstraksiyon (%) — siire grafikleri

incelendiginde, ¢ozeltideki nikel konsantrasyonunun
deney baslangicinda hizli bir sekilde arttig1 (1/40 igin %

70, 1/20 igin % 54 ve 1/10 igin % 53) ve sonra azalarak

deney sonuna dogru sifira yaklastigi goriilmektedir (1/40

icin % 1,5, 1/20 i¢in % 0,8 ve 1/10 i¢in % 0,9). 1/4

kati/sivi orani ile yapilan deneye ait diyagramda ise

digerlerinden farkli olarak nikel konsantrasyonu yavas

yavas artmig ve maksimum degere ulastiktan (% 46)

sonra azalmaya baslamigtir. Fakat bu kati/sivi oraninda

2NiMoO, (S) + 4 H,C,04 (aq) — Ni[Ni(CzO4)z] (aq) +2 Hz[MOO3(C204)(Hzo)] (aq)
Ni[Ni(C20a).] (aq) + 4 H,O — 2 NiC204-2H20 (s)

oldukea diisiiktiir (% 18). Bu durum 1/4 kati/s1v1 orani
ile yapilan deneyde stokiyometrik orandan daha fazla
kat1 kullanilmasi nedeniyle okzalik asit miktarinin
yetersiz kalmasindan kaynaklanmaktadir. Okzalik asit
miktar1 yetersiz oldugu igin ¢6ziinmiis halde bulunan
nikel, nikel okzalat olarak ¢okmemektedir. Cozeltideki
nikel konsantrasonunun azalmasi kavrulmus Ni-Mo HDS
katalizoriiniin bilesiminde bulunan nikelin ¢oziinerek
okzalat iyonlar1 ile reaksiyona girmesi ve nikel okzalat
bilesigi seklinde ¢okmesinden dolayidir. 1/10 kati/sivi
orani ile gerceklestirilen deney stokiometrik olarak
yeterli miktarda okzalit asitin kullanildig1 en yiiksek kati
miktar1 ile yapilan deney oldugu i¢in bu kati/s1v1 orani ile
yapilan deneyden elde edilen numune karakterizasyon
analizlerinde kullaniimistir.
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Sekil 2. Kavrulmus Ni-Mo HDS katalizoriiniin dort farkli
kati/sivi oramt kullanilarak okzalik asit ¢ozeltisi
icerisinde ¢Oziindiiriilmesi ile elde edilen nikel
ekstraksiyon (%) - siire diyagrami. (Nickel extraction
(%) — time diagrams obtained from the dissolution of
roasted Ni-Mo HDS catalyst in oxalic acid solution
using four different solid/liquid ratios.

NiC,04-2H,0 ¢oktiiriilmesi ile ilgili literatiirde iki ayri
durum s6z konusudur. Tk duruma gére NiC204-2H,0 ilk
adimda nikelin okzalat iyonlar1 ile reaksiyon girmesi ile
olusan NiC204’1n hidroliziyle ¢oktiriilmektedir [36].
Nikel okzalatlarin olusumlar1 ve ozellikleri ile ilgili
yapilan ¢alismalar NiCyO4’1n ¢6ziiniirliigliniin genis bir
aralikta degistigini gostermektedir [37]. Belli miktardaki
NiC2042H20’1n NiC204 (aq) olusumuyla ¢oktiiriilmiis
olsa bile, bu ¢alismada elde edilen ¢ozeltideki yiiksek

[1a]
[1b]
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Sekil 3. Kavrulmus Ni-Mo HDS katalizoriiniin 1/10 kati/sivi orani kullanilarak okzalik asit ¢ozeltisi igerisinde ¢oziindiiriilmesi
sonucunda reaktoriin dibinde kalan kat1 maddenin SEM — EDS analizi. (SEM-EDS analysis of solid obtained from the
dissolution of roasted Ni-Mo HDS catalyst in oxalic acid solution using 1/10 solid/liquid ratio

nikel konsantrasyonunu NiC,04’1n ¢ézunurliigii ile acik-
lamak mimkiin degildir. NiC204-2H,0’m ikinci du-
rumda belirtildigi gibi konsekutif reaksiyon sonucu
olusmast daha uygundur [38]. ilk adimda NiMoO
¢Oziinmekte ve nikel iyonlar1 nikel okzalat selat bilesigi
seklinde ¢ozeltiye gecmektedir (Reaksiyon 1a). Bu selat
bilesigi daha sonra bozunmakta ve NiC,042H20’1
olusturmaktadir (Reaksiyon 1b).

Deney sonuncunda reaktdrde kalan kati maddenin SEM
analizi, farkli boyut ve morfolojiye sahip iki ayri
bilesenden olustugunu ortaya koymustur (Sekil 3). ki
bilesenin tane boyut farki oldukca fazla oldugunda
birbirlerinden kolaylikla ayrilabilmektedir. Sekil 3a’ da
silindirik sekilli kataliz6riin ana yapisini olusturan ve
okzalik asit ¢ozeltisinde ¢dziinmeden kalan y-Al,O3’ tin
yiizeyi, Sekil 3¢’ de ise yari1 kantitatif EDS analizi
goriilmekte ve Al ve O’ e ait pikleri icermektedir. Sekil
3b’de ise silindirik sekilli katalizér partikiillerine gore
oldukga kiigiik boyutlu (1 um civarinda) nikel okzalat
partikiillerinin yapis1 goriilmektedir. Bu partikiillere ait
EDS analizinde Ni ve O’e ait pikler bulunmaktadir (Sekil
3d).

Nikel okzalat partikiillerinin faz yapisinin kesin olarak
belirlenmesi i¢in XRD analizi yapilmis ve Sekil 4’te
gosterilmigtir.  XRD analizi sonucunda elde edilen
numunenin NiC,04-2H,0’a (ICDD 025-0581) ait oldugu
belirlenmistir. Elde edilen iiriin sadece NiC2042H,0’ a
ait pikleri icermekte olup bagka herhangi bir maddeye ait
pikler goriilmemektedir.

Experimental patten
100-025-0581] C2 Ni 04 12 K2 O Nickel Oxalate Hydrate

s Pt

‘ | N ‘ L ]
T T T T T v +
20.00 25.00 30.00 35.00 40.00 45.00 50.00 55.00 60.00

65.00
Cu-Kat (1.540598A) 2theta

Sekil 4. Kavrulmus Ni-Mo HDS katalizériiniin 1/10
kati/stvi orani  kullanilarak  okzalik asit
¢ozeltisi icerisinde c¢oziindiiriilmesi sirasinda
olusan tanelerin XRD analizi. (XRD analysis
of particles obtained from the dissolution of
roasted Ni-Mo HDS catalyst in oxalic acid
solution using 1/10 solid/liquid ratio.

3.3. TG-DTA Analizi ( TG-DTA Analysis)

1/10 kati/sivi oranmi ile gergeklestirilen deneyden elde
edilen maddenin termal bozunma davranisini ve
bozunma reaksiyonlarinin belirlenmesi igin 5 °C/min.
1sitma hizi, 100 mL/min. gaz gegis hiz1 kullanilarak 550
°C sicakliga kadar kuru hava atmosferinde
termogravimetrik analiz gerceklestirilmistir (Sekil 5).
TG-DTA diyagramindan maddenin iki adimda
bozundugu goriilmektedir. 160-228 °C arasinda meydana
gelen birinci adimda % 18,77 lik agirhik azalmasi
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olmakta ve yapiya bagh kristal su uzaklagsmaktadir. Bu
durum DTA diyagramimda maksimumu 220 °C civarinda
olan endotermik pik olarak goriilmektedir. 308 — 350 °C
arasinda meydana gelen ikinci bozunma adiminda ise %
36,16 agirhik kaybi meydana gelmekte ve okzalatlar
yapidan uzaklagsmaktadir. Bu esnada olusan CO’ in
havadaki oksijenle reaksiyona girerek CO,’e doniismekte
ve bu etki DTA diyagraminda maksimumu 340 °C
civarinda olan ekzotermik pik olarak goriilmektedir.
Rakshit ve digerlerinin [39] yaptiklar1 calismada 165-225
°C arasmda meydana gelen birinci ve 310-355 °C
arasinda meydana gelen ikinci bozunma adimlarinda
siras1 % 18,3 ve 36,7 agilik azalmas1 meydana geldigini
belirtmislerdir. Bu sonuglar bu calismada elde edilen
sonuglarla uyum icerisindedir.

2
100+ b [
907 18.77% L 1
| 3
9 £
s 0>
§ 70 2
I—
36.16% q
60
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40 T T T T T
100 200 300 400 500

ExoUn Uriversal 1 V4.5A TA Instrument

T(°C)

Sekil 5. Kavrulmus Ni-Mo HDS katalizoriiniin 1/10 kati/sivi
oran1 kullanilarak okzalik asit ¢ozeltisi icerisinde
¢Oziindiiriilmesi sirasinda olusan tanelerin TG-DTA
analizi. (Gaz: kuru hava, gaz akis hizi: 100 mL/min.
ve 1sitma hizi: 5 °C/min.) (TG-DTA analysis of
particles obtained from the dissolution of roasted Ni-
Mo HDS catalyst in oxalic acid solution using 1/10
solid/liquid ratio. (Gas: dry air, gas flow rate: 100
mL/min., and heating rate: 5 °C/min.)

SONUC (CONCLUSION)

Kavrulmus Ni-Mo HDS Kkatalizér ile farkli kati/sivi
oranlar1  kullanilarak  gerceklestirilen  deneylerde
¢Ozeltideki nikel konsantrasyonunun deney
baslangicinda hizli sekilde arttig1 daha sonra ise azaldigi
belirlenmistir. Bu azalma 1/40, 1/20 ve 1/10 kati/sivi
oraninda gerceklestirilen deneylerde nikel ekstraksiyon
(%) sirastile % 1.5, 0.8 ve 0.9 a diisene kadar stirmiigtiir.
1/4 kati/s1v1 oraninda ise 480 dakika sonrasinda % 18’ e
diismiistiir.

NiC2042H,0’1in olusum mekanizmasinin ilk adimda
olusan nikel okzalat selat bilesiginin ikinci adimda
bozunarak NiC,04-2H,0’1 olusturmasi seklinde oldugu
belirlenmistir

1/10 kat/sivi orant 1M okzalik asit konsantrasyonu, 40
°C sicaklik, 300 rpm karistirma hiz1 ve 480 dakika siire
ile gerceklestirilen deneyde tek adimda Ni-Mo HDS
katalizorinden %  99.1  verimle NiC;042H,0
tiretilmistir.

Uretilen NiC,04-2H,0’ nin TG-DTA analizi endotermik
olan ilk bozunma adimmin 160-228 °C arasinda
tamamlandig1 ve % 18,77’lik agirlik azalmasi meydana
geldigi; ekzotermik olan ikinci bozunma adimmin ise
308-350 °C arasinda tamamlandigi ve % 36,16 lik
agirlik azalmasi meydana geldigini gostermistir.

NiC2042H20’ nin bozunmasi ile elde edilen NiO
bilesiginin ~ 6zelliklerinin  incelenmesinin  ve NiO
bilesiginden hareketle elementel Ni iretim sartlarmin

belirlenmesinin ~ bundan  sonraki ¢alismalar i¢in
potansiyel arastirma konular1 olusturdugu
diisiiniilmektedir.
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oz
Prizmatik ve prizmatik olmayan ankastre kirislerin genel yiikleme kosullarindaki bityiik sehim problemi i¢in tam anlanuyla analitik
¢Oziim bulunmamaktadir. Prizmatik olmayan bir ankastre kirisin ele alindig1 durumlarda ise biiyiik sehim probleminin zorlugu daha
da artmaktadir. Bu ¢aliymada, Iteratif Diferansiyel Quadrature Metodunun (I-DQM) ve Birlesim Metodunun (BM) karsilastiriimasi
yapilmigtir. Iki yontemle ayr1 ayri prizmatik ankastre kiriglerde bityiik sehim probleminin sayisal ¢6ziimii gergeklestirilmistir. Dado
ve Sadder (2005) tarafindan gesitirlen yari-analitik yontem ile karsilastinildiginda elde edilen sonuglar her iki yontemin de ele

alinan problemin ¢6ziimiinde oldukga etkili oldugunu gostermistir. Bununla birlikte I-DQM’in BM’ye daha hassas ve genis aralikli
bir ¢6ziim sagladigi ortaya koyulmustur.

Anahtar Kelimeler: Biiyiik sehim, iterarif diferansiyel quadrature metodu, birlesim metodu, nonlineer simiilasyon,
prizmatik ankastre kiris.

Large Deflection Analysis of Prismatic Cantilever
Beam Comparatively by Using Combing Method and
Iterative DOM

ABSTRACT

There is no exactly analytical solution for the large deflection problem of prismatic cantilever beams under general loading
conditions. In the case of considering a non-prismatic cantilever beam, the difficulty of the larger deflection problem is increased.
In this study, the comparison of the Iterative Differential Quadrature Method (I-DQM) and the Combining Method (CM) was
performed. Numerical solution of the large deflection problem was separately performed with both the I-DQM and the CM for
prismatic cantilever beams. The obtaining results show that both of these methods gave more accurate solutions compared with a
reliable semi-analytic method which was introduced by Dado and Sadder (2005). Besides, it was demonstrated that the 1-DQM
provided a more wide-range solution than the CM.

Keywords: Large deflection, iterative differential quadrature method, combining method, nonlinear simulation, cantilever
prismatic beam.

1. INTRODUCTION

In recent years, the determination of large deflection
behaviour of prismatic and non-prismatic cantilever
beams has become a very important issue especially for
civil, mechanical, aero plane and biomedical
engineering. Beams and columns with varying strength
values were used uniformly for distributing the strength
and mass of complex structures. Besides, tiny cantilever
beams were used for providing some functional
properties to system in many special fields [1].

There is no exactly analytical solution for the large
deflection problem of prismatic and non-prismatic
cantilever beams under general loading conditions. Thus,
numerical methods ensured proper approximations for

*Sorumlu Yazar (Corresponding Author)
e-posta : faysa@aku.edu.tr

the solution of large deflection problems [2]. According
to literature review, researchers performed numerical,
approximately analytical, and semi-analytical solutions
for the large deflection problem of many kinds of
cantilever beams. However, some of these studies
weren’t provide proper accuracy for the solution of
problem. Also, some of them ensured very high accuracy
but algorithms of these studies caused very high
calculation time or difficulty for using a daily solution of
the large deflection problem [3-22].

Navaee and Elling investigated equilibrium
configuration of a prismatic cantilever beam for different
loading conditions using the Elliptic Integral Method.
Results of the investigation showed that there was more
than one equilibrium configuration for flexible beams
[23]. Faulkner et al., developed a New Segmental
Shooting Technique for the solution of large deflection
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problem. The procedure used to solve the problem
provided a solution for different boundary conditions.
The proposed method was considered the large deflection
problem as small deflection by dividing the beam into
small pieces. The problem that was converted to the
initial value problem was solved by the Shooting
Technique [24]. Dado and Al-Sadder solved the large
deflection problem of cantilever beams using a
polynomial formulating the rotating angle of beam.
Sadder et al. developed an algorithm for the solution of
non-prismatic beams large deflection problem using
Finite Difference Method [1]. Tolou and Herder carried
out a semi-analytical solution procedure using the
Adomian Decomposition Method for the large deflection
problem of cantilever under point load. Results of the
solutions proved that the solution procedure suitable for
obtaining problem [17]. Batista obtained an analytical
solution of equilibrium configuration of the large
deflection problem of cantilever beams using Jacobi
Elliptic Function [19].

In this study, comparison of the I-DQM and the CM is
performed. With the intent to compare of the I-DQM and
the CM, the large deflection analysis of prismatic
cantilever beam was derived. The obtaining results
proved that both methods were suitable for the nonlinear
numerical solution. Besides, the I-DQM was ensured
more accurate results than the CM.

2. WEIGHTING COEFFICIENT AND
ITERATIVE DQM

Bellman et al. introduced the DQM for the numerical
solution of differential equation in 1971. Most important
parameter of this method is the calculation of weighting
coefficients. Quan and Chan used Lagrange Polynomial
as a test function for the calculation of weighting
coefficients. Shu and Richards developed an algebraic
formula for calculation of weighting coefficients using
both approximations of Bellman et al. and Quan and
Chan. This new method was called as Generalized DQM
(GDQM) [25-29].

According to GDQM rth order derivative of f(x) is given
in Equation 1.

N
Tf(x.
wzz (r)f(x)—>1—12 N

dx* :
i=1

Here f(x) is a function of x which is described in x€[a,b].
Besides, f(xi) shows the numerical values of f(x) for a
certain value of xi ((i = 1,2, ... N). Inthe Eq. L a_ij™((r) )
shows the weighting coefficient of DQM for rth order
derivative. Calculation of weighting coefficient is
presented in Eq. 1 and 2 by using Lagrange Interpolation
Function in the following terms.

¢

€y

1(x) =————— 5j=12,..,N 2
%) = e @
d¢(x)
e(x) = H(X—Xm) dW(x) = ——= 1_[ (% — Xm) (3)
m=1m=#1
dl (x) ¢V (x))
(1) j\riJ i — , ,
ay; e (= Xj)(b(l)(xj),L,] 1,2,..,N,i#] 4)
N
V== > a’, i=12.,N )
j=1,i#j
Similarly,
(r-1)
drl(x,) a.
r) _ j\*J (r-1) (1)_ ij . . .
ay” = P aak r(aii ay; —(Xi — X,-))’” =12,.,N,i#j,r=>2 (6)
N
d'l(x;)
(G I i A 9] i
a; = Fraieie Z aijr , i=12,..,N (7)
j=1,1%#j
N
al? =% aTMal - ij=12,..,N,r=>2 (8)
k=1

The weighting coefficients computed using Equations from 2 to 8 described the matrix of [A®] given in Equation 9.
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Currently, many of researchers used the GDQM with
intent to solve nonlinear engineering problems [30-34].
When the problem has multiple boundary conditions at
the same point, the DQM could not provide a numerical
solution. With the intent to avoid this situation,
researchers developed a lot of methods such as &
approximation. [35-39]. One of the most effective usages
of the DQM is considered the method as an iterative
scheme. Thus, iteration procedure provides the multiple
boundary conditions at the same point. In this study, the

Newton-Raphson Iteration Method was used as the
iteration procedure, given simply in Eq. 10.

_ f(x)
f'(x)

Xiy1 = X (10)

3. COMBINING METHOD

One of the approaches used to overcome the difficulties
encountered when using the DQM combined the DQM
with another method [40-42].

[ ]
1.221
ax (Weighting Coefficients) g Matrix » | 1'492]
p Multiply de*xNdx gl 1.822|
(e*x) - [ 222
Matrix Multiply1 T
[ 2.71g L
I 1.221
1.492|
e I
[ 2.226)
2718
1142 25 -25] 16.67) -6.25) 1
Al 5417 10] 5| 1.667) -0.25|
0.28)| -2.5) -1.667] Ell -1.25) 0.1667]
[ -0.1667][ 1.25) 5 1.667] 2.5 -0.25|
0.25)| -1.667] 5| -10] 5417 1
A 6.25] -16.67] 25 -25][ 1142

*

Woeighting Coefficients

ax (Weighting Coefficients)

Figure 1. . Derivative of X by using CM

Girgin et al. developed the Combining Method (CM)
which combined the DQM and Simulation Technique
(ST) for providing applying multiple boundary
conditions at the same point. ST was used for the solution
of Ordinary Differential Equations (ODE) and automatic
control problems. With this purpose, a lot of software
was used such as Matlab/Simulink, Dymola, AMESim,

entered into the system. So, the CM was ensured as a new
approach for the solution of boundary conditions
problem and resolved the weakness of both DQM and ST
[43-45]. Simplest form of the CM with n=6 grids is
shown in Figure 1 for the derivative of ex. Also, Figure 2
shows that how to solve the given ODE in Equation 11
using the CM with n=6 grids.

and so on. Although the ST is a good method for the dy
solution of ODE, the boundary conditions cannot be g, ~Y=0.y(L=e an
142 25)[ -25] 16.67)[ -6.25) 1
[ 5417 10| -5 1.667) -0.25|
0.25][ 2.5 -1.667) 5 -1.25) 0.1667
ax (Weighting Coeflicients) * -0.1667| 1.25 -5 1.667) 2.5 -0.25]
Weighting Coefficients 0.25]| -1.667)| 8| -10]| 5.417|| 1
. [ 6.25)] -16.67) 25| -25] 11.42
»! ¥ Matrix
p{ Multiply dyldx
:Q y >
Matrix Multiply
> exp(1 » 1
1.221]
[ 142
y ™ 1.822]
2.226|
2.718

Figure 2. . Simple ODE solution using CM for Equation 11

113



Zekeriya GIRGIN, Faruk Emre AYSAL, Hiiseyin BAYRAKCEKEN /POLITEKNIK DERGISI, Politeknik Dergisi,2020;23(1): 111-120

4. COMPARISON OF I-DQM AND CM
The large deflection problem of prismatic cantilever
beam considered for the purpose of comparison of I-

s=L
d2 di(s) do
EI(s) o +E———

f qy(s)ds + F, | cosf —

S=S

The large deflection problem of prismatic cantilever
beam investigated for two different loading conditions.
Here, the elasticity modulus of the beam material and
inertia of the beam are expressed as E and I(s),
respectively. The distributed loads in the x and y
directions and point loads from the free end are expressed
by ay, 0x, Fx and Fy, in Equation 11. The moment applied
from the free end of the built beam obtained from the
differential terms of Equation 11 as known from the
theory of elasticity. In this study, EI(s) expression

s=L

f=EI(s)A® -0 + E—= ()

s=s
s=L

f=EI(s)-A® -0+ E—— ()

S§=S

f

0(s) =0(s) ——=

(s) =0(s) 7

Here, “A” shows matrix of the weighting coefficients and

bold terms shows Jacobians in the Newton Raphson
Method.

(15)

If q.(s)ds + F,|sin6 =0

AW .9 4 qu(s)ds+F cose—[j q.(s)ds + F, |sin6

AV .9+ qu(s)ds+F cos@—[j q,(s)ds + F,|sin@

DQM and CM. Equation 12 is determined large
deflection behaviour of prismatic cantilever beam [2].

(12)

considered to be equal to one cause of the obtaining the
large deflection problem discussed for a prismatic
cantilever beam. The slope and deflection values are zero
at the point of the cantilever support based on the theory
of elasticity. These values are considered as basic
boundary conditions of the large deflection problem. The
I-DQM algorithms which are given in Eq. 13, 14 and 15
provide the solution of the large deflection problem.

(13)

(14)

The CM block diagram which gives the solution of the
large deflection problem is given in Figure 3.

-] wef—»{x]
=G o [ of A (o] ®> 5
| 0.093867442631721 [ 0.0%0285212356267)| [z ya—|wn
T m [ o.1587009910383 -0.10508455295312 - J
0.19310351386605 | -0.19865418130334] -
[ 0.20835474638737 0257406684087 [ e
| 0.21433781934905 [ -0.39721310813774] . {Fy]
[D EDg * ozieisaresean o> ¥ n.40718845853451) . [cosje— T |
) 0.21715004035663, [ -0.56718581180517]
0.21735938979113 [ -0.69718556655827]
0.21742829893219 | -0.79718554124794)
0.21748652554864 | -0.89718552217484)
disp Theta

Figure 3. . Block Diagram of Solving the Large Deflection Problem by the CM

Problem 1:

Firstly, considered large deflection problem is shown in
Figure 4. In this situation cantilever beam is discussed
only under uniformly distributed load.

The solution obtained using I-DQM was considered for
different values of the uniformly distributed load such as
agy(s)= -4, -10, -20, -40, -100, -150, -200, and -1000.
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1

f—s
« s >

q,(s)

constant EI

Figure 4. Cantilever Prismatic Beam under Uniformly
Distributed Load.

The weighting coefficients matrix used while performing

the solution was calculated by using 6 uniformly

distributed grid points. Iteration number of the 1-DQM

was determined as 5. Results of numerical study provided

reliable solution for large deflection problem even with
very small CPU times (Figure 5). Compared to the other
results in the literature, the I-DQM was ensured to be
very successful in numerical results for the large
deflection problem. Similarly, numerical simulation of
the large deflection problem was performed by using CM
for the Problem 1 with different distributed loads such as
qy(s)= -4, -10, -20, -40, -100,-150 and -200 (Figure 6).
21 uniformly distributed grid points were used for
computing the weighting coefficients of the CM. The
obtaining results was shown that CM was reliable for
solution of the large deflection problem.

Large Deflection Diagram of Cantilever Beam Under Distributed Load

0,1

02

0,3

0,4

i

0,5

0,6

0,7

0,8

0,9
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Figure 5. Large Deflection Diagram of Cantilever Beam under Distributed Load with I-DQM.

Large Deflection Diagram of Cantilever Beam Under Distributed Load
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Figure 6. Large Deflection Diagram of Cantilever Beam under Distributed Load with CM
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Dado and Al-Sadder developed a new semi-analytical
method for solution of large deflection problem. This
study is one of the most accurate solution procedures for
the large deflection problem. Thus, this study was used
as a reference to measure the reliability of the solutions
provided by the I-DQM and the CM. Figure 7 shows that
the solution of the problem could be performed up to
maximum distributed load value of qy = -100 [2]. The

v/L

-0.7 4

-100

results obtained using 1-DQM provided a reliable
solution up to the maximum distributed load qy = -1000.
Also, the CM is ensured that a proper solution up to the
maximum distributed load qy = -200. Hence, it was seen
that both methods were effective for solving the large
deflection problem of cantilever prismatic beams.
Besides, the I-DQM was provide more accuracy than
other studies.

—— Prsent Study
4 MSC/NASTRA

[ y

02 03 04 05 06 07 08 09
x/L

Figure 7. Results of the Problem 1 in the Study by Dado and Al-Sadder (2005).

Problem 2:

The second problem, solved by using I-DQM and CM, is
shown in Figure 8. In this situation, the large deflection
problem is considered under free end forces and moment.

When the solutions using the 1-DQM were compared
with other results in the literature, it is clearly seen that
the method is more successful than other studies
according to the deflection diagrams shown in Figure 9.
The results show that the large deflection problem can be
solved using the I-DQM until to Fx = -18, Fy = 104, Mz
-18. As in the first problem discussed, it was observed
that the problem of large deflection was solved in very

short CPU times which can be measured in milliseconds
using 5 iterations and number of girds n =6.

Fy
- F‘

< —» X
.
»

Constant EI

L

[P
i

Figure 8. Cantilever Prismatic Beam under the Effect of Fx
Fy and Me
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Large Deflection Diagram of Cantilever Beam under Effect of Fx, Fy and Mz on

the Free End
09
—Fy=-1 Fy=2 Mz=-1
—Fx=-2 Fy=4 M1=-2
0,8 Fx=-4 Fy=8 Mz=-4
——Fx=-6 Fy=12 Mz=-6
——Fx=T Fy=14 Mz=-7
07 Fx=-9 Fy=27 Mz=-9
——Fx=-18 Fy=104 Mz=-18
0,6
0,5
0,4
0,3
0,2
01
0 - . . . . .
0 0,1 0,2 03 0,4 0,5 0,6 0,7 08 09 1
x/L
Figure 9. Large Deflection Diagram of Cantilever Beam for the Problem 2 with I-DQM
Large Deflection Diagram of Cantilever Beam under Effect of Fx, Fy and Mz
on the Free End
0,8
——Fx=-1 Fy=2 Mz=-1
0,7
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Figure 10. Large Deflection Diagram of Cantilever Beam for the Problem 2 with the CM
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The deflection diagrams of the solutions for the problem
2 performed using the CM are given in Figure 10.
According to this, reliable results can be obtained up to
Fx =-7, Fy = 14, and Mz = -7 using 21 grids. It was found
that the method did not achieve sufficient accuracy at
higher load values.

Present Study
| = MSC/NASTRAN
0.8 — A J/

v/L
1

It is clear that both methods are significantly successful
(Figure 11) compared to other results in the literature.
Reliable results can be obtained up to Fx = -7, Fy = 14,
and Mz = -7 in the literature for solution of the Problem
2 [2]. Present study ensured wide range results using the
I-DQM for the Problem 2. Also, the CM provided same
accuracy with literature for the solution of the Problem 2.

x/L

Figure 11. Results of the Problem 2 in the Study by Dado and Al-Sadder (2005)

6. CONCLUSIONS

In this study, the I-DQM and the CM were compared.
Numerical solution of the large deflection problem was
performed for prismatic cantilever beams with the I-
DQM and the CM. The solutions performed using the
CM ensured similar results with other studies in the
literature. However, the solutions obtained using the I-
DQM provided very high accuracy and a wide range of
results at very low CPU times. Consequently, both of the
methods seem to give reliable results for the structural
large deflection problem.
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oz
Bu makalede, belirli geometriye sahip modellerin elastik modiilii ve akma dayanimu degerlendirilmistir. Bunun i¢in deneysel ve
teorik ¢aligmalar yapilmistir. Uretilen modeller, bir pres altinda sikigtirma testine tabi tutulmus ve ANSYS programinda ise analiz
(FEA) edilmistir. Elde edilen sonuglar, mukavemet, siineklik, ve kilo kaybi agisindan en uygun goézeneklilik ylizdesinin
belirlenmesinde kullamlmustir. Sonuglar n kuvveti, siineklik ve agirlik azaltmayr koruyan uygun goézeneklilik ylizdesini

degerlendirmek i¢in kullanilmistir. Dayaniklilik, elastik ve plastik modiil verimi, porozitenin artmastyla azalmistir. En 6nemli
degisiklik elastik modiiliinde ortaya ¢ikmustir.

Anahtar Kelimeler: Porozite, 3D yazci, sonlu elemanlar analizi.

Experimental and Finite Element Methods Prediction
of 3D Printed Material Mechanical Properties with
Various Porosity

ABSTRACT

In this article, elastic modulus and yield strength of models with specific geometry are evaluated. Experimental and theoreti cal
studies were carried out. Produced models were subjected to compression test under one press and analysis (FEA) in ANSYS
program. The results were used to determine the most suitable porosity in terms of strength, ductility, and weight loss. The results
were used to assess the percentage of proper porosity that protects the force, ductility and weight reduction. Durability, elastic and

plastic module yield decreased with increasing porosity. The most important change occurred in the elastic modulus.

Keywords: Porosity, 3D printer, finite element analysis

1. INTRODUCTION

Porosity in materials takes different shapes and
geometry. It is noticed in biomaterial such as bones and
natural material such as sponges, and it could be
fabricated as an artificial material. An example of
artificial porous material is bone replacement material.
The impeded porous structure during bone scaffold
fabrication is essential. Several methods have been
developed to reach the porous formation in scaffold.
These methods include freeze drying, gas forming, phase
separation, or solvent casting particulate leaching. These
methods are simple and common due to their simplicity;
however, they introduce organic solvents to dissolve
synthetic polymers which create significant problems.
Furthermore, the dimensional control in scaffold
specifications such as pore size, pore shape, pore
interconnectivity, and pore distribution are the main
concerns of these procedures[1].

The most important parameters of porous material such
as the size of the pore and the joining were discussed and
reported. The deformation of a porous titanium with low

*Sorumlu Yazar (Corresponding Author)
e-malil : alaboodi@qec.edu.sa

porosity has been investigated via plane strain two
dimensional and three-dimensional finite element
models[2]. They have simulated the material
microstructure of a porous material with 15% porosity.
They have concluded that the 3D models of macroscopic
response had agreed with the theoretical and
experimental results. Although the 3D model’s
microscopic response had predicted a higher mean of
equivalent plastic strain and VVon Mises stress than the 2D
models. An FEM model has been built corresponding to
an open-cell foam solid geometry for simulating the
behavior of material in the micro-tension[3]. The steps of
modelling start through image analysis, then 3D
reconstruction, and then the transformation of the STL
file format to solid model imported to the FE package
(ANSYS). The shear stress distributions of scaffolds
have been investigated using the numerical methods[4].
They have prepared the scaffolds by salt leaching with
different geometric specifications. Then the 3D structure
obtained using micro-computed tomography. Moreover,
they modelled the flow of osteogenic media through the
scaffolds by the lattice Boltzmann technique. The fluid
flow in single-phase and solute transport have been
modeled using FEA and 3D pore geometries which were
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obtained experimentally[5]. Three forms of scaffolds
were designed and fabricated via a 3D printing system
rapid prototyping technology[6]. An alternative method
for investigating and analyzing the mechanical behavior
of the structure of bone trabecular have been developed
to assist physicians in drug treatment, diagnosis, and
monitoring [7]. The bovine bone mechanical properties
and three metallic foam materials have been studied
using a compression test machine, micro-focus computed
tomography, and finite element modelling[8]. The
analysis of variance (ANOVA) and finite element
methods (FEM) have been presented to investigate the
spherical and ellipsoidal wvoids inside polymer
materials[1]. They have found that the initial void,
volume fraction, and stress tri-axiality were the most
influential parameters. The mechanical behavior
characteristics have been evaluated for hydroxyapatite
(HA) material induced via bone ingrowth in a rabbit [10].
Their results showed that the internal microstructures
influenced the mechanical properties and development of
bone regeneration with the time period of implantation.
The computational study has been proposed for the
mechanical behavior of HA-nanocomposites reinforced
with graphene nanosheet and CNT[11]. The effects of
void and porosity size have been investigated on effective
elastic properties using random fields and finite element
3D models[12]. The parametric optimization technique
using the design of experiments have been developed to
estimate the 3D printing ability for fabricating scaffold
models of calcium sulfate-based[13].

The parameters of 3D printing used in their study were
time between two layers, layer thickness, orientation of
the product, porosity, mechanical stiffness, and
dimensional accuracy by the design of experiments.
Honeycomb-like metallic glass (MG) models were
fabricated with several relative densities[14]. Their
results showed that the 3D-MGs provided high elasticity
which was better than ceramics and conventional metals.
Numerical and experimental approaches have been used
to study the 3D microstructural mechanical performance
and failures of 3D printed parts of acrylonitrile butadiene
styrene material[15]. They have introduced a structural
satisfaction of mechanical criteria up to a certain
percentage of porosity. A porous pure Ti samples with
different porosities percentage have been fabricated by a
laser engineered net shaping method[15]. They have
evaluated the mechanical properties of samples using
compressive loading. In addition, they have used finite
element analysis to study the behavior of the sample’s
deformation.

The objective of this research was to introduce 3x3x3
cells of porous material that satisfy some conditions. The
proposed model could prevent the longitudinal porous
cavity by using multidirectional cavities to create
obstacles to the crack propagation and to ensure the
uniform fluid flow inside the porous cavity material as a
web canal. The main objectives of this research are
studying the effect of porosity percentage on the
mechanical properties of selected material and geometry

using experimental methods. In addition, the effect of
porosity percentage on the mechanical properties of
selected material and geometry using finite element (FE)
method. Then comparing the FEM and experimental
results.

2. MODELING

The porosity contains three elliptical cylinders oriented
on three main directions on the reverse of the Cartesian
coordinate. The dimensional parameter was the
projection circle radius. By varying the radius, the
porosity percentage would change correspondingly. The
porosity was the ratio of material of solid volume to the
total volume. The proposed model could prevent the
longitudinal porous cavity by using multidirectional
cavities to create obstacles to the crack propagation and
to ensure the uniform fluid flow inside the porous cavity
material as a web canal. Some researchers developed
porous models with regular and symmetry geometry of
porosity. The major benefit of regular porosity geometry
modeling is to have variable parameters suitable to be
optimized. The porous model should be capable to
transmit fluid through the porous material with uniform
distribution.

The introduction of porosity would variate its mechanical
properties: the elastic modulus, yield strength, and
ultimate strength. The 3D matrix model has been
developed using a single cell joined together in all the
three directions. The matrix configuration (arrangement)
between cells is side by side; FE methods would utilize
to investigate the cells matrix by introducing a fixed
lower side and applying a fixed displacement to the upper
side. The direction of displacement is downward that
indicates compression load. The applied displacement
has been used to overcome the elastic region and to take
a portion of the plastic region. Thus, it can estimate the
elastic modulus and the yield strength for each set of the
cube length by running the model simulation and
calculating the maximum strength intensity factor.
Further, the model has been used for studying the effect
of variation in the single cell parameters and the volume
ratio with the maximum strength intensity factor using
the side-by-side and mirror matrix configurations. The
main objective of this study is to design specific
geometry to achieve some properties in the three
directional with regular and non-straight porosity
channels.

The porosity contains three elliptical cylinders oriented
on three main directions in the reverse of the Cartesian
coordinates. The dimensional parameter is the projection
circle radius. By varying the radius, the porosity
percentage will change correspondingly. The fabricated
models include a regular shape with certain dimensional
parameters. The porosity contains three elliptical
cylinders oriented on three main directions in the reverse
of the Cartesian coordinate. This model allows any liquid
to flow with uniform distribution and transmit through
the pore’s media. A different configuration with different

122



EXPERIMENTAL AND FINITE ELEMENT METHODS PREDICTION OF 3D PRINTED MATE ... Politeknik Dergisi, 2020; 23 (1) : 121-127

orientation of the single model cell would introduce a
different collection of models.

2.1 Material Modeling

The material used in this paper is metallic plastic [Nylon
Plastic filled with Aluminum dust]. It is easy to be used
in a 3D printer with good dimensional accuracy. The
mechanical properties of the sheet of material delivered
from the material provider is not similar to the material
produced by 3D printer depending on the printing
parameters, adhesive, additive, and other parameters.
Thus, it is necessary to take a specimen without porosity
to test it and obtain its mechanical properties using a
compression test.

6 ——

Stress (.107) [Pa)

o 001 002 003 004 005 006 007 008 009 01
Strain [mm™-1]

Figure 1. Yield Strength Verse Porosity with exponential fit

Figure 1 stress strain curve o the material selected to be
investigated. Figure 2 shows the method of predicting the
yield strength from the stress strain curve. Similarly, the
calculation of yield strength, elastic, and plastic modulus
is given below:;

45

40 Sy = 38.65 MPa

35

30

25
0,015

0,02

0,025 0,03 0,035

Figure 2. Mechanical Properties estimation of bulk material.

The elastic modulus E (MPa) of each model was defined
as in equation (1):

F
e SO
e (A_L) —\aL/\A @)
L
where F (N) is the compressive force, A (mm?) is the
surface area of load, AL (mm) the longitudinal
deformation, and L(mm) is the length of the cube.

n% = constant 2
Where:

A= (L)?- n (rr?), for, n = number of circles.

The amount of deformation AL was determined as the
average axial displacements of all nodes on the loaded
surface. In the first step, the pore size of four FE models
was increased and the resulting scaffold porosity was
calculated according to Eq. 3:

Porosity = (1-Ve/Vo) x 100% ?3)
where Vo is the overall volume enclosed by the outer
periphery and Ve is the effective volume of the scaffold
struts. The effective volume was also evaluated using
ANSYS software for each case. The ratio of the solid
volume of the material to the total volume should be in
the range of 80-90% to mimic the real bon volume ratio.
The porosity should be in the range of 10-20%, while in
this model extended to be 0-55% to include further range
for comparison. The proposed model should prevent the
longitudinal porous cavity by using zigzag hollows to
create obstacles to the crack propagation and to ensure
the uniform fluid flows inside the porous cavity material
by using web canals. Here, the 3D matrix was formed by
introducing a single cell in all the three direction. The
matrix configuration (arrangement) between cells is side
by side. For the metallic-plastic with plastic-elastic
properties can be characterized by the essential properties
using SLM. The Young’s modulus of mean average for
metallic-plastic are shown in Table 1. The room
temperature was the choice for the model simulation.

Table 1. Metallic plastic bulk mechanical properties

Property Value
Young's Modulus (E) MPa 1301.44
Poisson's Ratio 0.33
Yield Stress MPa 37.50
Plastic Modulus MPa 310.70

0,04

2.2 Geometric Modelling

The model includes a regular shape with certain
dimensional parameters. The porosity contains three
elliptical cylinders oriented on three main directions on
the reverse of the Cartesian coordinate as in Figure 3.
This model allows any liquid to uniform distribution flow
and transmit through the bone bourse media. A different
configuration with different orientation of the single
model cell would introduce a different collection of
models.

@ (b) (© (d)

Figure 3. Cube (a), with cylindrical cavities (b), subtracted
through the six faces (c), 3x3x3 matrix (d)
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2.3 FINITE ELEMENT MODELING

Finite element methods were also used here to investigate
the cells matrix by introducing a fixed lower side and
applying a fixed displacement to the upper side as
illustrated in Figure 4. The direction of displacement is
downward and that indicates compression load. The
applied displacement could be used to overcome the
elastic region and to take a portion of the plastic region.
Thus, we can estimate the elastic modulus and the yield
strength for each set of the cube length by running the
model simulation and calculating the maximum strength
intensity factor. Further, it was aimed here for studying
the effect of variation in the single cell parameters and
the volume ratio with the maximum strength intensity
factor using the side-by-side and mirror matrix
configurations.

The process of simulating the compression on the cubic
is done through finite element analysis software. All
finite element analyzing follows the same steps. The
ANSYS Workbench Explicit is used as the FEA (finite
element analysis) software. In order to validate the
simulation results, the calibration test simulation is done
so that the results of the simulation and experiment can
be compared. The 3D matrix model has been introducing
using single cell joined together to be three cells on three
directions. The matrix configuration (arrangement)
between cells is side by side. Finite Element methods
would be utilized to investigate the cells’ matrix by
introducing a fixed lower side and applying a fixed
displacement to the upper side as illustrated in Figure 4.

-

ol OO0

(@) (b)
Figure 4. 2D views of the 3x3x3 cells Model showing
dimension (a), and boundary condition (b).

The exact volume could be attained by extracting the
cavities. Then the porosity was calculated. Table 2 shows
the side circular radius, circular cross-sectional area,
volume, and porosity of each cube.

Table 2. Radius of circular cross section area, Volume and
porosity of each sample

Radius C.S. Area Volume Porosity
mm mm? mm?3 %

0 100 1000.0 0.0

216 96.86 954.7 4.5

3/6 92.93 898.0 10.2

4/6 87.43 818.7 18.1

5/6 80.36 716.7 28.3

6/6 71.71 592.1 40.8

7/6 61.50 4448 55.5

The relation between radius and porosity fits exactly as a
power equation as shown in Figure 5.

1,4
1,2 y = 0,1566x%°
RZ=1

1

Radius (mm)
o o o 9o
N & (o)) (o]

o

0,0 10,0

20,0

30,0
Porosity

40,0 50,0 60,0

Figure 5. Relation between the circle cross sectional radius and
porosity %

The direction of displacement is downward, that
indicates compression load. The applied displacement
will be used to overcome the elastic region and to take a
portion of the plastic region. Thus, we can estimate the
elastic modulus and the yield strength for each set of the
cube length. We can run the model simulation and
calculate the maximum strength intensity factor, study
the effect of variation of the single cell parameters and
the volume ratio with the maximum strength intensity
factor using the side-by-side and mirror matrix
configurations.

The areas which would receive higher amounts of stress,
usually have a higher node density than those which
experience little or no stress. The tetrahedron method is
used to mesh all the models involved in compression on
the cube. The mesh size is given the following
characteristics: 0.045 mm minimum edge length, coarse
relevance center, high smoothing, and slow transitions.
The models are meshed using the appropriate elemental
size for the problem examined until a certain mesh size
with very small variation results. Figure 6 shows the 3D
cubic porous solid model and the mesh of the cube.

(@) (b)
Figure 6. 3x3x3 matrix of the single cell to produce (a) 3D
cubic porous solid model and (b) mesh of the cube matrix

3. RESULTS AND DISCUSSION

Samples were selected for a compression test to
investigate the effect of porosity on the mechanical
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properties (yield strength, elastic modulus, and plastic
modulus). All of the samples were printed via the 3D
printer using metallic plastic material as a cube with a 10
mm edge. The first sample was bulk without porosity.

3.1 Experimental Results

After preparing the samples with variable porosity (0-
55%), the compression test was performed to identify the
mechanical properties variation with the variation
porosity. Table 3 shows the variation of porosity, 3D
CAD model, 3D printed samples, and the sample after
deformation.

Table 3. Porosity, 3D CAD model, 3D printed samples, and
the sample after deformation

Porosity 3D-CAD Printed sample  After

% Model Deformation
0

18.1

55.5

The selected mechanical properties were elastic, plastic
modulus and vyield strength. Figure 7 illustrated the
different stress-strain curves with the variation of
porosity using a compression test machine. It was
observed that the compressive flow stress-strain curves
started to decrease gradually as the porosity of the sample
increased up to the sample having a porosity of 10.2 and
then it started to decrease drastically beyond the value of
porosity of 10.2%. Further, it was observed here that
three scaffolds samples having a porosity of 0, 4.5, and
10.2% underwent elastic displacement initially followed
by plastic deformation. However, the remaining three
samples having a porosity of 28.3%, 40.8%, and 55.5%
exhibited little elastic deformation compared to other
samples, and these samples were undergoing constant
plastic deformation without increasing stress. These
results explained that the internally modified sample
structures had significantly influenced the mechanical
properties of the 3D printed samples. Furthermore, it can
be observed that the yield strength, elastic modulus, and
plastic modulus started to decrease considerably as the
percentage of porosity increased up to 10.2%, and then

these mechanical properties were decreased drastically
beyond the 10.2% porosity level in the sample structure.
Therefore, it can be concluded here that the samples of
45% and 10.2% porosity can be considered for
fabrication of implant scaffold bones which has some
benefits by the pore’s formation in the structures and
consequently it can help biologically. Among all the
samples investigated here, the 3D printed 4.5% porosity
sample can select the optimum one which can be
suggested for medical industries.

80
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©
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Figure 7. Stress-Strain Curves Using Different Porosity
(Experimental Results)

3.2 Finite Element Results

Using the mechanical properties obtained from
experimental results of the bulk cube compression test
from table 1, the finite element package (ANSYS) was
utilized to simulate the compression test with variable
porosity and similar dimensions of the experimental
cube. Figure 8 simulated stress strain curves were
illustrated using various porosity. It was shown here that
for each curve, it showed line with two slopes and an
inclination between them. The first slope indicates the
elastic modulus and the second slope for plastic modulus
and the inclination points indicate the yielding strength.
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Figure 8. Stress-Strain Curves Using Different Porosity (FE

Results)
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The yield strength versus porosity curve was drawn and
the same is shown in Figure 9. The polynomial with the
second order fit was used with a good R-square of
0.9981. It showed that the yield strength decreased with
an increase in porosity. From zero porosity to 25%, the
yield strength was decreased by 18 MPa, whereas it was
decreased by only 10 MPa from 25 to 50% of porosity.

At the previous sections, the results of the experimental
and finite elements methods were illustrated and
described. In this section, the comparison between the
two methods results will be introduced. Using the second
order polynomial fit, the results of the two methods were
drawn in Figure 10. The curves converge at the ends
while it diverges at the middle. The maximum variance
between the two methods is around the porosity of 25%,
which is a reach of about 10 MPa. Similar behavior on
the elastic modulus results in Figure 11 and plastic
modulus results with errors of 400 MPa and 100 MPa
respectively at 35% porosity of both.
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Figure 9. Yield Strength vs Porosity % (FE and Experimental
Results)
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Figure 11. Plastic Modulus vs Porosity % (FE and
Experimental Results)

The experimental and finite element results have shown
a similar trend with a good polynomial second order fit.
The two methods showed agreements at and near the end
of the two curves while it diverge at the middle. The
reasons of error are that there are many parameters
controlling the experimental results such as printing
parameters, conditions of materials and adhesive
materials, temperature and grains, and grain boundaries
with different porosity that were not considered in the
finite elements methods. In general, and because of those
parameters, the finite elements methods showed results
with higher values than the experimental results.

4. CONCLUSION

A simple and effective representation of geometry for
regular porous material modelling was proposed using
experimental and finite element simulation to investigate
the porosity in material and its mechanical properties.
Compression load was applied to the top surface of the
model using gradual displacement downward from the y-
axis. The lower surface was fixed from any movement.
Displacement range was chosen to guarantee the model
which accomplished full elastic region and portion of the
plastic region. The yield strength, elastic, and plastic
modulus was evaluated with the variation of the porosity
using the same geometry. The experimental and finite
elements results show a small variation. The variation
increased on the medium range of porosity and decreased
for small and large porosity. The most important
mechanical property is the vyield strength which is
decreased with the increase of porosity with
approximately half the value.
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(074
Bu ¢alismada Monte Carlo benzetimi ile biyomalzemeli bas plaka fantomunda terapdtik enerji araliginda kalan 160-220 MeV’lik
protonlarin Bragg egrileri hesaplannmustir. Biyomalzeme olarak TisAlsV, Co-Ni-Cr-Mo, Al2Os, Paslanmaz Celik, Nital, Vitallium
ve Teflon secilmis, biyomalzeme tiiriiniin ve kalinligimin Bragg egrisi lizerine etkisi incelenmistir. Protonlar az yogundan daha
yogun bir katmana gecerken Bragg egrisinde ikinci bir pik olusur. Bag-plaka fantomunda ikinci pik ve genliginin Bragg piki iizerine
etkisi de incelenmistir. Kortikal kemik kalinlig1 arttikga Bragg piki konumunun % 0,47-3,3 arasinda azaldig1 goriilmiistiir. Proton

enerjisi arttikca ikinci pikin genliginin ve Bragg pik konumuna etkisinin azaldigi goriilmistiir. Kullanilan biyomalzemeler
icerisinde kortikal kemige en yakin biyomalzemenin teflon oldugu tespit edilmistir.

Anahtar Kelimeler: Proton tedavi, biyomalzeme, bragg piki, bas plaka fantomu.

The Effect of the Second Peak formed in Biomaterials
used in a Slab Head Phantom on the Proton Bragg
Peak

ABSTRACT

In this study, Bragg curves of 160-220 MeV protons in the therapeutic energy range were calculated with Monte Carlo simulation.
TisAlsV, Co-Ni-Cr-Mo, Al»Oz, Stainless Steel, Nital, Vitallium and Teflon were selected as biomaterials and the effect of
biomaterial type and thickness on Bragg curve was investigated. A second peak is formed when protons pass from a less dense to
a denser layer. The effect of the second peak and amplitude on the Bragg peak is also investigated in the slab head phantom. It has
been seen that as the cortical bone thickness increases, the Bragg peak position decreases by 0.47-3.3%. As the proton energy
increased, the amplitude of the second peak and the effect of the Bragg peak position decreased. The biomaterial which gives the
closest results to the cortical bone among the biomaterials used was found to be Teflon.

Keywords: Proton therapy, biomaterial, bragg peak, slab head phantom.

1. GIRiS (INTRODUCTION)

Protonlarin radyoterapide kullanimi ilk defa 1946’da
Robert Wilson tarafindan onerilmistir [1]. Lawrence ve
ark. protonlarin tedavi amaciyla kullanilmasi igin ilk
arastirmalara 1954'de baslamustir [2]. Protonlarin ilk
hasta temeli c¢alismalar1 1990'da Loma Linda
Universitesinde baslanmustir [3].

Proton pozitif yiiklii agir bir pargacik oldugundan madde
icinde ilerlerken kiiciik acilarla sagilma yaparak
enerjisini yavas fakat siirekli kaybeder. Bragg piki
protonlarin enerji kaybetme hizinin en yiiksek oldugu
yerde olugur. Tiimor hacminden dolayi sadece tek enerji
degerli proton demetinin hedefe gonderilmesi yetersiz
kalmaktadir. Dolayistyla degisik enerjilerdeki proton
demetlerinin hedefe gonderilmesi gerekir [4]. Carlsson
ve ark. 1997°de 50-250 MeV enerjili protonlar i¢in suda
Bragg egrilerini Monte Carlo PTRAN kodu programi ve
analitik hesap yontemiyle hesaplamis Bragg piki

*Sorumlu Yazar (Corresponding Author)
e-posta : bolukdemir@gmail.com

konumlarmi bulmustur [5]. Hall ve ark.1978’de 160
MeV enerjili protonlar i¢in suda Bragg egrilerini Harvard
siklotron hizlandiricisinda ¢aligmig, Bragg piklerini
bulmuslardir [6]. Li ve ark. 2005°de 120-250 MeV
enerjili protonlarin Bragg egrilerini Monte Carlo kodlu
Geant3 benzetim programi yardimiyla hesaplamis, Bragg
piklerini bulmuslardir [7]. Seravalli ve ark. 2012°de 90-
200 MeV enerjili protonlarin Bragg egrilerini su
fantomda Monte Carlo kodlu FLUKA, GATE, MCNPX
ve PHITS benzetim programlar1 yontemiyle hesaplayip
Bragg piklerini bulmuslardir [8].

Kranyoplasti uygulamasi, kafatasinda farkli bircok
nedenle eksik veya kusurlu olan kemik parcasinin cerrahi
yontemle tekrar yerine yerlestirilmesi veya oraya uygun
baska bir biomalzeme ile giderilmesidir [9, 10]. Ideal
kranyoplasti materyali, 1siya dayanikli, biyomekanik
olarak uygun, wucuz, dokular ile uyumlu olup
komplikasyona sebep olmayan, kortikal kemikle
yaklasik esit agirlikta, kanserojen olmayan ve kolayca
steril edilip kusurlu kismi tam oturarak kapatan
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ozelliklerde olmalidir  [11]. Seramik  kullanimi
kranyoplasti uygulamalarinda olduk¢a yenidir [12].
Al,O3  seramik  biyomalzeme  yaygin  olarak
kullanilmaktadir [13, 14]. Minimal korozyon ozelligi
olan vitallium (Co-Cr-Mo) dis implanti olarak
kullanilmaktadir [15]. Bilesik biyomalzemelerin saf
biyomalzemelere gore c¢ok az doku komplikasyonu
verdigini gosteren hayvanlarda yapilan uygulamalardan
sonra, vitallium kranyoplastide ¢ok kullanilmaya
baslanmistir [10, 16]. Titanyum ve alasimlart (6zellikle
TisAlsV ve TiNi) mekanik, yiiksek direngli korozyon ve
biyouyumluluk  ozelliklerinden  dolay1  ortopedik
uygulamalarda yogun olarak kullanilmaktadir [17-19].
Teflon biyomateryali polimerik  oOzellige sahip
olmasindan dolayr baglica vaskiiler alanda olmak {izere
siklikla kullanilmaktadir [20, 21]. Co-Ni-Cr-Mo alagimi
korozyon direncinin ¢ok iyi olmast, kirilma olasilig1 olan
ve stres yogunluklu bolgelerde uzun 6miirlii olmasindan
dolay1 siklikla kullanilmaktadir [22]. Metalik ozellikli
biyomalzeme olan paslanmaz c¢elik farkli kemik
kusurlarmm  giderilmesi  iglemlerinde  genellikle
kullanilmaktadir [23].

Insan viicudu biiyiik oranda su icerdiginden radioterapi
planinin dogrulukla yapilabilmesi i¢in su fantom
hesaplamalar1 6nemlidir. Proton demeti su molekiiliinii
olusturan hidrojen ve oksijen atomlarinin ydriinge
elekronlartyla Coulomb etkilesmesi yaparak enerjisini
adim admm ve siirekli kaybeder [24]. Bu calismada, su
fantomu i¢in 160, 180 ve 200 MeV’lik protonlarin Bragg
egrileri hesaplanip, literatiirdeki benzer hesaplamalarla
karsilastirilmigtir.  Sonuglarin  kabul edilebilir sapma
degerleri i¢inde oldugu goriilmiistiir. Son olarak, kortikal
kemik yerine biyomalzeme olarak kullanilan ve
kullanilma potansiyeli olan TisAl:V, Co-Ni-Cr-Mo,
Al;O3, Paslanmaz Celik (Fe-Ni-Cr), Nital (TiNi),
Vitallium (Co-Cr-Mo) ve Teflon (F-C) igin Bragg
egrileri ve pik konumlar1 elde edilmistir. Kortikal kemik
kalinliginin yasa, cinsiyete ve genetige gore degisim
araligl géz oniine alinarak bu malzemeler i¢in 0,4; 0,6;
0,8; 1,0 ve 1,2 cm kalinliklar dikkate alinmustir. Kortikal
kemik sonuglar1 ile biyomalzemelerden elde edilen
sonuglar karsilastirilmustir.

2. MATERYAL VE METOD (MATERIAL and
METHOD)

Protonlarmm hedef materyal icindeki Lineer Enerji
Transferi (LET) hesaplamalari Monte Carlo tabanli
TRIM (TRansport of lons in Matter) benzetim programi
yardimiyla  gerceklestirilmistir. TRIM, iyon-atom
carpismalart i¢in kuantum mekaniksel yontemleri
kullanarak hedef i¢inde iyonlarin durdurma giiclinii ve
menzillerini  hesaplayan bir programdir. TRIM,
iyonizasyon basta olmak {izere iyonlarin enerji kayip
stirecleri ile ilgili biitiin kinetik olaylar1 hesaba katar
[25].

Proton Demeti Proton Demeti

a b
D s - :()f;]cm)

Sekil 1. a) Su fantomu, b) kortikal kemik veya biyomalzeme
igin bas-plaka fantom kesiti ( a) Water phantom, b) A
slab head phantom section for cortical bone or
biomaterials)

K Kemik/Biyomalzeme Yumusak doku
(0.4-1.2 cm) -( 0,5 em)

Hesaplamalarda istatistiki sapmalar kabul edilebilir
sinirlar iginde olacak sekilde proton demeti (10° proton)
hedefe gonderilmistir. Sekil 1.’de gosterildigi gibi
hesaplamalar iki durum g6z Oniine alinarak
yiiriitiilmiistiir. Birincisi su fantomu, ikincisi insan bas
fizyolojisi dikkate almarak kortikal kemik ve kortikal
kemik yerine kullanilan biyomalzemeleri igeren bas
plaka kesitidir. Deri ve yumusak doku i¢in SRIM veri
tabanindaki ozellikler kullanilarak 0,5 cm sabit kalinlik
almmistir. ICRU 44 raporunda suyun yogunlugu 1,0
g/cm3 ve beynin yogunlugu 1,03 g/cm® oldugundan
hemen hemen benzer oldugu bildirilmistir [4]. Bu
nedenle hesaplamalarda beyin yerine su dikkate
almmustir. Kortikal kemik ve biyomalzemeler igin
kalimlik 0,4-1,2 cm araliginda 0,2 cm araliklarla
arttirilmustir.  Kortikal kemik ve biyomalzemelerin
atomik yilizdeleri, atomik yogunluklari ve yogunluklari

Cizelge 1. Kortikal kemik ve biyomalzemelerin atomik yiizdesi, atomik yogunlugu ve yogunlugu [25] (Atomic percentage,
atomic density and density of cortical bone and biomaterials)

Biyomalzeme Atomik yiizde (%) Atomik yogunluk, x10%%atom/cm?3 Yogunluk, g/cm?
K. Kemik H 3,4; O 43,5; C 15,5; N 4,2; S 0,3; Ca 22,5; P 10,3; Mg 9,946 1,920
Teflon C 33,3; F 66,6 7,599 2,200
TisAlsV Ti64,3; Al 24,1; V114 6,175 4,429
Al203 Al 47;052,9 10,960 3,970
P. Celik Cr8;Ni18;Fe 74 8,595 8,000
Vitallium Cr 30; Mo 5; Co 65 8,673 8,455
Co-Ni-Cr-Mo  Co 36,8; Ni 36,8; Cr 21; Mo 5,26 8,738 8,609
Nital Ti 49,4; Ni 50,6 7,599 6,733
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SRIM bilesikler veri tabanindan elde edilmis ve Cizelge
1’de verilmistir.

3. SONUCLAR VE TARTISMA (RESULTS AND
DISCUSSION)

Sekil 1la. gbdz Oniine alinarak yapilan c¢alisma,
hesaplamalarin literatirle uyumunu gostermek ve
dogrulugunu test etmek i¢indir. Bu nedenle 160, 180, 200
MeV enerjili protonlarin su fantomu i¢indeki maksimum
doza normalize edilmis Bragg egrileri literatiirde yapilan
calismalarla karsilagtirilmistir (Sekil 2-4). 160 MeV’lik
protonlarin Bragg egrileri géz oOnline alindiginda
Seravalli ve ark. Monte Carlo kodlu FLUKA, GATE,
MCNPX ve PHITS benzetim programlar1 yontemi ile
hesaplama yapmis ve Bragg pikini 15,1 cm olarak
bulmuslardir [8]. Hall ve ark. ise Harvard siklotron
hizlandiricisinda deneysel olarak Bragg pikini 16,3 cm
bulmuslardir [6].

0,3 1
1 —e—Bu calisma

| —e—Hall, 1978
] —e—Seravalli, 2012

o
()

o
[N
I

Normalize Doz

O ] LN B R R R R N R R L B BN B } T s
0 4 8 ,eml2 16 20

Sekil 2. Su fantomda 160 MeV’lik protonlarin Bragg egrileri
(Bragg curves of 160 MeV protons in water phantom)
[6, 8].

0,3 A
1 ——Bualisma

] —e—Li, 2005

o
N
1

o
=
1

Normalize Doz

180 MeV

0 TT T T T T T T T T T T T T T T T T T T T T T T TO¥T]

0 4 8 12 16 20 24
Z,Cm

Sekil 3. Su fantomda 160 MeV’lik protonlarin Bragg egrileri
(Bragg curves of 160 MeV protons in water phantom)
[6, 8].

Bu calisma ile elde edilen deger ise 17,2 cm ’dir ve
referans caligmalarla sirastyla % 13,9 ve % 5,5 kadar
sapma mevcuttur. Iki referans calisma
karsilastirildiginda ise %7,9 kadar sapma séz konusu
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oldugu goriilmektedir. Yani, bu calismanin deneysel
sonugla uyumu Seravalli ve ark.’nin sonuglarina gore
daha iyidir.180 MeV’lik protonlarin Bragg egrileri goz
Oniine alindiginda Li ve ark. Monte Carlo kodlu Geant3
benzetim programu ile hesaplama yapmis ve Bragg pikini
20,9 cm olarak bulmuslardir [7]. Bu caligma ile 180
MeV’lik protonlar i¢in elde edilen deger ise 21,2 cm “dir
ve maksimum % 1,4 kadar sapma mevcuttur.

200 MeV’lik protonlarin Bragg egrileri goz Oniine
alindiginda sirastyla Carlsso ve ark. Fippel ve ark. ve
Medin ve ark.’nin elde ettigi bragg piki degerleri sirasiyla
25,7cm, 25,7 cm ve 25,6 cm’dir [5,27, 28]. Bu ¢alismada
elde edilen deger ise 25,6 cm’dir ve sirasiyla % 0,4 ve %
0 kadar sapma mevcuttur.

0'3: —6—Bu ¢alisma

—e— Carlsso, 1997
202 ] —e—Flpp(-eI,2004
8 —6e— Medin, 1997
S
T
€01
o
p

200 MeV
0 LN S B B B B I B B B B B B B L L B S B e MR
0 5 10

Z,la‘n 20 25 30

Sekil 4. Su fantomda 160 MeV’lik protonlarin Bragg egrileri
(Bragg curves of 160 MeV protons in water phantom)
[6, 8].

Karsilagtirmalar dogrultusunda genelde elde edilen
sonuglardaki farkin kayda deger olmadigi ve medikal
alanda kabul edilebilir sinirlarin (<%5) igerisinde oldugu
acikca goriilmektedir. Kabul edilir farkin {izerinde olan
sapmalar inhomojenite etkileri ve Monte Carlo tabanl
olasiliklar1 g6z oOniine aldigimiz da literatiirde kabul
edilebilir ~ smirlar  igerisindedir. ~ Hesaplarimizin
literatiirdeki ¢aligsmalarla uyumlu oldugu goriilmiistiir.

0.35 7 c
1 200 MeV Proton @

Enerji kaybi (eV/A)

0.00 T

0 4 8 12 1
Z, cm

6 20 24 28

Sekil 5. Bragg egrisi parametreleri: ikinci pik (A), genligi (B)
ve Bragg piki (C) (Bragg curve parameters: Second
peak (A), its amplitude (B) and Bragg peak (C))
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Bas plaka kesitinde (Sekil 1b) kortikal kemik ve kortikal
kemik yerine kullanilan biyomalzemeler igin hesaplanan
Bragg egrisi parametreleri Sekil 5.’de verilen A ikincil
pik, B ikincil pik genligi ve C Bragg pik degerleridir.
Ikincil pik, protonlarm sudan daha yogun olan kortikal
kemik vb. bir bdlgeye girmesiyle olusan bir piktir.
Kortikal kemik kalmliginin insanlardaki degisim aralig
g0z Oniine alinarak bu malzemeler i¢in 0,4; 0,6; 0,8; 1,0
ve 1,2 cm kalinliklar g6z 6niine almmugtr.

Bragg pikinin suda ve sudan daha yogun olan kortikal
kemikteki davranisinin anlasilmast biyomalzemeleri
degerlendirebilmemiz igin gereklidir. Bu nedenle, Sekil
la. ve 1b.’deki kesitlere gore bragg egrileri hesaplanarak
bulunan Bragg pik degerleri Cizelge 2.’de verilmistir.
Sonug olarak, Bragg piki 0,4 cm Kortikal kemik
kalinliginda ortalama 0,3 cm azalirken 1,2 cm kalinlikta
ortalama 0,7 cm azalmaktadir. Kortikal kemik kalinlig:
arttikca Bragg pikinde yaklasik % 0,5-3,3 arasinda bir
fark olusmaktadir. S6z konusu hesaplamalar MC dogasi
geregi bir olasilik igermektedir. Onemli olan sonuglarm
%>5°lik farkin altinda ¢ikmasi ve tekrar hesaplandiginda
tutarlilik gostermesidir. Literatiirde daha biiyiik farklarin
s6z konusu oldugu goriilmektedir.

Kortikal kemigin Bragg pik konumundaki azalma ve
ikinci pik sonuclarinin Sekil 6.’da 180 ve 220 MeV
enerjili  Bragg egrileri grafiginde gosterilmistir.
Sonrasinda yapilan hesaplamalarin benzeri secilmis
biitiin biyomalzemeler i¢in tekrarlanmistir. Elde edilen
sonuglar ve degerlendirmesi asagida verilmistir.

Cizelge 2. Sekil 1a ve 1b’ye gore Proton demetinin su ve 5
farkli kalinlikta kortikal kemik i¢in Bragg pik
konumlari (Bragg peak positions of the proton
beam for water and cortical bone with 5
different thicknesses according to Figure la
and 1b)

Ocm 0,4cm 0,6cm 0,8cm 1,0cm

1,2cm
Proton

enerjisi, Kortikal kemik kalinliklart sonrast sudaki menzil (cm)
MeV

160 17,2 171 169 16,7 16,7 16,7
180 21,2 211209 208 206 20,5
200 25,6 252 252 249 248 24,8
220 30,0 29,8 295 29,6 296 29,2

—e—5u

—e—0.8cm

2 1.2 cm

0 2 4 6 8 10 12 14 16 18 20 22 24
Z, cm

0.25 3—e—04cm
3—e—0.6 cm
3—5—0.8cm
15— 1.0 cm
1.2 cm

e
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Sekil 6. a) 180 MeV ve b) 220 MeV enerjili protonlarin su
fantom ve bas-plaka kesiti i¢in Bragg egrileri (Bragg
curves for water phantom and the slab head phantom

of a) 180 MeV and b) 220 MeV protons)

—e— K KEMIK
—e—TEFLON (a)
—e— A1203
—e—Ti6Al14V
—e—NITAL
—e—P.CELIK
—e—VITALLIUM
—&— Co-Ni-Cr-Mo

S
=

S
w

Enerji kayb1 (eV/A)
o ©
e o

9
Z, cm

, —6— K KEMIK (b) 4

” A —6—TEFLON

;;C 0.25 | —6— Al1203
0,20

’§‘0:15 :, —e—P.CELIK

4 @ —e— VITALLIUM
2 0,10 3P| —&— Co-Ni-Cr-Mo

Secilen 7 farkli biyomalzeme igin protonlarin Bragg
egrileri Sekil 1b’deki bas-plaka kesiti goz oniine alinarak
hesaplanmistir.  Biyomalzeme kalinliklar1  kortikal
kemikte oldugu gibi 0,4-1,2 cm aralifinda alinmistir.
Elde edilen sonuglar referans olarak kabul etti§imiz
kortikal kemik degerleri ile karsilastirilmistir.
Hesaplamalardan elde edilen Bragg pik konumu
sonuglar1 Cizelge 3.’de, ikinci pik ve genlik degerleri
Cizelge 4.”de verilmistir.

Sekil 7. 0,8 cm kalinlikli kortikal kemik ve biyomalzemeli bag-
plaka kesiti i¢in a) 160 ve b) 220 MeV enerji
protonlarin Bragg egrileri (Bragg curves of a) 160
MeV and b) 220 MeV protons for a slab head
phantom with 0.8-cm-thick cortical bone and
biomaterials)

3.1. Bragg Pikleri (Bragg Peaks)

Cizelge 3.’de verilen hesaplama sonuglarina gore,
kortikal ~ kemik  ile  biyomalzeme sonuglar1
karsilastirildiginda, teflonda segilen her kalinlik i¢in (%
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3- 0,4 azalis ile) yaklagik ayni Bragg pik konumu elde
edilmistir. AI203 ise 0,4 cm kalinlikta % 2,4-4,7; 0,6
cm’de % 3,1-4,7; 0,8 cm’de % 4-7; 2; 1 cm’de % 5,7-9,6
ve 1,2 cm’de % 6,8-15,6 Bragg piki konumunda bir
azaliga sebep olmaktadir. Yani kalinlik arttik¢a Bragg pik
konumundaki azalma % 0,4’den % 30,5’e¢ kadar
uzanmaktadir. Ti6Al4V’de yaklasik A1203’e benzer bir
davranis sergilemektedir. Yine kalinlik arttik¢a % 2’den
% 15’¢ kadar uzanan bir pik konum azalmasina neden
olmustur. Nital ise % 3,6 ile % 22,8’lik bir azalmaya
sebep olmustur. Paslanmaz ¢elik % 5,4-28,1 arasi,

Vitallium % 2-30,2 aras1 ve son olarak Co-Ni-Cr-Mo %
5,8-30,5 aras1 bir oranda Bragg piki konumun azalmaya
sebep olmustur. Genel olarak ayni kalinlikta enerji
arttikca Bragg pik konumundaki azalma miktari
diismektedir. Sekil 7.’de kortikal kemik ve biitiin
biyomalzemelerin 0,6 cm kalinlikta 160 ve 220 MeV
enerjili protonlar i¢in Bragg pikinde yaptig1 azalma
gosterilmistir.

Cizelge 3. 5 farkli kalinlik i¢in kortikal kemik ve biyomalzemelerde protonlarin Bragg pik konumlar (Bragg peak positions of
protons in cortical bone and biomaterials for 5 different thicknesses).

> o
=2 £ > » £ 2
s § & § s § 3 § 3 £ % £ 5 £ 2 %
§ v & £ g 05 £ 5 35 £ £ 5 § 5 8 =
0,4cm igin
160 17,1 171 0,0 16,3 47 16,4 41 16,0 6,4 155 94 16,6 29 153 105
180 21,1 21,0 05 20,3 38 205 2,8 198 6,2 194 81 194 8,1 194 8,1
200 25,2 253 04 246 2,4 248 16 239 52 23,6 6,3 23,6 6,3 23,6 6,3
220 29,8 29,8 0,0 29,0 2,7 291 2,3 285 44 282 54 292 20 279 6,4
0,6 cm igin
160 16,9 16,9 0,0 16,1 4,7 16,2 41 151 10,7 146 136 144 148 144 148
180 20,9 20,9 0,0 20,0 4,3 20,0 4,3 19,0 91 186 110 183 124 165 211
200 25,2 252 00 242 4,0 242 40 232 79 229 91 226 103 223 115
220 295 294 0,3 28,6 3,1 289 20 279 54 27,2 78 27,2 78 26,9 8,8
0,8 cm igin
160 16,7 16,7 0,0 155 7,2 157 6,0 144 138 13,7 180 136 186 13,4 198
180 20,8 20,5 1,4 19,6 58 195 6,3 16,7 19,7 165 20,7 165 20,7 16,5 20,7
200 249 248 0,4 239 40 239 40 224 100 21,7 129 218 124 215 137
220 29,6 29,2 1,4 28,2 4,7 28,2 4,7 27,2 81 262 115 262 115 262 115
1,0 cm igin
160 16,7 16,6 06 151 96 151 96 13,7 180 128 234 12,6 246 12,4 257
180 20,6 204 1,0 19,0 7,8 19,2 6,8 16,7 189 166 194 16,6 194 194 5,8
200 24,8 248 0,0 231 6,9 235 52 239 36 209 157 206 169 208 16,1
220 29,6 29,2 1,4 279 57 27,9 57 26,2 115 230 223 252 149 252 149
1,2 cm igin
160 16,7 16,2 30 14,7 120 147 120 129 228 120 281 118 293 116 305
180 20,5 20,3 10 173 156 188 83 16,7 185 158 229 156 239 155 244
200 248 244 16 229 7,7 235 52 21,0 153 200 194 17,3 302 173 30,2
220 29,2 29,2 00 27,2 6,8 27,9 45 234 199 232 205 229 216 229 216
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3.2. lkinci Pik ve Genlikleri (Secondary Peak and
Amplitudes)

Cizelge 4.’de verilen hesaplama sonuglarina gore, Proton
demeti farkli yogunluga sahip katmanli yap1 boyunca
ilerlerken az yogundan ¢ok yogun ortama gectiginde
ikinci pik olugmaktadir. Kortikal kemik referans alinarak
biyomateryallerden elde edilen ikinci pik sonuglari
degerlendirilmistir. Biyomalzemelerin sebep oldugu
ikinci piklerin genligi kortikal kemige gore ciddi artiglar
gostermektedir (Cizelge 4). Bu artis en az Teflonda % 0-
15 arasi, en ¢ok Co-Ni-Cr-Mo’da % 176-323 arasinda
goriilmektedir.  Protonlarin  enerjisi g6z  Oniine

alindiginda ise genelde enerji arttikca ikinci pik
genlikleri her biyomalzemede azalmaktadir. Ayn1 proton
enerji degerinde ise kalinlik arttik¢a (0,4—1,2 cm) ikinci
pik genlikleri de artmaktadir. Ayni kalinlikta proton
enerjisi  arttikca  biyomalzemelerin  ikinci  pik
genliklerinin kendi i¢inde diizenli olarak azalmaktadir.
Teflon’un kortikal kemik ile diizenli bir fark sergiledigi
ve kortikal kemige her kalinlik degerinde en yakin olan
biyomalzeme oldugu goriilmiistir. Bas plaka Kkesit
fantomu sirasiyla deri (0,5 cm kalinlikl ), kortikal kemik
veya biyomalzeme (kalinlklar1 0,4-1.2 cm araliginda
degismektedir), yumusak doku ve su’dan olusmaktadir.

Cizelge 4. Farkli biyomalzeme kalinliklar1 i¢in ikinci pik genlikleri (eV/A) (Second peak amplitudes for different biomaterial

thicknesses).

3 2

4 1= —
s & gs § 2 g 5 gt g 2 ;5 3 5
E S P 52 s & £ 2 52 5 £ 5 3§ %
0,4 cm igin
160 0.0893 0.0952 7 0.1703 91 0.1655 85 0.2585 189 0.3062 243  0.2119 137 0.3241 263
180 0.0797 0.0875 14 0.1316 72 01521 98 0.2282 198 0.2695 251  0.2074 160 0.2832 269
200 0.0783 0.0736 6 0.1243 59 01298 66 0.1759 125 0.2060 163  0.2017 158 0.2160 176
220 0.0653 0.0690 6 0.1233 89 01220 87 0.1652 153 0.1931 196  0.1049 61 0.2038 212
0,6 cm igin
160 0.0914 0.0976 7 0.1785 95 0.1663 82 0.2645 189 0.3144 244 03241 255 0.3312 262
180 0.0841 0.0899 7 0.1765 110 0.1581 88 0.2383 183 0.2824 236 0.2908 246 0.3042 262
200 0.0730 0.0835 14 0.1493 105  0.1471 102 02219 204 0.2624 259 0.2700 270 0.2754 277
220 0.0715 0.0732 2 0.1400 96 0.1381 93 0.2079 183 0.2458 234  0.2529 244 0.2602 254
0,8 cmigin
160 0.0863 0.0987 14 0.1799 108 0.1766 105 0.2712 214 0.3244 276 0.3347 288 0.3452 300
180 0.0803 0.0906 13 0.1631 103  0.1581 97  0.2463 207 0.2937 266 03026 277 0.3093 285
200 0.0745 0.0835 12 0.1379 85 01470 97 0.2256 203 0.2681 260 0.2703 263 0.2843 282
220 0.0686 0.0743 8 0.1291 88 0.1381 101 0.2083 204 0.2460 259 0.2532 269 0.2585 277
1,0 cm igin
160 0.0935 0.1001 7 0.1830 96 0.1796 92  0.2790 198 0.3362 260 0.3472 271 0.3556 280
180 0.0796 0.0914 15 0.1658 108 0.1630 105 0.2516 216 0.3014 279 03110 291 0.2853 258
200 0.0791 0.0843 7 0.1521 92 01496 89 0.2159 173 0.2749 248 0.2835 258 0.2660 236
220 0.0691 0.0792 15 0.1423 106  0.1401 103 0.2129 208 0.2553 269 0.2604 277 0.2345 239
1,2 cmigin
160 0.0877 0.1009 15 0.1867 113 01833 109 0.2881 229 0.3501 299 0.3623 313 0.3713 323
180 0.0851 0.0909 7 0.1687 98 0.1622 91 0.2577 203 0.3105 265 0.3207 277 0.3284 286
200 0.0778 0.0836 7 0.1517 95 0.1496 92 0.2298 195 0.2750 253  0.2913 274 0.2979 283
220 0.0680 0.0776 14 0.1385 104  0.1401 106 0.2151 216 0.2539 273  0.2620 285 0.2701 297
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Biyomalzeme kalinligina gore ikinci piklerin konumunu
veren Sekil 8 deki diisey eksen incelendiginde, pik
konumunun kortikal kemik veya biyomalzeme kesitinin
son 1-2mm’sinde oldugu daha iyi anlasiimaktadir. Yani
Bragg pikinden sonra en fazla LET’e maruz kalan
bolgenin kortikal kemik veya biyomalzemenin kesit sonu
(yaklagik son 1-2 mm’de) oldugunu goriilmiistiir. Bu
bolgeden sonra LET seviyesinin Bragg platosu
seviyesine indigi gorlilmiistiir.

18 1
§ ] y=03571x2+0,3286x+0,7 %
=15 R?=0,9965 Il
o b
= -
g 1 .
S1o] -’
2 s
= ] @",
5 -
g . .-
2091 ¢
0,6 ] LANLIN LR L R EL L L L R L L L R R L R R B I B B B BB |
0,2 0,4 0,6 08 1 1,2 14
Biomalzeme kalinligi, cm

Sekil 8. Biyomalzemelerin kalnhigmma gore ikinci pik
konumlari (Second peak positions according to the
thickness of biomaterials)

Ikinci pik konumlarinin aym kalinlik dikkate almdiginda farkli
proton enerjileri ve biyomalzemelere gore neredeyse sabit
kaldig1 (0,065-0,111 cm standart sapma ile) goriilmiistiir. Fakat
Sekil 8.’de goriildiigii gibi malzemenin kalinlig1 artikca ikinci
pik konumlart iistel olarak artmaktadur.

5. SONUC (CONCLUSION)

Bas plaka kesit fantomu g6z 6niine alinarak Monte Carlo
benzetimi ile 160-220 MeV enerjili protonlarin Bragg

egrileri hesaplanmustir. Ayrica kranyoplasti
uygulamalarinda  kullanilma  potansiyeline  sahip
biyomalzemelerin Bragg egrisi {izerindeki etkisi

incelenmistir. Su ve dokulardan daha yogun olan kortikal
kemik ve biyomalzemeler sebebiyle ikinci bir pik
olustugu goriilmiistiir. Bu ikinci pikin Bragg pikinden
sonra en yiiksek ikincil LET bolgesi oldugu ve pikin
biyomalzemenin kalnlig ile arttigi gériilmiistiir. Ayrica
proton enerjisi artikca ikinci pikin genligi azalmaktadir.
Kortikal kemik ve biyomalzemelerin kalinlig1 Bragg piki
konumunu azaltmaktadir. Kortikal kemik yerine
kullanilan biyomalzemelerden kemige en yakin sonuglar
teflon, titanyum alagimlar1 (TisAlsV ve Nital) ve Al,O3
seramik alagimdan elde edilmektedir. Bu sonuclara gore
biyomalzemeli hastalar g6z Oniine alindiginda
radyotedavide kritik 6neme sahip dogru doz hesabinda
biyomalzemenin ¢esidi ve kalinlig1 da 6zellikle dikkate
almmalidur.
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2Miihendislik Fakiiltesi, Makine Miih. Béliimii, Siileyman Demirel Universitesi, Isparta, Tiirkiye

(Gelis/Received : 13.02.2019 ; Kabul/Accepted : 15.03.2019)
(074
Bu ¢aligmada elektrik motorlarindaki rotor milini destekleyen yataklarda olusan siirtiinme durumuna manyetik alaninin etkisinin
incelenmesi amaglanmistir. Deneysel ¢alismada kendinden yaglamali Toz Metalurji (T/M) esasl kaymali yataklarla 15 N, 40 N,
65 N sabit yiiklerde ve 100, 200, 400, 800, 1200 d/d hizlarda testler yapilmistir. Manyetik alan siddeti olarak 2.5, 5 ve 7.5 mT
secilmistir. Deneyler tiger defa tekrarlanarak elde edilen siirtiinme katsayisi sonuglarinin ortalamalari (port) hesaplanarak grafiklerde
sunulmustur. Manyetik alansiz testlerde yiik ve hizin artmast ile genel olarak porn arttig1 gozlemlenmistir. Manyetik alan uygulanmis
2.5 mT testlerinde yiik ve hizin artmasiyla port degerlerinde artis gostermistir. S mT uygulanmus testlerde, port yiik ve hiz degisimine
gore ¢ok fazla degisim gostermemistir. 7.5 mT uygulanmis testlerde, port yiik ve hiz artigina gore bir azalma gostermistir.

Anahtar Kelimeler: Manyetik alan, kaymal1 yatak, toz metalurji, elektrik motoru, siirtiinme katsayis.

Investigation of Frictional Properties of Manufactured
by Powder Metallurgy (P/M) the Bronze Bearings
Exposed to Magnetic Field

ABSTRACT

In this study, it is aimed to give an experimental investigation of the effect of the magnetic field in the electric motors to the friction
state in the rotor shaft supporting journal bearing. In the experimental study, it was performed with self-lubricated Powder
Metallurgy (P/M) based journal bearings such as at 15 N, 40 N, 65 N constant loads and 100, 200,400, 800, 1200 rpm speeds,
respectively. Three different values of 2.5, 5, and 7.5 mT were selected as the magnitude of the magnetic field. The experiments
were repeated three times and then the arithmetic mean values (uave) presented in the graphics was calculated from friction
coefficients test results. It has been observed pave increases in general with the increase of the load and rotation speed in the without
magnetic field tests. In magnetic field applied 2.5 mT tests, pave Values increased with increasing load and speed. For the 5 mT, it
was seen that pave did not change much compared to the change of load and speed. In tests conducted with 7.5 mT, pave Showed a
decrease by increasing load and speed.

Keywords: Magnetic field, journal bearing, powder metallurgy, electric motor, friction coefficient.

1. GIRiS (INTRODUCTION)

Elektromanyetik alanin iki bileseni vardir; elektrik ve
manyetik alandir. Manyetik alan; hareketli ve elektrik
yiiklii zerrelerin gii¢ etkisinde kaldigi bosluk olup,
atomlarm igindeki elektronlarin g¢ekirdek etrafinda ve
kendi ekseninde donmeleri sonucu olusmaktadir.

Bir sistemin manyetik alani, iyi bir manyetik yalitim
yapilmazsa baska sistemlerin ¢alismasini olumsuz
etkileyebilmektedir. Ornegin, televizyon ya da bilgisa-
yarin yaninda cep telefonu faaliyete gecince hem parazit
sesleri duyulur hem de ekran gériintiilerinde bozulmalar
olur.

Manyetik alan dogrudan gozle goriilemeyen veya
kolayca hissedilemeyen, fakat sonuclar1 goriilebilen veya
hissedilebilen bir olgudur. Tiim maddelerin zayif ya da
giiclii manyetik alanlar1 vardir[1,2].

*Sorumlu Yazar (Corresponding Author)
e-posta : ertugruldurak@sdu.edu.tr

Elektrik motorlar1 dogru akim motorlari, alternatif akim
elektrik motorlari, senkron elektrik motorlar veya
asenkron elektrik motorlar gibi gesitleri vardir. Elektrik
motorlarinda genellikle yuvarlanma elemanli yataklar
(rulmanlar) daha yaygin kullanilmaktadir. Bununla
beraber kiiciik giiclerdeki elektrik motorlarinda burg
olarak adlandirilan silindirik radyal kaymali yataklarda
kullanilmaktadir(Sekil 1.)[3].

137



MANYETIK ALANA MARUZ TOZ METALURJISIYLE (T/M) URETILMIS BRONZ YATAKL ... Politeknik Dergisi, 2020; 23 (1) : 137-149

Motor Mili

Stator sargilari E

Baglanti klemensleri

Fan

Sekil 1. Ornek bir elektrik motoru yapisi (simple electric motor detail view)[4]

Toz metaliirjisi (T/M), metal tozlar iiretimi ve bu toz-
lardan yar1 bitmis ya da bitmis nesneler yapma bilimi ve
sanati olarak tanimlanir. Toz metal parcalarm iiretimi
elementel veya alasimli tozlarin karistirilmasi, bu
tozlarin uygun kaliplarda sikistirilmasi ve toz partikiil-
leri arasinda metaliirjik bir bag olusturulmasi amaciyla
atmosfer kontrolli firmlarda sinterlenmesi asamalarini
igermektedir. Elde edilen nihai iriin gesitli alanlarda
kullanilmak i¢in yeterli yogunluga ve dayanima sahip bir
malzemedir[5]. Genel olarak T/M uygulamalar1 ola-rak;

* Yapisal otomotiv pargalar1 (biyel kolu, kendin-den
yaglamali kaymali yataklar (burglar), motor ve
transmisyon pargalari, vb.),

» Elektrik ve elektronik uygulamalari,
* Manyetik algilayicilar,

e Tahrik elemanlar,

» Isil diizenleyici cihazlar,

» Biyomedikal par¢alar,

e Siirtiinme malzemeleri,

* Yiiksek sicaklik yapilari,

» Korozyona direngli cihazlar (ortodontik destek

pargalart),
+  Kesme ve aginma pargalari,

o Atalet ve yliksek yogunluklu -cihazlar selinde
gostermek miimkiindiir[6].

Bu yataklar kendi kendini yaglayan yataklar olarak da
isimlendirilmektedir. Ozellikle 1950’lerden sonra bu
yataklarin kullanimi giderek artmistir. En ¢ok kullanilan
T/M kaymali yataklar demir ve bronz igeriklidir. Bu
yataklar daha c¢ok, hizin kiiciik oldugu ve asirt bir
yaglama gerektirmeyen yerlerde tercih edilmektedir. %
15 — 35 gozeneklilige sahip bu yataklara kolaylikla yag
emdirilebilmektedir. Bu yataklarin en biiyiik avantajlari,
yatak icin gerekli olan yaglama i¢in biinyelerinde bulu-
nan bu gozeneklerin yag deposu gorevini {istlen-

meleridir. Yatak icinde mil déonmeye basladigi zaman,
stirtlinmeden dolay1 sicaklik artar ve metale gére yagin
genlesme katsayist bilyiik oldugundan, ayrica yatak ile
mil arasindaki yag filminin hidrodinamik basing
degisikligi nedeniyle depo gorevi yapan gozeneklerdeki
yag, gozeneklerden mile dogru emilir ve yaglama
gorevini yapar. Dénme islemi durdugunda yatak sogur ve
kilcallik etkisi ile yag tekrar gozeneklere emilir. Yag
kalitesi en iyi ¢alisma omrii ve yiikleme kapasitesi igin
o6nemlidir. Bu yiizden gozenekli yataklarda kullanilan
yagin yaslanmaya karsi dayanikli olmasi gerek-
mektedir[7-10]. Ekonomik, ¢evre ve hatta teknik
sebeplerden dolay1 kendi kendini yaglayan malzemelere
egilim artmaktadir. Bu yolla yag ve gres gibi yaglayici-
larin kullanimi1 azalmakta ve bu sayede makine kons-
trilksiyonlar1 sadelesmektedir[9,11].

Elektrik motorlarinda kullanilan T/M esasli yataklardaki
siirtinmeye manyetik alanin etkisi ile ilgili literatiirde
calismalar yok denecek kadar smirli sayidadir. Calis-
malarin manyetik alanin ve / veya elektrik akimmnin ya-
tak hasarlar1 lizerine yogunlastigi goriilmektedir. Bu
nedenle elektrik motorlarinda kullanilan yataklara
manyetik alan etkisi ile ilgili ulagilabilen kisith ¢aligma-
lar asagida Ozetlenmistir. Elektrik motorlarinda motor
milini hareket ettirebilmek igin miknatislarla veya
sargilara elektrik akimi verilerek donme hareketi elde
edilmektedir. N kutbundan S kutbuna dogru olusan déner
manyetik alandan faydalanarak doénme hareketi
saglanmaktadir. Ancak saglanan bu dénme hareketine
ters bir yonde manyetik alanin etki etmesi sonucunda,
motora karst bir moment meydana gelebilme olasilig1
miimkiindiir. Bunun sonucunda da motor giiclinde bir
kayip gozlenebilmektedir. Karsit momentin motor igin-
de degil de disinda gozlemlenmesi durumunda ise yatak-
larda karsit kuvvet ile titresim ve buna bagl olarak da
zamanla asinmalar meydana gelebilmektedir[12].
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Mil etrafindaki dengesiz manyetik alan, s6z konusu milin
miknatislanmasima neden olabilmektedir. Bu mil akilari,
imalat siirecindeki toleranslardan dolayr maki-nelerin
elektriksel ve manyetik devrelerindeki asimet-riler
nedeniyle bu durum tim elektrikli makinelerde
bulunmaktadir. Elektrikli makinedeki milin etrafina bir
bobin sarilirsa, bu akilar Faraday Yasasi geregince voltaj
olusturmaktadir. Manyetik akilar, milden yataga, makine
govdesinden mili destekleyen diger yataga geg-mektedir.
Dolayistyla, bu akilar, mil donerken yatak yiizeyini
keserek, milin muylu uzunlugu boyunca bir potansiyel
olusturabilmektedir. Boylece bdlgesel bir yatak akimi
olusmaktadir. Bu akim, bir ugtaki saftin muylusundaki
yatak yiizeyinde olusturulan yag filmi boyunca iletilir ve
mile geri doner ve ayni muyludaki diger uca tekrar geri
gegis yapar. Yatagm yuva ile yali-timi pratikte ¢ok az
uygulanmaktadir. Bu durum aki yolunun manyetik
isteksizliginin artmasina ragmen, yatak igindeki bolgesel
akim1 durdurmamaktadir[13].

Sohre ve Nippes 0,3 mT akim yogunluguna sahip bir
milin, bolgesel yatak akimmnin zarar vermeden tatmin
edici bigimde calisacagmi belirtmektedir. Bu nedenle
yiksek hizli turbo makinelerde bu diizeyde aki
yogunlugu onerilmektedir. Mil gevresel hiz1 makinenin
kapasitesi biyiikliigiine bagli olarak arttikca bolgesel
yatak akimina neden olan indiiklenmis voltajin artacagi
belirtilmektedir[14]. Sohre ve Nippes tarafindan 6neri-
len aki yogunlugunun kabul edilebilir seviyesine yakin
bir seviye de Costello tarafindan yapilan bir diger calis-
mada 0,2 mT olarak belirtmektedir[13].

Dogru akim motorlarinda kendi kendine yaglanan metal
yataklar ya da kiiresel yuvarlanma elemanli yataklar
kullanilmaktadir. Yataklarda meydana gelen agimnmalar
ve siirtinmeler, akimin yon degistirmesi olayr olarak

bilinen komiitasyonun bozulmasimna ve arizalara yol aga-
bilmektedir[15].

Kadioglu [16] yapmis oldugu yiiksek lisans tez calis-
masinda; sabit kiiresel yuvarlanma elemanli yataklarda
farkli yiik ve hizlarda manyetik alansiz ve ii¢ farkli
manyetik alan siddetine maruz birakarak testler
yapmistir. Manyetik alanin siirtiinme katsayina etkisinin
oldugu, bu etkinin bazi deney sartlarinda siirtiinme
katsayisin1 diisiiriicli, baz1 deney sartlarinda ise artirici
yonde oldugu vurgulanmustir. Ayrica s6z konusu bu
calismadaki kiiresel yuvarlanma elemanl yatakl elektrik
motorlarindaki manyetik alan ile ilgili c¢alismalar
ozetlemek gerekirse; elektrik motorlar1 ve jeneratorler
yuvarlanma elemanli yataklar {izerinden akim gecisinin
elektrostatik, manyetik aki asimetrileri ve yiiksek
frekansli elektrik akimlar oldugu, imalat zorluklarmdan
dolayr mitkemmel simetrige sahip bir elektromanyetik bir
akim olusturmanin imkansiz oldugu, asimetrik manyetik
aki yatak boyunca bir elektrik akimi olusturabilecegi,
izolasyonla bu olumsuz etki en diisiik seviyeye
indirilebilecegi[17], Prashad[18] elektrik motorlarinda
kullanilan yuvarlanma elemanli yatak yiizeylerindeki
hasarin, manyetik aki yogunlugu dl¢iimii, yatak ve mil
arasindaki ~ voltaj  biyiikliiglinin ~ Olgimi  ile
belirlenebilecegi,  Djeddi  vd. [19],  elektrik

motorlarindaki hasarlarin erken teshisi i¢in elektriksel
sinyal proses araglarini kullanilabilecegi, Singh vd. [20],
elektrik motorlarindaki yuvarlanma elemanli yatak
hasarlarina manyetik alandaki endiiktans degisiminden
kaynaklanan diizensiz yiiklerin sebep oldugu, Pras-
had[21] tarafindan elektrik akimmin etkisi altinda i¢
bilezik, dis bilezik ve yuvarlanma elemanlarindaki yii-
zey asinma izlerine, manyetik aki yogunlugunun etki-
sinin i¢ bilezikte daha fazla oldugu, Uysal[22] tarafin-dan
tek sira sabit kiiresel yuvarlanma elemanl yatak-larda
stirtinme kaybinda yuvarlanma elemani ile bile-zikler
arasindaki calisma boslugunun c¢ok fazla etki etti-gi de
belirtilmektedir[16].

Tunay ve Durak tarafindan yapilan ¢aligmada, sabit
manyetik alana maruz kalan T/M bronz esash yatak
numunelerinde manyetik alan etkisi ile siirtinme katsa-
yilarinda artis oldugu belirtilmektedir. Ayrica asinma
miktar1 her ne kadar genelde siirtlinme katsayisinin art-
mastyla asinma miktarmin artti§1 goriilse de, manyetik
alanin hem asinma miktar1 hem de deney siiresince
sicaklik degisimi iizerine etkilerinin de ifade edile-
bilmesi i¢in daha fazla sayida deney yapilmasi gerektigi
sonucuna varilmistir[9].

Radu, elektrik motorlarmdaki olusan kagak manyetik
alanlarm hem alternatif akim hem de dogru akim motor-
larindaki yataklarda hasarlar olusturabilecek biiyiikliikte
bir elektrik akimi iretebilecegini belirtmektedir. Bu
sorunlar1 ortadan kaldirmak i¢in ise elektrik motorunda
topraklama fircalart kullanilmasi gerektigi vurgu-
lanmistir[23].

Makine sistemlerinin dinamik davranislar1 biiyiik 6nem
tagidigi, makinelerin dinamik davranislariin belir-
lenmesinde titresim karakteristiklerinin ¢ok O6nemli
oldugu bilinmektedir[24]. Yeterli sikma momenti ile
stkilmamis ve bunun neticesinde ¢alisma sirasinda gev-
semis vida baglantilari, uygun olmayan gévde, baglanti
yeri hatalari, uygun olmayan montaj, hareketli yiizeyler
arasinda gereginden fazla bosluk birakilmas:t gibi
nedenler elektrik motorlarinda mekanik gevsemelere
neden olmakta, bunlarda titresim ve asmmanin artma-
sina yol agabilmektedir[25]. Sistemdeki titresimlerin
nispeten azaltilmasi makine pargalarinda uygun malze-
me kullanilmasi, uygun 1s1l islem uygulanmasi, uygun
yatak boslugu, soniimlii yatak kullanmak ile miimkiin
oldugu yapilan mil yatak caligmalarinda belirtilmek-
tedir[24, 26-28].

Aleutdinova vd., metal malzemelerin yagsiz durumda
kayma hareketi sirasindaki yiizeylerde temas bolgesinde
100 A/cm?den daha yiiksek bir akim gegisi gerek-lestigi
belirtilmistir. Bu  parametrelerinin;  malzemenin
baslangictaki yapisina gore faz sayisi ve alagim atomu-
nun miktarmin arttirmasindan dolayr siirtinme yiizey-
lerinin aginmasina neden oldugu gdsterilmistir[29].

Bu calismada[12] elektrik motoru ile tahrik edilen mile
montaj edilen kendinden yaglamali T/M esasli bronz
radyal kaymali yatakta olusan siirtinme katsayisina
manyetik alanin etkisi incelenmistir.
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2. MATERYAL VE METOD (MATERIAL and
METHOD)

2.1 Deney Seti (Test Rig)

Siileyman Demirel Universitesi Makine Miihendisligi
Boliimii Triboloji Laboratuvari’nda bulunan deney seti,
manyetik alan uygulayabilmek i¢in bu c¢alisma
kapsaminda tekrar modife edilmistir(Sekil 2)[12]. Soz

1-Elektrik motoru

6-Ornek test sonucu 7-indikator

2-Hiz degistirici 3-Kavrama
8-Yiik Hiicresi

konusu deney diizenegi igin siddeti ayarlanabilir
manyetik alan {ireteclerinden yararlanilmistir. Deney
Diizenegi ile segilecek test yataklarinda olusan siirtiinme
kuvveti, asinma, yorulma Omrii, en uygun yaglama
sartlar1 veya yatak malzemelerinin tribolojik 6zellikleri
ve performanslarmin farkli yiik, hiz gibi farkli ¢alisma
sartlarinda deney diizenegine (Sekil 2) ilave yapilarak
testler yapilabilecek 6zelliklere sahiptir.

5-Besleme Unitesi
10-Yik

4-Bobinler
9-Test yatagi

Sekil 2. Deney Seti ve detay goriiniimleri (test set and detail view)

Deney diizeneginde elektrik motorunun mili kauguk ara
malzemeli elastik kavrama yardimiyla test yataginin
bulundugu mile baglanmaktadir. Boylece elektrik
motorunda olusacak titresimlerden test yataginin
etkilenmesi en aza indirilmistir. Sistemde tahrik elemani
olarak 1380 d/d, 220/380 V 1,5 - 0,87 A ve 50 Hz tek-nik
ozelliklere sahip alternatif akimli elektrik motoru
kullanilmigtir. Frekans degistirici ile elektrik motorun-
dan farkli devir sayilar1 elde etmek miimkiin olmaktadir.

2.2. Test Yatag ve Test Mili (Test specimen bearing
and test shaft)

Deneylerde piyasadan hazir olarak temin edilen T/M
esasli kendinden yaglamali bronz test yataginin i¢ ¢ap1 13
mm, dis ¢ap1 20 mm ve genisligi 10,5 mm’dir. Yatak
numunelerinin ortalama ylizey piiriizliilik degerleri
yaklasik Ra= 0,80-0,95 pm’dir. Test yataklarinin yerles-
tirildigi gévde, manyetik alanin etkisini daha iyi fark
edebilmek igin metalik olmayan teflon malzemeden

iiretilmistir. Boylece yatak govdesi ile siirtiinme 6l¢iim
tinitesi (yiik hiicresi) arasinda herhangi bir metalik bag
s6z konusu degildir.

Deney diizenegindeki test yatagini tasiyan mil malze-
mesi SAE 1050 ¢elik olup ¢apt 12,5 mm’dir. Mil test
yataginin saginda ve solunda olmak iizere iki adet kiire-
sel oynak destek yatagi ile desteklenmistir. Mil yiizey-
leri taglanmug olup ortalama yiizey piirtizliigii Ra=0.25 —
0.30 um, yiizey sertligi ise yaklasik 55 HRC’dir.

2.3 Deneysel Calisma Parametreleri (Experimental

testing parameters)

Bu c¢alismada modife edilen deney diizenegi ile
kendinden yaglamali T/M esasl bronz radyal kaymali
yataklarm siirtinme katsayisi, aginma gibi tribolojik
Ozelliklerinin ~ deneysel incelenmesi  miimkiindiir.
Calisma kapsaminda testler F1=15 N, F.=40 N, F3=65 N
sabit yiiklerde; 100, 200, 400, 800, 1200 d/d mil dénme
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hizlarinda yapilmstir. Yatak numuneleri hem manyetik
alana maruz birakilmadan hem de ¢alismanin
0zglinliiglinii olusturan 2.5, 5 ve 7.5 mT (miliTesla) sid-
detindeki manyetik alana maruz birakilarak testler
yapilmustir[12]. Ulkemizde yerli elektrik motor iireti-
cilerle yapilan goriigmelerde ozellikle kiigiik giicteki
elektrik motorlar1 i¢in mil kesitindeki tipik aki yogun-
Iugu olarak 0.1— 0.2 T, yataklarin etrafinda ise 5-10 mT
oldugu belirtilmistir. Bu nedenle ¢aligmada laboratuvar
sartlar1 da dikkate almarak 2.5, 5 ve 7.5 mT manyetik
alan biiyiikliikleri segilmistir.

3. BULGULAR ve TARTISMA (RESULTS and
DISCUSSION)

Siirtlinme katsayisi 6l¢limii i¢in yapilan deneylerin siire-
si 180 saniye olarak segilmistir. Deneylerde hata payinin
en aza indirgenmesi igin deneyler {i¢ defa tekrarlanarak
elde edilen siirtinme katsayilar1 sonuglarin ortalamasi
alinmistir. Ornek olarak Sekil 3°te manyetik alana maruz
kalmayan 100 d/d hiz ve 40 N yiik uygulanan testlerde
elde edilen siirtiinme katsayisi sonuglar1 ve ortalama
stirtiinme katsayis1 degisimi grafik halinde sunulmustur.
Ortalama siirtiinme katsayilart degisiminin her bir deney
sart1 i¢in ayr1 ayr1 tekrar aritmetik orta-lamasi alimais ve
tek  bir ortalama siirtinme  katsayisina  (Lor)

doniistiiriilmiistiir. Sekil 3’te gosterilen 6rnek testlerden
elde edilen pon degeri 0.199 olarak hesap-lanmustir. Tim
deney sonugclar1 drnek test sonug-larindaki ayni islemler
tekrarlanarak elde edilen pon ortalama siirtlinme
katsayilar1 grafik halinde Sekil 4-11’de verilmektedir.

Elektriksel olaylar c¢evredeki canlilart ve cansizlari
(6rnegin;  elektriksel ~ cihazlar1)  etkiletmektedir.
Elektriksel alanlar; elektrik alani, manyetik alan ve elek-
tromanyetik alan olarak gruplandirmak miimkiindiir. Bu
elektriksel alanlar; elektrik enerjisi iiretildiginde, enerji
iletim hatlarindan veya kablolardan veya havadan gon-
derildiginde veya dagitildiginda veya elektriksel alet-
lerde kullanildiginda olusmaktadir. Elektrik enerjisinin
kullanimi; modern yasantimizin bir pargasi oldugundan,
bu alanlar ¢evremizde her yerde vardir. Bu elektriksel
alanlarin frekans araligi 0-300 GHz’dir[30].

Sekil 4-11°deki siirtiinme katsayilar1 olgiimlerindeki
dalgalanmanin nedenleri olarak mekanik etkiler, yatak,
mil asinma partikiilleri olabilecegi gibi manyetik alan-
daki frekansindaki degisimi de gosterilebilecegi diigii-
niilmektedir. Manyetik alan siddeti arttikga deney siire-
since siirtiinme katsayillarmm degisiminde daha fazla
dalgalanmalar oldugu grafiklerde goriilmektedir(Sekil 4-
8). Bu degisimlere yukarida bahsedilen faktorlerin de
sebep olabilecegi diisiiniilmektedir.

0,40

<O Testil D Test2

Test 3 =>&=QOrtalama

0,35

0,30

K=
N
v

0,20

0,15

Surtinme katsayisi

0,10

0,05

0,00

80

100

Sare (s)

120 140 160 180

Sekil 3. Ornek testlerdeki siirtinme katsay1 degisimleri (variation of the friction coefficient sample test results and averaged

friction coefficient)

port’nin yitkle degisimini goérebilmek i¢in 100 d/d igin
Sekil 4, 200 d/d i¢in Sekil 5, 400 d/d i¢in Sekil 6, 800 d/d

icin Sekil 7 ve 1200 d/d hiz i¢in ise Sekil 8’de veril-
mistir.
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Yik (N)

Sekil 4. 100 d/d hizdaki port degerleri ( values of the pave at 100 rpm)

EOmT mM25mT m5mT ®m7,5mT
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Sekil 5. 200 d/d hizdaki port degerleri ( values of the pave at 200 rpm)
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M ort

HOmT m2,5mT m5mT m7,5mT

0,30
0,25
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0,00
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Sekil 6. 400 d/d hizdaki port degerleri ( values of the pave at 400 rpm)

EOmT mM25mT m5mT ®m7,5mT

40

Yiik (N)

Sekil 7. 800 d/d hizdaki port degerleri ( values of the pave at 800 rpm)
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65

Sekil 8. 1200 d/d hizdaki port degerleri ( values of the pave at 1200 rpm)

100 d/d hizda manyetik alan uygulanmayan ve 2.5 mT
manyetik alan uygulanan testlerde yiikiin artmasi ile pon
degerinde bir artig olurken, 5 mT uygulanan testlerde
once bir disiis, sonra tekrar bir artis goriilmektedir. 7.5
mT deneylerinde yiikiin artmast ile port degerinde 6nem-
li bir diistis, sonra ise daha az miktarda bir artis
sergilemistir(Sekil 4).

200 d/d hizda manyetik alan uygulanmayan ve 2.5 mT
manyetik alan uygulanan deneylerinde deney yiikiiniin
artmasi ile pon degerinde bir artis oldugu rahatlikla
goriilmektedir. 5 mT deneylerinde ise 6nce diisiis, sonra
ise daha az bir miktarda artis sergilemistir. 7.5 mT de-
neylerinde ise yiikiin artmasi ile port degerinde diisiis ol-
dugu rahatlikla goriilmektedir(Sekil 5).

400 d/d hizda manyetik alan uygulanmayan ve 2.5 mT
deneylerinde yiik artmasi ile por degerinde bir artig
oldugu rahatlikla goériilmektedir. 5 ve 7,5 mT 400 d/d
hizda ise yiikiin artmasi pon degerinde bir diisiis oldugu
rahatlikla gériilmektedir. 7.5 mT ise yiikiin artmasi ile
port degerinde belirgin bir disiis sergilemistir(Sekil 6).
800 d/d hizda manyetik alan uygulanmayan ve 2.5 mT
hizda deneylerde yiik artmasi ile pon degerinde once bir
art1s, sonra ¢ok fazla degigmedigi gortilmektedir. 5 mT
ise yiikiin artmasi ile ¢ok fazla degisim sergilememistir.
7.5 mT ise yiikiin artmasi ile énce az bir artig, sonra
belirgin bir diisiis sergilemistir (Sekil 7).

1200 d/d hizda manyetik alan uygulanmayan deneylerde
yiik artmas1 port degerinde dnce ok biiyiik bir artis, sonra
bir diisiis (ancak ilk yiike gore yine yiiksek bir degerde)
oldugu rahatlikla goriilmektedir. 2.5 mT yiikiin artmasi
ile ¢cok fazla degisim sergilememistir. 5 mT ise yiikiin
artmasi ile por degerinde dnce belirgin bir diisiis, sonra

daha az bir artis sergilemistir. 7.5 mT ise yiikiin artmasi
ile pon degerinde once fazla bir degisim goster-mezken,
sonra belirgin bir diisiis sergilemistir (Sekil 8).

En diisiik yiik olan 15 N’de 6zellikle manyetik alan uy-
gulanmayan deneylerde hizin artmasi ile por’da diisiis
gergeklestigi goriilirken manyetik alan uygulanan de-
neylerde ise por degerinin tiim mil hizlarinda belirgin bir
sekilde arttig1 goriilmektedir(Sekil 9). 15 N yiikte en
biiylik port degerleri 5 mT ve 7.5 mT testlerde elde edil-
digi rahatlikla test sonucu grafiklerinde goriilmekte-
dir(Sekil 9).

Ayrica pon mil hiziyla degisimini daha iyi gérebilmek
icin porr F1=15 N igin Sekil 9, F;=40 N i¢in Sekil 10 ve
Fs=65 N i¢in ise Sekil 11°de verilmistir.

40 N yiikte, manyetik alan uygulanmayan testlerde port
once hafif bir diisiis gdstermistir. Daha sonra ise tekrar az
bir artis sergilemistir. 40 N yiik i¢cin manyetik alan
arttikca pon degerinde farkli miktarlarda da olsa (bazi
hizlarda diisiis de sergilemesine ragmen) genellikle
arttigini sdylemek miimkiindiir. 40 N yiikte (Sekil 10)
ozellikle 200, 400 ve 800 d/d hizlardaki testlerde
manyetik alan siddeti artmast ile pon degerlerinde artiglar
gbzlenmistir.

65 N yiikte manyetik alan uygulanmayan ve manyetik
alan uygulanan deneylerde hizin artmasi ile por hafif de
olsa bir diislis gézlenmistir. Diistik hizlarda 2.5 ve 5 mT
(100 ve 200 d/d) manyetik alansiz testlerdeki port
degerine yakin degerler elde edilirken, 7.5 mT testinde
ise daha diisiik degerler elde edilmistir. 800 ve 1200 d/d
hizlarda ise manyetik alan wuygulanan deneylerin
timiinde manyetik alan uygulanmayan deneylerdekine
gore daha biiyiik port degeri sergilemistir (Sekil 11).
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Sekil 9. 15 N yiikteki port degerleri ( values of the pave at 15 N load)
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Sekil 10. 40 N yiikteki por degerleri ( values of the pawe at 40 N load)
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Sekil 11. 65 N yiikteki port degerleri ( values of the pave at 65 N load)

Calismada elde edilen pot degerleri genel olarak
degerlendirildiginde, test yataklarinda sivi yag beslemeli
olmadigidan, T/M esasli kendinden yaglamali ve de-ney
stiresinin de ¢ok kisa oldugu i¢in sivi filmli yaglama
bolgesine gore biiylik degerlerde oldugu goriilmektedir.
Bu da yataklarda olusan yaglama rejimi olarak sinir
yaglama ve/veya karisik yaglama oldugunun bir gos-
tergesidir[31-34].

Kendinden yaglamali sinter yataklarin galistirilmasi igin
siirlayict kosullar olarak PV faktorii tanimlanmaktadir.
P, birim yatak yiizeyine uygulanan yiik (MPa), V ise
milin ¢evresel hizidir(m/s). Bu tip yataklar i¢in tavsiye
edilen PV degeri 1.75 MPa m/s’dir[35]. Sunulan ¢alis-
madaki PV degerleri ise Cizelge 1.’de verilmektedir.
Cizelge 1.’deki degerler incelendiginde kendinden
yaglamali sinter yataklar icin tavsiye edilen degerlerden
daha kii¢iik oldugu rahatlikla gériilmektedir.

Cizelge 1. Testlerde Segilen PV Degerleri (PV values selected

in tests)
Test PV Test PV Test PV
FiVi | 0.007 | FVi | 0.020 | FsV: | 0.032
F1V. | 0.015 F.V, | 0.040 FsV, | 0.065
FiVs | 0.030 | FVs | 0.080 | FsVs | 0.130
FiVs | 0.060 | FVs | 0159 | FsVs | 0.259
FiVs | 0.090 | FVs | 0.239 | F3Vs | 0.389

Testlerde secilen yatak biyiikliigl, yik ve hiza gore
hesaplanan PV degerlerine gore deneylerde elde edilen
port degerlerinin degisimi Sekil 12-14’te verilmektedir.

Fi=15 N yiikte artan PV degeri ile manyetik alan
uygulanmayan testlerde pon degerinde bir diisiis
gozlemlenirken, 2.5 mT testlerinde bir artis, S mT ve 7.5
mT testlerinde ¢ok fazla bir degisim olmamakla beraber
hem diisiis hem de artiglar sergilemektedir(Sekil 12).

F,=40 N yiikte artan PV degeri ile pon degerinde
manyetik alan uygulanmayan testlerde ise dnce bir diisiis,
sonra bir artig géstermektedir. 2.5 mT testlerinde bir 6nce
artig, sonra ise bir diisiis sergilemistir. 5 mT testlerinde
bir artis sonra tekrar bir diigiis sergileyerek ilk PV
degerindekine yakin bir port degeri sergilemistir. 7.5 mT
testlerinde por degerinde 6nce bir artig sonra az da olsa
bu artisi siirdiiren bir degisim sergilemistir(Sekil 13).
Fs=65 N yiikte artan PV degeri ile por degerinde man-
yetik alan uygulanmayan, 2.5 mT ve 5 mT testlerinde az
da olsa bir diisiis sergilerken, 7.5 mT testlerinde ise ¢ok
fazla bir degisim sergilememistir(Sekil 14).

4. SONUCLAR ve ONERILER (CONCLUSIONS
and SUGGESTIONS)

Caligmada test yatagi olarak ozellikle diisiik gligteki
elektrik motorlarmmda yaygin olarak kullanilan, ¢alisma
sirasinda ilave yaglama gerektirmeyen kendinden
yaglamali T/M esasli bronz esasli radyal kaymali
yataklar tercih edilmistir. Test yiikii olarak F1=15 N,
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F.=40 N ve F3=65 N sabit yiikler sec¢ilmistir. Test mili  se¢ilmistir. Testlerde uygulanacak olan manyetik alan
hiz1 olarak ise 100, 200, 400, 800 ve 1200 d/d hizlar1  siddet degeri olarak ise 2.5 - 5 ve 7.5 mT secilmistir.

==0MmT =lll=25mT ==fe=5mT e==¢=75mT

0,30
0,20 _—"

5015 :\—\.— //

0,10 ——
—
0,05
0,00
0,00 0,03 0,05 0,08 0,10
PV

Sekil 12. 15 N yiikteki port’un PV ile degisimi (variation of values of the pave with PV at 15 N load)
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0,00 0,05 0,10 0,15 0,20 0,25
PV

Sekil 13. 40 N yiikteki port’un PV ile degisimi (variation of values of the pave with PV at 40 N load)
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Sekil 14. 65 N yiikteki port’un PV ile degisimi (variation of values of the pave with PV at 65 N load)

Caligmada elde edilen ortalama siirtinme katsayilari
degerleri genel olarak degerlendirildiginde, test yatak-
lar1 sivi yag beslemeli olmadigi, T/M esasl kendinden
yaglamali oldugu ve deney siiresinin de ¢ok kisa oldugu
icin sivi filmli yaglama bolgesine gore daha biiyiik
degerlerde oldugu goriilmektedir. Bu da yataklarda olu-
san yaglama rejimi olarak sinir yaglama oldugu sdyle-
nebilir.

Kendinden yaglamali sinter yataklarin galistirilmasi igin
sinirlayict kosullar olarak tanimlanan PV faktorii [35]
olan 1.75 MPa m/s olup ¢aligsmada secilen PV degerleri,
T/M esasli kendinden yaglamali sinter yataklar igin
tavsiye edilen daha degerlerden kiiciik degerlerdedir.

Manyetik alana maruz birakilmayan deneylerde
stirtiinme katsayisi1 degisimi yiikiin artmasi ile ortalama
stirtiinme katsayisinda genel anlamda bir artis oldugu
goriilmektedir.

En diisiik yik olan 15 N’da ozellikle manyetik alan
uygulanmayan deneylerde hizin artmast ile por degerinde
diisiis, manyetik alan arttikca pon degerinin tiim mil
hizlarinda belirgin bir sekilde arttigi goriil-mektedir.
Ayrica en disiik yik olan 15 N’da en biiyiik pont
degerleri, 5 mT ve 7.5 mT testlerde elde edilmistir. 40 N
yiikte, manyetik alan uygulanmayan testlerde pon Once
hafif bir diisiis, sonra tekrar az bir artig ser-gilemistir. 40
N yiik i¢in manyetik alan arttik¢a pon de-gerinde farkli
miktarlarda da olsa (baz1 hizlarda bir miktar diisiis de
sergilemesine ragmen) genellikle arttigini sdylemek
miimkiindiir. 65 N i¢in manyetik alan uygulanmayan
manyetik alan uygulanan deneylerde hizin artmasi ile
port degerinde hafif de olsa bir diisiis gozlenmistir.
Diisiik hizlarda, 2.5 ve 5 mT (100 ve 200 d/d) manyetik
alansiz testindeki pon degerine yakin degerler elde
edilirken, 7.5 mT testinde ise daha diisiik degerler
sergilemistir. 800 ve 1200 d/d hizlarda ise manyetik alan

uygulanan deneylerin  tiimiinde manyetik alan
uygulanmayan deneylerdekine goére daha biiyiik pon
degeri sergilemistir.

Sonu¢ olarak genellikle bu caligmada secgilen deney
sartlarinda manyetik alanin, T/M esasl kendinden yag-
lamali bronz yatakta olusan ortalama siirtiinme katsa-
yisini arttirdigi sdylenebilir. Bu degisime manyetik alan
siddetinin degeri, yatak yiikii ve mil hizinin etkisinin
oldugunu da séylemek miimkiindiir.

Manyetik alanin uygulandigi deneylerde elde edilen port
degerinde artisa, kendinden yaglamali yataklara ilave sivi
yag beslemesi yapilmadigindan, yeterli bir yag filminin
olusamadigi, ¢ogunlukla sinir yag filminin olustugu,
manyetik alan etkisi ile milin yatak yilizeyine daha fazla
yaklagacagr ve bolgesel temaslara manyetik alanin
herhangi bir etkisi olup olmayacagi da arasti-rilmalidir.
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oz
Bu ¢aligmada, distal femurun Salter Harris (SH) Tip 4 epifiz kinginda rediiksiyon sonrasi stabilizasyon i¢in kullanilan Parallel
Kirshner telleri (K teli), Parallel vidalar, Ustte K teli-Altta vida, Ustte vida-Altta K teli olmak iizere 4 farkli konfigiirasyonun,
aksiyel, rotasyonel ve egme kuvvetleri altinda, biyomekanik etkilerini tanimlayip hangisinin daha avantajli oldugu arastirildi. 4
farkli konfigilirasyon SolidWorks programi ile modellendi ve bilgisayar destekli sayisal analizler sonlu elemanlar yazilimi ile
gerceklestirildi. Herbir konfigiirasyon igin, ag siireci, sinir sartlar1 ve malzeme modeli sonlu elemanlar yaziliminda uygulandi. Buna
ek olarak, epifiz plagmin gelisimindeki von-Mises gerilme degerleri, vidalar ve K-tellerindeki gerilme degerleri
hesaplanmigtir.Frontal, sagittal ve transvers diizlemde biikkme (varus-valgus agilimi, 6n-arka agisal kapanma) ve burulma kuvvetleri
altindaki fizis ¢izgi tizerinde tiim konfigiirasyonlarda gerilme degerlerinde genel olarak yakin bir egilim vardir. Eksenel kuvvetler
diistiniildiigiinde, en yiliksek gerilme, fisizte paralel K-telleri konfigiirasyonunda bulunurken, en diisiik gerilme paralel vida

konfigiirasyonunda bulundu.Paralel vida konfigiirasyonunda fiksasyon tipinin kullanilmas1 avantajli bulunmustur.Ek olarak, SH
tipi 4 epifiz kiriklarinda, K-teli konfigiirasyonunda fiksasyon tipi dezavantajli bulunmustur.

Anahtar Kelimeler: Biyomekanik, SH tip 4 epifiz kirigi, kirshner teli, sonlu elemanlar analizi, epifiz plag.

Biomechanical Effects of Four Different
Configurations In Salter Harris Type 4 Distal Femoral
Epiphyseal Fractures

ABSTRACT

In this study, the biomechanicaleffects of four different configurations (Parallel K wires, Parallel Screw, Upper K wire-Lower
Screw, Upper Screw-Lower K wire), which are used for stabilizing Salter-Harris (SH) Type 4 epiphyseal fracture of distal femur
after reduction process, on the epiphyseal plate has been investigated under axial, rotational and bendingforces in order to determine
the most advantageous configuration. The fourdifferent configurations have been modeled by using SolidWorks and computer-
aided numerical analyses were performed by finite element analysis software. The mesh process, boundary conditions and material
model have been applied in finite element analysis software for each configuration. In addition, von-Mises stress values on
epiphyseal plate, screws and K wires have been calculated. There is a general near trend on stress values in all configurations on
physis line under bending (varus-valgus angulation, anterior-posterior angulation) and torsional forces in the frontal, sagittal and
transverse plane respectively. Considering the axial forces, the highest stress was found on parallel K- wires configuration in physis
while the lowest stress was found in parallel screw configuration. It has been found particularly advantageous to use fixation type
in parallel screw configuration. In addition, in SH type 4 epiphyseal fracture, fixation type is found to be disadvantageous in K
wire configuration.

Keywords:Biomechanics, Salter Harris Type 4, Kirschner wire, finite element analysis, epiphyseal plate.

1. INTRODUCTION

Classification for pediatric physeal fractures was
proposed by Salter and Harris (SH) in 1963 [1].The
classification of physeal plate injuries in 5 types,
proposed in their report, is related to the mechanism of
injury, the relationship of the fracture line to the various
cellular layers of the physeal plate, and the prognosis

*Sorumlu Yazar (Corresponding author)
e-posta : kadir.gok@cbu.edu.tr

concerning disturbance of growth [1, 2]. SH type 4
epiphyseal fracture of the distal femur has high risk
especially in growth interruption and for other
complications [1, 3-6]. There are some factors considered
as the cause of this situation as follows. The age of the
person, type of fracture, degree of axial loding or shear
stress, sinuous structure of physis, quality of fracture
reduction process and fixation shape [7-10]. It has been
suggested that the main cause of angulation at the
fracture line and growth complications is physeal bar
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formation by considering its histology [7, 11]. In recent
studies, it has been shown that an injury with a 7-9 %
ratio incross-sectional area of the physis line can disrupt
the growth [12, 13]. Type 4 epiphyseal injuries carry a
bad prognosis unless the epiphyseal plate is completely
realigment (1). In this case, intraarticular SH type 4
fractures are almost always need surgical reduction to
prevent deformity [14]. In the treatment of SH type 4
epiphyseal fracture of distal femur, the fixation with
partially threaded screw or Kirschner wire (K wire)
applied parallel to the joint and without passing through
the physis line is recommended [10, 15, 16]. The size,
number, location of the screws or K wires used
depending on decision of the surgeoncan increase or
decrease the physical injuries as well as the stability of
fracture. Although it has been stated that the purpose of
this type of fracture treatment is obtaining anatomic
reduction and preventing additional injuries of the physis,
the most reliable technique has not been identified yet [7,
11, 15, 17]. The aim of our study; was to investigate the
different configurations of K wires and screws used in
distal femur SH type 4 epiphyseal fracture, for
stabilization after reduction; under axial, rotational and
bending forces, and define the biomechanical effects on
the epiphyseal plate and decide which one was more
advantageous.The configuration with minimal stresson
the epiphyseal plate was investigated.

2. COMPUTER AIDED FINITE ELEMENT
ANALYSIS AND MODELLING

Three dimensional modelling (3D) of biologic models is
very popular in nowadays. Data such as Magnetic
resonance imaging (MRI) and multislice computed

Parallel K-wires

Upper K-wire-Lower Screw

e

tomography (CT) can be processedby using 3D
modelling.The computer aided numerical analysis to
stabilization of the different configurations after
reduction during fixation was performed using
AnsysWorkbench software based on finite element
method (FEM). FEM is very important to develop of new
surgical techniques. It is also used as a reliable technique
for validation of experimental or analytical results. In
addition, several scientists similarly examined the
optimal configuration, implant materials, fatigue
behavior of implant materials, metal turning, bone
drilling and bone screwing process using the computer
aided FEA tool [18-24].

2.1. 3D Modelling

The human femoral model was scanned using 3D scanner
and point cloud was obtained. After that, 3D model of
femur was created using point cloud data by Geomagic
Studio 10 program. This femur model was scaled for
taking femur dimensions of a child into account, and SH
Type 4 fracture for single configuration was created
using SolidWorks program as seen in Figurel. The
diameter of screwused in configuration was@4x1.75x22
cancellous screw (Figure 2).

2.2. Finite Element Analysis (FEA)

The computer aided numerical analysis used for
stabilization of four configurations after reduction
process during fixation was performed using
AnsysWorkbench software. 3D CAD models of
fourconfigurations (Figure 1) wereimported into
AnsysWorkbench software to prepare the FEA. Load,
boundary conditions and material models were defined in
AnsysWorkbench.

Parallel screws

e
B ]
sacaay

Upper Screw-Lower K-wire

e

Figure 1. Four different configurations for SH Type 4 fracture
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Figure 2. a) @4x1.75x22 cancellous screw, b)K wire

2.2.1. Loading and boundary conditions

The mesh operation was performed using tetrahedrons
elements for FEA modeling after importing four different
3D model configurations into Ansys Workbench
software (Figure 3a). The FEA model has 210378 nodes
and 134305 elements.While the mesh density for femur
and femur fragments were inputted as 1mm, K wires,
epiphyseal plate and screw were inputted as 0.5mm.
Axial, bending and rotational loading were applied
within four configurations. A load of 350N in axial
direction was applied to the femoral head and it was fixed
from the distal femoral condylesfor axial loading as seen
in Figure 4. According to this figure, bending forces were
applied to the epiphyseal plate in varus and valgus
directions, and femur was fixed from metaphysis and
diaphysis part. Besides, bending forces were applied to
the epiphyseal plate in anterior and posterior directions,
and femur was fixed from metaphysis and diaphysis part.
Finally, torsional force was applied to the epiphyseal
plate around the z axis in CCW, and femur was fixed
from metaphysis and diaphysis part.

Contact types between bone and bone interaction, K
wires and bone interaction or screw and bone interaction
were defined as a frictional contact (Figure 3b). Friction
coefficients were taken as 0.46 for bone and bone
interactions and 0.42 for K wires and bone interaction or
screw and bone interaction, respectively [25]. The
contact type between epiphyseal plates was defined as a
frictionless contact. Besides, the contact type between
epiphyseal plate and bone was defined as bonded in
Figure 3c[26]. Finally, as it can be seen in Figure 5,

convergent analysis was conducted. The force
convergence was commonly used in non-linear analyses.
If solution is not convergent, there is a problem. For a
good solution, purple line on the convergent graph should
be acted on the cyan line. This status is dependent the
boundary conditions such as friction, contact type and
others.

Mesh size: Imm

o,

Mesh size: 0.5mm

b)

153



Kadir GOK, Sermet INAL, Arif GOK / POLITEKNIK DERGISI, Politeknik Dergisi,2020;23(1): 151-159

c)
& Fixed Support [ Fixed Support [ Fixed Support [ Fixed Support [ Fixed Support [ Fixed Support
[B] Force: 350. N [B] Force: 150. N [B] Force: 150.N  [B] Force: 150. N [JB] Force: 150. M [B] Moment: 150, N-mm

Bending Varus
Bending Valgus
Bending Anterior

Torsional

Figure4. Loading types for two configurations

il Farce Convergence Force Criterion
—— —— - Substep Converged

144 "

Force [N)

I

|

|

|

0,239 |
4,83e-2 -} 1 \[

, 3

.14, 15, 16, 17, 18, 1§,

1. 2 3. 4 5, B T, & 9 10, 11, 12 13, 14, 15 16 17, 18,

Cumulative Iteration

Figure 5. Convergence analysis

154



BIOMECHANICAL EFFECTS OF FOUR DIFFERENT CONFIGURATIONS IN SALTER HARR ... Politeknik Dergisi, 2020; 23 (1) : 151-159

2.3. Material Model

Mechanical properties of bone andepiphyseal plate used
in the Finite Element (FE) analyses were given in Table
1. The stainless steel was selected for K wires and screws
used in FEA.The mechanical properties of K wires and
screw were obtained from AnsysWorkbench Material
Library [27]. Linear isotropic material model was used
for mechanical behaviors of K wires, bone, epiphyseal
plate and screw. The elasticity modulus of the epiphyseal
plate was assumed as soft tissue when compared with
other materials.

Table 1. Mechanical properties of K wires, screw, bone

3. RESULTS

After entering the loading and boundary conditions, FE
analyseswere solved.  According to FEA results,
maximum stress values on epiphyseal plate upon FEA
results, K wires and screw were given in Tables 2 and 3,
Table 4, respectively.These stress values were evaluated
according to von Mises criterion.The Von Mises model
is generally used in ductile materials. As seen in Table 2,
there is a general near trend on stress values in all
configurations on physis line under bending(varus-
valgus angulation, anterior-posterior angulation) and
torsional forces in the frontal, sagittal and transverse
plane respectively. Considering the axial forces, the

highest stress was found on parallel K- wires
configuration in physis while the lowest stress was found

in parallel screw configuration.Stress distributions

occurring in epiphyseal plate under axial loading in
various configurations are seen in Figure 6. The
deformations values on epiphyseal plate were given in

Table 5. Figure 7 was presented images of deformations

values on epiphyseal plate.

and epiphyseal plate used in FEA [28, 29]

Parameters Bone | Epiphyseal | Stainless
plate Steel

Density (kg m™) 2100 7750

'Young’s Modulus | 17000 | 5 193000

(MPa)

Yield Strength 135 207

(MPa)

Ultimate Strength | 148 586

(MPa)

Poisson’s Ratio 0.35 0.46 0.31

Table 2. Stress values occurring in epiphyseal plate (MPa)

Epiphyseal plate
No Fixation Type
. Bending Bending Bending Bending .
Axial (Varus) (Valgus) (Anterior) (Posterior) Torsional
1 | Parallel K wires 4.24 1.17 1.19 1.28 0.98 0.09
2 | Parallel Screw 4.01 1.20 1.22 1.27 0.97 0.09
3 | Upper Kwire- 4.02 1.20 1.23 1.28 0.97 0.09
Lower Screw
4 | Upper Screw- 4.15 1.20 121 1.24 0.88 0.08
Lower K wire
Table 3. Stress values occurring in Upper K wires or screws (MPa)
Upper K wires or Upper Screw
No Fixation Type i i i i
Axial Bending | Bending Bending Bending Torsional
(Varus) (Valgus) | (Anterior) | (Posterior)
1 | Parallel K wires 170.51 38.20 47.86 49.20 60.36 3.17
2 | Parallel Screw 164.90 3.15 2.98 1.59 1.16 0.17
3 | UpperKwire- 44503 | 481 4.89 0.80 0.99 0.17
Lower Screw
4 | Upper Screw- 152.93 | 2.99 2.83 1.43 1.40 0.14
Lower K wire
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Table 4. Stress values occurring in Lower K wires orLower screws (MPa)

Lower K wires or Lower Screw
No Fixation Type Axial Bending | Bending Bending Bending Torsional
(Varus) (Valgus) | (Anterior) | (Posterior)
1 | Parallel K wires 6.50 31.89 35.50 24.25 24.18 1.22
2 | Parallel Screw 10.50 44,75 52.93 27.20 27.83 1.99
3 | Upper K wire- 10.69 | 44.46 51.05 27.27 27.82 1.63
Lower Screw
4 | Ypper Screw- 485 | 4127 38.01 30.34 32.42 1.20
Lower K wire
Table 5. Deformation values occurring in epiphyseal plate (MPa)
No Fixation Type Epiphyseal plate
Axial
1 | Parallel K wires 0,71
2 | Parallel Screw 0,72
3 | Upper K wire-Lower Screw 0,72
4 | Upper Screw-Lower K wire 0,69
4,2413 Max 4,0194 Max
3,7716 3,5749
3,3019 3,1304
2,8322 2,6859
2,3625 2,2414
1,8928 1,7969
1,4231 1,3524
0,95336 0,907%4
048365 046345
0,013946 Min 0,018958 Min
a) b)
4,1597 Max
‘3"50;“7231 e 36002
e 3,2388
2,6877 7794
22428 2,3179
1798 1,8575
1,3532 1,397
0,90835 09366
046353 047616
0,018699 Min 0,01572 Min

c) d)

Figure 6. Stress values occurring at different configurations under the axial loading, a) Parallel K wires, b) Parallel screws, c)
Upper K wire-Lower Screw, d) Upper Screw-Lower K wire
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0,71784 Max
0,6381
055837
047864
0,39891
031917
0,23944
0,15971
0,079976
0,0002428 Min

0,72937 Max
064836
0,56735
043634
040533
0,32432
0,24331
01623
0,081291
0,00028063 Min

c)

0,72834 Max
0,64744
0,56654
048564
040475
032385
0,24295
016205
0,081154
0,00025558 Min

0,69615 Max
0,61993
0,54152
04642
0,38688
0,30057
4 023225
0,15493
0,077616
0,0002986 Min

b)

d)

Figure 7. Deformation values occurring at different configurations under the axial loading, a) Parallel K wires, b) Parallel
screws, ¢) Upper K wire-Lower Screw, d) Upper Screw-Lower K wire

Table 6 and Table 7 show the contact pressure
distributions of medial and lateral epiphyseal plates. The

contact pressure values occurring in parallel screw

Table 6. Contact pressure of medial epiphyseal plate (MPa)

configuration is found lower than other configurations
for different loading conditions.

Epiphyseal plate

No | Fixation Type Axial Bending | Bending Bending Bending Torsional
(Varus) (Valgus) | (Anterior) (Posterior)
y | Parallel K 8,57 1,69 3,04 3,41 2,24 0,13
wires
2 | Parallel Screw 8,10 1,56 1,24 1,82 1,59 0,13
3 | UpperKwire- |44 op 1,57 1,25 1,84 1,72 0,13
Lower Screw
4 | Upper Screw- 8,93 1,78 1,20 2,22 1,61 0,14
Lower K wire
Table 7. Contact pressure of lateral epiphyseal plate (MPa)
Epiphyseal plate
No Fixation Type Axial | Bending [ Bending [ Bending Bending Torsional
(Varus) (Valgus) | (Anterior) (Posterior)
Parallel K wires 32 2,96 3,07 2,21 5,20 0,10
Parallel Screw 8,02 0,10 2,80 1,37 0,62 0,10
3 | Upper Kwire- 1619 | 010 2,89 1,37 0,73 0,10
Lower Screw
4 | Upper Screw- 8,43 0,19 2,85 1,44 0,69 0,08
Lower K wire
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4. DISCUSSION

The Salter-Harris (SH) classification of growth plate
injuries aids in estimating both the prognosis and the
potential for growth disturbance [1, 30]. SH type 4
fractures are usually caused by axial loading or shear
stress [31]. Intra-articular SH type 4 fractures are rare,
carry a poor prognosis, and almost always need surgical
reduction to prevent deformity [14]. In the treatment of
femur distal epiphysis SH type 4 fractures, parallel screw
or K wires between physis and joint can be used [10, 11,
16].However, there is no biomechanic evidence showing
that which one is stronger in fracture stability in fixations
done with screw or K wires. In addition, in these
fixations, issue about in which technic stress load applied
on the physis under force is less or more is still not very
clear [17].1n our study, when displacive forces reflected
to fracture in physis line evaluated; the lowest stress
values in axial forces in longitudinal plan were found by
using parallel screw configuration in physis line. When
we look at the literature there was no study about the
physis after which fixation at which rate it was carrying
the stress load [17].

If we think that the worst prognosis of epiphyseal fracture
was oppression in physis line, we can think the worst
configuration was the most axial stress in physis line
[32]. Therefore, the parallel screw configuration has been
found to have the best balancing advantages of minimal
stress on the physis. The growth interruption may depend
on the type of the fracture, or differences material used
and also fizeal bar formation was said to be responsible
from this conditions [11, 15]. Excessive stress on the
physis can support bone formation. In our study, when
displacive forces reflected to fracture in physis line
evaluated; the highest stress values in axial forces in
longitudinal plan were found by using parallel K wire
configuration in physis line. In this study, the fixation
shape of K wire on the upper and lower configuration was
found to be disadvantageous compared to other fixation
configurations in the SH type 4 epiphyseal fractures.In
another paper by Gok et al [17], they have been found
particularly advantageous to use fixation type in screw
configurationin SH type 3 epiphyseal fracture. The distal
epiphyseal fractures of femur have a high risk of
especially growth delay and other morbidities [3-6].
There are some factors considered as the cause of this
situation as follows. The age of the person, type of
fracture, degree of shear, sinuous structure of physis,
quality of fracture reduction process and fixation shape
[7-10].Thereis no final proof of evidence or
biomechanical research that highlight which factors were
effective in the formation of iatrogenic epiphysiodesis
(bar formation and consequently growth interruption) in
this area [17]. In contrast, in many studies growth retards
was related to the fracture fixation of this type of fracture
[33].According to our results, it has been found
particularly advantageous to use fixation type in parallel
screw configuration.

The most important point in the treatment of the bone
fractures is the elimination of the stress shielding [34].

The event that implant undertakes to carry the load on the
structure, that is, the stresses and deformations occurring
in the bone callus structure are reduced and the
weakening of the bone is called the stress shielding effect
[34-36]. It is suggested that this effect should be kept to
a minimum for the healing process not to be delayed.
However, in the initial stages of the healing process, bone
implant structure is required to be sufficiently strong in
contrast to this condition[34].

5.CONCLUSION

In this study, the biomechanical behaviors of four
different configurations (K wire, screw) used for
stabilization after reduction in SH type 4 epiphyseal
fracture of distal femur under axial, rotational and
bending forces on epiphyseal plate are investigated, and
we tried to find out which of the configurations is more
advantageous to use.According to our results, it has been
found particularly advantageous to use fixation type in
parallel screw configuration. In addition, in SH type 4
epiphyseal fracture, fixation type is found to be
disadvantageous in K wire configuration. The contact
pressure values occurring in parallel screw configuration
is found lower than other configurations for different
loading conditions.
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oz

Bu calismada SHS yontemiyle iiretilmis olan tabakalt NiAl(Co/Cr)alasimmin mikroyap:r ve gozenek oranina
sikistirma basinct, 6n 1sitma ve alasimlamanin etkisi incelendi. % 50 Ni-%50 Al tozlarina her tabakaya %3, %6 ve
%10 Co ve Cr tozlar1 ilave edilerek 300 dev/dk hizinda 12 saat siireyle doner bir kap igerisinde karigtirildi. Karistirilan
tozlar bir kalip icerisinde soguk presle 50,100 ve 200 MPa basingla briketlendi. Elde edilen ham numuneler daha sonra
argon atmosfer kontroliindeki bir odaciga alinarak 6n 1sitmasiz ve 250 °C 6n 1sitmali olarak ateslenerek sentezlendi.
Yanma reaksiyonu ile sentezlenen numunelerin mikroyapilari, elementel analizi ve faz analizi SEM-BSE, EDS ve
XRD cihazlariyla incelendi. EDS analizi sonucunda en yiiksek degerde Ni elementinin oldugu, bunu takiben Al ve
alagima gore Co ve Cr oldugu belirlendi. Faz bilesenlerini belirlemek icin yapilan XRD analizinde ise en yiiksek pik
degerlerin NiAl oldugu, diisiik degerdeki piklerin NisAl ve NiAlz oldugu tespit edildi. Yapilan yogunluk hesaplamalari
sonucunda gozenek oranini etkileyen en dnemli parametrenin sikistirma basincinin oldugu, bunun temel nedeninin
basincinin artmasiyla tozlarin birbirine temasinin artmasi sonuncunda yanma reaksiyonun kesilmeden ilerlemesi,
ergimis tozlarm yer degistirme firsati olmadan katilasmasimdan kaynaklandig1 diisiiniilmektedir. En yiiksek gézenek
degerleri 6n 1sitmasiz 50 MPa basinca sahip numunelerde olustugu belirlendi.

Keywords: NiAl, NiAICoCr, nikel aliiminat, SHS, gozeneklik.

The Effect of Process Parameters on Microstructure
and Porosity of Layered Ni1AI(Co/Cr) Alloy Produced
by SHS Method

ABSTRACT

This paper deals with the investigation of microstructure and porosity of layered compounds of NiAl(Co/Cr) powders by SHS
method. Layers of 50% Ni-50% Al powders were mixed with 3%, 6% and 10% of Co and Cr powders. These were mixed for 12
hours in a rotational container with a speed of 300 rpm. Mixed powders were cold compressed in a mould with pressures of 50,
100 and 200 MPa. The obtained samples were then synthesized in an argon controlled atmosphere with and without preheating to
250 °C. The microstructure of synthesized samples was analysed using SEM-BSE, EDS and XRD. The EDS results showed that
the samples were containing Ni in majority along with Al, Co, and Cr. To determine the phase components, XRD spectra was
analysed and the peaks of NiAl, NisAl, and NiAls were confirmed with NiAl having the highest peak intensity. The density
calculations showed that the ratio of pores was affected the most from pressure. The main reason for this was attributed to the better
contact of the powders under higher pressure which helped an uninterrupted reaction. The highest pore ratio values were obtained
from samples produced under 50 MPa pressure.

Keywords: NiAl, NiAICoCr, nickel aluminide, SHS, porosity.

1. INTRODUCTION resistance to elevated temperatures and aggressive

Intermetallic compounds are promising materials due to ~ €nvironments, FeAl, FesAl, NiAl and NisAl are
their high temperature oxidation resistance, excellent ~Promising materials among intermetallic aluminides [2].

thermal stresses and low density [1]. Due to their In the binary phase NiAl diagram, intermetallic
compounds of NiAls, Ni2Als, NisAls, NiAl, and NisAl are

*sorumlu yazar (Corresponding Author) present. Of these intermetallic compounds, NiAl and
e-mail : ibrahim.biliz@batman.edu.tr NisAl are the most stable structures of the system [3, 4].
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The production of intermetallic compounds can be
performed by powder metallurgy methods, casting and
conventional melting processes. On the other hand, the
SHS (self propagating high-temperature synthesis)
method is one of the powder metallurgy methods that is
fast and does not require expensive equipment. There is
no need for external heating since the synthesis is
performed by self-propagation. This method allows the
formation of desired shapes quite successfully [5].

Combustion synthesis, or reaction synthesis, is a method
that helps obtaining a desired product in a short time. In
other words an exothermic reaction occurs in the first
instance of providing enough energy to the raw metal
powders. Compared to conventional powder metallurgy
methods, SHS method requires less time along with
being a cheaper, cleaner and easier process. In the SHS
process, the sample is ignited to create a burning wave.
This combustion reaction produces exothermic heat,
allowing the combustion wave to propagate through the
sample [4, 6, 7]. However, the microstructure of
materials produced by reaction synthesis contains a
significant number of pores. Formation of gases due to
impurities that have low boiling points and the expansion

of NiAI-NizAl phases at high temperatures leads to pore
formation. In case of severe reactions, an explosion can
also be observed in the briquette. If the product melts at
the combustion temperature as in NiAl, the porosity
induced by the solidification shrinkage may occur [4].

The main problem in intermetallic research is that the
compounds such as NiAl are brittle, which introduces
restriction in shaping. [8].Therefore, finding a solution to
those limitations is an important part of this research
field. However, in this study rather than focusing on
finding a solution to aforementioned problem, the
porosity ratio was investigated since this parameter
affects mechanical and thermal properties of the formed
material [8, 9].

The manufacturability of NiAl alloy was investigated by
adding 3%, 6% and 10% layers of Cr which is stated to
increase toughness and ductility and Co which is stated
to increase the hardness and porosity of the samples
according to the changing parameters [8, 9, 10, 11, 12].
Also, SEM-BSE and optical microscopy were used to
determine the microstructure. Elemental analysis and
phase analysis were performed by EDS and XRD

Table 1. Physical properties of metal powders used in the experiments

Powder Size

Materials Purity (%) (mesh) Melting Temperature (°C) Specific weight (gr/cm?)
Aluminium 99.99 325 660 2.700
Nickel 99.99 325 1453 8.908
Cobalt 99.99 325 1495 8.920
Chromium 99.99 325 1875 7.190
Table 2. Atomic and mass ratios with theoretical densities of mixtures of metal powders
Powder Metal Mixture Atomic Ratio Mass Ratio Theorgt.ical
Densities

NiAl 50% Ni, 50% Al 76.74% Ni, 23.26% Al 5.804
NiAIC0(3%) 48.5% Ni, 48.5% Al, 3% Co 73.26% Ni, %22.21 Al, 4.53% Co 5.848
NiAICr(3%) 48.5% Ni, 48.5% Al, 3% Cr 73.91% Ni, 22.40% Al, 3.69% Cr 5.846
NiAICrCo(1.5% -1.5%) 48.5% Ni, 48.5% Al, 1.5% Co, 1.5% Cr 73.58% Ni, 22.30% Al, 2.27% Co, 1.84% Cr 5.872
NiAIC0(6%) 47% Ni, 47% Al, 6% Co 69.90% Ni, 21.18% Al, 8.92% Co 5.990
NiAICr(6%) 47% Ni, 47% Al, 6% Cr 71.12% Ni, 21.55% Al, 7.33% Cr 5.890
NiAICrCo(3%-3%) 47% Ni, 47% Al, 3% Co, 3% Cr 70.53% Ni, 21.38% Al, 4.49% Co, 3.63% Cr 5.940
NiAIC0(10%) 45% Ni, 45% Al, 10% Co 65.56% Ni, 19.88% Al, 14.56% Co 6.110
NiAICr(10%) 45% Ni, 45% Al, 10% Cr 67.45% Ni, 20.45% Al, 12.10% Cr 5.940
NiAICrCo(5%-5%) 45% Ni, 45% Al, 5% Co, 5% Cr 66.49% Ni, 20.15% Al, 7.38% Co, 5.96% Cr 6.030
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2. MATERIALS AND METHODS

Metal powders of Ni, Al, Co and Cr used in this study
were purchased from a commercial supplier. Each stage
of the experiment was carried out in the Argon
atmosphere. The first sample was prepared using atomic
ratios of 50% Ni and 50% Al. 3%, 6% and 10% of Co
and Cr were added to prepared Ni-Al mixture. Table 1
provides information on these metal powders.

Metal powder combinations were mixed for 12 hours at
300 rpm in a mixer [13]. Calculations of the atomic and
mass ratios and theoretical density of mixtures of Ni, Al,
Co and Cr metal powders are given in Table 2.

The powder mixtures obtained at the end of this process
are compressed into a cylindrical mold using cold press
at 50 MPa, 100 MPa and 200 MPa. Mixture densities
were calculated and taken into account in order to obtain
the same volume of layers. The porosity of the porous
samples calculated with equation [14]:

m @)
f=1-77

In the latter equation RPW% stands for percentage ratio
of weight and ARP is described as atomic ratio
percentage. Figure 1 (b) shows the schematic view of raw
samples made from 3%, 6% and 10% alloy admixtures in
NiAl alloy layers along with the process diagram to
achieve it.

An ignition unit was designed to be used for ignition and
pre-heating of the pressed samples in the argon
atmosphere. This ignition unit consists of preheating
chamber, ignition center and reservoir, along with
temperature control knob and argon gas inlet-outlet
sections. The SHS based production method is depicted
in Figure 1 (b) [15]. Samples were classified into two
groups. The first group was treated with preheating to
250° C. The other group was not preheated.

The compacted samples were fired in the synthesis
chamber with external heat under an argon atmosphere.
The theoretical density of the mixtures and the density of
the raw samples were obtained. Then, these values were
compared to the density of the samples after the
synthesis. The porosity to volume ratios of the
synthesized samples were determined by weight and size
measurements as the samples had regular geometries.
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Figure 1. a) Schematic view of raw samples, b) Sample production process diagram

where f stands for pore percentage, m is sample weight,
d is theoretical density of the sample and v is porous
sample volume. The theoretical density of the porous
samples calculated by equation [14] :

_dy+d,++d,
v v+t

@)

where d is density v is volume. The ratio of porous
samples (weight percentage ratio) calculated by equation

[14
RPW,% =
_ d, * ARP;
dy * ARP, +d, * ARP, +---+d, * ARP,
* 100

®3)

Samples were cut on the cutting disc for metallographic
analysis after synthesis. The cut samples were polished
using 240, 400, 600, 800, 1000 and 1200 mesh abrasives.
After this process, the samples were polished with
polishing broadcloth using a 1 pm diamond paste
solution for final polishing. 33% HF, 33% HNO3, 33%
water solution was used for 15 seconds to perform
microstructure analysis of the polished samples [13]. For
the microstructure analysis of samples after etching, a
Leica optical microscope and a Jeol JSM-5410LV brand
SEM-BSE device were used. The elemental analysis of
the samples was performed by a Jeol JSSM-5410LV EDS
device and the phase components were detected with a
Rigaku brand XRD device.
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3. RESULTS AND DISCUSSION

In this study, different samples were obtained by
changing the compression pressure, preheating
temperature and reinforcement ratios, which were
selected as variables in the process parameters. The
porosity of these samples is given in Table 3. The graphs
of these values are shown in Figure 2.

As the compression ratio increases, the contact of the

powder particles to each other increases and the porosity
decreases (14). In addition, the increase in contact is

On the other hand, preheating at 250 °C before the
synthesis increased the porosity. It is thought that the
expansion due to the heat energy given in the raw state
increases the porosity due to the fact that the samples do
not have time to shrink, together with the rapid rate of the
synthesis reaction. Co and Cr additions with different
ratios have been determined to increase the porosity in
different ratios. However, the Cr addition alone
decreased the porosity while the Co addition increased
the porosity. This supports the data in the literature [12,
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Figure 2. Pore ratios of the samples

thought to prevent the formation of pores by allowing the
raw powders to burn without falling into the cavities
during synthesis.

16, 17]. The SEM-BSE images, the optical microscope
images and the XRD of the NiAICo alloy are shown in
Figure 3, of the NiAICr alloy are shown in Figure 4 and
of the NIAICrCo alloy in Figure 5 and the EDS
measurements shown in Table 4.

Table 3. Pore ratios of samples

Pressure (MPa) . . Pore Ratio
Without Preheating (23 °C) Pre-heated (250 °C)
50 31.64 32.87
NiAICr 100 25.69 25.92
200 18.60 18.97
50 32.53 33.19
NiAICo 100 27.69 28.23
200 20.06 20.90
50 31.29 32.04
NiAICrCo 100 26.95 27.28
200 17.90 18.35
50 31.63 32.60
NiAl 100 27.17 27.81
200 20.03 20.40
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Figure 3. a) SEM, b) BSE and c) Optical microscope images, d) XRD and €) EDS measurements of NiAICr alloy
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Figure 4. a) SEM, b) BSE and c) Optical microscope images, d) XRD and e) EDS measurements of NiAlCo alloy
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Figure 5. a) SEM, b) BSE and c) Optical microscope images, d) XRD and €) EDS measurements of NiAICrCo alloy
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Table 4 . EDS analysis of NiAICr, NiAICo and NiAICoCr alloys

Intensity Concentration wt.%
Element NiAICr NiAICo NiAICoCr
NiAICr NiAICo NiAICoCr
(cls) 2-sig (cls) 2-sig (cls) 2-sig
Al 18.72 1.580 21.1 1.677 17.00 1.505 16.891 15.141 13.771
Cr 16.98 1.505 5.69 0.871 10.686 4.011
Co 8.88 1.088 332 0.694 9.942 4571
Ni 46.26 2.483 55.49 2.720 50.90 2.605 72.423 74.917 77.648

Raw porosity, pre-heating temperature, gas formation
during the reaction, thermal migration, volume reduction
of the reactants and the difference in diffusion between
the elements are effective in the formation of pores. Part
of the gas is trapped due to increasing external pressure
while part of the gas is leaving the sample. In addition,
shrinkage occurs when the alloy is formed. During
shrinkage, the gas may leak and be trapped in the sample.
The samples consist of closed pores and small chambers
after this process. When the shrinkage is not fully closed,
the chambers open to each other or to the canals by
narrow passages. Thus, small open pores are formed. The
shapes of the pores can be in different forms. As can be
seen from SEM images of porous NiAl with 30% and
14% Al content sintered at 1000 °C from a previous
study[17], pore size of NiAl alloys is generally greater
than NisAl pore size. And it has been reported in the
studies that Al content has a great effect on the pore
structure of aluminide intermetallic. They also stated that
the total pore ratio of NiAl (50%) was greater than
NizAl’s(30%) as a result of the measurements made by
Archimedes method in water.

Figure 2, Figure 3 and Figure 4 shows SEM and optical
microscope images taken in this study. The formation of
large and small pores can be determined from those
images. This is attributed to the escape of the gases that
trapped between powders during the combustion
reaction. Also, low compacting values can lead to
formation of such structures [3]. In the EDS elemental
analysis taken from the 10% Co addition sample,
74.917% Ni, 15.141% Al and 9.942% Co were
determined and from the 10% Cr addition sample, 72.4%
Ni, 16.9% Al and 10.7% Cr were detected. In the EDS
elemental analysis taken from 5% Co and 5% Cr added
samples, 77.6% Ni, 13.8% Al, 4.5% Co and 4% Cr were
determined. According to these EDS data, it can be said
that metal powders are homogenously distributed within
the structure. In the XRD analysis of the same samples,
the highest NiAl and NisAl phases and a low ratio of
NiAls phase determined in NiAl-Cr alloy, the highest
NiAl and a low ratio of NisAl and NiAl; phases
determined in NiAl-Co alloy, and the highest NiAl
andlow ratio of NizAl in NiAI-CoCr alloy.

4. CONCLUSIONS

In this study, the manufacturability and the porosity ratio
of NiAl alloy was investigated by adding 3%, 6% and
10% of both Cr and Co layers. Layered NiAl (Co / Cr)
intermetallic compound was successfully produced with
SHS method by using different combinations of process
parameters such as pressure and preheating. SEM, EDS
and XRD analysis were performed and the porosity ratios
were examined. The following characteristics of samples
were observed;

1. As expected, the porosity in each of three
separate samples decreased with increasing
pressure.

2. The porosity of the preheated samples partially
increased.

3. Adding Co relatively increased the porosity
while adding Cr decreased it. In the case where
these two elements were added together, the
pore ratio increased near the average.

4. The addition of Co had a reducing effect on the
secondary phase formation alongside NiAl.

5. The addition of Cr provokes the formation of
NisAl phase along with NiAl phase.

6. According to density calculations, it can be seen
that the compression pressure is the most
effective parameter that changes the porosity.
The main reason for this is thought to be the
increase in contact points of powders with
increasing pressure resulting in an uninterrupted
combustion reaction. Therefore, the molten
powders solidify without the possibility of
displacement.
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Kullanilmasi: Partikiil Biiyiikligliniin Antikanser
Aktivitesine Etkisi
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(Gelig/Received : 12.12.2018 ; Kabul/Accepted : 11.03.2019)
oz

Giinlimiiz nanopartikiil teknolojisi, 6zellikle kanser nanotip uygulamalarinda kullanilmak {izere istenilen boyut, sekil ve malzemeye
sahip nanopartikiil-temelli ilag tastyici sistemlerinin sentezine olanak saglamaktadir. Dolayistyla, partikiil boyutlarinin antikanser
aktivite tizerindeki etkisini anlamak, kanser tedavisinde yeni ilag tasiyici sistemlerin gelistirilmesine katkida bulunacaktir. Bu
nedenle, bu ¢aligmada, ilag tasiyici sistemler olarak iki farkl biiyiikliikteki inorganik temelli nanopartikiiller (~ 55 ve 314 nm)
kullanildi ve boyutlarinin hiicresel birikim, sitotoksisite ve apoptoz tizerindeki etkileri insan kolon kanseri Caco-2 ve HCT-116
hiicrelerine karg1 arastirildi. Elde edilen sonuglar, biiyiik nanopartikiillerle karsilagtirildiginda kii¢iik nanopartikiillerin her iki
kanser hiicresinde de hizli nanopartikiil birikimini destekledigini gosterdi. Kiigiik nanopartikiiller, biiyiik nanopartikiillere gore 48
saat i¢inde daha diisiik yari-maksimum inhibisyon konsantrasyonu (ICso) degerleri ile kanser hiicrelerinde daha yiiksek sitotoksisite
sergiledi. Ote yandan, her iki nanopartikiil de 72 saate varan inkiibasyon siireleri sonras1 benzer ICso degerleri gosterdi. Ayrica,
kiiciik nanopartikiiller 24 saatte apoptotik hiicrelerin sayisini artirirken, bilyiik nanopartikiillerin 72 saatlik siire igerisinde apoptozu
indiikledigi belirlendi. Bu gozlemler, kiigiik boyutlu ilag tagima sistemlerinin, biiylik boyutlu ilag tagima sistemleri ile
kargilastirildiginda, insan kolon kanseri hiicrelerinde kemoterapoétik ilaglarin antikanser etkilerini artirmada daha verimli oldugunu
gostermektedir.

Anahtar Kelimeler: ilag tasima sistemleri, partikiil boyutu, kolon kanseri, Caco-2 hiicreleri, HCT-116 hiicreleri.

Using Inorganic Nanoparticle-Based Drug Delivery
Systems against Human Colon Cancer Cells: Effect of
Particle Size on Anticancer Activity

ABSTRACT

Today’s nanoparticle technology enables the synthesis of nanoparticle-based drug delivery systems with desired size, shape, and
materials especially for the applications of cancer nanomedicine. Thereby, understanding impact of particle sizes on anticancer
activity will contribute to development of new drug delivery systems in cancer therapy. For this reason, in this study, two different
sized nanoparticles (with ~55 and 314 nm) were used as drug delivery systems and the effects of their size on the cellular uptake,
cytotoxicity and apoptosis were investigated against the human colon carcinoma Caco-2 and HCT-116 cells. The results
demonstrated that small nanoparticles promoted fast nanoparticle accumulation in both cancer cells in comparison to large particles.
Small nanoparticles exhibited higher cytotoxicity in cancer cells with lower half maximal inhibitory concentration (ICso) values
than large nanoparticles in 48 h. On the other hand, both nanoparticles showed similar 1Cso values after 72 h prolonged exposure.
Moreover, it was found that small nanoparticles increased the number of apoptotic cells in 24 h, whereas large nanoparticles induced
apoptosis when exposure time increased to 72 h. These observations show that small sized drug delivery systems could be more
efficient for improving the anticancer effects of chemotherapeutic drugs against human colon carcinoma as compared to large sized
drug delivery systems.

Keywords: Drug delivery systems, particle size, colon cancer, Caco-2 cells, HCT-116 cells.

1. GIRiS (INTRODUCTION) gibi ozellikleri sayesinde kanser arastirmalarinda ¢ok
fazla ¢aligmada on plana ¢ikmustir [1-5]. Giiniimiize
kadar gelistirilen ¢ok sayidaki ilag tastyici sistemleri
arasinda, manyetik Ozellige sahip inorganik-temelli
nanopartikiiller ayni anda hem diyagnostik hem de
terapotik uygulamalarda kullanilabilmeleri agisindan
iimit vericidir. Bu partikiillerin, sentezlerinin kolaylig1 ve

Son zamanlarda ilag tasiyici sistemler; timor belgelerini
hedefleyebilme, diisiik ¢oziiniirliige sahip antikanser
ilaglarin biyoyararlanimlarini artirma, sistemik toksisi-
teyi engelleme ve ¢oklu ila¢ direngliligini elimine etme
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cesitli hiicre-spesifik hedefleme, goriintilleme ve
terapdtik  fonksiyonlarin  sisteme kolayca entegre
edilebilmesinden dolay1 akilli nano ilag tastyicilar olarak
kullanilmalar1 miimkiin hale gelmistir [6-7]. Son
zamanlarda tasiyici sistemlerin boyutlarinin intratiiméral
birikime ve antikanser aktiviteye etkisine odaklanan ¢ok
sayida ¢alisma mevcuttur [8]. Ciinkii tiimorlii bolgelerde
olusan anormal biyo-bariyerlerin tistesinden gelmek igin,
sentezlenen nanopartikiil boyutlarinin karakterizasyonu,
tagtyic1 sistemlerin antikanser etkinligini anlama ve
kapasitelerini gelistirme acisindan c¢ok biiyiilk dneme
sahiptir. Nanopartikiillerin boyutu hiicre zarina baglanma
kabiliyetlerini belirlerken, ayrica tastyici sistemlerin
yiizeyleri kanser hiicreleri tarafindan asir1 ifade edilen
reseptorlere spesifik ligandlarla modifiye edilerek aktif
olarak hiicrelerle nanopartikiiller arasindaki etkilesim
oranlar1  artirilabilmektedir  [9]. Bu  sayede,
nanopartikiiller araciligiyla kanser hiicrelerinin i¢indeki
ilag konsantrasyonlar1 artirtlirken, antikanser ilaglarin
normal hiicrelere kars1 olusturabilecegi sistemik toksisite
de minimize edilmektedir.

Viicudun koruma mekanizmalar1 arasinda yer alan ve
nanopartikiillerin ~ temizlenmesinden sorumlu olan
retikiiloendotelyal sistem (RES) {izerinde yapilan
calismalarda, 10 ila 100 nm arasinda degisen caplardaki
nanopartikiillerin ~ bir yandan RES tarafindan
alikonulmasi 6nlenebilirken, diger taraftan daha uzun
kan dolasim siirelerine sahip olduklar1 gosterilmistir [10].
Fakat yapilan c¢aligmalar incelendiginde, aym
boyutlardaki nanopartikiillerin antikanser aktiviteleri
lizerinde belirgin ortiigmeler saptanamamustir, ¢linkii her
timor tipinin sahip oldugu 6zgiin patolojik 6zellikleri
yaninda ayni timdr igindeki farkli bolgelere karsida
farkli 6nemli davramiglar gozlemlenmistir [11-13].
Bundan dolay1 tek bir boyuta indirgenen nanopartikiil
tasarimlari biitlin kanser tiplerine karsi en etkili yaklagim
olmayabilir. Bu nedenle nanopartikiil tasariminin ilgili
tam lokasyona ve kosullara (primer veya metastatik
timor, timor evresi ve agresiflik, konak¢i organ,
bolgesel vaskiiler 6zellikler ve hemodinami gibi) gore
dizayn edilmesi gerekmektedir. Bunun yani sira
nanopartikiil boyutu tasiyici sistemlere ilag yiikklenmesi
ve salinimi da etkilemektedir. Daha kiigiik partikiillerin
yilizey alani/hacim orami daha biiyiik oldugundan ilag
salinim hizlar1 daha yiiksel olurken, biiyiik partikiiller
sahip olduklar biiyiik ¢ekirdek yapilar1 sayesinde daha
fazla ilag yiiklemesine olanak saglarken daha yavas bir
ila¢ salinim karakteri gosterirler [14-15].

Bu bilgiler 1s1ginda bu ¢aligmada, ilag tasiyict sistemleri
olarak 100 nm’den kiigiik ve biiyiik olmak iizere iki farkli
biiyiikliikteki nanopartikiillerin (~ 55 ve 314 nm) insan
kolon kanseri Caco-2 ve HCT-116 hiicrelerine Karsi
gostermis olduklar1 antikanser aktiviteleri arastirildi.
Bunun igin, yapist daha Onceki ¢aligmalarimizda
gelistirilen ve fizikokimyasal olarak karakterize edilen
bir  antikanser ilag  tasiyict sistem  olan
Fe304@SiOz(FITC)-BTN/DOX multifonksiyonel
nanopartikiil formiilasyonlar1 kullamldi [16-18]. Tlgili
nanopartikiillerin, antikanser etkinlikleri, iki farkli insan

kolon kanseri hiicrelerine karst gostermis olduklar: (1)
hiicresel alim, (2) floresan goriintiileme, (3) sitotoksik ve
(4) proapoptotik etkileri arastirilarak karsilastirildi.

2. MALZEME VE YONTEM (MATERIAL AND
METHOD)

2.1. Malzeme (Materials)
3-(4,5-dimetil-2-tiazolil)-2,5-difeniltetrazolyum bromid
(MTT) ve tripsin Sigma-Aldrich Chemicals ’dan, %10
fetal bovin serumu (FBS), streptomisin, penisilin, L-
glutamik asit, RPMI-1640 besiyeri Gibco Life
technologies *den temin edilmistir. Kullanilan diger tim
kimyasallar analitik safliktadir ve denemeler boyunca
ultra saf su kullanilmistir.

2.2. Hiicre Kiiltiirii (Cell Cultures)

Caco-2 ve HCT-116 (insan kolon karsinoma) hiicre
hatlar1 Izmir Yiiksek Teknoloji Enstitiisii, Biyoteknoloji
ve Biyomiihendislik  Arastirma ve  Uygulama
Merkezinden temin edildi. Kanser hiicreleri, 10% (v/v)
fetal bovin serumu (FBS), 100 pg/mL streptomisin, 100

U/mL penisilin ve 2 mM L-glutamik asit igeren RPMI-

1640 besiyeri icinde kiiltiire edildi. Kiiltiir, steril kogullar

altinda 37 °C de, %5 CO; ihtiva eden inkiibatorde

gerceklestirildi.

2.3. Nanopartikiil-Temelli flac Tasiyien Sistemlerin
Sentezi ve Karakterizasyonu (Synthesis and
Characterization of Nanoparticle-Based Drug
Delivery Systems)

Fes04@SiOz(FITC)-BTN/DOX nanopartikiil
formiilasyonuna sahip ilag tasiyict sistemleri kaynakga
16 ve 17 de tarif edildigi gibi daha Onceki
caligmalarimizda sentezlendi. Bunun igin ilk olarak
demir oksit (FesOs) gekirdek yapist Fe*?/Fe*® tuzlarmin
ortak ¢oktiiriilmesi yontemiyle sentezlendi. Bu asamada
farkli boyutlarda nanopartikiil elde etmek icin ¢ekirdek
yapi farkli konsantrasyonlarda (0.1 ve 0.6 mL) oleik asit
ile kaplanarak stabilize edildi. Nanopartikiillerin
biyouyumluluk kazanmasi ve ayrica fizikokimyasal
metodlarla yiizeylerinin fonksiyonellestirilebilmesi igin,
demir oksit ¢ekirdek, silika polimeri ile kaplandi. Bu
amag i¢in sol-jel kimyasindan yararlanildi ve tetraetil
ortosilikat (TEOS) ile demir oksit ¢ekirdek kaplanarak
Fe304@SiO; nanopartikiil yapisi olusturuldu. Daha sonra
nanopartikiillerin hiicre tarafindan alindigimmin optik
olarak izlenebilmesi i¢in, Fe3sO0s@SiO, nanopartikiil
yapisina floresan 6zelligine sahip floresin izotiyosiyanat
(FITC) enkapsiile edildi. Enkapsiilasyon sayesinde,
nanopartikiillerin fotokimyasal stabilitesini artirmasi
saglandi. Bu iglemler sonrasinda, in vivo ve in vitro
kosullarda takip edilebilen, silika manyetik-floresan
[Fes0.@SiO2(FITC)] nanopartikiilleri olusturuldu. Daha
sonra nanopartikiil ylizeylerinin biyotin (BTN) ile
esterifikasyonu saglanarak, aktif timor hedefleme
ozelligi kazandirildi. Son adimda ise, model bir
antikanser ilag olarak doksorubisin (DOX), amin-
fonksiyonel nanopartikiil yiizeyine schiff-bazi kimyasi
ile baglanarak Fe304@SiO2(FITC)-BTN/DOX
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formiilasyonuna sahip ilag¢ tastyici sistemlerinin sentezi
gerceklestirildi (Sekil 1). Nanopartikiillerin fizikokim-
yasal karakterizasyonlari, dinamik 151k  sagilim
spektrometresi (DLS), zeta-potensiyeli Ol¢imii, X-
isinlan difraksiyon analizi (XRD), Fourier doniisiimli
kizilotesi spektroskopisi (FTIR) ve elektron mikroskobu
teknikleri (SEM, STEM ve EDX) ile gergeklestirildi [16-
18].

Sekil 1. FesO4@SiO2(FITC)-BTN/DOX nanopartikiil-temelli
ilag tasiyici sistemlerinin sematik gosterimi. Nanopartikiillerin
¢ekirdek-kabuk yapisi (beyaz ¢ekirdek-gri kabuk) taramali-
gecirimli elektron mikroskobu (STEM) araciligiyla elde edildi.
Gri silika kabuk igerisine FITC enkapsiilasyonu saglandi.
Nanopartikiillerin yiizeyindeki kirmizi kiireler antikanser ilag
doksorubisini (DOX), mavi kiireler hedefleme ajani biyotini
(BTN) temsil etmektedir. (Schematic representation of
nanoparticle-based drug delivery systems Fe3Os@SiO2(FITC)-
BTN/DOX. *The core-shell structure of the nanoparticle (white
core-gray shell) was obtained from the scanning transmission
electron microscopy (STEM). The FITC label (the contrast
agent) encapsulated in the grey shell of the nanoparticles. Red
circles represent the chemotherapeutic agent doxorubicin
(DOX), whilst blue circles represent targeting agent biotin
(BTN)

2.4. Hiicresel Alm Deneyleri

Analysis)

Farkli  boyutlardaki  Fe3s04@SiO2(FITC)-BTN/DOX
nanopartikiillerinin, Caco-2 ve HCT-116 Kkanser
hiicrelerini hedefleme potansiyelleri floresan
mikroskopu kullanilarak arastirildi.

Mikroskobik goriintileme igin, Caco-2 ve HCT-116
hiicreleri 100.000 hiicre/mL yogunlugunda 6 kuyulu
plakalarda 10 pg/mL nanopartikiil konsantrasyonunda 4
ve 12 saat boyunca inkiibe edildi. Inkiibasyon sonrasi
hiicreler; nanopartikiillere enkapsiile edilen FITC ig¢in
yesil kanalda, nanopartikiillere konjuge edilen ilag i¢in
kirmiz1 kanalda, hiicre ¢ekirdek boyasi DAPI i¢in mavi
kanalda ve hiicre genel goriintiisii i¢in aydinlik alanda
floresan mikroskobu altinda optik olarak izlendi.
Nanopartikiillerin hiicresel alimi, Olympus 1X71 floresan
mikroskobu kullanilarak goriintiilendi. Tlgili gériintiilerin
fotograflart CCD kamera kullanilarak ¢ekildi ve ImagelJ
programu kullanilarak analiz edildi.

(Cellular Uptake

2.5. Nanopartikiil-Temelli ila¢ Tasiyic1 Sistemlerin
Sitotoksik Etkileri (Cell Viability Analysis of
Nanoparticle-Based Drug Delivery Systems)

Farkli  boyutlardaki Fe304@SiO2(FITC)-BTN/DOX

nanopartikiillerinin, Caco-2 ve HCT-116 Kkanser

hiicreleri iizerinde gdsterdikleri sitotoksisite, MTT

yontemi kullanilarak belirlendi.

Sitotoksisite ¢aligmalar1 igin, Caco-2 ve HCT-116
hiicreleri 10.000 hiicre/mL yogunlugunda 96 kuyulu
plakalarda 0.1 / 1.0 / 10 / 50 / 100 / 200 pg/mL
nanopartikiil konsantrasyonlartyla 24 / 48 ve 72 saat
boyunca inkiibe edildi. Bu inkiibasyonlardan sonra,
hiicreler 0.5 mg/mL MTT igeren ortamda 4 saat inkiibe
edildi ve ardindan plakalar 1800 rpm de 10 dakika
boyunca santrifiij edildi. Stipernatant uzaklastirildiktan
sonra her bir kuyucukda olusan formazan kristalleri 150
pL DMSO igerisinde ¢ozildi ve 570 nm deki
absorbanslar1 mikroplaka okuyucu aracilifiyla okunarak
“yari-maksimum inhibisyon konsantrasyonlar1’” (ICsg)
belirlendi. 1Csq degerleri GraphPad Prism 7.0 yazilimi ile
hesaplandi.

2.6. Nanopartikiil-Temelli Tlac Tasiyic1 Sistemlerin
Pro-apoptotik Etkileri (Proapoptotic effects of
Nanoparticle-Based Drug Delivery Systems)

Farkli boyutlardaki Fes04@SiO2(FITC)-BTN/DOX
nanopartikiillerinin, Caco-2 ve HCT-116 kanser
hiicreleri tizerinde gosterdikleri pro-apoptotik etkileri
hiicre ¢ekirdek morfolojileri araciligiyla, DAPI boyama
yontemiyle, Olympus IX71 floresan mikroskobu
kullanilarak optik olarak analiz edildi.

Zamana bagimli apoptoz caligmalari igin, Caco-2 ve
HCT-116 hiicreleri 100.000 hiicre/mL yogunlugunda 6
kuyulu  plakalarda ICsp  konsantrasyonlarindaki
nanopartikiillerle 24 / 48 ve 72 saat boyunca inkiibe
edildi. Inkiibasyon sonrasi fosfat tamponlu ¢dzelti (PBS)
ile yikanan hiicreler 10 dakika boyunca % 4
paraformaldehit ile fikse edildi, ardindan ii¢ defa PBS ile
yikandi. Hiicreler daha sonra 10 dakika boyunca % 0.1
Triton-X ile muamele edilerek hiicre membranin
gecirgenligi arttirlldi ve akabinde tekrardan ii¢ defa PBS
ile yikandi. Son olarak her bir kuyu 5 pL 1 mg/mL
yogunlugundaki DAPI ¢ozeltisi ile boyandi. Boyama
sonrasi hiicre c¢ekirdekleri floresan mikroskobu altinda
optik olarak incelendi ve yogunlagmis veya parcalanmis
cekirdekli hiicreler apoptotik hiicreler olarak kabul
edildi. Gorintiiler ImageJ programu araciligiyla analiz
edildi.

2.7. Istatistiksel Analiz (Statistical Analysis)

Tim veriler, ortalama + standart sapma (SS) olarak
verildi. Istatiksel analizler Student's t testi kullanilarak
Microsoft Excel yazilimi araciligiyla yapildi. P <0.05
degeri istatistiksel olarak anlamli kabul edildi.

3. SONUCLAR VE TARTISMA (RESULTS AND
DISCUSSION)

3.1. Nanopartikiil-Temelli fla¢ Tasiyic1 Sistemlerin
Sentezi ve Karakterizasyonu (Synthesis and
Characterization of Nanoparticle-Based Drug
Delivery Systems)

flag tastyict sistemlerinin demir oksit (FesOs) gekirdek
yapisi [Fe*? + 2Fe*3 + 80OH— = Fe304 + 4H,0] kimyasal
reaksiyon formiiliine gore kaynakca 16 da gosterildigi
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gibi sentezlendi. Bu agamada inorganik c¢ekirdek yapisi
farkli konsantrasyonlarda (0.1 ve 0.6 mL) oleik asit ile
kaplanarak sentez sirasinda nanopartikiillerin biyiikligi
diizenlendi. Nanopartikiil biiyiikliikleri, manyetit gekir-
dek iizerinde oleat iyonlarinin artan konsantrasyonlarda
kemisorbsiyonuna bagli olarak, artan miktarda oleik asit
ile diizenli olarak artti. 0.1 mL oleik asit ile kaplanan
FesOsnanopartikiillerinin hidrodinamik ¢ap1 yaklasik 5 +
1 nmiken 0.6 ml oleik asit ile kaplanan nanopartikiillerin
cap1 yaklasik 19 = 7 nm olarak belirlendi. Daha sonra
silika polimeri ile kaplanan nanopartikiillere optik olarak
izlenebilmesi igin floresan o6zelligine sahip FITC
enkapsiile edildi ve [Fes04@SiO(FITC)] nanopartikiil
yapist olusturuldu. Son olarak sirasiyla nanopartikiil
yiizeyine bir aktif hedefleme ajan1 olarak biyotin (BTN)
ve model bir antikanser ilag olarak doksorubisin (DOX)
konjuge  edilerek  Fes0.@SiO,(FITC)-BTN/DOX
formiilasyonuna sahip nanopartikiil-temelli ilag tasiyici
sistemleri sentezlendi. Hizla béliinen kanser hiicreleri,
ozellikle hizli biiylimelerini siirdiirebilmek icin belirli
vitaminlere asir1 ihtiya¢ duyarlar. Bu nedenle vitamin
alimmma  katilan  reseptorler, kanserlesen hiicre
yiizeylerinde agirt miktarda ifade edilmeye baslamaktadir
[19]. Bu reseptor artislar sayesinde, vitamin-baglantili bu
tiir ilag tagima sistemleri daha yiiksek afinitede timor
hiicrelerini aktif olarak hedefleyebilmektedir. Hedefleme
ajami ve ilag konjugasyonu adimlari  sonrasi
nanopartikiillerin hidrodinamik ¢aplar1 sirastyla yaklasik

3.2. Nanopartikiil-Temelli Ila¢ Tasiyic1 Sistemlerinin
Hiicresel Al (Cellular Uptake Analysis of
Nanoparticle-Based Drug Delivery Systems)

Farkli  boyutlardaki Fe3s04@SiO,(FITC)-BTN/DOX
nanopartikiillerinin  Caco-2 ve HCT-116 kanser
hiicrelerini hedefleme potansiyellerinin arastirilmasi i¢in
aydinlik alan ve floresan mikroskop goriintiileri ¢ekildi
(Sekil 3). Nanopartikiillerin hiicresel lokalizasyonlari,
floresan goriintiilerine karsilik gelen aydinlik alan
goriintiilerinin karsilastirilmasiyla elde edildi. Hiicresel
alim takip etmek i¢in hiicre gekirdegi ayrica DAPI ile
boyandi. Her iki boyuttaki nanopartikiiliin zamana
bagimli olarak artan oranlarda kanser hiicrelerini
hedefleyebildigi, fakat kiigiik nanopartikiillerin Caco-2
hiicrelerindeki hiicre ici floresan yogunluklarinin, biiyiik
nanopartikiillerle karsilastirildiginda, daha yiiksek
oldugu belirlendi. 4 saatlik inkiibasyon sonrasi kiigiik
partikiillerin Caco-2 hiicre i¢i yogunluklar1 biiyiik
partikiillere oranla daha yiiksekken, 12 saatlik
inkiibasyon sonrasi bilyiik partikiillerin hiicre i¢i birikim
yogunluklarinin kiigiik partikiillerin seviyesine ulastig
belirlendi. HCT-116 kanser hiicrelerinde ise, her iki
boyuttaki nanopartikiil de zamana bagiml olarak benzer
hiicre i¢i yogunluklara ulasirken, 12 saatin sonunda,
Caco-2 hiicreleri ile karsilagtirildiginda, daha fazla hiicre
ici partikiil birikim verimi elde edildi. Bu sonuglar,
Fe304@SiOx(FITC)-BTN/DOX formiilasyonuna sahip
ila¢ tasiyict sistemlerinin Caco-2 ve HCT-116 kolon

55+ 7 ve 314+ 39 nm olarak belirlendi (Sekil 2). kanseri hiicrelerine basarili  bir sekilde niifuz
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Sekil 2. (A) 0.1 mL oleik asit stabilize ve (B) 0.6 mL oleik asit stabilize Fes04@SiO2(FITC)-BTN/DOX nanopartikiillerinin
boyut-dagilim grafikleri. ( Size distribution of (A) 0.1 mL and (B) 0.6 mL oleic acid stabilized Fes0s@SiO2(FITC)-

BTN/DOX nanoparticles)
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edebildigini, fakat Caco-2 hiicreleri ile  tasiyict sistemlerinin timdr tipine gore tasarlanmasi
karsilastirildiginda, HCT-116 hiicrelerine kars1 her iki gerekliligini vurgulamaktadir.

boyuttaki nanopartikiiliin de yiiksek afiniteye sahip
oldugunu gostermektedir. Elde edilen bu sonuglar, ilag

Sekil 3. Caco-2 ve HCT-116 hiicrelerinin (A) kiiciik ve (B) biiyiik boyuttaki nanopartikiiller ile 4 ve 12 saatlik inkiibasyonlari
sonrast hiicresel alim floresan mikroskobu goriintiileri. Siitunlar igin sirastyla: (1) Caco-2 ve HCT-116 hiicrelerinin
aydinlik alan goriintiileri; (2) hiicre i¢indeki nanopartikiillerin yesil floresan goriintiileri; (3) hiicre igine tasiman
doksorubisinin kirmizi floresan goriintiileri; (4) DAPI ile boyanan hiicre ¢ekirdeklerinin mavi floresan goriintiileri; (5)
nanopartikiil, ilag ve DAPI floresan goriintiilerinin iist {iste birlestirilmesi; (6) aydinlik alan, nanopartikiil, ilag ve DAPI
goriintiilerinin st Giste Ortiistiiriilmesi. ( Fluorescence microscopy images of Caco-2 and HCT-116 cells after incubation
with (A) small and (B) large nanoparticles for 4 and 12 h. The nanoparticles were observed as green fluorescence, DOX
was observed as red fluorescence and DAPI was observed as blue fluorescence. For columns: (1) bright-field images;
(2) fluorescence images of nanoparticles; (3) fluorescence images of DOX; (4) the stained nuclei of cells with DAPI,
(5) the merger of nanoparticles, DOX and DAPI; and (6) overlay of bright-field images and fluorescence images)
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3.3. Nanopartikiil-Temelli flac Tasiyic1 Sistemlerin
Sitotoksik Etkileri (Cell Viability Analysis of
Nanoparticle-Based Drug Delivery Systems)

Farkli boyutlardaki Fes04@SiO2(FITC)-BTN/DOX na-
nopartikiillerinin Caco-2 ve HCT-116 kanser hiicreleri
iizerinde nasil bir sitotoksik etki gosterdigini incelemek
icin, zamana bagimli MTT hiicre proliferasyonu analizi
yapildi. Bunun i¢in, kanser hiicrelerine 24 / 48 ve 72 saat
boyunca artan konsantrasyonlarda (0.1-200 pg/mL) na-
nopartikiiller uygulandi. Fes04@SiO2(FITC)-BTN/DOX
nanopartikiilleri, Caco-2 hiicreleri ile karsilagtirildiginda,
HCT-116 hiicrelerine karst ilk 48 saatlik siirecte daha
disiik ICso degeri ile daha giiclii bir sitotoksik etki
sergiledi. Ote yandan, nanopartikiiller 72 saatlik inkiibas-
yon sonrast her iki hiicrede de benzer ICsp degerleri ile
yakin sitotoksik etki gosterdi. Kiigiik partikiiller, biiyiik

sonuglarini desteklerken ilgili nanopartikiil formiilasyon-
larinin HCT-116 kanser tiiriine karst daha yiiksek
sitotoksik potansiyele sahip oldugunu gostermektedir
(Sekil 4). Biiyiik partikiiller daha uzun inkiibasyon
stireleri sonrasi kiiglik partikiillerin gosterdigi sitotoksik
degerlere ulagmaktadir. Bunun nedeni olarak, kiigiik
partikiillerin hiicresel alim verimliliklerinin daha yiiksek
oldugundan bahsedebilecegimiz gibi, kiigiik partikiillerin
ylizey alani/hacim orami biyiik partikiillere gére daha
bliyilk oldugundan ila¢ salinim hizlart daha yiiksel
olmaktadir, fakat biiytik partikiiller sahip olduklar1 biiyiik
¢ekirdek yapilari sayesinde daha fazla ilag yiiklemesine
olanak saglarken daha yavas bir ila¢ salinim karakteri
gosterdiklerinden sitotoksik etkileri ancak zamana
bagiml olarak artis gostermektedir [14-15]. Benzer bir
sekilde daha dnce yaptigimiz ¢aligmalarda da, ilag tagima
sistemleri  olarak  tasarladigimiz  nanopartikiiller,

Cizelge 1. Farkli boyutlardaki FesOs@SiO2(FITC)-BTN/DOX nanopartikiil formiilasyonlarinin Caco-2 ve HCT-116
hiicrelerindeki 24 / 48 ve 72 saatlik ICso degerleri. Degerler lic bagimsiz denemenin ortalama +SS'sin1 temsil
etmektedir. (The ICso values of different sized FesOs@SiO2(FITC)-BTN/DOX nanoparticles in Caco-2 and HCT-
116 cells when incubated for 24 /48 and 72 h. Values represent the mean + SD of three independent experiments)

24 saat 48 saat
72 saat
Hiicreler Nanopartikiiller (ng/mL)
Kiigiik NP’ler 3253+ 103.6 £ 9.3
34.5 81.9+9.9
Caco-2
Biiyiik NP’ler 531.2+ 274.7 £ 20.7
48.8 98.7+5.3
Kiigiik NP’ler 2714 + 95.3 +13.9
22.3 68.8 + 4.6
HCT-116
Biiyiik NP’ler 380.7 + 167.2+12.4
35.7 92.5+6.8

partikiiller ile karsilastirildiginda, her iki kolon kanseri
tiirline kars1 ilk 48 saatlik siiregte daha sitotoksik etki
gosterirken, 72 saate varan inkiibasyonlar sonrasi her iki
partikiilde benzer ICsp degerleri sergiledi (Cizelge 1).
Bu sonuglar, ilag tasiyict sistemlerin  hiicresel alim

biyokimyasal profilleri birbirlerinden farkli olan gesitli
kanser hiicrelerine kars1 degisen oranlarda sitotoksik etki
sergilemistir [16-18,20-21].
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Sekil 4. Farkli boyutlardaki FesOs@SiO2(FITC)-BTN/DOX nanopartikiil formiilasyonlarinin Caco-2 ve HCT-116 hiicreleri
iizerinde gosterdigi (A) 24, (B) 48 ve (C) 72 saatlik antikanser aktiviteleri. K: kiiciik nanopartikiiller B: biiyiik
nanopartikiiller. Her bir kolon ti¢ bagimsiz denemenin ortalama +SS’sin1 temsil etmektedir. (Anticancer activities of
different sized Fe304@SiO2(FITC)-BTN/DOX nanoparticles against Caco-2 and HCT-116 cells after (A) 24, (B) 48
and (C) 72 of growth. K: small and B: large nanoparticles. Each column represents the mean + SD of three independent

experiments)

3.4. Nanopartikiil-Temelli ila¢ Tasiyic1 Sistemlerin
Pro-apoptotik Etkileri (Proapoptotic effects of
Nanoparticle-Based Drug Delivery Systems)

Farkli  boyutlardaki  Fe3s04@SiO2(FITC)-BTN/DOX
nanopartikiillerinin Caco-2 ve HCT-116 kanser hiicreleri
izerinde gosterdigi 24 / 48 ve 72 saatlik apoptotik
etkileri, floresan mikroskobu altinda yogunlasmis veya
pargalanmis ¢ekirdekli hiicreler incelenerek arastirildi.
Sekil 5. de gorildigi tlzere Fes04@SiO2(FITC)-
BTN/DOX nanopartikiilleri, Caco-2 hiicreleri ile
karsilagtirildiginda, HCT-116 hiicrelerine karsi daha
yiiksek diizeyde apoptoz indiiksiyonu gergeklestirdi.
Biiyiik partikiiller Caco-2 hiicrelerine kars1 ancak 72
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saatlik siire¢ sonunda kayda deger bir apoptotik etki
gosterirken, HCT-116 hiicrelerinde kii¢iik partikiillerle
benzer oranlarda bir apoptotik etki sergiledi. Bu sonuglar
gostermektedir ki, Fe304@SiO2(FITC)-BTN/DOX
nanopartikiilleri HCT-116 kanser hiicrelerine daha hizli
bir sekilde kemoterapétik ajan yiiklemesi saglamakta ve
bu sayede DOX-aracili apoptoz oranlarin1 Caco-2 kanser
hiicrelerine oranla ayni zaman dilimi icerisinde daha
yukart seviyelere tasimaktalardir. Bununla birlikte,
nanopartikiil boyutlart HCT-116 kolon kanser tiiriine
kars1 apoptotik aktiviteyi etkilemezken, Caco-2 kanser
tiiriinde ise hiicresel alim diizeyleri daha yiiksek olan
kiigiik nanopartikiillerin daha yiiksek oranlarda apoptotik
etki sergiledigi goriilmiistiir.
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Sekil 5. Caco-2 ve HCT-116 hiicrelerinin (A) kiigiik ve (B) biiyiik boyuttaki nanopartikiiller ile 24, 48 ve 72 saatlik inkiibasyonlar1
sonras1 apoptotik cekirdeklerinin floresan mikroskobu gériintiileri. {1k satirlar nanopartikiil uygulanmayan kontrol hiicreleri
ve cekirdeklerini gostermektedir. Oklarla gosterilen apoptotik hiicreler niikleer par¢alanma ve daha parlak mavi floresans
gostermektedir. Stitunlar i¢in sirastyla: (1) Caco-2 ve HCT-116 hiicrelerinin aydinlik alan goriintiileri; (2) DAPI ile boyanan
hiicre ¢ekirdeklerinin mavi floresan goriintiileri; (3) aydinlik alan ve DAPI goriintiilerinin st iiste Ortiistiirilmesi.
(Apoptosis analysis of Caco-2 and HCT-116 cells treated with small (K) and large (B) nanoparticles for 24, 48 and 72 h,
by fluorescence microscopy. Untreated cells served as control cells. Morphological changes of cell nuclei stained with
DAPI were observed under fluorescence microscopy and arrows indicated apoptotic cells present nuclear fragmentation
and brighter blue fluorescence. For columns: (1) bright-field images; (2) the stained nuclei of cells with DAPI; (3) overlay

of bright-field images and fluorescence images of DAP

4. GENEL DEGERLENDIRME (CONCLUSION)

Bu caligmada, iki farkli biiyiikliikteki nanopartikiil-
temelli ila¢ tasiyici sistemlerin, insan kolon kanseri
Caco-2 ve HCT-116 hiicrelerine karst gdstermis
olduklar1 antikanser aktiviteleri arastirildi. Bunun igin
nanopartikiil boyutlarinin kolon kanseri hiicrelerine kars1
gostermis olduklar1 hiicresel birikim, sitotoksisite ve
apoptoz lzerindeki etkileri karsilastirildi. Hiicresel alim
deneyleri ile her iki boyuttaki nanopartikiiliin zamana
bagimli olarak artan oranlarda kanser hiicrelerini
hedefleyebildigi, fakat kiiciik nanopartikiillerin Caco-2
kanser hiicreleri tarafindan alim kapasitelerinin biiyiik
nanopartikiillere oranla daha yiiksek oldugu belirlendi.
Ote yandan, her iki hiicre tiiriinde de ilk 48 saat icinde
kii¢iik nanopartikiiller, bilyiik nanopartikiillere gore daha
diigiik yari-maksimum inhibisyon konsantrasyonu (1Cso)

N
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degerleri ile daha yiiksek sitotoksisite sergilerken, 72
saate varan inkiibasyon siireleri sonrast iki farkli
boyuttaki nanopartikiilde benzer ICso degerlerine ulasti.
Pro-apoptotik ¢aligmalarda, nanopartikiil boyutlart HCT-
116 kolon kanser tiiriine kars1 apoptotik aktiviteyi kayda
deger bir oranda etkilemezken, Caco-2 kanser tiiriinde ise
hiicresel alim diizeyleri ile paralel dogrultuda kiigiik
nanopartikiiller daha yiiksek oranlarda apoptotik aktivite
sergiledi. Bu sonuglar gostermektedir ki, nanopartikiil
boyutlart HCT-116 kolon kanseri tiiriine karsi antikanser
aktiviteyi ¢ok fazla etkilemezken, Caco-2 kanser tiiriinde
ise, nanopartikill boyutlarina gore hiicresel alim
seviyeleri degismekte ve bu durum hiicre ici ilag
konsantrasyonlarini etkiledigi igin paralelinde antikanser
aktivitede etkilenmektedir. Sonug¢ olarak bu goézlemler,
kiiciik boyutlu ilag tagima sistemlerinin, biiyiik boyutlu
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ilac tagima sistemleri ile karsilastirildiginda, insan kolon
kanseri hiicrelerinde kemoterapdtik ilaglarin antikanser
etkilerini  artirmada  daha  verimli  oldugunu
gostermektedir.
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Is1-Gilic Kombine Sistemlerinde Kullanilan Kalina
Cevriminin Enerji ve Ekserji Analizi

Arastirma Makalesi / Research Article
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Miihendislik ve Doga Bilimleri Fakiiltesi, Makine Miihendisligi Boliimii, iskenderun Teknik Universitesi, Tiirkiye
(Gelig/Received : 19.02.2019 ; Kabul/Accepted : 18.07.2019)
oz
Kiiresel 1sinmanin giderek arttig1 ve hava kirliliginin insan sagligmi hissedilebilir sekilde tehdit ettigi bugiinlerde, enerjiye olan
ihtiya¢ da giderek artmaktadir. Bu nedenle sadece insanlarin enerji ihtiyacini kargilamak degil bunun yaninda gevreyi tehdit eden
unsurlarin da minimum seviyelere indirilmesi hedeflenmektedir. Enerji ihtiyacin1 karsilamak i¢in arastirmacilar farkl: enerji tiretim
sistemleri iizerinde c¢aligmalar yapmakta ya da var olan tesislerin kapasitesini arttirmaktadir. Ancak, kiiresel 1sinma ve hava
kirliliginin en 6nemli sebeplerinden biri olan endiistriyel atik 1s1 ve baca gazlar1 atmosfere birakilarak biiyiik bir enerji israfina
sebep olmaktadir. Bu nedenle, kullanilmakta olan tesislerin iyilestirilmesi ve atik 1silarin geri kazanin hayati derecede onem arz
etmektedir. Bu ¢aligmada kombine 1s1-gii¢ cevrimindeki orta derece sicakliktaki atik 1sinin geri doniistimiinii saglamak icin yeni
bir metot olan Kalina gevrimi tasarlanmigtir. Sonrasinda tasarlanmis olan Kalina ¢evriminin birinci ve ikinci kanun ydniinden

termodinamik analizi yapilmstir. Calisma sonucunda, maksimum ekserji yikimi buharlastiricida goriiliirken, Kalina ¢evriminin
enerji verimi ve ekserji verimi sirastyla yaklasik %12 ve %27 olarak hesaplanmistir.

Anahtar Kelimeler: Kalina ¢evrimi, 1s1-gii¢ kombine sistemi, enerji, ekserji, atik 1s1 geri kazanima.

Energy and Exergy Analysis of a Kalina Cycle Used
for Combined Heat-Power Systems

ABSTRACT

Nowadays, when global warming is increasing and air pollution threatens human health in a sensible way, the need for energy is
increasing. Therefore, it is aimed not only to meet the people's energy needs but also to minimize the factors that threaten the
environment. To meet the energy needs, researchers are working on different power generation systems or trying to increase the
capacity of existing plants. However, industrial waste heat and flue gases, one of the most important reasons of global warming
and air pollution, are released to the atmosphere and cause a great waste of energy. Therefore, the improvement of the facilities in
use and the recovery of waste heat are of vital importance. In this study, the Kalina cycle, which is a new method for recovering
the waste heat has been designed for a medium temperature waste heat source released from a combined heat-power system.
Afterwards, the thermodynamic analysis of the designed Kalina cycle was carried out in terms of the first and second law of the
thermodynamics. As a result of the study, maximum exergy destruction was observed in evaporator, while energy efficiency and
exergy efficiency of Kalina cycle were calculated as 12% and 27%, respectively.

Keywords: Kalina cycle, combined heat-power system, energy, exergy, waste heat recovery

1. GIRiS (INTRODUCTION)

Enerji ihtiyacinin biiylik bir boliimii fosil yakitlardan
(%87) karsilanmaktadir [1,2]. Enerji ihtiyacini
karsilamak i¢in kullanilan fosil yakitlarin %28’1 Komiir,
%21’1 Dogal gaz ve %38’1 petrolden olugmaktadir [3].
Hava kirliligi ve kiiresel 1sinma gibi gevresel sorunlarin
en Onemli sebeplerinden biri fosil yakitli enerji {iretim
tesisleri olmasma ragmen, temiz alternatif enerji
kaynaklarmin kullanimi 9%13’lerde kalmaktadir [1].
Diinya niifus yogunlugundaki artis ve teknolojik
gelismelerdeki ilerlemelerden dolayr enerji ihtiyacinin
ciddi oranda artmasi bilim insanlarin1 farkli enerji tiretim
araglarina yonlendirmektedir [4-6]. Ancak, enerji
iretimini arttirmanin tek yolu bu degildir. Kullanilmakta

*Sorumlu Yazar (Corresponding Author)
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olan tesisler iyilestirilmeli, yeni nesil entegre sistemler
kullanilarak iiretilen 1sidan maksimum seviyede
faydalanilmali ve enerji israfi en aza indirilmelidir.
Boylece hem enerjiye olan talep azalacak hem de fosil
yakitlarin sebep oldugu kiiresel 1sinma ve hava kirliligi
gibi saglig1 tehdit eden c¢evresel sorunlar ciddi oranda
distiriilecektir [7-9]. Fosil yakitlarin yaklasik %30’u
egzoz gazlart yoluyla atmosfere atilmaktadir [10]. Bu

nedenle endiistriyel atik 151 kaynagindan
faydalanilmasiyla olduk¢a fazla enerji tasarrufu
saglanacaktir

Baca gazi ve endiistriyel atik 1silar genel olarak diisiik
sicakliklr atik 1s1 olarak enerji geri dontisiimii olmadan
atmosfere birakilmaktadir. Bu nedenle atik 1sidan
tasarruf saglamak ve atik 1siy1 elektrik enerjisine
cevirmek icin geleneksel c¢evrimleri kullanmak uygun
degildir. Geleneksel g¢evrimler yerine yeni yardimci
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¢evrimlere ihtiyag olmaktadir. 1980°1i yillarda Alexander
I. Kalina tarafindan disiik sicaklikli atik 1siya sahip
kurulu bir sistemden maksimum verim saglamak igin
yeni bir yardimer ¢evrim ileri siirmiistiir [4]. Calisma
akiskani olarak amonyak-su karigimi kullanan Kalina
¢evrimi, organik Rankine ¢evrimine karsi ciddi bir rakip
olarak one ¢ikmaktadir [11-14]. Kalina ¢evriminin hem
gevreye olan etkisi hem de calisma akigkaninin ucuz
olmasindan dolay arastirmacilarin giin gectikce ilgisini
¢ekmeye devam etmektedir. Zhang ve ark. (2012) Kalina
gevirimi lizerine kapsamli bir aragtirmaya ¢alismasinda
yer vermektedir. Kalina c¢evriminin jeotermal gii¢
gevrimi, dizel yakitli kombine ¢evriminin yani sira
komiir yakith termik santraller ve niikleer santrallerde
kullanima uygun oldugunu aciklamislardir. Ayrica,
Kalina c¢evriminin avantaj ve dezavantajlarindan ve
cevreye olan etkilerinden bahsetmislerdir [4]. Ogriseck
(2009) tarafindan yapilan ¢alismada 1s1 ve gii¢ iiretiminin
oldugu kombine tesiste atik 1sidan faydalanmak icin
kullanim1 yaygin olmayan Kalina cevrimini entegre
etmis ve termodinamik analizini gerceklestirmistir.
Analiz sonucunda Kalina c¢evriminin sogutma suyu
sicakligi ve amonyak-su karigimi oranmna bagli olarak
%12,3-%17,1 arasinda oldugu ve sisteme 2,3 MW’lik bir
181 girisi i¢in 320 kW-440 kW arasinda elektrik iiretimi
saglandigni ileri sirmiistiir [15]. Zare ve ark. (2015) bu
calismada Gaz Tiirbini-Modiiler Helyum Reaktor (GT-
MHR)’den atmosfere atilan baca gazi enerji geri
doniisiimii icin Kalina ve Organik Rankine Cevrimi
(ORC) ayr1 ayr1 entegre edilmistir. Termodinamik
analizler sonucunda Kalina ve ORC sisteminin verimi
GT-MHR sistemine gore sirastyla %11,3 ve %10,3 daha
fazla oldugunu ortaya g¢ikarmiglardir [16]. Ibrahim ve
ark. (1993) gaz tiirbininden disar1 atilan atik 1sinin geri
doniisiimii igin amonyak-su karisimli ¢aligma akiskanina
sahip kalina ¢evrimini kullanmiglardir. Calisma
sonucunda aymi sartlar altinda Kalina ¢evriminin
veriminden %10-%20 arasinda daha fazla oldugunu
ortaya ¢ikarmislardir [17]. Kalina ¢evrimi bir¢ok farkli
enerji Uretim sistemlerine entegre edilebilmekte ve
sistemin toplam enerjisine kayda deger bir katki
saglamaktadir. Kalina sisteminin Niikleer enerji
¢evrimine uygulanabilirligi lizerine c¢alisan Ganesh ve
ark. (2019), ¢evrime diisiik ve yiiksek sicaklikli Kalina
¢evrim sistemini entegre etmistir. Diislik sicaklikli
Kalina ¢evrimi kaynak olarak giines enerjisi kullanilirken
129 kW elektrik enerjisi elde ederken yiiksek sicaklikli
Kalina ¢evrimi yliksek basingli suyun sicakligindan
faydalanarak 675 kW elektrik enerjisi elde etmistir [18].
Rodriguez ve ark. (2013) ise Kalina ve organik Rankine
cevrimi yenilenebilir enerji kaynaklarindan biri olan
jeotermal enerji sistemine dahil etmislerdir. Bu ¢evrimler
termodinamigin birinci ve ikinci kanunu yoniinden
uygunluklart karsilastirilmistir. Hem organik Rankine
hem de Kalina i¢in sirasiyla en iyi performansi veren
galigma akiskan1 (R-290) ve amonyak-su (%84 amonyak)
karisim orani secilmistir. Bu c¢aligma sartlart altinda
Kalina sistemi organik Rankine ¢evriminden yaklasik
%18 daha fazla gii¢ iirettigi gortilmistiir [19].

Diisilk kaynama noktasina sahip organik kimyasal
akigskan kullanan ORC sistemi atik 1sidan faydalanarak
enerji geri kazanimmi i¢in alternatif yontemlerden biri
olmasina ragmen hem organik akiskanin pahali olmasi
hem de baz1 organik akiskanlarin ozon tabakasina zarar
vermesi Kalina ¢evrimini 6n plana ¢ikarmaktadir [12].
Kalina ¢evrimi ve ORC iizerine yapilan g¢alismalara
baktigimizda, Bombardo ve ark. (2010) tarafindan
kaleme alinan dizel motorlu kombine ¢evriminin atik 1s1
geri  donilisimii i¢in Kalina ve ORC sisteminin
karsilagtirmali  termodinamiksel analizi yapilmistir.
Ayrica bu sistemlerin avantaj ve dezavantajlar1 hakkinda
o6nemli bilgiler verilmistir. Calisma sonucunda Kalina
sistemi, tek ve ¢ift basingli alt kritik ORC sisteminden
sirastyla yaklasik %45 ve %25 daha fazla giic elde
edildigini ortaya ¢ikarmiglardir [20]. Diger bir calismada
ise Kalina ¢evriminde kullanilan tiirbin  &lgi
parametrelerinin  ORC sisteminde kullanilan tiirbin
parametrelerinden daha kii¢iik oldugunu, ancak ORC’nin
Kalina ¢evriminden daha diisiik basinglarda ¢aligabildigi
soylenmektedir [21].

Yapilmis olan literatiir caligmalar1 detayli olarak
incelendiginde atik 1s1 kaynaklarmin enerji geri kazanimi
icin daha ¢ok organik Rankine cevrimlerinin tercih
edildigi goriilmektedir. Fakat her ne kadar Kalina
cevrimler daha az uygulama alanina sahip olsa da birgok
konuda ORC ¢evrimlerinden daha iistiin 6zelliklere sahip
oldugu siiphesizdir. Dahasi, Literatiir ¢aligmalarinda 1s1-
giic kombine ¢evrimlerinin atik enerjisinin geri kazanimi
iizerine neredeyse hi¢ c¢alisma bulunmamaktadir ve
yapilmis olan ¢alismalarin gogunlugu sadece parametrik
optimizasyon icermekte olup c¢evrimin ve ¢evrim
elemanlarmin detayli ekserji analizleri lizerine detayl bir
analiz neredeyse hi¢ yoktur.

Bu calismada, gergek bir 1s1-gii¢ kombine c¢evriminde
mevcut durumda atmosfere salinmakta olan 400 °C
sicakliktaki ve 1,63 kg/s debideki egzoz gazi atik 1smnin
geri kazanimi {izerine ¢alisilmistir. Caligma kapsaminda
oncelikle Steag GbmH firmasi tarafindan gelistirilen
EBSILON®Professional programi kullanilarak
tasarlanmig olan Kalina ¢evrimi i¢in optimum amonyak-
su orani belirlenmistir. Belirlenen bu karisim orani baz
alimarak cevrimin ve c¢evrim elemanlarmin enerji ve
ekserji temelli analizleri yapilarak sistemden elde
edilebilecek maksimum gii¢ miktar1 belirlenmistir.

2. KALINA SISTEMININ TANITILMASI
(DESCRIPTION OF THE KALINA SYSTEM)

Kalina c¢evrimlerinin ilk tasarimlar1 1980 yillarina
dayanmaktadir. Tipki organik Rankine c¢evrimleri gibi,
Kalina c¢evrimleride diisilk ve orta sicaklikli atik 1s1
kaynaklarindan  enerjinin  geri  kazanimi  i¢in
kullanilmaktadir  [11, 22,23]. Organik Rankine
¢evrimlerinde (ORC) c¢evrim akiskani olarak diistik
sicakliklarda kizgin buhar fazmna gegebilen organik
kokenli akigkanlar kullanilirken, Kalina gevrimlerinde
cevrim  akiskani  olarak  amonyak-su  karisimi
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kullanilmaktadir. Kalina g¢evriminin sematik goésterimi
Sekil 1’de verilmektedir.

9 1
SEPERATOR
2

10
12
13 8
- — I—l ) KARISIM ODASI
¥s 151 DEGISTIRICI |
——
11
N7 3
.\
DS ISI DEGISTIRICI |
—_—
a 15
6 YOGUSTURUCU

O < )
POMPA

Sekil 1. Egzoz gazinin geri doniisiimiinde kullanilan Kalina
¢evrimi (Kalina cycle for recovering of exhaust gas)

Kalina ¢evrimlerinde kullanilan amonyak-su karigimimin
en onemli 6zelligi, degisken kaynama noktasina sahip
olmasi, gevre dostu olmasi ve ucuz olmasidir [15,24,25].
Calisma kapsaminda ele alinan ¢evrimde ¢evrim
akigkanin  kiitlesel olarak  %86’s1  amonyaktan
olusmaktadir. Olusturulan bu karisim gevrimde oncelikle
buharlastirici tiniteye gonderilmekte ve buhar fazina
getirilmektedir (8—9). Bu esnada kombine 1si-gii¢
sisteminden gelen 400 °C’deki egzoz gazi sogutularak
bacaya gonderilmekte ve atmosfere salinmaktadir
(12—13). Buhar fazina gelen su-amonyak karisimi
icerisindeki buharlasmamis su damlaciklar1 seperator
vasitast ile alinmaktadir (9—1-10). Buhar fazindaki
karisim tiirbinden gegirilerek karigim odasma génderilir
(1-2). Bu esnada seperatorde buhar fazindaki
karisimdan ayrilan sivi akigkan yiiksek sicakliktaki 1si
degistiriciden gecirilerek fazla 1sisin1 buharlagtiriciya
giren amonyak-su karisimma vermekte ve Kkarisim
odasina gonderilmektedir (10—11). Karigim odasinda
bir araya gelen karisim diisiik sicaklikli 1s1 degistiriciden
gecirilerek yogusturucuya gonderilmektedir (3—4).
Yogusturucuda sogutma suyu tarafindan yogusan
(14—15) amonyak-su karisimi (4—5), sikistirilarak
yilksek  basinglara  ¢ikartilmak  i¢in  pompaya
gonderilmektedir (5—6).

Kombine gii¢ sistemlerinde egzoz gazi atik 1sismin geri
kazanimi i¢in tasarlanmis olan Kalina ¢evriminin tasarim
ve analiz asamalarinda sistem ekipmanlarinin birtakim
termodinamik Ozellikleri sabit kabul edilmistir. Kalina
¢evriminin tasariminda sabit kabul edilen tasarim
parametreleri Cizelge 1’°de verilmektedir.

Cizelge 1. Kalina ¢evriminin tasariminda sabit kabul edilen
tasarim  parametreleri  (Design  parameters
considered constant in the design of Kalina cycle)

Giris parametreleri Deger Birim
Tiirbin izentropik verim 87 %
Pompa izentropik verim 80 %
Amonyak-su orani 86 %
Atmosfer sicakligi (To) 18 °C
Atmosfer basinci (Po) 1 bar

Olii nokta entalpisi (ho)*  1333,2347 kJ/kg
Olii nokta entropisi (So)* 5,7370 kJ/kg-K
Sogutma suyu sicakligi 5 °C

2.1. Kalina cevriminde c¢alisma akiskam olarak
amonyak-su  karisinn  kullammm  (Use  of
ammonia-water mixture as working fluid in Kalina
cycle)

Amonyak-su  karigimi  Kalina  ¢evrimini  diger
cevrimlerden ayiran en Onemli oOzelliklerden biridir.
Amonyagm kaynama noktasmm suyun kaynama
noktasindan diisiik olmasindan dolayi, amonyak-su
karisimi  degisken bir kaynama noktasmma sahip
olmaktadir [26]. Geleneksel Rankine ¢evrimlerinde is
akigkani olarak kullanilmakta olan saf suyun yiiksek
kaynama noktasina sahip olmasindan dolay1 ortaya ¢ikan
bu dezavantaj amonyak-su karisimi ile elimine
edilmektedir. Boylece amonyak-su karisimlariin ¢evrim
akigkan1 olarak kullanildig1 Kalina ¢evrimlerinin diisiik
ve orta sicaklikli atik 1s1 kaynaklarina entegre edilmesi ve
bu atik 1sinin geri kazanilmasi miimkiin hale gelmektedir.
Buda yiiksek 1s1 kaynagina ihtiyag duyan saf su
kullanilan geleneksel Rankine ¢evrimlerinin yiiksek
sicaklik gereksinimlerini elimine etmekte ve Kalina
cevrimlerini diisiik ve orta sicaklikli 1s1 kaynaklarinin
enerji geri kazanimi igin en uygun cevrimlerden birisi
yapmaktadir. Geleneksel Rankine ¢cevrimlerinin yani sira
organik Rankine ¢evrimleri ile de kiyaslandiginda Kalina
cevrimlerinin  birgok avantaji mevcuttur. Clinki
amonyak-su karisimimin organik akigkanlara gore birgok
avantaj1 bulunmaktadir. Bu avantajlar;

« Dogaya ciddi zaralar verebilen organik
akigkanlar ile kiyaslandiginda doganin bir yan
iirlinii olan amonyagin ¢evreye kayda deger bir
zarar vermemesi,

« Amonyagin asidik kirlilikleri notiirlestirerek
¢evre tehditlerini azalmasi,

< Amonyagin yanma ve patlama tehlikesinin

oldukca diistik olmasi1 ve giivenli bir akiskan

olmasi,

« Cok pahali olabilen Organik akiskanlar ile
kiyaslandiginda amonyagin daha ulasilabilir ve
ucuz olmasi,

« Amonyagin sabit kaynama ve yogusma

sicakligl olmasina ragmen su ile karigtiginda
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termofiziksel 6zelliklerinin degismesi ve farkl
bir akigkan olarak davranmasi,

olarak siralanabilir. Amonyak-su karisimmdaki amonyak
oraninin ayarlanmasi sistemin gii¢ iiretim kapasitesini
belirli bir degere kadar orantili olarak arttirmaktadir.
Optimum amonyak-su karisimi orani tasarlanan sisteme
ve kullanilan atik 1s1 kaynagina gore degisiklikler
gosterebilmektedir. Bu nedenle optimum amonyak
yiizdesinin bulunabilmesi i¢in bir¢ok optimizasyon
caligmasi yapilmustir [27-30]. Optimizasyon
caligmalarinda optimum amonyak yiizdesi, ¢evrimin
maksimum verime ulagtig1 anda karigim i¢inde bulunan
amonyak miktar1 ile bulunmaktadir. Mevcut ¢alismada
optimum amonyak-su karigimi oran1 (%86) simiilasyon
programi tarafindan hesaplanmis olup, ¢evrimin analizi
bu oran igin yapilmistir.

3. MATEMATIKSEL METOT
(MATHEMATICAL METHOD)

Kalina sistemini yalnizca termodinamigin birinci kanunu
ile analiz etmek yeterli olmayacaktir. Bu nedenle ikinci
kanun analizinin de yapilmasi gerekmektedir [31-35].
Kalina c¢evriminin enerji ve ekserji analizi anlik olarak

seklinde yazilabilmektedir. Burada Q, W ve E, sirasiyla
151, ig ve ekserji akigini ifade etmektedir. Ikinci kanun
analizi igin kullanilmakta olan ekserji akist (E,);

E,= my “4)
esitligi kullanilarak hesaplanmaktadir. Burada 1) ozgiil
ekserjiyi ifade etmektedir. Ozgiil ekserji;

Y = (h— ho) = To(s = so) ©)
denkleminden yararlanilarak bulunmaktadir. Burada T,

cevre sicakhigni, s entropiyi, h ise entalpiyi temsil
etmektedir. Tiim ¢evrimin enerji ve ekserji verimleri;

_ Wnet
Nk = Q'g (6)
W,
&k = ﬁ: (7)

formiilleri ile bulunmaktadir. Kalina ¢evrimi i¢in yapilan
termodinamiksel analizler boyunca tiim hesaplamalar
daimi akis sartlar1 kabul edilerek yapilmistir. Ayrica,
kinetik ve potansiyel enerjiler ihmal edilmistir.

4. SONUCLAR VE TARTISMA (RESULTS AND
DISCUSSION)

Cizelge 2. Kalina ¢evriminin hal nokta 6zellikleri (State point properties of Kalina cycle)

Boru P T h m 0 p s Y
bar °C kd/kg ka/ls kW kg/m3 kd/kgK  kJ/kg

1 33,30 90,00 1710,543 0,36 613,13 23,268 5,552 463,633

2 6,60 14,66 1529,187 0,36 548,13 5,541 5,646 254,831

3 6,60 23,39 897,384 0,66 591,75 9,940 3,625 177,626

4 6,60 23,26 892,380 0,66 588,45 10,018 3,608 177,536

5 6,60 16,59 265,641 0,66 175,17 677,322 1,462 175,519

6 3530 17,31 270,931 0,66 178,66 678,519 1,466 179,748

7 3430 18,39 275935 0,66 181,96 677,064 1,484 179,598

8 33,30 49,93 428,002 0,66 282,23 633,624 1,979 187,374

9 33,30 90,00 1148,033 0,66 757,04 41,572 4,027 311,164

10 33,30 90,00 478,117 0,30 143,90 658,007 2,212 129,479

11 32,30 22,39 144949 0,30 43,63 745311 1,198 91,338

12 1,00 400,00 424,643 1,63 692,17 0,534 7,612 149,212

13 1,00 130,00 133,353 1,63 217,37 0,892 7,060 18,464

14 2,00 5,00 21,218 18,74 397,58 1000,015 0,076 1,354

15 1,80 10,26 43,273 18,74 810,86 999,716 0,155 0,518
elde edilen veriler g6z Onlinde bulundurularak Calisma kapsaminda 1s1-giic kombine ¢evriminde mevcut
yapilacaktir. Hesaplamalarda genel termodinamik  durumda 400 °C sicaklikta atmosfere atilmakta olan 1,63

denklemlerinden yararlanilmigtir [36-43]. Siirekli akish
bir sistem igin kiitle, enerji ve ekserji denklemleri;

Ay = X, D
Q+W = Xmich, — Yrigh, )
Erg =Exc+ Eyy €)

kg/s kiitlesel debideki egzoz gazinin atik enerjisinin geri
kazanimi i¢in bir Kalina g¢evrimi tasarlanmistir.
Tasarlanmis olan bu Kalina c¢evrimi Steag GbmH
tarfindan gelistirilen EBSILON®Professional programi
kullanilarak optimize edilmis ve optimum amonyak-su
karigimi belirlenmistir. Belirlenen optimum karisim
orani ve ¢evrim analizi boyunca sabit kabul edilen tiim
tasarim parametreleri bir arada ele alinarak cevrimin
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termodinamiksel analizi yapilmistir. Programdan alman
ve ¢evrim {izerindeki her bir noktadan 6l¢iilen akiskanin
anlik termodinamik &zellikleri Cizelge 2’de verilmek-
tedir.

Bu c¢izelgede, Kalina g¢evrimi iizerinde termodinamik
analiz ig¢in gerekli olan birgok Onemli degerler
verilmektedir. Kalina ¢evrimin optimizasyonu sonucu
elde edilen bu termodinamik 6zellikler 1s18inda her bir
ekipmandaki enerji akisi hesaplanarak Sekil 2’de

verilmistir.
-/ W= 61,15kW

Q= 474,8kW

Q=41328kW

Sekil 2. Kalina ¢evrimindeki her bir ekipmanda enerji akisi
(Energy flow in each equipment in the Kalina cycle)

Kalina ¢evirimindeki her bir ekipmandaki enerji akist
giic lireten ve tiiketen ¢evrim elemanlari i¢in (pompa ve
tiirbin) iiretilen ya da tiiketilen isi ifade etmektedir. Is1
degisiminin gerceklestigi buharlastirict ve 1s1 degistirici
gibi ekipmanlarda ise enerji akig1 ekipman igerisinde bir
akiskandan digerine transfer edilen 1s1 miktarmni ifade
etmektedir. Ekipmanlarimn her birindeki enerji akisi analiz
edildiginde, enerji akisinin en biiyiik oldugu ekipmanin
buharlastirict oldugu gériilmektedir. Ciinkii, sisteme
giren ve tiirbinde bir kismi1 mekanik ige g¢evrilen 1s1
girisinin  tamami  buharlagtirict  {initeden ¢evrime
girmektedir. En diisiik enerji akisi ise sicaklik farkinin en
disiik oldugu DS 1s1 degistiricisinde ve pompada
gerceklesmektedir. Kalina ¢evrimi ekipmanlarindaki
enerji akiginin yani sira her bir ekipmandaki ekserji giris
ve ekserji ¢ikist da hesaplanmis ve Sekil 3°de verilmistir.

Sekilde ekserji girigsi sar1 ve ekserji ¢ikisi turuncu
sttunlar ile ifade edilmistir. Karigim odasi, seperator,
pompa ve DS 1s1 degistiricisinde meydana gelen ekserji
giris ve ¢ikislar1 birbirine yakin iken buharlagtiricida giris
ve c¢ikis arasinda kayda deger bir fark oldugu
goriilmektedir. Maksimum ekserji girisi 366,77 kW ile
buharlagtiricida hesaplanirken minimum ekserji girisi
118,83 kW ile karigim odasinda hesaplanmistir. Sistemde
maksimum ve minimum ekserji ¢ikist ise sirastyla 235,50
kW ile DS 1s1 degistiricisinde ve 117,13 kW ile karigim
odasindadir.
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Sekil 3. Kalina ¢evrimindeki her bir ekipmanda enerji akist
(Energy flow in each equipment in the Kalina cycle)

Ekserji dengesi denklemi ele alindiginda, giren ve ¢ikan
ekserji arasindaki farkin ekserji yikimma esit oldugu
goriilmektedir. Kalina gevrimi ekipmanlarinin her biri

icin  hesaplanan  ekserji yikimlar1 = Sekil 4’de
verilmektedir.
003 B8 190
0,16
L=
'% 17,00
0,89

131,49 6,35
® Buharlagtirier (131,49 kW) Yogusturucu (17,00 kW) = Pompa (0,89 kW)

* Karigim Odast (1,7 kW) u Seperator (0,03 kW) ® Tiirbin (16,69 kW)

* YS Ist Degistirici (6,35 kW) DS Isi Degistirici (0,16 kW)

Sekil 4. Kalina cevrimindeki her bir ekipmanin ekserji
yikimlar1 (Exergy destruction of each equipment in
the Kalina cycle)

Kalina ¢evrimi elemanlarindaki ekserji yikimlari detayli
olarak incelendiginde maksimum ekserji yikiminin,
giris-cikis  sicaklik  farkinn  en yiiksek  oldugu
buharlastiric ekipmaninda meydana geldigi
goriilmektedir. En diisiik ekserji yitkimi ise seperator
ekipmaninda meydana gelmistir. Giines enerji kaynagi
destekli Kalina ¢evriminin ekserji analizi lizerine ¢alisan
Mehrpooya ve ark. (2018), maksimum ekserji yikimini
buharlagtiricida  hesaplamislardir [44]. Aymi sekilde
Fallah ve ark. (2016), tarafindan yapilan jeotermal enerji
kaynag: destekli Kalina ¢evriminin ileri ekserji analizi
hesaplamalar1 sonucunda en biiyiik ekserji yikimini yine
buharlagtiricida bulmuglardir [45]. Sistemdeki ekserji
akist ve ekserji yikimlarmin hesaplanmasi sitemin
performansmin incelenmesi i¢in her ne kadar 6nemli
parametrelerden olsa da tek bagina yeterli degillerdir. Bu
nedenle sistem ekipmanlar1 tizerinde daha net bir kaniya
varabilmek i¢in ekipmanlarm ekserji verimlerinin
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hesaplanmasi da biiyiik énem arz etmektedir. Kalina
cevrimi sistem elemanlar1 i¢in hesaplanan ekserji
verimleri Sekil 5’te verilmektedir.
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Sekil 5. Kalina ¢evrimindeki ekipmanlarin ekserji verimleri
(Exergy efficiency of equipment in Kalina cycle)

Ozellikle seperator, DS 1s1 degistiricisi, karisim odasi ve
pompa gibi ekipmanlarda ekserji verimi oldukga yiiksek
cikmaktadir. Cilinkii bu ekipmanlarin giris ve c¢ikis
sicaklik degisimleri oldukca diisiiktiir. Analizlere gore en
diisiik ekserji verimi %64.,4 ile buharlastiricida ve en
yiiksek ekserji verimi %99,93 ile DS 1s1 degistiricisinde
hesaplanmistir. Kalina ¢evrimi ilizerine yapilan analiz
calismalar1 incelendiginde, mevcut ¢alismada elde edilen
sonuglar ile ortlisen bir¢ok c¢alisma bulunmaktadir.
Mansoury ve ark. (2018) tarafindan yapilan bir
calismada, Kalina ¢evrimi ve ORC’nin kullanildig
kombine bir sistemin enerji ve ekserji analizi yapilmistir.
Bu calismada buharlastiricinin ekserji veriminin yaklagik
%42 ile %47 araliginda oldugunu belirlemislerdir [10].
Mehrpooya ve ark. (2018) disiik sicaklikli 1s1 geri
kazanimi igin tasarlanmuis olan bir Kalina ¢evriminin
ekserji analizi izerine ¢alismislardir. Calisma
sonucunda, Seperator ve tlirbinin ekserji verimlerini
sirastyla %99,67 ve %89,81 olarak bulmuslardir [44].
Cevrim elemanlar1 ve ¢evrim performans parametreleri
bir arada ele alindiginda, tiim sistemin genel durumu
lizerine bir 6ngériiye sahip olmabilmek icin ¢evrimin
genel enerji ve ekserji hesaplamalarinin yapilmasi gerekli
ve Onemli bir adimdir. Bu nedenle bu ¢alisma
kapsaminda tasarlanmis olan Kalina ¢evriminin
performans parametreleri, enerji ve ekserji verimleri de
hesaplanmis ve Cizelge 3’de verilmisgtir.

Cizelge 3. Kalina ¢evriminin performans verileri (Kalina cycle
performance data)

Wt Qg Wp Ex;g Wnet Nk €k

kKW kW kW kW KW~ % %
61,1 4748 3,677 2131 574 121 269

Kalina c¢evriminin performans analizi yapilirken
jeneratorden c¢ikan gii¢ biiriit giic olarak alinmig ve net
giiciin hesaplanmasinda bu briit giigten ¢evrim icerisinde
karisimm  basmglandirilmasinda  kullanilan pompanin

tiikettigi gili¢ ¢ikarilmistir. Kalina ¢evriminin performans
verileri incelendiginde egzoz gazinin atik 1sisinin geri
kazanimindan yaklagik 58 kW net gii¢ iiretimi elde
edilmektedir. Cevriminin enerji ve ekserji verimleri
sirastyla yaklasik %12 ve %27 olarak hesaplanmistir.
ORC ve Kalina ¢evrimlerinin termodinamik analizlerinin
yapilarak karsilastirildigi bir¢ok ¢alisma mevcuttur. Bu
iki ¢evrimin analizlerinin yapilarak kiyaslandig1 bir
calismada cevrim akigkani olarak %90 amonyak-su
karigiminin - kullanildign ve 43,48 bar tiirbin giris
basincinin oldugu Kalina gevrimi i¢in maksimum enerji
ve ekserji verimleri sirasiyla yaklagik %9,5 ve %21
olarak hesaplanmistir [46]. Diger bir calismada ise
Kalina c¢evriminin termodinamigin birinci ve ikinci
kanunu yoniinden optimizasyon c¢alismasi yapilmis ve
sistemin enerji verimi yaklasik %12,95 olarak
bulunmustur [22]. Dahasi bu ¢aligmalar ve literatiirdeki
diger ¢aligmalardan elde edilen sonuglar mevcut ¢aligma
sonuglart ile kiyaslandiginda elde edilen sonuglarin
birbirileri ile ayn1 dogrultuda oldugu gériilmiistiir.

5. SONUC (CONCLUSION)

Diisiik sicaklikli enerji kaynaklarindan geleneksel enerji
tiretim yontemlerini kullanarak enerji geri doéniisimil
oldukga gii¢ ve olduk¢a maliyetli olmaktadir. Bu nedenle
bu atik 1silarm geri kazanimi icin ¢ogunlukla bu
sistemlere ORC ¢evrimleri entegre edilmektedir. Fakat,
bazi organik akiskanlarin dogaya zararli olmasi, bu
akigkanlarin elde edilebilmesinin zorlugu ve ozon
tabakasma olan zarar1 enerjinin geri kazanimi igin, yeni
bir sistem olan Kalina ¢evrimlerine yonelimi arttirmistir.

Kalina ¢evrimlerini ORC’den ayiran en 6nemli 6zelligi
calisma  akiskan1 olarak  amonyak-su  karisimi
kullanilmasidir. Kiiresel 1stnma ve hava kirliligi gibi bir
yan etkisi bulunmayan ve ayrica kolay ulagilabilir
olmasindan dolay1 olduk¢a dikkat ¢ekmektedir. Asidik
kirlilikleri notiirlestirerek ¢evre tehditleri azaltmasi diger
dikkat cekici bir 6zelligidir. Kalina ¢evriminin verimi
birgok ORC sisteminden daha iyi oldugu arastirmalar
sonucunda ortaya ¢ikmustir.

Kalina ¢evrimi iizerine yapilmis olan mevcut ¢alismada,
ekserji yikiminin giris-¢ikis sicaklik farkinin en yiiksek
oldugu buharlastirici ekipmaninda en biiyilk oldugu
goriilmiistiir. Buharlastirict ekipmaninda ekserji yikimi
131,49 kW olarak hesaplanirken, c¢evrimin diger
ekipmanlarinda kayda deger bir yikimin olmadig:
goriilmiigtiir. Ayrica, ekipmanlarin ekserji verimleri
incelendiginde, minimum ekserji verimi %64,4 ile
buharlagtiricida  hesaplanmistir.  Cevrimin  diger
ekipmanlarinda ise olduke¢a diisiik giris-cikis sicaklik
degisimi oldugundan yiiksek ekserji verimine sahip
olduklar1 anlagilmigtir. Mevcut durumda kullanilmadan
atmosfere salinan egzoz gazinin atik enerjisinin Kalina
cevrimi kullanilarak geri kazanilmasi durumunda
yaklagik 58 kW net gii¢ elde edilebilecegi gorilmiistiir.
Dahasi, Kalina sisteminin enerji ve ekserji verimleri
strastyla %12,1 ve %26,97 olarak hesaplanmustir.
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Kisaltmalar

Cp = Ozgiil 1s1 (kJ/kgK)
E, = ekserji akis1 (KW)
h = entalpi (kJ/kg)

m = kiitlesel debi (kg/s)
P = basing (bar)

Q = 1s1 akist (KW)

S = entropi (kJ/kgK)

T = sicaklik (K)

Ty = gevre sicakligi (K)
w = giig (kW)

% = dzgiil hacim (M*/kg)
Simgeler

p = yogunluk (kg/m®)
P = ozgiil ekserji (kJ/kg)
€ = ekserji verimi (%)
n = enerji verimi (%)
Alt Indisler

c = kondenser

t = tlirbin

p = pompa

g = giris

¢ = ¢ikig

k = kalina

y = yikim
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0z
Geleneksel iiretim yontemleri yeni gelistirilen yliksek dayanimli, hassas / kirtlgan ve karmasik sekilli parcalarin islenmesinde
stirlidir. Bu tiir pargalart islemek igin konvansiyonel olmayan iiretim ydntemleri gereklidir. I pargasi i¢in en uygun iiretim
yontemini segmek hayati bir karar verme problemidir ve bu problemin ¢6zliimii giiniimiiz ireticileri i¢in ¢ok onemlidir. Bu
¢alismada, ii¢ farkli FUCOM metodu bulanik TOPSIS ve bulanik WASPAS teknikleri ile birlestirildi. Bu gelistirilen yontemleri
test etmek icin literatiirden geleneksel olmayan imalat yontemlerinin se¢imi bir vaka ¢alismasi olarak alinmistir. Modelin basarili
sonuglar verdigi goriillmiistiir.

Anahtar Kelimeler: FUCOM, WASPAS, geleneksel olmayan iiretim yontemi, bulamk CKKYV.

Fuzzy Applications of FUCOM Method in
Manufacturing Environment

ABSTRACT

Conventional manufacturing methods are limited in the machining of newly developed high strength, precision / brittle and complex
shaped parts. Non-conventional manufacturing methods are required to machine such parts. Choosing the most suitable
manufacturing method for the part is a vital decision-making problem and the solution of this problem is very important for today's
manufacturers. In this study, three different Full Consistency Method (FUCOM) methods were combined with fuzzy Technique
for Order Preference by Similarity to Ideal Solution method (fuzzy TOPSIS) and fuzzy weighted aggregated sum product
assessment (fuzzy WASPAS) techniques. In order to test these developed methods, the selection of non-traditional manufacturing

methods from the literature was taken as a case study. It is seen that the model produced successful results.
Keywords: FUCOM, WASPAS, nontraditional manufacturing method, fuzzy MCDM.

1. INTRODUCTION

One of the most important problems encountered in
decision-making (DM) problems is the determination of
criteria weights. In this context, many studies have been
carried out in the literature. The researchers [1-4] agreed
that weights of criteria change in terms of different
models. In addition, there is no agreement on what the
best method is. However, specific methods produce
better results. Some authors classified the models into
subjective and objective models [5,6].

Several authors applied various mathematical techniques
and proposed specialized expert systems to choose
appropriate non-traditional machining processes from the
available options for various machining operations.
Madic et al. [7] studied the feasibility of Multi-Objective
Optimization on the basis of Ratio Analysis (MOORA)
and Analytic Hierarchy Process (AHP) methods and they
compared the results with the Technique for Order
Preference by Similarity to ldeal Solution method
(TOPSIS). Khandekar and Chakraborty [8] used fuzzy
axiomatic design principles. Roy et al. [9] studied a novel
way with hybridizing fuzzy AHP with Quality function

*Sorumlu Yazar (Corresponding Author)
e-posta : asofuoglu@ogu.edu.tr

deployment (QFD). Boral and Chakraborty [10] used the
case-based reasoning (CBR) approach

Fuzzy multi-criteria decision-making models are selected
to sort different options according to predetermined
criteria with a single decision-maker or through group
decision-making; it is foreseen that the alternatives'
suitability against the criteria and the importance weights
of the criteria can be evaluated using linguistic values
indicated by fuzzy numbers [11]. Different approaches
have been developed to solve fuzzy multi-criteria
decision-making problems [11-15]. Abdullah [16]
presented a brief review of the category in fuzzy multi-
criteria decision-making. Several real-life applications
were presented in the study. Fuzzy set theory has been
improved by new fuzzy type sets. These are type 2 fuzzy
sets and type n fuzzy sets containing uncertainty about
the membership function [12]. The Intuitionistic fuzzy
sets presented by Atanassov [17] extend the fuzzy sets to
an additional degree called the degree of uncertainty.
Also, Hesitant approach has been used in different
studies in the literature [18-21].

Fuzzy TOPSIS based researches can be divided into three
groups. Several researchers developed new fuzzy
TOPSIS methods or changes past methods. Ye and Li
[23] developed the TOPSIS technique via probability
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theory. Fuzzy triangular numbers were used for the
evaluation. Hero et al. [24] developed the fuzzy
hierarchical TOPSIS method for multi-criteria evaluation
of industrial robotic systems. Chen and Wei [25]
improved the methodology of Chen and Hwang [22] and
explained the degree of each option and the weight of
each criterion in linguistic terms that can be expressed in
fuzzy triangular numbers. Kannan et al. [26] used the
fuzzy TOPSIS method to rank green suppliers of a
Brazilian electronics company. Wang [27] evaluated the
financial performance of Taiwanese container transport
companies via fuzzy TOPSIS. Chu [28] used the fuzzy
TOPSIS technique to solve the site location problem.
Mandic et al. [29] developed an integrated fuzzy multi-
criteria model to assess the financial performance of
banks. Fuzzy AHP was used to evaluate weights. A fuzzy
TOPSIS technique was used in the evaluation of banks.
Zhang and Lu [30] developed an integrated fuzzy group
decision-making technique to handle the uncertainty of
decision-makers' preferences. Decision-makers used
fuzzy triangular numbers. Tsaura et al. [31] used a
mixed-method to determine the quality of service to the
airline. AHP was used to obtain criterion weights and
TOPSIS method was used for ranking.

Efficient use of machining and machine tool data are
important for manufacturing companies. Therefore, the
use of machine learning in production is of increasing
interest. However, it is still at the beginning of growth
potential and is currently being used less in the
machining sector [32-34].

Conventional manufacturing methods are limited in the
processing of newly developed high strength, precision /
brittle and complex shaped parts. Non-conventional
manufacturing methods are required to process such
parts. Choosing the most suitable manufacturing method
for the part we will process is a significant decision-
making problem and the solution of this problem is very
important for today's manufacturers. The Full
Consistency Method (FUCOM) method is a new
technique used to weigh criteria in the literature. This
technique is a semi-objective / objective evaluation
method, which reduces the comparison of criteria within
each other, and optimizes the criteria weights with the
optimization algorithm with few comparisons. In this
study, three different FUCOM methods were combined
with fuzzy TOPSIS and fuzzy weighted aggregated sum
product assessment (WASPAS) techniques. In order to
test these developed methods, the selection of non-
traditional manufacturing methods from the literature
was taken as an example problem. In the second part of
the study, the techniques used are explained. In the third
part of the study, the problem of choosing a non-
traditional manufacturing method is explained. In the
following sections, the results are discussed.

2. MATERIAL and METHOD

2.1. Fuzzy TOPSIS Model

Chen developed a fuzzy TOPSIS algorithm. The steps are
explained below [35]:

2.1.1. Specify the decision matrix

The decision-making matrix is given in Egs.1-2:
D =[5] @

557] = (aij;bij;cij) 2

x;; elements show ith decision-making points according
to the jth evaluation criteria. Triangular fuzzy numbers
describe these linguistic variables, n shows the number
of criteria and m represents the number of alternatives
(G=1,2,3...nand i=1,2,3....m).

2.1.2. Calculate the standard decision matrix

The normalized fuzzy decision matrix is denoted by

R=1[7; Standard decision-making matrix is
Ulmxn

computed by using the decision-making matrix as
follows (Eqgs.3-4). B and C are benefit and cost criteria,
respectively.

~ &y by cij . _ (3) jeB
y T T G =
Cj ¢ €
maxc;; if j €B
- aj a;j” aj” _
e a4 = :
Cyj = bij " aij (4) jeC

minay; if JEC
Standard decision-making matrix is given below (Eq.5):
Rij =[] ®)

2.1.3. Calculate the weighted decision matrix

In this step, the standard decision-making matrix is
multiplied by the weights (wj), and weighted decision-
making matrix (Vij) is obtained (Egs.6-7).

vi =l .. Q)

vy =1,(w, )
2.1.4. Calculate the ideal and negative ideal solutions

The ideal solution set is computed using Eqs.8-9.

A =077, Ty) ®)
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The negative ideal solution set is computed using the

7 =1L (©)

equations (Eqgs.10-11):

A" =7, 7 V) (10)

7" =(0,0,0) a1
2.1.5. Calculate the distinction measure
The calculation of ideal distinction (S;”) measure and

negative ideal distinction measure (S;” ) is given in
Egs.12-13.

i =21 dy (0,5) (12)

Si” =Xjady (0,07 (13)

2.1.6. Calculate the proximity values relative to the
ideal solution

Ideal and negative ideal distinction measures are used to
find proximity values (Eq.14):

(14)

2.2. Fuzzy WASPAS
The calculation steps are given below [36]:
Step-1 Define the decision matrix: The decision-making

matrix is given in Eqs.15-16:

% =[%] 1s)

(16)

9?1; = (aij'bij'cij)

x;; elements show ith decision-making points according
to the jth evaluation criteria. Triangular fuzzy numbers

describe these linguistic variables, n shows the number
of criteria and m represents the number of alternatives
(G=1,2,3...nand i=1,2,3....m).

Step-2: Normalization of X decision matrix

Step-3: Calculation of the weighted decision matrix )~(q

for the Weighted Sum Model (WSM), X, for the
Weighted Product Model (WPM).

Step-4: Calculation of optimality function values for
WSM and WPM in Eq.17 and 18, respectively.

Ql = _n:1§;

17)i=1tom.

I

>

P =TI..%, (18) i=1tom.
For defuzzification, the center-of-area can be applied
(Egs. 19-20).

Q= %(Qia + Qig + Qis) (19)

1
Py =3 (P« + Pg + P) (20)
Step-5: Calculation of the integrated utility function
value (K;).
2:?:llpi
Z?;1 Qi +Z?=11Pl'

A= (22)

Step-6: Selection an alternative with maximal K; value
2.3. Full Consistency Method (FUCOM)

FUCOM reduces the likelihood of an error due to the
following: (1) few comparisons and (2) defined
restrictions when calculating optimal values of criteria.
FUCOM calculates the error value of the weight vectors
to validate the model. However, to determine the weights
of the criteria for the other models (Best Worst Method
(BWM), AHP models), the two-way comparison appears
to be high, while FUCOM eliminates this problem [37].
The model is given below (Egs. 23-26):

min X
s.t.

Wity < xv ’s
Wit | PR/GD] =AY (23)
Wity “xv (o
Wjtk+2) (pk/(k+1)®(p(k+1)/(k+2) = f (24)
jaw =1 (25)

X shows the consistency, @y x+1) is the comparative

priority among the observed criteria. The steps are given
below:
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1. Criteria are ranked from the highest importance to the
lowest.

2. Comparison of the ranked criteria is performed, and
the comparative priority is determined.

3. The final weights are calculated using formulas 23-
26.

Using the same procedure of Best-Worst method,
FUCOM linear and FUCOM euclidean were proposed in
this study. More information is given in the reference
study [37].

2.4. Steps of the Proposed Method
The steps of the proposed model give more details about

the proposed method (Fig. 1). A novel hybrid approach
was used.

Step 1. Define criteria/alternative matrix.

Step 2. Calculate criteria weights using FUCOM
methods (FUCOM linear/non-linear and euclidean)
Step 3. Apply fuzzy TOPSIS/WASPAS methods
using criteria weights calculated in Step 2.

Step 4. Compare the results with Spearman
Correlation Test.

Figure 1. The steps of the proposed model.

In this study, non-conventional machining methods
selection problem was used to test the proposed method.
This problem includes seven different criteria and nine
different methods (Step 1). Seven criteria weights were
calculated by FUCOM technique. In the criteria scoring
stage, a study in the literature was used [38] (Step 2).
Then, nine different methods were ranked using fuzzy
TOPSIS/WASPAS method. Triangular fuzzy numbers
were used (Table A.1.). Performances of quantitative
criteria are described as triangular fuzzy number (I, m, u).
Lower limit, average and upper limit values are
expressed as follows (Step 3):

Lower Limit (L): It means the process values obtained in
cases where the process is applied in unfavorable
conditions.

Average (M): Process values given by the process in
general. It can also be expressed as application values.
Upper limit (U): Process values obtained by experienced
users in very favorable conditions.

The ranking results were compared with Spearman Test
(Step 4).

3. CASE STUDY

A case study was taken from the literature study [38]. The
detailed explanation of the problems is given in these
study Abbreviations are provided in Table 1 for non-
traditional machining processes. The case study is given
in Table A.1.

Table 1. Abbreviation of the non-conventional machining

methods
AIM Abrasive jet machining
USM Ultrasonic machining
ECM Electrochemical machining
EDM Electrical discharge
machining
EBM Electron beam machining
LBM Laser beam machining
CHM Chemical machining
AWIM Abrasive waterjet
machining
RUSM Rotary ultrasonic
machining

Drilling operation is carried out for of the turbine engine
combustion chamber. Generally, the EBM method is
used. Process-related requirements are given below.
Workpiece material: Superalloy.

Formal Competence: Hole Drilling Process.
Qualification: Diameter D = 0.9 mm, Tolerance 0.05mm,
L/D=1.22.

4. RESULTS AND DISCUSSION

Comparison of the best and worst criteria according to
the other criteria are given in Table 2 for the case study.
According to the case study (Table A.1.), the cost is
chosen as the best criterion, whereas surface damage is
selected as the worst criterion. Based on Kulu et al.'s [38]
study, the criteria are scored.

Table 2. Pairwise comparison of case study

S. S.
finish | damage | Taper | MRR | WM | Cost
Worst
criterion:
Surface
damage 0.5 1 1 0.33 025 |0.14
Best
criterion:
Cost 5 7 3 2 3 1

The criteria weights of the case are presented in Tables
3-4 in terms of different FUCOM techniques. The cost
has the highest criterion weight while surface finish,
surface damage and taper have the lower criteria weights
in terms of three different FUCOM methods.
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Table 3. Criteria weights of FUCOM method (Euclidean and

Non-linear)
Criteria Weights/Obj.function
(s.finish- 0.059,0.059,0.059,0.235,0.118,0.47
s.damage- /5.54e-7
taper-MRR-
WM-cost)

Table 4. Criteria weights of FUCOM method (Linear)

Criteria Weights/Obj.function
(s.finish-s.damage- | 0.07,0.06,0.04,0.26,0.11,0.46
taper-MRR-WM- /0.88

cost)

The ranking results are given in Table 5. Spearman
correlation test was performed with the literature results
[38]. Fuzzy TOPSIS linear and WASPAS are used during
the calculation. Electrochemical machining is the best
method in terms of all results. According to Spearman
correlation test, the results were significant at 5% level.
The rankings are nearly the same.

Table 5. Proposed methods and their rankings with Spearman
correlation test

Proposed methods | Rankings | Spearman
correlation
(coefficient(r)and
p) [38]

Fuzzy TOPSIS | 6-4-1-7-2- | 0.75/0.02

linear/FUCOM 8-9-5-3

nonlinear

Fuzzy 6-5-1-7-2- | 0.867/0.002

WASPAS/FUCOM | 8-9-3-4

nonlinear

Fuzzy TOPSIS | 6-4-1-7-2- | 0.75/0.02

linear/FUCOM 8-9-5-3

euclidean

Fuzzy 6-5-1-7-2- | 0.867/0.002

WASPAS/FUCOM | 8-9-3-4

euclidean

Fuzzy TOPSIS | 6-4-1-7-2- | 0.75/0.02

linear/FUCOM 8-9-5-3

linear

Fuzzy 6-5-1-7-2- | 0.867/0.002

WASPAS/FUCOM | 8-9-3-4

linear

Fuzzy 4-6-1-9-3- | -

AHP+TOPSIS [38] | 8-7-2-5

In this study, a highly flexible method is proposed for
decision-makers by hybridizing a semi-objective method
with fuzzy numbers. In terms of sensitivity analysis, three
different weighting techniques and two different ranking
techniques were used and the study produced successful
results. It can be said to be superior compared to the
methods in the literature. The results of the study are
consistent with each other and with the literature studies.

5. CONCLUSIONS

Conventional manufacturing methods are limited in the
machining of newly developed high strength, precision /
brittle and complex shaped parts. Therefore, non-
conventional production methods are required to process
such parts. Selection of the most suitable production
method for the workpiece is a vital decision-making
problem and the solution of this problem is very
important for manufacturers. In this study, a new hybrid
decision-making approach which has not been used in
literature before was proposed. This newly developed
approach has been applied to the problem of non-
traditional manufacturing method selection. The
FUCOM method is a semi-subjective method, which
makes it easier to calculate criteria weights than other
methods. Different FUCOM methods were combined
with fuzzy TOPSIS and fuzzy WASPAS methods. The
results of the study were compared with the Spearman
correlation test. According to the test, the rankings at the
5% significance are the same. The newly developed
model has produced successful results. In future studies,
FUCOM technique can be used with different multi-
criteria decision-making techniques. In addition, the
developed approach can be tried for different case
studies.
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APPENDIX
Table A.1. Criteria-alternative matrix for case study [38]
Sfli’;fizﬁe gggg;‘; Taper MRR WM Cost

| mi| u | m u | m u | m u I [m|u | miu
1.AIM 125 |0.6(0.25| 0.03 [0.025| 0.02 | 0.006 | 0.005 | 0.004 | 20 50 200 8 [9 (10| 12 |17]22
2.USM 0.75 |05|0.25| 0.03 |0.025| 0.02 | 0.005 | 0.004|0.003 | 300 | 600 [ 2100 | 2 |3 |4 | 20 (25|30
3.ECM 15 1|02 | 0.006 |0.005|0.004|0.003|0.002|0.001| 500 |2000|14000| 8 |9 [10| 31 [36]41
4.CHM 25 2 | 05| 0.006 |0.005|0.004| 0.4 0.3 0.2 15 40 140 5 67| 16 |21|26
5.EDM 3 2 (03 0.03 0.02 | 0.01 | 0.003 | 0.002|0.001| 100 | 800 | 1300 | 8 |9 |10]| 27 |32]|37
6.EBM 4 3 1 0.03 [0.025(0.025| 025 | 0.2 | 015 | 0.3 2 6 5 6|7 | 19 |24]29
7.LBM 15 1(04]| 015 | 01 | 0.05| 0.06 | 005|004 | 01 | 2 5 5 |6 |7 17 |2227
8.AWIM 04 03|02 0.03 |[0.025| 0.02 | 0.004 | 0.003 | 0.003 | 300 | 600 | 2000 | 8 |9 [10| 13 [19|24
9.RUSM | 0.75 |05|0.25| 0.03 |0.025|0.025| 0.005 | 0.004|0.003 | 400 | 800 | 2400 | 2 |3 |4 | 22 |27|32

195



POLITEKNIK DERGISI

JOURNAL of POLYTECHNIC

Journal of Polytechnic
POLITEKNIK
DERGISi

?’?N RTE AM'( J'{>

EMERGING ®
SOURCES
CITATION
INDEX
‘NpeyE®

ISSN: 1302-0900 (PRINT), ISSN: 2147-9429 (ONLINE)
@) oazi niversiresi URL: http://dergipark.org.tr/politeknik

A finite element procedure for sliding contact
problems involving heterogeneous coefficient
of friction

Heterojen slrtinme katsayili kayma temas
problemleri icin bir sonlu elemanlar ¢6zimu

Author(s) (Yazar(lar)): Onur ARSLAN

ORCID: 0000-0002-5668-1306

Bu makaleye su sekilde atifta bulunabilirsiniz (To cite to this article): Arslan O., “A finite element
procedure for sliding contact problems involving heterogeneous coefficient of friction”, Politeknik
Dergisi, 23(1): 197-205, (2020).

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

DOI: 10.2339/politeknik.469932


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

Politeknik Dergisi, 2020; 23(1) : 197-205 Journal of Polytechnic, 2020; 23 (1): 197-205

A Finite Element Procedure for Sliding Contact
Problems Involving Heterogeneous Coefficient of
Friction

Arastirma Makalesi / Research Article

Onur ARSLAN"
Departmant of Mechanical Engineering, Eskisehir Osmangazi University, Turkey
(Received/ Gelis : 12.10.2018 ; Accepted/Kabul : 27.10.2019)

ABSTRACT

A new finite element procedure is developed for the analysis of sliding contact problems involving spatially varying coefficient of
friction. The problem is implemented using APDL (ANSYS Parametric Design Language) considering the Augmented Lagrange
method as the contact solver. Upon discretization of the contact interface into multiple contact pairs, a sequence of steps is followed
to evaluate the resultant friction force required for the sliding contact. As a case study, heterogeneous-friction contact problem
between an orthotropic laterally graded half-plane and a rigid flat stamp is investigated under plane strain assumption. The proposed
iterative procedure is proved reliable by comparing the results to those generated by a SIE (Singular Integral Equation) approach
for isotropic laterally graded half-planes. Extra results are presented to reveal the effects of problem parameters on the contact
stresses and the friction force. The paper outlines a convenient numerical solution for an advance sliding contact problem, and the
results can be used in validation purposes of experimental and analytical studies.

Keywords: Heterogeneous friction coefficient, sliding frictional contact, laterally graded materials, finite element method.

Heterojen Siirtiinme Katsayili Kayma Temas
Problemleri i¢in bir Sonlu Elemanlar C6ziimii

oz
Yatay eksende degiskenlik gosteren siirtiinme katsayisinin var oldugu kayma temas problemleri i¢in yeni bir sonlu elemanlar
yontemi gelistirilmistir. Problem icin “Augmented Lagrange” yontemi temel temas problemi ¢dziiciisii olarak segilmis ve
modellemeler APDL (ANSYS Parametrik Tasarim Dili) ortaminda yapilmistir. Temas ara-yiizeyinin bir¢ok temas ¢iftine
boliinmesiyle kaymali temas igin gerekli olan siirtiinme kuvveti, gelistirilen yinelemeli bir algoritma ile hesaplanmistir. Durum
incelemesi olarak bir rijit diiz zimba ile enine derecelendirilmis ortotropik yari-diizlem arasindaki heterojen-siirtiinmeli kayma
temas problemi diizlem gerinimi varsayimi ile ele alinmigtir. Bu calismada ortaya konulan prosediiriin giivenilirligi ve gecerliligi,
sonuglarinin literatiirde var olan (Tekil integral denklemleri kullanilarak izotropik malzemeler icin elde edilmis) sonuclarla
karsilastirilarak ispatlanmistir. Yant sira bu ¢aligmada gesitli problem parametrelerinin temas gerilmeleri ve siirtiinme kuvveti
tizerine olan etkileri gosterilmistir. Bu ¢aligma ileri seviye bir temas probleminin ¢6ziimii i¢in kolay uygulanabilir yeni bir sayisal

yontem ortaya koymaktadir. Elde edilen sonuglar analitik ve deneysel ¢alismalarin yorumlanmasi ve dogrulanmasinda
kullamlabilecektir.

Anahtar Kelimeler: Heterojen siirtiinme katsayisi, siirtiinmeli temas, enine derecelendirilmis malzemeler, sonlu elemanlar
yontemi.

1. INTRODUCTION
In literature, contact mechanics analyses between mating

employed in contacting bodies macroscopically acquire
smooth spatial transitions from brittle to ductile materials

components have been performed to be able to predict
and restrain damages triggered by contact stresses. From
this aspect, optimization of problem parameters that
provide mitigation of contact stresses becomes essential
for the purpose of service life extension. The prominent
failure type induced by the frictional contact loadings is
the formation of surface crackings, the risks of which can
be alleviated by introducing spatial material gradations
through the elastic medium [1-2]. The graded structures

* Corresponding Author (Sorumlu Yazar)
e-mail : oarslan@ogu.edu.tr

via special production techniques, such as electron beam
physical vapor deposition (EBPVD) and thermal
spraying [3-4]. Investigations on the microstructure of
the deposited structures reveal that they have anisotropic
material characteristics. For instance, the coatings
manufactured through the plasma spray technique are
observed to be disposed in thin plates possessing
direction-dependent material properties [5]. Column-like
forms are shown in the microstructure of EBPVD
coatings [6]. Therefore, it becomes physically rational to
consider a deposited graded structure as an orthotropic
graded elastic material. There are a vast amount of
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studies  regarding  frictional/frictionless  contact
mechanics problems of orthotropic homogeneous/graded
structures. Shi et al. [7] have solved the contact problem
between an orthotropic half-plane and a punch of an
ellipsoidal profile. A similar problem has been
investigated by Swanson [8] employing a point load
solution. A contact mechanics model for an orthotropic
viscoelastic-half plane has been proposed by Rodriguez
et al. [9]. Dong et al. [10] have performed a solution for
the frictionless contact problem of an orthotropic
homogeneous half-plane loaded by collinear stamps. A
study examining the dynamic effects of the frictional
sliding contact on an orthotropic homogeneous half-
space has been put forward by Zhou et al. [11]. Zhou and
Lee [12] have developed closed-form solutions for the
contact problems of piezoelectric  orthotropic
homogeneous half-planes. A SIE (singular integral
equation) based analytical solution for the frictional
contact problem between an orthotropic homogeneous
half-plane and a flat punch has been carried out by Guler
[13]. Kucuksucu et al. [14] have outlined a semi-
analytical SIE solution on the frictional sliding contact
mechanics problem of an orthotropic graded half-plane.
Guler et al. [15] have examined the circular punch
contact on an orthotropic graded half-plane employing
both semi-analytical SIE approach and finite element
method. Arslan and Dag [16] have put forward a dual
solution for the frictional contact mechanics problem of
an orthotropic graded coating loaded through flat and
triangular rigid punches. Both finite element method and
SIE approach have been employed in that study.

In the aforementioned articles material gradations are
introduced through thickness direction. Gradation of
material properties in lateral direction are also considered
in many studies. Dynamics of laterally graded beams
[17], elastic wave propagation in laterally graded
waveguides [18], decay of Saint-Venant end effect in
laterally graded inhomogeneous solids [19] and frictional
sliding contact analysis of laterally graded half-planes
[20-23] has been investigated in literature.

Studies related to sliding contact mechanics analyses
usually consider constant friction coefficient through
contact interfaces. However, the formation of surface
crackings due to frictional contact forces inevitably leads
to fretting fatigue [24] and; in fretted contact interfaces
spatial variation of the friction coefficient has been
revealed experimentally [25-26]. Moreover, it has been
claimed that change in material constituents through the
lateral direction inherently causes spatial variation of the
friction coefficient [22]. Hence, interpretations on the
influences of friction variation upon contact stresses can
be useful before conducting experiments such as fretting
fatigue [25] and sliding contact tests [27]. In literature
only a few studies consider heterogeneous friction
coefficient in contact problems utilizing analytical
techniques. Dag [22] has outlined a SIE based study on
the contact problem of an isotropic laterally graded
material pressed against a rigid flat stamp under plane
strain assumption. Exponential spatial variation of the

friction coefficient at the contact interface is assumed to
prevail in the mentioned study. Ballard [28] has studied
a plane contact problem between an isotropic
homogeneous elastic half-space and a rigid punch of an
arbitrary profile, where the friction coefficient is a step
function through a spatial coordinate axis.

Although analytical studies have many potential merits,
they are generally toilsome to handle. Hence
computational procedures focusing on different contact
problems should be developed for the purpose of
validation of analytical studies and, to conveniently
figure out contact behavior of materials under various
contact conditions. In this paper, a new finite element
procedure is proposed for the solution of heterogeneous-
friction contact problems. The study is conducted
utilizing ANSYS Parametric Design Language (APDL)
regarding plane strain assumption. The augmented
Lagrange algorithm is selected as a contact solver. Upon
discretization of the contact interface into multiple
contact pairs, friction coefficient of each contact pair is
computed using the position of its centroid. The resultant
friction force which is required for the sliding contact
analysis is evaluated through a successfully converging
iterative set of steps. The heterogeneous-friction contact
problem of an orthotropic laterally graded half-plane
loaded through a rigid flat stamp is selected as the case
study, which has not been investigated in any work
published so far. Exponential spatial variations for the
orthotropic stiffness coefficients and the friction
coefficient are introduced through the lateral direction.
The procedure is validated referring the comparisons of
the results to those computed by a SIE approach for
isotropic laterally graded materials [22]. Extra results are
provided to reveal the effects of the friction variation,
degree of orthotropy and non-homogeneity parameter
upon the contact stress curves and the friction force. The
procedure presented in this study is shown to be effective
in solution of advance contact problems with spatially
varying physical properties at contact interface. As a
prominent conclusion of the case study, one can infer that
the contact stresses can be mitigated remarkably upon
increasing the degree of orthotropy.

2. SOLUTION PROCEDURE

The problem geometry is depicted in Fig. 1. A
heterogeneous-friction contact problem between an
orthotropic laterally graded half-plane and a flat rigid
punch is investigated. The friction force Q and the
contact force P are transferred through a rigid flat punch.
Orthotropic stiffness coefficients of the elastic medium
are stated in the reduced constitutive relations for plane
strain assumption:

o (X Y)| |cu(y) cu(y) O Ex(X,Y)
Oy (X, y)p=|cu(y) Cu(Y) 0 €y (x,y) 1)
o, (X.Y) 0 0 (V)] [264(xY)
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Laterally Graded
Half-Plane

Figure 1. Problem Configuration

where &;(x,y) (i, j=XY) and oy (x,y) (i, j=X,y) are
the strain and stress components, respectively. c;(y),
c2(y), ca(y) and ces(y) are the orthotropic stiffness
coefficients, each of which exponentially varies through
the lateral y-direction [16]:

Cu(y) = Cuoeayl Cx )= szoeay' (Za'b)

Ci, (y) = Clzoeayv Css(y) = Cssoeay' (ZC-d)
here o represents the non-homogeneity parameter. ciio

, Cxo, Cio and ceo are the orthotropic stiffness

constants defined in terms of the engineering parameters
at y=0:

Ef(vzv E -v,E )

yz Vzx X Xz —y

v, EXEy(v v,.E +vaEy)

yz ' zx =X

Cipo = A (3c)
Coso = Ay (3d)

A=V2v, E?+V2v _E’+
vz Xy y (3¢)

xz —x =y \ Vxz Vax xy Vyz ¥ zx

+V EE(vv +2v, Vv, V —l)

A spatially varying friction coefficient prevails at the
contact interface, which is expressed as follows [22]:

n(y)znaexp{ln(@j?} a<y<b (4)

where a and b stand for the locations of the punch edges
as seen in Fig. 1 and, , =n(a) and r, =n(b).

Solution of the problem is carried out utilizing APDL.
The finite element model used can be seen in Fig. 2.
Dimensions of the rectangular finite element model are
selected in such a way that they have no effect on the
stresses in the vicinity of the contact region. A total of
94883 quadrilateral and triangular finite elements are
employed in the discretization. Note that a high degree of
mesh refinement is arranged in the model in order to
capture the elastic gradation better. The variations of the
orthotropic stiffness coefficients through the half-plane
are imposed by using the homogeneous finite element
approach which is integrated into APDL code. In the
homogeneous finite element method, the material
properties of finite elements are defined at their
centroids.

Cup = (3a)  Since heterogeneous friction coefficient prevails between
A the medium surface and the flat punch surface, the
V, E E2(V,V, —1) contact region is needed to be discretized into multiple
Coo = . X (3b)  contact pairs for each of which different friction
coefficient can be assigned. Illustration of the contact
pairs used can be seen in Fig. 3. Equally sized 300 contact
B
<]
H
I W > |

Figure 2. Finite element model; B/H =2/15; B/W =1/15.
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P
Q
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- -9 " TEPTTTTrTTT T
Nl Nj N3
(JEI ) (153)

Rigid Punch
T.v—l Tp
@ -®- ®
]Vp 1 ATP prl
(EI’”) (Ep)

Elastic Medium

Figure 3. Demonstration of contact pairs

pairs are defined in order to impose a smooth spatial
variation of the friction coefficient through the contact
region. Hence 300 target surfaces (T;) and 300
corresponding contact surfaces (E;) are employed in the
model. Note that each of the contact surfaces (E;) is
represented by a single contact element CONTAL72.

Assume an initial value for the friction force
Q: O=min(y,,;7,)* P

> |

Solve the heterogeneous-friction contact problem
utilizing the augmented Lagrange algorithm and,

get the nodal normal tractions ...

}

Calculate a new friction force O, by

using Eg. (5).
No
0=0, | «— | Is 0, equalto 07

1 Yes

Plot contact stresses

Figure 4. Computation of the friction force Q.

Similarly, each of the target surfaces (T;) is represented

by a single rigid target element TARGE169. The values
of the friction coefficient to be assigned for the contact
pairs are computed using their centroidal locations and

Eq. (4). A mutual pivot node N, is identified for all the

contact pairs, at which the contact forces Q and P are
exerted (see Fig. 3). Note that rotation of the pivot node
N, is fixed to zero.

The friction force Q required for the frictional sliding
contact is dependent on the distribution of normal
traction o, (0,y) through the contact interface, hence

cannot be determined directly. In conjunction with a
successfully converging iterative set of steps (see Fig. 4),
the friction force Q is computed as the summation of
friction forces generating at the contact pairs:

®)

where o, p, I, n(r) represent the elementary

normal tractions, total number of contact pairs, centroidal

positions of the contact surfaces E;, respectively. o

and I; are computed as follows:

(O':i' +0':i'*1)
2

L _@-0b-a)
2p

O (i=1,..., p+1) here stands for the normal tractions

on the nodes N; that are illustrated in Fig. 3. Note that
extrapolation of the traction values found at gauss
integration points to nodes yields very accurate results
and, does not create any convergence difficulties as can
be observed in the following section.

o =

(6)

(i=1..p) (7

3. CASE STUDY

As seen in Fig. 1, a complete heterogeneous-friction
contact prevails between the elastic surface and the flat
rigid stamp, whose trailing and leading ends are located
at y=a and y=b, respectively. P and Q represents the

normal and frictional contact forces acting on the stamp.
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Figure 5. Comparisons of the normalized contact stresses to those generated by a SIE [22] approach for isotropic
laterally graded half-planes: (a-b) Normal and lateral stresses for a(b—a)=1.0, n, =0.2, n, =0.6; (c-

d) Normal and lateral stresses for a(b—a)=-1.0,

E.=E . =E =2(14+vy) .

n(y) stands for the friction coefficient which is an

exponential function of y-coordinate. In the first section
of the parametric analyses, comparison results are
presented to reveal the validity of the computational
procedure. After all, effects of problem parameters on the

Na = 06: m = 0.2 y Vi = Ve =V =V = 0—25a

indicates that x-axis passes through the centerline of the
stamp. It is worthy of notice that the elastic medium

stiffens in positive y-direction when «(b—a)>0 and
softens when a(b—a) <0.

Table 1. Comparisons of Q/P results to those generated by a SIE [22] approach for isotropic laterally graded half-planes
subjected to heterogeneous-friction contact; vy =V =Vix =Vy, =V =0.25; gy = p; Ex=Ey =E, =2(1+V)u.

Q/P
a(b-a)=1.0, , =0.2. a(b-a)=-1.0,7,=0.2.
m,=02 7,=04 1, =0.6 7,=038 1, =0.2 17,=0.4 1, =0.6 17,=0.8
SIE [22] 0.200 0.324 0.434 0.532 0.200 0.339 0.473 0.606
Present 0.199 0.322 0.431 0.529 0.199 0.336 0.467 0.599
Diff. % 0.50 0.62 0.69 0.56 0.50 0.88 1.20 1.16

results are demonstrated. To be able to evaluate results
independent of scaling, the problem parameters must be
represented in their normalized forms. Hence, the
stiffness gradation and stresses are normalized with
respect to the normal contact force P and the punch size
(b-a).

All the normalizations considered in the present work are
taken consistent with the SIE based study performed by
Dag [22]. The non-homogeneity parameter o« is

normalized with respect to the contact length as a(b—a).
Moreover, a(b+a)=0 in all the computations, which

The contact stress curves are presented in normalized
forms with respect to the nominal contact force
P/(b—a). The plots for the normalized normal stress

o (X, Y)/( P/(b— a))

oy(x,y)/(P/(b—a)) are generated versus the non-

dimensional y-coordinate:

_ 2y—(b+a) ®)
b-a

Note that s =+1 at the leading end and, s=-1 at the
trailing end of the flat punch. Plasma-sprayed Alumina is

and lateral stress

S
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utilized as the reference orthotropic material at s=0, for
which the mechanical properties read [16]:

E.=116.36 GPa, E,=90.43GPa. (9a-b)
Ly =38.21GPa (9c)
Ve =027, vx=0.21, v,, =0.14 . (9d-9)

Vyy =0.28,

Figure 6. Deformed contact zone of an orthotropic laterally
graded half-plane; a(b—-a)=1.0; 7. =0.2; 7, =0.6.

The other mechanical properties are computed through:

Yo VYo Ve Vo Ve _Vy

EL EE' E E' E, £ E

X y X z y z

(10a-c)

Additionally, an orthotropic material must obey the
following restrictions [16]:

The proposed finite element procedure is developed
considering an orthotropic laterally graded material
model. By using the same procedure, one can also get
results for isotropic laterally graded materials in which
only the shear modulus is graded. Hence, parametric
analysis for isotropic laterally graded materials can be
performed employing the reductions:

Ex=E,=E, =2(1+V)u (12)

where v and 4 represent the Poisson’s ratio and shear

modulus for isotropic materials, respectively. Fig. 5
illustrates some comparisons of the normalized stress
results to those evaluated in a study based on the SIE
approach [22] for isotropic laterally graded half-planes.
Table. 1 tabulates the contact force ratio Q/P evaluated

by the present procedure and a SIE approach for isotropic
laterally graded materials. These results are computed for
2 different non-homogeneity parameters and 4 different
friction coefficients. Note that the friction coefficient is
assumed to increase in positive y-direction when
a(b—a) >0 and decrease when a(b—a) <0 in all the

computations. Also note that when the difference
between 5, and n, is increased, the degree of variation

in the friction coefficient increases through the contact
interface. As can be observed in Fig. 5 and Table.1,
excellent agreement of the results with those generated
by a SIE approach is attained for various combinations of
the problem parameters. Hence, the proposed procedure

seems highly feasible in the examination of
1-vyv, >0, 1-v,v, >0, 1-v,v, >0. (1la-c) heterogeneous-friction sliding contact problems.
1V oV =VaVu —VyVy =2V VyVy >0 (11d)
-0.4
06 7,=02 " /,:
alb—a)=1.0 // P
08 { n7,=02 4
! ab-a)=1.0
.08 | i ,(0,5)
it I = 02
P/ (h-a) | R—_ P/(b—a) )
: i ——1,=04 04 1
21 206
{ 7,=08 -06
1.4
-0.8
L (a)
-1.6 t ¥ 1.0
1.0 0.5 0.0 0.5 1.0 3 2 1 0 1 2 3
S K%
-0.2 6
0.4 ZENY
o]
-0.6
o, (0,5) 08 alb-a)=-1.0 o,(0,5) 21
Plb—a) ., [ Pl(b-a)
—_,=02 { 0
— =04 '
2 i 1
- 7,=08 F
K (C) i -2 4
1.6 T T T T T
-1.0 -0.5 0.0 05 1.0 3 2 1 0 1 2 3
S A

Figure 7. Effect of the friction coefficient variation on the normalized contact stress distributions for
orthotropic laterally graded half-planes: (a, ) Normal stresses; (b, d) Lateral stresses.
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Figure 8. Effect of the lateral gradation on the normalized contact stress distributions for orthotropic laterally
graded half-planes: (a, ) Normal stresses; (b, d) Lateral stresses.
Fig. 6 depicts the deformed contact zone of an orthotropic &, (x, y) /( P/(b-a)) and lateral stress
laterally graded half-plane for a(b—a)=1.0, 5, =0.2,
n, = 0.6. Fig. 7 plots the effects of the friction coefficient
variation on the normalized normal  stress

ow(x,y)/(P/(b—a)) for orthotropic laterally graded

half-planes. When the friction coefficient at the leading
end 77, is increased from 0.2 to 0.8 for a(b—a)=1.0

04 0.6 E
@ alb-a)=1.0 () top,=02
-06 Gid ; 7, =0.6
ab-a)=10
0.8
0.2
ox(05) o ,(0.5)
Plb-ay \ Plb-a)
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Figure 9. Effect of the elastic modulus ratio on the normalized contact stress distributions for orthotropic
laterally graded half-planes: (a, ¢) Normal stresses; (b, d) Lateral stresses.
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and 7, = 0.2, magnitude of the normalized normal stress
ou(X,y)/(P/(b—a)) elevates. Experimental studies

reveal that the lateral tensile stresses occurring due to the
sliding frictional contact loadings play a prominent role

a(b-a)=-1.0, magnitude of the normalized normal
stress increases and, the normalized lateral tensile stress
decreases remarkably as seen in Fig. (9d). Table. 2
tabulates the force ratio Q/P evaluated by considering

in the surface crack initiation near trailing ends [1-2].  orthotropic laterally graded materials for various
Table 2. Q/P results for orthotropic laterally graded materials subjected to heterogeneous friction contact.
Q/P
E,/E, a(b-a)=1.0,7,=0.2 a(b-a)=-1.0, n, =0.2.
7,=02  1n,=04 7,=06 7,=08 7,=02 1n,=04  7,=06 7,=08
15 0.199 0.322 0.430 0.528 0.199 0.336 0.468 0.600
3.0 0.199 0.320 0.425 0.520 0.199 0.335 0.467 0.598
6.0 0.200 0.317 0.419 0.510 0.200 0.333 0.463 0.592
When 7, is raised from 0.2t0 0.8 for a(b—a) =1.0 and combinations of the problem parameters. When

17, =0.2, the normalized lateral tensile stress also
increases. When the friction coefficient at the trailing end
1, isincreased from 0.2 to 0.8 for a(b—a) =-1.0 and
n, = 0.2, magnitude of the normalized normal stress

decreases, whereas the normalized lateral tensile stress
increases significantly. In Fig. 8, influences of the lateral
gradation on the normalized normal stress

ow(X,Y)/(P/(b-a)) and lateral stress

ow(X,y)/(P/(b—a)) are demonstrated for orthotropic
laterally graded half-planes. As the normalized non-
homogeneity parameter «(b—a) is increased from 0.00
t0 1.00 for 7, = 0.2 and 5, = 0.6, the normalized normal

stress curve slants to the left decreasing in magnitude
near the trailing end. Considering the same alteration on

a(b—-a), the normalized lateral stress decreases
remarkably as seen in Fig. 8(b). When the normalized
non-homogeneity parameter a(b—a) is decreased from
0.00 to -1.00 for 7, =0.6 and n, =0.2, the normalized
normal stress curve slants to the right decreasing in
magnitude near the leading end. The normalized lateral
stress increases significantly when the same alteration is
employed in a(b-a).

Fig. 9 depicts effects of degree of orthotropy on the
normalized normal stress o (x,y)/(P/(b—a)) and

lateral stress oy (X, y)/(P/(b—a)) for orthotropic
laterally graded half-planes. To be able obtain orthotropic
materials possessing different E./E, ratios, E. of the

Plasma-sprayed Alumina is altered taking the restrictions
in Egs. (10) and (11) into account. As the ratio E«/E, is

increased from 1.5 to 8.0 for ,=02, 7, =0.6 and
a(b—a)=1.0, magnitude of the normalized normal

stress increases and, the normalized lateral tensile stress
is almost not effected. When the ratio E,/E, Iis

increased from 1.5 to 8.0 for 7, =06, 7, =0.2 and

a(b-a) <0, theforceratio Q/P becomes larger relative
to the case a(b—a)>0. When E,/E, isincreased from
1.510 6.0, aslight drop is observed in the force ratio Q/P
for all the cases.

4. CONCLUSIONS

In this paper an iterative computational procedure is
developed to investigate heterogeneous-friction sliding
contact problems. As the case study, the contact
mechanics problem between a flat rigid punch and a
laterally graded orthotropic medium is examined
considering exponentially varying friction coefficient at
the interface. The problem is handled under plane strain
assumption via APDL. In the first stage of the parametric
analyses, comparisons of the numerical results to those
evaluated by a SIE approach is given for isotropic
laterally graded materials. Excellent agreement between
two methods reveals the reliability of the proposed finite
element procedure. Effects of the problem parameters are

also illustrated. When positive lateral gradation ( > 0)

is introduced through the medium, the risks of failure due
to surface crack initiations can be alleviated. However,

negative gradation (@ <0) through the orthotropic

medium increases the surface cracking risks. As the
degree of orthotropy is increased, failure risks due to
lateral tensile stress can be mitigated remarkably
regardless of the sign of gradation. Also note that the
surface cracking risks may increase dramatically with the
change of the friction coefficient at the trailing end. As
well as presenting an effective computational approach
for heterogeneous-friction contact mechanics problems,
this study provides results that can be useful in the
validation of analytical studies and, in the prediction of
contact behaviors of advanced materials before
performing experiments.
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Bu calismada, ilk olarak 4-boyutlu Oklidyen uzayinda bir Monge hiperyiizeyinin ortalama ve Gaussian egriliklerini verdik.
Ardindan, farkli yogunluklara sahip E* uzayinda Monge hiperyiizeylerini cahistik. Bu baglamda, @. 8. ¥ ve u hepsi ayn1

anda sifir olmayan sabitler olmak iizere, e®**F¥*¥2*Ef (lineer yogunluk) ve e

R’I'+S_'|."+;.-'Z' +Hr

yogunluklu E*

uzayinda agirlikli minimal ve agirlikli flat Monge hiperyiizeylerini . 8. ¥ ve u sabitlerinin farkli segimleri yardimiyla

elde ettik.

Anahtar Kelimeler:Yogunluklu manifold, agirhkl ortalama egrilik, agirhklh gaussian egriligi, monge yiizeyleri.

Monge Hypersurfaces in Euclidean 4-Space with
Density

ABSTRACT

In the present study, firstly we give the mean and Gaussian curvatures of a Monge hypersurface in 4-dimensional Euclidean space.
After this, we study on Monge hypersurfaces in £ with different densities. In this context, we obtain the weighted minimal
and weighted flat Monge hypersurfaces in £ with densities e®**+5¥+¥2+£f ([inear density) and g +ByT+ra st \yith
the aid of different choices of constants cx. &. ¥ and g, where . 5. and & are not all zero constants.

Keywords: Manifold with density, weighted mean curvature, weighted gaussian curvature, monge hypersurfaces

1. INTRODUCTION

Minimal and flat surfaces have long been an important
topic of study by mathematicians and other scientists.
When we focus on the studies on this subject, some of
these studies can be given as follows: In the first two
decades of 1900s, Moore has studied rotational surfaces
and rotational surfaces with constant curvature in four-
dimensional space and he has given some relations for
them, [1,2]. Moor’s studies have examined by Ganchev
and Milousheva in Minkowski 4-space and some
relations have been expressed, [7]. In [3], complete
hypersurfaces in R* with constant mean curvature and
constant scalar curvature have been classified. In [5,6],
authors have studied generalized rotational surfaces and
translation surfaces in 4-dimensional Euclidean surfaces
and they have investigated curvature properties of these
surfaces and they have given some examples for them.
Also authors have proved that, a translation surface is flat
if and only if it is a hyperplane or a hypercylinder. Moruz
and Mounteanu have considered hypersurfaces in R*
defined as the sum of a curve and a surface whose mean

*Sorumlu Yazar (Corresponding Author)
e-posta : ahmet.kazan@inonu.edu.tr

curvature vanishes in [8]. Yoon has investigated the
rotational surfaces with finite type Gauss map in

Euclidean 4-space. He has proved that, the Gauss map is

of finite type if and only if rotatinal surface is a Clifford
torus [4]. Dursun and Turgay have studied general
rotational surfaces in E* whose meridian curves lie in
two-dimensional planes and they have found all minimal
general rotational surfaces by solving the differential
equation that characterizes minimal general rotational
surfaces. Also, they have determined all pseudo-
umbilical general rotational surfaces in E*, [9].
Kahraman and Yayli have studied Bost invariant surfaces
with pointwise 1-type Gauss map in Ef and they have
generalized rotational surfaces of pointwise 1-type Gauss
map in E5 [10,11]. Giiler and et al have defined helicoidal
hypersurface with the Laplace-Beltrami operator in four
space, [12]. Also, Giiler and et al have studied Gauss map
and the third Laplace-Beltrami operator of the rotational
hypersurface in 4-space, [13]. Since, the curvature of a
curve and the mean curvature of an n-dimensional
hypersurface are important invariants for curves and
surfaces, many authors have studied these notions for
different types of curves and surfaces for a long time in
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different spaces, such as Euclidean, Minkowski, Galilean
and pseudo-Galilean spaces.

Now, let us recall some fundamental notions in Euclidean
4-space.

Let X = (x,y1,21,t), ¥ = (’fzd’z'zz'tz) and _ Z=
(x3,¥3,23,t3) be three vectors in E*. Then, the inner
product and vector product of these vectors are given by

(X, 9) = x1%5 + V1V, + 217, + tt, (1.2
and
e, e, e; e,
Pxyxi=det| 2 7 ) (L2)
X3 Y3 Z3 I3
respectively. If
X:E3 — E*, (ug,up,u3) — X(uy, Uy, us) .3)

= (X1 (Uq, Uz, Uz), Xo (Ug, Ug, Us), X3 (Uq, Ug, Us), Xa (Ug, U, Us3))
is a hypersurface in Euclidean 4-space E*, then the
normal vector field, the matrix forms of the first and
second fundamental forms are

Xy XXy, XXy

N = (120 X Xau X X || (1.4)
(911 912 Yi3

gij =921 Y22 923l (1.5)
1931 Y932 Y33

and
[hi1 hiz hgs

hij =|hy1 haz has|, (1.6)
Lhs;  hsy  hss

respectively. Here, g;; = (Xui,Xuj), h;; = (Xuiu].,N),

ax a%x ..
Xui = a—ui, Xuiuj = m, {l,]} € {1,2,3}

Also, the shape operator of the hypersurface (1.3) is
-1

S = (a;) = (hy)-(94)

where (g;;)"" is the inverse matrix of (g;;).

With the aid of (1.5)-(1.7), the Gaussian curvature and
mean curvature of a hypersurface in E* are given by

1.7)

_ det(hij)

= Zetlon) (1.8)
and
3H = iz(S), (1.9)

respectively.

Furthermore, the notion of weighted manifold which is
an important topic for geometers and physicists has been
studied by many scientists, recently. Firstly, Gromov has
introduced the notion of weighted mean curvature (or ¢-
mean curvature) of an n-dimensional hypersurface as
1 de

H(p =H-— (n—l)ﬁ y (110)
where H is the mean curvature and N is the unit normal
vector field of the surface [14]. A hypersurface is called
weighted minimal (or ¢-minimal), if its weighted mean
curvature vanishes.

Also, Corvin and et al have introduced the notion of
generalized weighted Gaussian curvature on a manifold
as

Gp=G-Lo, (1.11)
where A is the Laplacian operator [15]. A hypersurface

is called weighted flat (or ¢-flat), if its weighted
Gaussian curvature vanishes.

After these definitions, lots of studies have been done by
differential geometers about weighted manifolds, for
instance [16-25].

2. MONGE HYPERSURFACES IN EUCLIDEAN
4-SPACE

In this section, we obtain the Gaussian and mean
curvatures of a Monge hypersurface in Euclidean 4-
space, by giving the normal vector field of it.

Let M be a surface in E* given by

M:X(x,y,z) = (x, v,z f(x,y, z)). (2.1)
Then we call this surface as Monge hypersurface in
Euclidean 4-space. For this surface, we have

X, =001, X, =(010,£,), X, = (0,0,1,£,)
X = (0,00, fur), Xyy = (0,00, fry),
X, = (0,0,0,f,), X, = (0,0,0, ),
Xy, = (0,00,£), Xz, = (0,00, f,,),

@.2)

X X af of .o
where X; =20 Xy =35 fi=on fy =55 (WIlE
{x,y}. From (2.2),
€1 € €3 €
1 0 0 f

XexXyxX,=lo 1 o f|=Uehfo—1) 23)
0 0 1 f

and so, from (1.2) and (1.4) the normal vector field of the
surface (2.1) is obtained as

_ _(hyfa1)

(147242 F

Also from (1.6), the matrix form of the second
fundamental form of the surface (2.1) is

N (2.4)

_fxx _fxy _fxz
(hij) = S _fxy _fyy _fyz (2.5)
RAECAL ALl _fxz _fzz
and its determinant is
- - 2 2 2
det(hl]) — fxxfyyfzz foyfyzfxz"'fxxfjgz/:'fyyfxz+fzzfxy. (26)

(1472 +12+12)
Now, we obtain the matrix of the metric g;;, its
determinant and inverse as

1+ ffy  fifs
gij = fxfy 1 +fy2 fyfz ’ 2.7
ff:  ffy 1+ f7

det(gij) = (1 + [ [(1+ f2)A +£2) - (£,£)]
— L5 A+ £ — fufy£2]
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+afolffofE — (L + F2)fef)

=1+ fF+f7+fF (2.8)
and
T+ 242 —ff, ~ff;
@D = Tmaa| b VHEHR R | (29)
R E A ~£f, 1+ 2+ f7

respectively. Hence, using (2.6) and (2.8) in (1.8), we
obtain the Gaussian curvature of the surface (2.1) as

K= ~Fexfezfyy=2Feyfyzfez)* Fex(fyz) 4 fyy )+ Frz(fiey)” 2.10)
- (142 +2+12)°? &

Let we take (a;;) = (hij) X (gij)_l. Then, since
(o) =
. A

S S i o
a+r+i7+:" 5 £ —f

(2.11)

1+ 2+ —ffy ~fef
~ffy 1+ +f ~hfs
~fefe ~ffy 1+ +5

from (1.9), we obtain the mean curvature of the surface
(2.1) as
{—fxx(1+fy2+fzz)—fyy(1+f,? +fF)~fzz(1+ 1% +fy2)}
+2(fxyfxfy+fxzfxfz+fyzfyfz)
3(1+f,§+f3§+fz)3/2

H =

. (2.12)

3. MONGE HYPERSURFACES IN E* WITH
LINEAR DENSITY

In the first subsection of this section, we investigate the
weighted minimal Monge hypersurfaces in Euclidean 4-
space with linear density e®**+Ay+vz+1t gnd in the second
subsection of this section, we investigate the weighted
flat Monge hypersurfaces in E* with this density.

3.1. Weighted Minimal Monge Hypersurfaces in E*
with Linear Density

Let M be a Monge hypersurface given by (2.1) in
Euclidean 4-space with linear density e®**By+yz+ut
where a, 8,y and u are not all zero constants. Then from
(1.10), the weighted mean curvature of this surface is
obtained as
( ~fex (L5 +12)~fyy (L+ 2 +17) )
4 ~fzz(L+FE+15)+ ¥
|L 2(fxyfxfy+fxzfxfz+fyzfyfz)_ )|

(afy+Bfy+y o)1+ 2+ fF+1)
3/2

H

3.1
¢ 3(1+£2+f2+f2) G.1)

So, we have

Proposition 1. Let M: X (x,y,z) = (x, v,z f(x,y, Z)) be
a Monge hypersurface in Euclidean 4-space with linear
density e®*+Fy+vz+it where a, 3,y and u are not all

zero constants. Then, this surface is weighted minimal if
and only if

2fayfely + Frafels + fyafyfe)=

fox(L+ 7+ F2) + oy (L f2 + D + f,(1+ 2+ £7)
+afy + By + v — (1 + 2+ f7 + fF) 3.2
satisfies.

Now, let we take

fle,y,z) =h(x) + g(y) + m(2),

where h, g and m are C? —differentiable functions. Thus,
we have

=N, =90, f,=m'(2),
fex = h" (x), fxy =0, fr =0,
fyy = g”(y)' fyz =0, frz = m'" (z).

Using (3.3) in (3.1), the weighted mean curvature of the
surface (2.1) is obtained as

(3.3)

( ') (1+g @)+m ) \
4 -9 A+ @ +m (2)*) $
| -m" (D)(1+h @ +g ) - i
o = \@ @+ 0ty - (L 049 04 )D) (3.4)
¢ 301+ ()2 +g )2+ (2)) 2 Y

Proposition 2. Let M:X(x,y,2z) = (x,y,2 h(x) +
gy + m(z)) be a Monge hypersurface in Euclidean 4-
space with linear density e®**+By+vz+ut where a, 3,y
and u are not all zero constants. Then, this surface is
weighted minimal if and only if

0=h"(x)A+g'()?+m'(2)?*) +

9" A+ R (x)*+m'(2)%) + (3.5
m"(2)(1+h'(x)*+g' () +
(ah'(x) + Bg' ) +ym'(2) — (A + ' (x)* + g'(¥)* +
m'(2)?) (3.5)

satisfies.

Next, we’ll obtain the weighted minimal Monge
hypersurfaces in E* with density e®*+By+vz+ut for
different choices of the not all zero constants «, 8,y and

u.
We note that, throughout this study we consider k; and
A;, i € N*, are real constants.

Case 1. Let the density be e**:
In this case, let us consider the Monge hypersurface
M:X(x,y,2z) = (x, v,z h(x) + gly) + m(z))

in Euclidean 4-space with linear density e®*. Then, this
surface is weighted minimal if and only if

0=h")A+g' (> +m () +
g" A+ 1 () +m'(2)*)+
m"(2)(1 +h'(x)* + g'()*)+
ah’(x)(1+h'(x)? + g')?* + m'(2)?)
satisfies. Here, by obtaining some special solutions for

the equation (3.6), we’ll construct the weighted minimal
Monge hypersurfaces in E* with linear density e®~.

Firstly, let us take the functions g(y) and m(z) are linear,
ie.g(y) =ky+k,m(z) =ksz+k,.
Then, the equation (3.6) becomes
R () (1 + (ky)? + (k3)?) =
—ah'() (1 + (h)? + (ky)? + (k3)?).
From (3.7),

(14 (k)? + (ks)>)
ah'(1+ (R)?2 + (k)2 + (k3)?)

(3.6)

3.7)

-1
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K hR
- — — = —
R (R + 1+ (k)? + (k3)?

= (v —%lnl(h’)z F1+ () + (e)?l) = —a
b
V)2 + 1+ (k) + (ks)?
b

B

V)2 + 1+ (ky)? + (ks)?
= K =e (W) + 1+ (ky)? + (k3)?
= (')? = e2¥ 2 ((W')? + 1+ (ky)? + (k3)?)
N (1 _ e—Zax+2/11)(h/)2 — e—2ax+2/11(1 + (k1)2 + (k3)2)
_ VI (k)P (ky)? et

=In =—ax+ 4,

—ax+q

=e

= h'
\/— -1 ax _ o2,
= h(x) = (14 (ky)? + (k3)2)ar:tan(e VeZax —g2h) i
(3.8)
Thus,
marctan(e—llm)
f(xl yr Z) =

a

is a solution of (3.7).
So, we can give the following Theorem:
Theorem 1. The weighted minimal Monge hypersurface
in Euclidean 4-space with linear density e™ for (a #
0) € R can be parametrized by
X(x,y,2)=(xy2z ky+ksz+k

\/(1+(k1)2+(k3)2)arctan(e‘)“1\/ez"‘x—e”l)

a

where k =k, + k, + 1,.
Secondly, taking the functions h(x) and m(z) are linear,
i.e. h(x) = ksx + kg, m(2) = kgz + k,, from (3.6), we
have

9"+ (ks)? + (k3)?) =

), (3.9)

—aks(1+ (g'())* + (ks)? + (k3)?). (3.10)
Solving this equation, we reach that
(g")?
"= —aks (1
= ( T (ke ¥ ()2
gll
=@y - s
1+ (ks)?+(k3)?
gll
Vi+(ks)?+(ks)? —aks
(g"? - 2 2
FeYPRYIORY: V1+ (ks)? + (k3)
(=
= arctan
V1+ (ks)? + (k)2
— —aksy +2
ViH(ks)2+(ka)? 3
= g' = J1+ (ks)? + (ks)2tan <$ + ,13)
1+ (ks)? + (k3)?

k
5+ Ag))(1+ (ks )P+ (k)P
1+(ks5)2+(k3)?

In(cos(

=g = +1,. (3.11)

Hence, we have

Theorem 2. The weighted minimal Monge hypersurface
in Euclidean 4-space with linear density e®™ for (a #
0) € R can be parametrized by

X, y,2) =(x,y,2,ksx + k3z+ k

In(cos(—=2%5Y 4 23))(1+(ks)?+(k3)?)
1+(ks)? +(k3)?

+ ), (3.12)

aks

aks

where k = k,+kg + A,
And now, taking the functions h(x) and g(y) are linear,
i.e. h(x) = ksx + kg, g(y) = kiy + k,, from (3.6), we
have

"(z) = — _m@?
m"(z) = —aks (1+ 1+(k5)2+(k1)2)' (3.13)
Solving (3.13) with the same procedure as above, we
have

In(cos(——2K5L 4 A))(1+(ks)2+(k1)?)

1+(ks)2+(k1)?

m(z) = + . (3.14)

aks
So, we get

Theorem 3. The weighted minimal Monge hypersurface
in Euclidean 4-space with linear density e® for (a #
0) € R can be parametrized by

X,y,z) =(x,y,2,ksx + kyy +k +

In(cos(——="K5% 1 25))(1+(ks)?+(k1)?)
1+(kg)2+(k1)?

), (3.15)

aks
where k = k¢ + k, + 4.
Case 2. Let the density be e5Y:
In this case, let us consider the Monge hypersurface
M:X(x,y,2z) = (x, v,z h(x) + gly) + m(z))

in Euclidean 4-space with linear density e#?. Then, this
surface is weighted minimal if and only if

0=h"()A+g'(?+m'(@)?

+9" (A + h'(x)* +m'(2)%)

+m"(2)(1+ h'(x)* + g' (1))

+B9' (A + ' (x)* + g'(1)* +m'(2)*)
satisfies. With the same procedure as first case, one can
obtain the following Theorem:

Theorem 4. The weighted minimal Monge hypersurface
in Euclidean 4-space with linear density ef” for (8 #
0) € R can be parametrized by

X, y,2) =(x,y,z2,ksx + kyy + k +

(3.16)

In(cos( ﬁ";z =+17)) (14 (k) + (k1)?)
1+ (k)2 +(k1)
, (8.17
- ). @.17)
X(x,y,2)=(x,y,2, kyy + kzz+ 1 +
In(cos(-—=LEE 4 19))(1+(k3)2+(k1)?)
1+(k3)2+(k1)?
3.18
- ) @19
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or
X(x,y,2)=(x,y, 2, ksx + ksz+n +

N (1+(k5)2+(k3)2)arctan(e_}‘11\/ e2By—e2111
3 ), (3.19)

where k = kg + k, + A5, L = ky + k, + A4, and
n=ke+k,+ 2,

Case 3. Let the density be e?%:

In this case, let us consider the Monge hypersurface
M:X(x,y,z) = (x,y, z,h(x) +g(y) + m(z))

in Euclidean 4-space with linear density e¥“. Then, this
surface is weighted minimal if and only if

0=h"(x)A+g'»)?+m'(2)?)
+9" A+ R (x)? +m'(2)*)
+m"(2)(1 + h'(x)* + g'()*)
+ym'(2)(1 + R’ (x)? + g'()? + m'(2)?)
satisfies. Hence, from (3.20) we have

Theorem 5. The weighted minimal Monge hypersurface
in Euclidean 4-space with linear density e?* for (y #
0) € R can be parametrized by

X(X,Y,Z) =(x'}’,Z:k13’+k3Z+k+

in(cos(——=L2% 1 2,3))(1+(k3)+(k1)?)

(3.20)

1+(k3)2+(k1)?
,(3.21
= ), (3.21)
XC,y,2)=(x,v,2,ksx + kyz+ 1+
n(cos(=LEY 4 2,5))(1+(k3)?+ (ks)?)
1+ (k3)2+(k1)?
) (3.22)

vk3
or
XC,y,2)=(x,y,z, ksx + k;y + n+

(1+(ks)2+(kp)2)arctan(e—t17+/e2vz_e2h17
5 - y( )), (3.23)

wherek=k, + k, 44, 1= kg + ky, +Agandn = kg +
k, + 45 .

Case 4. Let the density be e#t:

Here, let us consider the Monge hypersurface
M:X(x,y,z) = (x, v,z h(x) + gliy) + m(z))

in Euclidean 4-space with linear density e#t. Then, this
surface is weighted minimal if and only if

0=h"(x)(1+g'¥)?+m'(2)?)
+9" (A + h'(x)? +m'(2)?)
+m"(2)(1 + h'(x)* + g'()?)
—u@+ 1) +9' () +m(2)?)
satisfies. Thus,

Theorem 6. The weighted minimal Monge hypersurface
in Euclidean 4-space with linear density e#t for (u #
0) € R can be parametrized by
X(x,v,2)=(xy,2ky+ksz+k—

—— 1A+ (k3) %+ (k1))
1+ (k3)2+(kq)?

n

(3.24)

In(cos(

. (3.25)

X, v,2) =(x,y,2,ksx + kzz+ 1 —

— 1 21))(A+(ks)?+(k1)?)

In(cos(:
/1+(k5>2+(k1>2

- ) (3.26)

or
X, y,2)=(xy2ksx+k;y+n—
ZL +223)) (1+(k3)2+(ks)?)

1+(k3)2+(ks)?

p ), (3.27)

where k =k, +k, + 259, L =ke+k, +1,, and n =

ke + ky + Ay4.

3.2. Weighted Flat Monge Hypersurfaces in E* with

Linear Density

From (1.11), the weighted Gaussian curvature of the

Monge hypersurface in Euclidean 4-space with linear

density e®*+By+vz+ut i obtained as
R (g m'' (2)

WHh @ 4g )2am! ()T

So from (3.28), we can state the following theorems:

Theorem 7. Let M: X (x,y,2) = (x,y,2,h(x) + g(y) +

m(z)) be a Monge hypersurface in Euclidean 4-space

with linear density e By +yz+ut where o, 8,y and u are
not all zero constants. If one of the functions h(x), g(y)
and m(z) is linear, then M is weighted flat.

Theorem 8. If M:X(x,y,2) = (x,y,2,h(x) + g(y) +
m(z)) is a Monge hypersurface in Euclidean 4-space

with linear density e **+BY+yz+ut where o, 8,y and u are
not all zero constants, then its weighted Gaussian
curvature cannot be constant except for zero.

In(cos(:

K,=—

(3.28)

4. MONGE HYPERSURFACES IN E* WITH
DENSITY e +By*+yz* +ut?
In this section, we obtain the weighted minimal Monge

hypersurfaces and give a characterization for the
constancy of weighted Gaussian curvature of Monge

hypersurfaces in E4 with density e@*” +8y*+rz*+ut*
4.1. Weighted Minimal Monge Hypersurfaces in E*
with Density e®”+8y*+yz*+ut?
From (1.10) and (2.4), the weighted mean curvature of
the Monge hypersurface
M:X(x,y,2z) = (x,y, z, f(x,y, z))
in E* with density e®*+y*+vz*+ut* j5 obtained as
_fxx(l"'f}%+fzz)_fyy(1+fx2+fzz)
+f22 (12 +£7)
2(fxyfxfy+fxzfxfz+fyzfyfz)_

_ \ataxpurBysytvafmun) (42415 412))

H
3(1+f2+£2+£2)°

¢

@.1)

Thus, we get

Proposition 3. Let M: X(x,y, z) = (x, v,z f(x,y, z)) be
a Monge hypersurface in Euclidean 4-space with density
e +By*+yz*+ut? ‘where @, B,y and u are not all zero
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constants. Then, this surface is weighted minimal if and
only if
2 feyfuty + feafefs + fyatyfr)=
Fo(L+ 7+ £2) + iy U+ 2+ D+, (1+ 2+ f7)
+Haxf + Byfy +vzf, —uf) A+ 2+ 7 +fF) (4.2)
satisfies.
Here, if we take f(x,y,z) =h(x)+ g(y)+ m(2),
where h, g and m are C?2 —differentiable functions, then
using (3.3) in (4.2), the weighted mean curvature of the
Monge hypersurface
M:X(x,y,2) = (x,y,2 h(x) + g(y) + m(2))
is obtained as

( -h"' (0 (1+g' )2 +m' (2)?) )
[ -g" ) (+hr' (x)2+m’ (2)?) |
! —m @)(1+h (0% +g' ()?) '
i —2(axh’ ()+Byg’ W) +yzm' (2))- i
g, = Mg M@ Wirg ' @) g oy

@ 3(1+R' ()2 +g' )2 +m! (2)2)3/2
Proposition 4. Let M:X(x,y,2) = (x,y,2 h(x) +
gy + m(z)) be a Monge hypersurface in Euclidean 4-

space with density e®**+B¥*+rz*+ut® where o, 8,y and
u are not all zero constants. Then, this surface is
weighted minimal if and only if

0=h"()(1+g')?+m'(@)?)+
g" A+ R (@x)? +m'(2)*)+
m"(2) 1+ x)?* +9' () +
2(axh'(x) + Byg' ) + yzm' (2)) —
1(h(x) + g + M)A+ 1’ ()% + g'(1)? + m'(2)?)
satisfies.

(4.9

Now, we’ll obtain the weighted minimal Monge
hypersurfaces in E* with density e@x”+8y*+vz*+ut® for
different choices of the not all zero constants «, 8,y and
u.
Case 1. Let the density be e®*”:
In this case, let us consider the Monge hypersurface
M:X(x,y,z) = (x, v,z h(x) + gliy) + m(z))
in Euclidean 4-space with density e Then, this
surface is weighted minimal if and only if
0=h"(0)1A+g'()?*+m'(2)*) +

g"MQA+ 1 (x)?+m'(2)?) +

m"(2)(L+h'(x)* +g' () +

2xh' () (L + R (0)2 + g'(¥)> + m'(2)?) (4.5)
satisfies. Here, by obtaining some special solutions for
the equation (4.5), we’ll construct the weighted minimal

Monge hypersurfaces in E4 with density e®*”.
Firstly, let us take the functions g(y) and m(z) are linear,

ie. gO)=ky+k,m(z) =ksz+k, Then, the
equation (4.5) becomes

h"(1+ (k1)2 + (k3)2) =

—2axh'(1 + (h)* + (k)? + (k3)?). (4.6)

From (4.6), we have
(14 (k)* + (k3)?)
R'(1 4 (h)2 + (ky)? + (k3)?)
h” hllhl _
T T+ 1t ()t (k)

—2ax

—2ax

!

12 1 12 2 2
= (lnlh | - Ell’llh + 1+ (kl) + (k3) |) = —-2ax
Nty
= In
VAD? + 1+ (k)? + (k3)?
h
=
VD2 + 1+ (k)2 + (k3)?
= K = e—(xx2+/125\/(h/)2 +1+ (k1)2 T (k3)2
= h = e—(xx2+/125\/(h/)2 +1+ (k1)2 T (k3)2
= (hr)z — e—Z(xx2+2/125((h/)2 +1+ (kl)z + (k3)2)
1 (k)% + (k)2 e s

\/1 — (e—ax2+/125)2
=h=[ VI T+ (e e =9 +a2s

1_(e—ax2+/125)2

= —ax? + Ay

— e—ax2+/125

= h'

dx . @.7)

Thus,
fo,y,2)=[ W'E_WZfWZMZS d
\/1—(8“""2“1)
kiy+ksz+k,+k,
is a solution of (4.6).
So, we can give the following Theorem:
Theorem 9. The weighted minimal Monge hypersurface

in Euclidean 4-space with density e®** for (a+0)€ER
can be parametrized by

JTH(k)Z+(kg)2.e~ % 425
(k)% +(k3)%.e dx

1_(e—ax2+2125)2

X +

X(x,y,2) =(x,y,2, [

+kyy+ ksz +k, + ky). (4.8)
Secondly, taking the functions h(x) and m(z) are linear,
i.e. h(x) = ksx + kg, m(z) = kyz + k,, from (4.5), we
have
g" (1 + (ks)? + (k3)?)=
—2axks(1+ (g9")?* + (ks)? + (k3)?). 4.9)
The equation (4.9) satisfies for ks = 0 and g” (y) = 0.
Similarly, taking the functions h(x) and g(y) are linear,
i.e. h(x) = ksx + kg, g(y) = kyy + k,, from (4.5), we
have
m" (1 + (ks)* + (ky)*)=
—2axks(1+ (mM")? + (ks)? + (ky)?). (4.10)
The equation (4.10) satisfies for ks = 0 and m''(z) = 0.
So, we get
Theorem 10. The weighted minimal Monge hypersurface

in Euclidean 4-space with linear density e®*” for (a #
0) € R can be parametrized by
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XC,v,2) = (,y,2,kiy + kyz + k),
where k = k, + k, + k.
Case 2. Let the density be efY”:
In this case, let us consider the Monge hypersurface
M:X(x,y,z) = (x,y, z,h(x)+g(y) + m(z))
in Euclidean 4-space with linear density eP¥* . Then, this
surface is weighted minimal if and only if
0=h"()A+g' (> +m (2 +
+9" (A + R (x)? +m'(2)?)
+m"(2) (1 + R ()? + g'()?)
+2Byg' A+ h'()* + g'()?* + m'(2)*)
satisfies. With the same procedure as first case, one can
obtain the following Theorem:

Theorem 11. The weighted minimal Monge hypersurface

in Euclidean 4-space with linear density e?¥” for (8 #
0) € R can be parametrized by

X(x,y,2) = (x,v,2,ksx + ksz + ks + kg +
[ 1+ (k) T+ ()2 e =B +A26 dy) (4.13)

1_(e—ﬁy2+aze)2

(4.11)

4.12)

or
XC,y,2) = (x,y,z, ksx + k3z + k),
where k =k, + k, + kq.
Case 3. Let the density be e??’:
Here, let us consider the Monge hypersurface
M:X(x,y,z) = (x, v,z h(x) + giy) + m(z))
in Euclidean 4-space with linear density e?z* . Then, this
surface is weighted minimal if and only if
0=h"()1+g'(*+m(2)?)

+9" A+ R (x)?+m'(2)?)

+m" (@A +h()*+ g »)?)

+2ym'(2) (L + h'(x)? + g'()* + m'(2)?)
satisfies. Hence, we have
Theorem 12. The weighted minimal Monge hypersurface

in Euclidean 4-space with linear density e¥z” for r #
0) € R can be parametrized by

X, y,z) = (x,y,z, ksx + kiy + k, + k¢
g2
f LT e T T g 1)

1_(e—Y22+127)2

(4.14)

(4.15)

or

X, y,z) = (x,y,z,ksx + kyy + k),
where k =k, + k, + kq.

Case 4. Let the density be e#t”:

In this case, let us consider the Monge hypersurface
M:X(x,y,z) = (x, v,z h(x) + gly) + m(z))

in Euclidean 4-space with linear density e#t”. Then, this
surface is weighted minimal if and only if

2u(h() + g() +m2) A+ ' () + g'M? +m'(2)?)

4.17)

213

=h"()A+g'(¥)* +m'(2)?)
+9"()(A + ' (x)* +m'(2)?)
+m"(2)(1 +h'(x)* + g'(¥)?)
satisfies.

4.2. The Constancy of Weighted Gaussian Curvature

of Monge Hypersurfaces in E* with Density
eax2+ﬁy2+yzz+ut2

(4.18)

From (1.11), the weighted Gaussian curvature of the
Monge hypersurface in Euclidean 4-space with density
e +By*+yz*+ut? js optained as

( W' (g m’ (2)- >

2(a+ﬁ+y+u)(1+h'(x)2+g'(y)2+m'(z)2)3/2

K =

P (4.19)

(144 02 +g 012 +m' @2)
So from (4.19), we can state the following Theorem:

Theorem 13. Let M:X(x,y,2) = (x,y,2z h(x) +
gy + m(z)) be a Monge hypersurface in Euclidean 4-
space with density e@x*+By*+rz*+ut* where o, 8,y and
u are not all zero constants. If one of the functions h(x),
9(y) and m(z) is linear and a + B +y + u = —, then
the weighted Gaussian curvature of M is constant .

5. CONCLUSION

Surface theory has an important place in 4-dimensional
spaces as in 3-dimensional spaces. So, in the peresent
study, we consider the Monge hypersurfaces in Euclidean
4-space with different densities and obtain the weighted
minimal and weighted flat Monge hypersurfaces in this
space. We think that, the results which are obtained in
this study are important for differential geometers who
are dealing with weighted surfaces and in the near future,
the results which are stated in this study can be handled
in different four or higher dimensional spaces.
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0z

Herhangi bir kaynaktan dagitim sistemine baglanan gii¢ santralleri Dagitik Enerji Santralleri olarak adlandirilir. Tiirkiye’de 1
MW’tan daha az gii¢ iireten yenilenebilir kaynakli santrallerin lisanssiz {iretim yapma hakkibulunmaktadir. Dolayistyla bu
santrallerden biri olan Fotovoltaik (FV) sistemlerin sebeke baglanti sorunlarina karsi dnceden onlem alinmasi adina gelismis
iilkelerde standartlar gelistirilerek uygulamaya konulmustur. Ulkemizde de belirli giiclerdeki lisanssiz FV sistemlerin sebekeye
baglantilar1 i¢in mevzuatta kolayliklar saglanmustir. FV sistemlerin sebekenin enerji kalitesinde ozellikle de gerilim agisindan
dalgalanmalar yarattig1 da bir gergektir. Bu tip sebeke baglanti sorunlarini azaltarak giic kalitesini iyilestirmeye yonelik
caligsmalarin artmasi fotovoltaiklerin kullaniminda 6nemli avantajlar saglayacaktir. Bu ¢aligmada FV giines santrallerinin sebekeye
baglanti sorunlar1 irdelenmis, dnemli sorunlarin ¢éziimlerine yonelik dneriler getirilmistir.

Anahtar Kelimeler: Giines enerjisi, sebeke sorunlari, FV.

Problems and Solutions of Grid-Connected in
Photovoltaic Solar Plants

ABSTRACT

Power plants connected to the distribution system from any source are called Distributed Power Plants. The right to license the
production of renewable-source generating less power than 1 MW power plants in Turkey 1bulun. Therefore, one of these plants,
photovoltaic (PV) systems in order to take precaution against network connection problems in developed countries, standards were
developed and put into practice. In our country, the legislation has been provided for the connection of unlicensed photovoltaic
systems of certain powers to the grid. It is a fact that photovoltaic systems create fluctuations in the energy quality of the grid,
especially in terms of voltage. Increasing efforts to improve power quality by reducing such grid connection problems will provide
significant advantages in the use of photovoltaics. In this study, the connection problems of PV solar power plants to the grid have
been examined and suggestions have been made to solve important problems.

Key words: Solar energy, grid problems, PV.

1.GIRIS (INTRODUCTION)

Tiim Diinya’nin bildigi gibi enerji yasamimizi dogrudan
etkileyen onemli bir faktordiir. Cevre kirliligi, kiiresel

beklenmektedir. 2018  sonu itibariyle Tiirkiye’nin
Elektrik Kurulu Giicii, 88452 MW ’a ulagsmustir. 2018 yili
kaynak bazinda dagilimda giines enerjisinin kurulu giicii

1sinma, ozon tabakasinin incelmesi, insan sagligina
olumsuz etkisi gibi sorunlarin yani sira fosil yakitlarin
giderek azalmasi ile yenilenebilir enerji iiretimi son
yillarda olduk¢a 6nem kazanmistir. Yenilenebilir enerji
kaynaklartyla elektrik iiretimin ilk yatirim maliyetleri
giderek azalmakta ve temiz enerji kaynaklari olarak
degerlendirilmektedir.

Tirkiye nin yillik ortalama giines 1s1nimi1 miktar: 1303
kWh/m?y1l olup ortalama giineslenme siiresi 2623 saattir.
Dolayisiyla giinliik 3.6 kWh/m? lik bir gii¢ eldesi
miimkiin kilinmaktadir. Tiirkiye’nin gilines enerjisinden
26.2 milyon TEP (ton esdeger petrol) yararlanma

potansiyele sahiptir. Bu potansiyelin
degerlendirilmesinde FV sektoriiniin, Tiirkiye’de yakin
gelecekte kayda deger bir gelisme gOstermesi

*Sorumlu Yazar (Corresponding Author)
e-posta : aslipeyk@gmail.com

5062.83 MW’a ulasarak, kurulu gii¢ icerisindeki pay1
%35.7’ye ulagmusgtir [1].

FV sistemlerin yaygin olarak kullanimi, sistemlerin
sebekeye  baglantisinda  olusabilecek  sorunlarin
giderilmesiyle gii¢ kalitesinin arttirilmasina baglidir. Bu
calisma ile FV sistemlerin sebekeye baglantilarinda
olusabilecek sorunlar ve bunlarin ¢odziimleri iizerine
Oneriler sunulmustur.

2 LITERATUR ARASTIRMASI (LITERATURE
REVIEW)

FV sistemlerde en ©&nemli parametrelerden biri
verimliliktir. Bu durumda bir FV sistemin tim
elemanlarmin  miihendislik agisindan incelenmesi,
fotovoltaik modiillerin  konumlandirilmas:1 oldukca
onemlidir. En yaygin olarak kullanilan kristal silisyum
teknolojisinin verimliligi %15’in iizerinde olup diger
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teknolojilere gore daha az maliyetlidir. FV sistemler i¢in
kalite ve giivenilirlik agisindan yapilan ¢alismalarin yam
sira yatirimeilar igin maliyeti ve sistemde olusabilecek
riskleri en aza indirme amagli incelemeler yapilmaktadir.
FV gii¢ sistemleri belirli uluslararasi standartla uygun
olarak ve tasarimi etkileyen iklim kosullarma gore
tasarlanirlar.

Bu FV sistemleri etkileyen etmenler sunlardir: Giines
1sinim miktari, nem, riizgar ve kar, sicaklik degisimleri,
toz vb. kirlerdir.

FV gii¢ sistemlerinin izlenmesi ve performans analizine
yonelik litaratiirde bircok c¢alisma bulunmaktadir.
Fotovoltaik Gii¢ Sistemleri (FVGS) uygulamalarinin
izlenmesi ve performans: analizi ile ilgili 6rnek bazi
literatiir ¢alismalar1 ve sonuglari asagida 6zetlenmistir.

e Masoud Farhoodnea ve arkadaslart yaptiklari
caligmada [2], sebekeye bagli 3 kW, (kilo watt peak)
kurulu giiciinde olan bir FVGS’yi alt1 ay boyunca
(Ekim 2013 ve Mart 2014 araliginda), Malezya’da
Kebangsaan ~ Universitesi’nin  kampiisiinde, 1
dakikalik aralikla izlenmis ve yapilan modelleme ile
karsilagtirilmasini yapmislardir. Deneysel ¢aligmanin
sorucuna gore FV modilin verimi % 10,11,
eviricinin verimi % 95,15, sistemin aylik ortalama
performans oran1 % 77,28 ve kapasite faktorii %15,7
olarak gozlemlenmistir.

e Golge etkeni, FVGS’de ciddi kayiplara sebep
olmaktadir. FV sisteminin tasarimini yaparken, golge
konusu oncelikli dikkate alinmahdir. Sistem
dizilerinin arasindaki mesafeler, en uygun uzaklikta
konumlandirilmalidir. Ayrica, sistemin disinda ortaya
cikan her tiirlii golge etkisinden uzak durulmalidir.
Bu dogrultuda yapilan aragtirmalara, S. Malathy ve R.
Ramaprabha [3] tarafindan yapilan ¢aligmayr 6rnek
verebiliriz. FV dizinin giicii, FV dizisinin baglantisi
ve FV modillerin konumu optimum sekilde
tasarlanip ve uygulanirsa, golgeleme nedeni ile ortaya
cikan kayiplar en aza indirilmektedir.

e Radzimeska [4] calismasinda, FVGS performansi
iizerinde tozun etkisine odaklanmigtir. Polonya’da
yapilan performans incelemesinde, Kristal silisyum
yapili FV modiilleri gozlenmistir. Bu ¢caligmaya gore,
FV modiiliin egimi, riizgar hizi, tozun 6zellikleri ve
gevre kosullari gibi etkenler, modiller tizerinde
biriken toz miktarim1 etkilemektedir. FVGS
performansinda azalma, modiil iizerinde biriken toz
miktart ile lineer olarak degismektedir. Giinliik enerji
veriminde ortaya ¢ikan kayip, kristal silisyum yapilt
modiillerde 37° egim agisinda % 0,8 olarak
gozlemlenmistir. Bu aragtirmaya gdre, biitiin
modiillerde toz nedeniyle ortaya ¢ikan giic kayb,
senelik % 3 olarak raporlanmistir [4].

3. FOTOVOLTAIKLER (PHOTOVOLTAICS)

FV hiicrenin basitlestirilmis esdeger devresi Sekil 1°de
gosterildigi gibidir. Sekil 1’deki esdeger devrenin akim
gerilim (I-V) denklemi, Kirchhoff’'un akim kanununa

gore:

Isc=1-1Ip
=1

qV_
—Ip (expnkT

- 1) €
25 °Cigin 1
= Isc
_ Io(e38.9v
-1 (2)

verilir. Saha uygulamalarinda harici kontaklar tizerinde
gerilim diistimii gozlendiginden buradaki gerilim kaybs,
seri bir Rs direnci ile ifade edildiginde, kayiplar1 da
dikkate alan esdeger devre Sekil 2°deki gibi gosterilebilir
[4].
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Sekil 1. FV sistemin esdeger devresi (Equivalent circuit of PV
system) [1]

Vd "\/f}\/ i )

j 0 14 17» §

o f\\ X’Z 2 I
(1) Sk
el g | T

Sekil 2. FV sistemin elektriksel esdeger devresi (Electrically
equivalent circuit of PV system) [1]

FV modiiller hiicrelerin seri ve paralel olarak istenilen
gerilim ve gilic seviyesi saglanmasi prensibine gore
olusturulur. FV sistemi sebekeye baglanmasi igin
baglantidan 6nce evirici kullanilir ve eviricinin gorevi
gerilim ve frekans kontrolii ile koruma ve ada konuma
gecme kontrollerini yapmaktir [5].

FV sistemlerin kontrolleri maksimum ¢ikis giiciiniin
izlenmesi metoduna gbre yapilir. Bu prensipe gore
hazirlanan kontrol algoritmast FV modiiliin siirekli
olarak giig-gerilim egrisi tizerindeki (Sekil 3) maksimum
glic noktasina yakin degerde sistemi tutmaya caligir [6].
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maksimum giig ¢ahgma
noktasi
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Sekil 3. Fotovoltaiklerin ¢ikis giicii-gerilim karakteristikleri
(Output power-voltage characteristics of
photovoltaics) [6]

FV giines sistemlerinin verimi, elde edilen ¢ikis giicliniin
modiil yiizeyine diisen toplam giines 1simimina oram

seklinde hesaplanir [5]: verim “n” isareti ile

gosterilmelidir.

n — Pmaks

maks Plsmlm

| V,

— maks Ymaks (3)
AR,

Sistemin verimi bir ¢ok parametreye bagli olmakla
beraber malzemesine ve {retim yOntemine gore
degismektedir. Enerjinin biiylik bir kismu modiil
yiizeyinde 1s1 olarak elde edilmekte ancak bu 1s1
modiillerin verimini diigiirmektedir [6].

3.1.Sebekeye Bagh Sistemler (On-Grid Systems)

Giines enerjisi santrallerinin diger bir tipi de domestik
elektrik enerjisi dagitim gebekesine bagli olan
sistemlerdir. Uygulamalarda bir¢ok farkli detaylar
olmasimna ragmen ortak oOzellikleri, sehir sebekesine
baglanabilen ve gerektigi durumlarda sebekeye elektrik
enerjisi iletimine olanak verebilen bu sistem tipleri
giiniimiizde oldukg¢a yaygindir.

Bu tiir sistemler temel olarak iki ana kategoriye
ayrilmaktadir. Birinci sistem, kurulan Giines panelleriyle
tamamen elektrik enerjisi lireterek sebekeye destek
saglama ya da elektrik enerjisi satma amaciyla kurulan
tiplerdir. Bu sistemler iiretilen enerjinin biiyiik yiikleri
beslemek i¢in degil, dogrudan sebekeye iletilmesi ve
satist nedeniyle g¢esitli dlgeklerde kurulabilir. Ayrica
iiretilen enerjiyi uzak noktalara tasimadan en yakinda
bulunan dagitim sebeke sistemine baglanarak
iletim/dagitim kayiplarmin en az oranda
tutabilmektedir[7].

Ikinci sistemler ise, kullanicinin hem elektrik ihtiyacin
karsilayarak kullanimin diisiik oldugu durumlarda ya da
paneller ile tretilen enerji iretiminin yiiksek oldugu
zamanlarda sebekeye satilmasina bdylelikle kullanicinin
gelir elde etmesine dayanmaktadir [8].

Sebekeye baglantili FV sistemlerin bir baska avantaji,
bakim maliyetinin 6nemli Slglide diisiik olmasidir ve
uzun siire bakima ihtiyact olmadan caligmaya devam
edebilmeleridir. Bu sistemlerin elektrigin tiiketildigi yere

yakin olarak iiretilmesi, enerji iletim kayiplarmi
azaltmaktadir [4].
Sebeke baglantili FV  sistemler sebeke yiikiini

hafifleterek gerekli sebeke yatirimlarini geciktirmekte ve
hatta yatirimlara olan ihtiyaci ortadan kaldirmaktadir [9].

Bu tip sistemlerde, olusabilecek problemlerin Oniine
gegme amacityla, FV sistem ¢ikig gerilim karakteristigi,
sebekenin gerilimine olduk¢a yakin olmak zorundadir.
Bilindigi iizere, elektrik iletim ve dagitim sirketlerinin
uymas1 gereken en dnemli kurallardan bazilar1 sebeke
gerilim seviyesi ve frekans degeridir. Bu nedenle elektrik
sebekesine baglanmasi diisiiniilen bir sistemin hem kendi
giivenligi hem de elektrik sebeke giivenligi ve kalitesi
icin senkronizasyon olduk¢a Onemlidir. Temel olarak
sebekeye enterkonnekte olacak bir sistemde aranmasi
gereken dort ana madde siralanabilir [8]:

e  FVsistem cikis gerilim frekansi sebeke frekansi ile
senkronize olmalidir.

e  FV sistem ¢ikis terminal gerilim biiyiikligii sebeke
gerilim seviyesi ile aynt olmalidir.

e  Sebeke li¢ faz sirasi, FV sistem ¢ikis fazlarinin
sirasiyla ayni olmalidir.

e  Faz acis1 sebeke ve FV sistem arasinda senkronize
olmalidir.

Ayn1 zamanda FV sistemde olusabilecek bir problemde,
sebeke baglantisinin  ¢esitli  kontrol sistemleriyle
kesilerek, elektrik sebekesine yansimasinin Oniine
gecilmelidir. Sebeke frekans dalgalanmalart ve gerilim
yiikselmelerinde ayni gekilde FV sistemi korumak i¢in
devre dis1 hale gelmelidir [10].

FV sistemler sebekeye dogru akim vermemeli ve
sebekeye baglantisinda kullanilan eviricilerin  filtre
devreleri igermesi gerekir. Gerilim sinirlart igin
uluslararasi standart olan EN50160 gegerli olup, algak
gerilimde nominal gerilimin +%10’una kadar bir
degisime izin verilmektedir. Elektrik Piyasasinda
Lisanssiz Elektrik Uretimine Iliskin Yonetmelige gore,
can ve mal emniyetinin saglanmasi i¢in sebekeyle paralel
calisan yerel tiretim sistemlerinin sebeke kayb1 veya kisa
devre arizasinin olusmasi durumuna goére sebeke
baglantisinin kesilmesini zorunlu kilar. Enerji depolama
sistemleri olsa dahi bu baglant1 tiiriinde yerel yiikler
beslenemez ve kritik yiik durumunda da maddi kayiplar
olusabilmektedir. Bu sorunlar ebeke baglantisinin
eviriciler yerine ayri bir baglanti sistemi iizerinden
yapilmasi gerekir [11].

4. SEBEKE BAGLANTILI FV SiSTEMLERIN
SEBEKE BAGLANTI SORUNLARI (MAIN
CONNECTION PROBLEMS OF NETWORK
CONNECTED PV SYSTEMS)

Geleneksel dagitim sistemlerinde giic kalitesini etkileyen
en onemli etken yiik tarafi olurken, dagitik enerji
santrallerinin oldugu bir sebeke sisteminde ise iretim
tarafi da belirleyici bir etken haline gelmistir (Cizelge 1).
Dolayisiyla dagitim sisteminin gii¢ kalitesi problemini
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hem yiikler hem de santraller acisindan ayri ayri ele
alinmasi gerekir.

analizi yapilitken sistemin dayanabilecegi sinir
degerlerinde analiz yapilmasi bu agidan dnemlidir [15].

Cizelge 1. Dagitim sisteminin etkileri (Effects of distribution system)

Dagitim Sistemi Tiiketim tesisi Dagitik Enerji Santrali | Giic Kalitesi
Geleneksel Var Yok Tiiketim
Modern Var Var Tiiketim ve Uretim

4.1.Ada mod ¢alisma (Island mode work)

Ada mod c¢aligmanimn anlami, bir dagitim sistemindeki
glic sisteminin kalan kismindan elektrik olarak izole
edilmesi durumunda, enerji akisinin dagitik tiretim (DG)
sistemi tarafindan devam ettirilmesi durumudur. Ada
mod calismada, sebeke baglantilt FV sistem, sebeke ile
baglantist kesildigi halde yiikii beslemeye devam eder
[12]. Ada mod c¢alisma giivenlik problemlerini de
beraberinde getirir. Gerilim ve frekans degerleri izin
verilen standartlarin disina ¢iktigindan PV sistem ve
sebeke zarar gorebilir [13]. IEEE 929-2008 standartlarina
[14] gore sebeke baglantili bir PV sistem, ada mod
calismaya gectiginde en kisa siirede sebekeden
ayrilmalidir (Cizelge 2). IEEE 1547-2015 standardina
gore bu siire en fazla 2 saniye olarak belirtilmistir [15].

Cizelge 3. Gerilim dalgalanmasi i¢in sinir degerleri
(Limit values for voltage fluctuation) [17]

Maksimum
PV Sistem Caligma Durumu Deger
Sebeke Baglantili PV Sistem Devreye
Girerken +%3,3V
Sebeke Baglantili PV Sistem
Devreden Cikarken +%3,3V
Devrede oldugu siirede (%95) + %10

4.3.Uzun ve Kisa Siireli Gerilim Bozulmalar1 (Long
and Short Term Voltage Distortions)

Bir dakikadan daha uzun siire boyunca meydana gelen
nominal gerilimin etkin degerindeki degisimler uzun
stireli gerilim bozulmalart olarak adlandirilir. Gerilim

Cizelge 2. IEEE 929-2008 tarafindan belirlenen sebeke baglanti esaslar1 (Network connection principles set by IEEE

929-2008) [14]

No Frekans Gerilim Kesici A¢ma Siiresi
1 Trom 0,5Vhom. 6 periyot

2 from 0,5Vnom< V <0,88Vom 2 sn /120 periyot
3 from 0,88Vnom< V <1,10Vnom Normal Calisma
4 from 1,10Vhom< V <1,37Vnom 2sn /120 periyot
5 From 1,37Viom <V 2 periyot

6 (from=-0,7) < £ < (fhom*0,5) Vnom Normal Calisma
7 f < (from-0,7) Hz Vhom 6 periyot

8 f > (from+0,5) Hz Vhom 6 periyot

4.2.Gerilim dalgalanmas

PV sanraller devreye girip ¢ikarken, gerilim diistimii
veya yiikselmesine neden olabilir. Bu degerler ise IEC
61000-3-3 standartlarina gore sebeke baglantili sistem
devreye girerken ve ¢ikarken nominal gerilimin
+%3,3’linii  asmayacak  sekilde sirlandirilmigtir
(Cizelge 3) [16]. Ayrica giig sisteminin devrede oldugu
slirenin %95’inde standartlar geregi nominal gerilim
degerinin +%10’unu asmamahdir. Ozellikle gerilim

genlik degerine bagli olarak bu degisim sistemdeki kalici
arizalar, yiik degisimi ve anahtarlama islemleri ile iliskili
olabilir.

Gerilim degisiminin biiyiikliigiine bagli olarak, uzun
stireli gerilim degisimleri diisiik gerilim, agir1 gerilim ve
stirekli kesinti durumlar1 olarak smiflandirilabilir.
Sebeke nominal geriliminin etkin degerinde meydana
gelen kisa siireli degisimler kisa siireli gerilim
bozulmalar1 olarak adlandirilir.
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Asirt gii¢ ceken motorlar, asir1 yiiklenme ve hat boyunca
meydana gelen arizalar gerilim ¢Okmesine neden
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4.5.Harmonikler (Harmonics)
Gli¢ sisteminde meydana gelen harmoniklerin baslica
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Sekil 6. (a) Gerilim ¢okmesi, (b) gerilim sigramasi ve (c) gerilim kesintisi ((2) Voltage failure, (b) voltage jump and (c)
voltage failure)[15]

olmaktadir. Gerilim ¢dkmesi olayi, sebeke frekansinda
calisan bir gii¢ sisteminde 10ms-60s zaman araliginda
sinirli olmak kaydiyla, gerilimdeki %10-90 arasinda
meydana gelen azalma olarak tanimlanir.

Gerilim sigramasi olayi, sebeke frekansinda calisan bir
sistemde 10ms-60s zaman arahiginda sinirli olmak
kaydiyla, gerilimdeki %110-%180 arasinda meydana
gelen artis olarak tanmimlanir. Biiyiik endiiktif yiiklerin
devreden alinmasi veya biiyiik kapasitdr banklarinin
devreye alinmasi gibi gii¢ sistemindeki manevralar ile
simetrik olmayan arizalarin, arizasiz fazlarinda gerilim
sigramalart olugur. Konumuna ve gii¢ sistemi kosullarina
bagli olarak bir ariza veya gii¢ kalitesi problemi, gerilim
¢okmesine, gerilim sigramasina veya gerilim kesintisine
neden olabilir. Sekil 6'da ariza sonrasinda olusan gerilim
sekilleri gosterilmistir [15].

4.4.Gerilim dengesizligi

Algak gerilim sebekesi igin sadece gerilimin negatif
bileseni dikkate alinarak olusturulan EN 50160
standartlarina gore Ol¢lim siiresinin %95’inde gerilim
dengesizligi %2’yi gecmemelidir. Gerilim
dengesizliginin dnlenmesi amactyla her bir faza miktarda
FV santral baglanarak, gii¢ fazlara miimkiin oldugunca
esit olarak dagitilmalidir.

kaynaklari, yari iletken kontrollii gii¢ kaynaklari,

inverterler, frekans donistiiriiciiler, kaynak makineleri,
ark ocaklart ve dogrusal olmayan yiiklerdir. Giig
sisteminde kullanilan cihazlarin neredeyse tamami
dogrusal olmayan yiiklerden olusur ve bu da gii¢ kalitesi
sorunlarin1 beraberinde getirir. Harmoniklerin sebep
oldugu baglica problemler ise kontrol sistemlerinde,
bilgisayarlarda, endiistriyel elektronik cihazlarda
meydana gelen arizalar, transformatorlerdeki ve
motorlardaki asir1 1sinma ile dagitim sisteminde meydana
gelen gerilim /akim dalga sekli bozulmalar1 ve rezonans
olaylaridir. Sekil 7, yiiksek derecede harmonik igeren
boyle bir gerilim sinyalini gdstermektedir.

Gilic sistemlerinde akim  harmonikleri  dagitim
sebekesindeki tiiketiciler tarafindan incelenirken, sebeke
tarafinda ise daha ¢ok gerilim harmonikleri iizerinde
durulur. Elektrik tiretim santrallerinde iiretilen ve iletim
hatlarinca taginan gerilimin harmonik bozulma miktar
¢ok diisiik seviyededir. Ancak dagitim sebekesindeki
tilketici noktalarina yaklasildiginda dogrusal olmayan
yiiklerin ¢ektigi giice bagl olarak gerilim ve akim dalga
formu siniis isaretinden oluk¢a uzaklasabilmektedir. Bu
da harmonik bozulmanin ana kaynaginin tiiketici
oldugunu gostermektedir.
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Sekil 7. Yiiksek derecede harmonik igeren gerilim sinyali (High-harmonic voltage signal) [15]

Gerilim ve akim dalga formundaki temel harmonik
digindaki harmoniklerin toplam etkin degerinin, temel
harmonigin etkin degerine orani toplam harmonik
bozulma (THB) olarak tanimlanir.

THB

C)

Esitlik 4’de Vn, n’inci harmonik bilesenin genligini ifade
ederken V1 degeri ise temel gerilim genligini ifade
etmektedir.

IEEE 519 standartlarina [18] bagli olarak izin verilen
toplam harmonik bozulma miktari, gii¢ sisteminin
gerilim seviyesine bagli olarak degismektedir. Algak
gerilim gebekelerinde THB %8’den, her bir harmonik
deger ise %5 ten kiigiik olacak sekilde sinirlandirilmistir
[15].

Bir gii¢ sisteminde yiikksek harmoniklerin genligi ne
kadar biiylikse sistemdeki nominal dalga sekli o kadar
bozulmustur. IC 61000-3-2 standartlarina gdre olmasi
gereken akim harmonik sinir degerleri Cizelge 4’te
verilmistir [19]. Bu degerler, algak gerilim seviyesinden
sebekeye baglanan FV sistemler i¢in gegerlidir.

neden olur. Kirpismanmn biyilikligi, gerilimdeki
degisime ve bu degisimin frekansina baglidir. Kirpisma
igeren bir gerilim sinyali Sekil 8’de verilmistir. Kirpisma
sinir degerleri IEEE Std. 1453-2004 ve IEC 61000-2-2
standartlarina uygun olmalidir [20]. Ayrica bu
standartlarda, kirpisma olaymin hesabi igin c¢esitli
parametreler tanimlanmustir.

Genlik (p.u.)

0 0.1 0.2 03 04
Zaman (s)

Sekil 8. Kirpigma iceren bir gerilim dalga sekli (A
voltage waveform that contains clipping)

Standartlarla siirlar ¢izilen kirpigma olay: kisa dénem
ve uzun donem olmak iizere iki baglik altinda incelenir.
Uzun dénem kirpisma igin hesaplanan PLT degeri ise 2
saat boyunca onar dakika araliklarla yapilan Sl¢limler
sonucu elde edilen PST degerlerinden hesaplanir [15].

Cizelge 4. Akim i¢in harmonik sinir degerleri (Harmonic limit values for current) [19]

Harmonik 2 3 5

9 11 13 | 15<n<39

Sinir 108 | 23 | 1.14

0.77

04 {033 021| 0.15

4.6. Kirpisma (Flicker)

Gerilim dalgalanmasi sonucunda olusan kirpisma
dagitim sebekesinden bagimsiz, tiiketici yiiklerden
kaynaklanan bir giic kalitesi olayidir. Gii¢ kalitesi
olaylar1 arasinda en sik karsilasilan problemlerden biri
olan kirpigma, gii¢ sistemi nominal frekans ve gerilimde
calisirken, gerilimin c¢esitli nedenlerden dolay1r daha
diisiik bir frekansta ve genlikte salinmasinin sonucunda
olusur. Kirpisma, bir lambada parlakligin
dalgalanmasima, manyetik ¢ekirdege sahip cihazlarda
arizalara ve elektrik motorlarinda hiz degisimlerine

l:)LT

1 [e%e}
- /EZMPST (5)

Enerji Piyasasi Diizenleme Kurumuna ait Elektrik
Sebekesi Yonetmeligi’nde [19] 1 saat i¢cinde 10 seferden
fazla gergeklesen hizli gerilim degisimleri kirpisma
olarak degerlendirilmistir. IEC 61000-2-2 ve IEC 6100-
3-3 standartlarina gore uzun donem ve kisa donem
kirpigsma sinir degerleri Cizelge 5’te verilmistir.
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Cizelge 5. Kirpisma sinir degerleri (Clipping boundary

values) [19]
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4.7.Centik (Notch)
Centik, sebeke frekansinda c¢alisan bir sistemde,

gerilimin bir periyodunda doniistiiriiciiniin (konvertdr)
darbe sayis1 kadar meydana gelen ve tekrar eden yarim
periyottan kisa siireli gerilim dalga sekli bozulmasidir.
Centik etkisi ile olusan frekans bilesenleri ¢ok yiiksek
oldugundan klasik harmonik 6l¢iim cihazlart ile
tanimlanamazlar. IEEE 519-2015 [18] standardina gore
cesitli uygulama alanlari ile farkli tiirde sistemler icin
centik alan ve derinligine bagli sinir degerler Cizelge
6’daki gibidir.

Sekil 9. Gegici durum olayi igeren gerilim dalga sekli (Voltage
waveform with transient event) [15]

4.9.Frekans degisimi (Frequency change)

Frekans degisimi, giic sistemindeki frekans degerinin
nominal degerinden sapmasidir. Gii¢ sistemdeki yik
miktart ile iiretilen gii¢ miktarinin uyusmamasi frekans
degisimine yol agar. Frekans degisiminin boyutu ve
stiresi ise yiik kontrol sisteminin cevabina baghdir. TS
EN 50160 standartlarina gére normal ¢aligma sartlari
altinda sebeke baglantili bir FV sistemde ve sebekede yil
icindeki calisma siirelerine gore sinur araliklar1 Cizelge
7’de verilmistir.

Cizelge 6. Gerilimde meydana gelen ¢entik sinir degerleri (Notch limit values in voltage)[18]

Ozel Uygulamalar Déniistiiriicii
(Hastane, Hava Limam Genel Sistem Bul sturt |
vb.) ulunduran Sistemler
Centik Derinligi 10% 20% 50%
Centik Alani (An) 16400 22800 36500
Cizelge 7. Frekans ortalama deger smirlar1 (Frequency average value limits) [15]
TS EN 50160 Yiizde sinir1 Deger Araligi Calisma Siiresi
Frekans 50 Hz + %1 49,5 Hz-50,5 Hz 99,50%
50 Hz +%4/ -%6 47 Hz-52 Hz 100%
4.8.Gegici durum olaylar: (Transients) 4.10.Dogru akim enjeksiyonu (Direct current
injection)

Gegici olaylar yiiksek frekans bilesenleri igermekle
beraber yarim periyottan daha kisa siiren olaylardir. Bu
olay sonucunda olusan bozulmanin, genlik degeri
nominal gerilimin 8 katina kadar c¢ikabilir. Giig
sistemlerinde anlik olarak olusan gecici durumlar,
salimimli ve darbeli olmak iizere iki grupta incelenir.
Darbe sonucunda olusan gecici durum olaylari,
genellikle yildirimdan kaynakli olup ani ve tek yonlidiir.
Salinimli gegici olaylar ise negatif ve pozitif olmak iizere
cift yonlii ozellik gostermekle beraber yarim periyot
kadar stirebilirler. Salimimli gegici olaylar kapasitor
banklarinin devreye alinmasi, biiyiik yiiklerin devreden
cikarilmasi, hat veya transformatdr enerjilendirilmesi
sonucunda olusmaktadir. Salinimli gegici durum olay1
iceren gerilim dalga formu Sekil 9’da verilmistir.

AG sebekesine bagli FV iiretim santralindeki inverterler
sisteme DC akim verebilirler. DC akim enjeksiyonu
dagitim transformatdriinii doyuma goétiirerek dalga
seklinin nominal kosularin digina ¢ikmasina neden olur.
IEEE Std 929-2000 standartlarina gore inverterler
tizerinden sisteme verilen bu DC akim, nominal akimin
%0,5’1 ile siirlandirtlmigtir [15].

4.11.Giiriiltia (Noises)

Gtrilti, bir giic sisteminde nominal akim ve gerilim
dalgas1 tlizerine binen ve istenmeyen elektriksel
isaretlerdir. Giiriiltli olay1, gii¢ elektronigi cihazlarindan,
anahtarlamali gii¢ kaynagi iceren yiiklerden veya yiiksek
ark cihazlarindan kaynaklanabilir. Ozellikle
mikroislemci ve PLC gibi hassas cihazlara zarar verir.
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5. SONUCLAR (CONCLUSIONS)

Sebekedeki giic kalitesinin bozulmamast uluslar arasi
standartlara uygun, panel, evirici, kablo ve koruma
elemanlariin kullanilmasini kaginilmaz kilmaktadir.

Lisanssiz Giines enerji santrallerinin giivenlik acisindan
risk olusturmamasi i¢in mutlaka ters besleme sisteminin
ortadan kaldirilmas1 gerekir. Dolayisiyla ¢ift yonlii giig
akist, AG seviyesinde dijital koruma rdlesi kullaniminin
saglanmasi ile bu durum saglanabilir. Farkli gii¢lerdeki
ve Ozelliklerdeki Giines enerji santrallerinin oldugu
sistemlerde, gerilim dalgalanmasi, kirpigma, DC akim
enjeksiyonu, toplam akim bozulmasi ve faz
dengesizligine izin verilmemelidir.

Giines enerji santrallerinin giic kalitesine olumsuz
etkilerini engellemek icin eviricilerin kullanimi anahtar
rol oynamaktadir.

Bu calismada FV giines santrallerinin  sebeke
baglantilarinda olugan sorunlar ile ¢6ziim yOntemleri
detayli bir sekilde irdelenmistir.
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oz
Calismada, 2,5 kW giiciinde 14 kutuplu, 84 oluklu sabit miknatisli senkron generatoriin (SMSG) analitik tasarimi, analizi ve
optimizasyonu gergeklestirilmistir. Bu tasarima ait verim, tork, vuruntu torku ve manyetik aki yogunlugu gibi performans 6zelikleri
degerlendirilmistir. Ardindan miknatis geometrisinin vuruntu torkuna etkisini incelemek amaciyla ilgili generatoriin 3 boyutlu
modeli ¢ikartilmistir. Bu baglamda béliinmiis ve kayki/carpiklik (skew) verilmis miknatis yapilarimn etkileri arastirilmstir. [k
tasarimda miknatis tek par¢a modellenmis ve vuruntu torkunun etkin degeri 436,75 mNm olarak bulunmustur. Ikinci tasarimda
miknatis yiizeyi boyunca belli 6l¢iide ¢arpik bir yarik a¢ilmis ve bu islem vuruntu torkunu 434,58 mNm degerine diisiirmiistiir.
Diger tasarimda, birinci tasarimdaki miknatis iki par¢aya boliinmiis ve boliinen miknatislar ¢arpik sekilde tekrar birlestirilmislerdir.
Boylece vuruntu torkunun degeri 159,60 mNm olarak bulunmustur. Son olarak, son modeldeki miknatis geometrisine belli

oOlciilerde iki tane yarik agilarak vuruntu torku 89,95 mNm’e kadar diisiiriilmistiir. Elde edilen sonuglardan, son tasarimin, ilk
tasarima kiyasla vuruntu torku degerinde %80'e varan bir iyilesme sagladig1 sonucuna varilmustir.

Anahtar Kelimeler: Vuruntu torku, kayki/carpiklik, SMSG, sonlu elemanlar analizi.

Cogging Torque Minimization Using Skewed and
Separated Magnet Geometries

ABSTRACT

In the study, analytical design, analysis and optimization of a 2.5 kW 14-pole, 84-slot permanent magnet synchronous generator
(PMSG) have been performed. The performance characteristics of this PMSG such as efficiency, torque, cogging torque and
magnetic flux density are assessed. Then, 3D model of the respective generator is acquired to examine the effect of magnet
geometry on the cogging torque produced. In that context, the effects of splitted and skewed magnet structures are examined. In
the first design, the magnet is modelled with one piece and the rms value of the cogging torque is found as 436.75 mNm. In the
second case, a certain skewed slit is made alongside the magnet and that yields a slightly reduced cogging torque of 434.58 mNm.
In the other design, the magnet of the first design is divided into two sub-parts, which are then combined together in a skewed
fashion. Thus, the value of cogging torque is found as 159.60 mNm. Eventually, by making two certain slits on the last model,
cogging torque is further depressed down to 89.95mNm. It is concluded from the obtained results that the last design contributes
an improvement in the value of cogging torque up to 80% compared to the initial design.

1. INTRODUCTION
Nowadays, the importance of renewable energy sources

also being imported [3]. By the end of 2017, the installed
capacity based on renewable energy sources is 38.743

increases due to the increasing awareness on the
environmental issues and the conflicts in the Middle East
area producing high percentage of fossil fuels. In addition
to being an environmentally friendly and local solution,
intense efforts are underway to utilize the renewables to
diversify energy sources [1,2]. When considering
renewable energy sources, Turkey is a rich country
specifically in terms wind, solar and hydro energy. It
ranks first amongst the UE countries in the subject of
wind energy potential. Despite all this potential, a large
amount of its energy is supplied by fossil fuels, which are

*Sorumlu Yazar (Corresponding Author)
e-posta : adalcali@bandirma.edu.tr

MW in Turkey. When the distribution of renewable
energy resources within the installed power is known as
27.273 MW hydraulic, 6.516 MW wind, 1.028 MW
geothermal and 2.653 MW solar energy in this respect.
The ministry of energy aims to increase the share of
renewable energy in the energy supply and expects to
increase, for instance, wind power to 10.000 MW [4-8].

For the wind turbine systems, various kinds of generators
are used. The generators can have advantages and
disadvantages relative to each other depending on the
type and classification. For instance, the permanent
magnet synchronous generators (PMSGs) with high
power densities are used in increasing scales in the
commercial sector. Since PMSGs can be connected to
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wind turbines without any gear system, they have been
often preferred in wind power plants with low and
medium power range [9]. By the discovery of high-
performance Neodymium-Iron-Boron magnets and
developments in power electronic, permanent magnet
(PM) synchronous machines have shown rapid
development. Indeed, PM machines are preferred for
their low speed and variable speed applications. Since the
parameters such as efficiency and power coefficient are
independent of rotation speed in the performance of PM
machine, the machines can suit for low cycle applications
[10-13]. In addition to its advantages, one of the major
disadvantages of PM machines is the generation of
cogging torque. The cogging torque on electric machines
is the torque that is generated by the interaction between
the stator slots and the permanent magnets which make
up the rotor magnetic field when the phase currents are
zero. The value of the cogging torque is independent of
the stator current and varies depending on the rotor
position and that is undesirable and causes vibration and
acoustic noise on the machine.

Many methods exist in the machine literature in order to
reduce the cogging torque. In fact, those methods for
cogging torque reduction can be classified into two main
groups: Machine-based and control-based. Optimization
of cogging torque can be accomplished by skewing stator
slots or rotor magnets, injection the harmonic current,
changing the embrace and offset of the magnet, designing
a fractional slot, and adding additional slots or teeth
[11,14-17]. In terms of control method, the torque
harmonic spectrum of a 12/10 pole machine is
investigated for the optimization of the cogging torque.
To compensate for the harmonic components, an
additional torque component is applied to the machine
beside the current harmonics. Both simulations and
experiments proved the effectiveness of those methods
[18]. However, the effectiveness of these methods is
often poor, practically [19].

Machine - based work can be divided into two groups:
Stator and rotor magnets. In the literature, the authors
studied the cogging torque of 5 different PM machines
with different groove counts due to the rotor position. It
was found that the motor with the fractional - slot
winding structure leads to low cogging torque, however
the average torque was decreased [20]. For the study
made on the stator slots, three different anti-notch
geometries were added and an optimization was
ascertained. In other finite element studies, the cogging
torque value was decreased by examining the effect of
the anti-notch form with a semi-cylindrical structure [21].
In PMSGs, the cogging torque can be optimized by using
the finite element method (FEM) to skew the stator slots.
For instance, Tseng et al. [22] found that cogging torque
is reduced by 89% compared to the straight slot structure
by using the Taguchi method.

When the studies on the magnet part are examined, the
decrease in the cogging torque by obtaining the overlaid
form of the opposite electromotive force harmonic
components was ascertained by changing the magnet

shape similar to the study [18]. It was found that, the
cogging torque was reduced by 90% in the third
harmonic superimposed structure and it also reduced the
fluctuations in the output torque [23]. However, the
difficulty of applying the desired form to the magnet
structure should not be ignored in this study. In a similar
study, aimed the exploration of the effect of the structures
with the rounded edge magnet on the cogging torque of
the PMSG, an optimization on the air gap was applied.
With the proposed method, the change in the reluctance
was minimized and the cogging torque value was reduced
by 40% [9]. It was determined that the magnetic pole
eccentric reduced the torque by reducing the air-gap
harmonic components. In addition, the magnetic pole
structure reduced the fluctuation in the cogging torque
[24].

In the present study, a 2.5 kW, 14 pole surface mounted
PM synchronous generator has been designed and the
cogging torque calculations have been performed for
various structures of PM magnets, which can be
produced easily by rare-earth elements. After an initial
design stage, a 3D model of the generator has been
created for the finite element analysis and the rotor
magnets are designed with multi-step magnet-skew and a
skewed slit to test and optimize the most suitable cogging
torque value.

In that frame, this paper is structured as follows: Initially,
the design parameters of the generator, the material
information, the 3D model, the winding structure and the
mesh structure are discussed in the second section. In
addition, the definition of the cogging torque in a PM
machine, reduction methods and mathematical model are
presented. In Section 3, new models of generator and
cogging torque values of these structures are obtained.
Finally, the conclusion is given in section IV.

2. SPECIFICATION OF THE DESIGNED PM
GENERATOR

PMSG design starts with the generator sizing equations.
The output equation of the generator is given by Equation
1.

2
_ D L
S=11K_ . Bac/]— || ——|n 1

m (1000) (1000] @

In the equation, S is the power, K, the winding factor,

B the specific magnetic loading, D the stator outer
diameter, L the stack length of the generator and ac the
specific electrical loading. ac depends on variables such
as nominal power, frequency and nominal voltage, and is
expressed by Equation 2.

(da,)2

ac =

@

During the design phase, specific magnetic loading and
specific electric loading are selected by the designer. The
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hysteresis and eddy current losses, saturation point, stray
losses, cooling type and load profile of the materials used
are important variables while selecting magnetic loading.
On the other hand, copper loss, cooling type, insulator
and load profile are taken into consideration for selecting
electrical loading [25].

The generator used in the current study is a direct drive,
inner rotor, radial flux and PM structure. PMSGs are
machines with high efficiency, easy production, low
torque fluctuation and high-power density. PM
generators can be directly connected to the wind turbines
without any gear system and that superiority makes the
PMSGs frequently used in wind turbines [26]. The design
parameters of the generator are summarized in Table 1.

~ Stator

Winding

Table 1. Design parameters of PMSG

Parameter Unit Value
Rated Power kW 2.5
Rated Speed rpm 428.5
Rated Voltage V 120
Magnet Material - N35
Stator-Rotor - M19
Material
Stator Outer mm 280
Diameter
Air-gap mm 0.8
Length of Stator mm 54
Pole Number - 14
Number of Slots - 84

3D model for an initial design, the stator winding
connection and the mesh structure used in the analysis of
the finite element method are given in Figure 1.

Figure 1. The designed generator with Model 1 magnet type

3. COGGING TORQUE OF THE PM
GENERATOR

Cogging torque in the PM machines is caused by the
magnetic interaction between the stator and the magnets
placed on the rotors. This effect is undesirable as it
produces noise and vibration in PM machines. The high
value of the cogging torque prevents rotor rotation and
thereby it exhibits resistant to generate electricity at low
wind speeds [27]. In the literature, there are many
methods for the minimization of cogging torque, such as
lot skewing, magnet skewing, closed slot, unequal pole
width, pole arc optimization and auxiliary slots. Cogging
torque can be written as a function of the reluctance, the
air-gap flux and the rotor position and expressed by
Equation 3 [28].

1 ,dR
= ~2% 40
In Equation 3, ¢, expresses the amount of air-gap flux,

®3)

‘R air-gap reluctance and € rotor position. As seen from

the equation, the cogging torque is the interaction of the
magnets (i.e. air-gap flux) and the stator teeth (i.e. the
source of the variable air - gap reluctance). Periodically
change in the reluctance of the air gap also causes a
cogging torque which changes periodically. Due to this
periodic variation, the value of the cogging torque can be
calculated from Equation 4 with the Fourier series,

T © T, sin(mko) @)

c0g = Lk

In the equation, m, k and T, denote the number of

rotor poles and the smallest number of stator slot
numbers, an integer and a Fourier coefficient. The finite
element analysis is applied, while there is no current in
the stator of the generator of the 3D model. In those
analyzes, the torque variation is obtained according to the
rotor position of the initial designed generator (Figure 2).
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Figure 2. Cogging torque waveform of the initial design

In the first design (i.e. Model 1) the magnet is designed
as a single piece and the rms value of the cogging torque
is obtained according to the rotor position as 436.75
mNm.

4. FEM ANALYSIS OF PM GENERATOR

The analysis of electric machines includes a complicated
solution and an interrelated problem. It is possible to
create the desired design by using an approximation
method and a computer software working parallel with
the finite difference and finite element methods. By
applying a FEM to machine design, it is possible to
determine the electromagnetic parameters at a very high
accuracy in that manner [29-31]. Finite element analysis
was developed to find approximate numerical solutions
of the magnitudes that are continuous in a particular
region such as the fields and their variations on the

Oe

Model 1

Model 3

studied region. Then the solution can be expressed by
partial differential equations in accordance with the
Maxwell’s equations. In this method, the region to be
solved is divided into small regions with a finite number
to read the data. For each node in the region, a cumulative
solution value is calculated within a certain error limit.
By operating the method, an iteration to reduce that error
is applied to the nodes. In many packages, that can be
adjustable to ascertain the desired numerical accuracy
[32].

Both 2D and 3D models of the machine are designed and
finite element analysis is performed with computer aided
design program. The use of FEM provides the designer
with time and economic benefits. The application of the
FEM to machine design ensures that critical design
parameters such as cogging torque, winding voltages,
and induced torque of the machine are determined with
very high accuracy. In order to optimize the cogging
torque of the generator, which passed the initial design,
rotor magnets were designed with two pairs of pieces and
a skewed slit.

In permanent magnet machines cogging torque can be
suppressed by partitioning the magnets off in the axial
axis. In the present study, the rotor pertaining to models
3 and 4 is designed in two-stage structure. The
mechanical magnitude of skew angle of the magnet piece
is calculated by Eq. 5 [33].

g 360

®)

2xZ

Where Z stands for the number of stator slots. In view
of this, the skew angle of our design is computed as 2.14°.
The structures formed are given in Figure 3.

Model 2

Model 4

Figure 3. The designed magnet structures
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When the designed magnets are examined, Model 2 is
formed by opening a notch in the first designed magnet.
Model 3 is formed by dividing the magnet into two equal
parts in axial direction and half of the magnet part is
shifted about half-slot in angular direction in accordance

T T T T T T
0.0 05 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Electrical Position (degree)

MODEL 2

with cylindrical coordinates. Finally, the magnets
configured in Model 4 are derived from Model 3 by
having additional 2 notches. The simulation results for
the cogging torque are given in Figure 4.
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-350
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Figure 4. Cogging torque waveforms versus rotor electrical position for three different configurations

The rms values of the cogging torque from the
simulations are summarized in Table 2. By designing the
magnet in a piece structure leads to a significant
reduction in cogging torque. The final design has
improved by up to 80% according to the first design.

it is seen that the output power of the proposed model is
decreased by 2.76% with regard to classical Model 1.

Table 3. Power values of models

Model Value
. Model 1(initial design) 2500 W
Table 2. RMS value of cogging torque Model 2 2462 W
Model Rms value Model 3 2455 W
Model 1(initial design) 436.75 mNm Model 3 2431 W
Model 2 434,58 mNm
Model 3 159.60 mN ..
Mgdgl 3 8995 nTNnT The magnetic field can be expressed by Maxwell's

It is obvious that the proposed new cogging torque
reduction method is very effective for the radial flux PM
machines and that yields to better power generation
mechanism for the wind turbines even for lower wind
rates and increases the productivity of the turbines.
Taking benefits of the detailed transient analyses, output
powers of the designs are tabulated in Table 3 from which

equations in a permanent magnet synchronous generator;
VxH=J
-~ OB (6)

VxE=——
ot

In the equation, J is current density, H magnetic field

strength, B magnetic flux density, E electric field
strength. The basic formulation of the vector potential for
the magnetic field is expressed by Equation 7
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VX(VVXA)=\T )
Here in v, which is given by v=0B/oH exhibits
variable permeability owing to the nonlinearity of
B=f(H). The flux density distribution of the

generators in Figure 5 and 6 can be expressed by

Equations 8 and 9.

a(aAJ o[ OA a[aA] -
—|V—|+—|V— |+—|v—|=]
ox\_  ox) oy\ oy) oz\ oz

The magnetic flux density value is calculated from
Equation 8 in 3D analyses [34].

B=,/BZ+B2+B?

(®)

©)

Y :

N
M

_/_:- - a‘\
L /TR

0 0.5
Figure 5. Magnetic flux densities of four models

In order to give a comprehensive idea on the air gap flux
density along the angular direction, a series of analyses
have been performed and the detailed plots have been
drawn in Figure 6. According to figures, especially
Figure 6(a) gives important results on the studied
designs. For instance, for the same mesh structures, while
Model 1, 2 and 3 give slightly higher flux densities
around 0.705 T, the last model gives B= 0.690 T. Indeed,
the flux density fluctuations with respect to the angular
direction give different characteristics for each model.

Mag B (Tesla)

1

The flux density distributions obtained from the 3D
electromagnetic analyses of the designed generators are
given in Figure 5 for overall angular and radial geometry.
Indeed, four plots indicate similar flux structures
especially for the vicinities of cores and magnets. Thus,
that result proves the reliability of the studied models.
Especially at the vicinity of cores, B=1.5 T flux densities
are achieved and indicated by a yellow colour in the
coloured version of the paper. The main difference
among the models is that the maximal fluxes are obtained
with skewed forms in Model 3 and 4 as it is expected due
to the geometries of magnets in Models 3 and 4. On the
outer surface of the machine nearly 1.2 T flux density is
available in the present models and it is already
satisfactory for the use of the designs.

\
o

i

15

Especially for Model 2, which is denoted by blue colour
in coloured version, the fluctuations over the angular
position is strong. However, the fluctuations for Model 4
is lower compared to the other models. In Figure 6(b), the
flux densities at the vicinities of a magnet and the cores
are shown on the axial plane for all models. All models
show the flux density values of 1.5 T and 1 T on the cores
and on the magnet, respectively. These flux densities are
sufficiently high for the cross-sectional area of the cores.
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Figure 6. Flux densities (a) along with the angular position inside the air gap and (b) on the axial plane

6. CONCLUSION

New rotor designs with different magnet configurations
are performed in order to lower the undesired cogging
torque value. The machine (i.e. PMSG) has the power of
2.5 kW and 14-pole as appropriate for house-hold wind
turbines. The study has focused on the optimization of
the cogging torque, which causes noise and vibration in
PM machines and prevents generators from generating
electricity at low wind speeds. The rotor magnet has been
designed by forming 4 different models such as pieced
and notched structures. In the initial design, when the
magnet is one piece and without skew and stator current
is zero, the rotor position is changed and the rms value of
the cogging torque has been obtained as 436.75 mNm.
With reference to Model 1, one notch has been opened
for each magnet and Model 2 has been created. In Model
2, with a slight change the rms value of cogging torque
has been found 434.58 mNm. In Model 3, where the PM
is formed by sliding two equal parts and half slot, the
cogging torque has been reduced to 159.60 mNm with a
rate of 64%. Finally, the Model 4 is designed by
producing 2 notches from the magnets in the partitioned
structures. In the latter design, the rms value of the
cogging torque is calculated as 89.95 mNm, which yields
to 80% improvement to the preliminary configuration.
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Radyal Bir Kompresor i¢cin Hesaplamali Akiskanlar
Dinamigi Yardimiyla Tasarim Metodolojisi
Gelistirilmesi
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(074
Radyal kompresorler giiniimiizde cesitli amaglar i¢in belirli sektorlerde yaygin olarak kullanilmaktadir. Havacilik ve savunma
sektorlerinde ise gesitli motor yapilarinda akigkanin basincini artirmak igin kullanilmaktadir. Meveut ¢alismada, bir mini jet radyal
kompresorii, Hesaplamal1 Akiskanlar Dinamigi (HAD) araglar1 kullanilarak, gelistirilen metodoloji ile tasarlanmigtir. Tasarimu
yapilan kompresorgn tiretimi yapilmis ve yerli bir motor kullanilarak testi gerceklestirilmistir. Tasarim spesifikasyonlari, test icin
kullanilan motor dogrultusunda belirlenmis ve sonugta belirlenen limitler icerisinde, 0.678 kg/s hava debisi, 6.6135 toplam basing

orant ve %92.38 verim elde edilmistir. Test sonucunda ise her ne kadar HAD sonuglart ve deney sonuglart arasinda farklilik
gozlemlendiyse de, elde edilen egrilerin genel egiliminin benzer oldugu gézlemlenmis ve tasarim dogrulanmistir.

Anahtar Kelimeler: Radyal kompresor, hesaplamah akiskanlar dinamigi, tasarim metodolojisi, kompresor testi.

Development of a Design Methodology for a
Centrifugal Compressor with the Utilization of CFD

ABSTRACT

Centrifugal compressors are widely used for several purposes in many industries. Aero defense industry uses these compressors in
the engines of several structures. In the present study, the centrifugal compressor of a mini jet engine is designed with the utilization
of Computational Fluid Dynamics (CFD) tools with the methodology developed. The designed compressor is manufactured and
its tests were conducted using an engine that is being utilized commercially. The performance parameters of the designed
compressor and the results obtained from the engine were compared and presented. The specifications of the designed compressor
was determined in the light of the requirements of the test engine. It was observed that the obtained mass flow rate (0.678 kg/s),
pressure ratio (4.6135) and the efficiency (92.38%) values are within the limits of the design specifications and the although there
is a slight difference between the results of the CFD analyses and the experiments, the trends of the curves are consistent with each
other.

Keywords: Centrifugal compressor, computational fluid dynamics, design methodology, compressor tests.

1. INTRODUCTION

Today, centrifugal compressors are widely used in many
industries for several reasons such as aircraft industry for
fluid compression, in gas turbines and in turbocharged
combustion engines, etc [1]. Centrifugal compressors
mainly increase the kinetic energy of the fluid within
using a rotating impeller [2]. It is a mechanical device
which is able to transfer the energy efficiently to the fluid
medium so that it can be delivered in large quantities at
several multiples of inlet pressure [3]. There are several
advantages of centrifugal compressors to be preferred,
such as their robustness, compactness, reliance,
resistance to foreign object damage and wider operating
range [3].

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

1.1. Basic Components

A centrifugal impeller has three main parts; the impeller,
diffuser and the scroll. If the compressor has any inlet
guide vanes, they are responsible from directing the fluid
to the impeller in the right angle. Afterwards, the impeller
increases the Kinetic energy of the fluid in addition to the
increment in the total and static pressures. Then, the fluid
leaves the impeller and reaches to the diffuser, where its
velocity is decreased and its static pressure is increased
and the diffuser discharges the fluid to the scroll. The
main idea of the design is to compress the fluid in the
required amount while minimizing losses. The basic
schematic of a centrifugal compressor is given in Figure
1.
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Figure 1. Schematic of a centrifugal compressor [4]

One can prefer two-dimensional or three-dimensional
blade profiles while designing the impeller blades. While
2D-impellers are compatible for individual and small-
scale production, 3D impellers provide the highest
durability at high blade velocities and they are more
effective at high Mach numbers and respectively big
loading factors [5].

Respectively high pressure ratios in a centrifugal
compressor end up in complicated flow characteristics
which causes shock waves and finally they result in the
deterioration of efficiency and operating range [6].

Compressor operating range is determined from the
performance map which has the choke line and the surge
line as the boundaries of the map. Performance map
consists of efficiency lines determined in several rotating
speeds between the surge and choke points at that speed.
Here, surge is the phenomenon which occurs when the
compressor is unable to produce the sufficient pressure to
provide the continuous flow to the rest of the system. It
is assumed that surge occurs below the minimum mass
flow rate that the compressor can still operate with.
Decreasing the mass flow further will result in surge
which will lead to aerodynamic instabilities and finally
in mechanical damage. Oppositely, choke point is the
point where the compressor operates with the maximum
mass flow rate of fluid; increasing the mass flow further
will not serve the compressor’s purpose and it will not be
compressing the fluid any more. The designer should aim
to maximize the distance between the choke and surge
points while keeping the efficiency as high as possible.

In the present study, the design of a centrifugal
compressor for a mini jet with the utilization of CFD
tools is implemented and the designed compressor is
manufactured. Using the manufactured compressor, the
tests are conducted and later, the obtained results of the
CFD analyses and the tests are compared with each other.

1.2. Utilization of CFD for Impeller Design

In the preliminary design process, one can only
determine the inlet and outlet velocity triangles, blade
angles and shapes. The intimate 3D profile of the blade
is generated and analyzed by means of Computational
Fluid Dynamics (CFD) tools. Today, as designing the

impeller using experimental methods can be infeasible
for many researchers, CFD tools are increasingly used in
the design process of turbo machines; which provides the
designer to save on effort, time and cost. CFD tools offers
the designer a cost-effective and accurate way to get
through the design process with respect to experimental
methods [7]. However; due to the complex flow nature of
these structures, the importance of the developed case
becomes substantial in terms of accuracy.

1.3. Specifications of the Compressor

1.3.1. Dimensional Specifications

The dimensional specifications of the designed
compressor is given in Table 1. The design procedure is
conducted in the light of the specified information of
several dimensions and tip profile. The fixed dimensions
is given in Figure 2 and the specified tip profile is given
in Figure 3.

Table 1. The dimensional specifications

Rotation The compressor is required to
Direction rotate clockwise from front view.
Dimensions The fixed dimensions of the
compressor are given in Figure 2.
Tip Profile The tip profile of the compressor is

fixed and is given in Figure 3.

Blade Number The number of the blades is not

allowed to be multiples of 6 or 8.

Weight 260+ 15 g.

Material Aluminum 2124 Alloy.

Figure 2. The specified dimensions of the compressor
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Figure 3. The required tip profile

1.3.2.

Aerodynamic Specifications

The compressor is designed at sea level (101.325 kPa and
15°C) and the requirements are given in Table 2.

Table 2. The design inputs and requirements at design

point
Design Inputs | Shaft Velocity 96000 rpm
Inlet Total Pressure | 101325 Pa
Inlet Total | 288.15 K
Temperature
Design Air Mass Flow Rate | 0.68 + 0.01
Requirements ka/s
Total Pressure Ratio | 4.6 +0.05
Isentropic Efficiency | > 0.87
Surge Margin >15

Surge margin is calculated according to Equation 1.
PRgtall x Mdesign _ 1) % 100 (l)

PRclesign Mgtall

2. MATERIAL AND METHOD

Each centrifugal compressor has its own design inputs
and requirements depending on the purpose of utilization.
Consequently, even though certain dimensions such as
exducer diameter, blade height etc. can be the same, each
compressor has a unique design. In order to simplify the
design process, a design methodology is developed in the
light of the research about centrifugal compressor theory,
3D design programs and CFD and FEA tools. Using the
methodology given in Figure 4, different compressors for

various purposes can be designed parametrically in a
simple and systematic way.

Preliminary |—| Geometry —bl Meshing |[— CFD
Design Generation Anaivses
CFD
Results
Not zpp.‘c'\ex'i/\.“.ppm! ed
Geometry FEA
Modification
Not approved &.p_:mved

Figure 4. The outline of the design methodology

2.1. Preliminary Design

In order to generate the initial blade profile, it is
necessary to determine the velocity triangles at the inlet
hub, inlet shroud and outlet sections. To determine the
velocity triangles, certain thermodynamic parameters
such as total and static temperatures, total and static
pressures, total and static densities and Mach numbers
are calculated at the inlet and outlet. The calculated
values are given in Table 3. It is assumed that the
isentropic efficiency of the rotor is 87% and the air enters
the impeller in a pure axial direction (no pre-whirl).

Table 3. The calculated thermodynamic parameters

Parameter Value Unit
P: 84064.034 Pa

P, 263349.065 Pa
Po2 466095 Pa

T, 273.243 K

T, 398.743 K

Toz 469.39 K

p1 1.072 kg/m?®
P2 2.307 kg/m?®
Poz 3.459 kg/m?®

The velocity triangles at the inlet hub, inlet shroud, inlet
mean line and outlet sections are given in Figure 5. By
taking into consideration the theoretical calculations and
specifications, it was decided that the rotor has 7 main
blades and 7 splitter blades.
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Figure 5. The velocity triangles

2.2. Geometry and Grid Generation

After the determination of the velocity triangles and
blade angles, the next step is to generate the geometry. In
this study, ANSYS Workbench 15.0 is used throughout
the design process. The BladeGen module of the
mentioned tool was utilized in order to generate the initial
2D blade geometry. The blade geometry (height, inducer
diameter, exducer diameter, inlet and outlet blade angles,
etc.) was formed in the light of the theoretical
calculations, whereas the required tip profile and tip
clearance value was dictated to the tool. In addition,
blade thickness was determined so as to ensure the
required aerodynamic and structural specifications. The
2D profile of the blade is given in Figure 6.

1= 5= e e

= ro

e Y

Figure 6. The ANSYS BladeGen view of the 2D blade
profile

Here, the top left view represents the meridional profile
of the blade. The left base view is the blade angle
distribution window. With the help of this section, one
can delicately change the blade angles at any sections.
The base right window represents the blade thickness
distribution; whereas the top right view is the blade-to-
blade view of the compressor.

After the completion of the design process in BladeGen
tool, the blade was divided into finite elements by using
ANSYS TurboGrid. Here, by providing the enough
number and quality of the solution grids, the accuracy of

the solution is ensured. To determine the sufficient
number After the completion of the design process in
BladeGen tool, the blade was divided into finite elements
by using ANSYS TurboGrid. Here, by providing the
enough number and quality of the solution grids, the
accuracy of the solution is ensured. To determine the
sufficient number of grid cells, a mesh independence
study was conducted and it was found out that
approximately 900000 cells are enough to obtain an
accurate solution. The mesh data is given in Table 4.

Table 4. Mesh Data

Number of Nodes Number of Elements
(Total) (Total)
1052236 991070
€5 Mesh Statistics
[Domain ALL

Mesh Measue Vale % Bad

-14[m~3]  0.0000
Maxim L. 339.644 0.1923
Maxamum Connec. 10 0.0000

Figure 7. Blade grid structure

When generating the grid structure, special effort is made
so that the mesh is enough dense near the boundary layer
and becoming less dense gradually when getting away
from that region. As can be seen from the mesh statistics
in Figure 7, the error is negligible throughout the whole
volume and the grids in the critical regions are denser
with respect to other domains.

After the completion of the meshing process, ANSYS
CFX 15 is used to set up the analysis.

2.3. Solver Settings and CFD Analyses

Navier — Stokes equations are sufficient to model the
3D motion of the fluid particle without any extra
information needed.
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2.3.1. Conservation of Mass

Consider a fluid particle having dimensions of dx, dy and
dz. The mass conservation for such a particle is expressed
with Equation 2. It states that the variation of net mass
flow within a flow element is equal to the net mass flux
passing through the boundaries of the element.

a(PuL)
at + dx; =0 (2)

2.3.2. Conservation of Momentum

Momentum conservation states that the amount of
momentum variation on the unit mass of a fluid particle
is equal to the sum of pressure variations, viscous forces

and external forces. It is given in Equation 3.
D) _ Oy ) O 10 +F 3)

— — 0%y,
Dt _at+ufax,-_ paxt+ ax}

The flow within the centrifugal compressor is simulated
using Reynolds Averaged Navier — Stokes (RANS)
equations. RANS methods are widely used in industrial
applications [8]. In Reynolds averaging, the actual
solution variables in Navier — Stokes equations are
averaged depending on time after being decomposed into
average and fluctuating components. The final equations
are given in Equation 4.1, 4.2 and 4.3 in terms of x, y and
Z axes.

x-component'

oF
por = plyz (@) + 5 (WD) + - (@w) = p%—£+
st Efuts -] e
ox #695 pu ady K P 0z “az
puw] (4.0
y—component'

oF
p——p[ (uv)+—(v2)+—(UW) pgy——yp+
a 12 BV
6x[”£_puv]+ay[u__pv ]+ Bz
pvw] (4.2

z-component'

p——p[ (uW)+—(UW)+—(w2)—pgz af+
aax[ﬂa—f’”w [+5 [ﬂa—f’” w4 [n 5 -
pw’z] (4.3

2.3.3. Turbulence Model

Turbulence consists of fluctuations in time and space in
flow area. It is a 3D, time-dependent and highly complex
structure which can cause in distinct variations in flow
characteristics. It appears when the inertial forces
overcome viscous forces on a fluid. Although it is
simplified by the conservation equations and the
averaging procedure, these equations are not sufficient to
resolve the flow accurately. As a result, the two equations
coming from turbulence models are required to solve the
flow accurately in addition to RANS equations. On the
present study, k-@ SST model is used with the RANS

equations. It is widely preferred in turbo machinery
simulations involving rotating structures. Although
standard k — ® model over predicts separation, k — ® SST
does not face with this problem.

2.3.4. Simulation

NSYS CFX-Pre is used to set up the analyses and
ANSYS CFX Solver is used to run the cases. The
regions used to define the boundary conditions are given
in Figure 8.

Figure 8. The regions used for setting up the boundary
conditions for the CFD analyses

To reduce the computation time and effort, only one
passage consisting of one main blade and one splitter is
used and as can be seen from Figure 8, periodic surfaces
are defined at each side of the passage. The inlet and
outlet boundary types are selected as “Opening”. As the
rotation speed of the compressor is notably high, CFX
compels these regions to be inlet and outlet when these
types are selected. When “inlet” and “outlet” type
boundaries are selected, backflow occurs, which
deteriorates the performance and so, the required flow
and performance goals cannot be achieved. By choosing
this boundary types as “Opening”, the obligations on the
flow disappear and more realistic results are obtained.

As given, a pressure of 101.325 kPa and a temperature of
288.15 K is given at the inlet and a pressure of 360 kPa
and 470 K is given at the outlet. The values given at the
outlet region is determined from the theoretical
calculations. The reference pressure is chosen as 0 atm.
The fluid is air — ideal gas and the rotational speed is
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96000 rpm. As known from literature that k-o SST
turbulence model is more accurate for rotating structures,
this model is used for the analyses, as mentioned before.
The residual target is specified as 10-8. Furthermore,
several monitor points was used to monitor the mass flow
rate value at the outlet and to monitor the total pressure
rate in order to check the convergence.

After setting up the cases, analyses were conducted using
CFX Solver Manager and the results are evaluated. The
analyses are repeated in a systematic manner until the
required performance and flow characteristics are
obtained.

3. RESULTS AND DISCUSSION

After the completion of the analyses, the post-process
was conducted using ANSYS CFX-Post. The obtained
compressor performance results are given in Figure 9.

Rotation Speed 10053, 1000 | [radian s-1]
Mass Flow Rate 0.6780 | [kg s~-1]
Inlet volume Flow Rate 0.5844 | [m~3 s~-1]
Input Power 123408.0000 | [wW]
Reference Radius 0.0493 | [m]

Inlet Flow Coeffident 0.1211

Exit Flow Coeffident 0.2780

Head Coefficent 2,5869

Work Input Coeffident 0.7402

Total Pressure Ratio 4,6135

Total Temperature Ratio 1.5933

Total Isentropic Effidency 92.3842

Y

Total Polytropic Effidency % 94,3214

Figure 9. Compressor performance results

The relative Mach number contour at %50 span is given
Figure 10. The comparison of the required parameters
and the obtained parameters are given in Table 5.

Table 5. The required and the obtained parameters

Parameter Required Obtained
Value Value

Mass Flow Rate, | 0.67 < m <| 0.678

kgls 0.69

Total Pressure | 455 < PR < | 4.61

Ratio 4.65

Total Isentropic | n>0.87 92.38

Efficiency

Surge Margin >15 29.106

Figure 10. Relative Mach number at %50 span

The targeted mass flow rate, total pressure ratio and the
rotational speed is quite high, which results in
complicated flow characteristics and finally shock
waves. This situation deteriorates performance and
causes the rotor to operate in a narrower range [6]. It is
known that blade thickness is affective on local
acceleration [9], which also affects local Mach number.
For thisreason, especially in high-speed compressors, the
leading edge is designed as thin as possible to minimize
blade blockage and the effect of shock waves. The
regions where the local Mach number is 1 or higher than
1, it is possible for a shock wave to develop at the leading
edge [9]. As seen in Figure 10, sudden accelerations are
obtained at blade leading edge. The reasons lying under
this condition are the tip clearance and the high mass flow
rate. These reasons result in the inlet relative Mach
number to reach supersonic values which leads to shock
waves [10]. As the flow goes from the leading edge
towards the trailing edge, it can be seen that relative
Mach number in the shroud region becomes near zero
[11]. The vortex formed near the trailing edge causes the
mass flow near the region to decrease and results in flow
separation [12].

L o8338NsEE008aTas!

£
@

Figure 11. Velocity vectors and contour
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From Figure 11, one can see that the flow progresses
from the leading edge toward the trailing edge without
any backflow or etc. The velocity increases from the
leading edge through the trailing edge, which is an
expected result.

Figure 12. Pressure contour on meridional surface

The pressure is gradually increasing from the leading
edge through the trailing edge. This is a consistent result
as the operating principle of a compressor is taken into
consideration.

Figure 13. Meridional velocity contour on meridional
surface

The meridional velocity contour on the meridional
surface is given in Figure 13. The meridional velocity
increases from the inlet to the outlet, which is consistent
with the theoretical calculations performed. The sudden
decrease obtained in the tip region is a result of tip
clearance flow. This undesirable result, which leads to
decrement in performance, can be prevented by the
selection of a proper tip clearance value [13, 14, 15].
However, this value is fixed as a requirement in this
study.

Figure 14. Velocity streamlines

The velocity streamlines are given in Figure 14 in a 3D
view. It can be seen that the streamlines follow a proper
path without any backflow.

4. EXPERIMENTAL RESULTS

The designed centrifugal compressor was manufactured
and tested using a turbo jet engine which is currently
being used commercially. For evaluation, the results of
the compressor was compared with that of the
commercial engine. Due to the confidentiality agreement,
the details of the test stand and test procedure cannot be
presented. Also, the obtained data is normalized and is
not presented for the same reason.

The manufactured compressor can be seen in Figure 15.

Figure 15. The manufactured compressor

4.1. Total Pressure Ratio

As it can be seen from Figure 16, the total pressure ratio
of the designed impeller is very close to that of the test
engine.
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—e—Designed
Compressor

—+—Test Engine

Total Pressure Ratio

Normalized Mass Flow Rate [kg/s]

Figure 16. The normalized mass flow rate versus total
pressure ratio

It can be seen from Figure 16 that the total pressure ratio
increases with the increasing normalized mass flow rate.
The normalization of the mass flow rate cannot be
revealed due to confidentiality agreement. It is clear from
the figure that the results of the designed compressor is
quite matching with that of test engine.

The relationship between the normalized rotational speed
and the mass flow rate is given in Figure 17.

—e—Designed
Compressor

—a—Test Engine

Air Mass Flow Rate [kg/s]

Normalized Rotational Speed [RPM]

Figure 17. The normalized rotational speed versus mass
flow rate

From Figure 17, one can see that with the increasing
rotational speed, the mass flow rate of air increases
correlatively. Again, it is obvious that the designed
impeller gives similar results to that of the test engine.

The variation of the efficiency with respect to normalized
rotational speed is given in Figure 18.

—a— Designed
Compressor

Efficiency

—e—Test Engine

Normalized Rotational Speed [RPM]

Figure 18. The normalized rotational speed versus
efficiency

It can be seen from Figure 18 that the efficiency of the
test engine varies in a narrower range with the increment
in rotational speed compared to the designed impeller.
However, speaking for the designed impeller, the
efficiency decreases substantially in the maximum
rotational speed. This situation can be stemmed from
several reasons like calibration errors in the test
procedure, etc.

5. CONCLUSION

Based on the conducted study, one can say that
Computational Fluid Dynamics tools are a cheap and
effective way to design a centrifugal compressor without
the requirement of a test process. It was seen that the
followed and described methodology for the design
process gives accurate and consistent results; so, when
starting a design process the authors recommend to
performs the theoretical calculations initially to form a
basis for the CFD analyses.

During the design process, it was obtained that even quite
small variations in the blade geometry, especially blade
angle distribution, blade number, etc. can cause
substantial changes in the performance and flow
parameters; so it is important for the designer to vary the
design or geometrical parameters in such a way that the
new design provides the required conditions. In
conclusion, it was obtained that as the normalized mass
flow rate increases total pressure ratio increases and the
mass flow rate increases with the normalized rotational
speed. Both the designed impeller and the test engine
gives compatible results. Although the efficiency trends
depending on normalized rotational speed differ from
each other, the variation of efficiency values is in a small
range. The difference can be arising from
test/measurement/calibration errors or it can be stemmed
from a main failure of the method of calculating
efficiency.
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0z
Yiiksek sicaklik pisirme firmlarindaki sicaklik dagilimy, iirliniin ¢atlamasi, kirtlmasi ve hatali olarak atil duruma diismesinde en
onemli kriterdir. Pisirme siiresince sicaklik dagiliminin homojen olarak firm igerisindeki dagiliminda briilérlerin konumu, debisi,
alev boyu gibi pek ¢ok parametre etkilidir. Bu parametrelere gore seramik pisirme firmlarindaki sicaklik dagiliminin sayisal analizi
hesaplamali akigkanlar dinamigi ile yapilmistir. Bu ¢aligma ile sicaklik dagilimu ve firm icerisindeki hava akis hizlarinin dagilinu
FLUENT 6.2.16 kullamlarak sayisal modelleme ¢alismasi yapilmustir.

Anahtar Kelimeler: Enerji, HAD, firin.

Computational Fluid Dynamics Modeling of High
Temperature Furnaces

ABSTRACT

Temperature distribution in high-temperature cooking ovens is the most important criterion for cracking, breaking and erroneous
inertization of the product. Many parameters such as the position, flow rate, flame length of the burners are effective in the
homogeneous distribution of temperature distribution in the oven during cooking. According to these parameters, numerical
analysis of temperature distribution in ceramic cooking ovens was made by computational fluid dynamics. In this study, the

numerical modeling study was carried out using FLUENT 6.2.16.

Keywords: Energy, CFD, furnace.

1.GIRIS

Seramik, sekillendirilmis ¢camurun kurutulup pisirilmesi
ve sirlanmasi ile ortaya ¢ikan {rlindiir. Calisma
sekillerine, yakit tiirlerine ve iiriin pisirme kapasitelerine
gore cesitli seramik pisirme firinlar1 tasarlanmistir.
Seramik pisirme isleminde iriin kalitesi kullanilan
malzemeye ve pisgirilen firma paralel olarak
degismektedir.

Seramik, {iriinlerin kurutulduktan sonra, pisirilmesi,
sirlanarak kimyasal maddelere ve suya karsi dayanikli bir
yap1 olugturmalari i¢in 800 ile 2000 © C arasinda en az bir
kez pisirilirler. Eger sirlama yapilacaksa pisirme islemi
cesitli sicaklik araliklarinda tekrar edilir. Seramigin
pisirilmesinin yani sira sogutulmasi da belirli kriterlere
gore yapilmaktadir.

Yanma odalar1 hakkinda gegmisten gliniimiize kadar hem
kuramsal, hem de deneysel olarak bir¢ok c¢alisma
yapilmistr.  Bu  calismalar, yanma  veriminin
artirtlmasinin yaninda, yanma siiresinin kisaltilmasini,
yanma sonucu ortaya c¢ikan istenmeyen gazlarin
olusmasmi engellemek ve yanma odasinin kiiciik
hacimde segilmesini saglamak iizerine yapilmistir.
Deneysel calismalarda karsilagilan sorunlar nedeniyle,

*Sorumlu Yazar (Corresponding Author)
e-posta : cuma.kilinc@hotmail.com

yanma odalar1 hakkinda yapilan ¢alismalar kuramsal
olarak gerceklestirilmektedir.

Isyarlar (Isyarlar, 2007), yanma odasi iginde gerceklesen
termodinamik hal biiyiiklikklerini incelemistir. Bu
calismada c¢esitli parametreler ele alinarak, bu
parametrelerin degisimlerinin sonucu olarak, yanma
odasi igerisindeki sicaklik, entalpi, entropi degerleri
incelenmistir. Calismadan elde edilen sonuglar daha
onceden yapilmis ¢alismalarla karsilastirilmig ve yanma
olayin1 etkileyebilecek bu parametrelerin analizi
yapilmistir.

Ozen (Ozen, 2009), iki boyutlu bir briilsrde yanma
olaymin daha iyi anlagilabilmesi i¢in yanmanin oldugu
(reaksiyon) ve yanmanin olmadigi (izotermal) durum
problemlerini sayisal olarak incelemistir. Bu ¢aligmada,
iki ayr1 problem, c¢oziim aglann GAMBIT 2.2.30
programinda tasarlandiktan sonra sonlu hacimler
metodunu kullanan Hesaplamali Akigkanlar Dinamigi
(HAD) paket programlarindan FLUENT 6.2.16
kullanilarak ¢o6ziilmiistiir. HAD analizlerinin temelleri
iizerinde durulmus ve kullanmilan sayisal ¢oziim
yontemleri hakkinda bilgi verilmistir. Elde edilen sayisal
sonuglara gore hiz ve sicaklik incelemeleri yapilmistir.
Degisik alev parametreleri igin hiz biiyiikliiklerinin,
tirbiilans kinetik enerjisinin, boyutsuz parametreler ile
degisimleri incelenmistir
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Bakrozis ve arkadaslar1 (Bakrozis, 1999), girdap akimh
bolgeye iki boyutlu silindirik nozuldan yakit enjekte
edilerek elde edilen tiirbiilansli reaktif akisi deneysel
olarak incelemislerdir. Farkli hava-yakit oranlarina sahip
ii¢ alev igin yapilan incelemede alev uzunlugunun hava-
yakit orani diistiik¢e azaldig1 gbzlenmistir. Sicaklik genel
olarak nozuliin tam orta noktasinda maksimum degere
ulasirken duvarlara yaklastik¢a diismektedir. Hizlarin,
nozul simetri ekseninde sicakligm tam tersine minimum
degerine ulastigi, duvara yakin bolgelerde ise en yiiksek
degerlerde oldugu bulunmustur.

Bagaraner yaptigi calismada (Basaraner, 1995), iki
boyutlu, siirekli rejimde, reaktif ve tiirbiilansli akis igeren

bir yanma odasi gelistirmistir. Calismasindaki
parametreleri degistirerek, farkli sonuglar elde etmistir.
Modelin  sonuglarm1  daha o6nce yapilmis olan

calismalarla karsilastirmig, ardindan yanma olaymi
etkileyebilecek ¢esitli parametrelerin  ¢éziimlemesini
yapmuistir

Bu caligmada pisirme firinlarindaki sicaklik dagilimlari
incelenerek homojen sicaklik dagilimmm elde
edilmesinin kriterleri belirlenmistir.

3.SERAMIK

Bir yada daha fazla metalin metal olmayan bir element
ile birleserek sinterlenmesi yani bu elementlerin yiiksek
sicaklikta bir araya getirilmesiyle olusan inorganik
bilesige seramik denir. Halk arasmda pismis
toprak olarak bilinir.

Seramik toprak esasli olup dis etkiler sonucu parcalanan
kayalardan olusan kil, kaolen ve bunun gibi maddelerin
yiiksek sicaklikta firinlarda pisirilmesiyle olusur.

Seramik ¢camurunda kullanilan hammaddelerin islevleri
kisaca soyledir.

Ana hammaddeler:

Kaolin : Seramik saglik geregleri camurunda % 25- 30
seramik kaplama malzemelerinde (duvarda) % 15 -20
oraninda kullanilir. Camurun beyazligi ve pismede
iskelet olusumu saglar.

Kil : Seramik saglik geregleri ¢amurunda %30-35
seramik kaplama malzemelerinde (yer ve duvar) %30-55
oraninda kullanilir. Camurun ¢ig halde plastigi ve kuru
mukavemeti verir.

Feldspat : Seramik saglik gerecleri ¢amurunda %20-25
seramik kaplama malzemelerinde (yer ve duvarda) %20-
45 oraninda kullanilir. Camurun pisme esnasinda
ergimesi, camsi faza gegmesini saglar.

Kuvars —kuvars kumu :Seramik saglik geregleri
¢amurunda %10-15 seramik kaplama malzemelerinde
(duvarda) %5-15 oraninda kullanilir. Pismis ¢camurunda
iskelet tesekkiiliinii saglar.

Mermer : Kiigiik kristalli ve basing altinda saglamlasmis
kalsiyum karbonattir. Seramikte kullanilacak mermerde
Fe ve renk verici maddelerin bulunmamasi gerekir.
Mermer saf feldspat ile 1sitilacak olursa, feldspatin 1280
°C olan ergime noktasini diigiirerek daha kolay eriyen bir

cam meydana getirir.
uretiminde kullanilir.

Wollastonit : Bilesimi kalsiyum silikattir. (CaOSi02)
elyafli bir yapisi vardir. Teknik birlesimi %48.25 CaO,
% 51.75 SiO2 olup sertligi 4.5-5 mohs dolayindadir.

Magnezit :MgCO;s bilesiminde olup tabiatta bol miktarda
bulunur tek basina isitildiginda refrakter sanayinde
erime noktasinin yiiksekligi ve ciirufa dayaniklilik
yoniinden ¢ok oOnemli bir hammaddedir. Diger
maddelerle karistirildiginda erikten vazifesi goriir.
Kuvars ile 1sitilirsa magnezyum silikati meydana getirir.

Bu 0zelliginden dolayr sir

4. SERAMIK FIRINLARI

Icerisine yerlestirilen ya da siirekli olarak yiiklenilen
malzemeleri, ekonomik bir sekilde isitmak suretiyle,
islem sicakligina yiikselten ve bu sicaklikta gereken siire
kadar tutan teknik tinitelere, firin ya da ocak denir. Firin
hacmi, 1sitilacak maddeleri icine alacak ve 1siy1
ekonomik olarak iiretecek tarzda diizenlenmistir. Genel
olarak, 300 °C dereceye kadar 1sian tiplerine ocak, daha
yiiksek sicaklikta olanlara ise firin denilmektedir.
Isitilacak parcalar ya da yap1 malzemeleri ile alev ve baca
gazlarindan olusan firn atmosferi arasinda, genellikle
istenmeyen bir¢cok kimyasal olay meydana gelir.
Sicakliga da bagimli olan bu olaylarin, firin tipinin
se¢iminde ve yapiminda goz 6niinde tutulmasi gerekir.

Firinlarm genel kullanim alanlar1 sdyle siralanabilir;

1. Demir ve diger metal ve alasimlarin ergitme ve
rafinasyon firmnlar

Metallerin sicak sekillendirilmesi i¢in 1sitma firmlari
Metallerin 1s1l islemeleri igin kullanilan firinlar
Cevher hazirlama ve zenginlestirme firmlar

ok~ e

Seramik, ¢imento, tugla vb. tiretiminde kullanilan
firmlar

o

Cam endistrisinde kullanilan firmlar

7. Kimyasal tesislerde ve plastik tiretiminde kullanilan
firmlar

8. Laboratuar firinlari

9. Kagit, tekstil ve diger endiistri dallarinda kullanilan
firmlar

4.1.Seramigin Pisirilmesi ve Sogutulmasi

Seramikler, anorganik malzemelerin sekillendirilerek
firinlarda 1s1 yoluyla sertlestirilmesi ile elde edilen
malzemelerdir. Seramik hangi cins olursa olsun seramik
teknolojisinde bir pisirme islemi zorunludur. Pisirme
islemi seramik mamullerin iiretiminde en Onemli
kademelerden biri olmaktadir. Firinlama islemi igletme
verimini 6nemli derecede etkilemekte olup firtinlerin
bozuk c¢ikmast ile daha Onceki iglemlere ait, enerji
malzeme ve masraflar heba olmaktadir. Pisirmenin
amaci;

1. Uygun bir pisirme sicakligi,
2. Uygun bir 1s1 dagilimi ve sicaklik degisim hizi,
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3. Uygun bir alev kalitesi, temin etmek sureti ile arzu
edilen kalite ve miktarda iiriin elde edebilmektir

Seramik mamullerin firinda pisirime girdiginde sert, suya
ve kimyasal maddelere dayanikli bir {iriin elde edilir.
Sirlanmamus tirtine biskiivi denir ve bir defa pisirilir.Sirlt
seramik ise genelde iki defa pisirilir. Tlk pisirime biskiivi
pisirimi denir. Biskiivi mamul sonra sirlanir ve sirrin
olgunlagmasi i¢in sirlama firina girer. Dekor seramikler
dekor sonras1 700-800 “C’de pisirime girer.

Sekillendirilmis seramik ¢amurlart suya ve kimyasal
maddelere dayanikl, kararl biinyelere
donistiiriilebilmeleri igin bilesimine ve niteliklerine gore
700- 2000 °C arasinda en az bir kere pisirilirler. Bu
asamadan sonra sirlanacaksa sirrin gelismesi igin 2. kez,
sir Ustii dekorlanacaksa boyalarin cinsine ve olgunlasma
derecelerine gore 3. ve 4. kez de pisirilebilirler.
Seramik iretiminde pisirme onemli bir siire¢ olup, iyi
tiriin elde edebilmek igin pisme hizi denetlenmeli, firinda
uygun bir sicaklik dagilimi olmali,, pisme siiresi iyi
secilmeli ve sogutma denetim altinda tutulmahdir. Sekil
1’deki pisirme grafigi pisirmenin dnemi hakkinda bilgi
verebilir.

1200
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c / \M
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200
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Sekil 1. Seramik Pigirme Sicaklik- Zaman Grafigi (Ceramic
Cooking Temperature- Time Graph)

Sicakhk ‘C

Pigirme modlart:

AB - Uriiniin Kurumast

BC -  Kimyasal suyun uzaklasmaya baglamasi

CDE - Kuvarsin alfa-beta degisimi ve kimyasal suyun
tamamen uzaklagmasi i¢in yavas pisirilir

EFG - Bilesimin mineralleri 6z yapilarini degistirir.

GHI - Iskeleti olusturan kristal yap1 olusur.

I - Homojen 1s1 dagilimi i¢in bir siire tutulur.

Sogutma

- Hizli olabilir.

JK- Kuvars doniigiimiinden dolay1 soguma ¢ok
yavas olmalidir

MN - Kuvars doniisiimiinden dolayr yavas
sogutmalidir.

LM - Hizl sogutulabilir

4.2. Pisme Siiresini Belirleyen Etkenler
-Biinye cinsi

-Firmlar1 doldurma sikligi

-Malzemenin kalinlig1

-Sicakligin firinin ortasini etkileme stiresi ( Ist
homojenligi )

-Firinin hacmi

En ilkelden en gelismigine kadar, seramik firinlarinda
sicaklik kontrolii ve 6lgme islemi, firmin ayrilmaz bir
pargasi olmustur. Firin tiiri nasil olursa olsun, firinin
yanmasint kontrol eden ve sicakligi Olgen sistemler
kullanilir. Cogu zaman iyi bir sicaklik kontroli igin,
cesitli tiirdeki araglar ayni firinda bir arada kullanilir.
Seramik firinlarinda pisirilecek olan malzemenin en iyi
sekilde pismesi ve teknolojinin gerektirdigi 6zellikleri
kazanmasi ancak firin sicaklik kontroliiniin diizenli
yapilmasi ve sicakligm belirli bir diizeyde tutulmasi ile
olur. Cizelge 1. Seramik iriinlerin pisirme sicaklik
degeri ve 1s1 ihtiyaci hakkinda bir bilgi vermektedir.

5. SAYISAL COZUMLEME

Sekil 2’den yanma {irtinleri sicakligmim dogrusal bir
degisim gostermedigi ancak pisirme siiresince stirekli
yiikseldigi goriilmektedir. Bununla beraber, firinda
titketilen dogal gaz miktarinimn ise firin sicakligi ile dogru
orantili olarak degismedigi goriilmektedir. Dogal gaz
tikketiminin degiskenlik gostermesi, yanma {riinlerinin
de ayn1 oranda degisiklik gostermesine sebep olmaktadir.
Bu sonuclar, firindaki kurutma siiresince gaz tiiketimi ve
yanma Uurini verilerinin degisken oldugunu, yapilacak
hesaplama ve tasarimlarin ortalama bir deger tizerinden
yapilmasini gerekli kilmistir.

Cizelge 1. Seramik Uriinlerinin Pisirme Sicakh: Siiresi Is1

Ihtiyac1 (Ceramic Products Cooking Temperature
Time Heat Requirement)

PISiRMFi PISIRME | ISITHTIYACI

MALZAMA | SICAKLIGI | SURESI kJ/kg

CINSI (°0) h (saat) Briit miktar
Tugla 1100 65-70 840-1250
Kiremit 1280 90-120 1880-2100
Sihhi tesisat
malzeme 1300 60-70 8370-11720
Fayans 1080 30-40 7120-7540
Emaya
kaplama 1280 30-40 8380-10050
Samot tugla | 1400 65-80 1880-2720
Silika tugla 1550 200-225 6700-7120
Yiiksek 1450 35-50 24300-24700
degerli
porselen
Elektro 1450 50-100 17170-17500
porselen
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Seramik pisirme firmindan Olgiilen deneysel veriler
kullanilarak sayisal ¢oziimleme analizleri yapilmustir.
Olgiimler firmin normal ¢alisma prosediirii cercevesinde
yapilan gercek ve tam yiikleme sartlarinda yapilmistir.
Olgiimler, firn iist noktasinda yanma iiriinleri cikis
agzinda, baca klapesinin hemen altinda
gerceklestirilmistir. Bu noktada yapilan dlgtimler yanma
irlinlerinin gerek debi, gerekse sicaklik bakimindan en
dogru sonuglarin alinmasini saglamustir.

7 — 10 aras1 sicaklikta ise firin sicakligini artirmak ve
mevcut sicakligr azaltmamak i¢in dogal gaz az verilip
artarak sicaklik degeri yavas artmaktadir. seramigin
Iskeleti olusturan kristal yap1 olusur.ve firin istenilen
sicakliga ulasir .

10- 11 saatleri arasinda firinda istenilen sicaklik
saglanmis olup firm bir miktar homojen 1s1 dagilimi i¢in
bir siire tutulur.

Yanma iiriinleri sicakhgi {C)

mm DG Tiketimi, m3/h

~#-YU sicakhg, C

5
Zaman (saat)

6 7 g8 9 10 1

Sekil 2. Seramik Firmimin Dogal Gaz Tiiketimi Ve Sicaklik Degisimi ( Natural Gas Consumption and Temperature Change of

Ceramic Furnace)

Bu olgiimler sonucunda pisirme siiresindeki firinin
sicakligmin siirekli arttig1 goriilmektedir burada sicaklik
degerleri siirekli artarken harcanan dogal gaz orani
degisimi orantili degildir . Seramigin zarar gérmemesi
belli zaman araliklarinda belli sicaklik degerinde olmasi
icin ve sicakligin seramigin iizerinde homojen dagilmasi
i¢in firindaki yanma hizlar1 ve dogal gaz tiikketim miktar
belli araliklarda degismektedir.

1- 3 saatleri arasinda firmin sicakligin 1000 dereceye
getirilmesi durumunda sicakhigin artis1 ile dogal gaz
harcanmistir ve sicakligi hizli artirarak bu evrede seramik
kimyasal suyunu uzaklagsmaya baglamasi evresindedir.

3 — 5 saatleri arasinda gaz kullanimi azalarak firinin
1sinin1 korumastyla da firin yavas ¢alisir ¢linkii bu evrede
seramik igerisindeki kuvarsin alfa-beta degisimi ve
kimyasal suyun tamamen uzaklasmasi i¢in seramik yavas
pisirilir.

5 — 7 saatleri arasinda dogal gaz artisiyla seramigin
bilesimin mineralleri 6z yapilarini degistirdigi evredir ve
sicakligin fazla olmasi gerekir firm hizli ¢alisir dogal gaz
yakimu artar.

Yapilan FLUENT 6n hazirlik analizlerine goére firm igin
mevcut sistemin Ol¢iileri ve beklerin yerleri kullanilarak
firm i¢i hiz ve sicaklik dagilimlar1 ile davlumbaz ici
sicaklik dagilimlar1 elde edilmistir.  Firm bos ve
yiiklemeli olarak ayr1 ayr1 analizler yapilmustir. Ozellikle
cift bacali ve 3 bacali firinlarda bacalardan atilan 1sinin
davlumbaz icerisindeki yayilimi ile dolu haldeki firmn ici
sicaklik dagilimmin homojenligi tespit edilerek tiriin
kalitesinin bozulmamasi i¢in optimum bek alev
sicakliklarinin  belirlenmesine ve beklerin  mevcut
sistemdeki yerlerinin homojen sekilde dagilimini
saglayacak  diizenlemenin yapilabilmesine imkan
tanmacaktir.

Sekil 3’de kazanin {isten goriiniisii verilmektedir. Firmn
icerisinde her iki kenarlara briilor yerlestirilmis ve ortada
baca ¢ekisi goriilmektedir. Ayn1 seviyeye yerlestirilmig
briilorler tiirbiilanst saglamak i¢in karsilikli taraflara
yerlestirilmis olup bu sekilde yanmanin daha verimli
olmasi ve sicaklik dagilimmimn homojen olmasini saglar.

Sekil 4’de goriildiigii gibi tane alt alta dizilmis sekilde
toplam 16 tane briilor yerlestirilmistir.
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Firin bos iiriin olmadan c¢alismakta ve bu firmin baca gekislerini ve sicakligin en fazla 470°C oldugu
yanmasmim  ilk  evreleridir burada  briilorlerin  goriilmektedir. Firin daha homojen 1s1 dagilimma sahip
yerlestirilmesinin énemi ve akigin tiirbiilansl oldugunu  degildir.

velocity ANSYS

reamiine

5.987e-001 ﬂo
Academic

I
0.500 1.500

Sekil 3. Firimin Usten Briilér Goriiniimii ve Tiirbiilansl Ak1s
(Top of the Furnace Burner View and Turbulent Flow)

| ANSYS

Streamline 3
5.987e-001 ﬁﬂ
Academic

4.491e-001
2.994e-001

1.497e-001

0.000e+000
[ms~-1]

5.000 (m)

1.260 3.750

Sekil 4. Firindaki briilorlerin goriintimii (View of burners in the furnace)
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Pigirilecek riinler yerlestirildikten sonra yapilan
analizlerde elde edilen sicaklik dagilimi Sekil 5-7°de
verilmistir. Firin igerisindeki sicaklik dagilimi briilor
noktalart hari¢ homojene vyakindir. Ayrica iistten
goriiniimii de Sekil 6’da verilmistir. Burada sicaklik
giderek artmakta ve sicaklik dagilimi yavas yavas
homojen olmakta ve sicaklik m aksimum 550°C ye
ulagsmaktadir. Burada seramiklerle birlikte ilk sicakligin
homojen dagildigini gérmekteyiz. Hiz vektorleri briilor
giriglerinden etkilenerek firin igerisindeki sicak hava
akimma yon vermis ve dagilimi {i¢ ana bolgede homojen

yaptya ulagtirmistir. En st briilorlerle sicak hava

Temperature
Contour 1

5.5005-4»0.)’)/"

akiminin bacaya dogru yonelmesini saglamis ve firm ici
sicakligin zayiflamasina neden olmustur. Pisirilen iiriin
bazinda incelemeler yapildiginda hiz vektorlerinin
etkisinde bazi iriinler etrafinda sicaklik dagiliminin
homojenlikten uzak oldugu da iist goriiniisten (Sekil 6)
anlagilmaktadir. Yan goriiniisten (Sekil 7) diriin
iizerindeki etkiler 6n yiliz kismmda net anlasilamamakta
olup fiiriin gegislerinin homojen yapiya ulasmasinda
briilor  yerlesiminin ve alev boyunun dogru
ayarlanmasina bagli olarak firin i¢i sicakligin homojen
yapiya ulasabilecegi de goriilmektedir.

ANSYS

R15.0
Academic

Sekil 5. Firin seramik pisiriminde homojen sicaklik termal perspektif goriiniimii
(Thermal perspective view of homogeneous temperature in kiln ceramic firing)

Temperature
Contour 3

6.840e+002
6.456e+002
6.072e+002
5.688e+002
5.304e+002
4.920e+002
4.536e+002
4.152e+002
3.768e+002
3.384e+002

3.000e+002
(K]

0

1,500 3.000 (m)
1

ANSYS

R15.0
Academic

0.750

2.250

Sekil 6. Firin seramik pisiriminde {istten goriiniis
(Top view of furnace ceramic firing)
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Temperature S
Contour 2 1 5.0
/| .
. 5.500e+002 1 -
5.350e+002 <

r 5.200e+002

2,000 (m)
|

I
0.500 1.500

Sekil 7. Firin seramik pisiriminde homojen sicaklik 6n goriiniimii
(Homogeneous temperature pre-view in kiln ceramic firing)
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oz
Bu caligmada, titanyum dioksit/indirgenmis grafen oksit (TiO2/rGO) kompozitleri sol-jel yontemi kullanilarak sentezlenmistir.
Hummers metodu ile iiretilen grafen oksitten (GO) kimyasal indirgeme yardimiyla rGO elde edilmistir. TiO2/rGO kompozitleri
agirlikga % 0,5, 1, 2, 4, 6 oranlarinda rGO igerecek sekilde tiretilmis olup rGO katkisinin yapisal, morfolojik ve fotokatalitik
Ozellikler tizerine etkisi aragtirilmuistir. Buna ek olarak TiO2/rGO kompozitleri ile karsilagtirma yapabilmek igin saf TiOz’de
iiretilmistir. TiO2/rGO kompozitlerinin kristal faz yapisi, yilizey morfolojisi ve kimyasal bag yapis1 XRD, SEM ve FTIR kullanilarak
karakterize edilmistir. Fotokatalitik performansin belirlenmesi i¢in Uv-Vis spektroskopisi kullanilarak absorbans degerleri elde
edilmistir. Fotokatalitik 6zelliklerinin incelenmesi sonucunda agirlikca % 4 rGO igeren kompozitin % 87,1°lik bir fotokatalitik

parcalama verimine sahip oldugu goriilmiistiir. Bu ¢alisma, TiO2’ye agirlikca % 4’likk rGO eklenmesiyle elde edilen TiO2/rGO
kompozitinin fotokatalitik performansi saf TiO2’ye kiyasla % 20 arttirdigini gostermistir.

Anahtar Kelimeler: Titanyum dioksit, indirgenmis grafen oksit, fotokataliz, kompozit, sol-jel.

Production of Titanium Dioxide/Reduced Graphene
Oxide Composites and Investigation of Their
Photocatalytic Properties

ABSTRACT

In this study, titanium dioxide/reduced graphene oxide (TiO2/rGO) composites were synthesized by sol-gel method. Reduced
graphene oxide was obtained with the aid of chemical reduction of graphene oxide (GO) produced by the Hummers method.
TiO2/rGO composites were produced with different rGO content, 0.5, 1, 2, 4 and 6 wt. %, to investigate the effect of rGO addition
on structural, morphological and photocatalytical properties. In addition, the pure TiO2 was also produced for comparison with all
TiO2/rGO composites. The crystal phase structure, surface morphology, and chemical bond structure of TiO2/rGO composites were
characterized using an XRD, SEM, and FTIR. Absorbance values were obtained by UV-Vis spectroscopy to determine the
photocatalytic performance. As a result of the investigation of photocatalytic properties, it was observed that the composite
containing 4 wt. % of rGO has a photocatalytic degradation efficiency of 87.1%. This study demonstrated that the TiO2/rGO
composite obtained by the addition of 4 wt. % of rGO to TiO2 enhanced the photocatalytic performance by 20% compared to pure
TiO2.

Keywords: Titanium dioxide, reduced graphene oxide, photocatalysis, composite, sol-gel.
1. GIRIS (INTRODUCTION)

Elektro-optik 6zellikleri sebebiyle yenilenebilir enerji ve

bant araliginin daraltilmasi igin bagka bir yariiletken ile
kompozit olusturma, metal ve metal dis1 katkilar ekleme,

fotokatalitik uygulamalarda son zamanlarda siklikla
kullanilir hale gelen TiO», yariiletken malzemeler
arasinda On plana ¢ikmaktadir [1-4]. TiO., {stiin
fotokatalitik 6zellikleri sayesinde atik sulardaki organik
kirliliklerin giderilmesinde de kullanilmaktadir. Fakat
TiO, nin nispeten genis bant araligina (3,0-3,2 eV) sahip
olmasi ve 1s1kla uyarildiginda elektron bosluk ciftlerinin
hizli yeniden birlesmesi sonucu goriiniir 15181 smirh
seviyede sogurmaktadir [1,5-8]. Literatiirde TiO2’nin

*Sorumlu Yazar (Corresponding Author)
e-posta : metin.yurddaskal@deu.edu.tr

karbon esasli malzemeler ile modifiye etme gibi
yontemler kullanilmaktadir [5,9-12]. Son yillarda
ozellikle karbon esasli malzemelerden; karbon nanotiip
[13], grafen [14] ve indirgenmis grafen oksit [15] gibi
katkilarin TiO; yapisina eklenerek modifiye edilmesiyle
fotokatalitik ~ ozelliklerin  1iyilestirilmesi  {izerine
caligmalar yapilmaktadir.

Grafen tek atom kalinliginda, karbon atomlarinin altigen
yapida bir araya gelmesiyle olusan iki boyutlu bir
malzeme olarak tanimlanmaktadir. Bu malzeme yiiksek
elektron tagima kapasitesi, ¢ok genis yiizey alani, yiiksek
termal ve elektriksel iletkenlik gibi birgok iistiin &zellige
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sahip olmasi sebebiyle son zamanlarda ileri teknoloji
malzeme ¢alismalarinda kullanimi  olduk¢a 6nem
kazanmigtir [16—18]. Grafen, genis yiizey alanina sahip
olmasinin yam1 sira yliksek elektron mobilitesi,
absorplama ve 1518a kars1 duyarlilig: arttirma yetenekleri
sayesinde 1s1ikla uyarilmig olan elektronlar1 TiO2 bant
araliginda hizlica ileterek yariiletken malzemelerin
fotokatalitik aktivitesini gelistirmektedir [16,19-22].
Ancak, grafenin hidrofobik yapida olmasi ¢ozelti
icerisinde  homojen  bir  sekilde  dagilmasim
engellemektedir. Sivi ortam igerisinde grafen oksite
hidroksil, karboksil ve ester gibi oksijen icerikli
fonksiyonel gruplarin bagli olmasi tabakalarin kolay ve
homojen bir sekilde ayrismasina katki saglamaktadir.
Literatiirde etkili ve kolay bir sekilde GO sentezlemek
icin modifiye edilmis Hummers yontemi oldukga sik
kullanilmaktadir  [23,24]. Ancak bu fonksiyonel
gruplarm GO  yapisina  eklenmesiyle  elektron
hareketliligini de azalmaktadir. Bu nedenle daha kararli
yapida olan ve grafen ile benzer 6zellikler gosteren rGO
fotokatalitik caligmalarda karbon igerikli katki olarak
tercih edilmektedir [16,25,26].

Bu c¢alismada, Hummers yontemi ile elde edilen GO
kimyasal islemlerle indirgenerek rGO elde edilmistir.
Sentezlenen rGO, farkli katki oranlarryla TiO, yapisina
ilave edilerek sol jel yontemi ile TiO./rGO kompozitleri
iiretilmistir. Sol-jel yoOntemiyle iiretilen saf TiO, ve
agirlikea % 0,5, 1, 2, 4 ve 6 rGO katkistyla elde edilen
TiO2/rGO kompozitlerinin  yapisal, morfolojik ve
fotokatalitik 6zellikleri detaylica incelenmistir.

2. MATERYAL VE METOD (MATERIAL AND
METHOD)

Grafit tozu kullanilarak grafen oksitin sentezlenmesinde
Hummers metodundan faydalanilmistir. Bir beherdeki 25
ml siilfiirik asit (H>SOa) icerisine 1 g grafit eklendikten
sonra buz banyosu igerisinde sicaklik 20 °C’nin altinda
olacak sekilde 600 rpm hizda manyetik karistiricida 30
dk boyunca karistirilmigtir. Ardindan 3 g potasyum
permanganat (KMnOa) ¢ok yavas bir sekilde ¢ozeltinin
i¢cine eklendikten sonra ayni sicakligi koruyarak 3 saat
boyunca karistirmaya devam edilmistir. Daha sonra,
artmaya baglayan sicaklik 50 °C’nin altindaki degerlerde
tutularak c¢ozelti igerisine 150 ml saf su yavasca
eklenmistir. Cozeltinin rengi siyahtan kahverengi
oluncaya kadar yaklasik 1 saat boyunca karigtirma iglemi
stirdiiriilmiistiir. Renk degisimi gdzlemlendikten sonra 5
ml hidrojen peroksit (H202) ¢ozeltiye eklenerek 1 saat
daha karistirilmistir. Bu islemlerin  tamamlanmasinin
ardindan ¢ozeltiden alinan GO tozlar1 yikama islemleri
icin 900 ml saf su ve 100 ml hidroklorik asit (HCI)
igerisine eklenmistir. 10 dakika karistirilan ¢ozelti 5000
rpm hizda 20 dk boyunca 3 defa santrifiij islemine tabi
tutulmustur. Elde edilen GO tozlari 80°C’de
kurutulmustur.

Indirgenmis grafen oksit tozlarmin elde edilebilmesi icin
sentezlenen GO tozlar1 3mg/ml oraninda saf su igerisinde
cozeltiye alinmistir. 1pl/3mg oraninda hidrazin hidrat

(N2H.) bu ¢6zeltiye eklenip 300 rpm hiz ve 80 °C’de 12
saat boyunca reflux sistemi kullanilarak karistirilmistir.
Karigtirma igleminden sonra elde edilen ¢ozelti 2 defa
santrifiij ile yikama islemine tabi tutulmus ve elde edilen
rGO tozlar1 80°C’de kurutulmustur.

Agirlikga % 0,5, 1, 2, 4 ve 6 GO katkili TiO»/rGO
kompozitlerinin {iiretilebilmesi icin belirtilen oranlarda
rGO, 5 ml titanyum tetraizopropoksit (TTIP) ve 3 ml
glasiyal asetik asit (GAA) karisimi hazirlanarak oda
sicakliginda 5 saat boyunca karigtirtlmistir. Jellesme
sonrasi kurutulan malzemeye 500 °C’de 2 saat boyunca
sl islem  yapilmistir [27]. Elde edilen TiO./rGO
kompozitlerin igerisinde bulunan rGO miktarim
gosterecek sekilde numuneler TO, TO0S, T1, T2, T4 ve T6
olarak isimlendirilmistir. Uretim siirecinin tiim asamalar1
Sekil 1’de detayli olarak gosterilmistir.

() — clanal
cozeltisi

T

kompozitleri

Sekil 1. Sol-jel yontemiyle TiO2/rGO kompozit iiretimi akis
semasi (TiO2/rGO composite production flow chart
by sol-gel method)

Farkli katki oranlarina sahip TiO2/rGO kompozitlerinin
faz yapisi, Ni-filtreli Cu Ko 1simasina sahip X-1s1mn1
kirmmmi (XRD, Thermo ARL X’TRA) kullanilarak
incelenmistir. X-1g1n1 kirinim analizleri 2°/dk hizinda 5°-
90° araliginda gergeklestirilmistir. TiO2/rGO
kompozitlerin yiizey morfolojileri taramali elektron
mikroskobu (SEM, Coxem EM-30 Plus) kullanilarak
incelenmistir. TiO2/rGO kompozitlerinde katki oranina
bagli olarak degisen fonksiyonel gruplarin ve kimyasal
baglarin incelenmesi amaciyla Fourier doniisiimli
kiz1lotesi  spektroskopisi (FTIR, Thermo Scientific
Nicolet IS10) kullanilmustir.
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Farkli rGO oranlarinda tiretilen TiO2/rGO kompozitlerin
fotokatalitik 6zelliklerini belirlemek amaciyla her
birinden 0,03 g toz alarak 10> M konsantrasyona sahip
30 ml metilen mavisi (MM) ¢dzeltilerine eklenmistir.
Fotokatalitik reaktor igerisine yerlestirilen ¢ozeltiler 240
dk boyunca 300 Watt giiciindeki Osram UltraVitalux E27
UV lamba (%4,53 UVA, %1 UVB, %94,47 Vis) ile
uyarilip belirli zaman araliklarinda 6rnekler alinarak UV -
Vis spektrofotometresi (UV-Vis, UV-1240 Shimadzu
Spectrophotometer) ile absorbans degerleri dl¢iilmiistiir.

3. SONUCLAR VE TARTISMA (RESULTS AND
DISCUSSION)

Sekil 2’de TiO2/rGO kompozitlerine ait XRD grafikleri
verilmistir. Bu grafikler incelendiginde TiOz’ye ait
anataz ve rutil fazlar1 goriilmektedir. Yapi icerisindeki
fazlarin % 93’iiniin anataz fazi ve % 7’sinin rutil fazi
olarak bulundugu paket programlar araciligiyla tespit
edilmistir. Elde edilen grafikler anataz fazina ait JCPDS
no: 00-021-1272 ile uyusmaktadir [28]. TiOz’ye ait
25,38, 37,96, 48,04, 53,94 ve 54,20 derecelerinin
sirastyla 101, 004, 200, 105 ve 211 diizlemlerine ait
karakteristik piklerin belirgin bir sekilde anataz fazina ait
oldugu goriilmektedir. rGO’ya ait olan 26° civarindaki
yayvan pikin siddeti, katki oraninin az olmasi nedeniyle
oldukc¢a diistiktiir. S6z konusu pikin anataz fazindaki
TiO2’ye ait olan 25.38°’deki 101 diizlemini belirten pike
kiyasla goriilemeyecek kadar kiigiik kaldigindan dolay1
spektrum {izerinde gosterilememistir.

*

*:Anataz T6
“ % M Rutil

*

M

Siddet (a.u)
_|
'_\

| TO

10 30 50 70 90
Kirinim agisi (26)

Sekil 2. Numunelere ait XRD desenleri (XRD patterns of the
samples)

Sekil 3a’daki SEM goriintiisii incelendiginde kivriml
sekilde olusmus 2 boyutlu rGO levhalar1 goriilmektedir.

Sekil 3b’de ise sol-jel yontemiyle sentezlenen TiO-
parcaciklarinin nano boyutlu oldugu goriilmektedir.
Bunun yani sira bir miktar topaklanma oldugu da
gozlemlenmektedir. Sekil 3c¢’de rGO yiizeyine tutunmus
TiO2 nano pargaciklarimindan olusan TiO2/rGO yapisi
acikca goriilmektedir. Ayni zamanda yapi igerisinde
birbiri ile etkilesimde bulunmamig olan serbest rGO ve
TiOy’ler de bulunmaktadir. TiO2 nanopargaciklari, rGO
levhalart ve TiO2/rGO kompozit yapilart Sekil 3c’de
gosterilmistir.

x10.0k 1[um]

20.0[KV] SP=13.0 WD=7.2

20.0[KV] SP=12.0 WD=7.1 _x10.0k _ 1[um]

20.0[KV] SP=12.0 WD=7.1

x30.0k 1[um]

Sekil 3. Numunelere ait SEM goriintiileri (a) rGO, (b)
TiO2 (€) % 4 rGO katkili TiO2/rGO kompoziti
(SEM images of the samples (a) rGO, (b) TiO2
(c) TiO2/rGO composite with 4% rGO)
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TiO2/rGO kompozitlerine ait Ti-O-Ti ve Ti-O-C
titresimlerinin ve katki oranina bagli olarak degisen
fonksiyonel gruplarin ve kimyasal baglarin incelenmesi
amaciyla elde edilen FTIR sonuglari Sekil 4°te
goriilmektedir. Dalga sayis1 1000 cm™in altindaki
degerlerde Ti-O-Ti ve Ti-O-C bag yapisina ait bolge
goriilmektedir [29-31]. Yap:r igerisindeki rGO Kkatki
miktarinin artmastyla birlikte rGO’ya ait olan 1000-3500
cm? dalga sayilar arasindaki karakteristik C-O (1064
cm?), C-O-H (1240 cm?), C=OH (1400 cm?), C-H
(2900 — 2990 cm*) ve O-H (3670 cm™) pikleri de katk1
oraniyla orantili olarak biiytimiistiir [26,30,32-34]. FTIR

analizinden de  anlagilacagi  tizere  TiO./rGO
kompozitlerin ~ {iretiminin ~ bagarilh  bir  sekilde
gergeklestirildigi sdylenebilir.

T QF

T T 090 2°

o (] T6 OO0 0O F+F

N\~
T4 ﬂv\
N\~ f‘/\/\

T2

NN ! |
TO5 j//v\

TO

Transmitans

T T T T T
3000 2500 2000 1500 1000 500
Dalga sayisi (cm™)

T T
4000 3500

Sekil 4. Numunelere ait FTIR spektrumlari (FTIR spectra of
the samples)

10° molarlk MM igerisine eklenen TiO2/rGO
kompozitlerinin  fotokatalitik performanslart  belirli
zaman araliklarinda MM’nin absorbans verilerinin
Ol¢iilmesiyle degerlendirilmistir. Fotokatalitik etki ile
fotokatalizorler =~ zamanla MM  sulu  ¢dzeltisini
pargalayarak renginin giderilmesine sebep olmaktadirlar.
MM’nin 664 nm’deki karakteristik pikine ait absorbans
degerlerinden = Lambert-Beer  yasast  kullanilarak
konsantrasyon verileri elde edilmistir [10]. Elde edilen In
(Co/C) degerlerinin  zamanla degisimi Sekil 5’e
aktarilmistir. Bu degerlerin birinci dereceden Lambert-
Beer yasasina uyumlu oldugu belirlenmis ve asagidaki
denklem kullanilarak fotokatalitik pargcalanma hiz1 tiim
numuneler i¢in hesaplanmigtir. Tiim numunelere ait
fotokatalitik parametreler Cizelge 1’de verilmistir.

In CC—O =kt (1)
Bu denklemde Co; MM nin baslangi¢ konsantrasyonunu,

C ise herhangi bir t anindaki konsantrasyonunu
vermektedir. Parcalanma hizi ise k olarak gdsterilmistir.

Sekil 5’te olusturulan grafigin egimi k degerini
vermektedir. Elde edilen k degerleri, MM’nin
fotokatalitik parc¢alanmasinin TiO2/rGO

kompozitlerindeki rGO miktarinin artmasiyla onemli
o6lgiide arttigini gostermektedir. T4 numunesi maksimum

par¢alama hizina sahip olmustur. Bu katki oranindan

daha yiiksek katki oramina sahip T6 numunesi
kullanilarak ~ MM’nin  pargalanmasmin  azaldig
goriilmektedir.
TO
2,0

1,64

Aoqdpron

0,4

0,0

T T T T T
0 30 60 90 120 150 180 210 240
Sire (dk)

Sekil 5. TiO2/rGO kompozitlerinin fotokatalitik
performanslari (Photocatalytic
performances of the TiO2/rGO composites)

664 nm’deki baslangic absorbans degeri 0,666 olan
MM’nin farkli numuneler tarafindan pargalanma
verimleri hesaplanmis ve Cizelge 1’de belirtilmis ve
Sekil 6’ya aktarilmistir. Bu grafik incelendiginde T4
kompozitinin en iyi fotokatalitik performans sergiledigi
gorilmektedir. T4 numunesi MM’yi 240 dakikada %
87,1 oraninda pargalanirken, TO numunesi ise % 72,8
oraninda pargalama verimi gostermistir. Diger bir
deyisle, %4 rGO katkili TiO2/rGO kompoziti saf TiO2’ye
gore % 20 oraninda daha fazla par¢alama verimi
sergilemistir. Bir diger gézlem olarak da, T4 numunesine
kadar fotokatalitik performans artarken T6 numunesinde
ise bu performansin azaldig: goriilmektedir.

90

87,1
85,7
85 A
<
< g0 79,9
£ 78,1
5 76,7
>
E 75 4
£ 72,8
<
[]
© 70 4
IS
o
65
60 T T T T T T
TO T05 T1 T2 T4 T6
Numune adi

Sekil 6. Farkli kompozitler tarafindan parcalanan MM nin
UV 1sik kaynagi altindaki parcalanma verimleri
(Degradation efficiencies of MB by different
composites under UV irradiation)
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Cizelge 1. Numunelere ait fotokatalitik parametreler (Photocatalytic parameters of the samples)

Numune adi TO TO5 T1 T2 T4 T6
Parcalama verimi (%) 71,8 78,1 79,9 76,7 87,1 85,7
Parcalanma hz (k) (10“.dk™) 50,5 55,4 58,5 63,8 83,7 79
R? 0,9943 0,9926 0,9947 0,9986 0,9998 0,9996

Fotokatalitik performans ve MM nin pargalanma verimi

grafikleri  incelendiginde en iyi fotokatalitik
performansin T4 numunesi ile saglandigi agikca
goriilmektedir. T4 numunesine ait fotokatalitik

parcalama grafigi farkli siireler icin olusturulmus ve
Sekil 7’de gosterilmistir. 664 nm’deki baslangi¢
absorbans degeri 0,666 olan MM, T4 numunesi
kullanilarak UV 1s1k kaynagi altinda 240 dk boyunca
pargalanmis  ve  absorbans  degeri  0,0086’ya
distirilmistir.

0,7

0,6 A

o o
» &)
1 1

Absorbans
o
w

T T
600 700

Dalga boyu (nm)

T
500 800

Sekil 7. T4 numunesinin varliginda MB ¢6zeltisinin zamana
bagli absorpsiyon spektrumlari (The time
dependent absorption spectra of the MB solution in
the presence of the T4 sample)

TiOx/rGO kompozitlerinin fotokatalitik mekanizmasi
Sekil 8’de gosterilmektedir. Isikla uyarildiginda TiO2’nin
valans bandindaki elektronlarin iletim bandina gegisi
saglanir. Boylece valans bandinda bogluklar (h*)
olusurken elektronlar (e”) iletim bandmna geger. TiO2
normalde 1sikla uyarildiginda elektron bosluk g¢iftleri
hizlica yeniden birlesir. Ancak rGO yapiya katildiginda
iletken banda gecen elektronlar valans bandindaki
bosluklara geri gelmek yerine elektriksel iletimi ¢ok iyi
olan rGO levhalar iizerine ge¢is yapma egiliminde
olurlar. Elektron bosluk yeniden birlesmesi engellendigi
icin fotokatalitik oOzellikler T4 numunesine kadar
iyilesmistir. Ancak T6 numunesinde fotokatalitik
verimin distiigli goriilmektedir. Bunun sebebi olarak
artan rGO miktar1 TiO2 nano pargaciklar ile 151k kaynag:
arasinda bir bariyer gibi davranmasi sonucu UV

151k kaynagi tarafindan olusturulan yiik tasiyicilarinin
konsantrasyonunun nispeten azalmasi gosterilebilir

[35,36]. Oksijen molekiilleri (O2), 1sikla uyarildiginda
TiO2/rGO kompozitindeki TiO2’den ortaya ¢ikan Oy’ler
ile indirgenerek siiper oksit radikal anyonlarini (+O7)
olustururlar. Bu O yapilar1 ise MM’yi karbondioksit
(COy) ve su (H20) olarak pargalar. MM nin UV 1s1k
kaynagi altindaki parcalanmasi esnasinda ger¢eklesen
reaksiyonlar1 su sekilde siralayabiliriz:

TiO, + hv — TiO (h* + &) @)
rGO +e — rGO (e) 3)
O+ e — 0Oy (4)
H,O + h* — «OH + H* 5)
h* + <0, + «OH + MM — CO; + H,0O (6)

Sekil 8. Fotokatalitik pargalanma mekanizmasinin sematik
gosterimi (Schematic illustration of photocatalytic
degradation mechanism)

4. SONUC (CONCLUSION)

Yapilan bu g¢alismada, Hummers metodu ile iretilen
GO’dan kimyasal indirgeme yontemi kullanilarak rGO
sentezlenmistir. Elde edilen rGO levhalari, belirlenen
oranlarda kullamlarak sol-jel yontemiyle TiOx/rGO
kompozitleri iiretilmistir. 500°C’de, 2 saat boyunca 1sil
isleme tabi tutulan numunelere XRD, SEM ve FTIR
karakterizasyon islemleri uygulanmustir. Bu
karakterizasyon c¢aligmalar1 ile numunelerin faz yapisi,
kimyasal bag yapis1 ve yiizey morfolojileri incelenmistir.
XRD analizi sonucunda faz yapisinin anataz fazi ile
uyumlu oldugu, SEM analizi ile rtGO ve TiOz’nin bir
arada bulundugu, FTIR analizi ile yapida bulunan baglara
ait karakteristik piklerin biiytikligiiniin, katki orani ile
orantili  olarak arttifi  gbzlemlenmistir.  Uv-vis
spektroskopisi ile elde edilen absorbans verileri

253



Metin YURDDASKAL, Ugur KARTAL, Eyyiip Can DOLUEL / POLITEKNIK DERGISI, Politeknik Dergisi,2020;23(1): 249-255

kullanilarak fotokatalitik verim degerleri elde edilmistir.
Daha sonra Lambert-Beer dontisimii  yardimyla
fotokatalitik hiz degerleri tiim numuneler igin
hesaplanmistir. Hesaplanan bu degerlere gore en iyi
fotokatalitik performanst T4 numunesi gostermistir.
Ozetle, yiiksek performansli fotokatalizér kompozitlerin
olusturulmasinda rGO etkin bir sekilde rol oynamuistir.
rGO, fotokatalizoriin toplam yiizey alanini arttirarak
nispeten genis bant aralikli bir yari iletken olan TiO2 nin
UV 151k altindaki absorbsiyon yetenegini gelistirmistir.
Bu c¢alisma sonucunda rGO levhalarinin, TiO;
nanoparcaciklari ile bir araya getirilmesiyle organik
kirliliklerin ~ giderilmesinde ~ verimli  bir  sekilde
kullanilabilecegi goriilmiistir.
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