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OZ: Bu calismada, Pariltili desarj lambalar1 (GDD) icindeki plazma bolgesinde meydana gelen optik
1simada meydana gelen, milimetre dalga radyasyon ve harici elektromanyetik alana bagli degisimler
gozlemlenmis ve Ol¢iilmiistiir. Milimetre dalganin (MD) tek basina uygulandigi zaman optik 1s1mada
goriilen etkinin goreceli olarak %3 civar1 oldugu goriilmektedir. Elektromanyetik alanin (EM) etkisi ile
1simimda %5°1ik bir artis olusmaktadir. 600 Gauss siddetinde bir manyetik alanin uygulanmasi, plazma
bolgesi optik 1s1masinin milimetre dalga radyasyona karsi hassasiyetini 0.4 dB kadar arttirmistir. Daha
yiiksek manyetik alan degerlerinin denenmesi planlanmaistir.

Anahtar kelimeler: Terahertz, Plazma, Milimetre dalga, Manyetik alan

Experimental Demonstration of the Effect of the Externally Applied Magnetic Field on the Plasma
Optical Radiation Spectrum of the Glow Discharge Lamps which are used as milimeter
wave/Terahertz detectors

ABSTRACT: In this study, the optical emission from a Glow Discharge Device (GDD) lamp plasma that
is affected by both magnetic and milimeter wave electric field is observed and recorded. Milimeter wave
radiation has increased the optical emission by %3. Electromagnetic field has also increased the emission
by %5. A magnetic field of 600 Gauss has increased the optical emission sensitivity to milimeter wave by
0.4 dB. In the future, higher magnetic field values will be studied.

Keywords: Terahertz, Plasma, Milimeter wave, Magnetic field

GIRIS INTRODUCTION)

100 GHz - 10 THz arasindaki elektromanyetik frekans araligina Terahertz Band: denmektedir ve bu
band uzay teknolojisi, ila¢ sanayii, iletisim vb. uygulamalar igin gittikce dnem kazanmaktadir. THz
radyasyonunun plazmalar ile etkilesimi, THz radyasyonunun plazma ortaminda iletimi, yansimasi ve
absorpsiyonu simdiye degin cesitli calismalarda arastirilmistir (Lewis, 2014; Hafez ve dig., 2016).
Terahertz dalga sensorleri, iletisim, malzemelerin tanimlanmasi, goriintiileme, kalite kontrol veya
biyokimyasal gibi farkli uygulamalarda kullanilmaya baslanmistir. Giiniimiizde mikrodalga frekansi
katihal ve yariiletken teknolojilerinin gelismesi sonucu, milimetre ve milimetre alt1 dalga boyu sistemler
giderek yayginlasmaktadir. (Tonouchi, 2007). Ek olarak, dogrudan ve heterodin calisan diyot dedektorler,
Foto iletken genisbantli THz anten sensorleri, Termal sensorler, Schottky bariyer diyotlari, alan etkili
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transistor dedektorleri gibi degisik ol¢im teknikleri vardir. (Semerci T. ve dig., 2016; Ilin K.S. ve dig.,
2000). Manyetik alanin plazmalar {izerindeki etkisi de incelenmistir. Plazma ortami, nétr bir gaz tizerine,
elektronlar1 gaz atomundan koparmak i¢in yeterli miktarda enerji (elektrik alan) uygulandiginda ortaya
¢ikar. Plazma ortamlari, plazma yogunlugu, plazma frekansi, ¢carpisma frekansi ve plazma sicaklig1 gibi
parametreler ile karakterize edilir (Bellan, 2008). Bu parametreler, plazma ortamindan gecen
elektromanyetik dalganin iletimini, yansimasini ve sogurulmasini belirler. Bu nedenle, terahertz dalgasi,
belirgin bir sogurma etkisi ve yansima olmadan, THz tekrarlanmasina yakin yiiksek ¢arpisma frekansina
sahip yogun bir plazmay1 gegebilir (Yuan C.-X. ve dig., 2012). Ayrica, Parilti Desarj Lambalar (Glow
Discharge Device-GDD) Terahertz/milimetre dalga radyasyon sensorii olarak kullanilabilirler, bdylece
THz alic1 ve THz goriintiileme gibi uygulamalarda yer bulurlar (Sizov ve Rogalski, 2010; Sizov, 2010). Bu
nedenle, neon gosterge lambalar1 veya GDD'ler THz sinyalleri icin diisiik maliyetli dedektor olarak
oOnerilebilir (Haddad ve dig., 2013; Cinar ve dig., 2013; Abramovich ve dig., 2009; Rozban D. ve dig., 2008).

Terahertz teknolojisindeki gelismeler sayesinde tibbi tetkik, giivenlik taramasi, askeri tanima, radyo
uzay bilimi, iklimsel incelemeler, yiiksek hizli veri iletisimi, kimyasal ve biyolojik tespit alanlarina yonelik
uygulamalar ve ¢alismalar ortaya ¢ikmistir. THz dalgalarinin plazma ortaminda yayilma ozellikleri ve
plazma ile etkilesimi halen yeni uygulamalar bulunan ve her giin yeni yayin ¢ikan alanlardir.

THz spektrumunda son yillarda yeni kaynaklarin gelistirilmesi yeni uygulamalarin 6niin agmustir.
Terahertz kaynag1 olarak cesitli cihaz ve teknikler kullanilmaktadir; kat1 hal elektronik kaynaklari,
Kuantum $elale Cukuru Lazerler, ElektroOptik Rektifikatorler, Fotoiletken yapilar, vb. Bu ¢alismada kati
hal elektronik kaynag1 (Schottky Diyot) kullamilmistir. Schottky diyotlarimin dogrusal olmayan 6zelligi
sayesinde ile mikrodalga frekans: sinyaller frekans ¢arpma katlama yOntemi ile milimetre dalga ve
Terahertz frekanslarina ¢ikarilmaktadir..

Calismamizda, Milimetre Dalga/THz radyasyonunun GDD i¢indeki plazma alaninin optik 1s1mas1 ve
akim degeri iizerindeki etkisini inceledik. Onceki galismalardan farkli olarak, plazma bolgesini kapsayan
bir manyetik alan olusturulmustur. Manyetik aki siddeti B, deneyimizdeki diger bir etkendir. Manyetik
alan1 sabit bir miknatis veya elektromanyetik bir bobin ile elde etmek miimkiindiir. Fiziksel hareket
olmadan, akim degerini degistirerek manyetik aki siddeti degerini ve manyetik alan yoniini
degistirmenin kolay olmasi sebebi ile elektromanyetik bir bobbin tercih edilmistir.

MATERYAL ve YONTEM (MATERIAL and METHOD)

Terahertz tespit tekniklerinin gelistirilmesi ihtiyacin1 goz Oniine alarak, terahertz radyasyon ve
manyetik alanlarin soguk plazma GDD'ler tizerindeki etkileri, plazma optik emisyon spektroskopi teknigi
kullarnularak deneysel olarak arastirilmistir. Neon gosterge lambalar1 yani GDD'’ler terahertz radyasyonu
icin ucuz dedektorler olarak kullanilabilinir. Plazma halini maddenin doérdiincii hali olarak kabul
edilmektedir ve genelde yiiksek sicaklik veya fiizyon plazmasi ve diisiik sicaklik plazma olarak iki gruba
ayrilir. GDD iginde olusturulan plazma diisiik sicaklik plazma grubuna girmektedir. GDD igindeki
parildama veya pirilti desarji, bir elektrik alan1 etkisi ile diisiik basin¢h gazda olusan bir plazmadir. Gaz
karisimi temel olarak Argon ve Neon gibi asal gazlardan olusur ve basing oranlar tipik olarak 102 ila 10~
atm arasindadir. Bu desarj mekanizmasi, diisiik basingli vakum altinda elektrotlar {izerine bir DC voltaj
uygulanarak baslatilir.
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Sekil 1. Desarj Plazmalarinda Voltaj ve Akim arasindaki tipik iligki
Figure 1. Voltage-Current Relationship in the discharge plasma

Plazma ortaminda, 10® ve 106 Amper arasi (A-D) akim artarken elektrik alan voltaj degeri esik
degerinden (B’-B) sonra yavasca artar. 10° Amper degeri gecildikten sonra 1simali-pirilti- uyarim desarjt
gergeklesir. (D-G) araliginda akim ve gerilim iliskisi negatifdir, bu negative iliski sayesinde GDD’ler bir
kapasitor ile osilator olarak da kullanilabilinirler. (G-I) araliginda akim 1 Amper degerlerine yaklagir ve
pariltili 1s1ma elektrik arkina dontisiir (Tonouchi, 2007). Deneylerde kullandigimiz GDD lambalar 0.1 A
tizeri  akimlarda  elektrodlarin  yanmasi  sebebi ile ¢alismaz  hale  gelmektedirler.
Elektromanyetik (EM) spektrumda terahertz bolgesi (THz) (0.1 ila 10 THz), kizil6tesi ve mikrodalga bant
arasinda bulunur, terahertz radyasyon, milimetre ve milimetre-alt1 dalgalari, T 1sinlar1 veya THz aralif1
olarak adlandirilir.
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Sekil 2. Elektromanyetik Spektrum
Figure 2. Electromagnetic Spectrum

Gazlarda plazma hali, n6tr gaz atomlarindan bir veya daha fazla elektronu koparacak siddette elektrik
alan1 uygulandiginda meydana gelir. Plazma ortaminin parametreleri plazma yogunlugu, plazma
frekansi, plazma sicakligr ve carpisma frekansidir (Bellan, 2008). Bu parametreler, plazma icinden gegen
elektromanyetik dalganin iletimini, yansimasini ve emilimini etkiler. Terahertz radyasyonu, belirgin bir
emme giicii ve yansima olmadan THz tekrarlanmasina yakin yiiksek carpisma frekansina sahip yogun bir
plazmay1 gecebilir (Yuan ve dig., 2012; Yuan ve dig., 2010). Ayn1 sekilde, homojen olmayan carpisma
frekansi degerine sahip bir plazma ortamindan terahertz radyasyonu kayipsiz gegebilir. DC akim ile
olusturulmus Pariltilh Desarj Plazma ortaminda terahertz dalganin iletimi, plazmanin elektrik alaninin
yonii ve dalganin polarizasyonuna baghidir. Ayni zamanda, Pariltili Desarj Plazma igeren GDD
komponentlerin THz dalga siddetine orantili olarak GDD {iistiinden akan akimda goriilen degisimin
hassasiyeti [mA/mW], GDD igindeki elektrik alanin THz dalganin polarizasyon yonii ile parallel oldugu
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oranda artmaktadir. Plazma ortamindaki dogrusal olmayan iligkilerden dolay1 THz dalga polarizasyonun
plazma elektrik alan yoniine dikey oldugu durumda da az da olsa degisim hassasiyeti goriilmektedir.

Manyetik alan kuvveti B, ¢alismada test edilen ana etkendir. B Manyetik alami tabii bir miknatis veya
elektromanyetik bobin ile elde edilebilir. Deney diizenegini géz oniinde bulundurarak kullanim kolaylig1
acisindan elektromanyetik bobin tercih edilmistir. Manyetik aki yogunlugu olarak en az B = 200,300 Gauss
hedeflenmis olup, tel capina gore (@ = 0.361 mm) veya Amerikan standardi (AWG No: 27) kullanilmus,
cerceve boyutlar: (d_i¢ =28.0 mm, ¢ =12.0 mm, b = 27.0 mm) olarak tasarlanmistir. D_i¢ i¢ cap, ¢ bobinin
yiiksekligi, b bobinin genisligi ve N bobin sarim sayisi (N = 2016 n). Olgiilen direng yaklasik olarak R = 44
Q olmustur. Maksimum akim degeri (I), DC gii¢ kaynaginin maksimum degeri 30V bagh olarak;

1.30V=(30V)/ (44 Q)=0.681 Amp = 681.8 mA

Solenoidin orta noktasinda DC manyetik aki yogunlugu B;

B_orta=pol* (N /L)

Boylece, 30 VDC gii¢ kaynag1 kullanarak solenoidin orta noktasinda bir DC manyetik aki yogunlugu
tahmin edebilir. N =2016 n, L =b = 27mm, ve I_30V = 0.6818 Amp ise, maksimum B degeri= 639.72 Gauss
cikar.

(a) (b)
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Sekil 3. (a) Iki solenoid bobin arasindaki manyetik aki dagilimu. (b) Deneyde kullanilan bobinler.

Figure 3. (a) Magnetic flux distribution between two solenoids (b) The solenoids used in the experiment

Tek bir solenoid bobini kullanildiginda, eksen merkezinden uzaklastikca manyetik alan yonlerindeki
bozulma olacagindan ve manyetik alan uygulayacagimiz GDD lambasina ayn1 anda milimetre dalga/THz
dalgas1 uygulanabilmesi i¢gin iki adet bobin kullanmay: tercih ettik (Sekil 3b). Zit akimh iki solenoid
arasindaki mesafe az oldugunda, eksen manyetik alan yonii eksen (Sekil 3a) boyunca kalmaktadir.
Birbirine bakan iki simetrik EM bobbin arasindaki bosluga eksen ile ayni yonde GDD lambasin
yerlestirilmistir.

Calismada kullanilan pariltili desarj dedektorleri, GDD, (Neon Gosterge Lambalari) igerisinde
abnormal plazma bolgeleri olusmaktadir (Sekil 4). GDD'ler, cam tiip icinde iki paralel tungsten elektrot
icermektedir, 102 atmosferde Argon ve Neon gaz karisimi bulunan GDD i¢ yiizeyi, optik 1s1ma rengini
kirmizi-infrared den yesile ¢evirmek i¢cin floresan fosfor kaplidir. Ayrica, GDD diisiik maliyeti nedeniyle
ucuz bir mikrodalga/milimetre dalga/THz sinyali dedektorii olarak kullanilmaktadir.

Sekil 4. GDD (Neon Gosterge) Lambasi
Figure 4. GDD or Neon indicator lamps
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GDD igindeki abnormal plazmadan yayilan optik 1simanin spectrum degerlerini 6l¢mek ve
kaydetmek i¢in, genis 6l¢lim aralikl1 UV / VIS / NIR (Dalga boyu araligi 200 - 1100 nm) AvaSpec ULS3648
StarLine Spektrometre kullamilmistir. Spektrometre 151k siddeti Olglimleri, bilinen kalibrasyon 1sik
kaynagina (UW / cm? cinsinden) goreceli olarak 1simim verilerine gevrilmistir.

Abnormal plazma optik 1s1masi tizerinde milimetre dalga/terahertz dalgasi ve manyetik alanin bilesik
etkisini incelemek icin, sekilde gosterildigi gibi, iki elektromanyetik bobin, GDD lambasi, milimetre
kaynak sistemi ve spektrometre kullanilmistir. Elektromanyetik aki kaynagi olan EM bobinler arasindaki
1 cm’lik araliga, ayni eksen tlizerinde olacak sekilde iizeri silindirik siyah kagit kapli GDD lambasi
yerlestirilmistir. D1 ortamdaki 151k degisimlerinin Spektrometre dl¢iimlerini etkilememesi i¢in fiber optik
kablo baglantili olan 1s1n toplayici lens bu sekilde izole edilmistir ve sadece GDD {izerindeki optik 1s1may1
toplamistir. GDD lambasi, seri baglantili 5.6 kilo ohm’luk bir direng ile 120VDC kaynaga baglanmuistir.
GDD lambast iizerindeki ortalama DC akim 10mA’dir.

Mmwave GDD EM
Field
Transmitter Lamp
UV-VIS Ll lens
Spectrometer /

Fiber Cable

Milimetre
§ Dalga Diyot

EM
Bobinler

Isima Toplayici
Lens ve

Spektrometre

fiber kablosu

Sekil 5. Deneysel Diizenegin Fotografi ve Semasi
Figure 5. Photograph and schematics for the experimental setup

GDD lambasina yan tarafdan, horn anten aracilig1 ile 300mW giiciinde 60GHz milimetre dalga sinyali
yonlendirilmistir. 4 cm mesafede birim alan milimetre dalga siddeti yaklasik 210mW/cm? veya 2.1
mW/mm? hesaplanmistir. Bu yerlesimde EM manyetik alan1 GDD elektrik alanina dik konumda, GDD
elektrik alan1 ve milimetre dalga polarizasyonu paraleldir. Siyah silindirik kagit boru ile GDD {izerindeki
optik 1s1ma, 151ma toplayicr lens ve fiber optik kablo (UVIR)ile spektrometreye aktarilmaktadir.
Spektrometre Ol¢iimleri USB kablo ile bilgisayara kaydedilmistir. Deney esnasinda i) manyetik alan (EM)
ve milimetre dalga (MD) uygulanmamis (baz), ii) manyetik alan uygulanmis ve milimetre dalga
uygulanmamis, iii) manyetik alan uygulanmamis ve milimetre dalga uygulanmis, iv) manyetik alan ve
milimetre dalga uygulanmis olarak GDD optik 1sima spektrum analizleri yapilmistir. Indiiktif 1ssnma
nedeni ile GDD akim degeri 0.3 A degerine smirlanmigtir, bu deger karsiligi olan toplam manyetik aki
yogunlugu yaklasik 600 Gauss eder.

GDD

Lambasi

Sekil 6. GDD lambasinin konumunun detay1
Figure 6. Detail of the GDD lamp position
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Spektrum ol¢limlerinde Neon emisyon dalgaboyu olan kizil6tesi 821.0 - 825.0 nm spektrumu tizerinde
durulmustur (Cizelge 1), bu dalgaboyu aralig: yiiksek bir 1i51nmim degerine sahiptir. Kalibreli kaynaga gore
diizeltilmis optik 1s1mim siddet yogunluklar: dalgaboyuna (nm) 1s1k siddeti (dBmW) cinsinden grafikler
ile verilmistir (Sekil 7).

Cizelge 1. Neon emisyon spektrumu (821.0 — 825.0 nm) (Bellan 2008).

Table 1. Neon Emission Spectrum

Ion Dalga boyu Aki Ei Ek Lower Level Upper Level
(nm) (s1) (eV) (eV) Conf. Conf. 8¢
Ne Il 821.3046 36.1788192 37.68800503 2s2p*(°P)4p 2522p*(3P)5s 4
Ne Il 821.45712 34.63187023 | 36.14077580 252p*(°P)3d 2s2p*(°P)4p 6
Ne VIII 821.7 2.32e+06 [140.76269] [142.2711] 1s23p 1s23d 6
Ne IX 822.1 4.25e+05 1071.8384 1073.3461 1s3p 1s3d 5
Ne II 824.4328 36.1788192 37.68227852 2s2p*(°P)4p 2522p*(°P)5s 2
Nel 824.86823 18.63679141 | 20.13945716 2522p5(2P°312)3p 2522p5(2P°112)3d 3
BULGULAR (RESULTS)
Dalgaboyu (nm)

<

E

o

-

5

2

EM MDD = EM ve MD == Baz

Sekil 7. Optik Isima Spektrum Dagilimi
Figure 7. Optical Radiation Spectrum Distribution

Baz Spektrumuna gore diger spektrum Ol¢limlerinin oransal ve logaritmik fark grafikleri elde
edilmistir. Sonuglar, sekil 8. de ve 9. da verilmistir. Sekillerde EM, sadece elektromanyetik alanin
uygulandigi, MD, sadece milimetre dalganin uygulandigi, EM ve MD hem manyetik alanin hem
milimetre dalganin uygulandig1 durumdur.
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Sekil 8. Spektrum degerlerinin Baz spektrum degerine dogrusal orani
Figure 8. Linear ratios of the spectra with respect to the base spectrum

Milimetre dalganin (MD) tek basina uygulandig1 zaman spektrumda goriilen etkinin goreceli olarak
%3 civar1 oldugu goriilmektedir. Buna karsin, elektromanyetik alanin (EM) etkisi ile 1stnimda %5’1ik bir
artig olugsmaktadir. Elektromanyetik alan uygulanmakta iken, milimetre dalganin uygulanmasinin pozitif
bir etki yaptig1 ve 1is1mada ek bir artis oldugu goriilmiigtiir. GDD plazma yogunlugu, hem manyetik alan
hem de milimetre dalganin etkisi ile artmis ve bu 1s1mada pozitif bir etki yapmuistir. Bu fark yaklasik 0.4dB
bir kazanca karsilik gelmektedir.
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s EM [ Baz

[
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E 7
1.00E-0 EM ve MD / Baz /./ \
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0.00E+00 & 4 e

821.600 2227100 223,100 823.600 824,100
-5.00E-08
Dalgaboyu (nim)

-1.00E-07

Sekil 9. Watt cinsinden EM, MD, EM ve MD Spektrum-Baz Spektrum Farklar:
Figure 9. EM, MDD, EM and MD spectra — base spectrum difference in W
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SONUCLAR (CONCLUSIONS)

GDD lambalarin milimetre dalga/THz dedektorii olarak kullaniminda artik GDD plazma optik
1simada milimetre dalga sinyale bagli olarak goriilen degisim tizerinde yogunlasilmaktadir. Bu ¢alisma
ile harici bir manyetik alan uygulanmasimin GDD plazma optik 1s1masi {izerinde pozitif bir etki olabilecegi
gosterilmistir. Gelecek calismalarda manyetik ve milimetre dalga ¢ok yiiksek frekans harici elektrik
alanin, GDD plazma elektrik alaninda olan etkisinin teorik olarak incelenmesi, daha yiiksek
elektromanyetik aki yogunluklarinin uygulanmasi ve farkli frekans milimetre dalga/THz kaynaklarin
denenmesi lizerinde durulacaktir.
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OZ: Giiniimiizde hizla artan niifusun hizli, ekonomik, giivenilir ulagim taleplerini karsilamak giin gegtikce
gii¢ hale gelmistir. Karayolu ulasimina ek olarak, demir yolu ve havayolu ulasimi da bu talebi karsilamak
i¢in gelisme gostermistir. Giin gectik¢e yayginlasmakta olan havayolu ulasimi; insanlarin daha hizl,
ekonomik, giivenilir sekilde seyahat edebilmelerini saglamaktadir.

Havalimani yapilmak istenen yerin belirlenmesi asamasi oldukca karmasik bir problemdir. Analitik
Hiyerarsi Prosesi (AHP) bu problemlerin ¢6ziimiinde kullanilan bir karar verme yontemidir. Bu
calismanin amaci, Bayburt ve Glimiishane illerinde havalimani yapilabilecek en uygun alanlarin Cografi
Bilgi Sistemi (CBS) ve Cok Kriterli Karar Verme (CKKV) yontemlerinden en ¢ok kullanilan ‘Analitik
Hiyerarsi Prosesi” kullanilarak belirlenmesidir.

Anahtar Kelimeler: Cok 6l¢iitlii karar verme, Analitik hiyerarsik proses (AHP), Havaalam yer secimi, Cografi bilgi
sistemi (CBS)

Use of Geographic Information Systems (GIS) and Analytical Hierarchy Process (AHP) in Airport
Location Selection

ABSTRACT: Today, it has become increasingly difficult to meet the rapid, economic, reliable
transportation demands of the rapidly growing population. In addition to road transport, rail and airline
transport have also shown improvement to meet this demand. Airline transportation, which is becoming
more and more widespread day by day; It enables people to travel faster, economically and reliably.

The determination of the location of the airport is a very complex problem. Analytical Hierarchy Process
(AHP) is a decision making method used to solve these problems. The aim of this study is to determine
the most suitable areas of airport in Bayburt and Giimiishane provinces by using Geographical
Information System (GIS) and Analytical Hierarchy Process which is the most widely used of Multi-
Criteria Decision Making methods.

Key Words: Multiple criteria decision making, Analytical Hierarchical Process (AHP), Airport location selection,
Geographical information systems (GIS)

GIRIS INTRODUCTION)

Ulasim, ge¢misten beri insanlik i¢in ekonomik ve kiiltiirel agidan 6nem tasimaktadir. Diinyada en
hizli gelisim gosteren bolgeler yeterince ulasim agimna sahip bolgeler olmustur. Giiniimiizde ugak
mithendisligi alanindaki teknolojik gelisim, daha biiyiik, daha hizli ve daha giivenli ucaklarin tasarimiyla

T birlikte hava tasimaciligi tiicretlerinde OSnemli bir diisiis ve modern
.;.‘“K—"% toplumun zamana daha fazla deger vermesiyle sonuclanmis, bu da son
'(:T ' \a yillarda hava tasimacilig1 sektoriiniin katlanarak gelismesine yol a¢gmuistir.
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Uretilen bu 6nemli yolcu tagima talebi diinyadaki havaalani altyapisinin iyilestirilmesi igin gereksinimlere
doniismiistiir. Gelismekte olan {ilkeler icin, hava tasimacilig1 gelisimi hayati 6neme sahiptir, ¢iinkii
izolasyonun kaldirilmasinin yan sira iilkenin ekonomik kalkinmasina da énemli katk: saglar. Bu durum,
tur operatorlerinin tercihen dogrudan ucuslar kullanarak yurtdisindaki turistlerin ¢ogunlugunu hava
yoluyla tasima egilimi nedeniyle, mevcut havalimanlarinin sayisinin yiikseltilmesi igin siirekli bir talebe
yol agmistir. Bu nedenle son yillarda Tiirkiye’de de havalimani sayis1 artirilmaya baslanmustir.

Havaalanlari, ¢cogu zaman gevre {izerinde 6nemli etkileri olan 6nemli ulastirma projeleri olarak kabul
edilmektedir. Belirli bir bolgedeki aday havaalam sahalarinin arastirilmasi sirasinda, bir dizi ¢evresel,
operasyonel kriterler, arazi kullanim planlamasi ve kiiltiirel kriterler g6z 6niinde bulundurulur. Bir
havaalan1 yeri se¢iminde; riizgar Ozellikleri, mevcut karayolu ag: ile olan etkilesim, havalimaninin
cevresindeki topografyadan kaynaklanan engeller énemli kriterler olarak siralanabilir. Bu nedenle, bu
kriterler g6z oniinde bulundurularak insasina baslanacak havaalani icin uygun yerin segilmesi énemli bir
karar verme asamasidir.

Yer seciminde yaygin olarak kullanilan en temel yontemlerin basinda ¢ok olgtitlii nicel karar verme
yontemleri gelmektedir. Cok 0l¢iitlii karar verme (COKV) yontemleri ile birden fazla amacin en iyisinin
bulunmasi hedeflenmektedir. Bilimsel calismalarda en sik kullanilan COKV yéntemlerinden biri de
1970’lerde Prof. Thomas L. Saaty tarafindan gelistirilen Analitik Hiyerarsi Siireci (AHP) dir (Lobo ve di§.,
2016). Aydin ve dig. (2009), Ankara’da kurulmasi hedeflenen yeni bir hastane i¢in yer secimini, bu
konudaki uzman goriislerinin yardimiyla belirlenen kriterlere gére, AHP ile modellemis ve bu konuda
onerilerde bulunmuslardir. Mohajeri ve Amin (2010), AHP ve veri zarflama analizi (DEA) yontemlerini
kullanarak, kuzeydogu Iran'daki Mashhad sehrinde yapilacak bir tren istasyonu igin en uygun yeri
bulmaya ¢alismislardir. Bu amagla, 26 kriter ve bes (potansiyel) yer adayini kullanmis ve AHP uygulamasi
gergeklestirerek tren istasyonu icin yer dnerisinde bulunmuslardir. Erbiyik ve dig. (2012), Tiirkiye’de bir
perakende magaza yeri se¢imi igin kriterler tanimlamislar ve kriter secim modelini AHP yontemi ile
kurmuslardir. AHP yontemi ile gercek is hayatinda siit {irlinlerine ait perakende magazalarinin en uygun
yerini se¢gmeye ¢alismiglardir.

Vahidi ve dig. (2014), calismalarinda Bulamik Analitik Hiyerarsi Siirecini (FAHP), Charmshahr adli
bir sanayi bolgesi igin en iyi atik bertaraf yonteminin secilmesinde kullanmislardir. Bu bolge, cogu deri ve
tabakhane endiistrisi olan 200'den fazla fabrika icermektedir. C6p toplama, geri doniisiim, Atik Kaynakl
Yakit yakma ve geleneksel yakma olmak tiizere dort alternatifi, bertaraf yontemleri olarak kabul
etmiglerdir. Ikili karsilagtirmalari, bireysel uzmanlarin maliyet, teknik giivenilirlik, fizibilite, atik
tutarliligy, cevresel etkiler, sosyal bakis agilari, mevcut bilgi ve bakim gibi sekiz kritere iliskin kararlarina
dayanarak yapmiglardir. Cevresel etkilerin agirligimi en fazla, sosyal konularin agirigim ise en az
se¢mislerdir. Sonuglar olarak, Ozellikle ekonomik sorunlar, fizibilite ile su ve toprak kirlilikleri
bakimindan, topragi doldurmayi, Charmshahr sanayi bolgesi icin en uygun bertaraf yontemi olarak
se¢mislerdir.

Ince ve dig. (2016), yeni bir &zel saglik kurulusuna ihtiyact oldugu diisiincesiyle Tuzla ilgesinde
kurulmasi planlanan saglik kurulusu igin en iyi yer se¢imini gerceklestirmek amaciyla AHP ydntemini
kullanmislardir. Lobo ve dig. (2016), faaliyetlerini genisletmek i¢in ii¢ konumdan olusan bir tesis kurmak
i¢in en iyi yeri segmek isteyen bir girkete yardimci olmak amaciyla, AHP'yi miilk fiyat, tedarik¢ilerden
uzaklik, is havuzunun kalitesi ve is¢ilik maliyeti gibi dort kriter goz oniine alarak kullanmislar ve en
uygun yer Onerisinde bulunmuslardir. Al-shabeeb (2016), kurakligin etkisinde olan Urdiin Azraq
havzasinda olasi su toplama alanlarini belirlemek i¢cin AHP yontemini Cografi Bilgi Sistemleri (CBS) ile
biitiinlesmis bir sekilde uygulamis ve su toplama igin uygun alanlarin gosterildigi bir sonug haritasi
iiretmistir. Ding ve dig. (2017), kentlerde kullanilan Talep Duyarli1 Gegis (DRT) rotalarini optimize etmek
icin AHP temelli cok amagh optimizasyon onermislerdir. Optimizasyonun hedefi, hem transit aglarinin
kapsama oranini hem de transit gegis katilim oranini ayni anda en tist diizeye ¢ikarmak olarak belirlenmis
ve sonuglar Onerilen ¢oklu hedefli optimizasyon modelinin, kentsel gecis sistemlerinin katki oranini ve
hizmet seviyesini iyilestirmedeki timit verici performansa sahip oldugunu gostermistir. Atthirawong ve
MacCharty (2017), AHP kullanarak bir uluslararas: saha se¢imini degerlendirmek i¢in yapilandirilmis bir
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model 6nermislerdir. AHP tabanli modelin iki sirket ile kullanilabilirlik degerlendirmesini ele almislar ve
modelin etkinligini, Tayland'da yabanci bir katilimciya sahip bir sirket kullanarak gostermislerdir.
Jalilzadehazhari ve dig. (2017), kapali mekanlardaki pencere panjurlarinin se¢ciminde AHP’yi, gorsel,
termal, enerji ve yasam dongiisii maliyeti arasindaki degisime dayanarak se¢mek i¢in kullanmislar ve
AHP’nin bu tiir problemleri yonetebilme kabiliyetini ortaya koymuslardir.

Obeidat ve dig. (2017) alismalarinda, AHP kullanarak miisterilerin Urdiin’de satin almak i¢in uygun
bir daire se¢melerine yardimci olmaktadir. Calisma verileri Urdiin’e ait olsa da diinya ¢apindaki insanlar
bu calismanin sonuglarindan faydalanabilecek niteliktedir. Tki yonlii bir metodoloji kullamlmustir. Tk
olarak, Urdiin'deki emlak sektdriindeki bes yatirrmcidan, miisterilerin daire satin alirken goz 6niinde
bulundurduklar1 6zellikler hakkinda geri bildirimler alinmistir. Ikinci olarak, birkag miigteriye, Urdiin
emlak piyasasinda bulunan 10 farkli daire alternatifinin onceliklerini elde etmek i¢in 305 katilimcidan
toplanan ikili bir karsilastirma anketi kullanilarak hayal ettikleri daire tercihleri sorulmustur. AHP
teknigi, miisterilerin en iyi satin alma kararina ulagsmalarina yardimei olmak igin toplanan verileri analiz
etmek i¢in kullanilmistir.

Harwati ve Utami (2018), yeni bir pazarlama magazasinin yerini se¢gmek i¢in mekana uzaklik, rakiple
rekabet seviyesi, potansiyel miisteri sayisi ve kira maliyeti gibi dort dnemli 6l¢titii kullanmiglardir. AHP
yontemi ile optimum yeri belirlemek i¢in nicel veriler kullanmislar ve ii¢ alternatif yer arasinda en uygun
konumu se¢mislerdir.

Sennaroglu ve Celebi (2018) calismalarinda, askeri bir havaalami igin ¢ok kriterli karar verme
yontemlerini kullanarak bir yer se¢imi problemini ¢6zmdiislerdir. Calismada, aday yerler arasindaki en iyi
yeri tespit etmek amaciyla dokuz ana kriter ve otuz {i¢ alt kriter, sadece iklim, cografya, altyaps, giivenlik
ve ulasim gibi askeri bir havaalaninin gereklilikleri degil, ayn1 zamanda gevresel ve sosyal etkiler de
dikkate aliarak belirlenmistir. Olgiit agirliklart AHP kullanilarak belirlenmis ve dort alternatif icerisinden
uygun olani segilmistir.

Bu calismada da, havaalani yeri i¢in sunulan alternatiflerden uygun olanini se¢cmek amaciyla CBS ile
biitlinlesik bir AHP yontemi kullanilmistir. Bunun i¢in Havaalam planlamasinda “T.C. Ulastirma
Bakanliginin Havaalanlarinin Planlama ve Tasarim Teknik Esaslar1 ve Sivil Havacilik Teskilat1 - Havaalani
Planlama Kilavuzu” incelenerek yer se¢iminde kullanilmasi gereken en temel kriterler belirlenmistir. Alt1
adet kriter igin ikili karsilastirma matrisleri olusturulmus, kriterlerin agirlik matrisleri hesaplanmis ve
alternatiflerden uygun olan onerilmis ve uygun alanlarin gosterildigi bir sonug haritas: tiretilmistir.

MATERYAL VE METOT (MATERIAL AND METHOD)

Calisma, Gilimiishane ve Bayburt illerinde gerceklestirilmistir. Calismanin bu illerde
gerceklestirilmesinin nedeni, bu illerde ¢alisma basladiginda gercek bir havaalani insasina baslanmis
olmasidir. Nitekim ¢alisma sonucu da ingasina baslanilan yerin uygunlugunu dogrulamaktadir.
Calismada kullanilan materyaller: Glimiishane ve Bayburt illeri i¢in niifus yogunluk bilgileri, meteorolojik
veriler (sicaklik, yags), yiikseklik, egim bilgileri ve kara ulasimina ve il merkezlerine erigim bilgileridir.

Analitik Hiyerarsi Siireci (Analytical Hierarchy Process)

AHP, karar vericinin mevcut tiim alternatifleri, bunlara ait t{im kriterlere gore degerlendirerek, goreli
kriterlerin 6nem durumlarina ikili karsilastirmalar yapmasi esasina gore calismaktadir. AHP'nin
hiyerarsik yapisina gore, karar vericinin hedefi en iist seviyededir. Hiyerarsik yapida alt seviyelere dogru
inildikge kriterler ve bu kriterlere ait alt-kriterler bulunmaktadir. Hiyerarsi seviyesi diistiikge alt kriterlere
ulasilmakta ve bu kriterlerin ayrintilarina inilmekte, baska bir deyisle belirginlesmektedir.

AHP uygulamasinda oncelikle kriterlerin ikili kargilastirma matrisleri olugturulmalidir. Tkili
kargilagtirma matrisi, AHP'nin asil verilerini olusturmaktadir. Matris, biitiin alternatiflerin, tiim alt-
kriterler altinda mukayese edilmesine dayanmaktadir. Her bir seviyedeki kriterler, bir sonraki iist seviye
kriterine gore onemi bakimindan ikili bir sekilde kargilagtirilir. Hiyerarsinin tepesinden agagiya dogru
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islem devam ederken, belirli bir seviyedeki ikili karsilastirmalar asagidaki gibi ¢oklu kare matrislere
(k =k f]nxn) indirgenebilir:

Kll K12 K13
KZl KZZ K23
K3l K32 K33

Karsit 6zelliklere sahip matris R = [KL] asagidaki gibidir:

ij nxn
r 1t 1
I1(11 KlZ K13|
I 1 1 1 I
|K21 Koz Ko
|1 1 1|
K, Ki Ki

HP'de, Saaty (1980) 'de 6nerildigi gibi, 6znel ikili karsilastirmalar yapmak icin 6nem derecesine gore
1'den 9'a kadar numaralandirilmis bir olgek kullanilir (Tablo 1). Ik olarak, tiim ikili karsilastirma
matrisleri olusturulur. Sonra, prosediirii temelinde agirhk vektorii W =
Wy, W, .., W,]lhesaplamir. Agirliklarin hesaplanmasi iki adimda gergeklestirilir: (1) normalize
edilmis ikili karsilastirma matrisi olusturulur ve (2) agirliklandirilmis matris olusturulur. Tablo 1’de
oransal onem Olgegi, ikili karsilastirma igin Saaty tarafindan gelistirilen 1-9 6lgegine gore tanimlanmustir.

Saaty’nin 6zvektor

Cizelge 1. 9 puanlik goreli onem 6lcegi ve aciklamalar: (Saaty, 1980)

Table 1. 9-point relative significance scale and explanations

Onem élgegi Tanim Acgiklama
1 Esit derecede 6nemli Iki secenek esit derecede 6neme sahiptir.
3 Orta derecede 6nemli Tecriibe ve yarg: bir kriteri digerine kars1
biraz tistiin kilmaktadr.
5 Kuvvetli derecede Tecriibe ve yarg: bir kriteri digerine kars1
Oonemli oldukga tistliin kilmaktadar.
7 Cok kuvvetli derecede Bir kriter digerine gore iistiin sayilmstir.
onemli
9 Kesin 6nemli Bir kriterin digerinden iistiin oldugunu
gosteren kanit ¢ok biiyiik glivenirlige
sahiptir.
2,4,6,8 Ara degerler Uzlagma gerektiginde kullanilmak tizere iki
ardisik yargi arasindaki degerlerdir.
Yukaridaki sifir olmayan | Ters karsilastirma igin
sayilarin karsitlar kargitlar

Olusturulan ikili kargilastirma matrisi K = [Kij]nxn’ normalize dilmis bir ikili karsilagtirma matrisi

elde etmek icin matris igindeki her bir elemanin siitun toplamina boliindigii (1) esitligi kullanilarak
normalize edilir (Chen, 2006; Bunruamkaew, 2012).

K Ny

— 3]
Nij = g | Naa
i=1"1) N31

N12
N22
NSZ

Ni3
Na3
N33

)
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Biitiin j degerleri i¢in de (1) esitligi uygulanir.
Agarliklar, matrisin normalize edilmis siitunlar: toplaminin agirliklandirilmis matrisi elde etmek igin
kullanilan kriter sayisina (n) boliind{iigii (2) esitligi kullamilarak hesaplanir (Bunruamkaew 2012).

n Wll
Wij = 2=y [lel ()
n
Wis
Biitiin i degerleri i¢in de (2) esitligi uygulanir.
Tutarlilik vektoriinii elde etmek igin, ikili karsilastirma matrisi agirlik vektorti ile ¢arpilir; yani,
Ki1 Kiz Kiz W11 Kiq
Kz1 Kzz Kos|x [Wiz| = |Kiz ©)
K31 K3z Kz Wi Ki3
Ardindan, agirlikli toplam vektorii kriter agirligina boliinerek elde edilir;
1
Ky, = e [K11Wi1 + KioWoq + Ki3Wa4]
11
1
Ky, = W [K21 Wit + KpoWaq + Kp3Wayq] 4)
Ky,, = —[K31W11 + K5, W)y + K33Ws4]
W31
Agirlik vektorii W ile ikili karsilagtirma matrisi K arasinda asagidaki gibi bir iliski vardir (Chen, 2006);
Ky = AmaxW

Karsilastirma matrisinin maksimum 6z degeri olan A_max degeri (Mikhailov ve Tsvetinov 2004)
AHP'de 6nemli bir dogrulama parametresidir. Hesaplanan vektoriin tutarlilik oranini (CR) hesaplayarak
bilgileri yansitmak i¢in referans indeksi olarak kullanilmaktadir (Chen 2006). A, (6) esitligi kullanilarak
formiile edilen tutarlilik vektoriiniin degerinin ortalamasi alinarak elde edilmektedir (Bunruamkaew
2012).

A= Z?:lKvij (5)

CR'yi hesaplamak igin, n'inci dereceden her bir matris igin tutarlilik indeksi (CI), esitlik (7) ile elde
edilebilir (Chen, 2006).

Cl = 2max ©)

n-1
Sonra CR, CI ve RI'nin birbirine orani olarak esitlik (7) ile verilebilir;

CI
CR=— 7)
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Burada RI, rastgele olusturulmus bir ikili karsilastirma matrisinden elde edilen rastgele tutarlilik
indeksidir. Tablo 2, 1'den 15'e kadar olan matrisler icin RI degerlerini gostermektedir (Saaty, 1980).
Herhangi bir seviyedeki herhangi bir daha yiiksek deger (RI > 0.01), karar vericilerin kararlarini1 yeniden
incelemeye gerek duydugunu belirtir (Bunruamkaew, 2012), bu durumda Analitik Hiyerarsi Siirecinin 3.
adimdan baslayarak gozden gecirilmesi ve revize edilmesi gerekmektedir (Sekil 1) (Chen, 2006).

Cizelge 2. N=1-15 icin rastgelelik index degerleri (Saaty, 1980)
Table 2. Randomness index values for N=1-15

Random Index (RI)
N 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
RI [ 0.00]0.00 058|090 (112|124 |132|141 (145|149 | 151|148 | 1.56 | 157 1.58

Bir karar verme probleminde yer alan tiim kriterlerin ikili karsilastirmalarinin toplam o6l¢iitiinii
olusturmak icin, bireysel degerlendirmelerin (8) esitligi kullanilarak ortalamasi alinmaktadir.

h q
ki = / a=1 k3 (8)

Burada kiqj, birq(q = 1,2,3, ..., Q, kriterinin K matrisinin bir elemani, ve k?jptﬁm k?jkriterlerinin
aritmetik ortalamasidir. Grup CR esitlik (6) ve (7)’e gore hesaplanmaktadir (Saaty 1980; Chen, 2006; Akalin
ve dig., 2013).

BULGULAR (RESULTS)

AHP yontemine gore yer seciminin yapilabilmesi i¢in &nce kriterler belirlendi ve hiyerarsik diizen
olusturuldu. Daha sonra kriterler arasinda ikili karsilastirmalar yapildi. Elde edilen ikili karsilastirma
matrislerinden normalizasyon matrisleri olusturuldu. Normalizasyon matrislerinden de 6ncelik
vektorleri hesaplandi. Ikili karsilagtirmalarin, kendi igerisindeki tutarliligini kontrol etmek iginde
tutarhilik testleri yapildi. Tutarlilik orani, karar vericilerin ikili karsilastirmalar sonucunda elde ettikleri
kararlarin giivenilirligini sorgulamak igin hesaplanmaktadir. Bu oranin degeri 0,1 veya daha kiigiik bir
deger olmas1 durumunda, ¢ift yonlii karsilastirmalar kabul edilebilir bir tutarliliga sahip olarak varsayilir.
Deger 0,1'in iizerinde ¢ikmasi sonucun giivenilir olmadiginin ve tutarsiz kararlarin gostergesidir. Bu
calismada hesaplanan tutarliik oraru CR= 0.0288’dir. Tutarlilik orami sagladiktan sonra karar matrisleri
olusturulmustur. En son yapilan agirliklandirma sonucunda elde edilen etki agirliklar: kullanilarak
ArcGIS programinda analizler yapilarak, yer se¢imi i¢in uygunluk haritas: elde edilmistir.

Ulkemizde son yillarda dzellikle niifus yogunlugu yiiksek olan kentlerde havayolu ile seyahat eden
yolcu sayisinda 6nemli bir artis meydana gelmistir. Bu nedenle, havaalani yer se¢imi i¢in niifus yogunlugu
o6nemli bir kriterdir. Sekil 2 (a), da goriildiigi gibi niifus yogunlugu, Glimiishane ilinin merkezi ve Kelkit
ilgesinde daha fazladir.

Yiiksek sicakliklarin goriildiigii bolgelerde daha uzun pistlere ihtiya¢ olmaktadir. Yiiksek
sicakliklarda havanin yogunlugunun diismesi nedeniyle, ugagin itis giicli azaltmaktadir. Bu durumda
ucagin kalkisi i¢in harcanan gii¢ ve enerji sarfiyati yiikselmekte ve verimlilik diismektedir. Sekil 2(b)’ye
gore ortalama sicaklik degeri, Bayburt il merkezi ile Demirozii ve Aydintepe ilgelerinde daha diisiik
aralikta oldugu icin havalimani yapimina daha uygundur.
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Havaalan yer se¢imi sirasinda arazinin topografik yapisi goz éniinde bulundurulmalidir. Yiikseklik
fazlalastik¢a hava yogunlugu artmakta ve dolayisiyla bu durumda pist uzunlugunu artirmaktadir. Giiler
(2014) tarafindan yapilan ¢alismaya gore, deniz seviyesinden her 1000ft yiikselme igin pist %7
uzatilmalidir. Yiikseklik arttik¢a, goriis acisi azalabilir, insaat maliyeti artabilir. Sekil 2(f)'e ye gore
yiikseklik agisindan uygun bolgeler; Giimiishane'nin Siran Ilgesi, Kelkit ilgesinin kuzeyi, Kose ilgesinin
glineydogusu ve Bayburt ilinin kuzeybatisi olarak goriilmektedir.

AMAC
(EN UYGUN YER SECTMD)

v

VER] TOPLAMA

v

KISIT FAKTORLERI

DEGERLENDIRME KRITERLERININ
BELIRLENMESI

Sekil 1. Havaalani yer se¢imi icin islem stireci
Figure 1. Process for airport location selection
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Sekil 2. a) Niifus yogunlugu haritas1 b) Sicaklik haritasi c) Yagis haritasi d) Il merkezine uzaklik haritas

e)Karayollarina yakinlik haritasi f) Yiikseklik haritas: g) Egim haritasi
Figure 2. a) Population density map b) Temperature map c) Rainfall map d) Distance map to the city center
e) Proximity map to highways f) Elevation map g) Slope map
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Egimi fazla olan bolgelerde ugak pistlerinden alinan verim diismektedir. Egim, arazinin drenaji ve
tasarim, yapim agisindan Onemlidir. Ciinkii bu kriter arazinin tesviye edilmesinde gerekli olan
siniflandirma ve zeminde gergeklestirilecek islemleri (kazi, dolgu vb.) belirler ve bdylece sahanin
hazirlanma maliyeti 6grenilmis olur. Arazinin istenen seviyeye uygun hale getirilmesi ve drenajinin
saglanmis olmas1 maliyet agisindan 6nemli bir avantaj saglamaktadir. Sekil 2 (g)'ye gore Giimiishane
merkez, Torul, Kiirtiin hari¢ Glimiishane ve Bayburt'un diger ilceleri daha uygun goriilmektedir.

Uygunluk haritasi (Sekil 3) incelendiginde, Giimiishane il merkezi ve Kdse ilgesi havaalan1 yer se¢imi
icin daha uygun goriilmektedir. Kiirtiin ve Torul ilgeleri ise gerekli kriterler dogrultusunda uygun
olmayan bolgeler olarak belirlenmistir. Sonu¢ olarak, havaalani yapimi i¢in kullamlan kriterler
incelendiginde c¢alisma yapilan bolgede arasinda Giimiishane ili Kose ilgesi en uygun yer olarak
goriilmiistiir.

GUMUSHANE - BAYBURT UYGUNLUK HARITASI

GUMUSHANE - BAYBURT UYGUNLUK

\

.
0 125 25 S0 75 100
- 7 (UYGUN DEGIL ———— Kilometes

Sekil 3. Uygunluk haritas
Figure 3. Suitability map

SONUC ve TARTISMALAR (RESULTS and DISCUSSIONS)

Havaalanlar1 bir iilkenin ekonomi ve kiiltiirel anlamda kalkinmasinda 6nemli rol oynamaktadir.
Ayrica, havaalanlari turizm sektdriine faydalidir. Fakat havaalanlarinin ¢evreye olan etkilerinin orantilt
bir sekilde planlanmas: gerekmektedir. Havaalanlar1 6zellikli ve nitelikli yatirim projeleri oldugundan
kurulmasi planlanan bolgelerden yer segim siirecinin dogru bir karar verme siirecinden gegctikten sonra
yapilmasi gerekmektedir. Ciinkii bir bolgede kurulmas: planlanan havaalaninin neresi olacagim
belirleyen ve bu siireci etkileyen ¢ok fazla kriter mevcuttur. Bu nedenle dogru kararin alinabilmesi igin de
bir¢ok kriteri birlikte degerlendirerek karar alan bir sistem kullanmak gerekmektedir. Bu ¢alismada
havaalani yer secimi icin gerekli olan kriterler arasinda en Onemlileri kullanularak AHP ve CBS
yontemleriyle biitiinlesik bir sistem olusturulmustur ve havaalaninin kurulmasi i¢in en uygun yer secimi
yapilmustir.
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Yapilan galisma sonucunda, Giimiishane il merkezi ve Kose ilgesi yapilmasi planlanan havaalan yeri
i¢in uygun bolgeler olarak belirlenmistir. Glimiishane iline ait olan Kiirtiin ve Torul ilgeleri ise yapilan
incelemeler dogrultusunda havaalani yeri i¢in en uygun olmayan bolgeler olarak belirlenmistir. Bu
calismaya baslandig1 zamanda, hava ulasiminin giin gectikge gelismesi ve artan talep dogrultusunda
Bayburt ve Glimiishane illerinin ortak kullanimi amaciyla bir havaalan: yapilmak istendigi bilinmektedir.
Bu ytizden bu alanda boyle bir calisma gerceklestirilmistir. Haziran 2018 tarihinde Giimiishane'nin Kose
ilcesi Salyazi koyiinde yillik 2 milyon yolcu kapasiteli havaalani insaatina baslanilmistir. Iki sehri
havaalani ile bulusturacak olan ve Giimiishane'nin Kose ilgesine bagli Salyazi kdyiinde yapimi siiren
havalimani, Giimiishane merkezine 67, Bayburt merkezine 47 kilometre mesafede insa edilmektedir.
Havaalani insaatina baslanan bolge bu calismada da en uygun yer olarak belirlenen alandir. Bu da
¢alismanin sonucunun dogrulugunu gostermektedir.
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OZ: Yapisal elemanlarin deprem performansimin belirlenmesi icin bu galismada, Tiirkiye Bina Deprem
Yonetmeligi 2018’de betonarme elemanlar i¢in 6ngoriilen sekil degistirme esasli hasar sinirlar1 analitik
olarak incelenmistir. Farkli geometri ve parametrelerde betonarme kiris modelleri tasarlanmistir. Gergek
malzeme davranislari esas alinarak elde edilen momenti-egrilik iliskilerinden kiris kesitlerinin elastik 6tesi
davrarnislari incelenmistir. Betonarme kiris modelleri igin moment-egrilik iliskilerinden elde edilen veriler
kullamilarak kiris kesitlerinin kirilma durumlari ve davramislar incelenmistir. Tiirkiye Bina Deprem
YoOnetmeligi 2018’de verilen hasar sinir degerleri betonarme kiris modelleri i¢in hesaplanmistir. Sekil
degistirme degerleri TBDY 2018’de tanimlanmig olan Gé¢menin Onlenmesi, Kontrollii Hasar ve Sinirl
Hasar Performans seviyeleri i¢in hesaplanmistir. Betonarme kirisler i¢in goz 6niine alinan {i¢ ayr1 hasar
sinir1 ve bu hasar sinirlarina kars: gelen birim sekil degistirme degerleri incelenmistir. ﬂgili yer degistirme
taleplerine karsilik gelen kiris hasarlar1 gozlenmis ve hasar sinurlari degerlendirilmistir. Betonarme
kirislerde farkli performans diizeyi icin beton ve donati geligi birim sekil degistirmeleri ve plastik
dénmeleri hesaplanarak performans diizeyleri arastirilmistir. Gd¢gmenin Onlenmesi ve Kontrollii Hasar
performans diizeyleri icin plastik dénmelerin hasar sinirlari; akma egriligi, kopma egriligi, plastik mafsal
uzunlugu, kesme agiklig1 ve boyuna donati ¢apinin fonksiyonudur.

Anahtar Kelimeler: Moment-egrilik, Performans diizeyi, Hasar sinirlari, Birim sekil degistirme sinirlari, plastik
donme.

Investigation of Deformation Based Damage Limits of Reinforced Concrete Beams

ABSTRACT: Deformation based damage limits for reinforced concrete members, which were mandated
in Turkish Building Earthquake Codes, 2018 were analytically investigated to be able to determine the
earthquake performance of structural members. Reinforced concrete beam models having different
geometry and parameters were designed. The nonlinear behavior of reinforced concrete beam sections
was investigated using the moment-curvature relationships obtained based on real material behavior. The
failure stages and behavior of beam cross-sections were examined by using the data obtained from
moment-curvature relations of reinforced concrete beam models. Damage limit values given in Turkish
Building Earthquake Codes, 2018 were calculated for the designed concrete beam models. The deformation
limits were calculated for the levels of collapse prevention, controlled damage and limited damage
performance levels as defined in TBDY 2018. Three different damage limits for the beams and the
correspondence strain limits for these beams were investigated. Beam damages and damage limits were
evaluated for the corresponding displacement demands. Performance levels of the designed reinforced
concrete beams were investigated by calculating the limit values of strains and plastic rotation values for
the concrete and the reinforcing steel. Damage limits of plastic rotations for collapse prevention and
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controlled damage performance levels are functions of yield curvature, ultimate curvature, plastic hinge
length, shear length and the diameter of the longitudinal reinforcement.

Key Words: Moment-curvature, Performance level, Damage limits, Strain limits, Plastic rotation.
GIRIS INTRODUCTION)

Performansa dayali tasarim en genel haliyle, bir yapinin tasarim depremi etkisinde belirli bir yapisal
performans, bir baska deyisle hasar ongoriilerek sekil degistirmeye dayali tasarim yontemleri de
kullanilarak tasarlanmasidir. Son yillarda, 6zellikle mevcut yapilarin degerlendirilmesinde, kuvvete
dayal1 tasarim yontemleri yerine sekil degistirme esash tasarim yontemleri giderek yaygin bir bicimde
kullanilmaya baslanmistir. Sekil degistirme esashi tasarim yontemleri; malzemenin elastik Otesi
davranisini  hesaba katmaya olanak verdiklerinden kuvvete dayali tasarim yontemleriyle
karsilagtirildiginda, sekil degistirme esash tasarim icin yapisal elemanlarda olusan sekil degistirme
taleplerini belirli bir hasar seviyesine ulasma olasiligiyla iliskilendirmek gerekmektedir (Aydemir ve dig.,
2011). Performansa dayali tasarim temelde {i¢ parametreden olusmaktadir. Bunlar kapasite, talep ve
performanstir. Kapasite; binanin tastyici sistemi, malzemesi, kesit geometrisi vb. unsurlarin bir bileskesi
olarak diisiiniilebilir. Binanin yatay yer degistirebilme kapasitesi (siineklik) ve yatay yiik tasima kapasitesi
(rijitlik) genel anlamda kapasite olarak tanimlanir. Talep; sismik hareketlerin yapidan karsilamasini
istedigi yer degistirme ve kesit tesirleri olarak tanimlanabilir. Performans ise yapinin kapasitesinin sismik
talepleri hangi oranda karsilayabilecegi ile ilgilidir (Celep, 2004). Deprem etkisi alinda mevcut binalarin
yapisal performanslarinin belirlenmesi ve giliclendirme analizleri icin kullanilacak dogrusal elastik
olmayan hesap yontemlerinin amaci, verilen bir deprem igin siinek davranisa iliskin plastik sekil
degistirme talepleri ile gevrek davranisa iliskin i¢ kuvvet taleplerinin hesaplanmasidir (Sinani, 2014).

Performans esasli deprem miihendisligi, yapilarin depreme dayanukli tasariminda konvansiyonel
dayanim esasli tasarima gore ¢ok daha seffaf bir yontem sunmaktadir. Performans esasli deprem
mithendisliginde kullanilan dogrusal olmayan hesap yontemleri gerek yapisal modelleme gerek dogrusal
olmayan davranisa ait verilerin hazirlanmasi, gerekse sonuglarin derlenmesi ve yorumu asamalarinda
standart miihendislik pratigine gore daha yiiksek bir miihendislik bilgi diizeyi gerektirmektedir
(Sucuoglu, 2015).

Dogrusal olmayan hesap yontemleriyle hesaplanan i¢ kuvvetlerin veya sekil degistirmelerin, kesit
hasar sinirlarina kars: gelmek tizere tanimlanan sayisal degerler ile karsilastirilmas: sonucunda kesitlerin
hangi hasar bolgelerinde olduguna karar verilir. Eleman hasari, elemanin en fazla hasar goren kesitine
gore belirlenir. Mevcut veya gliglendirilmis binalarin deprem etkisi altinda yapisal performanslariin
belirlenmesi ve giiclendirme hesaplar igin kullanilacak dogrusal olmayan hesap yontemlerinin amaci,
verilen bir deprem igin siinek davramisa iliskin plastik sekil degistirme ve plastik dénme talepleri ile
gevrek davranisa iliskin i¢ kuvvet taleplerinin hesaplanmasidir. Daha sonra bu talep biiyiikliikleri, sekil
degistirme ve i¢ kuvvet kapasiteleri ile karsilastirilarak kesit ve bina diizeyinde yapisal performans
degerlendirmesi yapilir. Tiirkiye Bina Deprem Yonetmeligi (TBDY, 2018)'de tarimlanan yap:
elemanlarinda hasar sinurlar1 ve hasar bolgeleri (kesit hasar durumlari) siinek elemanlar igin kesit
diizeyinde ii¢ hasar durumu ve hasar sinir1 tanimlanmistir. Bunlar Simirli Hasar (SH), Kontrollii Hasar
(KH) ve Go¢me Onlenmesi Hasar (GO) durumlari ve bunlarin sinir degerleridir. Sinurl hasar ilgili kesitte
siirli miktarda elastik 6tesi davranigi, kontrollii hasar kesit dayaniminin giivenli olarak saglanabilecegi
elastik Otesi davranisi, gogme Onlenmesi hasar durumu ise kesitte ileri diizeyde elastik 6tesi davranisi
tanimlamaktadir. Gevrek olarak hasar goren elemanlarda bu siniflandirma gegerli degildir (TBDY, 2018).

Performansa dayali tasarim en genel haliyle, bir yapinin tasarim depremi etkisinde belirli bir yapisal
performans, bir bagka deyisle hasar Ongoriilerek sekil degistirmeye dayali tasarim yontemleri de
kullarularak tasarlanmasidir. Son yillarda, ozellikle mevcut yapilarin degerlendirilmesinde, kuvvete
dayali tasarim yontemleri yerine sekil degistirme esasli tasarim yontemleri giderek yaygin bir bigimde
kullanilmaya baslanmigtir. Sekil degistirme esash tasarim yOntemleri; malzemenin elastik Otesi
davranisini  hesaba katmaya olanak verdiklerinden kuvvete dayali tasarim yontemleriyle
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karsilastirildiginda, sekil degistirme esasli tasarim icin yapisal elemanlarda olusan sekil degistirme
taleplerini belirli bir hasar seviyesine ulasma olasiligiyla iliskilendirmek gerekmektedir (Aydemir ve dig.,
2011). Performansa dayali tasarim temelde {i¢ parametreden olusmaktadir. Bunlar kapasite, talep ve
performanstir. Kapasite; binanin tasiyici sistemi, malzemesi, kesit geometrisi vb. unsurlarin bir bilegkesi
olarak diisiintilebilir. Binanin yatay yer degistirebilme kapasitesi (siineklik) ve yatay yiik tasima kapasitesi
(rijitlik) genel anlamda kapasite olarak tanimlanir. Talep; sismik hareketlerin yapidan karsilamasin
istedigi yer degistirme ve kesit tesirleri olarak tanimlanabilir. Performans ise yapinin kapasitesinin sismik
talepleri hangi oranda karsilayabilecegi ile ilgilidir (Celep, 2004). Deprem etkisi alinda mevcut binalarin
yapisal performanslarinin belirlenmesi ve giiclendirme analizleri i¢in kullamilacak dogrusal elastik
olmayan hesap yontemlerinin amaci, verilen bir deprem igin siinek davranisa iliskin plastik sekil
degistirme talepleri ile gevrek davranisa iliskin i¢ kuvvet taleplerinin hesaplanmasidir (Sinani, 2014).

Performans esasli deprem miihendisligi, yapilarin depreme dayarikli tasariminda konvansiyonel
dayanim esash tasarima gore ¢ok daha seffaf bir yontem sunmaktadir. Performans esasli deprem
mithendisliginde kullanilan dogrusal olmayan hesap yontemleri gerek yapisal modelleme gerek dogrusal
olmayan davranisa ait verilerin hazirlanmasi, gerekse sonuglarin derlenmesi ve yorumu asamalarinda
standart miihendislik pratigine gore daha yiiksek bir miihendislik bilgi diizeyi gerektirmektedir
(Sucuogluy, 2015).

Dogrusal olmayan hesap yontemleriyle hesaplanan i¢ kuvvetlerin veya sekil degistirmelerin, kesit
hasar sinirlarina kars: gelmek {izere tanimlanan sayisal degerler ile karsilastirilmasi sonucunda kesitlerin
hangi hasar bolgelerinde olduguna karar verilir. Eleman hasari, elemanin en fazla hasar goren kesitine
gore belirlenir. Mevcut veya giiglendirilmis binalarin deprem etkisi altinda yapisal performanslarinin
belirlenmesi ve giiglendirme hesaplar: icin kullanilacak dogrusal olmayan hesap yontemlerinin amaci,
verilen bir deprem igin siinek davranisa iliskin plastik sekil degistirme ve plastik donme talepleri ile
gevrek davranisa iliskin i¢ kuvvet taleplerinin hesaplanmasidir. Daha sonra bu talep biiytikliikleri, sekil
degistirme ve i¢ kuvvet kapasiteleri ile karsilastirilarak kesit ve bina diizeyinde yapisal performans
degerlendirmesi yapilir. Tiirkiye Bina Deprem Yonetmeligi (TBDY, 2018)'de tamimlanan yap1
elemanlarinda hasar sinirlari ve hasar bolgeleri (kesit hasar durumlari) siinek elemanlar icin kesit
diizeyinde ii¢ hasar durumu ve hasar smir1 tanimlanmistir. Bunlar Sinirh Hasar (SH), Kontrollii Hasar
(KH) ve Gécme Onlenmesi Hasar (GO) durumlari ve bunlarin sinir degerleridir. Sinirl hasar ilgili kesitte
stnirli miktarda elastik Gtesi davranis, kontrollii hasar kesit dayaniminin giivenli olarak saglanabilecegi
elastik Otesi davranisi, go¢me Onlenmesi hasar durumu ise kesitte ileri diizeyde elastik 6tesi davranist
tanimlamaktadir. Gevrek olarak hasar goren elemanlarda bu siniflandirma gegerli degildir (TBDY, 2018).

TBDY, 2018’e gore izin Verilen Sekil degistirme Sinirlart (Permitted Deformation Limits according to TSC, 2018)

Gogmenin Onlenmesi Performans Diizeyi (GO), Kontrollii Hasar Performans Diizeyi (KH) ve Sinirl
Hasar Performans Diizeyi (SH) i¢in yapilacak performans degerlendirmesinde kullanilmak {izere, yiiksek
binalar ve yeni betonarme bina elemanlarinda yayili plastik davranis modeline gore hesaplanan beton ve
donati celigi toplam birim sekil degistirmeleri i¢in izin verilen sinirlar asagida tanimlanmistir. Go¢menin

Onlenmesi performans diizeyi i¢in beton birim kisalmasi (sgcé) ) dikdortgen kesitli kolon, kiris ve perdeler
i¢in Denklem (1)’den hesaplanmaktadir.

9 = 0.0035 + 0.04/w,, < 0.018 )

Bu bagintilardaki ilk terim sargisiz betonun (kabuk betonu) birim kisalmasina kars: gelmektedir. wyye;
etkin sarg1 donatisinin mekanik donati orani Denklem (2) ile hesaplanmuistir.

f
Wye = UsePshmin ;We (2)
ce
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ase sarg1 donatisi etkinlik katsayisini, pgp min dikdortgen kesitte iki yatay dogrultuda hacimsel enine
donati oranmin kiigiikk olanini, fy,,, enine donatinin ortalama (beklenen) akma dayanimin
gostermektedir. Sarg1 donatisi etkinlik katsayisi (ase) Denklem (3) ve kesitte hacimsel enine donat1 orani
(psn) Denklem (4) ile hesaplanmustir.

(-2 - (-2 3
Fse = 6b,h, 2b, 2h, ®

_ Ash 4
Psh = ka ( )

Asp ve pgp g0zoniine alinan dogrultuda enine donatinin alanimi ve hacimsel oranini, b, dik
dogrultudaki ¢ekirdek boyutunu (en distaki enine donati eksenleri arasindaki uzaklik), s enine donati
araligini, b, ve h, sargi donatisi eksenlerinden olgiilen sargili beton boyutlarini, a; bir etriye kolu veya
ciroz tarafindan mesnetlenen boyuna donatilarin eksenleri arasindaki uzaklig1 gostermektedir.

Gogmenin Onlenmesi performans diizeyi i¢in donati geligi birim sekil degistirmesi (SS(GO)) Denklem
(5) ile hesaplanmaktadir.

£ = 0.40¢,, )

Denklemde ¢, cekme dayanimina karsi gelen birim uzamay gostermektedir. Go¢gmenin Onlenmesi
(GO) Performans Diizeyi icin yapilacak performans degerlendirmesinde kullanilmak iizere, Yiiksek
Binalar da dahil olmak {izere, yeni betonarme bina elemanlarinda yigili plastik davranis modeline gore
hesaplanan plastik donmeler i¢in izin verilen sinir, kesite etkiyen eksenel kuvvet, beton ve donati geligi
modelleri dikkate alinarak yapilacak egrilik analizi sonucunda Denklem (6) ile hesaplanacaktir.
Denklemde; @,, beton ve donat geligi birim sekil degistirmeleri ile beton ve donati ¢eligi modellerinden
yararlanilarak ve kesite etkiyen eksenel kuvvet dikkate alinarak yapilan analizden elde edilen go¢gme
oncesi toplam egriligini gostermektedir. Denklemdeki son terim, akma sonras1 (go¢me Oncesine kadar)
durum i¢in akma uzamasi penetrasyonuna bagli donati siyrilmas: donmesine kars: gelmektedir.

6 = 2[(0, - 0,)L, (1 - 05 i—p) + 4.50,d, 6)

Kontrollii Hasar (KH) Performans Diizeyi i¢in yapilacak performans degerlendirmesinde kullanilmak
lizere, yeni betonarme bina elemanlarin hesap yontemleri ile hesaplanan beton ve donati ¢eligi i¢in izin
verilen toplam birim sekil degistirmeler SEKH) ve ES(KH) ile plastik dénme GZSKH) sinirlar;, Go¢menin
Onlenmesi performans diizeyi Denklem (7, 8 ve 9) ile tanimlanmustir.

e = 075 7)

™ = 0.756{% 8)
KH GO

6" = 0756 9)

Smirli Hasar (SH) Performans Diizeyi igin yapilacak performans degerlendirmesinde kullanilmak

iizere, yeni betonarme bina elemanlarin hesap yontemleri ile hesaplanan beton ve donat geligi izin verilen

toplam birim sekil degistirmeler SESH) ve SS(SH) Denklem (10 ve 11) ile tanimlanmistir:

8™ = 0.0025 (10)
&M = 0.0075 (11)

Etkin kesit rijitlikleri kullanularak yapilan hesapta SH performans diizeyi icin tasiyic1 sistemde plastik

(SH)
p

mafsal olusumuna izin verilmeyecektir (6 = 0). Akma durumu igin yer degistirmis plastik mafsal
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akma donmesi 6, Denklem (12) ile hesaplanacaktir. Kiris ve kolonlarda 7 =1, perdelerde ise 7 = 0.5
aliacaktir. f., ve f,,. ise betonun ortalama (beklenen) basing dayanimi ile donatinin ortalama akma
dayanimini gostermektedir.

?,d
+ ybfye

L h
0, =—=—+ 0.001577<1 + 1.5—)
3 8 fee

» (12)

Bu calismada betonarme kiris elemanlarinin deprem performansinin belirlenmesi icin TBDY,
(2018)’de verilen kurallara gore farkli parametrelere ve sabit geometriye sahip 22 adet betonarme kirig
modeli tasarlanmistir (Cizelge 1). Tasarlanan betonarme kiris kesitlerinde gercek malzeme davranislar:
esas alinarak farkli beton basing dayanimi ve basing donat1 oranina gére moment-egrilik iliskilerinden;
akma egriligi (@,), akma momenti (M,), gogme Oncesi egrilik (@,,), egilme momenti kapasitesi (M,) ve
egrilik stinekligi (1) degerleri hesaplanmistir. Betonarme kiris modellerinin moment-egrilik iliskilerinden
elde edilen sonuglara gore kiris kesitlerinin davranislar1 incelenmistir. Tasarlanan betonarme kiris
modellerinde yapilan performans degerlendirmesinde GO, KH ve SH icin olusan sekil degistirme ve i¢
kuvvet smir degerleri hesaplanmistir. Betonarme kiris elemanlarinda sarg: donati ve ¢cekme donati oran
sabit tutularak, farkl1 parametre olarak basing donatis1 orani ve beton basing dayanimina gore hesaplanan
beton ve donat1 celigi birim sekil degistirmeleri, plastik mafsal akma dénmesi ve plastik donmeler
hesaplanarak kiris kesitlerinin performans diizeyleri arastirilmistir.

Betonarme kiris kesit hesab1 ve tasarimi yapilirken dikkat edilmesi gereken en 6nemli husus, elde
edilen kesitteki donat1 oraninin, dengeli orandan kiigiik olmasini saglamaktir. Bu kosul yonetmeliklerce
zorunlu oldugu icin bu ¢alismada TS500 (2000)’de verilen sinir degerler dikkate alinmistir. TS500 (2000)’de
betonarme kirislerde siinek davranisin saglanabilmesi i¢in, donati orami Denklem (13 ve 14) ile
sinirlandirilmigtir. Denklemlerde p; cekme donati oran, p’; basing donati oranidir.

(0= P) < Pmaxs P =Pmax =0.85pp, P =< Pray; 0.02 (13)
= 0.85k, (Ze) (2% 14
Pp = V. 1 fyd 600 +fyd (14)

Sabit geometride, farkli beton sinifi, boyuna donati olarak sabit ¢ekme ve farkli basing donati
oranlaria sahip toplam 22 adet betonarme kiris modeli tasarlanmistir. Betonarme kiris modellerinin
tasariminda Tiirkiye Bina Deprem Yonetmeligi (TBDY, 2018) ve Betonarme Yapilarin Tasarim ve Yapim
Kurallar1 (TS500, 2000)'de verilen hiikiimler dikkate alinmistir. Farkli parametrelerde tasarlanan
betonarme kiris modellerinde ¢ekme donat1 orami olarak; p,,., = 0.85p, ve basing donati oran: olarak;
p; =0, 0.1pmax, 0-2pmaxs 0-3Pmaxs 0-4Pmaxs 0-5Pmaxs 0-6Pmaxs 0.7Pmaxs 0-8Pmaxs 0.9Pmax Ve Pmax degeﬂeﬂ
dikkate alinmistir. Betonarme kiris modellerinde C20 ve C30 olarak iki beton sinifi dikkate alinmistir. Kirig
modellerinde her beton smifi i¢in ¢ekme donatisi orani sabit tutulmus basing donatisi oranlari
degistirilerek kesitlerin hesaplar1 yapilmistir.

Betonarme kesitlerde siineklik, kesitin dayaniminda 6nemli bir azalma olmadan yapabilecegi
dogrusal Otesi deformasyon kapasitesi olarak tanimlanir. Sayisal olarak ise siineklik, egrilik siineklik
katsayis1 (1) Denklem (15) ile hesaplanmaktadir. Egrilik stineklik katsayisi, kesitin kirilma aninda yaptig:
egriligin (@,,), cekme donatisinin aktig1 anda kesitte olusan egrilige (@,,) oranidir (Yiiksel ve dig., 2020).

D

=9, (15)

u
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MATERYAL ve METOT (MATERIALS and METHODS)

Dikdortgen en-kesitli kiris kesitlerinde farkli performans diizeyi icin olusan sekil degistirme ve ig
kuvvet simir degerleri hesaplanarak Cizelgeler ve grafikler halinde 6zetlenmistir. Tasarlanan betonarme
kiris modellerinde moment-egrilik analizlerinden @y, My, @u, M, ve u (egrilik siinekligi) degerleri
hesaplanmistir. Yonetmelikte verilen hasar sinurlarimi tanimlayan birim sekil degistirme ve i¢ kuvvet
degerleri dikdortgen en-kesitli betonarme kiris modelleri icin hesaplanmuistir. Sekil degistirme ve i¢ kuvvet
sinirlarinin hesaplanmasinda TBDY, (2018)’de tanimlanmuis ti¢ farkli hasar smnir1 olan GO, KH ve SH
seviyeleri kullanilmistir. Birim sekil degistirme istemlerinin belirlenmesi plastik sekil degistirmelerin
meydana geldigi betonarme siinek tasiyici sistem elemanlarinda, farkl kesit hasar sinirlarina (GO, KH ve
SH performans diizeyleri) gore izin verilen beton ve donati celigi sekil degistirme {ist sinirlar
(kapasiteleri) hesaplanmustir. Yig1l1 plastik davranisina gore modellenen betonarme kirislerin moment-
egrilik iliskilerinden elde edilen @y ve @u degerlerine gore plastik mafsal donmeleri hesaplanmistir. Beton
ve donat1 ¢eligi icin hesaplarda ve malzeme modellerinde kullanilan parametreler Cizelge (2)'de
Ozetlenmistir. Kesitlerde kullanilan donat1 oranlar1 TS500, (2000) ve TBDY, (2018)'de verilen sinirlamalar
dikkate alinarak belirlenmistir. Beton sinifi olarak C20 ve C30 se¢ilmistir. Tiim kesit modelleri i¢in, donati
celigi olarak 5420 segilmistir.

Cizelge 1. Tip-1 ve Tip 2 olarak tasarlanan betonarme kiris modellerine ait donat1 orani ve alanlar1
Table 1. Reinforcement ratio and areas of reinforced concrete beam models designed as Type-1 and Type 2.

Kesit Kesit Sargi Betofn p 2y g 5 , p—p'
Grubu No Donatisi (?\l/?lial) s(mm?) - Ag(mm”) Po p p Pb
B1-0 0.0 0.0 0.85
B1-1 153 0.0014 0.77
B1-2 306 0.0027  0.68
B1-3 459 0.0041 0.60
B1-4 612 0.0054 0.51
Tip 1 B1-5  ®8/50mm 20 1530 765 0.0160 0.0136  0.0068 0.43
B1-6 918 0.0082 0.34
B1-7 1071 0.0095 0.26
B1-8 1224 0.0109 0.17
B1-9 1377 0.0122  0.09
B1-10 1530 0.0136  0.00
B2-0 0.0 0.0 0.85
B2-1 226 0.0020 0.77
B2-2 452 0.0040 0.68
B2-3 678 0.0060 0.60
B2-4 905 0.0080 0.51
Tip 2 B2-5  ®8/50mm 30 2261.25 1131 0.0236 0.0201 0.0101 0.43
B2-6 1357 0.0121 0.34
B2-7 1583 0.0141 0.26
B2-8 1809 0.0161 0.17
B2-9 2035 0.0181  0.09
B2-10 2261 0.0201  0.00
Ag: Cekme donati alani, Aj: Basing donati alan




Betonarme Kirislerin Sekil Degistirme Esashh Hasar Siirlarinin Arastirilmasi 217

Cizelge 2. Malzeme modellerinde kullanilan parametreler (TBDY, 2018)

Table 2. Parameters used in material models

Malzeme Parametre Deger
Beton SaI;gIS.IZ betonun maksimum gerilmeye ulastig1 birim sekil degistirme 0.002
Sinuft: deger (cco)

C20.30 Sargisiz betonun nihai birim sekil degistirmesi (&cu) 0.0035
’ Karakteristik beton basing dayanimai (f) 20, 30MPa
Donati geliginin akma birim sekil degistirmesi (esy) 0.0021
Donati Donati geliginin peklesme birim sekil degistirmesi (esp) 0.008
Celigi: $420 Donati ¢eliginin kopma birim sekil degistirmesi (esu) 0.10
& Donati geliginin karakteristik akma dayanimai (fyx) 420MPa
Donati celiginin karakteristik kopma dayanimi (fsu) 550MPa

ARASTIRMA BULGULARI (RESEARCH FINDINGS)
Tip 1 Betonarme Kiris Elemanlar1 (Type 1 Reinforced Concrete Beam Elements)

Tip 1 olarak tasarlanan ve detaylar1 Cizelge (1)’'de verilen dikdortgen en-kesitli betonarme kiris
modelleri i¢in sabit cekme donat1 orani ve farkli basing donati oranina gére moment-egrilik analizlerinden
elde edilen sonuglar kullanilarak kiris modelleri i¢in @y, My, @u, M,, ve u degerleri hesaplanmistir. Yigili
plastik davranisina gore modellenen dikdortgen en-kesitli betonarme kirislerin farkli parametrelere gore
akma durumu igin 6, degerleri hesaplanmigtir (Cizelge 3). Tip 1 betonarme kiris elemanlarin farklh

(SH) (SH) o(SH)  (KH) _(KH) o(KH) _(GO) _(GO)
s 7Y% Y

.. GO < .
parametrelere gore hesaplanan ¢. ~, ¢, & c & 7, 9; ) degerleri sirasiyla

Cizelge (4)'te verilmistir.

Cizelge 3. Tip 1 betonarme kiriglerin farkli parametrelere gore hesaplanan @y, My, @u, M,, u ve 6,

degerleri
Table 3. @y, My, @u, My, pand 6, values of type 1 reinforced concrete beams calculated according to different parameters.
Kesit | Kesit Akma Durumu  Kirilma Durumu u= Dy 0
. y
Grubu | No M, Oy M, D 2,

B1-0 244.0 0.01020 232.3 0.0238 2.3 0.01370
B1-1 251.3 0.00993 2834  0.0849 8.6 0.01338
B1-2 251.4 0.00906 3094  0.1932 21.3 0.01239
B1-3 251.6 0.00850 314.7  0.2222 26.1 0.01174
B1-4 251.9 0.00827 316.9 0.2222 26.9 0.01148
Tip-1 B1-5 252.1 0.00812 319.0 0.2222 27.4 0.01131
B1-6 252.7 0.00800 321.0 0.2222 27.8 0.01117
B1-7 252.9 0.00787 323.1 0.2222 28.2 0.01102
B1-8 253.0 0.00777 325.3 0.2222 28.6 0.01090
B1-9 253.4 0.00767 327.5 0.2222 29.0 0.01078
B1-10 253.7 0.00757 329.7  0.2222 29.4 0.01067
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Cizelge 4. Tip 1 betonarme kirislerin farkli parametrelere gore farkli performans diizeyleri i¢in

hesaplanan sonug degerleri
Table 4. Result values calculated for different performance levels of type 1 reinforced concrete beams according to different parameters.

. . (SH) (KH) (GO)
Kesit Grubu | Kesit No et esH a3 e e pKH sfé gSGG 0;‘30
B1-0 0.00690 0.00300 0.00920 0.00400
B1-1 0.00694 0.01383 0.00925 0.01844
B1-2 0.00695 0.03308 0.00927 0.04411
B1-3 0.00696 0.03828 0.00928 0.05104
B1-4 0.00697 0.03830 0.00930 0.05107
Tip1 B1-5 0.0025 0.0075 0 0.00698 0.024 0.03832 0.00931 0.032 0.05110
B1-6 0.00699 0.03834 0.00932 0.05112
B1-7 0.00699 0.03835 0.00932 0.05114
B1-8 0.00700 0.03836 0.00933 0.05115
B1-9 0.00701 0.03838 0.00934 0.05117
B1-10 0.00701 0.03839 0.00935 0.05118
0,010 0,035 0,06
0,009
0,030 0,05
0,008
0,007 0,025 0,04
0,008 ——GO 0,020 ——G0 & —a—GO
50,005 KH & KH 0,03 KH
0,004 — sH 0,015 - sH —e—SH
0,003 0,010 0,02
0,002 0oL
0,001 0.005 '
0,000 0,000 0,00
00 01 02 03 04 05 06 07 08 09 1,0 0001020304 050607 08 09 1,0 000102 03 04 05 06 07 08 09 1,0
p' P P’

ekil 1. Tip 1 betonarme kirislerin farkli parametrelere gore (s, — p’, &, — p', 0p — p') grafikleri
p g p g c™ P E&—P,OpP—P)E
Figure 1. (¢, — p', &, — p', 8p — p") curves of type 1 reinforced concrete beams according to different parameters

0,010 0,035 0,06
0,009 ~—e
0,030 005
0,008
0,025
0,007 e 004
0,008 0,020 -
- : ——G0O
W 0,005 *— GO o a 0,03
0,004 K 0025 e <
' —e—SH SH 0,02
0,003 0,010 GO
0,002 0005 001 | ——KH
0,001 ' —e—5SH
0,000 0,000 0,00
0 01020304 050607 08 09 0 010203 040506 07 08 0,9 0 01 02 03 04 t},s 06 07 08 09
(0-0")/po (0-")/po (o-p"Ype

Sekil 2. Tip 1 betonarme kirislerin farkli parametrelere gore (e, — (p — g—;)), (&5 — (p — g—;)), 6p —(p —

p'/pyp)) grafikleri
Figure 2. (e, — (p — Z—;)), (&g —(p— Z—;)), (6p — (p — p'/pp)) curves of Type 1 reinforced concrete beams according to different parameters
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Tip 2 Betonarme Kiris Elemanlar1 (Type 2 Reinforced Concrete Beam Elements)

Tip 2 olarak tasarlanan ve detaylar1 Cizelge 1’de verilen dikdortgen en-kesitli betonarme kiris
modelleri i¢in sabit gekme donat1 orani ve farkli basing donati oranina gére moment-egrilik analizlerinden
elde edilen sonuglar kullanilarak kiris modelleri igin @y, My, @u, M,, ve u degerleri hesaplanmistir. Yigili
plastik davranisina gore modellenen dikdortgen en-kesitli betonarme kirislerin farkli parametrelere gore
akma durumu igin 6, degerleri hesaplanmistir (Cizelge 5).

Cizelge 5. Tip 2 betonarme kirislerin farkli parametrelere gore hesaplanan @y, My, @u, M,,, 1 ve o,

degerleri
Table 5. @y, My, @u, My, pand 6, values of type 2 reinforced concrete beams calculated according to different parameters.
) . Akma Durumu  Kirilma Durumu Pu
Kesit Grubu | Kesit No u=—— y
My QY Mu Bu Q)y

B2-0 362.3 0.01010 366.8  0.0580 5.7 0.01353
B2-1 367.5 0.00962 425.1 0.0932 9.7 0.01298
B2-2 367.6 0.00904 4620  0.2222 246  0.01231
B2-3 368.6 0.00858 465.1 0.2222 259  0.01178
B2-4 368.7 0.00832 468.1 0.2222 26.7  0.01149
Tip-2 B2-5 369.1 0.00820 4712  0.2222 271 0.01135
B2-6 370.3 0.00805 4743  0.2222 27.6  0.01118
B2-7 371.0 0.00796 477.0  0.2222 279  0.01107
B2-8 372.0 0.00783 4789  0.2222 284  0.01093
B2-9 372.7 0.00774 480.8  0.2222 28.7  0.01083
B2-10 373.0 0.00764 487.0  0.2222 29.1  0.01071

Tip 2 betonarme kirislerin farkli parametrelere gore hesaplanan gore hesaplanan ¢ 7, &

EKH), ES(KH), HIEKH), EEGO), ss(“’), g0 degerleri sirasiyla Cizelge 6’da verilmistir.

(SH) (SH) g(SH)
7 p 7

&
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Cizelge 6. Tip 2 betonarme kirislerin farkli parametrelere gore farkli performans diizeyleri icin

hesaplanan sonug degerleri

Table 6. Result values calculated for different performance levels of type 2 reinforced concrete beams according to different parameters.

Kesit Kesit (SH) (KH) (GO)
Grubu No eSH eSH gsH  gkH ekH oxH £8o £50 650
B2-0 0.00626 0.00974 0.00834 0.01298
B2-1 0.00629 0.01643 0.00839 0.02190
B2-2 0.00630 0.04083 0.00840 0.05444
B2-3 0.00631 0.04089 0.00841 0.05451
B2-4 0.00632 0.04092 0.00842 0.05455
Tip 2 B2-5 0.0025 0.0075 0 0.00633 0.0240 0.04093 0.00843 0.0320 0.05457
B2-6 0.00633 0.04095 0.00844 0.05460
B2-7 0.00634 0.04096 0.00845 0.05461
B2-8 0.00634 0.04097 0.00845 0.05463
B2-9 0.00635 0.04098 0.00846 0.05465
B2-10 0.00635 0.04100 0.00847 0.05466
0,009 0,035 0,06
0008 | 0,030 0.05
0,007
0006 T 0,025 0,04
, 0,005 -— ﬁg 0,020 ——GO 2 00 —a—GO
w _— w —_— @ 0 ——KH
0,004 -— SH 0,015 :: —e—SH
0,003 0,02
0,010
0,002
0,001 0,005 0,01
0,000 0,000

0o 010203040506070809 1

p'lp

0,00

00010203040506070809 10

p'lp

000102 03040506 070809 10

p'lp

Sekil 3. Tip 2 betonarme kiris elemanlarin farkli parametrelere gore (e, — p', &, — p', 0p — p") grafikleri
Figure 3. (¢, — p', &, — p',0p — p") curves of type 2 reinforced concrete beams according to different parameters
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Sekil 4. Tip 2 betonarme kiris elemanlarin farkli parametrelere gore (¢, — (p — p'/pp), & — (p —

, ~ P'/Pp),Op = (p — p'/pp)) grafikleri
Figure 4. (¢, — (p — Z—b)), (&g —(p— Z—b)), (6p — (p — p'/pp)) curves of Type 1 reinforced concrete beams according to different parameters

Bu calismada betonarme kiris modellerinin TBDY (2018)’de betonarme elemanlar igin dngoriilen sekil
degistirme esasli hasar sinirlar1 analitik olarak incelenmistir. TBDY (2018)'de verilen hasar sinirlarinm

tanimlayan birim sekil degistirme ve i¢ kuvvet degerleri dikdortgen en-kesitli betonarme kiris modelleri
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igin hesaplanmistir. Elde edilen sonuglardan betonarme kiris kesitlerinin hesaplanan yer degistirme
taleplerine karsilik gelen kiris hasarlar1 gozlenmis ve hasar smirlar1 degerlendirilmistir. Bu boliimde
Ozetlenen analiz sonuglari 1s181nda tasarlanan betonarme kirislerin davranisi i¢in elde edilen yorum ve
degerlendirmeler Sonug boliimiine detayl: bir sekilde maddeler halinde 6zetlenmistir.

SONUC (RESULTS)

Aragtirma Sonuglar1 ve Tartisma boliimiinde betonarme Kkirisler icin yapilan degerlendirmeler

1s181nda asagidaki sonuglar elde edilmistir.

e Betonarme kirislerde sabit beton basing dayanimi ve ¢ekme donatisi orani i¢in basing donatisi

oraninin artmasi ile moment-egrilik iligkilerinden elde edilen M,, M, ve @u degerleri artmakta ve @y

degerleri azalmaktadir. Basing donati oraninin artmasi kesitlerin maksimum moment tasima

kapasitesini ve stinekligini artirmaktadir.

e Sabit basing donatisi ve ¢cekme donatisi oranina sahip betonarme kirislerde artan beton basing
dayanimu ile M,, ve M,, degerleri artmakta, @,, ve @, degerleri p’ = 0.40p oranina kadar azalmakta
ve p' =0.50p oranindan p’ =p oranina kadar @, ve @, sabit kalmaktadir. Beton basing
dayaniminin artmas1 maksimum moment kapasitesini artirmaktadar.

e Betonarme kirislerde sabit beton basing dayanimi ve ¢ekme donatisi orani i¢in basing donati

oraninin artmasi ile u degerleri artmaktadir.

e Sabit basing donatist ve cekme donatisi oranina sahip betonarme kirislerinde artan beton basing

dayarnimui ile hesaplanan p degerleri p’ = 0.40p oranina kadar artmakta ve p’ = 0.50p oranindan p’' =

p oranina kadar azalmaktadir.

e Basing donatis1 oraninin betonarme kirislerin maksimum moment tasima kapasitesini (M,) ve

egrilik siinekligi (1) tizerinde etkili oldugu ispatlanmustir.

e Betonarme kiriglerde beton basing dayanimi artmasi ile p’ = 0.40p oranina kadar maksimum

egrilik (@u) ve egrilik siineklik (x) degerleri artmaktadir. p’ = 0.50p oranindan p’ = p oranina kadar

egrilik siinekligi () azalmakta ve maksimum egrilik (@u) degeri sabit kalmaktadir.

e Betonarme kiriglerde TBDY, 2018’e gore hesaplanan plastik mafsal akma donmesinin (6,) degeri;

sabit cekme donatist ve basing donatisi oranlar igin, artan beton basing dayarimi ile p’ = 0.30p

oranina azalmakta ve p’ = 0.40p oranindan p’ = p oramina kadar artmaktadr.

e Sabit gekme donatisi ve beton basing dayanimina gore artan basing donati orani ile hesaplanan 0,

degerleri azalmaktadir.

e TBDY (2018)'de donat1 celigi icin GO ve KH performans diizeylerinde verilen hasar smirlari

(ngH), sgao)), donati geliginin ¢cekme dayanimina kars1 gelen birim uzama degerini sabit katsayilar ile

carparak elde edilmektedir. SH performans diizeyi i¢in verilen hasar sinir1 ise sabit bir deger olarak
verilmektedir (8§SH) = 0.0075).
J aESH) performans diizeyi icin verilen hasar sinir1 ise sabit deger olarak verilmektedir (e
0.0025).

(KH) (G0

e Sabit ¢gekme ve basing donatisi orani i¢in artan beton basing dayanimai ile g, ve g, ) degerleri

(SH) _
o =

azalmaktadir.

e Sabit cekme donatis1 orani ve beton basing dayanimi igin artan basing donati orani ile aEKH) ve SE.GO)
degerleri artmaktadir.

e GOveKH performans diizeyi igin verilen plastik donme hasar sinirlar1 6,,, @,,, @, L, Ls ve d;,'nin
fonksiyonudur. Dolaysiyla basing donatisi orani, sargi donatis1 orani ve gekme donatisi oram gibi @,,
ve @, degerlerini etkileyen parametreler 6,'yi de etkilemektedir. SH performans diizeyinde tagiyici
sistemlerde plastik mafsal olugsmasina izin verilmedigi i¢in farkli parametrelere gore betonarme kirig

kesitlerinde HZESH) = 0 elde edilmistir.
(KH)

b ve HIEGO) degerleri

e Sabit cekme ve basing donatisi orani igin artan beton basing dayanimu ile 6

artmaktadir.
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e Sabit ¢cekme donatisi orani ve beton basing dayanimi igin artan basing donatisi orani ile GIEKH) ve

GZEGO) degerleri artmaktadir.

e Dogrusal olmayan hesap yoOntemine gore performans degerlendirmelerinin en Onemli
asamalardan birisi yapisal elemanlardaki GO, KH ve SH hasar diizeylerinin belirlenmesidir. Yapisal
elemanlarda olusacak hasar1 belirlemek icin degerlendirmeye esas alinan sekil degistirme talepleri de
biiyiik 6nem arz etmektedir.
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0OZ: Sandvi¢ kompozit malzemelerin yiiksek mukavemet ve rijitlik istenen, ayn1 zamanda agirligin
problem oldugu havacilik endiistrisi, denizcilik endiistrisi, uzay ve mimari yapilar gibi alanlarda
kullanim: yayginlasmistir. Kompozit malzemelerde kullanilan yiizey plakalari, ¢ekirdek malzemenin
cinsi, yogunlugu, boyutlar1 malzemenin mekanik 6zelliklerini dogrudan etkilemektedir. Bu ¢alismada
kompozit sandvi¢ panel malzemesinde ¢ekirdek malzeme olarak farkli kalinlikta PVC (PoliVinil Kloriir)
koptik kullamlmistir. Vakum infiizyon yontemiyle {iretilen PVC kopiiklii sandvi¢ panellerin yiizey
plakalarinda tek yonlii ve cift eksenli karbon fiber kumaslar kullanilmis, farkli fiber yonlenmelerine sahip
panellere egme ve basma deneyleri uygulanarak yiizey dayanimlar: karsilastirilmistir. Ayrica, PVC
kopiikten farkli kalinlikta cekirdek malzemeler kullanilarak gekirdek kalinliginin gekirdek kayma
gerilmesi ve egilme dayanimi tiizerine etkisi arastirilmistir. Sonug olarak, panel plakalarinda fiber
yonlerinin yiizey mukavemetini etkileyen 6nemli bir parametre oldugu gozlemlenmistir. PVC ¢ekirdekli
sandvig¢ panellerde cekirdek kalmliginin artmasi sonucu basma ve egilme dayaniminin azaldig: ortaya
cikmugtir.

Anahtar kelimeler: Sandvi¢ kompozitler, PVC képiik, Karbon lifi, Mekanik dzellikler.

The Effect of Carbon Fibre Orientations and Core Thicknesses on Compression and Flexural
Properties of Sandwich Composites

ABSTRACT: Sandwich composite structures are commonly used in different areas such as aerospace,
marine, space, architectural structures where high strength and stiffness are required as well as the weight
is a critical problem. Mechanical properties of the sandwich panels were affected by facesheets type,
facesheet density and dimensions of the core materials. In this study, different thicknesses of PVC
(polyvinyl chloride) foams were used as corepart of sandwich panels. PVC foam cores and sandwich
composites with unidirectional and biaxial carbon fiber fabric face sheets were produced using vacuum
infusion method and strength of the panels which have different fiber orientations were compared with 3-
point bending and compression tests. Also, the effect of core thickness on core shear stress and flexural
strength was investigated by using core materials of different thickness PVC foam. As a result, directions
of fiber in facesheets was observed to be an important parameter in face strength. It was obtained that
increasing the thickness of the core in the sandwich panels decreased the flexural and compressive strength
of sandwich composites.
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Keyword: Sandwich composites, PVC foam, Carbon fibre, Mechanical properties.
GIRIS INTRODUCTION)

Havacilik, otomotiv ve insaat miihendisligi uygulamalarinda sandvi¢ kompozit yapilarin hafif ve
yiiksek mukavemetleri nedeniyle kullanimi giderek artmaktadir (Hwang, 2016; Jin ve dig., 2013; Kim ve
dig., 2016; Ning ve dig., 2015; Park ve Seo 2012; Xu ve dig., 2016; Wang ve dig., 2016). Sandvi¢ panelin ana
bilesenleri; fiber, matris ve cekirdek (core) malzemeden olusmaktadir. Panel tasarimi yapilirken karar
verilmesi gereken bir sandvi¢ yapinin ana 6zellikleri arasinda bulunan fiber malzeme, matris malzemesi
ve liflerin yonelimi (oryantasyonu) ve ¢ekirdek 6zellikleri bulunur (Chowdhury ve dig., 2016; Dawood ve
dig., 2015; Lu ve Youngblood 2015; Yamamoto ve dig., 2016). Sandvigin yiizey laminant malzeme
seciminde, agirlik oranina gore yapilan kiyaslamalar incelendiginde KFTP'nin (karbon fiber takviyeli
plastik) tercih edildigi goriilmektedir (Dhieb ve dig., 2016; Luo ve dig., 2017).

Literatiirde bircok arastirmaci, fiber takviyeli kompozit malzemeler kullanarak sandvig panellerin
tasarimui ve iiretimini kapsayan cesitli sayisal ve deneysel ¢calismalar yiiriitmiistiir. Bir ¢calismada karbon
lifli tabakalar ile aliiminyum petek cekirdegi arasinda kirpilmis Kevlar kullamilarak fiber ara yiizey
sertliginin etkinligi incelenmis, regine ve Kevlar liflerinden olusan yapinin, bir kompozit haline geldigi
gozlemlenmistir (Shi ve dig., 2014). Aliiminyum kopiik ¢ekirdekli sandvi¢ kompozitin ¢arpma/darbe
ozelliginin degisimi deney ve simiilasyon analizi ile incelenmistir (Han ve Cho., 2014). Delikli diiz bir
yapiya sahip sandvi¢ kompozit malzemelerin egme, basma ve darbe deneyleri ile performanslar:
karsilastirilmis ve ana katki maddesi kopiik olan sandvi¢ kompozitleri, daha basit bir malzeme ile takviye
ederek mekanik performansinin iyilestirilmesi amaglanmistir (Yalkin ve dig., 2015). Grafit kopiik dolgulu
sandvi¢ kompozit ile aliiminyum ve karbon fiber yiizeyli ve de bal petegi cekirdek malzemesi kullanilarak
tretilen sandvi¢ kompozitin dayanimi mekanik testlerle karsilagtirilmistir (Quintana ve Maver, 2017).
Altiminyum petek sandvi¢ kompozitlerin kirilma davrarislarini arastirmak igin, ii¢ nokta egme ve panel
ici sikistirma testleri yapilmis, sandvi¢ panellerin egme testinden biiyiik Olglide etkilendigi
gozlemlenmistir (Sun ve Li, 2017). Yapistirict baglayicilar kullanarak aliiminyum yiizeyli levhalar ile
gliclendirilmis ve EPS (genlesmis polistren kopiik) c¢ekirdekli sandvig kiriglerin diisiik hizda darbe ve
egilme davranisi arastirilmistir (Caliskan ve Apalak, 2017). Cesitli egilme davranislar: sergileyen yeni bir
sandvi¢ kompozitin tasarim ve {iretimi igin 3B {iretim teknigi, sayisal analiz ve deneyler birlikte
kullamilmistir (Wang ve dig., 2018). Yeni bir oluklu sandvi¢ yapisi tasarlanarak iiretilen sandvig
kompozitlerin mekanik davranislar: ve bozulma mekanizmasi incelenmis; mukavemet, sertlik ve basing
bozulma altinda hasar tespiti i¢in analitik modeller gelistirilmistir (Xu ve dig., 2018). Sandvi¢ kompozit
igerisine yerlestirilen z-pimleri igin en uygun boyut ve hacimsel oran, basma testleri yapilarak belirlenmis
ve z-pimli sandvi¢ kompozitlerin basma Ozelliklerini tahmin edebilmek i¢in bir model sunulmustur
(Mouritz, 2006). PVC kopiik dolgusu igine tiggen formunda prizmatik oluklu bir yap1 olusturmak i¢in 3B
dokunmus cam elyafi ekleyerek takviye saglanan sandvi¢ panellerde, yari-statik basma gerilme gerinim
tepkisi deneysel olarak arastirildi ve mikromekanik hesaplamalarla karsilastirildi (Malcom ve dig., 2013).
Yiizey plakasi olarak kirpilmis cam elyafi/polyester laminant ve dolgu malzemesi olarak politiretan kopiik
kullanilarak tiretilen sandvig¢ panellerin igerisine yerlestirilen polyester pimlerin etkisi, farkli yiikleme
oranlarinda uygulanan egme ve basma testleriyle arastirilmistir (Abdi ve dig., 2014). Farkli kalinlikta PVC
kopiik malzeme ve ylizeyde orgii dizilimli karbon elyaf kumaslar kullanilarak g¢ekirdek kalinligimin
egilme direnci iizerine etkisi deneysel olarak arastirilmistir (Geren ve dig. 2017). Farkli bir ¢alismada ise,
kopiik dolgulu bal petegi sandvi¢ panellerde dolgu icine yerlestirilen farkli ¢aplardaki polyester pimlerin
etkisi, basma ve diisiik hizli darbe testleri ile incelenmistir (Jayaram ve dig., 2018). Karbon ve cam epoksi
ylizey plakalarina sahip (Ekstriide Polistren) XPS ¢ekirdekli sandvi¢ kompozit panellere yerlestirilen
karbon/cam ¢ubuklarin egilme mukavemetine katkis1 arastirilmistir (Selver ve Kaya, 2019).

Genel olarak literatiir incelendiginde, cekirdek veya yiizey malzemesi degistirilerek ya da 6zgiin
sandvig paneller tasarlanarak sandvig yapilarin darbe direnci, egilme ve basma dayanimi gesitli deneysel
ve sayisal calismalarla aragtirilmistir. Bu ¢alismada ise, ¢ekirdek yapisinda farkli kalinlikta PVC kopiik
kullanilarak ve yiizey plakalarinda fiber yonlenmeleri degistirilerek {iretilen kompozit sandvig panellerin
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egilme ve basma dayanimlar: karsilastirilmistir. Sandvig paneldeki ¢ekirdek kalinliginin etkisi ti¢ nokta
egilme ve basma testi ile karsilastirilmistir. Yiizey plakalarindaki fiber yonlenmelerinin etkisi ise, egilme
testinden elde edilen veriler ile yiizey gerilmeleri ve ¢ekirdek kayma gerilmeleri bulunarak incelenmistir.
Panellerin KFTP kompozit yilizey plakalarinda agisal yonlenmeleri elde etmek i¢gin tek yonlii ve ¢ift eksenli
karbon fiber kumaslar takviye olarak kullamilmistir. Kullanilan iki farkli takviye kumasin deneysel
calismalara etkisini yorumlayabilmek i¢in yiizeydeki plakalardan ¢ekme ve basma numuneleri {iretilerek
mekanik 6zellikleri tespit edilmistir.

MATERYAL VE METOT(MATERIAL and METHOD)
Malzemeler (Materials)

Bu ¢alismada KFTP, iiretilecek sandvig paneller igin yiizey plaka malzemesi olarak tercih edilmistir.
Farkli yonlenmelerde 2 farkhi tip karbon fiber kumas, sandvi¢ panellerin yiizey laminantinda takviye
malzemesi olarak kullanilmigtir. Kullanilan bu takviye kumaslar, 300 g/m2tek yonlii (Unidirectional:UD)
ve 300 g/m? cift eksenli (Biaxial:BA) karbon kumasglardir (Sekil 1). Kumaslar Dost Kimya'dan temin
edilmistir (Dost Kimya, 2018).

(a)

(b)
Sekil 1. Takviye karbon fiber kumaslar, (a) BA (+45/-45) (b) UD
Figure 1. Carbon fiber fabrics (a) BA (+45/-45) (b) UD

KFTP matrisi icin termoset grubuna giren BOND 300L-BOND300H epoksi regine seti kullanilmistir
(Dost Kimya, 2018). Sandvi¢ kompozit panelin ¢ekirdegi igin ise 10, 20 ve 30 mm kalinliginda 47 kg/m3
yogunlukta PVC kopiik malzeme kullanilmisgtir.

Numunelerin hazirlanmasi (Sample preparation)

Calismada, 3 farkli kalinlikta PVC kopiik malzemesi cekirdek olarak kullanilmis ve 6 farkl
yonlenmede (Sekil 2) karbon fiber kumaslarin serimi yapilmistir. Bu farkli yonlenmelerin ve cekirdek
kalinliginin sandvi¢ yapinin mekanik 6zelliklerine etkisi arastirilmistir. Sandvi¢ dnyapilarda (preform),
PVC gekirdegin alt ve iist laminant kaplamalarinda farkli yonlenmelere gore serilen 300 g/m? tek yonlii
(UD) ve 300 g/m? cift eksenli (BA) +45/-45 olmak {izere iki farkli karbon fiber kumas takviye olarak
kullanuilmistir (Sekil 2). Epoksi regine ve sertlestiriciden olusan matris malzeme, vakum infiizyon
yontemini kullanarak sandvig¢ 6n yapilarin {izerine aktarilmigtir. Vakum infiizyon yontemiyle kompozit
ylizey plakalarinin iiretimi ve plakalarin ¢ekirdek malzemeye yapismas: tek bir islemde saglanarak
sandvi¢ kompozit malzemeler {iretilmistir. Recine aktarilan sandvig yapilar tekstil mithendisligi boliimii
kompozit laboratuvarinda bulunan vakum infiizyon masasinda 80° C’de 2 saat kiirlesmeye birakilmistir
(Sekil 3). Regine iiretici firmanin tavsiyesiyle post-cure islemi yapilmamustir.
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YONLENME 1 (Y1) YONLENME 2 (Y2) YONLENME 3 (Y3)
[0:99 0] [+45/90/ -45]s [+45/45/+45]s
0 0 0 | 45 45 +48 +45 +45 +45
o0 o) 90 | | oo %0 o0 45 45 45
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90 90 90 90 90 90 45 45 45
0 .8 0 A4S || 45 | | 445 | | 245 | [ 45 || 445
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PVC | | PVC | PVC PVC | | core | | PVC PVC | | PVC | | PVC
45 45 45 | 90 90 90 90 90 920
% || % || 90 | | 45 || 45 || 45 o [[o |[ o
45 45 45 | 90 90 90 445 +45 W45
0 0 0| 48 | [_*48 48 9 0 0

Sekil 2. Fiber yonlenmeleri

Figure 2. Fiber orientations
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Sandvi¢ panellerde kullanilan yiizey laminant kaplamalarin (karbon/epoksi plakalar) mekanik
ozelliklerini tespit edebilmek icin de ayrica kompozit numuneler iiretilmistir. Laminantlarin ¢ekme
dayanimini belirlemek i¢in tek yonlii (UD) ve cift eksenli (BA) takviye kumaslardan 6’sar kat, kayma
modiiliinii belirlemek i¢in ise 8 kat takviye kumas serilmistir. Daha sonra serilen bu takviye kumaslara
vakum inflizyon masasinda regine emdirilerek sandvi¢ yap: iiretiminde oldugu gibi kiirlenmeleri

saglanmustir.

Sekil 3. Vakum infiizyon yontemiyle sandvi¢ kompozitlerin iiretilmesi
Figure 3. Manufacturing of sandwich composites using vacuum infusion method
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Test metotlar1 (Test methods)

Uretilen karbon/epoksi plakalardan ve kopiikten alinan numunelerin yogunluk deneyi ASTM D792-
08 standardina gore yogunluk olcer kullanilarak yapilmistir. KFTP kompozit laminantlarin 3 farkh
eksende (E1, E2, Gi2) makro mekanik 6zelliklerini belirlemek amaciyla ¢ekme dayanimini belirlemek igin
ASTM D 3039’a gore (sekil 4), kayma dayanimlarini belirlemek icin ise ASTM D 3518 ‘e gore testler
ylirlitiilmiistiir. Ayrica laminantlarin boyuna ve enine basma dayanimlarin belirlemek i¢in ASTM D 7137
standartlarina gore tiiretilen 6zel test aparati kullanilarak testler yiiriitiilmiistiir. Test numunelerinin
O0lcim bolgesinden kirilmasi igin cam epoksi laminantlardan bantlama uygulamasi yapilmistir.
Numuneler standartlara uygun olarak 250 mm boyunda ve 25 mm eninde olacak sekilde hazirlanmistir
(Sekil 4).

Nusmune usunlugu ] 1 2
e 250 mum 12 | :

000
00O
000

00
000
00QC

150 mm ——
Oictim urunlugu

Sekil 4. Cekme testi numunesi ve tek yonlii bir laminantin eksenleri
Figure 4. Tensile test specimen and axis of unidirectional laminates

Cekme testinde, lif (1) yoniindeki ve life normal (2) yondeki elastisite modiilii ve cekme dayanimlar:
ile kayma modiilii ve kayma dayanimi belirlenmis, Poisson oranlari ise teorik olarak (mikro mekanik)
hesaplanmustir. Testler, Zwick marka test cihazinda 3 mm/dk hizda gergeklestirilirken Ei, Ez, Gizher bir
sabit igin 5’er adet olmak iizere toplamda 15 numune test edilmistir. Y{izey laminant kaplamalarinin
Poisson oranlar1 mikro mekanik teorik hesaplama metoduna gore (denklem 1) yapilmustir.

Vip = UV + vpV @

Sandvi¢ kompozitin ylizeyindeki karbon plakalarin fiber hacim oranlari asagidaki denklemle

hesaplanmistir;
_ Fiberhacmi _ Wyg/dy  (MgarXgrXLXW)/df _ ngarXgr (2)
f= Kompozit hacmi T Lxwxh LXwXxh T h xdf

Sandvi¢ panellere ait egme testi numuneleri ASTM C393’e gore uygun boyutlarda ve ii¢ farkl
kalinliktaki alti eksende yonlenme icin 3’er adet olmak iizere toplamda 54 egme testi numunesi
hazirlanmigtir (Sekil 5). Farkli kalinliklarda kullanilacak olan PVC ¢ekirdek malzemeleri 40 x 220 mm
ebatlarinda hazirlanmigtir. Mesnetler arasi mesafe 120 mm iken mesnet silindir ¢aplari 20 mm’dir. Egme
deneyinde 4 mm/dk hizinda yiiriitiilen deneylerde numunelerin egilme dayanimlari, ¢ekirdek kayma
gerilmeleri ve yiizey dayanumlar1 denklem (3 ve 5) bagintilari ile hesaplanmistir.

Egilme Dayanimi (ASTM D790) o; = 2% €
3P,

Cekirdek Kayma Gerilmesi (ASTM C393) Fut = ﬁ (4)

3PnaxS (5)

Yiizey Gerilmesi (ASTM C393) o= 2@+ b
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Karbon/epoksi laminantlarla kaplanarak iiretilen sandvig¢ panellerin egme deneyinde 10, 20 ve 30 mm
PVC kalinliklarina ve laminantlarinin 6 farkli yonlenmesine gore egilme dayanimlari hesaplanmistir.

Sekil 5. Sandvi¢ kompozitlerin egme deneyi
Figure 5. Flexural test of PVC foams and sandwich composites

Basma deneyi icin, PVC kopiiklerden 10, 20, 30 mm kalinliklarindaki c¢ekirdek malzemeler
kullanilarak iiretilen sandvig panellerin ASTM C365 standartlarina uygun numuneleri {iretilmistir.

BULGULAR VE TARTISMA (RESULTS and DISCUSSIONS)

Yogunluk deneylerinde takviye kumaslar farkli olsa da {iretilen karbon-epoksi laminantlarin
yogunluklart UD igin ortalama 1.47 g/cm? ve BA igin 1.41 g/cm? bulunmus ve birbirine yakin oldugu
goriilmiistiir. Ayrica PVC kopiik malzemenin ortalama 47 kg/m?®yogunluga sahip oldugu tespit edilmistir

(Cizelge 1).

Cizelge 1. Yiizey malzemeleri ve ¢ekirdek malzemenin yogunluk deneyi sonuglar1
Table 1. Density test results of face and core materials

Numuneler UD kompozit BA kompozit PVC kopiik
Yogunluk (g/cm?) 1.47 (+ 0.020) 1.41 (+0.021) 0.047 (+ 0.001)
Kalinlik (mm) 1.95(+0.03) 2.14 (+0.03) 10-20-30
Lif hacim oran (%) 51.86 47.25 -

Yiizey kompozitlerin ¢ekme ve basma test sonuglari (Tensile and compression test results of face materials)

D1s yiizeylerde kullanilan karbon epoksi laminantlarin kaplamalarin mekanik 6zellikleri (Cizelge 2)
irdelendiginde UD takviye kumas i¢in fiber yoniindeki dayanimin dogal olarak en yiiksek sonucu verdigi,
BA kumas icin ise simetrik yapida dokumaya sahip oldugu i¢in E1 ve E2 yoniinde elastisite modiillerinin
esit oldugu goriilmiistiir. Enine ve boyuna basma dayanimlar: karsilastirildiginda, UD kompozit plakanin
fiber yoniinde 918 MPa ile en yiiksek dayanima sahip oldugu BA kumas takviyeli kompozit plakada ise
90 MPa ile enine ve boyuna basma dayanimlarinin esit oldugu goriilmiistiir.
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Cizelge 2. Yiizey laminant kaplamalarin mekanik 6zellikleri
Table 2. Mechanical properties of face laminates

Mekanik Ozellikler UD karbon kumas +45/-45 BA karbon kumas
E1(GPa) 101 (29) 24 (+2.20)

E:2 (GPa) 3.35 (+0.50) 24 (+2.20)

G2 (GPa) 7.15 (+0.90) 85 (z6)

Boyuna Cekme Dayanimi (MPa) 1410 (+136) 102 (8)

Enine Cekme Dayanimi (MPa) 15.15 (+1.30) 102 (+10)

Kayma Dayanimi (MPa) 89.12 (+10) 413 (£36)

Boyuna basma dayanimi (MPa) 918 (x45) 90 (x12)

Enine Basma Dayanimi (MPa) 80 (£12) 90 (£12)

Poisson Orani 0.32 0.31

Sandvi¢ kompozitlerin egme testi sonuclar1 (Flexural test results of sandwich composites)

Ug nokta egme deneyi sonrasi numunelerde olusan kalici bozulmalar Sekil 6'da verilmistir. Farkl
kalinlikta PVC c¢ekirdeklere sahip panellerin egme deneyleri sonucunda elde edilen kuvvet-uzama
grafikleri (Sekil 7 ve Cizelge 3) incelendiginde kalinlik arttikga maksimum kuvvetin arttig1 ortaya
¢ikmistir. 10 mm PVC panelde maksimum kuvvetin 726 N, 20 mm icin 935 N, 30 mm icin ise 1165 N
oldugu gortlmiistiir.

Sekil 6. Egme deneyi sonrast numunelerde olusan hasarlar
Figure 6. Damages of specimens after flexural testing
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Sekil 7. Farkli kalinliktaki PVC ¢ekirdeklere sahip sandvig panellerin 6 farkli yonlenmede kaplamalarina
ait egme testi sonucu olusan kuvvet-uzama grafikleri: (a) 10 mm PVC ¢ekirdekli paneller, (b) 20 mm
PVC ¢ekirdekli paneller, (c) 30 mm PVC ¢ekirdekli paneller

Figure 7. Force-elongation graphics obtained by the flexural test of sandwich panels with different core thickness and 6 different orientations,
(a) 10 mm PVC core panels, (b) 20 mm PVC core panels, (c) 30 mm PVC core panels
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Cizelge 3. PVC sandvi¢ kompozitlere ait egme deneyi sonuglar1
Table 3. Flexural test results of PVC sandwich composites

Maksimum

Sandvig Paneller Kuvvet (N) Egilme Cekirdek Kayma Yiizey Gerilmesi
Dayanimi (MPa)  Gerilmesi (kPa) (MPa)

10-Y1 623 (£16) 20.23 (x0.65) 680 (+14.12) 41.04 (£1.13)
10-Y2 439 (19) 14.06 (£0.80) 480 (+8.10) 28.83 (x0.70)
10-Y3 512 (x15) 16.32 (x0.16) 560 (+15.87) 33.67 (+0.98)
10-Y4 587 (x14) 16.88 (x0.52) 620 (+9.52) 18.63 (x0.39)
10-Y5 511 (x12) 14.73 (x0.56) 550 (£10.65) 16.45 (+0.64)
10-Y6 726 (+23) 20.73 (x0.16) 780 (x14.91) 23.31 (x0.97)
20-Y1 867 (+20) 8.04 (x0.29) 500 (£9.36) 29.86 (+1.20)
20-Y2 668 (+25) 5.72 (x0.17) 370 (x12.10) 22.12 (+0.63)
20-Y3 671 (£18) 6.05 (+£0.26) 390 (£16.54) 23.15 (x0.74)
20-Y4 846 (19) 7.49 (£0.35) 500 (+22.37) 15.02 (x0.79)
20-Y5 705 (+24) 6.06 (x0.16) 410 (+20.89) 12.23 (x0.71)
20-Y6 935 (£21) 7.96 (+0.21) 530 (+13.18) 15.86 (+0.54)
30-Y1 914 (+17) 3.86 (£0.12) 350 (£9.25) 19.10 (x0.80)
30-Y2 748 (+32) 3.15 (x0.11) 290 (£9.65) 17.52 (£0.51)
30-Y3 835 (+20) 3.44 (x0.14) 320 (+10.83) 25.58 (+0.76)
30-Y4 886 (+31) 4.44 (+0.20) 340 (x15.08) 10.20(+0.29)
30-Y5 789 (£15) 2.7 (x0.10) 250 (+7.51) 7.54(+0.38)

30-Y6 1165 (£19) 3.60 (£0.13) 430 (+10.76) 10.36(+0.64)

Farkli yonlenmelerine gore egilme dayanimlar: (Sekil 8) incelendiginde fiber yonleri 90”den 0”ye
dogru yaklagtik¢a egilme dayanimlarinin arttig1 goriilmiistiir. Bunun nedeni, kompozit malzemelere yiik
uygulandiginda, lif yoniinde daha fazla yiik tasinabilmesidir. Cizelge 2'den de goriildiigii gibi karbon
plakalarin Ei1 degeri E: degerinden ¢ok daha yiiksek ¢ikmistir. Bu bakimdan en yiiksek dayanimlarin 3
katl1 laminant yiizeylerde [0/90/0]s 1.yonlenme, 4 katli laminant modellerde ise [0/45/0/90]s 6.yonlenmenin
oldugu ortaya gikmuistir.

[ PVC 10 mm

[ PVC 20 mm

[ PVC 30 mm

@
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Sekil 8. Farkl:1 kalinlikta PVC gekirdeklere sahip sandvig panellerin 6 farkli yonlenmede kaplamalarina
ait egilme dayanimi sonuglari: (a) 10 mm PVC ¢ekirdekli paneller, (b) 20 mm PVC ¢ekirdekli paneller, (c)

30 mm PVC c¢ekirdekli paneller
Figure 8. Flexural strength results of sandwich panelswith different core thickness and 6 different orientations: (a) 10 mm PVC core panels, (b)
20 mm PVC core panels, (c) 30 mm PVC core panels

Cekirdek kayma gerilmesinde (Sekil 9) 10, 20 ve 30 mm PVC kopiikler kiyaslandiginda, kalinlik
arttikca ¢ekirdek kayma dayaniminin azaldig1 goriilmektedir. Bunun sebebi ¢ekirdek kayma dayanimi
hesaplanirken kalinligin iki kat artarken kuvvetin ayni oranda artmamasindan dolay1 kalinlik ve dayanim
ters orantili olarak degismektedir. Bu sonug¢ ayni zamanda alan atalet momenti ile de iligkilendirilebilir.
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(Elemanter bir alana etkiyen elemanter bir kuvvet, mesafe ve diferansiyel alan ile orantili olur). Yonlenme
modellerine gore cekirdek kayma gerilmeleri incelendiginde egilme dayanimiyla benzer sonuglar elde
edilmistir. 3 kat takviyeli laminantlardaki 1.yonlenme en yiiksek, 4 katli laminantlardan ise 6.yonlenmenin
en yliksek degere sahip oldugu goriilmiistiir. 10 mm PVC kopiik sandvigte en yiiksek ¢ekirdek kayma
dayaniminin 780 kPa (Y6), 20 mm PVC i¢in 530 kPa (Y6), 30 mm icin ise 430 kPa (Y6) degerleri dl¢tilmiistiir
(Cizelge 3).

Sandvi¢ kompozit yapinin {ist ve alt plaka dayanimi sonuglar1 (Sekil 10) yonlenme tiplerine gore
incelendiginde, laminantlardaki 0° ve 45° yonelimlerini kiyaslamak i¢in olusturulan Y1 ve Y2 panellerinde,
UD takviyeli laminanin Ei (fiber yonii) modiiliiniin BA +45/-45 takviyeli laminanin G2 kayma
modiiliinden yiiksek oldugu (Cizelge 2), bu sebeple her iki modeldeki panellerin egilme, ¢ekirdek kayma
ve yiizey dayarumlar1 karsilastirildiginda iki kat 0° yoniinde UD laminaya sahip Y1 modelinde daha
yliksek ciktigr tespit edilmistir. 45° ve 90”de serilen takviyeler Y2 ve Ysyonlenmelerinden elde edilen
dayamimlar karsilastirildiginda 45° fiber yoniindeki laminantlarin yiizey dayanimlarinin 90”den iistiin
oldugu goriilmektedir. Sonuglar genel olarak degerlendirildiginde fiber yonleri 90”den 0”ye yaklastikca
sandvi¢ kompozitin egilme, yiizey ve c¢ekirdek dayamiminin arttign goriilmiistiir. PVC ¢ekirdek
kalinliklarinin etkisine bakildiginda ise kalinlik arttik¢a egilme, ¢ekirdek kayma ve yiizey dayanimlarinin
nicel olarak azaldig: fakat dlgiilen maksimum kuvvetlerin arttig1 tespit edilmistir.
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Sekil 9. Farkli kalinlikta PVC gekirdeklere sahip sandvig panellerin 6 farkli yonlenmede kaplamalarina
ait cekirdek kayma gerilmesi sonuglari: (a) 10 mm PVC c¢ekirdekli paneller, (b) 20 mm PVC ¢ekirdekli
paneller, (¢) 30 mm PVC ¢ekirdekli paneller

Figure 9. Core shear stress results of sandwich panelswith different core thickness and 6 different orientation: (a) 10 mm PVC core panels, (b)
20 mm PVC core panels, (c) 30 mm PVC core panels
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Sekil 10. Farkl: kalinlikta PVC ¢ekirdeklere sahip sandvi¢ panellerin 6 farkli yonlenmede kaplamalarina
ait ytizey dayanimi sonuglari: (a) 10 mm PVC ¢ekirdekli paneller, (b) 20 mm PVC c¢ekirdekli paneller, (c)

30 mm PVC gekirdekli paneller
Figure 10. Face stress results of sandwich panelswith different core thickness and 6 different orientation: (a) 10 mm PVC core panels, (b) 20
mm PVC core panels, (c) 30 mm PVC core panels
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Sandvi¢ kompozitlerin basma dayanimai test sonuglari (Compression test results of sandwich composites)

PVC cekirdekli sandvi¢ panellerde, fiber yonlenmelerinin basma dayanimi etkisi arastirildiginda
ylizey plakalarinin basma dayanimini ¢ok fazla etkilemedigi, fakat gekirdek kalinlig1 arttikca maksimum
basma kuvvetinin azaldig1 (Sekil 11 ve 12) tespit edilmistir. Farkli yonlenmelerde yapilan basma
deneylerinde goriilen maksimum kuvvetler PVC 10 mm sandvi¢ kompozit i¢in maksimum kuvvet 1119
N-1040 N, 20 mm igin 1025 N-955 N, 30 mm i¢in 954 N-855 N araliklarinda degistigi goriilmiistiir.
Standartlara (ASTM C365) uygun olarak yapilan basma deneyinde PVC panellere ait maksimum basma
kuvveti degerlerinin kalinlik artmasina bagli olarak ortalama %9 oraninda azaldig goriilmiistiir (Cizelge
4).
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Sekil 11. Farkli kalinlikta PVC ¢ekirdeklere sahip sandvig panellerin 6 farkli yonlenmede kaplamalarina
ait basma dayanimi sonuglari: (a) 10 mm PVC ¢ekirdekli paneller, (b) 20 mm PVC ¢ekirdekli paneller, (c)
30 mm PVC cekirdekli paneller

Figure 11. Results of compressive strength of sandwich panelswith different core thickness and 6 different orientations: (a) 10 mm PVC core
panels, (b) 20 mm PVC core panels, (c) 30 mm PVC core panels
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Sekil 12. Farkl kalinlikta PVC gekirdeklere sahip sandvig panellerin 6 farkli yonlenmede kaplamalaria
ait gerilim-uzama (%) uzama grafikleri: (a) 10 mm PVC cekirdekli paneller, (b) 20 mm PVC ¢ekirdekli

paneller, (¢) 30 mm PVC ¢ekirdekli paneller
Figure 12. Strength-elongation graphics of sandwich panels with different core thickness and 6 different orientation: (a) 10 mm PVC core
panels, (b) 20 mm PVC core panels, (c) 30 mm PVC core panels

20 mm ¢ekirdekli panelde 10 mm gekirdekli panele gore basma kuvvetinin ortalama %8 azaldig1, 30
mm c¢ekirdekli panelde ise 20 mm ¢ekirdekli panele oranla ortalama %10 azaldigi sonuglarda
goriilmektedir. Bunun nedeni, ¢ekirdek kalinlig: arttikca PVC ¢ekirdekte bulunan gaz molekiil sayisi
artmakta ve basma aninda yiike karsi olan dayarnim zayiflayarak malzeme daha kolay hasara
ugramaktadir. Ayni kalinliktaki tiim yonlenmelerde panellerin basma dayamimlari siras1 ayni egilimi
izlemistir. 3 kat lamina kaplamaya sahip Y1,Y2,Y3 panellerinde basma dayanimi siras1 Y2>Y3>Y1seklinde
meydana gelirken, 4 kat tabakaya sahip Y4,Y5,Y6 yonlenmelerinde ise basma dayanimi Y5>Y4>Y6 olarak
sonuglanmistir (Cizelge 4).
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Cizelge 4. Sandvi¢ kompozitlerin basma testi sonuglari
Table 4. Compression test results of sandwich composites

Sandvig Paneller Maksimum Kuvvet (N) Basma Dayanimi (MPa)
10-Y1 1040 (+40) 0.650 (+0.015)
10-Y2 1119 (£13) 0.699 (+0.012)
10-Y3 1089 (+18) 0.681 (+0.006)
10-Y4 1093 (£36) 0.683 (+0.017)
10-Y5 1116 (£27) 0.698 (+0.009)
10-Y6 1042 (£65) 0.651 (+0.016)
20-Y1 955 (£37) 0.597 (+0.014)
20-Y2 1025 (+25) 0.641 (+0.009)
20-Y3 982 (+42) 0.614 (+0.008)
20-Y4 987 (£70) 0.617 (£0.011)
20-Y5 995 (x15) 0.622 (£0.013)
20-Y6 967 (+22) 0.604 (+0.014)
30-Y1 858 (+36) 0.536 (+0.016)
30-Y2 954 (x52) 0.596 (£0.012)
30-Y3 941 (x19) 0.588 (x0.014)
30-Y4 947 (x52) 0.592 (£0.014)
30-Y5 953 (+38) 0.596 (+0.012)
30-Y6 903 (+26) 0.564 (+0.018)

SONUCLAR (CONCLUSIONS)

Bu calismada, PVC kopiik gekirdek malzemesi ve yiizey laminant kaplamalarinda karbon elyaf

takviye iceren sandvi¢ kompozit paneller {iretilmistir. PVC ¢ekirdek malzemelerin yiizeyleri 6 farkh

yonlenmede karbon fiber kompozit plakalarla kaplanarak fiber yonlenmelerinin sandvi¢ panelin yiizey
gerilmesine etkisi arastirilmistir. Ayni zamanda PVC kopiikler ayni yogunlukta segilirken 10, 20 ve 30 mm
farkli kalinliklarda kesilerek sandvi¢ paneldeki ¢ekirdek kalinliginin egilme dayanimi, ¢ekirdek kayma
gerilmesi ve basma dayanimlarina etkisi incelenmistir. Ayrica sandvi¢ kompozit yiizeyindeki kompozit
plakalarin ¢ekme ve basma deneyleri yiiriitiilmiistiir. Bu deneylerle kullanilan tek yonlii (UD) ve cift

eksenli (BA) +45/-45 takviye karbon fiber kumasglarla iiretilen kompozit plakalarin mekanik 6zellikleri elde
edilmistir. Genel olarak elde edilen sonuglar ise;

e Sandvig panellerde ii¢ nokta egme testi sonucunda, egilme dayanimi, basma dayanimi cekirdek
kayma ve ylizey gerilmesinin kalinlik arttikca azaldigi, fakat maksimum egme kuvveti kalinlikla
dogru orantili olarak ortalama %26 artmistir.

¢ Yonlenmede ise fiber yonleri 90°’den 0°'ye yaklastikca plaka dayaniminin arttig1 goriilmiistiir.

e Panellerin basma dayanumlarinin ve Olgiilen maksimum basma kuvvetlerinin ¢ekirdek
kalinhigiyla dogru orantili olarak azaldig: tespit edilmistir.

e Sonug olarak, panellerde ¢ekirdek kalinliginin artmasiyla panelin daha fazla egme kuvvetine karsi
direng gosterdigi fakat basma yiiklerine maruz kalindiginda ise ¢ekirdek kalinliginin artmasiyla ters
orantili olarak basma mukavemetinin diistiigii tespit edilmistir.
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SEMBOLLER (SYMBOLS)

E1 : Boyuna elastisite modiilii

E2 : Enine elastisite modyilii

G2 : Kayma modiilii

V{2,V m, Vg: Sirastyla kompozit, matris ve fiber Poisson oranlari
Vin, Vy: matris ve fiber hacim oranlar1 (%)

Wy: Takviye fiberin agirhig

ds: Takviye fiberin yogunlugu

L,w, h : Sirastyla numune uzunlugu, genisligi ve kalinlig:
gr: Takviye kumagin birim alan yogunlugu

Nyqyer: Laminanttaki tabaka sayisi

oy: Egilme Dayanimi

F#t; Maksimum cekirdek kayma gerilmesi

P, Py Kuvvet

L,S: Yiikleme uzunlugu

b: Numune genisligi

d: Numune Kalinlig

c: Cekirdek Kalinlig

t: Yiizey laminant kalinlig
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ABSTRACT: Quadruped robots are legged mobile robots that increase their popularity in robotic and
control areas due to their complex dynamic structure with high mobility in different terrain conditions
compared to wheeled systems. In this study; A 3-DoF linear leg model and its control are provided in
order to enable quick and effectively simulate about on such subjects that walking planning, foot trajectory
design and body stability control of the robot. A realistic physical model with parameters such as the
dimensions, masses, inertia of limbs and the stiffness and damping values of joints is designed and
simulated on Matlab/Simulink/Simscape environment. By taking into account the angular position ranges
of the joints required for the robot to perform a standard step trajectory during the walk, the linear State-
Space model of the system (torque input-angular position output) is obtained using the linearization tools
over the physical model. The unit step responses of the physical model are compared with the obtained
linear model responses under constant torque input and it is understood to give similar results with small
error values. Using the linear model, the angular position control of the system is achieved with PIADu
controllers designed by selecting various parameters of fraction orders as comparatively the classical PID
controller. Simulation results are presented and investigated.

Key Words: 3-DoF quadruped robot leg, realistic model, linear modelling, PIADu controller

Dort Ayakli Robotlar igin Ug Serbestlik Dereceli Bacak Tasarimi ve
Kesir Dereceli PID (PIADu) Tabanli1 Kontrolii

OZ: Dért ayakli robotlar, tekerlekli sistemlere kiyasla farkl arazi sartlarinda yiiksek hareket kabiliyetine
sahip, karmasik dinamik yapisi nedeniyle robotik ve kontrol alaninda popiilerligini artiran, bacakli mobil
robotlardir. Bu ¢alismada; yiiriiyiis planlamasi, adim y0riingesi tasarimi, govdenin denge kontrolii gibi
konularda hizli ve etkili bir benzetim yapabilmek amaciyla, {i¢ serbestlik dereceli dogrusal bacak modeli
ve kontrolii sunulmustur. Uzuv boyutlar, kiitle, atalet, eklem sertlik ve soniim degerleri vb. gibi dinamik
parametreleri iceren gercekgi bir fiziksel model Matlab/Simulink/ Simscape’de tasarland: ve benzetimi
gerceklestirildi. Robotun yiiriiyiisii boyunca standart bir adim yoriingesini gerceklestirmek igin gerekli
eklemlere ait acisal konum araliklar1 dikkate alinarak, fiziksel model iizerinden dogrusallastirma araglari
kullarilarak, girisi tork-gikist agisal konum olacak sekilde, sistemin dogrusal Durum-Uzay modeli elde
edilmistir. Sistemin dogrusal model ile fiziksel modelinin, sabit tork girisine karsin birim basamak
cevaplar1 karsilastirilmis ve kiiciik hata degerleri ile modellere ait cevaplarin birbirine benzer sonuglar
verdigi goriilmiistiir. Dogrusal model iizerinden sistemin, farkli kesir dereceleri segilerek tasarlanan
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PIADp kontrolctiileri ile agisal konum kontrolii, klasik PID kontrolcii ile karsilastirmali olarak
gerceklestirmistir. Benzetim sonugclar: sunulmus ve degerlendirilmistir.

Anahtar Kelimeler: 3-DoF dort ayakli robot bacagi, gercek¢i model, dogrusal modelleme, PIADu kontrolcii
INTRODUCTION

In the field of robotics, there are a growing interest in quadruped (four-legged) robots that mimic the
dynamic characteristics of biological organisms. They can walk with agile mobility by imitating the
dynamics of animals such as dogs, cheetahs, horses, etc. The inadequate mobility and limited diversity of
wheeled robots on uneven terrain are motivating studies on quadruped robots (Raibert, 1986). Increase
experimental and simulation studies in this field; It contributes to the development of skills to perform
dangerous tasks for people such as search and rescue and cargo transportation in civil and military
applications (Baudoin and Maki, 2010).

In recent years, there have been several successfully developed quadruped robots. Among the most
important of these; The robots developed by Boston Dynamics; starting with the basic-stone study BigDog
(Raibert et al., 2008) and continuing with WildCat, LS3, Spot, SpotMini (Boston Dynamics Company, 2019),
HyQ (Semini et al, 2010) and HyQ2Max (Semini et al., 2017) which are developed by Semini et al. in Istituto
Italiano di Tecnologia Institute (IIT) and ANYmal (Hutter et al., 2012) and StarlETH (Hutter et al., 2017)
which are developed by Hutter et al. in ETH Zurich Institute. Presently, Semini et al. continue to develop
a robot called HyQReal to support people in challenging tasks and emergencies. Hutter et al. is working
on a robot named ANYmal C, which can be used in industrial applications. However, the system's very
degree-of-freedom, complex, and floating type of dynamic structure makes the progress of studies
difficult about quadruped robots.

In general, the dynamic model of a robotic system is obtained through the Lagrange Energy methods.
However, in a multi-degree of freedom systems, the computational complexity of the Lagrange Equations
may require very long formations (Wisama and Etienne, 2002). For this reason, systems can be defined by
a mathematical model equivalent to Matlab/Simscape (The MathWorks) software, which saves time and
troubles, where its physical structure is specified by some variables such as mass, geometry and kinematic
relationships between its components. Another disadvantage is the nonlinear character of the system. In
order to perform a fast and effective simulation with linear controllers, the equations of motion need to be
simplified. In this case, model linearization is a common strategy that facilitates controller design.

Velasquez-Lobo et al. (2013) presented a study on the modeling and linearization of a two-legged
robot with Simscape. The system was controlled by a PID controller via a linear model transferred to
Simulink. Similarly, Rossell et al. (2015) presented the linearization of the system with Simscape and
Simulink environments on the solid model of the Stewart platform developed and presented the trajectory
control of the system in comparison with PID and LQR controllers.

In this study, the mathematical linear model of a leg is obtained via a realistic physical CAD model
including parameters such as physical size, mass, inertia, joint stiffness, and damping which designed in
Simscape. And, PID and PIADu controllers are designed and implemented using realistic inputs in
Simulink. For a closer simulation to real systems, the system is generally referred to as 3-DoF (hip limb -
hip/pitch joint, thigh limb-hip/roll joint, knee limb - knee joint), unlike studies designed as 2-DoF. In
addition, the linearization is carried out within the joint angular position ranges, which could perform a
standard footstep trajectory of the leg.

After the introduction, the continuation of the study is organized as follows; modeling and
linearization of the system is presented in Chapter 2, and the controller design is presented in Chapter 3.
In Section 4, the comparatively simulation results are given and the results are evaluated in Section 5.
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SYSTEM MODELING

In this section, the design of the robot leg, physical modeling, and obtaining the linear state-space
model of the system are presented.

Simscape is a block diagram modeling environment for modeling and simulating mechanical systems
using standard Newtonian force and torque dynamics. A realistic physical model of the robot leg is created
by defining coordinate systems, initial conditions of joints, and kinematic constraints. Many parameters
such as the kinematic structure of the leg, dimensions, and masses of limbs, damping and stiffness values
of joints have been determined by considering HyQ (Semini et al, 2010) and HyQ2Max (Semini et al., 2017)
robots. The system consists of hip, thigh, knee limbs, and angular movement joints (hip/pitch, hip/roll,
knee) of these limbs.

The physical model and block diagram of the system are given in Figure 1 and Figure 2. Table 1 shows
the physical parameters of the system as well as the initial angular positions and the max. torque values
of the joints are also given.

Table 1. System parameters and values

Parameter Value-Unit
Length (In) 0.1m
= Weight (mmu) 3.5kg
T Initial Angular Position (6h) 5°
Max. Torque 120 Nm
Length (Lr) 0.35m
T Weight (m1) 5kg
ﬁ Initial Angular Position (O1) -45°
) Max. Torque 245 Nm
Length (Lx) 0.4 m
§ Weight (mx) 15kg
N Initial Angular Position (6«) 85°
Max. Torque 250 Nm
Limb Radius 0.0l m
Stiffness Value of Joints (k) 70 Nm/rad
Damping Value of Joints () 3 Nm/(rad/s)
Gravity (g) 9,81 m/s?
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Figure 1. Physical model of the leg Figure 2. Simscape block diagram of the leg

After the physical model of the leg is created, the linear State-Space model of the system is obtained
in order to make a fast and effective simulation in the studies such as gait planning of the robot, design of
the foot trajectory, stability control of the main body. The reference joint angular position values (Orp = 5°
~25°, Onr=-45°~-15°, Ok = 85° ~ 110°) required for the linearization process to achieve a standard footstep
trajectory (height of step - 0.1 m and width of step - 0.2 m). The needful background such as angular position
values and footstep trajectory are obtained from the authors' previous studies about single leg; the design
and tuning of PID controller using the Bees Algorithm (Sen and Kalyoncu, 2015; Bakircioglu et al, 2016a)
and using Grey Wolf Optimizer Algorithm (GWO) (Sen and Kalyoncu, 2018), the design of Adaptive
Neural-Network based Fuzzy Logic (ANFIS) controller (Bakircioglu et al, 2016b), the design of impedance
controller (Sen et. al, 2017a), the inverse kinematics of a quadruped robot (Sen et. al, 2017b), the motion
analysis of the leg (Bakircioglu et al, 2018), the design and tuning of hybrid LQR-PID controller using
GWO (Sen and Kalyoncu, 2019).

The linear model of the system has been calculated with the ‘linmod’ function by specifying input-
outputs. It is a Matlab command that is used to convert non-linear systems to linear systems, which are
explained by a large number of variables. In this study, linmod command is used to obtain the State-Space
linear model of ordinary differential equation systems created by block schemes. In addition, the ‘minreal’
command is used to minimize unnecessary situations by neglecting uncontrollable or unobservable states
of this model. The structure of the general State-Space model and the state vector [x], output vector [y],
control vector [u] of the system are present in Eq.1. The state matrices [A, B, C, D] of the obtained model are
givenin Eq.2 and Eq. 3.

x" = [er éHp O Onr O 91{]
yh = [0np Onr O] 1)

u’ = [THp Tyr Tk

X = Ax + Bu
y=Cx+Du
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Figure 3. The general process of linearizing the system and designing the controller

The general process of linearizing the system and designing the controller is shown in Figure 3. In
order to compare the State-Space model of the system with the physical model, the system is simulated in

3 seconds. The constant torque values reference inputs are determined by considering the maximum

angular position values required for the step foot trajectory. In Figure 4, uncontrolled angular position
responses of joints of physical and State-Space models are given. Figure 5 shows the open-loop control
block diagram of both models.
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As shown in Figure 4, both models showed a similar trend and at close value results. The maximum
and average difference values between the angular position responses of the models are respectively; 3.2°
and 2.1° for the Hip/pitch joint, 3.4° and 1.2° for the Hip/roll joint, 3.3° and 0.8° for the Knee joint.
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THE PID and PIADu CONTROLLERS DESIGN

In this section, the fractional order Proportional-Integral-Derivative (FOPID) (Tepljakov,2019)
controller and the classical PID are designed to comparative consider for the linear model of the robot leg
are presented. PID controller is commonly preferred in experimental and simulation studies about single-
leg of quadruped robots (Focchi et al., 2010). PIADp controller; in addition to the classical PID parameters,
it is an advanced PID controller variant which includes the fractional derivative order (A) and the
fractional integral order (u) parameters. It is stated that it is more flexible and durable because it has more
adjustable design parameters. So, it can offer a wide controller response at higher performance (Podlubny
et al., 1997; Podlubny, 1999). The block diagram of PID and PIADu controllers of system is given in Figure
6. The subsystem of controller blocks is shown in Figure 7.

Referance angular

positions inputs Controllers Torque ranges
J —»Q» ety uly }—»E
5° ~ 25° PID & FOPID Hr /- 120Nm
- u(t) r=Ax+Bu | y(t)
_|7 ’Q »1e) ut A torque y=Cx+ Du ahgular
45° ~ -15° ‘ PID & FOPID Hp +/- 245 Nm Systom positions
State-Space Model
E ety u—e /)
85" ~ 110° PID&FOPIDK */-250Nm

Figure 6. The block diagram of PID and PIADu controllers of system

FOPD
1 il ’ .
% -

. > - > <
L '} / —l ¢
\reagratr i
o sum(s) "
o ¥a
den(s) /
Denvadws Te

Figure 7. The subsystem of PID and PIADu controller blocks

And, the mathematical formula of classical PID controller and PIADu controller (externally includes
fractional orders) are given in Eq. 4 and Eq. 5, respectively.
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SIMULATION RESULTS OF THE SYSTEM
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In this section, the PID and PIADu controllers for the linear model of leg are designed and simulated
for 1 second. To investigate the effect of fraction orders (A, u) on the system, three different PIADu
controllers are designed by various order values. The controllers’ responses to the angular positions of the
three joints of the linear model obtained as a result of the simulation are given in Figure 8.
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Figure 8. Control responses of the both models under unit step torque inputs

The designed parameters and the response specifications of controllers are presented in Table 2. The
parameters of classical PID controllers are determined by basic Ziegler—Nichols methods (Ziegler and
Nichols,1942) by also taking into consideration the previous studies (Bakircioglu et al, 2016a; Sen and
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Kalyoncu, 2018). The parameters of the PIADu controllers are selected by trial and error methods based
on experience and replaced by increased. In order to get more right comparison, the main gains of both
controllers (Kp, Ki, Kd) are chosen the same. The simulations results are compared with regard to transient-
response specifications such as Rise Time (Tr), Settling Time (Ts), Maximum Ouvershoot (maxOS), and Steady-
State Error (e (t)).

Table 2. PID and PIADu controller parameters and response specifications

Hip/picth  Hip/roll Knee

Kp 300 100 150
Ki 0.3 0.1 0.15
Kd 30 10 15
2 sl 0.39 0.36 0.4
Ts [s] 0.51 0.44 0.53
MaxOS [deg] 0 0 0
e(t) [deg] 0.12 0.15 1.02

Kp 300 100 150
Ki 0.3 0.1 0.15
Kd 30 10 15

A 0.8 0.7 0.3

o 0.5 0.6 0.2

8 Trlsl 0.18 0.17 0.15

S Tsls] 0.25 0.21 0.22

® MaxOS [deg] 2.9 7.1 3.9
e(t) [deg] 0.09 0.11 0.93

5 A 0.9 0.8 0.4
S oo 0.6 0.7 0.3
= o Tris) 0.13 0.13 0.12
g Tsls] 0.26 0.28 0.18

® MaxOS [deg] 0 0 2.5
e(t) [deg] 0.10 0.12 0.86

A 1.0 0.9 0.5

o U 0.7 0.8 0.4

a Tris] 0.17 0.18 0.11

g Tsls] 0.32 0.34 0.18

® MaxOS [deg] 0 0 0
e(t) [deg] 0.10 0.10 0.86

As seen in Figure 8 and Table 2., the classical PID controller is insufficient in all response specifications.
FOPID-1 ensure faster controller performance with less error despite a little overshoot. By increasing the
value of fraction orders, FOPID-2 provided that time specifications and errors reduced, but there is still
some overshoot in the knee joint. Finally, FOPID-3 ensured a faster and more effective than PID, but
slightly less than other FOPIDs, controller performance with reasonable errors without overshoot.

CONCLUSIONS

The physical model of the 3-DoF linear leg is designed, the linear state-space model is obtained by
using linearization methods and the two type controllers are designed and the system is simulated. The
unit step responses of the physical model and linear state-space model are obtained very close. In order
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to examine the effects of PIADu controller's fractional derivative (A1) and integral (i) orders, the same
controller gains with PID controller are determined and the unit step responses of the system for both
controllers are compared. In general, it is seen that the PIADu controllers, thanks to the fractional orders,
are more superior to classical PID in terms of all response specifications although the same main gains are
used. Furthermore, the performance of PIADu controller can be improved by tuning the parameters
(particular fractional orders) using various optimization techniques.
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AISI 304 PASLANMAZ CELIK SACIN HIDROMEKANIK DERIN CEKILMESi
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OZ: Korozyona kars1 iistiin direngleri nedeniyle gida, mutfak esyalari, ev esyalari, otomotiv, uzay ve
havacilik ile tip endiistrisinde siklikla kullanilan paslanmaz gelik sac malzemeler, genellikle klasik derin
¢cekme yontemi ile sekillendirilmektedir. Klasik yontemlerle yapilan derin ¢ekme islemlerinde, kalip
yapiminin maliyetli, zaman alic1 ve zahmetli olmasindan dolay: bu yontem ile tiretim 6zellikle az sayida
parca iiretiminde ekonomik olmamaktadir. Hidromekanik Derin Cekme (HDC) yonteminde ise sivi
basinci yardimiyla tek bir kalip kullanilarak {iretim yapmak miimkiindiir. Boylece karmasik geometriye
ve farkli kalinliga sahip saclar, kalip uyumu aranmadan daha ekonomik ve daha kaliteli olarak
sekillendirilebilmektedir. Bu ¢alismada, AISI 304 kalite paslanmaz sac malzemeden silindirik bir par¢anin
HDC yontemiyle sekillendirilmesi sonlu elemanlar yontemi kullanilarak sanal ortamda incelenmistir.
Incelemeler sonucunda, sacda yirtilma ve burusma olusturmayacak en uygun kalip tasarim parametreleri
belirlenmis ve bu parametreler kullanilarak deneysel olarak parca iiretiminde tatbik edilmistir. Sonug
olarak AISI 304 paslanmaz gelik sacin, HDC prosesiyle basariyla sekillendirilmesi igin gerekli olan
optimum parametreler belirlenmis ve sonlu eleman analizlerinin prosesteki optimum parametrelerin
belirlenmesinde giivenle kullanilabilecegi ortaya konulmustur.

Anahtar Kelimeler: Sac metal sekillendirme, Hidrosekillendirme, Kalip tasarum

Hydromechanical Deep Drawing Of Aisi 304 Stainless Steel Blank

ABSTRACT: Stainless steel sheet materials, which are frequently used in food, kitchenware, household
appliances, automotive, aerospace and medical industries with their superior resistance to corrosion, are
generally formed by the classical deep drawing method. Due to costly, time consuming and troublesome
manufacturing of dies in deep drawing, production with this method is not economical especially when
producing a small number of parts. It is possible to produce such parts by Hydromechanical Deep Drawing
(HDD) method which uses a single tool, andpressurized liquid. Thus, sheets with complex geometries and
different thicknesses can be manufactured economically and with better quality without requiring mold
compatibility. In this study, forming of a cylindrical part of AISI 304 quality stainless steel by HDD method
was investigated numerically using finite element method. As a result of these examinations, the most
suitable die design parameters that will not cause tearing and wrinkling in the sheet metal were
determined and the parts were experimentally manufactured based on these parameters. As a result, it has
been determined that the finite element analysis can be used safely in order to form the AISI 304 stainless
steel sheet successfully with HDD process and in determining the optimum parameters in the process.

Keywords: Sheet metal forming, Hydroforming, Die design
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GIRIS INTRODUCTION)

Otomotiv, ugak, beyaz esya ve savunma endiistrisinde yogunlukla kullanilan sac metal parcalar
genellikle kesme, biikme ve derin ¢ekme gibi klasik islemlerle sekillendirilmektedir. Bu islemlerde her
parca icin kalip tasarimi ve imalati, 6zellikle az sayida iiriiniin iiretilecegi durumlarda ekonomik
olmamaktadir. Geleneksel yontemlerden farkli olarak, hidrosekillendirme yonteminde erkek ya da disi
kaliptan biri iiretilip, diger kalibin yerini yiiksek basingh sivi almaktadir. Tek bir kalibin tiretilmesi, alt-
tist kalip uyumu aranmamasi, farkli kalinlikli saclarin tek bir kalipta iiretilebilmesi ve kalibin daha az
maliyetli malzemelerden {iretilebilmesi nedeniyle kalip maliyetleri %90’a varan oranda azalmaktadir. Bu
nedenle hidrosekillendirme prosesi 6zellikle az sayidaki pargalarin iiretiminde ekonomik olmaktadir.
Bunun yaninda {iiretilen parcalarin yiizey kalitelerindeki artig, {iretim kademe sayisinda azalma ve parga
konsolidasyonu saglama gibi avantajlari ile orta ve yiiksek iiretim kapasitelerinde de teknolojik avantaji
yliksek olan parcalarda tercih edilmektedir.

Hidrosekillendirme ilk olarak 1890 yilinda tatbik edilmistir. Ancak asil gelisimini 2. Diinya
Savasi’'ndan sonra yasamistir. Endiistriyel uygulamalarda yayginlasmas: ise 1990’lardan sonradir (Sahin,
2004). Proses, sac ya da tiip malzemelerin sekillendirilmesinde kullanilabilmektedir. Sac malzemelerin
sekillendirilmesinde, kalibin erkek ya da disi kalip olmasina gore iki farkli uygulama bulunmaktadir.
Erkek kalibin kullanildigr yontem Hidromekanik Derin Cekme (HDC) olarak isimlendirilmekte ve bu
yontemle digerine gore ¢ok daha derin pargalar iiretilebilmektedir. HDC ile klasik derin ¢cekme isleminde
2,2 olan sinir ¢ekme orami 2,7’ye kadar yiikseltilebilmektedir (Zhang ve Danckert 1998; Lin ve dig., 2009).
Boylece derin ¢ekme ile 3-4 kademede {iretilebilecek bir parcanin tek kademede {iretilmesi miimkiin
olmaktadir.

Tek tarafli bogluk
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Sekil 1. Hidromekanik derin ¢ekme prosesi (Akay ve dig., 2014)
Figure 1. Process of hydromechanical deep drawing (Akay et al., 2014)

Sac malzeme, HDC prosesinde 1stampa ile sekillendirilirken klasik derin ¢ekmeden farkli olarak
1stampanin karsi tarafindan sacin diger ytiizeyine Sekil 1’de goriildiigii gibi yiiksek basingta sivi uygulanir.
Proseste s1v1 basincinin istampa konumuna gore degisken degerlere sahip olmasi gerekmektedir (Yossifon
ve Tirosh, 1988). Yine proses sirasinda, klasik sekillendirmede oldugu gibi baski plakasi kuvveti ile sacin
burugmasmin oniine gegilmesi gerekmektedir. HD(’de bask:i plakasi kuvvetinin sacin burusmasin
engellemenin yaninda sizdirmazligin saglanmasi gorevi de bulunmaktadir.

Bagarili bir parca tiretimi i¢in kontrol edilmesi gereken parametreler, degerleri 1stampa konumuna
gore degisen siv1 basinci ile baski plakasi kuvveti, sac ve kaliplar arasindaki siirtiinme ve kalip geometrik
parametreleridir (Zhang ve dig., 2000; Lang ve dig., 2004). HDC prosesinde sivi basincinin optimum
egrisinin uygulanmadig1 durumda basarili bir sekillendirme yapmak miimkiin olmamaktadir. Bu nedenle
kullanilan malzemeye ve parca geometrisine bagli olarak degisen sivi basinci egrisi ve baski plakasi
kuvveti basta olmak {izere Sekil 1'de goriilen kalip giris yaricapi, 1stampa burun yarigapr ve kalipla
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1stampa arasindaki tek tarafli bogluk degeri gibi geometrik parametrelerin en uygun degerlerinin kaliplar
imal edilmeden Once belirlenmesi gerekmektedir. Bu da HDC prosesinin uygulanmasini
zorlagtirmaktadir. En uygun parametrelerin deneme yanilma ile belirlenmesi ¢ok zor, zahmetli ve
maliyetli bir istir. Bu nedenle proses i¢in en uygun parametrelerin Sonlu Elemanlar Analizleri (SEA) ile
belirlenmesi zaman ve maliyetten 6nemli derecede tasarruf saglamaktadar.

Yazar tarafindan daha once gergeklestirilen arastirmalarda AA 5754 alasimli aliiminyum sac
malzemenin HDC prosesi ile sekillendirilmesinde, parametrelerin prosese etkilerinin belirlenmesi tizerine
calismalar yapilmistir (Tinkir ve dig., 2015; Akay ve dig., 2014;, Halkac1 ve dig., 2014; Turkoz ve dig., 2013;
Halkaci ve dig. 2012; Halkaci ve dig., 2011). Bu ¢alismalarda AA 5754 alasimi i¢in en uygun siv1 basinci ve
baski plakas1 kuvveti egrileri SEA ile tespit edilmis, tek tarafli bosluk, 6n sisirme yiiksekligi ve basinci,
kalip ve 1stampa yarigapi, 1stampa ylizey piriizliiliigii gibi parametrelerin prosese etkileri deneysel
calismalarla ortaya konulmustur.

Bu calismada, kalip parametrelerinden olan 1stampa yaricapi, kalip yaricap: ve tek tarafli boslugun
farkli degerlerinin AISI 304 paslanmaz celik malzemenin sekillendirme islemine etkisi SEA ile arastirilmis
ve en uygun degerleri belirlenmistir. Daha sonra, sayisal analizlerden elde edilen optimum proses
parametre degerleri kullanilarak parganin sekillendirilebilirligi deneysel olarak incelenmistir. Boylece,
AISI 304 paslanmaz celigin HDC prosesiyle basariyla sekillendirilmesi i¢in kullanilmas: gereken optimum
parametreler ortaya konulmus ve HDC prosesinin sayisal analizlerinin giivenilirligi kanitlanarak
yontemin genellestirilmesi saglanmistir.

MATERYAL VE YONTEM (MATERIAL AND METHOD)
Sonlu Elemanlar Analizleri (Finite Element Analysis)

Bu calismada, 100 mm dairesel kesitli ve 1 mm kalinlikli AISI 304 sac kullanilarak, 40 mm ¢apindaki
1stampa ile HDC prosesi ile parca sekillendirilebilirligi incelenmistir. Bunun i¢in 6ncelikle HDC prosesinin
SEA’leri gergeklestirilmistir. SEA’de geometrik modelleme igin oncelikle kaliplar ve sac yiizey olarak
modellenmistir. Ciinkii, sac sekillendirme isleminde en uygun analiz yontemi sacin kabuk elemanlarla
(shell) modellenmesidir. Daha sonra, geometri Ls-Prepost yazilimina aktarilarak sonlu elemanlara ayirma,
malzeme modeli se¢imi, sinir sartlarin ve temas sartlarinin belirlenmesi adimlar: gerceklestirilmistir (Sekil
2). Ls-Dyna ¢oziiciisii ile sonuglar alindiktan sonra yine Ls-prepost yaziliminda sacda olusan gerilmeler,
birim sekil degisimi degerleri degerlendirilmistir.

Calisma kapsaminda etkisi incelenen geometrik parametreler Cizelge 1’de verilmistir.

Cizelge 1. Incelenen geometrik parametreler
Table 1. Investigated geometrical parameters

Parameter adi Parametrelerin diizeyleri
Istampa Burun Yarigap1 (mm) 4 5 6
Kalip Giris Yarigapt (mm) 4 5 6
Tek Tarafli Bosluk (mm) 0.5 1 1.5

Kaliplar Cizelge 1’de belirtilen parametrelerle tasarlanmis ve 5 mm yaricap degerleri ile 1 mm bogluk
degeri sabit alinarak diger parametrelerin degistirilmesiyle toplamda 9 adet simiilasyon
gergeklestirilmistir.
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Sekil 2. Hidromekanik derin ¢ekme prosesinin Sonlu Elemanlar Modeli ve sinir sartlari
Figure 2. Finite element model and boundary conditions of hydromechanical deep drawing process

+z haricinde
batdn
yonlerdeki
hareket ve
donmeleri
sinirh

SE modelinde kaliplar rijit olarak tanimlanirken, sac ise “elasto-viscoplastik” olarak tanimlanmistir.
AISI 304 paslanmaz gelik i¢in gercek gerilme- gercek birim sekil degistirme egrisi hadde dogrultusu ile
hadde dogrultusuna gore 45° ve 90° dogrultularda ¢cekme deneyi ile Sekil 3'teki gibi elde edilmistir.
Ortalamay1 temsil eden 45° dogrultudaki malzeme verisi tablo olarak Ls-Prepost'ta 24 numarah
“Piecewise lineer plasticity” malzeme kartina girilerek malzeme modellemesi yapilmistir.
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Sekil 3. AISI 304 paslanmaz celigin hadde dogrultusu ile hadde dogrultusuna gore 45° ve 90°
dogrultulardaki gergek gerilme ve gercek BSD grafigi

Figure 3. True stress and true strain graph of AISI 304 stainless steel in the rolling direction and 45 ° and 90 ° directions according to the
rolling direction

Calismada geometrik parametreler incelenerek kalip tasarimi arastirildigi i¢cin HDC prosesinde sivi
basinct ve baski plakasi kuvveti profilleri degistirilmeden kullanilmistir. Sivi basinct ve bask: plakasi
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kuvvetinin 1stampa pozisyonuyla degisimi grafigi Sekil 4'te verilmistir. Egriler elde edilirken daha 6nceki
calismalarda ayni captaki silindirik parga igin belirlenmis olan AA 5754 alasimina ait basing degerleri,
malzemelerin akma mukavemetlerinin oran ile ¢arpilarak olusturulmustur.
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Sekil 4. Malzemenin sekillendirilmesi i¢in kullanilan s1v1 basinc ve baski plakasi kuvveti profilleri
Figure 4. Fluid pressure and blank holder force profiles used for forming of the meterials

Sac ile kaliplar arasinda Coloumb siirtiinme modeli ve yaglama durumu igin 0.05 siirtiinme katsayisi
tanimlanmistir.

Deneysel Calisma (Experimental Study)

AISI 304 sac malzemeden 40 mm capinda silindirik bir parga tiretilmesi igin en uygun geometrik
parametreler SEA ile belirlendikten sonra parcanin iiretilebilirligi deneylerle test edilmistir. Deneyler,
Konya Teknik Universitesi Hidrogekillendirme Laboratuvarinda bulunan 60 ton kapama kuvveti ve 1200
bar s1v1 basinci kapasiteli hidrosekillendirme presinde (Sekil 5) gergeklestirilmistir. Bu preste 1stampanin
anlik konumuna karsilik gelen sivi basinci ve baski plakasi kuvveti degerleri interaktif olarak kontrol
edilebilmektedir. SEA ile kaliplar i¢in en uygun parametreler istampa burun yarigap: i¢in 4 mm, kalip
yarigapi i¢in 6 mm ve tek tarafli bosluk icin 1.5 mm olarak belirlenmistir. Kaliplar bu degerlere sahip
olacak sekilde iiretilip deney presine baglanmistir. Deney diizeneginin resmi Sekil 6’da verilmistir. Presin
hidrolik niimerik kontrol (HNC) iinitesine, sayisal analizlerde de kullanilan Sekil 3'teki ytikleme egrileri
girildikten sonra sistem deney yapmaya hazir hale getirilmistir. Baslangic malzemesi olarak 1 mm
kalinligindaki AISI 304 kalite paslanmaz gelik sacdan 100 mm capinda dairesel capta numuneler
hazirlanmis, sacin 1stampaya temas eden bolgesi haricindeki kisimlari parafin ve polietilen film
kullanularak yaglanmis, boylece baski plakasi ve basing kabi arasinda sacin en az direngle akmasi
saglanmistir. Deneyler yapilirken:

e Sac, baski plakasi tizerine yerlestirilmis,

e Baski plakasi yukar1 yonde hareket ederek sac kalipla baski plakasi arasinda belirli bir kuvvetle

sikistirilmas,

e Kalip, siv1 ile doldurulmus ve igerisindeki hava disar1 atildiktan sonra ¢ikis hattindaki vana

kapatilmas,

e Istampa, sacla temas edecegi pozisyona konumlandirilmas,

e On basing uygulandiktan sonra 1stampa HNC {initesinden girilmis olan hizla yine iiniteden

girilmis olan konuma ilerletilmistir.

e Istampailerlerken sivi basinci ve baski plakasi kuvveti daha 6nce tiniteye girilmis olan egriye gore

uygulanmustir.
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e Istampa son pozisyonuna gelinceye kadar basingta ani bir diisme ve kaliplarda sizdirma
olmamigsa parcanin basariyla sekillendirildigi anlasilmis, basing degeri sifirlanarak kaliplar agilmis
ve parca kaliplar arasindan alinmstir.

Sekil 5. Calisma kapsaminda kullanilan hidrosekillendirme presi
Figure 5. Hydroforming press used in current study
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Sekil 6. Hidrosekillendirme kaliplar:
Figure 6. Hydroforming tools

BULGULAR VE TARTISMA (FINDINGS AND DISCUSSION)

Farkli geometrik parametrelerle gergeklestirilen sayisal analizlerden sonra, Sekil 7’de goriildiigi gibi
kalip yaricap: i¢in 4 mm ve 1stampa burun yaricap: i¢in 6 mm optimum parametre degerleriyle sac
malzemenin 2.5 cekme oranina sahip olacak sekilde basariyla sekillendirilebildigi goriilmiistiir.
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Sekil 7. 4 mm kalip radyiisii 6 mm Stampa radydisii i¢in elde edilen SEA sonucu
Figure 7. FEA result obtained with 6 mm punch radius and 4 mm die radius

Tim analizlerde parcalar basariyla sekilleniyor goziikse de, sac parcada olusan maksimum incelme
degerleri degiskenlik arz etmektedir. Sac sekillendirmede malzemenin minimum oranda incelmesi arzu
edilir. Clinkii minimum incelmeyle daha mukavemetli bir parca elde edilmis olur. Bunun yaninda
parcanin daha ince sac kullanilarak elde edilmesi de miimkiin hale gelir. Kalip ve 1stampa burun yaricap1
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ile tek tarafli bosluk degerinin sac parcanin maksimum incelme degerine olan etkisi Sekil 8'de verilmistir.
Sonuglara gore sekillendirilebilirlik iizerinde en etkili parametre 1stampa burun yarigapidir. Istampa
burun yarigap1 4 mm degerinde iken incelme %31 olarak gergeklesirken, 6 mm ye ¢ikartildiginda bu deger
%15.3’e kadar azalmistir. Bunun yaninda kalip giris yaricapiin farkli degerlerinde yiizde incelme ¢ok
daha az degisiklik gostermistir. Kalip giris yaricapi arttik¢a az da olsa sacda olusan maksimum ytiizde
incelme degerinde artis gozlemlenmistir. Kalip giris yarigap1 4 mm iken %15.3 olan incelme degeri, 6 mm
degerinde %17.5’e ¢ikmistir. Klasik derin ¢ekmede, kalip giris yaricap: arttik¢a sacda olusan incelmenin
daha az egme gerilmesi nedeniyle azalmasi beklenirken HDC prosesinde bunun tam tersi
gozlemlenmistir. Bu duruma, kalip yarigcapinin artmasiyla sacin desteksiz durdugu bolgenin artmasimin
neden oldugu diistiniilmektedir. Farkli tek tarafli bosluk degerlerinde, en az incelme 1.5 mm degerinde
meydana gelirken 0.5 ve 1 mm degerlerinde birbirine yakin sonuglar elde edilmistir. Sonug olarak, sacda
en az incelme meydana getiren ve kalip tasariminda kullanilmasi en uygun olan geometrik parametreler;
tek tarafl1 bosluk icin 1.5 mm, kalip yaricapi icin 4 mm ve 1stampa burun yarigap1 igin 6 mm olarak elde
edilmigtir.
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Sekil 8. Farkl: kalip tasarim parametreleriyle sac par¢ada olusan maksimum yiizde incelme degerleri
Figure 8. Maximum thickness reduction values that were obtained with different tool design parameters

Deneysel ¢calismada ise, sayisal analizlerden elde edilen bilgiler 1s1g1nda 1 mm kalinliginda ve 100 mm
capinda AISI 304 paslanmaz ¢elik malzeme kullanilarak hidromekanik derin ¢ekme ydntemiyle sac
pargalar {iretilmistir. Uretimde SE analizleriyle belirlenen parametreler kullanilmistir. Deneyler sonunda
Sekil 9’da goriildiigii gibi parcalar 2.5 Smir Cekme Oranina (SCO) sahip ve 3 tekrarli olacak sekilde
basariyla {iretilmistir. Klasik derin ¢ekmede simmir ¢ekme orani bilindigi gibi 2 olarak alinmaktadir. 2
degerini asan cekme oranlarinda birden fazla kademede parca iiretilebilmektedir. HDC prosesi ile 2.5 sinur
¢ekme oraniyla par¢anin basariyla sekillendirilebilmesi, prosesin avantajini ortaya koymaktadir.
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Sekil 9. Deneylerden elde edilen AISI 304 paslanmaz gelik malzemeden 40 mm ¢apinda ve 2.5 SCO
degerine sahip silindirik parcalar
Figure 9. Cylindrical cups made of AISI 304 stainless steel with a diameter of 40 mm and with LDR value of 2.5s obtained from the
experiments

SE analizlerinden belirlenen parametrelerle deneysel olarak basarili sekillendirmelerin yapilmasi,
analizlerin giivenilirligini ortaya koysa da daha somut bir degerlendirme igin 1stampa {izerine gelen
kuvvetler Sekil 10’daki gibi karsilastirilmistir. Istampa iizerine gelen kuvvet, kalibin altindaki ytiik hiicresi
ile deneysel olarak Olciilmiistiir. Olciilen bu degerler ile analizlerden elde edilen degerlerin sekilde
goriildiigti gibi oldukca yakin oldugu belirlenmistir. Deneylerde 1stampa tizerine gelen maksimum
kuvvet 255 kN iken analizlerde bu deger 267 kN olarak elde edilmistir. Bylece, SE analizleri ile deneyler
arasinda sadece ~%5’lik bir fark oldugu sonucuna ulasilmistir. Bylece SE analizlerinin dogruluk derecesi
net bir sekilde ortaya koyulmus olup, daha farkli malzemelerin sekillendirilmesi ve optimum kalip
geometrilerin elde edilmesinde SE analizlerinin giivenle kullanilabilecegi sonucuna ulagilmistir.

Luvvet (KN}

Sekil 10. Deney ve SE analizlerinde 1stampa iizerine gelen kuvvetin kargilagtirmas:
Figure 10. Comparison of the force on the punch in Experiment and FE analyses

SONUCLAR (CONCLUSIONS)

Bu calismada AISI 304 paslanmaz celik sacin Hidromekanik Derin Cekme (HDC) prosesiyle
sekillendirilmesinde, geometrik parametrelerin prosese olan etkisi, SE analizleri ile arastirilmis ve kalip
tasariminda kullanilmasi en uygun olan geometrik parametre degerleri belirlenmistir. Daha sonra uygun
parametre degerleri ile sac pargalar sekillendirilebilirligi deneysel olarak da arastirilmis ve SE analizleri
ile deney sonuglari karsilastirilmistir.

SS 304 malzeme kullarilarak 40 mm ¢apinda ve 2.5 sinir ¢gekme oranina sahip silindirik bir parca
iretilirken en uygun kalip tasarim parametrelerinin tek tarafli bosluk i¢in 1.5 mm, kalip yarigap: icin 4
mm ve 1stampa burun yaricap: i¢in 6 mm oldugu sonucuna ulasilmistir. Bu degerlerle sacda olusan
maksimum incelmenin %15.3 oldugu belirlenmistir. Sayilan parametrelerden istampa yarigapinin,
malzemenin sekillendirilebilirli§i iizerinde diger iki parametreye gore cok daha etkili oldugu
bulunmustur. Istampa yaricapinin artmasiyla, kalip yaricapinin ise azalmasiyla sacda meydana gelen
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ylizde incelme degerinin azaldig1 yani sekillendirilebilirligin arttig1 goriilmistiir. Klasik derin ¢ekmede,
kalip yarigap: arttikca sacda olusan incelmenin daha az egme gerilmesi nedeniyle azalmas: beklenirken
HDC prosesinde bunun tam tersi gozlemlenmistir. Bu duruma, kalip yarigapinin artmasiyla sacin
desteksiz durdugu bolgenin artmasinin neden oldugu diisiiniilmektedir. SE analizleri ve deneylerden
elde edilen sonuglar arasinda biiyiik bir uyum oldugu bulunmustur. Analiz ve deneylerde 6lciilen
1stampa kuvveti arasinda sadece %5 bir fark oldugu belirlenmistir. Boylece daha farkli malzemelerin
sekillendirilmesi ve optimum kalip geometrilerinin elde edilmesinde SE analizlerinin giivenle
kullanilabilecegi sonucuna ulagilmistir.
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ABSTRACT: Mind has various functions such as remembering a certain event, processing information,
and providing responses to information it faces. During depression, mind does not work in an efficient
way because of wasteful thoughts constantly occupying it. In this paper, we study the problem of how to
react during depression, focusing on two decisions: ignoring the effects of wasteful thoughts on mind,
and attempting to resolve depression. We model the problem of how to react during depression as a
Markov Decision Process and solve it optimally. We also test the performance of two easy-to-use
decision rules under diverse scenarios: always ignoring and always attempting to resolve.

Keywords: Markov Decision Processes, mental health, optimality equations

Zihinsel Saglik i¢in Markov Karar Siireci Yaklagimi

O2Z: Zihin belirli bir olay1 hatirlama, bilgiyi proses etme ve maruz kaldig1 bilgiye tepki verme gibi cesitli
fonksiyonlara sahiptir. Depresyon boyunca zihin, kendisini siirekli olarak mesgul eden gereksiz
diisiincelerden dolay: verimli bir sekilde ¢alismaz. Bu makalede, su iki karara odaklanarak depresyon
boyunca nasil tepki verilmesi gerektigi problemini ¢alismaktayiz: gereksiz diisiincelerin zihin iizerindeki
etkisini ihmal etme ve depresyonu ¢dzmeye calisma. Depresyon boyunca nasil tepki verilmesi gerektigi
problemini Markov Karar Siireci ile modellemekteyiz ve problemi optimal olarak ¢6zmekteyiz. Ayrica
cesitli senaryolar altinda su iki kolay-kullanilabilir karar kurallarinin performansini test etmekteyiz: her
zaman ihmal etme ve her zaman ¢6zmeye calisma.

Anahtar Kelimeler: Markov Karar Siirecleri, zihinsel saglik, optimallik denklemleri
INTRODUCTION AND LITERATURE REVIEW

Mind is always in a particular state; it receives what it reads or sees, and begins to process them.
During depression, mind is continuously affected by the source of depression, which can be a tragic
event such as getting divorced, death of a family member, being bullied, or the image of a perpetrator.
As a result, the information mind receives includes memories of a tragic event, which decreases the
efficiency of mind since it struggles with thoughts related to such an event when performing a usual
activity such as reading a text or performing a daily task at workplace.

An individual facing the abovementioned situation can be thought to choose one of the following
decisions: 1) ignoring the effects of wasteful thoughts (depression) on mind, 2) attempting to resolve
depression. In the former case, mind is constantly occupied by wasteful thoughts while the individual is
working on her task. In the latter case, the individual tries to resolve the issue by having a break from
her task and focusing on a relaxing activity for a short period. Certainly, both decisions cause waste of
time and decrease in attention level.

To that end, we consider the problem of how to react during depression, focusing on the
abovementioned decisions. The problem has the feature that the cause of depression dynamically arrives
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at mind over time, forcing the individual to either ignore or attempt to resolve. We formulate the
problem as a discrete-time finite horizon Markov Decision Process (MDP), a mathematical framework
used to model systems that evolve probabilistically over time (Puterman, 1994).

In this paper, the following contributions are made:

e We introduce a depression handling problem in which an individual seeks to find optimal

policy with the objective of maximizing her well-being, which we define as attention level minus the

amount of time wasted.

¢ We formulate the problem as an MDP and solve it optimally.

e We test the performance of easy-to-use decision rules under diverse scenarios.

e We derive certain policy insights from our computational results.

There have been numerous studies on mental health (Parker ef al., 2016), (Bettis et al., 2017),
(Momotani and Yamamoto, 2014), (Fergusson et al., 2015), (Kessler et al., 2015). Examples of topics
studied in the literature include adult mental health, long-term effects of being bullied, workplace
bullying as an antecedent of mental health problems, and child and adolescent mental health. The
related literature is reviewed below.

Lereya et al. (2015) studied consequences of peer bullying in childhood. Their analysis revealed that
young adults’ mental health is adversely affected by being bullied by peers in childhood. Outcalt et al.
(2015) focused on chronic pain and comorbid mental health conditions. They analyzed baseline data to
investigate whether posttraumatic stress disorder and major depression are associated with factors such
as psychological status and quality of life. Sigurdson et al. (2015) studied the effects of being bullied on
health problems in adulthood. Their findings revealed that there is an association between involvement
in bullying in adolescence and later mental health problems.

Cuijpers et al. (2016) conducted a comprehensive meta-analysis for interpersonal psychotherapy for
mental health problems. Their results indicate that interpersonal psychotherapy can be used to treat
depression effectively. Einarsen and Nielsen (2015) examined whether there is a relationship between
exposure to workplace bullying and mental health. They found that health and well-being of workers
are threatened by workplace bullying. Bor et al. (2014) conducted a literature review to examine whether
“child and adolescent mental health problems are increasing in the 21st century”. Their findings
revealed that, compared with previous cohorts, internalizing symptoms appear increasingly in recent
cohorts of adolescent girls. Bruffaerts et al. (2018) studied mental health problems in college freshman.
They point out that there is an association between mental health problems in college freshman and
lower academic functioning.

Boardman ef al. (2011) addressed the question of how the stigma of depression is linked to the
responses to depression. Their results revealed that stigma is associated with ideas about depressive
sypmtoms. Buckaloo et al. (2009) performed research on the effects of exercise on prison inmates, and
found that exercise is a proper strategy to tackle incarceration. Jorm et al. (2006) conducted research on
the claim that dealing with depression alone is better than seeking help. They concluded that adults
generally embrace the view that personal weakness causes depression.

Patten (2005) developed Markov models that represent incidence, prevalence, and recovery from
depression, and used Monte Carlo simulation to constrain model parameters to the respective data.
Their study reveals that incidence and episode duration influences the period prevalence of depression.
Other methods to deal with depression include longitudinal cohort studies (Boardman et al., 2011), data
analysis and statistical methods such as prediction (Buckaloo ef al., 2009), and meta-analysis (Corrigan et
al., 2014).

Examples of studies focusing on the impact of mental health problems can be summarized as
follows. Corrigan et al. (2014) studided the elements of mental illness stigma and investigate public
policy considerations that tackle this illness. They concluded that it is necessary to resort to policy
change in overcoming the structural stigma. Motivated by the impact of working conditions of academic
settings on mental health, Levecque et al. (2017) evaluated the prevelance of mental health problems in a
group of PhD students in Belgium. Their analysis revealed that factors such as job demands, the
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supervisor’s leadership style, and the culture of team decision making are associated with mental health
problems. Reiss (2013) surveys the literature on the relationships between a variety of indicators of
socioeconomic status and mental health outcomes for children. Their review emphasizes the need for
early childhood interventions to improve mental health in children.

MDP has been applied to a variety of health problems. Examples of those problems include “optimal
assignment of treatments to health states” (Bala and Mauskopf, 2006), control of patient admissions in
hospitals (Nunes et al., 2009), assessment of pharmacoeconimics and health technology (Stahl, 2008), and
disease prevention, disease screening and surveillance, and treatment decisions (Denton et al., 2011).

Unlike our work, the mental health literature does not contain any work that models a mental health
problem using MDPs.

PROBLEM DESCRIPTION AND MATHEMATICAL FORMULATION

The problem of dealing with depression can be described as follows.

e We consider depression in the sense that persistent thoughts and memories constantly occupy
mind, thereby focusing on the negative effects of depression on the way mind works.

e We consider a finite time horizon, considering the effect of depression on mind for certain
number of periods. This corresponds to a period in which the individual works on a particular task.
Once this period ends, the individual’s performance is evaluated.

e The imagination of a person who is the source of depression or the rememberance of a tragic

event arrives at mind randomly at each time period, with probability P . We assume that at most
one arrival occurs at each time period. The probability that depression is resolved at any given

period when the individual attempts to resolve it is represented by Pr . We assume that depression
may be resolved by having a break from work for a little while and being involved in a relaxing
activity.

e If the individual ignores the effect of depression, then her attention level decreases by Y1 units
and time lost increases by X1 units. If the individual attempts and resolves depression, with certain

probability P , attention level decreases by Y2 unit and time lost increases by X2 units; with

probability 1- Pr, attention level decreases by Y3 units and time lost increases by *3 units.

e If depression arises during a given period, at the beginning of the next period, the individual
performs the decision of ignoring or attempting to resolve.

e There are weights for attention level and time lost, respectively. These weights represent the

effect of attention level and time lost on the individual’s well-being, and are denoted by Wai ang W
respectively.

e The objective is to handle depression with the objective of maximizing the well-being of the
individual.

Markov Decision Process Model

Markov Decision Process (MDP) is a mathematical framework used to model systems that
evolve probabilistically over time. An MDP consists of the following components: (Gocgun, 2018)
e Stage: “It consists of time periods through which the system evolves.”
e State: “States capture the key features of the system at various time-points.”
e Action: At each state, one of the feasible actions is selected.
e Probabilistic state transitions: The process switches to a new state probabilistically after an action
is chosen at each state.
e Reward/cost: A reward is obtained or a cost is incurred for each state-action pair.
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The objective of an MDP is “to compute an action in each state so as to maximize expected net
reward (or minimize expected cost)” (Gocgun, 2018).

State Space

The state space S € S takes the following form.
s =(al,tl,c),
where al is attention level, tl is time lost, and ¢ is a binary variable indicating whether there is a
depression to be dealt with or not.

Action Sets

The decision of the individual at the beginning of each period is to either ignore or attemt to resolve
depression, if there is depression. Otherwise there is no decision to be made. A, denotes the set of

available actions in state S. Any action in § is represented by:
a=(d),

where d is ignore or attempt to resolve. Note that actions are chosen deterministically.
Transition Probabilities

After a decision is made, the state changes as follows.
If there is depression and the decision of the individual is to ignore,

(al —y,,tl +x,,0), with probability1- p,
(al =y, th+x,1) with probability p, O

If there is depression and the individual’s decision is to attempt to resolve depression,

(al—vy,,tl+x,,0), with probability (1- p,)(p,)
(al-vy,,tl+x,,1) with probability p,(p,)

s ={(al—y,,tl+x,,0) with probability (1- p,)(1- p,)
(al —y,,tl+x,;,1)  with probability (p,)(1-p,)

)
Rewards

The immediate reward is expressed as
r(a) = Wy (al) — W (tl)’ (3)

and represents the well-being of the individual at current stage.
Optimality Equations

Optimality equations for finding a policy that maximizes the expected well-being of the
individual is expressed as follows:

v, (S) = max {r(a) + > P(s | s,a)vml(s')}, n=1..,N,vseS,
aeAs '

seS

(4)
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where vn(s) is the value function and gives us the optimal value of the MDP for state s,

P(S' | s,@) is the probability that the next state is s given that action a is chosen at state S.
VN+1(S) =al (Wfa) —t|(Wn), (5)
where W, is the end-of-period weight for attention level, and Wy, is end-of-period weight for

time lost.
The following calculation is performed at each stage:

a*(s) e argmax {r(a) + Y P(s |s, a)vnﬂ(s')}, n=1..,N-1.
aeAS '

seS

(6)

At the end of the horizon (which could be a day), the inidividual’s performance will be
evaluated; these end-of-period weights are used to determine whether attention level or time lost is
more important for the individual.

The solution of the above standard recursive equations for all S and n=1,...,N provides us
an optimal policy((Puterman, 1994)). In particular, we solve our finite-horizon MDP by using the
backward induction technique (BIT). The BIT solves the optimality equations given in equations (4) and
(5) backwards in time and and then obtains the optimal actions given in Equations (6). We define initial
conditions through Equation (1) and calculate the value function one stage at a time (Alagoz et al., 2010).

NUMERICAL RESULTS

This section contains computational results obtained by employing optimal policy as well as
easy-to-use decision rules. We used R, a free software environment for statistical computing, for
employing these decision rules.

Experimental Design

We consider a depression handling problem in which the length of the finite horizon is 48 (the
length of each period is 10 minutes; therefore the length of the horizon is 8 hours). Probability that

depression occurs at any period ( Py ) is assigned two levels: 0.9 and 0.5 (the first level corresponds to

high-frequency depression situation and the second one corresponds to medium-frequency depression
situation).

Probability that depression is resolved after the individual attemts to resolve has three levels: 0.25,
0.5, and 0.75 (corresponding to low, medium, and high levels). By varying the levels of w,, W, W,

al /
W, and , we created 15 scenarios, which are described in Table 1. The ratio of any of W,; and W, to any

of W, and Wy, is set to at least 1/200 and at most 1/25 as end-of-period weights are expected to be

reasonably higher than W,; and W, . In order to create enough trade-offs, the ratio of W, to W, is set to

two levels: 1 and 2.
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Table 1. Scenarios used in testing decision rules.

Wa Wy Wra We
Scenario

1 1 1 50 100
2 1 1 100 50
3 1 1 50 200
4 1 1 200 50
5 1 1 100 200
6 1 1 200 100
7 2 1 50 50
8 2 1 50 100
9 2 1 100 50
10 2 1 50 200
11 2 1 200 50
12 2 1 100 100
13 2 1 100 200
14 2 1 200 100
15 2 1 200 200

Regarding the relationship between X;’s and Y;’s, we consider the following two cases.
Case1: Y, = Y, = 4y,, X; = 2X, = 2X,
Case-2: Y, = Y, =2Y,, X; = 2X, = 2X,
Without loss of generality, we set Y, to1and X, to 2. Consider Case-1; if the individual ignores the

effect of depression, then her attention level decreases by 4 units and time lost increases by 2 units. This
is due to the fact that in this case wasteful thoughts will occupy the mind, which adversely affects
attention level and cause waste of time due to decrease in the efficiency of mind. On the other hand, if
the individual attempts to resolve depression, with probability P, , attention level decreases by 1 unit

and time lost increases by 2 units; with probability (1— p,), attention level decreases by 4 units and

time lost increases by 4 units. The reason is that when depression is resolved, attention level will
decrease slightly and the amount of time lost will be moderate; if it is not resolved, attention level will
decrease significantly and the amount of time lost will be high.

We generated 180 problem sets since the number of scenarios is 15, the probability that depression is
resolved has three levels, the probability that depression occurs at a given period has two levels, and we

have two cases regarding the values of X;s and Y;s. For each problem set, we ran 1000 independent

simulations for the policy retrieval process (i.e., utilizing the optimal action for each state visited). To be
more specific, we first find the optimal policy for a given problem set using the BIT, which gives us the
optimal action at each state. Then we simulate the system, which transitions to various states because of
random arrivals of the source of depression. Since we know the optimal action for each state visited, we
are able to calculate the resulting cost for each of 48 stages.

In this work, we tested the performance of the following decision rules.

Always Ignore (IGN): According to this rule, the individual always chooses to ignore in case of
depression.

Always Attempt to Resolve (RES): In case of depression, this rule always chooses the option of
attempting to resolve.

Results

Our results are presented in tables 2,3,4, and 5. Tables 2 and 3 correspond to Case-1, whereas tables 4
and 5 correspond to Case-2. Each row of the below tables corresponds to a different problem set. The
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values provided in each table are percentage differences between the optimal policy and the respective
decision rule. Further, “Best str” means best strategy, and IGN and RES correspond to “always ignore”
and “always attempt to resolve” decision rules.

We begin with the analysis of Table 2 for which Py = 0.9. Our results reveal that, for p, = 0.5 (the
probability that depression is resolved after the individual attempts to resolve it), the "always attempt to

resolve" decision rule performs better in 10 out of 15 problem sets. Whereas the "always ignore" decision
rule performs better in 4 out of 15 problem sets. Additionally, if average percentage difference between

"

the optimal policy and the respective decision rule is considered, the "always attempt to resolve
decision rule performs significantly better than the other rule. When p, is 0.25, the "always ignore”

decision rule outperforms the other rule in 11 out of 15 problem sets, whereas the “always attempt to
resolve” decision rule is the best rule in 2 out 15 problem sets. The two decision rules perform nearly the
same in the remaining 2 problem sets. Further, the “always attempt to resolve” decision rule performs
better in all the problem sets when p, is 0.75.

When the end-of-period weight for attention level (W, ) is higher than the end-of-period weight for
happiness level for time lost (W, ), which corresponds to scenarios 2,4,6,9,11, and 14, the "always attempt
to resolve" decision rule always outperforms the other rule for the p, = 0.5 and p, = 0.75 cases.

When depression occurs less frequently, which corresponds to Py =0.5 , the only change with

respect to Table 2 is in percentage differences between the optimal policy and the respective decision
rule. In this case, the percentage difference values drop significantly. What is more, the “always attept to
solve” decision rule performs as well as the optimal policy in almost all the problem sets when p, is

0.75 (see Table 3).

When the effect of the action of ignore is less severe (corresponding to Case-2), the "always ignore"
decision rule generally performs better than the other decision rule for the p, =0.25 and p, =0.5
cases. On the other hand, for the p, =0.75 case, the "always attempt to resolve" decision rule generally

performs better than the other rule (see tables 4 and 5).

Table 2. Case-1 results for p; =0.9.

Resolve prob 0.25 Resolve prob 0.5 Resolve prob 0.75
Scenario  IGN RES best str IGN RES best str IGN RES best str
1 247 386 IGN 245 260 IGN 177 91 RES
2 1025 1095 IGN 2804 1763 RES 1425 240 RES
3 165 306 IGN 147 201 IGN 100 81 RES
4 396 362 RES 1366 677 RES 2047 151 RES
5 230 361 IGN 223 244 IGN 155 88 RES
6 997 1035 IGN 2513 1568 RES 1167 211 RES
7 3836 4533 IGN 864 536 RES 2496 233 RES
8 426 617 IGN 181 161 RES 191 44 RES
9 3223 3226 BOTH 13688 6963 RES 1862 98 RES
10 206 362 IGN 78 105 IGN 69 34 RES
11 1316 1124 RES 1020 435 RES 697 27 RES
12 784 955 IGN 355 244 RES 375 52 RES
13 291 438 IGN 126 127 BOTH 114 36 RES
14 97 97 BOTH 1345 716 RES 1453 94 RES
15 517 640 IGN 252 186 RES 229 40 RES
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Table 3. Case-1 results for p; =0.5

265

Resolve prob 0.25 Resolve prob 0.5 Resolve prob 0.75
Scenario IGN RES best str IGN RES best str IGN RES best str
1 48 169 IGN 47 61 IGN 93 0 RES
2 631 832 IGN 187 12 RES 128 0 RES
3 26 123 IGN 24 64 IGN 32 13 RES
4 155 90 RES 121 3 RES 111 0 RES
5 38 131 IGN 34 50 IGN 6l 0 RES
6 501 582 IGN 311 19 RES 151 0 RES
7 53 101 IGN 65 5 RES 82 0 RES
8 507 1566 IGN 2657 1747 RES 254 0 RES
9 62 62 BOTH 78 2 RES 88 0 RES
10 40 177 IGN 33 73 IGN 65 0 RES
11 74 36 RES 85 2 RES 91 0 RES
12 453 899 IGN 210 35 RES 132 0 RES
13 62 199 IGN 70 72 BOTH 142 0 RES
14 179 180 BOTH 127 2 RES 112 0 RES
15 137 278 IGN 312 86 RES 275 0 RES

Table 4. Case-2 results for p; = 0.9

Resolve prob 0.25 Resolve prob 0.5 Resolve prob 0.75
Scenario  IGN RES best str IGN RES best str IGN RES best str
1 143,22 284,37 IGN 14322 217,63 IGN 143,18 149,65 IGN
2 286,77 423,09 IGN 286,77 310,10 IGN 299,32 204,61 RES
3 119,42 260,90 IGN 119,42 203,61 IGN 117,94 143,73 IGN
4 586,57 710,43 IGN 586,57 509,69 RES 655,17 346,03 RES
5 145,62 285,95 IGN 145,62 221,21 IGN 145,18 154,97 IGN
6 321,95 455,45 IGN 321,95 33727 IGN 337,05 228,49 RES
7 278,88 460,78 IGN 27243 326,56 IGN 208,52 148,38 RES
8 181,32 342,25 IGN 171,79 245,17 IGN 128,93 120,79 RES
9 444,25 626,86 IGN = 444,44 448,34 IGN 339,53 197,32 RES
10 135,91 287,08 IGN 127,67 210,06 IGN = 91,92 107,97 IGN
11 1024,54  1209,61 RES 1131,13 944,68 RES 782,64 362,86 RES
12 246,62 406,32 IGN 23815 292,40 IGN 181,02 140,40 RES
13 165,09 315,34 IGN 157,14 231,64 IGN 11528 116,79 IGN
14 410,86 567,47 IGN 409,52 413,59 IGN 310,37 189,10 RES
15 229,93 378,15 IGN 222,62 276,95 IGN 166,89 136,30 RES
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Table 5. Case-2 results for p; =0.5

Resolve prob 0.25 Resolve prob 0.5 Resolve prob 0.75
Scenario IGN RES beststr IGN  RES best str IGN RES best str
1 22 121 IGN 22 75 IGN 22 27 IGN
2 58 181 IGN 58 81 IGN 76 0 RES
3 18 108 IGN 18 72 IGN 17 33 IGN
4 162 313 IGN 203 103 RES 545 0 RES
5 22 112 IGN 22 71 IGN 21 28 IGN
6 57 160 IGN 57 71 IGN 73 0 RES
7 89 368 IGN 89 175 IGN 116 0 RES
8 32 165 IGN 32 96 IGN 34 25 RES
9 228 664 IGN 215 226 IGN 1289 0 RES
10 21 123 IGN 21 80 IGN 20 34 IGN
11 602 1090 IGN 417 137 IGN 158 0 RES
12 48 186 IGN 48 97 IGN 55 7 RES
13 26 129 IGN 26 79 IGN 26 28 IGN
14 94 251 IGN 91 96 IGN 146 0 RES
15 38 143 IGN 38 78 IGN 41 14 RES

In light of the abovementioned results, we have the following insights for the depression
handling problem.

e Probability that depression is resolved is one of the determinants for the best decision rule.
e If probability that depression is resolved has moderate values, the “always attempt to resolve” o
decision rule generally performs better than the “always ignore” decision rule when the effect of
ignoring is severe (corresponding to Case-1). Whereas the “always ignore”e rule generally performs
better than the other decision rule when the effect of ignoring is not severe.
e If probability that depression is resolved has small values, the individual should generally
follow the “always ignore” decision rule.
e If probability that depression is resolved is considerably high, the individual should generally
follow the “always attempt to resolve” decision rule.

CONCLUSIONS

We studied the problem of how to deal with depression, focusing on two decisions: : ignoring the
effects of wasteful thoughts on mind, and attempting to resolve depression. We modeled the problem as
an MDP, solved it optimally and assessed the performance of two easy-to-use decision rules under
diverse scenarios. Our computational results revealed that the best decision rule to implement depends
on the probabiltiy that depression is resolved.

Our work reveals that easy-to-use decision rules provide somewhat good solutions for the
depression handling problem we introduced. Future research could consider similar problems that lead
to more realistic models. In particular, different types of arrivals of events that cause depression can be
considered, and models in which state space is more complex can be studied. It would also be
interesting to use inifinite-horizon MDPs for modeling such problems. In that case, because of the
computational intractability, an approximate solution rather than an optimal solution can be obtained
through approximate dynamic programming techniques.
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ABSTRACT: Titanium (Ti)-Niobium (Nb) alloys are generally produced by casting methods. Since the
melting temperatures of pure Ti and Nb are quite high, their fabrication by casting techniques is costly.
On the other hand, it is possible to produce these alloys economically at much lower temperatures (less
than melting temperature of Ti), completely in solid state using powder metallurgy. In the present study,
Ti74Nb26 alloys were produced using pure Ti and pure Nb powders by combination of hot pressing and
high temperature sintering for the first time. The influences of processing temperature and time on
density, microstructure, and mechanical behavior were investigated. Density measurements showed that
hot pressing at 800 °C provided full density. XRD and SEM investigations revealed that amount of 3 phase
formed increased with increasing sintering time. In addition to main phase f3, little amount of a phase and
a very small amount of pure Nb were observed in the microstructure. Mechanical properties were
measured by means of uniaxial compression and micro Vickers indentation tests. The results indicated
that 4 h of sintering at 1200 °C exhibited the highest value of hardness (336 HV), elastic modulus (44 GPa),
yield strength (894 MPa), and compressive strength (1178 MPa).

Key Words: Titanium-Niobium alloys, Powder metallurgy, Hot pressing, Sintering, Microstructure, Mechanical
properties.

Sicak Presleme Ve Yiiksek Sicaklik Sinterleme Kombinasyonu ile B Tipi Biyomedikal TizsNbzs
Alasiminin Uretimi

OZ: Ti-Nb alagimlar1 genellikle dokiim yontemi ile diretilirler. Saf Ti ve Nb’un erime sicakliklari oldukca
yiiksek oldugundan dokiim yoluyla Ti-Nb alasimlarini iiretmek maliyetlidir. Toz metalurjisi yontemi ile
bu alasimlari ¢ok daha diisiik sicakliklarda (Ti erime sicakligindan daha az) ve tamamen kat1 halde
ekonomik olarak tiretmek miimkiindiir. Bu c¢alismada Ti74Nb26 alasimlar1 saf Ti ve saf Nb tozlari
kullamilarak, sicak presleme ve yiiksek sicaklik sinterlemesinin ilk kez birlikte uygulanmas: ile
tiretilmistir. Uretim siirecinde uygulanan islem sicaklig1 ve zamaninin yogunluk, mikroyap1 ve mekanik
davrams tizerindeki etkileri aragtirilmistir. Yogunluk ol¢limleri, 800 °C'de yapilan sicak presleme
isleminin tam yogunlugu sagladigini gostermistir. XRD ve SEM incelemeleri, sinterleme siiresinin
artmastyla birlikte (3 faz1 olusumunun arttigini ortaya koymustur. Ana faz ['ya ilaveten, mikroyapida az
miktarda a faz1 ve ¢ok az miktarda saf Nb gozlenmistir. Mekanik 6zellikler tek eksenli basma ve mikro
Vickers sertlik testleri ile belirlenmistir. Mekanik test sonuglari, 1200 °C'de 4 saatlik sinterlemenin en
yiiksek sertlik (336 HV), elastik modjil (44 GPa), akma mukavemeti (894 MPa) ve basma mukavemeti (1178
MPa) degerlerini sagladigim gostermistir.

Anahtar Kelimeler: Titanyum-Niyobyum alagimlari, Toz metalurjisi, Sicak presleme, Sinterleme, Mikroyaps,
Mekanik ozellikler
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1. INTRODUCTION

Stainless steels, cobalt based alloys and Ti alloys are the most widely used metallic biomaterials.
Among them Ti alloys show the highest biocompatibility, specific strength and corrosion resistance. The
use of Ti alloys is not limited only to the biomaterials industry they are also used in aerospace applications
since they have numerous favorable mechanical properties, such as good fatigue strength, high wear
resistance, excellent fracture toughness and high strength to weight ratio compared to other materials or
alloys (Elias ef al., 2006; Niinomi et al., 2012; Zhuravleva et al., 2013; Cremasco et al., 2013; Sharma et al.,
2016).

Inadequate wear resistance, high oxidation at elevated temperatures, low hardness and low yield
strength of pure Ti reduce the lifetime of parts and limit fields of its application (Shymanski et al., 2015).
Varying physical, chemical and mechanical properties for Ti alloys can be achieved by alloying Ti with
several metallic elements, such as aluminum (Al), vanadium (V), iron (Fe), tin (Sn), molybdenum (Mo),
chromium (Cr), zirconium (Zr), tantalum (Ta) and Nb. In order to solve the toxicity problems of some
alloying elements, such as nickel (Ni), Al and V new Ti alloys were suggested (Niinomi et al., 2012). These
new metastable (3-Ti alloys, such as Ti-Nb, Ti-Ta and Ti-Zr show considerable promise due to their
superior properties including lower elastic moduli, higher strength, good ductility and compositions
absent of potentially cytotoxic elements. Among them Ti-Nb based alloys display the lowest elastic moduli
and better shape memory effect (Kim et al., 2006; Niinomi et al., 2012; Kent et al., 2013). Pure Nb is a
completely biocompatible material and doesn’t cause any tissue reaction. Young’s modulus of Ti alloys
can be reduced by adding Nb acting as a $-phase stabilizing element in Ti alloys (Wang and Zheng., 2009;
Niinomi et al., 2012; Zhao et al., 2013; Zhao et al., 2015). Nb also increase the resistance of Ti to oxidation
and contributes to decrease of oxygen solubility and further oxygen diffusion into the alloy (Han et al.,
2015). These properties make Ti-Nb alloys faithful and possible candidate biomedical materials for
replacing frequently used commercial Ti6Al4V and TiNi alloys (Kim et al., 2006; Wang and Zheng 2009;
McMahon et al., 2012; Kent et al., 2013; Andrade ef al., 2015; Bonisch et al., 2015; Prokoshkin et al., 2016).

Ti-Nb alloys are generally produced by casting techniques (Hon et al., 2003; Ozaki et al., 2004; Kim et
al., 2006; Chai et al., 2008; Chai et al., 2009; Ma et al., 2010; Cremasco et al., 2013; Han et al., 2015; Bonisch et
al., 2015; Prokoshkin et al., 2016). Porosity, rough microstructure, and composition segregation are the
main defects normally present by casting and greatly worsen the mechanical properties. Also, melting
points of Ti and Nb, 1668 and 2477 °C, respectively, are extremely high that special furnaces (vacuum arc
melting, VAM and vacuum induction melting, VIM), too much energy and expensive equipments such as
vacuum are needed to produce Ti-Nb alloys via casting methods. Expensive machining operations and
high cost of raw materials are other cost-increasing factors. Significant cost reductions can be achieved by
using powder metallurgy techniques to get near net shapes while reducing processing temperature and
machining time and material waste. Ti-Nb based alloys can be manufactured by powder metallurgical
processing techniques using elemental powders, since they require relatively low temperatures (less than
melting point of Ti) for sintering compared to higher casting temperatures needed for VAM or VIM.

The objective of the present study is to fabricate and characterize bulk TizNbzs alloy which is a
promising candidate material for metallic implant applications. The reason for choosing this composition
is that it has the lowest elastic modulus value, ~60 GPa, (Ozaki et al., 2004) among Ti-Nb binary alloys very
important to prevent or minimize stress shielding effect occurring as a result of the mismatch between
elastic modulus of the implant material and that of bone (less than 30 GPa, Li ef al., 2014) and may results
in loosening of the implant. The alloy has been produced combining hot pressing (for full densification)
and high temperature sintering (for Nb dissolution in Ti and accordingly to obtain 3 phase) for the first
time since the previous studies such as carried out by Santos et al., 2005 reported that conventional or
pressureless powder metallurgy methods could not achieve full density and could not get rid of the
porosity completely even for sintering temperatures as high as 1600 °C.
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2. MATERIALS and METHODS

In the present study, elemental pure Ti (99.5%) and pure Nb (99.8 %) powders (both of them smaller
than 45 um and supplied by Alfa Aesar, Germany) were used to fabricate Ti-40Nb (wt. %) corresponding
to TizNbzs alloy by at. %. Scanning electron microscope (SEM) images given in Figure 11 show the
morphological properties of as-received powders. The shapes of Ti and Nb powder particles were
irregular since they were produced hydride dehydride conversion technique.

(@ (b)
Figure 1. SEM micrographs of pure (a) Ti and (b) Nb powders.

Figure 2 presents the X-Ray Diffraction (XRD) results of starting raw powders. The phases existing in
the microstructure of Ti and Nb powders were pure a-Ti with a hexagonal close packed (HCP) crystal
structure and pure Nb with a body centered cubic (BCC) structure. None of the powders contained oxide
or carbide phases so that they were free from any type of contamination.
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Figure 2. XRD patterns of as-received (a) Ti powders and (b) Nb powders

Composition of the Ti-Nb alloy is selected to be TizsNb2s because this composition has the lowest elastic
modulus value as stated before. Weights of raw powders were calculated considering the selected
composition and final dimensions of the cylindrical samples (15 mm in diameter and 10 mm in height). It
was assumed that hot pressed samples would attain full density (zero porosity) in order to get the
predetermined height or thickness of 10 mm. Powders were weighted using an electronic balance and
mixed manually with the help of a binder, ethylene, for 15 minutes to obtain a homogeneous mixture.
Afterwards, the mixture was charged into a hollow cylindrical graphite die with inner diameter of 15 mm.
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The graphite die tool filled with Ti and Nb powder mixture was put into the pressing chamber. Then the
door of hot pressing chamber was closed and the chamber was vacuumed. Following vacuuming the
chamber was filled with pure argon gas. This procedure was repeated 3 times and all the residual air was
swept away from the chamber. Specimens were heated to the hot pressing temperatures predetermined,
pressed and sintered at those temperatures simultaneously for 1 h of constant time. The pressure applied
during heating, pressing and cooling steps kept constant as 50 MPa. An MSE_ M_HP_1300 model hot
press was employed to produce samples and hot pressing operation was carried out at 600 °C, 650 °C and
800 °C. All the hot pressing experiments were done under flowing argon gas atmosphere to prevent
oxidation of samples. Finally, hot pressed samples were left to cooling inside the chamber and taken from
the chamber when the temperature decreased to 150 °C. The graphite deposited as a thin layer on the hot
pressed sample surfaces were removed applying grinding for which a wheel rotating type machine
(Struers Labo Pol 5) and 240 and 320 grit SiC papers were used. After grinding, samples were cleaned in
an ultrasonic cleaner for 10 minutes to remove possible residues and left drying. Next, samples put in an
alumina (ALOs) crucible were further sintered at 1200 °C in a vertical tube furnace (Protherm PTF
14/50/450) for 1, 2, 3 and 4 h under flowing argon gas to obtain desired § phase providing Nb dissolution
in Ti. Sintering temperature (1200 °C) was kept constant for all the specimens. After sintering, the samples
were furnace cooled and removed from the furnace at 200 °C. Heating, sintering and cooling curves are
given in Figure 3. Temperature-time curve of hot pressing has also been added into that figure for
comparison. Initial linear region in the curves represents heating step where the heating rates were kept
constant as 10 and 8 °C/min for hot pressing and sintering, respectively. Horizontal second region
corresponds to hot pressing or sintering time and finally the third region shows the cooling step where
the slopes of the curves at different points are variable, not constant. This means that cooling rate is not
constant during cooling; it is maximum just after sintering completed (at the beginning of the cooling
stage) and decreases with time.
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Figure 3. Temperature-time curves of hot pressing (HP) for 1h and following sintering (HP+S) processes
for different times.

Density and the porosity of the samples in hot pressed and sintered conditions were measured using
Archimedes’ principle employing an electronic precision balance (X Precisa 321) equipped with a density
determination kit by using the water replacement (suspension) method.

The samples for microstructural and mechanical characterization were cut in the dimensions of 5x5x10
mm using electrical discharge machine systems (EDM), Charmilles Robofil 290 and 310. Samples in
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compression tests were used as they were cut. For XRD studies surface of the samples were grinded with
320 SiC papers to remove contamination residues left after cutting operation. For micro hardness and SEM
investigations specimens were subjected to full metallographic preparation steps in which grinding (240-
1200 grinding papers), polishing (diamond suspension, 3 pm) and finally etching was applied,
respectively. Kroll’s reagent (3 ml HF + 6 ml HNOs + 100 ml H20) was used to etch the samples for about
15 seconds.

XRD analysis were carried out using a PANalytical Empyrean model X-ray diffractometer with CuKa
radiation (A=1.540598 A) at 45 kV, 40 mA within a range of diffraction angles 20 from 20° to 90° at a scan
speed of 2 degree/min. Microscopic investigation was performed by a Zeiss Sigma 300 SEM equipped with
an energy dispersive spectroscopy (EDS) detector. Both secondary electron (SE) and backscattered electron
(BSE) modes were applied to identify the different phases in the microstructure. Compositional analysis
was done employing EDS point analysis technique.

Vickers hardness was measured on the polished specimens using a digital micro hardness tester
(HVD-1000AP) with a load of 100 g force (981 mN) and 20 second dwell time. Uniaxial compression tests
at ambient temperature (25 + 5 °C) were conducted using a universal Raagen tension-compression testing
device. Elastic modules were determined by applying least squares curve fitting to the linear portion of
the stress-strain diagram while yield strengths of the sintered samples were determined using the 0.2%-
offset method. Compression strengths were the maximum stresses achieved and as a measure of ductility
fracture strains were used. Both surfaces of the compression test specimens were mechanically ground to
render them parallel. Graphite was used to reduce friction between the samples and the compression
plates and also to prevent or minimize barreling during uniaxial compression testing.

3. RESULTS and DISCUSSION

Theoretical density of TizaNbzs alloy is calculated as 5.578 g/cm?. Measured density and calculated
porosity of the samples in hot pressed and sintered conditions are shown in Table 1. The density of the
sample hot pressed at 600 °C was only 4.52 g/cm? and its porosity was close to 17%. 50 °C increment in hot
pressing temperature decreased the porosity to 12.5% so that hot pressing temperature was increased to
800 °C providing almost full density. Hot pressing at 800 °C resulted in a porosity of only 0.85%. This little
amount of porosity would be eliminated during following high temperature sintering. Consequently, hot
pressing temperature was optimized to be 800 °C and all the samples were pressed at that temperature
prior to sintering. Actually, this was the idea behind combining hot pressing with high temperature
sintering. Previous studies (Santos et al., 2005) present in the literature showed that, conventional cold
pressing and sintering could not eliminate all the porosity. On the other hand, only hot pressing is not
sufficient for complete dissolution of Nb in Ti and accordingly getting p phase desired due to its limited
temperature. As expected sintering carried out for different times eliminated the porosity remained from
hot pressing and full density was achieved for all the sintering durations of 1 to 4 h.

Table 1. Density and porosity of the samples produced in different conditions

Specimen Density (g/cm?) Porosity (%)
600 °C 1h (HP) 4.52 16.89

650 °C 1h (HP) 4.88 12.53

800 °C 1h (HP) 5.53 0.85

1200 °C1h (HP+S) 5.58 0

1200 °C2h  (HP+S) 5.59 0

1200 °C 3h  (HP+S) 5.59 0

1200 °C 4h  (HP+S) 5.60 0

XRD patterns of the sintered samples revealed that [3 phase formed as a result of Nb dissolution in Ti
as it can be seen from Figure 4 4. In addition to main phase 3 (BCC) little amount of o phase (HCP) were
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also detected in the microstructure. Longer sintering times increased the intensity of 3 peaks while those
of ot phases decreased. Even 4 h of sintering at 1200 °C was not enough to eliminate all the o phase and to
get single 3 phase. Nevertheless, amount of a phase was very low which can be seen comparing main

peak intensities of two phases.
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Figure 4. XRD patterns of specimens hot pressed at 800 °C for 1h and then sintered at 1200 °C for

different times

The morphological characteristics of the sintered samples at 1200 °C for different times after hot
pressing at 800 °C for 1h were examined with the SEM and the microstructures are presented in Figure 5.
SEM micrographs revealed that with increasing sintering time from 1h to 4h amount of a phase decreased
and the amount of  phase increased. The results were in good agreement with those obtained from XRD.
EDS point analysis revealed that Nb contents of the o (Figure 5e) and {3 phase (Figure 5f) were 4.3 + 0.5
(at. %) and 26.1 + 3 (at. %), respectively.
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Figure 5. SEM images of Ti74Nb26 alloy sintered for (a) 1h, (b) 2h, (c) 3h and (d) 4h at 1200 °C and EDS
point analysis results of (e) o phase and (f) 3 phase both shown in (d)

BSE mode was used in order to ensure whether undissolved pure Nb existed or not in the
microstructure of the samples since it was quite difficult to differentiate in SE mode. BSE micrographs of
bulk TizNbas alloys are given in Figure 6. The micrographs are similar and the microstructure consists of
the same phases. The amount of a phase is very small as detected by XRD and SE mode in SEM, f3 is the
main phase and a little undissolved pure Nb in white color was also observed. EDS point analysis given
in Figure 6e proves that all the white regions in BSE images correspond to pure Nb. Although amount of
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pure Nb decreased with increasing sintering time its complete elimination was not possible by sintering
at 1200 °C even for the longest sintering time of 4h used in the present study.
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Figure 6. BSE micrographs of bulk Ti74Nb26 sintered at 1200 °C for (a) 1h, (b) 2h, () 3h and (d) 4h. (e)
EDS point analysis result of white region shown in (b).
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The micro hardness values presented a clear relation with sintering duration. Longer sintering times
resulted in higher hardness as observed in Table 2. As expected, 4h of sintering at 1200 °C exhibited the
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highest hardness value of 332 HV. The lowest hardness measured was 309 HV of 1h sintered sample at
the same temperature. Increase in sintering time increased the amount of (3 phase which is harder than o
phase (Lee et al., 2002) and consequently, hardness value also increased.

Table 2. Vickers micro hardness tests results
Sintering time (h) 1 2 3 4
Mean
Hardness (HV)

308.8+21.1 | 315+£20.8 | 330.8+29.2 | 332+3.1

Figure 7 presents the stress-strain curves of sintered samples at 1200 °C for different times. Mechanical
properties obtained from these curves are summarized in Table 3. Young's modulus of the samples
sintered for 1, 2, 3 and 4h were 40, 41, 41.4 and 44 GPa, respectively as shown in Table 3. The lowest yield
strength was measured to be 789 MPa for 1h sintered sample and increased with increasing sintering time
up to 894 MPa for the sample sintered for 4h. Compressive strength values were also increased from 1020
(1h) to a maximum of 1178 MPa (4h). Fracture strains as a measure of ductility were very similar for all
the sintering times and changing in the range of 18-21%. The value of elastic modulus (44 GPa), yield
strength (894 MPa) and compression strength (1178 MPa) were the highest mechanical properties all
obtained for 4 hours of sintering.
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Figure 7. Stress-strain curves of sintered samples at 1200 °C for different times

Table 3. Mechanical properties of Ti74Nb26 alloys sintered at 1200 °C for variable times

Sintering time Elastic modulus | Yield strength | Compression Fracture strain
(h) (GPa) (MPa) strength (MPa) (%)
1 40.1 789 1020 19.4
2 41 803 1038 18.1
3 414 856 1118 21.3
4 44 894 1178 19.9
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The relations between mechanical properties and sintering time are plotted in Figure 8. Elastic
modulus increases as the sintering time gets longer since the extended sintering times provides better
bonding between the initial powders. However, in the present study increase of Young’s modulus was
only 4 GPa with the increment of sintering time from 1h to 4h. This is due to low elastic modulus of 3
phase. a has a higher elastic modulus and longer sintering times decreased the a phase amount. As a
result, the increase in elasticity modulus was limited just too a few GPas. Yield and compressive strengths
enhanced especially after 2h of sintering. This can be understood comparing the slope of the linear curves
between 1 and 2h, and after 2h up to 4h. As it can be seen from Figure 8b the slope of the both curves
increase after 2h. In addition to higher amount of 3 phase (Figure 5 and Figure 6), longer sintering times
promote additional particle-to-particle bonding. Therefore, yield and compression strength of the samples
increase with increasing sintering time.
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Figure 8. (a) Elastic modulus, (b) yield and compressive strength as a function of sintering time

In Table 4 mechanical properties of the samples produced in the present study has been compared to
the results published already. The sample hot pressed at 800 °C for 1h and sintered at 1200 °C for 4h
exhibited the lowest Young’s modulus (44 GPa) and highest yield strength (894 MPa). It is clear from the
table that, similar compositions (highlighted with bold style in the table) produced with casting methods
resulted in elastic modulus values of 45-95 GPa. Yield strength values (250-722 MPa) on the other hand
were quite low compared to the results of the present study. Hardness values were also in the range of
(188-323 HV) comparable to our result of 332 HV. As a result, it can be concluded that hot pressing
following high temperature sintering is a quite efficient method to produce bulk Ti-Nb alloys with
superior mechanical properties. The mechanical properties of Ti-Nb alloys produced by other powder
metallurgy techniques, although in different compositions, are also shown in the table to give an idea.
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Table 4. Comparison of mechanical properties with the ones existing in the literature

Elastic Yield Hardness Fabrication
Composition Modulus strength (HV) method and Reference
(GPa) (MPa) condition
Furnace

94.9+5.7 72221 323+15 VAM, HT | Cooled Cremasce
Ti-35Nb (wt. %) @ 1000 °C, Water

752+157 | 343%1 188 + 4 24h Quenche | ¢ ®» 2010

d
Ti-10Nb (wt. %) 85.249.0 552+19 | ...
Ti-16Nb (wt. %) 78.4+5.6 589+20 | ......... MIM, 1500 °C, 4h
Ti—22Nb (wt. %) 70.9+7.2 649+31 |  ......... Zhao et al.,
Ti-10Nb (wt. %) 90.1+6.1 612436 | ......... MIM, 1500 °C, 4h 2013
Ti-16Nb (wt. %) 82.2+5.0 661+14 | ... +
Ti-22Nb (wt. %) 75.6+7.6 687+34 | ... HIP, 915 °C, 2h
Ti-24Nb (at. %) 50 250 | e CCIM + HT @ 950 °C,
20h + CW 95% Elmay et
Ti-26Nb (at. %) 45 300 | reduction in thickness al., 2014
+ST @900 °C, 1h
. o HP @800 °C, 1Th+S @ Present

Ti-26ND (at. %) 44 894 332 1200 °C, 4h study
VAM: Vacuum Induction Melting, HT: Homogenization Treatment, MIM: Metal Injection Molding, HIP: Hot Isostatic Pressing
CCIM: Cold Crucible Induction Melting or Cold Crucible Levitation Melting, CW: Cold work, ST: Solutionizing Treatment

4. CONCLUSIONS

In this study, binary TizNbzs alloys were produced combining, for the first time, hot pressing with
high temperature sintering. General conclusions obtained from the study are as follows:

e Density measurements (Archimedes’ technique) showed that optimum hot pressing temperature

of Ti-Nb alloys for 1h is 800 °C. Almost full density (over 99%) was achieved at 800 °C.

e The microstructures of TizNbzs alloys sintered at 1200 °C for different times consist of small

amount of a and very little undissolved pure Nb in addition to the main phase  and amount of 3

increases with increasing sintering time according to XRD and SEM investigations.

e Even 4 h of sintering at 1200 °C was not sufficient to obtain single (3 phase. Therefore, sintering

temperature should be higher than 1200 °C to get only 3 phase free from a and pure Nb.

e Mechanical properties enhanced by increasing sintering time. 4h of sintering exhibited the highest

mechanical properties including elastic modulus (44 GPa), yield strength (894 MPa), compression

strength (1178 MPa) and microhardness (332 HV). Ductility (18-21%) on the other hand was almost

the same for all the sintering temperatures.

e Samples produced combining hot pressing and high temperature sintering were found to be

suitable in terms of mechanical properties for bone replacement applications although they have

higher elastic modulus (40-44 GPa) compared to that of bone (Ebore < 30 GPa).
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OZ: Tiirkiye'nin biiyiik bir gogunlugu aktif deprem kusaklar1 iizerinde yer almaktadir. Bu zamana kadar
bircok yap1 depremin yikici etkileri nedeniyle hasar gérmiis hatta go¢miistiir. Depremler biiyiik oranda
can ve mal kaybina neden olmustur. Kac¢inilmaz deprem gercegi, depreme dayanikli tasarim kavramini
ortaya ¢ikarmistir. Yapilarin, depreme dayanikli yap1 tasarim ilkelerine gore yeterli rijitlik ve dayanima
sahip olmasi gerekmektedir. Bu iki yapisal 6zelligin dagilimi ve tasiyic sistem simetrik ve diizenli bir
sekilde olusturulmalidir. Ancak mimari nedenlerden dolay: diizensiz yapilar insa edilmektedir. Yap:
geometrisi ve rijitlik dagilimi bakimindan diizensiz olan bu yapilarda burulma diizensizligi
goriilmektedir. Burulma diizensizligi, yapinin deprem performansini olumsuz yonde etkilemektedir. Bu
nedenle titizlikle arastirilmasi gereken bir konu haline gelmektedir.

Bu ¢alismada, Tiirk Deprem Y&netmeligi-2007 ve Tiirk Bina Deprem Yonetmeligi-2018’e gore farkl: yerel
zemin smiflarinin yapilardaki burulma diizensizligine etkisi arastirilmistir. Modelleme ve deprem
analizleri SAP 2000 programinda yapilmistir. Esdeger Deprem Yiikii Yontemi ve Mod Birlestirme Yontemi
kullarularak 5 farkli yapi tipi igin 270 adet yapinin deprem analizleri gerceklestirilmistir. 4-6 ve 8 kathi
yapilar i¢in, farkli zemin siniflarindaki yapilarin burulma diizensizligi katsayilari elde edilmistir. Sonuglar,
her iki deprem analiz yontemi ve deprem yonetmeliklerine gore karsilastirilmistir. Tiirk Bina Deprem
Yonetmeligi-2018’de diizenli yapilarin burulma diizensizligi katsayilar1 Tiirk Deprem Yonetmeligi-2007’e
gore azalirken, diizensiz yapilarin burulma diizensizligi katsayilarinda ciddi bir artis oldugu goriilmiistiir.
Yerel zemin siniflarinin hesaplamalara olan etkisi Tiirk Bina Deprem Yo6netmeligi-2018 ile daha gergekgi
hale gelmistir. Yerel zemin sinifinin Tiirk Bina Deprem Yonetmeligi-2018’de burulma davrarnisi {izerinde
onemli bir etkiye sahip oldugu ve burulma diizensizligine sahip yapilarin tasarim ve degerlendirilmesinde
yerel zemin sinifinin bu etkisinin dikkate alinmasi gerektigi sonucuna varilmistir.

Anahtar Kelimeler: Burulma diizensizligi, Yerel zemin simifi, Deprem analizi, Tiirkiye Bina Deprem Yonetmeligi-
2018, Tiirk Deprem Yonetmeligi-2007.

Effect of Local Site Classes on Torsional Irregularity in Structures According to Turkish Seismic
Codes 2007 and 2018

ABSTRACT: A major parts of Turkey is located on the active seismic belts. Until now, many structures
have been damaged and even collapsed due to the destructive effects of the earthquake. The earthquakes
have caused largely in loss of life and property. The inevitable earthquake fact has revealed the concept of
earthquake resistant design. The structures must be had sufficient rigidity and strength according to
earthquake resistant structure design principles. Load-bearing system and the distribution of these two
structural properties must be formed symmetrically and regularly. However, irregular structures are
constructed due to architectural reasons. In these structures which are irregular in terms of structure
geometry and distribution of rigidity, is seen torsional irregularity. Torsional irregularity negatively affects
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the earthquake performance of the structure. Therefore, it becomes a subject that needs to be meticulously
investigated.

In this study, effect of different local site classes on torsion irregularity in structures have been investigated
according to Turkish Seismic Code-2007 and Turkish Building Earthquake Code-2018. Modeling and
earthquake analyses have been performed in SAP 2000 program. Earthquake analyses of 270 structures for
5 different structure types have been carried out by using the Equivalent Seismic Load Method and Mode
Superposition Method. Torsional irregularity coefficients of the structures on different local site classes
have been obtained for 4, 6 and 8-storey structures. The results have been compared according to both
earthquake analysis methods and Turkish Seismic Codes. In the Turkish Building Earthquake Code-2018,
torsional irregularity coefficients of the regular structures have decreased compared to the Turkish Seismic
Code-2007, while there has been seen a substantial increase in torsional irregularity coefficients of the
irregular structures. The effect of local site classes on the calculations has become more realistic along with
the Turkish Building Earthquake Code-2018. It has been concluded that local site class has a significant
effect on torsional behavior in Turkish Building Earthquake Code-2018 and this effect must be taken into
consideration in the design and evaluation of the structures with torsional irregularity.

Key Words: Torsional irregularity, Local site class, Earthquake analysis, Turkish Building Earthquake Code-2018,
Turkish Seismic Code-2007.

GIRIS INTRODUCTION)

Niifus ve sehirlesmedeki artis, insaat sektoriiniin hizlanmasina neden olmustur. Bu stirecte tilkemizde
¢ok sayida yap1 insa edilmis ve halen hizl bir sekilde insa edilmeye devam edilmektedir. Modern yasam
ve teknolojideki yenilikler, farkli fonksiyonel ve mimari 6zelliklere sahip yapilarin ortaya ¢ikmasina
neden olmustur. Yap: planlar1 ciddi bir sekilde degisiklige ugramis ve bu durum yap1 icerisinde bir
diizensizlik olusturmustur. Diizensizlikler, yap1 performansini olumsuz yonde etkileyen faktorlerin
basinda gelmektedir. Bu nedenle, bu tip yapilarin deprem performansinin yapisal giivenlik agisindan
arastirilmasi gerekmektedir.

Plan diizensizliklerinden biri olan burulma diizensizligiyle yapilarda siklikla karsilasiimaktadir.
Burulma problemi, geometri ve rijitlik dagilimi bakimindan diizensiz olan yapilarda goriilmektedir.
Nitekim, 1999 yilindaki Marmara depreminden sonra yapilan saha calismalarinda, diizensiz yapilarda
burulma kaynakli bir¢ok hasar gézlenmistir. Dolayisiyla, burulma diizensizligine sahip yapilarin deprem
davrarusi oldukca onemlidir. Burulma diizensizligi neredeyse tiim deprem yonetmeliklerinde dikkate
alinmaktadir. Tirk Deprem Yonetmeliginde de bu diizensizlik igin gesitli onlemler ve yaptirimlar
mevcuttur. Mevcut deprem yonetmeliginde burulma diizensizligi Denklem 1 ile ifade edilir.

M

Burulma diizensizligi, herhangi bir kattaki en biiyiik goreli kat Stelemesinin (Ai)max, ayni kattaki
ortalama goreli kat 6telemesine (8 )un oranidir. Bu diizensizligin kontrolii burulma diizensizligi katsayis1

(o) ile yapilir. Yapilarda burulma olup olmadigi, bu katsayinin degerine baglidir. Mo degeri 1,2 ile 2
arasinda oldugunda, yapida burulma diizensizligi oldugu soylenebilir. Tiirk Deprem Yonetmeligi, bu
katsay1r degerinin 2'yi asmasi halinde, dinamik hesaplama yonteminin tercih edilmesi gerektigini
sOylemektedir. Bu diizensizligin olmadigi yapilarda, her iki deprem dogrultusu igin +% 5 ek
dismerkezlige gore deprem hesaplamalari yapilir. Yapilarda burulma diizensizligi varsa, ek dismerkezlik
hesaplanmalidir. Olugacak bu ek digmerkezliligin degeri, +% 5 ek dismerkezligin D: katsayis: ile
carpilmasiyla elde edilir. Di katsayis1 Denklem 2 ile hesaplanir.
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Di _(ﬁ] (2)

Burulma etkisi, zemin hareketlerinden kaynakli yapisal hasarlarin ana nedenlerinden birisidir.
Yapilarin go¢mesine neden olan bu tehlike karsisinda 6zellikle diizensiz yapilarin deprem etkilerine kars1
daha savunmasiz olduklar goriilmiistiir. Burulma, kiitle ve rijitlik bakimindan asimetrik bir dagilima
sahip yapilarin gogme modunu ciddi sekilde etkiler. Bu nedenle burulma diizensizliginin, yapilarin
deprem yiikii altindaki davranislarina etkisi bir¢cok arastirmaci tarafindan arastirilmistir. Cetin ve dig.
(2019) yaptiklar1 calismada, yerel zemin siniflarinin yapilarin burulma diizensizligi iizerindeki etkisini,
Tiirk Deprem Yonetmeligi-2007 (TDY-2007) ve Tiirkiye Bina Deprem Yonetmeligi-2018'e (TBDY-2018)
gore arastirmislardir. 5 farkli yap: modeli olusturulmus, Mod Birlestirme yontemi kullanilarak yapilarin
deprem analizleri gerceklestirilmistir. Her bir yerel zemin sinifi i¢in yapilarin burulma diizensizligi
katsayilar1 elde edilmistir. TDY-2007 ve TBDY-2018'e gore elde edilen sonuglar karsilagtirilmigtir. TBDY-

2018'de tiim yap1 tiplerinde, yerel zemin simiflarinin Mo katsayilarini etkiledigi, TDY-2007'de ise yerel
zemin smniflarinin sadece asimetrik yapi tipine ait burulma diizensizligi sonuglarini etkiledigi
goriilmistiir. Yerel zemin smiflarinin, yapilardaki burulma diizensizligi katsayilarim1 TBDY-2018'de
maksimum 0,16 degerinde etkiledigi sonucuna varilmistir. Tengli ve Hussain (2018), burulmanin ¢ok katl
yapilarin deprem performansi tizerindeki etkisini arastirmislardir. Plan geometrisi agisindan diizenli ve
diizensiz sekle sahip iki farkli yapinin dinamik analizi yapilmistir. Yapilarin periyot degerleri, katlara
gelen kesme kuvvetleri ve katlara ait deplasman degerleri karsilastirlmistir. Diizensiz yapilardaki
deplasman ve kesme kuvvetlerinin 6nemli 6l¢iide arttig1 sonucuna varilmistir. Ravindra ve Ramya (2018),
plak dosemelerin yapilarin burulma davranisi tizerindeki etkisini arastirmiglardir. Perde duvarlarin
yerlesimi bakimindan asimetrik bir yapinin, Esdeger Deprem Yiikii Yontemi ve Zaman Tanim Alaninda
Analiz Yontemi kullanilarak deprem analizleri yapilmistir. Yap1 kat planinin en boy orarn degistirilerek
sonugclar elde edilmistir. Yap1 kat planinin en boy oramu biiylidiigiinde, yapinin deplasman ve ivme
degerlerinin artti1 goriilmiistiir. Kardogan ve Demircan (2016), perde duvarlarin yapilardaki burulma
diizensizligi {izerindeki etkisini arastirmislardir. Analizlerde Mod Birlestirme Yontemi kullanilmistir.
Yapilarin burulma diizensizligi katsayilar1 ve deplasman degerleri karsilastirilmistir. Burulma
diizensizliginin, yapilarin zayif eksenlerindeki tasiyici elemanlar iizerinde yapilacak diizenlemelerle
biiyiik dl¢iide ortadan kaldirilabilecegi sonucuna varilmistir. Oztiirk (2013) yapilarda cesitli nedenlerden
dolay1 bulunan déseme bosluklarinin yapinin deprem davranisina olan etkisini arastirmistir. Zemin sinfi,
kat adedi, bosluklarin yap: igerisindeki konumlar1 ve boyutlar1 gibi bircok parametre kullanilarak
yapilarin tasiyici sistem davranisi incelenmistir. A2 doseme siireksizligi i¢in yonetmelikte belirtilen bosluk
oran sinir1 kadar, boslugun simetrik olup olmamasi da ¢ok 6nemlidir. Nitekim bu smirin asildig1 ancak
boslugun simetrik diizenlendigi yap1 modellerinde désemenin rijit diyafram davrarus sergiledigi goriiliir
iken, bu sinirin agilmadig1 ancak boslugun asimetrik diizenlendigi yap1 modellerinde ise désemenin bu
davrarnsi sergileyemedigi goriilmiistiir. Zemin sinifinin kotiilesmesi, kat adedinin artisi, ddseme
boslugunun yapinin deprem davranisina olan olumsuz etkisinin artmasina neden olmaktadir. Simetrik
olmayan doseme bosluklar1 burulma etkilerini arttirmaktadir. Ozmen (2000) yap1 tiplerinin burulma
diizensizligine olan etkisini aragtirmistir. Bu kapsamda diizenli ve diizensiz olmak {izere, iki farkli yap1
modeli olusturularak sonuglar karsilagtirilmistir. Bazi yapi modellerinde geometri ve rijitlik bakimindan
simetriklik sarti saglanmis olmasina ragmen burulma diizensizligi katsayilarimin 1.2 smir degere
yaklastig1 goriilmiistiir. Rijitlik dagiliminin, plan geometrisine gére burulma diizensizligi tizerinde daha
etkili oldugu sonucuna varilmistir.

Burulma diizensizlige sahip yapilarin deprem performansi birgok arastirmaci tarafindan incelenmistir
(Haque ve dig., 2016, Shajee ve Thaskeen 2016, Akhare ve Maske 2015). Plan geometrisi bakimindan
diizenli ve diizensiz sekilli yapilar modellenmistir. Yapilan analizlerde yapilara ait deplasman ve taban
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kesme kuvveti degerleri elde edilmistir. Diizensiz yapilarin deprem kuvvetlerine kars1 normal yapilara
gore daha savunmasiz oldugu sonucuna varilmistir. Ozmen ve dig. (2014), ¢ok katli yapilarin burulma
diizensizligini aragtirmistir. Burulma diizensizligi katsayilari ile katlarda meydana gelen donme sonuglar:
karsilagtirilmistir. Calisma kapsaminda, katlardaki dénme degerlerinin burulma davramsini daha
gercekci olarak yansittigi belirlenmistir. Katlardaki doénmenin dikkate alindifi yeni bir burulma
diizensizligi katsayisi formiilasyonu onerilmistir. Cok katli yapilarda yerel zemin siniflarinin burulma
diizensizligi {izerindeki etkisi arastirilmistir. Yapilarda maksimum burulma diizensizligine neden olan
faktorler belirlenmistir (Demir ve Donmez 2008, Demir ve dig., 2010).

Bu calismada, simetrik ve asimetrik perde yerlesimine sahip bes farkli diizenli ve diizensiz yap1
dikkate alinmistir. Dikdortgen ve L formunda kat planlarina sahip olan yapilarin deprem analizleri
Esdeger Deprem Yiikii ve Mod Birlestirme Yontemi kullanilarak yapilmistir. Calisma kapsaminda farklh
degiskenlere sahip 270 adet yapmin deprem analizleri gergeklestirilmistir. Esdeger Deprem Yiikii
Yontemi ve Mod Birlestirme Yontemi'ne gore yapilarin maksimum burulma diizensizligi katsayilar1 TDY-
2007 ve TBDY-2018 icin kat sayis1 ve yerel zemin siniflar1 degisken olarak kullanilarak incelenmistir.

MATERYAL VE YONTEM (MATERIAL and METHOD)

Farkl1 yapisal geometri ve perde yerlesimine sahip bes yap1 tipi modellenmistir. Modelleme ve analiz
islemi SAP2000 programi kullanilarak gergeklestirilmistir. A, B, C, D ve E olarak isimlendirilen yap1
tiplerine ait kat planlar1 Sekil 1'de gosterilmistir. A tipi yapilar betonarme gerceve sistem, diger yapi tipleri
ise betonarme perdeli-gerceveli sistem olarak tasarlanmistir. A, B, C ve D tipi yapilar plan geometrisi
acgisindan diizenli, E tipi yapilar ise diizensizdir. Tiim yapisal elemanlarin yerlesimi A, B ve C tipi
yapilarda simetrik olarak diizenlenmistir. D tipi yapilarda perdeler y yoniinde simetrik olarak, E tipi
yapilarda ise perde yerlesimi diizensiz bir sekilde olusturulmustur (Demir ve Dénmez 2008).
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Sekil 1. Yapx tiplerine ait kat planlar1 (Demir ve Donmez 2008)
Figure 1. Floor plans of structure types (Demir ve Donmez 2008)

Modellenen yapi tiplerine ait 6zellikler Cizelge 1'de verilmistir.

Cizelge 1. Yap: tiplerinin 6zellikleri (Demir ve Donmez 2008)
Table 1. Properties of structure types (Demir ve Dénmez 2008)

Yapi Tipleri A B C D E
x ve y dogrultusundaki aks agikliklar: 5m, 3m
Deprem bolgesi 1
Kat yiiksekligi 3m
Kiris boyutlar1 0,3 mx0,3 m
Kose kolon 0,4 mx0,4 m -
Kolon Tipi/Kolon boyutlari | Merkez kolon 0,6x0,5m -
Kenar kolon 0,5%0,5 m 0,5%0,5 m
Perde kalinlig1 0,25 m
Beton C25
Malzeme Celik 5420

Yapilardaki burulma diizensizligi sadece geometriden kaynakli bir problem degildir. Bu
diizensizligin hesaplanmasi igin gerekli olan goreli kat 6telemeleri binaya etki eden deprem kuvvetleri ile
ilgilidir. Zemin davramsi bozuldukca zemin periyot degerleri artis gostermektedir. Saglam zeminden
zayif zemine dogru maksimum deprem ivmesinin goriildiigli periyot aralig1 uzar. Bu, yapilarin deprem
kuvvetlerinden daha fazla etkilenmesine neden olur.

Incelenen bu yapilarin 1. derece deprem bolgesindeki Manisa'da oldugu varsayilmistir. TBDY-2018e
gore yapilacak olan hesaplamalar igin, yapilarin konumu, istenen yerel zemin smifi ve DD-2 deprem yer
hareketi diizeyi Tiirkiye Deprem Tehlikesi Haritasi'ndan se¢ilmistir. Haritadan elde edilen verilere gore,
4, 6 ve 8 katli olarak modellenen bu yapilarin ZA, ZB, ZC, ZD ve ZE yerel zemin sinflari i¢in deprem
analizleri yapilmistir. TDY-2007"deki Z1, Z2, Z3 ve Z4 yerel zemin siniflari ile birlikte analizlerde toplam
dokuz adet yerel zemin sinifi dikkate alinmistir.

Perde elemanlar1 kabuk sonlu eleman olarak modellenmistir. TBDY-2018 i¢in tasarimda etkin kesit
rijitligi carpanlar1 kullanilmistir. Bu rijitlik carpanlari, TDY-2007'deki catlamis kesite ait etkin egilme
rijitligine benzetilebilir. Bu katsayi, tasiyici sistem elemanlarinin rijitligini azaltir. TBDY-2018'de
kullanilan etkin kesit rijitligi carpanlar: Cizelge 2'de verilmistir.
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Cizelge 2. TBDY-2018'deki etkin kesit rijitligi carpanlar1
Table 2. Effective cross section multipliers in TBDY-2018

Tiirkiye Bina Deprem Yoénetmeligi-2018

Yapisal Eleman Modelleme Elemani Egilme Kesme | Eksenel
Kirig Cubuk 0,35 1 -
Kolon Cubuk 0,7 1 -
Perde Esdeger Cubuk 0,5 0,5 -
Perde (Diizlem I¢i) Sonlu Eleman - 0,5 0,5
Perde (Diizlem Dis1) Sonlu Eleman - 1,00 0,25

Ek dismerkezlik, yapimn kiitle ve rijitlik merkezlerinin {ist iiste denk gelmemesi sonucu olusur. Tki
merkez noktasi arasindaki mesafe olarak ifade edilir. Ek dismerkezlik yapida burulma momentine neden
olur. Perde yerlesimi ve plan geometrisi agisindan diizenli olan A, B ve C tipi yapilarin deprem analizleri,
TDY-2007 ve TBDY-2018"e gore +% 5 ek dismerkezlik i¢in yapilmistir. D tipi yapilar perde yerlesimi
bakimindan y eksenine gore simetrik olarak diizenlenmistir. Bu nedenle bu yapilarda x yoniinde ek
dismerkezlik mevcuttur. Asimetrik olan E tipi yapilarda ise, her iki yondeki ek dismerkezlik
hesaplanmistir. D ve E tipi yapilardaki, x ve y yonlerindeki ek dismerkezlik Sekil 2'de gosterilmektedir
(Demir ve Donmez 2008).
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Sekil 2. Yapidaki ek dismerkezlik

Figure 2. Additional eccentricity in structure

Bu calismada, Esdeger Deprem Yiikii ve Mod Birlestirme Yontemleri kullanularak yapilarin deprem
analizleri yapilmigtir. Esdeger Deprem Yiikii Yontemi, deprem yiiklerinin yapilarda yatay bicimde tekil
yiik olarak uygulandig: statik bir analiz yontemidir. Mod Birlestirme Yontemi, uygulanan deprem
yoniindeki deprem tasarim spektrumunu kullanarak her bir titresim modundaki en biiyiik davranigsal
biiyiikliiklerin elde edildigi dinamik bir analiz yontemidir. TDY-2007 ve TBDY-2018'e gore her iki deprem
yontemi kullanilarak yapilarin burulma diizensizligi katsayilar1 hesaplanmis, elde edilen sonuglar
kargilagtirilmistir.

BULGULAR VE SONUCLARIN iIRDELENMESI (RESULTS and DISCUSSIONS)

Yapilarin burulma diizensizligi katsayilar1 y yoniindeki deprem kuvveti i¢in maksimum elde
edilmistir. Yapilardaki burulma diizensizligi katsayilarinin degisimi kat sayis1 ve yerel zemin sinifina gore
incelenmistir. Diiz ve kesikli ¢izgiler, sirasiyla Esdeger Deprem Yiikii Yontemi (EDYY) ve Mod Birlestirme
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Yontemini (MBY) temsil etmektedir. Yerel zemin simiflar1 Z4 ve ZE igin 4 kath yapilara ait burulma
diizensizligi katsayilar1 Cizelge 3'te acikca sunulmustur.

Cizelge 3. Yap tiplerine gore hesaplanan 1o degerleri

Table 3. Calculated Ty values according to structure types

Tiirk Deprem Yonetmeligi Analiz Yontemi A B C D E
EDYY 1,181 | 1,347 | 1,100 | 1,5510 | 1,5673
2007 MBY 1,095 | 1,171 | 1,051 1,67 1,646
EDYY 1,166 | 1,357 | 1,059 1,627 1,788
2018 MBY 1,086 1,162 1,030 1,716 1,834

TDY-2007 ve TBDY-2018'e gore maksimum burulma diizensizligi katsayilari, Sekil 3, 4, 5, 6 ve 7'de
verilmigtir.
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Sekil 3. A tipi yapilar igin Mo degerleri Sekil 4. B tipi yapilar igin Mo degerleri
Figure 3. Mo vatues of A type structures Figure 4. Mo yatises of B type structures
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Figure 5. Mo vaues of C type structures Figure 6. Mo vaues of D type structures
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Sekil 7. E tipi yapilar igin Mo degerleri

Figure 7. Mo values of E type structures
SONUCLAR (CONCLUSIONS)

Yapilardaki kat sayisi, yerel zemin sinifi, plan geometrisi, perde yerlesimi ve kullanilan deprem analiz

yonteminin Mo degerleri tizerinde etkili oldugu belirlenmistir. Burulma diizensizligi katsayilarinin A ve
C tipi yapilarda 1,2 sinur degerin altindayken, B, D ve E tipi yapilarda bu sinur degerini gectigi
goriilmektedir. Bu sonug, perde yerlesiminin ve plan simetrisinin yapisal davranistaki 6nemini agik¢a
gostermektedir. Simetrik olmayan ve perde elemanlarin yapinin merkezine yerlestirildigi yapilarda daha

biiyiik Mo degerleri elde edilmistir. D tipi yapilarin burulma diizensizligi katsayisinin B ve C ile
kiyaslandiginda daha biiyiik bir degere sahip oldugu goriilmektedir. Buradan ii¢ yap: tipinin de plan
geometrisi bakimindan diizenli oldugu diisiiniiliirse, rijitlik bakimindan diizensizligin burulma
diizensizligi iizerinde daha etkili oldugu sonucuna varilabilir (Ozmen 2000). Nitekim en biiyiik burulma
diizensizligi degeri her iki diizensizligin birlikte goriildiigii E tipi yapilarda elde edilmistir.

Cizelge 3'te sunulan sonuglar analiz edildiginde, TBDY-2018'e gore A, B ve C tipi yapilarin Mo

degerleri, TDY-2007'den daha kiiciitk hesaplanmistir. D ve E tipi gibi diizensiz yapilarda ise, Mo
degerlerinin daha biiyiik oldugu goriilmiistiir. TDY-2007 ve TBDY-2018, Esdeger Deprem Yiikii

Yontemine gore karsilastirildiginda, A, B, C, D ve E tipi yapilarin o degerleri sirasiyla % 1,27, % 0,74, %
3,72, % 4,90 ve % 14,08 oraninda degismistir. Mod Birlestirme Yonteminde sonuglar arasindaki bu farkin
azaldig1 gozlemlenmistir. A, B, C, D ve E tipi yapilarda sirasiyla % 0,82, % 0,76, % 1,99, % 2,75 ve % 11,42
olarak hesaplanmistir. Sonuglarin en ¢ok etkilendigi yap: tipi E’dir. Kat say1s1 arttikga TDY-2007 ve TBDY-

2018’e gore hesaplanan Mo degerleri arasindaki fark ta biiyiimektedir. 8 katl E tipi yapilarda bu farkin %
20'ye kadar ¢iktig1 goriilmiistiir. TBDY-2018'e gore, yerel zemin sinuflar1 Mod Birlestirme Yontemi icin tiim

yapz1 tiplerinde Mo degerlerini etkilerken, TDY-2007'de sadece E tipi yapilarin Mo degerlerini etkilemistir.
Sonuglar, Esdeger Deprem Yiikii Yontemi i¢in analiz edildiginde, sadece E tipi yapilarin TDY-2007"de
yerel zemin smiflarindan etkilendigi ve TBDY-2018'de ise hi¢bir yap1 tipinin yerel zemin siruflarindan
etkilenmedigi goriilmiistiir. Dolayistyla TDY-2007’de yerel zemin siiflar1 plan geometrisi bakimindan
diizenli olan yapilar: etkilememistir. Ciinkii bu yap: tiplerinde rijitlik degisimi olmamustir. Deprem
kuvvetlerinin, yerel zemin smiflarinin degisiminin etkisiyle yapilarin her bir katini benzer bir sekilde
etkiledigi diistiniilmektedir (Demir ve Donmez 2008). Yerel zemin smiflari, TBDY-2018'de Mod
Birlestirme Yontemine gore D ve E tipi yapilarda burulma diizensizligi katsayilarmi 0,015-0,1 degerleri
arasinda etkilemistir. TDY-2007"de Mod Birlestirme Yontemine gore yerel zemin sinifi degisiminden
etkilenen tek yapz tipi olan E tipi yapilarda ise bu deger yaklasik 0,09'dur. TDY-2007 ve TBDY-2018'e gore

Mod Birlestirme Yontemi icin elde edilen sonuglar karsilastirildiginda, E tipi yapilarin Mo degerlerinin
yerel zemin simiflarindan esit miktarda etkilendigi belirlenmistir. TBDY-2018 ile birlikte, yerel zemin sinifi
etkisinin hesaplamalar tizerinde daha gergekci bir sekilde dikkate alindig1 goriilmiistiir. Son olarak,
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diizensiz yapilarin deprem etkilerinden daha fazla etkilendigi ve TBDY-2018 ile bu etkinin arttig1
sonucuna varilmigtir.
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ABSTRACT: In this study, the optimum advances for parameters such as specific fuel
consumption, emissions were investigated in ignition advances below 10° EA and above 10°EA.
Cylinder pressure was measured for calculating the heat release rate. 13B MSP (Multi Side Port)
single rotor and port fuel injection Wankel engine was used in the experiments. In this context,
single rotor Wankel test engine was operated at 2000, 3000 and 4000 rpm engine speed, part loads
and A =1 condition. The optimum ignition advance is based on the value at which the maximum
torque is obtained. Thus, the effect of ignition advance was investigated on Wankel engine. As a
result, it is observed that ignition advance has a significant effect on emissions, in-cylinder pressure
and fuel consumption in Wankel engine.

Key Words: Ignition advance, Exhaust emissions, Break specific fuel consumption, Combustion, Wankel
engine.

13B Wankel Motorunda Atesleme Avansinin Yanma, Yakit Tiiketimi ve Emisyona Etkileri

OZ: Bu calismada, optimum avans, 10 derece EMA alt1 ve 10 derece EMA f{istii avanslarda 6zgiil
yakat tiiketimi, emisyonlar, silindir i¢i basing ve 1s1 salimi1 oranlar1 gibi parametreler incelenmistir.
Motor olarak deneyde 13B-MSP tek rotorlu ve manifolda piiskiirtmeli bir Wankel motor
kullanilmustir. Bu kapsamda, tek rotorlu Wankel deney motoru 2000, 3000 ve 4000 dev/dak motor
hizinda, kismi yiiklerde ve A=1 kosulunda calistirilmistir. Optimum atesleme avansi maksimum
momentin elde edildigi deger baz alinmistir. Boylece, atesleme avansinin Wankel motordaki etkisi
incelenmistir. Sonug olarak atesleme avansinin Wankel motorda emisyonlar, silindir i¢i basing ve
yakat tiiketimi {izerinde biiyiik bir etkiye sahip oldugu gozlenmistir.

Anahtar Kelimeler: Atesleme avansi, Egzoz emisyonlari, Ozgiil yakat tiiketimi, Yanma, Wankel motor.
INTRODUCTION
Internal combustion engines have a history of approximately 150 years. Today, it is widely

used in sea, air and land. Reciprocating engines convert the reciprocating motion to a rotational
motion using a crank-connecting rod mechanism (Ansdale, 1968). To date, the basic parts of the
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piston engine have not been changed. The best alternative to reciprocating engines is rotary engines.
Wankel engines, which are in the class of rotary piston engines, operate with a four-stroke operating
principle (Bensinger, 1973).

Wankel engines have many advantages according to piston engines. Wankel engines do not
have a crank-connecting rod mechanism like piston engines. In the Wankel engine, the charge
change is provided through the ports on the side housings. Advance is determined by the geometry
of the port (Yamamoto, 1971). The lateral surface of the rotor limits the opening and closing of the
intake and exhaust ports. Simultaneously opening of the intake and exhaust port is extremely short
or absent. As the intake and exhaust time is greater, more fresh charge is taken into the engine
(Warner, 2009). In the Wankel engine, the rotor serves as the piston-connecting rod mechanism,
thus achieving high speeds. Also, it is simpler because of the crank-connecting rod mechanism did
not (Froede, 1961). It is light and takes up less space than the piston engine of the same power
(Ohkubo et al., 2004). Wankel engine provides minimum noise, inertia momentum in full balance
and less torque fluctuation than a piston engine. Thus, the noise level is lower (Froede, 1965).
Looking at the other advantages of the Wankel engine, the power obtained from the unit volume is
higher, NOx emissions and vibration are lower (Froede, 1968).

There are studies in the literature on the ignition system in Wankel engine. In a study, the
effect of leading and trailing spark plugs on combustion was investigated. The use of the trailing
spark plug reduces the possibility of knocking in the rear region of the chamber and the likelihood
of better combustion inside the chamber (Yamamoto et al., 1972). The number of spark plugs and
operating order of the leading and trailing spark plugs affect engine performance and emissions
(Kohno et al., 1979).

Shi et al. different ignition advances were given for different mean flow rates in CFD
modeling using CONVERGE software. For best mean flow rates, the best ignition advances were
obtained at 25 CA BTDC (Before Top Dead Center) for the leading spark plug, while the best results
were obtained at 35 CA BTDC for the trailing spark plug (Shi et al., 2019a). Amrouche et al. worked
experimentally on a 530 cc single rotor Wankel engine. The engine was operated at 3000 rpm, full
load and lean mixture. It was concluded that the optimum ignition advance was 15°. Thus, the best
results were obtained in mass fraction burnt, flame development, maximum heat release rate and
indicated mean effective pressure (Amrouche ef al., 2018). In another study, the optimization of the
ignition advance is suitable for improving combustion performance and is particularly effective in
reducing the unburned area due to the large combustion chamber. Experimental and 3-D CFD
analysis was performed. When trailing spark plug 335° EA, leading spark plug 325° EA and trailing
spark plug when the minor axis is shifted 20.7 mm, thus, high spark energy, mixture consumption
faster, combustion pressure higher and shorter combustion time is obtained (Shi et al., 2019b).
Finkelberg et al. are concluded that the ignition advance difference between the two spark plugs is
15° EA (Finkelberg et al., 2019). Raju in his study, the single spark plug and double spark plug
operation of the Wankel engine discussed with a numerical model. It was observed that fuel
consumption decreased by 7.5% as a result of the engine working with double spark plugs at part
loads (Raju, 1992). In CFD modeling using CONVERGE software, optimum ignition advance
selection was made for maximum cylinder pressure considering NOx emission (Shi et al., 2019¢). In
an experimental study, the effect of ignition timing was investigated by using a dual fuel (hydrogen
and n-butanol) in Wankel engine. Peak pressure and temperatures increased as ignition advance
increased. The propagation process of the flame was shortened. Also, HC and NOx emissions
increased (Su et al., 2018). Ji et al. in the conducted numerical study, it was observed that the leading
spark plug was kept constant and the trailing spark plug slightly affected the mean flow rate (Ji et
al., 2019). Fan et al., the effect of ignition parameters on the combustion process as a result of
working with natural gas in Wankel engine was investigated. As a result, the tumble near the
trailing spark plug was beneficial for the combustion process (Fan et al., 2015). Another study has
assessed that the Wankel engine self-ignition process on its own when it reaches high temperatures
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at high speeds (Iskra and Babiak, 2007). Hwang et al., effect on combustion characteristics was
examined in spark plug timing ve leading side spark plug location. The ignition advance had been
found that better improve the flame propagation in the combustion chamber (Hwang et al., 2016).
Ignition timing is very important in the combustion process. Optimum ignition time increases in-
cylinder pressure and reduces soot emissions (Otchere et al., 2019).

Especially in this regard, no studies have been found belong to the 13B-MSP Wankel engine.
In this study, a single rotor 13B Wankel engine was used. In this engine, the optimum ignition
advance is determined according to the operating condition. Then, the engine was operated with
advances of +10° EA and -10° EA from this optimum advance. Break specific fuel consumption,
emissions, in-cylinder pressure and heat release rates of the engine were investigated.

EXPERIMENTAL STUDY

In this study, a single rotor Wankel engine was used (Cihan, 2017). 13B type Wankel engine
was used in the experiment. This Wankel engine is a new generation and available on the market.
The technical specifications of the used engine were given in Table 1. All devices were calibrated
in the test room (Kutlar et al., 2018). The experimental setup showing the used devices and engine
was shown in Figure 1. Experiments were performed at 2, 3 and 4 bar loads. The test performed in
stoichiometric mixture was carried out at 2000, 3000 and 4000 rpm. The ignition advance in which
the obtained maximum torque is called as 0_IA under different operating conditions. Ignition
advances below 10° EA and above 10° EA of this ignition advance had been tested. These were called
-10_IA and +10_IA respectively. In this study, break specific fuel consumption, emissions, in-
cylinder pressure and heat release rates of Wankel engine were investigated in different ignition
advances. The cylinder pressure was measured by Kistler 6118BF107Q01 piezoelectric sensor which
was placed on the leading side with a spark plug adaptor. In the experiments, Bosch BEA 350
exhaust emission device was used for emission tests. The fuel consumption measurement system
consists of the weighting unit (AVL 733S) and the fuel conditioning unit (AVL 753C). The measuring
device used in the experiments operates according to the gravimetric measuring principle and the
fuel temperature is set to 25 °C and the fuel pressure is set to 4 bar, recommended for the 13B-MSP
Wankel engine.

1-Engine measurement and dyno controller PC 10-Crank angle sensor 19-Battery

2-Engine operation PC 11-Pressure transducers 20-Exhaust temperature and pressure
3-Indicating PC 12-Wankel research engine 21-Exhaust gas anlayser

4-Engine data acquisition system 13-Intake temperature and pressura 22-Eddy currant dynamameter

5-Fuel conditicner and balance 14-Throttle valva 23-Dynamometer controller

8-Air lowmeter (Roots type) 15-Fuel injector 244ncemental encoder

7-Air pressure, temperature and humidity 16-Spark plug and pressure transducer 254ndicating charge amplifiers
8-Engine cooling unit 17-Ignition coils 264ndicating data acqusition
9-Cooling water in and cout flow temperatures 18-Engine controller unit

Figure 1. Schematic representation of the experimental setup.
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Table 1. Basic and geometric data related to 13B MSP Wankel engine.

Term Value Unit
Ignition (Twin spark plug) Spark ignition -
. . Port fuel
Mixture preparation S -
injection
Fuel Gasoline -
R (Rotor corner-center length) 105 mm
e (Eccentricity) 15 mm
b (Rotor width) 80 mm
¢ (Compression ratio) 10 -
Vh (Stroke volume) 654 cm?
Intake port | Open (ATDC) 120 EA
Port Intake port | Close (ABDC) 360 EA
Timing | Exhaust Open (BBDC) 500 EA
port
Exhaust Close (BTDC) 30 EA
port
Intake Charge Type Natural Aspiration

RESULTS

Experiments were performed under different engine speeds (2000, 3000 and 4000 rpm) and
mean effective pressure of 2, 3 and 4 bar and homogenous condition. The advance where the
maximum torque value is obtained for each test point is called 0_IA. The effects of ignition points +
10° EA different from this advance were investigated. The advance difference between the leading
spark plug and the trailing spark plug is kept constant at 15° EA. As shown in Figure 2, a lower
break specific fuel consumption was obtained in the optimum ignition advance, in the 0_ID ignition
advance. This sequence was then followed by 10° EA more than the optimum advance and 10° EA
missing advance than the optimum advance respectively in Figure 2. As a result of over or under
ignition advances, engine torque decreased and specific fuel consumption increased.

THC (Total Hydrocarbon) emissions decrease with increasing speed in Wankel engine.
Changing the ignition advance affects THC emissions at different loads and 2000, 3000 and 4000
rpm. However, when the advance decreased (-10_IA) at 4 bar mean effective pressure, HC
emissions inside exhaust gases were reduced. It was seen from the combustion chamber pressure
data that increasing the ignition advance in the experiment did not cause knocking at determined

all points (Figure 3).
00 - = 0>IA
& 10 1A
A 10 1A

4000 rpm

500 -

450 A

c (Q/kWh)

s

3

Mean effectve pressure (bar)

Figure 2. The effect of different ignition advances on break specific fuel consumption at 4000 rpm.
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Figure 3. Effect of different ignition advances on THC emissions.

The other combustion products CO, CO2 and O2 have not been changed significantly in
this operating conditions. Since the experiment was carried out under stoichiometric condition, CO2
concentration was measured around 14%, CO concentration was 0.8% and O2 concentration was
measured as 1.5%.

Figure 4 showed that the effect of different ignition advances on NO emissions at 3000 rpm
engine speed and under different load conditions. Nitrogen oxides are formed by the combination
of nitrogen in the air with oxygen at high temperatures reached as a result of combustion. The
parameters which affect nitrogen formation are temperature, time and excess air coefficient. The
increasing of engine speed and load rises temperature and pressure. Nitrogen oxide emissions
increase with rising temperature and pressure. The NO emission values have increased due to
sufficient time to complete combustion. When the advance was reduced, NO emissions were
reduced due to combustion chamber temperatures and pressures decreased and the progression of
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combustion to expansion. In the experiment, it was observed that the velocity did not affect NO

emissions.
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Figure 4. Effect of different ignition advances on NO emissions at different engine speeds.

Figure 5 showed that the p-V diagrams and heat release rates at 4 bar engine load and 4000
rpm. As seen in the p-V diagrams, the pressure obtained from the engine increased as the ignition
advance increased. As the advance increases, the highest pressure approaches the top dead center
(TDC). As the advances increase, NO emissions have increased for the temperature and pressure
will increase in the chamber (Figure 4). As the ignition advance is reduced, the combustion shifts
towards expansion stroke. This situation is reflected in the graphs that give the cumulative heat
release rates (Figure 5). Also, it was seen that as the advance of ignition increased, combustion
occurred earlier and faster.
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Figure 5. The effect of ignition advance on the heat release rate and p-V diagram.

CONCLUSIONS

In this study, experiments were carried out under stoichiometric conditions at different
engine speeds (2000, 3000 and 4000 rpm) and mean effective pressures of 2, 3 and 4 bar. For each
experiment point, ignition delay obtained maximum break torque was called as 0_IA. The effect of
+ 10° EA ignition advance difference from the 0_IA (optimum advance) was investigated on the
engine. The ignition advance difference between the leading spark plug and the trailing spark plug
is kept constant at 15° EA (Optimum value).

As a result, there was observed a decrease in engine torque and an increase in specific fuel
consumption due to more (+10° EA) and less (-10° EA) ignition advance in operating conditions. At
4 bar mean effective pressure, the HC emissions in the exhaust gases were reduced with the advance
reduction (-10_IA). There was no change in the CO, CO2 and O2 values of exhaust emissions. When
the advance was reduced, NO emissions were reduced with the combustion shifted to expansion
process and the combustion chamber temperatures and pressures decreased. As seen in the p-V
diagrams, the pressure obtained from the engine increased as the ignition advance increased.
According to the results obtained from heat release rate and pressure data, As the advance
increased, the highest pressure approached TDC. As the ignition advance is reduced, the
combustion shifts towards expansion process.
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OZ: Makine konstriiksiyonunda yiiksek dayamm, aginma ve korozyon direnci gibi farkli endiistriyel
gereksinimlerin karsilanmasi farkli malzemelerin birlikte kullanimi ile saglanabilir. Ozellikle metalik
malzemelerin birlikte kullanimi siirdiiriilebilirlik agisindan Onem tasimaktadir. Farkli metalik
malzemelerin birlikte kullanimi, her iki malzemenin birlestirilebilme kabiliyetine baglidir ve
birlestirilebilirlik kabiliyetinin analizi i¢in deneysel calismalara ihtiyag duyulmaktadir. Bu calismada,
Hardoks500 ve St52 (S355) celiginin farkli akim ve voltaj parametreleri kullanilarak GMAK (Gaz Metal
Ark Kaynagi) yontemiyle kaynak edilebilirligi arastirilmuigtir. Iki farkli gelik alagimimn kaynak
edilebilirligi ¢ekme testi, mikro sertlik ol¢iimii, SEM ve mikro yapr goriintiileme teknikleri ile
incelenmistir. Kaynaklanmis numunelere ¢ekme deneyleri uygulanmus, elde edilen grafiklerde olusan
kritik noktalar ve numunelerin deformasyon karakteristikleri, belirlenen giris parametrelerine gore
degerlendirilmistir. Numunelerin mikro sertlik degerleri Vickers (HV) sertlik 6lgme yontemine gore
Olctilmiistiir. Elde edilen sonuclara gore; diisitk akim ve voltaj degerlerinde Hardoks500 ile St52
malzemesinin kaynak edilebilirlik kabiliyetinin diisiik oldugu ve sertlik dagiliminin diizensiz bir sekilde
gerceklestigi belirlenmistir. Yiiksek akim ve yiiksek voltaj degerlerinde ¢ekme egrilerinin daha kararh
davranis ortaya koydugu ve homojen bir sertlik dagilimi gerceklestigi belirlenmistir.

Anahtar Kelimeler: Kaynak edilebilirlik, Hardoks500, St52, GMAK

Investigation of Tensile Strength and Hardness Behaviour of Hardox500 — St52 Specimen Joined
by GMAW Method

ABSTRACT: In mechanical construction, meeting different industrial requirements such as high strength,
wear and corrosion resistance can be achieved by using different materials together. Especially the usage
of metallic materials together is important for sustainability. The use of different metallic materials
together depends on the joining ability of the materials andexperimental studies are needed for the
analysis of joining ability.In this study, the weldability of Hardox500 and St52 (S355) steel by GMAW (Gas
Metal Arc Welding) method was investigated using different current and voltage parameters. Weldability
of two different steel alloys were examined by tensile test, micro hardness measurement, SEM and
microstructure imaging techniques. Tensile tests were applied to the welded samples and the critical
points and deformation characteristics of the samples were evaluated according to the determined input
parameters. Micro hardness values of the samples were determined by Vickers (HV) hardness
measurement method. According to the results, it was determined that the welding capability of
Hardox500 and St52 material was low at low current and voltage values and that the hardness distribution
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occurred irregularly. It was determined that the tensile curves at high current and high voltage values
exhibited more stable behaviour and a homogeneous hardness distribution occurred.

Key Words: Weldability, Hardox500, St52, GMAW
GIRIS NTRODUCTION)

Kaynak baglantilar1 endiistriyel olarak biiyiik dnem tagimakta ve kullanum alanlar1 giin gectikce
artmaktadir. Gemi insaati, basinghi kaplar, demiryollari, damper ve ving imalatlar1 gibi 6zellikle agir
sanayi sektoriinde kullanilan makine sistemlerinde baglantilarin biiyiik ¢cogunlugu kaynak islemi ile
gerceklestirilmektedir. Agir sanayi makinelerinde olusan masif gerilmeler, yiiksek mukavemetli
malzemeler ve baglantilar ile karsilanmaktadir. Fakat yiiksek mukavemetli malzemelerin maliyet ve
temin edilebilirlik problemi, farkli malzeme iftlerinin birlikte kullarulabilirligi yaklagimini
dogurmaktadir. Asinma ve gerilmenin yiiksek oldugu konstriiktif uygulamalarda yiiksek mukavemetli
malzemelerin kullanimu tercih edilirken, asinma ve gerilmenin daha diisiik oldugu uygulamalarda ise
nispeten diisiik mukavemetli ve maliyet agisindan daha uygun bir malzemenin kullanim1 tercih edilebilir.

Iki veya daha fazla malzemenin kullanilabilirligi icin en uygun konstriiksiyonlardan birisi de agir
tasitlardir. Giiniimiizde agir tasitlarin sase ve damper imalatinda agirlikli olarak Hardoks serisi malzeme
kullanmilmaktadir. Hardoks malzeme her ne kadar mukavemetli ve asinma dayanimi yiiksek olsa da
maliyeti de bir o kadar yiiksektir. Bu sebepten dolay1 nispeten daha diisiik asinma ve gerilmelerin
olustugu bolgelerde, diisiik mukavemet ve asinma dayanimina sahip St52 malzemesi tercih edilebilir.

Literatiirde, diisiik maliyetle yiiksek mekanik performans elde edilebilmesi i¢in iki farkli malzemenin
kaynak edilebilirliginin arastirildigi ¢alismalar bulunmaktadir. Abioye ve arkadaglari(Abioye ve
dig.,2019), AISI 304 paslanmaz celik ve diisiik karbonlu ¢elik malzemenin GMAK (gaz metal ark kaynak)
baglantisiru farkli kaynak hizlarinda elde etmisler ve hiz parametresinin kaynak bolgesinin korozyon
davranisina ve mikro yapisina etkisini incelemislerdir. Sabit tel besleme hiz1 (84 mmy/s), voltaj (22V)
parametrelerinde {i¢ farkli kaynak hizi (3 mm/s, 4,5 mm/s, 6 mm/s) uygulanarak hazirlanan numuneler
korozyon testine tabi tutulmus ve kaynak bolgesinin mikro yapis1t EDX (Enerji Yayiliml1 X-Isin1 Analizi)
analizi ile incelenmistir. Analiz sonucunda diisiik kaynak hizinda baglant1 bolgesinin korozyon direncinin
arttig1 gorilmiistiir. EDX analizi sonuglarina gore ise kaynak hizi arttik¢a delta ferrit hacminin arttig:
belirlenmistir.

Vijay ve arkadaslar1 (Vijay ve dig., 2019), Al2024 ve Al6063'iin TIG(Tungsten Asal Gaz) kaynag: ile
birlestirilmesinde kaynak parametrelerinin baglant1 bolgesinin mekanik 6zelliklerine etkisini deneysel
calismalar ve gorsel analizler ile incelemislerdir. Voltaj, akim, kaynak agz1 agikligi, gaz akis hizi
parametreleri icin {i¢ farkli seviye belirlenmis, parametre degisimlerinin baglant1 bolgesinin mekanik
davranigina etkisi sertlik, cekme, korozyon testleri ve SEM (Taramali Elektron Mikroskobu) goriintiileriyle
analiz edilmistir. Analiz sonucunda optimum kaynak kabiliyeti 0,5 mm- 1,5 mm kaynak agz1 aciklig1, 70-
80 amper akim ve 18-20 It/dk gaz akis hizi parametrelerinde elde edilmistir.

Sharma ve Dwivedi (Sharma ve Dwivedi, 2019), P92 celigi ve 304H 0stenitik paslanmaz geliginin A-
TIG (Aktif-Tungsten Asal Gaz)kaynagi ile birlestirilmesinde farkli kaynak tozlarinin niifuziyet derinligine
etkisini incelemislerdir. Kaynak islemi esnasinda dort farkli kaynak tozu (Cr20s, MoOs, SiO2 ve TiO2)
kullanilmis ve mikro yap1 incelemeleri sonucunda en iyi penetrasyonu saglayan kaynak tozunun TiO:
oldugu belirlenmistir. TiO: ile birlestirilen numunenin kaynak bolgesine yapilan ¢cekme, ¢entik darbe ve
mikro sertlik testleri ile kaynak bolgesinin mekanik 6zellikleri incelenmistir. Cekme testi sonuglarina gore,
kaynak bolgesinin ana metale kiyasla daha yiiksek ¢ekme dayarumi (1042,6 MPa) gosterdigi ve
numunenin 304H malzemesi (688,6 MPa) bolgesinden kirildig: belirlenmistir. Darbe dayaniklilik testinde
ise, kaynak bolgesi ana metale kiyasla daha diisiik darbe mukavemeti gdstermistir. Bu durumun sebebi,
kaynak bolgesindeki temperlenmemis martensitik yap1 olusumu ile agiklanmustir.

Wang ve arkadaslari(Wang ve dig., 2016), MIG kaynag ile birlestirilmis 6N01S-T5 ve 7NO1P-T4
aliminyum alasimlarinin kaynak bolgesinin mekanik ve mikro yapisal 6zelliklerini incelemislerdir.
Kaynak 1s1sinin baz metallere ve fiizyon bolgesine etkisi mikro sertlik testi, cekme testi ve EBSD (Enerji
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Geri Sagilim Elektron Kirinimi), TEM (Gegirimli Elektron Mikroskobu), mikro yap: goriintiileri ile analiz
edilmistir. Elde edilen sonuglara gore, 6N01S-T5 alasiminda 1sidan etkilenen iki farkli bélgenin olustugu
(ITAB) ve baz metal bolgenin en diisiik gerilme mukavemetine, fiizyon bolgenin ise en yiiksek uzama
miktarina sahip oldugu goriilmiistiir. 7NO1P-T4 alasiminda ise sadece bir ITAB olustugu, bu bolgenin
daha diisitk mukavemet ve siinek davranis sergilemesinin yani sira baz metalle benzer sertlikte oldugu
belirlenmistir.

Nie ve arkadaslar1 (Nie ve dig., 2018), 6061-T6 ve A356-T6 altiminyum alasimlarinin darbeli MIG
kaynag1 ile birlestirilmesiyle elde edilen kaynak bolgesinin mikro yapi ve mekanik ozelliklerini
incelemislerdir. Calismada, kaynak islemi farkli hareket hizlarinda (8, 10, 12 ve 16 mm/s) fakat diger
kaynak parametreleri (tel besleme hizi, kaynak akimi, darbe siiresi, darbe frekansi, kaynak voltaji) sabit
tutularak gerceklestirilmis, hareket hizinin kaynak bolgesine etkisi mekanik testler (cekme testi ve mikro
sertlik Olciimii) ve mikro yap1 (optik mikroskop, SEM, EPMA) goriintiileriyle analiz edilmistir. Analiz
sonucunda, ¢gekme mukavemeti ve mikro sertlik degerinin 12 mm/s hizda maksimum degere ulastig
goriilmiis, hareket hiz1 arttikca cekme mukavemeti ve ergimis bolge genisliginin azaldig1 gézlenmistir.

Emre ve arkadaslar1 (Emre ve dig., 2017), AISI 316L ve AISI 2205 paslanmaz celiklerinin kaynak
edilebilirligini, elektrik ark kaynagi (EAK) ve gaz metal ark kaynagi (GMAK) yontemlerini kiyaslayarak
arastirmiglardir. EAK y6ntemi icin dstenitik (E308L-16) ve dubleks (E2209-17) elektrotlar, GMAK yontemi
icin ise Ostenitik (TETRAV316L-G) ve dubleks (TETRAS2293L-G) ilave metalleri kullamilarak, farkli
elektrot ve ilave metallerin kaynak kabiliyetine etkisi analiz edilmistir. Elde edilen kaynakli numuneler
¢cekme testine tabi tutulmus ve sonrasinda mikro sertlik 6lglimii yapilarak numunelerin mekanik
ozellikleri incelenmistir. Ayrica numunelerin mikro yap: analizi i¢in SEM ve optik mikroskop (OM)
goriintiileri incelenmistir. Mekanik testler ve ol¢iimler sonucunda, dubleks elektrot ve ilave metalinin
kullanildig1 kaynakli baglantilarin akma mukavemeti, cekme mukavemeti, sertlik ve yiizde uzamasimnin
daha yiiksek oldugu belirlenmistir. Cekme testi sonucunda kopmalarin AISI 316L malzemesinin
ITAB'inda(Ist Tesiri Altindaki Bolge) gerceklestigi goriilmiistiir. Kaynak yontemleri genel olarak
degerlendirildiginde ise GMAK yontemi ile elde edilen kaynakli malzemelerin EAK yontemi ile elde
edilen kaynakli malzemelere kiyasla daha mukavemetli oldugu belirlenmistir. SEM goriintiileri
incelendiginde GMAK yontemi ile elde edilen ylizeylerde daha kiiciik boyutlu ¢ukurcuk olusumu
goriilmiis ve daha siinek bir yap1 elde edilmistir. SEM goriintiilerinden elde edilen sonuglar da deneysel
sonuglar1 destekler niteliktedir.

Okay ve arkadaslar1 (Okay ve dig.,2015), elektrik ark kaynag: ile birlestirilmis S235]R ve Hardoks400
celiklerinin kaynak edilebilirlik kabiliyetini mekanik testler ve mikro yap1 incelemeleri ile arastirmislardir.
Kaynak baglantisinin mekanik 6zelliklerinin analizi i¢in ¢ekme, ¢entik darbe ve egme deneyleri yapilmas,
ayrica numunenin baz metal ve kaynak baglantis1 bolgelerinin sertlik degerleri 6l¢lilmiistiir. Baglant:
bolgelerinin mikro yapi analizi i¢gin SEM ve optik mikroskop goriintiileri incelenmistir. Cekme
deneylerinde kaynakli numunenin, S325JR malzemesinin ITAB bolgesinden kirildigi, darbe centik
testinde sicaklik azaldik¢a malzemenin gevreklestigi, egme testinde ise sekillendirilen numunede
herhangi bir ¢atlak goriilmedigi, en diisiik sertlik degerinin S235JR malzemesinin ITAB bolgesinden elde
edildigi sonucuna varilmistir. SEM ve optik mikroskop goriintiileri incelendiginde daha ¢ok kiigiik
boyutlu g¢ukurcuklarin olusmasi sebebiyle malzemenin siinek kirilmaya maruz kaldigr ve S235JR
malzemesinin ITAB bolgesinde daha biiyiik tane olusumu sebebiyle kopmanin bu bolgede gerceklestigi
belirlenmistir.

Ozen ve arkadaslari (Ozen ve dig., 2016), Hardoks400 celiklerinin elektrik ark kaynagi ile
birlestirilebilme kabiliyetini mekanik testler ve metalografik incelemeler ile arastirmislardir. Calismada
ilk olarak cekme, ¢entik darbe testi, egme testleri yapilarak kaynakli malzemenin mekanik 6zellikleri
belirlenmis, daha sonra SEM ve EDS analizleri ile yiizey morfolojisi incelenmistir. Cekme deneyleri
sonucunda kaynakli numunenin ana malzemeden kirildig1 ve kaynak bolgesinin ¢ekme dayaniminin ana
malzemeye kiyasla daha yiiksek oldugu goriilmiistiir. Egme testi sonucunda ise kaynakli malzemede
herhangi bir catlama goriilmemistir. Ayrica SEM goriintiileri analizinden, sicaklik diistitkge kirilma
mekanizmasinin diizgiin tane i¢i kirilma seklinde gergeklestigi sonucuna varilmistir. Yapilan mekanik ve
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metalografik incelemeler sonucunda Hardoks400 celiginin elektrik ark kaynag: ile basarih bir sekilde
kaynaklanabildigi belirlenmistir.

Kagar ve arkadaslar1 (Kagar ve dig., 2018), Hardoks400 ve AISI 304 celiklerinin elektrik ark kaynagi
ve gaz alti kaynak yontemleri ile elde edilen kaynakli baglantilarinin mekanik ve mikro yapisal
Ozelliklerini arastirmislardir. Calismada farkli iki yontemle kaynaklanmis numunelerin mekanik
Ozelliklerinin analizi i¢in cekme, egme ve Charpy centik darbe testleri gerceklestirilmis, yiizey morfolojisi
ve igyap1 analizi icin ise mikro yap1, SEM ve EDS goriintiileri incelenmistir. Cekme testi sonucunda her
iki yontemle birlestirilen malzemenin de kaynak bolgesinden kirildig1 goriilmiistiir. Fakat egme testi,
darbe testi ve gorsel analizler birlikte degerlendirildiginde gaz alt1 kaynak yontemi ile elde edilen kaynakl1
baglantinin elektrik ark kaynagi ile elde edilen kaynakli baglantiya kiyasla daha mukavemetli oldugu
belirlenmistir.

Hardoks500 malzemesi yiiksek asimnma direnci, kolay sekillendirilebilme ve kaynak edilebilme
kabiliyetine sahip olmasi sebebiyle endiistride ve miihendislik uygulamalarinda yaygin olarak kullanilan
malzemelerden biridir (Brezova ve dig., 2014; Dudzinski ve dig., 2008; Konat ve dig., 2006; Konat, 2019;
Konat ve dig., 2017). Asinmaya maruz ve yiiksek gerilme etkisi altindaki uygulamalarin biiyiik
¢ogunlugunda, farkli ozelliklere sahip malzemelerin birlikte kullanimi tercih edilmektedir. Bu sebeple
yliksek mekanik ozelliklere sahip Hardoks500 malzemesi ile nispeten daha diisiik mekanik o6zelliklere
sahip ve kolay temin edilebilen St52 malzemesinin birlikte kullanim1 miihendislik a¢isindan biiyiik 6nem
tasimaktadir. Mevcut ¢alismalarin biiyiik bir boliimiinde aliiminyum alasimlarinin ve paslanmaz ¢elik
malzemelerin kaynak edilebilme kabiliyeti, baglant1 bolgesinin mekanik ve mikro yap1 6zellikleri analiz
edilerek incelenmistir. Fakat agir tasitlarin imalatinda kullanilan Hardoks500 malzemesinin kaynak
edilebilme kabiliyetinin incelendigi yeterli sayida c¢alisma bulunmamaktadir. Bu c¢alismanin
amact, Hardoks500 - 5t52 geliginin kaynak edilebilme kabiliyetinin incelenmesidir. Hardoks500 - St52
kaynak bolgesinin mekanik davranist ve mikro yap1 Ozellikleri deneysel, istatistiksel ve gorsel analizler
ile aragtirilmstir. i1k olarak voltaj ve akim parametreleri igin {i¢ farkli seviye belirlenmis ve belirlenen
parametre degerlerinde elde edilen numuneler ¢ekme testi ve sertlik testine tabi tutulmustur. Deney
sonrasinda kaynak bolgelerinin SEM/OM goriintiileri elde edilerek mikro yap1 olusumlari
yorumlanmistir. Ayrica elde edilen deney sonuglarina bagli olarak S/N oranu belirlenerek deney esnasinda
kontrol edilemeyen (cihaz kalibrasyonu, titresim vb.) faktorlerin sebep oldugu deneysel hata oranlari
belirlenmistir. Voltaj ve akim parametrelerinin deney sonuglarina etkisi ise ANOVA ile analiz edilerek,
kaynak kabiliyetine en ¢ok etki eden parametre belirlenmistir. Istatistiksel analizler ile deney
numunelerinden elde edilen yiizey goriintiileri kiyaslanarak yapilan analizlerin dogrulugu teyit
edilmistir.

MALZEME VE METOT(MATERIAL and METHOD)

Yapilan deneylerde Cizelge 1’de kimyasal bilesenleri verilen Hardoks500 celik ile S5t52 (S355) celik
malzemeler kullanilmistir. Kaynak isleminden 6nce malzemelerin karbon esdegerleri hesaplanmis ve
malzemeler uluslararasi standartlarca belirlenmis sicaklik degerlerinde (150 °C-250 °C arasi1) 6n tavlama
islemine tabi tutulmustur. Bu sayede malzemelerin 1siya maruz kalan bolgelerinde martenzit fazinin artisi
ve buna bagl olarak gerceklesen catlak olusumu 6nlenmistir (Cam ve dig., 1999; Kagar ve dig., 2018;
Yilmaz, 2010). Birlestirme islemi ~ 690 MPa akma ve ~ 900 MPa ¢cekme dayanimina sahip celik tel elektrot
malzeme kullanilarak gaz metal ark kaynagi1 (GMAK) metoduyla (Sekil 1) gergeklestirilmistir. Deneylerde
kullanilan kaynak parametreleri Cizelge 2’de verilmistir.

izelge 1. Malzemelerin Agirlikca % Kimyasal Bilesimi
g g ¢ y S

Table 1. Chemical composition of materials (wt.%)

Malzeme C Mn Si Cr Ni Mo P S Fe Ces
Hardoks500 030 | 1,62 | 0,78 | 1,12 | 0,22 | 0,26 | 0,020 | 0,010 | Kalan | 0,86
St52 020 | 1,60 | 0,25 | 0,24 - - 0,035 | 0,032 | Kalan | 0,51
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Sekil 1. GMAK kaynak makinesi
Figure 1.GMAW welding machine

Cizelge 2. Kaynak Parametreleri
Table 2. Welding parameters

. . Tel Besleme Hiz1 Kaynak Kalmlig:
Akim (A) | Voltaj (V) | Kaynak Siiresi (s) (mm/dk.) (mm)
180 26,6
190 27,2 30 ~720 10
200 27,8

Deneysel ¢alisma igin, tel besleme hiz1 (720 mm/dk.) sabit tutularak 3 farkli voltaj ve akim parametresi
belirlenmis ve bu parametrelere gore tam faktoriyel deney tasarimi ile 9 farkli deney kosulu
olusturulmustur. Tam faktoriyel tasarima gore elde edilen parametreler Cizelge 3'te verilmistir. Ayrica
Cizelge 3'te Esitlik 1’e gore hesaplanan kaynak bolgesine aktarilan enerji degerleri de verilmistir. Esitlik
1’de “V” ark voltaji degerini (volt), “I” kaynak akim degerini (amper), “s”
etmektedir (Cetin ve dig., 2018).

ise zamar (saniye) temsil

Kaynak Enerjisi (Joule) =V.Il.s @)

Cizelge 3. Tam faktoriyel deney tasarimi
Table 3. Full factorial experimental design

Deney Numarasi | Akim (A) | Voltaj (V) | Kaynak Siiresi (s) | Kaynak Enerjisi (Joule)
1 180 26,6 30 143640
2 180 27,2 30 146880
3 180 27,8 30 150120
4 190 26,6 30 151620
5 190 27,2 30 155040
6 190 27,8 30 158460
7 200 26,6 30 159600
8 200 27,2 30 163200
9 200 27,8 30 166800
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Kaynak islemi uygulanmis ¢elik malzemelerin mekanik 6zellikleri, cekme deneyleri ve mikro sertlik
Olctimleri ile incelenmistir. Cekme testi Shimadzu Autograph AGS-X Universal test cihazi (100 kN) ile oda
sicakliginda TS EN ISO 6892-1 standartlarina uygun bir sekilde gergeklestirilmistir. Cekme deneyleri i¢in
hazirlanan numuneler, Sekil 2'de sematik olarak gosterilen geometride plazma ile kesilerek elde
edilmistir. Vickers mikro sertlik (HV) testi ise Bruker UMT Universal sertlik 6l¢iim cihazi kullanilarak, 15
saniye siireyle 0,5 kg yiik altinda uygulanmistir. Kaynakli numunelerin {ist-orta ve alt bolgesi olmak tizere
3 farkli konumdan sertlik 6l¢timii gerceklestirilmistir (Sekil 3). Her bir kademede St52 malzeme — kaynak
bolgesi — Hardoks500 malzeme bolgesinde mikro sertlik degerleri alinmugtir. Olgiim alinan noktalar ve
Ol¢iim noktas: sayis1 Sekil 3’de gosterilmistir. Kaynak bolgesi mikro yapisinin gorsel analizleri i¢in optik
mikroskop (OM-Nikon Ters Metalurjik Mikroskop) ve taramali elektron mikroskobundan (SEM-Carl
Zeiss Gemini FESEM) elde edilen goriintiiler kullanilmistir.

a) b)

Sekil 2. Kaynaklanan ve iizerinden ¢ekme numuneleri ¢ikartilan parcaya ait (a) {istten goriiniis ve

(b) perspektif teknik resimler
Figure 2. (a)Top view and (b) perspective technical drawings of the welded and extruded specimen

Kaynak Bolgesi

St-52 (5355) Hardox-500 ~

1 2 n 12 Ust bolge
1 2 10 Orta bolge
1 2

Sekil 3. Sertlik 6l¢im noktalar:

Figure 3. Hardness measurement points

Deneysel sonuglarin analizi i¢in varyans analizi (ANOVA) ve korelasyon yontemleri ile parametreler
arasindaki iligki incelenmis, Taguchi yontemi ile de giris parametreleri optimize edilmistir. Taguchi ve
ANOVA yontemlerinin uygulanmasinda Minitab paket programi kullanilmigtir. Korelasyon katsayisi
hesab1 Esitlik 2 dikkate alinarak gerceklestirilmistir. Esitlik 2’de r korelasyon katsayisini, X ve Y ise
incelenen parametrelere ait sayisal degerleri ifade etmektedir. Parametre optimizasyonunda
sinyal/giiriiltii (S/N) orani dikkate alinarak, Esitlik 3’de matematiksel modeli verilen “en yiiksek en iyi”
yaklagimina gore gerilme ve sertlik deneyi sonuglari degerlendirilmistir (Nalbant ve dig., 2007). Esitlik
3’de n degeri toplam deney sayisini, y degeri de deneysel sonucu ifade etmektedir.

9N
X -0y -y i)

@)
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SONUCLAR VE TARTISMA (RESULTS and DISCUSSION)

Cekme deneylerinden elde edilen o-¢ grafikleri Sekil 4’te, her bir deney kosulu icin elde edilen
maksimum gerilme degerleri Cizelge 4'te verilmistir. Cekme deneyi sonuglarina gore 180 A, 26,6 V deney
kosulu (1 numarali deney — $ekil 5) hari¢ biitiin deneylerde deformasyonun kaynak bolgesi disinda
olustugu goriilmiistiir. Elde edilen sonuglar Kagar ve arkadaslarinin calismasi referans alinarak
kiyaslanmistir (Kagar ve dig., 2018). Referans alinan ¢alismada numunelerin kaynak bolgesinden kirildig:
belirlenmistir. Hardoks500 malzemesinin sekillendirilebilme ve kaynak edilebilme kabiliyetinin
Hardoks400’den daha iyi olmasi sebebi ile mevcut calismada deformasyonlar kaynak bolgesi disinda
gerceklesmistir (Sarigiin, 2016).

Sekil 4'te verilen grafiklerde sadece 1 numarali deney kosuluna ait grafigin kararli bir davranis
gostermedigi goriilmektedir. Cizelge 4'te 1 numarali deney igin 6l¢iilen maksimum gerilme degeri 290,346
MPa’dir. Deneylerde kullanilan malzemelerin maksimum gerilme degerleri; St52 malzeme i¢in ~500 MPa,
Hardoks500 i¢in ~1400 MPa ve kaynak teli i¢in ~900 MPa’dir. Belirtilen 3 malzemenin kaynak ortaminda
olusturacagl kompozit yapmin gerilme degerinin 290 MPa degerinden yiiksek olmasi beklenen bir
durumdur. Bu sebeple 1 numarali deney kosulu, kaynak bolgesinde yeterli penetrasyonun
gerceklesmemesi sonucu kaynak edilebilirlik agisindan olumsuz sonug vermistir. Bu durum 180 A ve 26,6
V kaynak parametrelerinin baglanti icin yeterli kaynak enerjisi saglayamadigini gostermektedir. Tekrarh
deneylerde de (Sekil 5) benzer sonuglarin elde edilmesi parametrelerin yetersizligini dogrulamaktadir. 2
numarali deneyde ise (1804, 27,2V) deformasyon ¢izgisinin ITAB bolgesinden ($ekil 6.c) baslayarak St52
(5355) malzemeye dogru ilerledigi goriilmektedir. 1 ve 2 numarali deneyler harig diger biitiin deneylerde
ise deformasyonun kaynak ve ITAB bolgesinin disinda, St52 malzeme bolgesinde ve siinek bir sekilde
gerceklestigi goriilmiistiir. Sekil 6.d’de goriilen kirilma davranisi 3-9 numarali deneylerin hepsinde benzer
sekilde gerceklesmistir. Bu duruma bagli olarak 180 A deney kosulunda voltaj artisinin etkisiyle kabul
edilebilir kaynakli baglantis1 gerceklesebilmektedir. 190 A ve 200 A deney kosullarinda ise belirlenen
biitiin akim degerlerinde kaynakli baglant1 emniyetli bir sekilde saglanabilmistir.

Cizelge 4'te verilen maksimum ¢ekme gerilmesi degerlerine bakildiginda, St52 bolgesinde gerceklesen
deformasyonlarda degerlerin 480 MPa ile 640 MPa arasinda olustugu goriilmektedir. St52 malzemesinin
cekme gerilmesi degerinin 500 MPa oldugu dikkate alindiginda, deformasyon olusan bolgelerde kaynak
1s1sina bagl olarak igyapr degisimi gerceklestigi iddia edilebilir. Kaynak kompozisyonunu olusturan
metallerin yiiksek mukavemet degerleri sebebiyle kaynak bolgesine aktarilan yiiksek miktarda enerji,
kaynak bolgesi disindaki malzemenin mekanik 6zelliklerini yaklasik %20 oraninda degistirebilecek kadar
etki olusturmaktadir.

Gerilme ile kaynak prosesi arasindaki iliski istatistiksel olarak incelenerek, deneysel calismalardan
elde edilen sonuglar desteklenmistir. Cekme gerilmesi degerleri (Cizelge 4) ile akim ve voltaj parametreleri
arasindaki iliski korelasyon analizi ile incelenmistir. Akim ve voltaj parametreleri zaman parametresi ile
carpilarak her bir kosulda kaynak bolgesine aktarilan enerji miktari belirlenmis (Cizelge 3) ve korelasyon
analizinde enerji miktar1 ile ¢gekme gerilmesi degeri arasindaki iligki niceliksel olarak elde edilmisgtir.
Esitlik 2'ye gore enerji ve gerilme aras1 korelasyon degeri +0,57 olarak bulunmustur. Elde edilen deger
kaynak bolgesine aktarilan enerji ile kaynakli numunelerin maksimum gerilme degerleri arasinda pozitif
yonlii bir iliskinin varligim gostermektedir. Tki deger arasindaki iliskinin etki oran ise %57 seviyesindedir.
Enerji degisimi ile agiklanamayan %43'liik kisim ise kaynagin yapildig1 ortamdaki hava akiminda arts,
kaynak sonras1 soguma siiresi ve elektrottaki nem oran gibi faktorlerle agiklanabilir.
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Sekil 4. Cekme deneyi sonugclari
Figure 4. Results of tensile test

Cizelge 4. Cekme deneyi ve sertlik 6l¢iim sonuglari
Table 4. Results of tensile test and hardness measurement

Giris Parametreleri Cekme Mukavemeti Ortalama Sertlik
Akim: 180 A
Voltaj: 26,6 V Ogekme : 290,346 MPa 370,67 HV

Kaynak Enerjisi: 143640 |
Akim: 180 A
Voltaj: 27,2V Ogekme : 591,003 MPa 434 HV

Kaynak Enerjisi: 146880 ]
Akim: 180 A
Voltaj: 27,8 V Ogekme : 613,144 MPa 456,33 HV

Kaynak Enerjisi: 150120 ]
Akim: 190 A
Voltaj: 26,6 V Ogekme : 504,427 MPa 416,08 HV

Kaynak Enerjisi: 151620 ]
Akim: 190 A
Voltaj: 27,2V Ogekme : 512,216 MPa 443,75 HV

Kaynak Enerjisi: 155040 ]
Akim: 190 A
Voltaj: 27,8 V Ogekme : 531,797 MPa 467,75 HV

Kaynak Enerjisi: 158460 ]
Akim: 200 A
Voltaj: 26,6 V Ogekme : 615,850 MPa 410,58 HV

Kaynak Enerjisi: 159600 ]
Akim: 200 A
Voltaj: 27,2V Ogekme : 489, 630 MPa 430,5 HV

Kaynak Enerjisi: 163200 ]
Akim: 200 A
Voltaj: 27,8 V Ogekme : 637,536 MPa 456,92 HV

Kaynak Enerjisi: 166800 ]




308 S. KORKMAZ, M.H.CETIN, M.ADAR, A.ORAK

Sekil 5. 180 A ve 26,6 V kosullarinda tekrarl1 deneyler
Figure 5. Repeated experiments at 180 A and 26.6 V conditions

: {
TAS'dan ara

Sekil 6. (a) 200 A ve 27,8 V, (b) 180 A ve 26,6 V, (c) 180 A ve 27,2 V, (d) 180 A ve 27,8 V kosullarinda elde
edilen numuneler
Figure 6. Specimens obtained under conditions of (a) 200 A ve 27,8V, (b) 180 A ve 26,6 V, (c) 180 Ave 27,2V, (d) 180 Ave 27,8 V

Kaynakli numunelerin mukavemetine etki eden 6nemli faktorlerden bir digeri ise sertlik degeridir.
180A,190A,200A akim degeri igin farkli voltaj degerlerinde ana malzemeler ve kaynak bolgesinin ¢ekme
mukavemeti ve sertlik degerleri Cizelge 4'te, sertlik degerlerinin degisim grafikleri Sekil 7-9’de verilmistir.

Grafikler sadece {ist bolgeden alinan degerlere gore olusturulmustur. Diger bolgelerden elde edilen
sonuglar {ist bolge ile benzer nitelik tasidig1 icin dikkate alinmamuistir. Sertlik testlerinden elde edilen
ol¢lim sonuglarina gore S5t52 ve Hardoks500 malzemelerinin kaynak bolgesine kiyasla daha yiiksek sertlik
degerine sahip oldugu goriilmektedir. St52 malzeme bolgesinde sertlik degeri ~500 HV, Hardoks500
malzemede ~600 HV ve kaynak bolgesinde ise ~400 HV sertlik degerleri olugsmaktadir. Bu degerlere gore
kaynak bolgesinde; Hardoks500'den %25 oraninda, St52’den ise %20 oraninda daha diisiik sertlik
olusmaktadir. Literatiirdeki ¢alismalarda kaynak bolgesi sertliginin ana malzemelere gore daha ytiiksek
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oldugu belirlenmistir (Bertrand ve dig., 2019; Fei ve dig., 2019). Fakat bu c¢alismada ana malzemelerin
kaynak baglantisina gore daha yiiksek sertlikte olmasi, kaynak bolgesine yiiksek 1s1 girdisi sebebiyle
bolgede tane irilesmesi olusumu ve bolgenin tokluk degerindeki diisiisle agiklanabilir(Eryiirek ve Odabas,

2007; Kaya, 2010).
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Sekil 7. 180 A akimda kaynak bolgesi icin; a) sertlik degisim grafigi, b) ortalama sertlik degerleri

Figure 7. At 180 A current for welding zone; a) hardness variation graph, b) average hardness results

Kaynak bolgesine aktarilan enerji miktar: ile sertlik degeri arasindaki iliski korelasyon yontemi ile
istatistiksel olarak da analiz edilmistir. Analizden elde edilen sonuca gore enerji miktari ile sertlik degeri
arasinda korelasyon degeri +0,50 olarak bulunmusgtur. Bu durum enerji girdisi degisimi ile sertlik
degerindeki degisim arasinda %50 oraninda bir anlamlilik oldugunu ve aralarinda pozitif yonlii bir iligki
oldugunu gostermektedir. Aciklanamayan %50'lik kisim ise soguma hizi ve malzemelerin 1s1 iletim

kabiliyetiyle iligkilendirilebilir.
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Sekil 8. 190 A akimda kaynak bolgesi icin; a) sertlik degisim grafigi, b) ortalama sertlik degerleri

Figure 8. At 190 A current for welding zone; a) hardness variation graph, b) average hardness results
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Sekil 9. 200 A akimda kaynak bolgesi icin; a) sertlik degisim grafigi, b) ortalama sertlik degerleri

Figure 9. At 200 A current for welding zone; a) hardness variation graph, b) average hardness results
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Akim ve voltaj parametrelerinin gerilme ve sertlik parametreleri {izerindeki etki oranlarinin sayisal
olarak analiz edilebilmesi icin ANOVA testi yapilmistir. Gerilme parametresi icin ANOVA sonuglari
Cizelge 5'de verilmistir. Cizelge 5’e gore kaynak bolgesinin gerilme degerindeki degisimin, akim ve voltaj
parametreleri ile %95,01 (R-Sq (adj)) oraminda aciklanabildigi belirlenmistir. Gerilme parametresi
tizerindeki en etkili parametrenin voltaj (%59,68) oldugu, akimin (%7,56) ise diisiik oranda etkisi oldugu
goriilmektedir. Sertlik degeri icin akim ve voltaj parametrelerinin etki oranlar1 Cizelge 6’da verilen
ANOVA sonuglar: ile degerlendirilmistir. Cizelge 6’ya gore akim ve voltaj parametrelerinin sertlik
degisimini aciklayabilme orani %89,61(R-Sq (adj)) olarak belirlenmistir. Kaynak bolgesi sertligi iizerinde
en etkili parametrenin voltaj oldugu (%79), akimin (%3,20) ise diisiik oranda etkisi oldugu goriilmektedir.
Akim ve voltaj parametreleri kiyaslandiginda, akimin etkin bir sekilde hissedilmesi voltaj degerinin
yiiksekligine baglhdir. Bu sebeple voltaj arttikca daha fazla akim kaynak bolgesine transfer edilerek
kaynak enerjisi arttirilmistir. Bu duruma bagli olarak voltaj degisiminin gerilme ve sertlik degisimi
tizerinde yiiksek etki gostermesi beklenen bir durumdur. Cizelge 5-6’da verilen diger bir parametre de
iistel etki oranlaridir. Ustel etki, ilgili parametrenin degisimine bagh olarak ortaya ¢ikan ve ikinci
dereceden denklemlerle ifade edilebilen davranis oranini agiklamaktadir. Hem dogrusal hem de f{istel
etkinin yiiksek degerlerde olmasi kararsizlik davraniginin yiiksek olmasi ile iliskilendirilebilir. Bu sebeple
anlamli bir deney tasariminda dogrusal veya iistel etkiden herhangi birinin yiiksek oranda ¢ikmasi
beklenir. Cizelge 5 incelendiginde, akim? parametresinin gerilme degisimi tizerinde %11,93 oraninda,
voltaj? parametresinin ise %13,32 oraninda etkili oldugu goriilmektedir. Bu degerlere bagl olarak, voltaj
parametresinin gerilme degisimi iizerinde dogrusal etkisinin yiiksek oldugu, fakat akim parametresinin
degisimi ile gerilme degerlerinin bazen dogrusal bazen ikinci dereceden degisim gosterdigi
anlasilmaktadir. Benzer durum Cizelge 6’da verilen sertlik degerleri iginde gecerlidir. Bu sonuca bagh
olarak, kaynak parametrelerinin ayarlanmasinda sabit akim degisken voltaj ile olusturulan ¢alisma
kosullarinda daha kararli kaynak islemi yapilabilecegi goriilmektedir. Cizelge 5-6’da verilen akim-voltaj
etkilesiminin etki oranlar1 gerilme degisimi i¢in %5,62, sertlik degisimi igin %5,44 degerlerindedir. Akim
ve voltaj parametreleri bagimsiz fiziksel biiyiikliikler olmalar1 sebebiyle etkilesimleri diisiik etki
gostermektedir.

Cizelge 5.Gerilme parametresi icin ANOVA sonuglar1
Table 5. ANOVA results for stress parameter

Serbestlik Kareler Kareler F Orant Etki Orani
Derecesi Toplam1 Ortalamasi (@ = %5) P (%)
(DF) (SS) (MS)

Model 5 133526 26705,2 31,48 0,009 98,13
Lineer 2 91512 45755,9 53,94 0,004 67,25
Akim 1 10294 10293,9 12,13 0,040 7,56
Voltaj 1 81218 81217,9 95,74 0,002 59,68
Ustel Etki (2) 2 34368 17183,8 20,26 0,018 25,25
Akim*Akim 1 16238 16237,8 19,14 0,022 11,93
Voltaj*Voltaj 1 18130 18129,8 21,37 0,019 13,32
Etkilesim 1 7647 7646,8 9,01 0,058 5,62
Akim*Voltaj 1 7647 7646,8 9,01 0,058 5,62
Hata 3 2545 848,3 1,87
Toplam 8 136071 100
Anlamlilik R-sq =% 98,13 R-sq (adj)= % 95,01
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Cizelge 6. Sertlik parametresi icin ANOVA sonuglar1
Table 6., ANOVA results for hardness parameter

Serbestlik Kareler Kareler F Oram Etki Oranm1
Derecesi Toplam1 | Ortalamasi (@ = %5) P (%)
(DF) (SS) (MS)

Model 5 6831,78 1366,36 14,80 0,025 96,10
Lineer 2 5850,61 2925,31 31,69 0,010 82,30
Akim 1 228,17 228,17 2,47 0,214 3,20
Voltaj 1 5622,44 5622,44 60,90 0,004 79
Ustel Etki (2) 2 594,65 297,32 3,22 0,179 8,36
Akim*Akim 1 513,71 513,71 5,56 0,099 7,23
Voltaj*Voltaj 1 80,94 80,94 0,88 0,418 1,14
Etkilesim 1 386,52 386,52 4,19 0,133 5,44
Akim*Voltaj 1 386,52 386,52 4,19 0,133 5,44
Hata 3 276,96 92,32 3,89
Toplam 8 7108,74
Anlamlilik R-sq = % 96,10 R-sq (adj)= % 89,61

Gergeklestirilen analizlerle akim-voltaj-kaynak enerjisi ile gerilme ve sertlik arasindaki iliski nicel
olarak belirlenmistir. Ayrica, kaynak islemi sonrasi maksimum gerilme ve sertlik degerlerini verecek akim
ve voltaj degerlerinin belirlenmesi optimizasyon ¢alismasi ile miimkiindiir. Calisma kapsaminda Taguchi
optimizasyon yaklasimi kullanilarak optimum akim ve voltaj degerleri belirlenmeye calisilmistir.
Taguchi'nin S/N orami degerlerine gére maksimum gerilme ve sertlik saglayan optimum akim degeri
200A, optimum voltaj degeri ise 27,8 V'dir (Sekil 10). Kaynakli numunelerin deformasyon davrarislari
agisindan durum kiyaslandiginda ise, 1 ve 2 numarali deney harig biitiin deney kosullar1 optimum nokta
ile benzer deformasyon davranisi gostermistir. Bu sebeple, her ne kadar optimum degerler 200 A ve 27,8V
olsa da, 3-8 numarali deney kosullar1 da optimuma esdeger sartlar olarak nitelendirilebilir.
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.
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Sekil 10. S/N oranlari
Figure 10. S/N ratios

Deney sonuglarinin gorsel analizi icin kaynak baglantilarinin igyapist OM ve SEM goriintiileri ile
analiz edilmistir. Goriintiiler baz malzemeler, kaynak bolgesi ve gecis bolgesi (ITAB) olmak iizere 3 farkli
noktadan alinmistir.En basarisiz (180A- 26,6V) ve en basarili (200A-27,8V) deney kosullar1 i¢in elde edilen
mikro yap1 goriintiileri Sekil 11’de verilmistir. Sekil 11’e gore St52 malzemenin igyapisinda siki lamelli
perlit fazi (Sekil 11.a), Hardoks500 malzemesinde ise martenzit fazi (Sekil 11.b) goriilmektedir. Martenzit
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fazi literatiir referans alinarak belirlenmistir (Kacar ve digerleri, 2018). Fazin sekli ve olusumuna iliskin
gorseller Sekil 12’de verilmistir (Cetin, 2019; Kiigiikyildirim, 2019). Kaynak baglantisinin basarisiz oldugu
deney kosulunda (1 numarali deney) goézenek olusmus (Sekil 11.c), kaynagin optimum sartlarda
gerceklestirildigi kosulda (9 numarali deney) ise kaynak baglantisinda yiizey kusuru goriilmemistir (Sekil
11.d). Sekil 11.c’de goriilen gozenekler, Sekil 6.b’de resmi verilen numunenin kaynak bolgesinde olusan
deformasyonu aciklamaktadir. Yetersiz kaynak enerjisine bagl olarak penetrasyonun yeterli oranda
gerceklesmemesi sebebiyle olusan gozenekler ve gaz bogluklari, gekme deneyi esnasinda deformasyonun
kaynak bolgesinde olusmasina sebebiyet vermis ve ¢ekme egrisi de kararl1 bir davranis gosterememistir.
1 numarali deney kosulu hari¢ diger deney sartlarinda gozeneklilik kusuru goriilmemistir. 1 ve 9 numaral
deney kosullarinda olusan ITAB bolgeleri incelendiginde, Sekil 11.e’de 1 numarali deney kosulunda 2
farkli fazin olustugu, Sekil 11.f'de 9 numarali deney kosulunda ise homojen bir i¢yapinin olustugu
gortilmektedir. 2 farkli fazin olusumu, kaynak bolgesine enerji girisi yetersizligi nedeniyle olusan
dengesiz 1s1 dagilimi ile aciklanabilir. 1 numarali deney kosulu hari¢ diger deney sartlarinda ITAB’da
homojen ve kusursuz bir icyapinin olustugu goézlenmistir.

1 ve 9 numarali deney kosullar: i¢in elde edilen OM goriintiileri, St52 ile Hardoks500’tiin kaynak
edilebilirligi hakkinda SEM goriintiilerini destekler nitelikte bilgi vermektedir (Sekil 13-Sekil 14). Sekil
13.a’da 1 numarali deney kosulu i¢in kaynak boélgesinden St52 malzemeye gecis bolgesi, Sekil 13.b’de ise
1 numarali deney kosulu i¢in kaynak boélgesinden Hardoks500 malzemeye gegis bolgesi goriilmektedir.
Sekil 14.a’da 9 numarali deney kosulu icin kaynak bolgesinden St52 malzemeye gegis bolgesi, Sekil 14.b’de
ise 9 numarali deney kosulu igin kaynak bolgesinden Hardoks500 malzemeye gecis bolgesi
goriilmektedir. Hardoks500 malzeme yiiksek mukavemete sahip oldugu icin her iki sekilde de belirgin
gecis cizgisi goriilmektedir. Fakat Sekil 14.b’deki gecis ¢izgisi Sekil 13.b’ye gore daha belirgin ve diizgiin
bir geometriye sahiptir.5t52 malzemeye ait gecis cizgisi Sekil 13.a’da diizensiz yapida iken, Sekil 14.a’da
belirgin ve diizgiin bir geometriye sahiptir. Elde edilen sonuglar kaynak bolgesine enerji girisi artisina
baglh olarak kararli bir kaynak isleminin gergeklestirilebilecegini gostermektedir. Hardoks500
malzemenin her iki deney kosulunda da belirgin kaynak gecis cizgisi olusturmasi, Hardoks500
malzemenin kimyasal bilesiminde bulunan %0,78 Si, %0,22 Ni ve %0,26 Mo elementlerinin varlig: ile
aciklanabilir. Si elementi oksidasyonu engelleyerek kaynagin kararli bir davrams gostermesini
saglamistir. Ni ve Mo elementleri ise malzemenin tane boyutunu kiiciilterek kaynak bolgesinin mekanik
oOzelliklerini iyilestirmektedir (Vural ve dig., 2003).
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Sekil 11. SEM goriintiileri: (a) St52 baz malzeme, (b) Hardoks500 baz malzeme, (c) 180 A, 26,6 V
kaynak bolgesi, (d) 200 A, 27,8 V kaynak bolgesi, (e) 180 A, 26,6 V ITAB bolgesi, (f) 200 A, 27,8 V ITAB
bolgesi.
Figure 11. SEM images of (a) St52 base material, (b) Hardox500 base material, (c) 180 A, 26,6 V welding zone, (d) 200 A, 27,8 V welding
zone, (e) 180 A, 26,6 V ITAB, (f) 200 A, 27,8 VITAB.

Martensit

Sekil 12. a) Martenzit fazinin sekli ve b)fazin olusumu(Cetin, 2019; Kiiciikyildirim, 2019)
Figure 12.a) Shape of martensite phase and b)formation of phase
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kaynak bolgesi, (b) Hardoks500 ile kaynak bolgesi
Figure 13.Transition zone images obtained from OM for conditions of 180 A and 26,6 V; (a) Welding zone with 5t52, (b) Welding zone
with Hardox500
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Sekil 14. 200 A ve 27,8 V kosullari icin OM’den elde edilen gegis bolgesi goriintiileri; (a) St52 ile

kaynak bolgesi (b) Hardoks500 ile kaynak bolgesi

Figure 14. Transition zone images obtained from OM for conditions of 200 A and 27,8 V; (a) Welding zone with 5t52, (b) Welding zone
with Hardox500

SONUCLAR (CONCLUSIONS)

Bu calismada yiiksek mukavemet ve asinma direncine sahip Hardoks500 malzeme ile genel makine
imalatinda kullanilan S5t52 (5355) malzemenin GMAK yontemi ile kaynak edilebilirligi arastirilmastir.
Farkli akim ve voltaj parametrelerinde tam faktOriyel tasarima gore deneyler gergeklestirilmistir.
Kaynaklanan numunelerin birlesme kabiliyeti cekme deneyleri ve sertlik dlgiim testleri ile belirlenmeye
calisitimistir. Deney sonuglar istatistiki olarak analiz edilmis ve SEM-OM goriintiileri ile nicel analiz
sonuglar1 dogrulanmistir. Elde edilen sonuglar su sekildedir:

1. Eniyi sonuglarin elde edildigi kaynak parametreleri 200 A ve 27,8 V"dir.

2. 180 A - 27,8 V alt1 degerlerde kararli bir kaynak yapis: elde edilememistir. 180 A - 26,6 V
kosullarinda elde edilen kaynakli bolgenin i¢ yapisinda gozeneklilik kusurlari oldugu goriilmiis ve gekme
deneyinde deformasyon kaynak bolgesinde gerceklesmistir.

3. Akim ve voltaj degerlerine bagh olarak hesaplanan kaynak enerjisi ile kaynakli numunelerin
maksimum ¢ekme gerilmesi ve sertlik degerleri arasinda sirasiyla +0,57 ve +0,50 oranlarinda pozitif yonlii
korelasyon iligkisi bulunmaktadar.

4. ANOVA sonuglarina gore; gerilme parametresi iizerinde voltaj parametresinin %59,68, akim
parametresinin ise %7,56 oraninda etkili oldugu, sertlik parametresi tizerinde ise voltaj parametresinin
%79, akim parametresinin ise %3,20 oraninda etkili oldugu belirlenmistir.

5. Kaynak parametrelerinin ayarlanmasinda, sabit akim degisken voltaj ile olusturulan ¢alisma
kosullarinda daha kararli kaynak islemi yapilabilecegi belirlenmistir.
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OZ: Adsorpsiyon, sularda bulunan kirleticilerin giderilmesinde etkili ve basit bir tekniktir. Bu calismada
sularda bulunan kirletici anyonlarin giderilmesinde kullanilmak {izere yiiksek yiizey alanli 6zgiin bir
adsorbentin gelistirilmesi ve karakterizasyonunun yapilmasi amacglanmistir. Bu dogrultuda cift tabakal:
hidroksit olarak da bilinen Fe-Hidrotalsitin kalsinasyonu incelenmistir. FeHT ve K-FeHT numuneleri; X-
1511 difraktogrami (XRD), termal gravimetrik analiz (TGA), diferansiyel taramali kalorimetre (DSC),
taramal1 elektron mikroskopu (SEM), tane boyut analizi ve Brunauer-Emmett-Teller (BET) yiizey alan
Olctimleri ile karakterize edilmistir. Kalsine FeHT'nin 6zgiil yiizey alaninin kalsinasyon sicakligi ve
siiresinden etkilendigi gozlemlenmistir. Kalsinasyon sonucunca tabakalar arasindaki H-O, OH ve CO2
igeriklerinin kaybolarak periklaz yapilarinin olustuklar: belirlenmistir. Optimum kalsinasyon sartlarinda
FeHT'nin yiizey alani yaklasik iki kat arttirilmistir.

Anahtar Kelimeler: Fe-Hidrotalsit (FeHT), Kalsinasyon, Karakterizasyon

Investigation of the effect of Calcination on Mg-Fe Hydrotalcite (FeHT)

ABSTRACT: Adsorption is an effective and simple technique for removing contaminants in water. The
development and characterization of the novel adsorbent with high surface area, which is effective for
removal of arsenic from water, was targeted. For this purpose, calcination conditions on the structure of
FeHT, known as LDH was investigated. Fe-Hydrotalcite (FeHT) and calcined Fe-Hydrotalcite (K-FeHT)
were characterized by X-ray diffraction (XRD), thermogravimetry (TGA), differantial scanning
calorimeter (DSC), scanning electron microscopy (SEM), particle size analysis and Brunauer-Emmett-
Teller (BET) spesific surface area analysis. It was observed that the specific surface area of K-FeHT
significantly affected by the calcination temperature and time. As a result of the calcination, H20O, OH and
CO: contents between the layers were disappeared, and periclase structures was formed. The surface area
was approximately doubled at optimum calcination conditions.

Key Words: Fe-Hydrotalcite (FeHT), Calcination, Characterization.

GIRIS INTRODUCTION)

Cift tabakali hidroksitler (CTH) olarak bilinen anyonik killer arsenik basta olmak {iizere sularda
bulunan kirletici anyonlarin giderimi i¢in kullanilmaktadir. Cift tabakali hidroksitler dogal olarak
olusabildikleri gibi basit ve ekonomik olarak da sentezlenebilmektedirler (Bruna ve dig., 2006). Hidrotalsit
gibi cift tabakali hidroksitler diisiik maliyet, miikemmel adsorpsiyon kapasitesi gibi 6zelliklerinden dolay1
adsorpsiyon ve iyon degisim proseslerinde yaygin olarak kullanilmaktadir (Yang ve dig., 2015). CTH'nin
genel formiilii [Mi1x2 Mx®¥(OH)2]* Axm™ .nH20 olarak ifade edilmektedir. M*> ve M* sirasiyla 2 ve 3
degerlikli olan katyonu temsil etmektedir. M*3/(M*2+M*) molar oran1 X degerine esit olup 0,2 ve 0,33
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arasinda degerler almaktadir (Yang ve dig., 2006). A ile i¢ tabaka bolgesindeki m degerlikli anyon
gosterilmektedir. M*? ve M* iyonlar1 benzer iyon ¢aplarina sahiptirler (Seron ve Delorme, 2008). M*/M*
orani ile CTH'nin anyon degistirme kapasitesi kontrol edilebilmektedir (Ferreria ve dig., 2004). 2 ve 3
degerlikli katyon olarak sirasiyla Mg ve Al kullanildiginda genel formdilii [MgsAl2*3(COs3)(OH)16.4H20]
olan hidrotalsit iiretilmektedir (Seida ve Nakano, 2000). Hidrotalsit, yapisina farkli iyonlar ilave edilerek
modifiye edilebilmektedir (Palmer ve dig., 2008). CTH sentezlenmesinde birlikte ¢oktiirme, {ire hidroliz
ve hidrotermal yontemler kullanilmaktadir. Birlikte ¢oktiirme yontemi en basit ve en yaygimn iiretim
yontemi olarak dikkat ¢ekmektedir (Yang ve dig., 2006). Bu teknikte genellikle iki farkli metal tuzu,
COz'den arindirilmis suya eklenmekte ve siddetli bir sekilde karistirilmaktadir. Karissm pH'1 9-10
arasinda tutularak birlikte ¢okme isleminin olmasi saglanmaktadir (Nalawade ve Hirlekar, 2009).

CTH ile oksianyonlarin uzaklastirilmasini etkileyen en 6nemli parametrelerden birisi CTH'nin
kalsinasyonudur (Yang ve dig., 2005). 100 °C’de biinyesinde fiziksel olarak sogurulan suyun, 140-260
°C’de ara katmanda bulunan su molekiillerinin, 260-500 °C arasinda ise yapisindan karbonatlarin ve
hidroksitlerin uzaklastig1 bilinmektedir. 700 °C ve iizeri sicakliklarda kalsinasyon yapildiginda ise
CTH'nin yapisi tamamen bozulmakta ve tekrar kullanilamamaktadir. 1000 °C civarinda ise kalic1 spinel
olarak ifade edilen MgO ve MgAl:O4 karisim1 olusmaktadir (Auxilio ve dig., 2009).

Kalsine CTH, sulu ortamda rehidrasyona ugrar ve kalsinasyon sirasinda bozulan hidroksit yapisi
tekrar olusur. Bu islem memory effect olarak adlandirilir (Cheitia ve dig., 2012). CTH'nin kalsine edilmesi
sonucunda daha biiyiik yiizey alani, daha kiigiik kristal boyutu ve memory effect yapisi gibi olumlu
gelismeler meydana gelmektedir (Yi ve dig., 2011).

Bu ¢alismada; yiiksek yiizey alanli bir adsorbentin gelistirilmesi ve karakterizasyonu hedeflenmistir.
Bu amagla ¢ift tabakal1 hidroksit (CTH) olarak bilinen ve BET yiizey alani 97,2 m?/g olan FeHT'nin yapisi
lizerine kalsinasyon sartlarinin etkisi arastirilmistir.

MATERYAL VE METHOD (MATERIAL AND METHOD)
Karakterizasyon Calismalar1 (Characterization Studies)

Adsorbentin mineralojik bilesimi, X-Isin1 Difraktometresi (XRD) ile Rigaku marka SmartLab model
cihazda incelenmistir. X 1sinlar1 Spektroskopisi analizleri; toz numunenin, 4°-70° tarama araliginda
dakikada 1,176° taranacak sekilde gerceklestirilmistir. BET yiizey alami ise Quantachrome® marka
ASiIQwin™ model cihaz ile Olciilmiistiir. Analiz isleminde degaz sicaklig1 105°C ve degaz siiresi 8 saat
olarak belirlenmistir. Adsorbent se¢iminde en énemli parametrelerden biri olan spesifik yiizey alanlari
m?/g olarak belirlenmistir. Adsorbentlerin kalsinasyon islemi 6ncesinde termal 6zelliklerini incelemek
amaciyla termal gravimetrik analizi (TGA) ve diferansiyel taramali kalorimetre (DSC) 6l¢timleri Linseis
marka STA PT 1600 model cihaz ile gerceklestirilmistir. Literatiir incelendiginde CTH'lerin azot (Wang ve
dig., 2005; Thesis ve dig., 2013), argon (Mahjoubi ve dig., 2017) ve hava (Lins ve dig., 2018) gibi gazlar
kullanilarak 2,5 °C/dk (Thesis ve dig., 2013), 10 °C/dk (Lins ve dig., 2018) ve 20 °C/dk (Wang ve dig., 2005)
hizlarinda termal karakteristiginin arastirildig1 goriilmektedir.Numunelerin TGA ve DSC grafikleri,
kalsinasyon ortaminin hava olmasi ve malzemenin igerisinde havadaki oksijen ile reaksiyona girecek bir
yapinin bulunmamasi nedeniyle atmosferik hava ortaminda 2 °C/dk hizla 1200 °C sicakliga kadar elde
edilmistir. Analiz hizi, egri ¢oziiniirliiklerinin daha iyi olmasi ve doniim noktalarinin daha net tespit
edilebilmesi i¢in 2 °C/dk olarak secilmistir. Bu analizler sonucunda adsorbentlerin kalsinasyon
islemindeki agirlik kayiplar1 ve termal karakteristigi belirlenmistir. Kalsinasyon sonras: elde edilen
malzemenin tane boyut dagiliminin belirlenmesi i¢in Malvern marka Master Sizer 2000 model cihaz ile
tane boyut dagilim analizi yapilmistir. Adsorbentlerin elektron mikroskopisi yardimiyla morfolojik
oOzellikleri belirlenmistir. Taramali Elektron Mikroskop (SEM) incelemeleri i¢cin numuneler 6nce toz haline
getirilmis ve ¢ok ince (yaklasik 3 A/saniye) iletken malzemeyle (Au) kaplanarak incelenebilir hale
getirilmistir. Hazirlik basamaklarindan gectikten sonra numune elektron mikroskopunda incelenmeye
hazir hale gelmistir. Vakum siiresi olarak 30 dakika segilmistir. Vakum siiresi tamamlandiktan sonra
numunenin yiizey goriintiisii alinmistir. Son olarak adsorbentlerin sifir yiik noktasinin tayini, sahip
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olduklar: ytiizey yiiklerinin metal iyonu giderimi iizerindeki etkisini belirlemek amaciyla yapilmistir.
Malzemenin pHsyn degeri, Pecenyuk (1999) tarafindan kullanilan yontemle gerceklestirilmistir. Bu yontem
icin farkli pH’larda 0,1 M derisime sahip NaCl ¢ozeltileri hazirlanmistir. Cozeltilerin hazirlanilmasinda
kullanilan saf su ¢oztinmiis CO2'yi uzaklastirmak i¢in kaynatilmistir. pH ayarlamak i¢in 0,1 M HCl ve 0,5
M NaOH kullanilmistir. 100 mg adsorbent 20 mL hacimli farkli pH’lardaki 0,1 M’'lik NaCl ¢ozeltilerine
ilave edilmistir. 50 mL hacimli, erlen meyerler 48 saat oda sicakliginda galkalanmis ve adsorbentin dibe
¢Okmesi icin bekletilmistir. Ve son pH oOlgiilmiistiir. NaCl ¢ozeltisinin pH’smin adsorbentle temasindan
sonra hi¢ degismedigi nokta olan pHsyn belirlenmistir.

Kalsinasyon Calismalari (Calcination Studies)

Kalsinasyon calismalari, Protherm marka PAF 11016 model firin kullanilarak gerceklestirilmistir.
Kalsinasyon islemi izotermal sartlar altinda yapilmistir. Numuneler 6nceden istenilen sicakliga getirilmis
firma dogrudan konulmus ve islem sonunda sogumasi beklenmeden dogrudan disariya alinmustir.
Kalsinasyon sicakligini ve siiresini belirlemek amaciyla optimizasyon ¢alismalar1 yapilmistir. Bu boliimde
kalsinasyon sicaklig1 ve siiresinin, numunenin agirlik kaybi ve ylizey alani tizerindeki etkisi arastirilmustir.
Oncelikli olarak kalsinasyon siiresi 3 saat segilerek farkli sicakliklarda (250-700 °C arasinda) kalsinasyon
yapilmustir. Spesifik yilizey alani Ol¢iimleri yapilmis ve en yiiksek yiizey alani Ol¢iimiiniin yapildigi
kalsinasyon sicaklig1 belirlenmistir. Sicaklik belirlendikten sonra farkl: siirelerde (30-270 dakika arasinda)
kalsinasyon yapilmistir. Yapilan bu testler sonucunda en yiiksek yiizey alani degerinin (m?/gr) elde
edildigi kalsinasyon sicakligi ve siiresi belirlenerek optimizasyon c¢alismalar1 tamamlanmistir.
Gergeklestirilen tiim deneylerden sonra numuneler 2 saat desikatdrde bekletilmistir.

BULGULAR ve TARTISMA (FINDINGS and DISCUSSIONS)

Kalsinasyon ¢alismalarinda kullanilan FeHT, birlikte ¢oktiirme yontemi ile elde edilmistir (Tiirk ve
dig., 2016). FeHT'nin BET yiizey alan1 97,2 m?/g ve ortalama tane boyutu (dso) 25 mikrondur. FeHT nin
termal gravimetrik analizi (TGA) ile kalsinasyondaki sicaklik artis1 ve adsorbentte meydana gelen agirlik
kaybi (%) arasindaki iligki belirlenmistir (Sekil 1). CTH'nin 100 °C’de biinyesinde fiziksel olarak sogurulan
suyun, 140-260 °C’de ara katmanda bulunan su molekiillerinin, 260-500 °C arasinda ise yapisindan
karbonatlarin ve hidroksitlerin uzaklastig1 bilinmektedir (Ulibarri ve dig., 1994). 700 °C ve {izeri
sicakliklarda kalsinasyon yapildiginda ise CTH'nin yapisi tamamen bozulmakta ve tekrar
kullanilamamaktadir. Ayrica, 700 °C’de kalsine edilen FeHT'nin X-1s1n1 difraktogrami incelendiginde
yapinin tamamen bozularak yeni piklerin meydana geldigi goriilmektedir. 1000 °C civarinda ise MgO ve
MgAlL20s karisimi olusmaktadir (Auxilio ve dig., 2009).
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Sekil 1. FeHT ye ait TGA grafigi
Figure 1. TGA curve for FeHT

Diferansiyel taramali kalorimetre (DSC) analizi sonucunda adsorbentin kalsinasyon islemindeki
termal karakteristigi belirlenmistir (Sekil 2). 70 °C, 163 °C, 334 °C, 670 °C, 958 °C ve 1030 °C’de pikler
olusmustur. DSC piklerinin yonii incelendiginde tiim adimlarda endotermik bir bozunma oldugu
goriilmektedir.
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Sekil 2. FeHT ye ait DSC grafigi
Figure 2. DSC curve for FeHT
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Sekil 3. FeHT ve farkli kalsinasyon sicaklarinda elde edilen K-FeHT ye ait X-151mu1 difraktogrami
Figure 3. X-ray diffractogram of FeHT and K-FeHT obtained at different calcination temperatures.

Numunelerin X-1s1n1 difraktogrami (Sekil 3) incelendiginde kalsine edilmemis FeHT'nin 11,2 ve 22,9
derecedeki pikleri, brusit tabakasinin bir gostergesi olan bazal yansimalara attir. Bu iki pikin keskinligi
Ornegin kristalligini ve tabakali yapiya sahip oldugunu gostermektedir (Nishida ve dig., 2004). 450 °C’de
hidrotalsit yapisina ait piklerin biiyiik oranda kayboldugu goriilmiistiir. Bu sicaklikta kalsinasyon
yapildiginda hidrotalsit yapisini olusturan minerallerin diizeni bozulmaktadir. 450 °C’de kalsine edilen
FeHT'nin pikleri ise Fe-Mg oksitlerinin olustugunu gostermektedir (Violante ve dig., 2009). 700 °C’de
kalsine edilen FeHT'nin X-1s1m1 difraktogrami incelendiginde yapinin tamamen bozularak yeni piklerin
olustugu goriilmiistiir (Sekil 3).

Kalsinasyon sicaklig ile agirlik kayibi ve yiizey alami arasindaki degisim Sekil 4'te verilmistir.
Kalsinasyon sicakligi 250 °C’den 450 °C’ye dogru arttikga yiizey alani da artmustir. Sicaklik 450 °C’den 700
°C’ye yiikseltildiginde ise yiizey alani azalmistir. TGA grafiginde de goriilecegi tizere 450 °C’'de agirlik
kayb1 yavaslamaktadir. Bu sicaklikta hidroksitler ve karbonatlarin tamamen uzaklastigi bilinmektedir
(Ulibarri ve dig., 1994). K-FeHT (250 °C) ve K-FeHT (450 °C)'nin X-1s1ru difraktogramlari incelendiginde
250 °C’de hidroksit ve karbonatlar gibi yapilarin bir gostergesi olan pikin tamamen yok olmadig:
goriilmiistiir. 450 °C’de kalsine edilen FeHT’de ise bazal piklerin tamamen kaybolmus ve
kalsinasyonunun amacina ulasmistir. Gegmisteki ¢alismalar incelendiginde 550 °C (Yang ve dig., 2012),
450 °C (Violante ve dig., 2009), 400 °C (Bhuiyan ve dig., 2014) ve 350 °C (Yi ve dig., 2011) gibi farkli
kalsinasyon sicakliklarinin uygulandig: goriilmektedir.
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Sekil 4. Kalsinasyon sicaklig ile agirlik kaybi ve yiizey alan1 arasindaki degisim
Figure 4. Change between calcination temperature and weight loss and surface area

En yiiksek yiizey alaninin elde edildigi sicaklik olan 450 °C’de farkli siirelerde kalsinasyon yapilmuistir.
Sekil 5'te ise agirlik kaybi-ytiizey alani-kalsinasyon siiresi arasindaki iligki verilmistir. Kalsinasyon siiresi
45 ve 90 dakika arasinda oldugunda yiizey alani artmaktayken, siire 90 dakikanin {izerine ¢ikarildiginda
ylizey alaninda azalma meydana gelmistir. Grafik incelendiginde 90 dakikanin iizerinde agirlik kaybi
artarken yiizey alaninda azalma meydana gelmistir. FeHT'nin 450 °C’de 90 dakikadan fazla kalsine
edilmesi durumunda adsorbentin yapisinin bozularak yiizey alaninin diistigii goriilmiistiir.

Agirhik Kaybi (%)
Yiizey Alani (m*/gr)

-tk = Agirlik Kaybi (%)

wil Yuzey Alam ( m2/gr)

Kalsinasyon Siiresi (Dakika)
Sekil 5. Agirlik kaybi-ytiizey alani-kalsinasyon siiresi arasindaki iliski

Figure 5. Relationship between weight loss surface area calcination time

Karakterizasyon grafikleri (TGA, DSC ve XRD), ge¢mis yillarda yapilan ¢alismalar ve gergeklestirilen
optimizasyon calismalar1 degerlendirilmistir. Kalsinasyon sicaklig: i¢in en yiiksek yiizey alan degerinin
(173 m?/g) elde edildigi nokta olan 450 °C belirlenmistir.
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450 °C’de kalsine edilen FeHT (K-FeHT) 6rnegine yapilan kimyasal analiz sonucunda malzemenin
%21,43 Fe ve %29,03 Mg icerdigi tespit edilmistir. Bu analiz sonucu ile XRD piklerinin uyumlu oldugu
goriilmiistiir. Tane boyutu adsorpsiyonu etkileyen parametrelerden biridir. Tane boyutu, adsorpsiyon
hizini etkilemektedir. Tane boyutu azaldik¢a adsorbsiyon hizi artmaktadir. Ancak adsorpsiyon kapasitesi
tane boyutundan bagimsizdir (Yang ve dig., 2006). K-FeHT numunesine lazerli tane iriligi analizi yapilmis
ve ortalama tane boyutu 28,83 um olarak belirlenmistir. Adsorplama kapasitesi ve yiizey alan1 arasinda
onemli bir iliski vardir (Beyhan, 2003). Bu ¢alismada kalsinasyon oncesi 97,2 m?/g olan BET yiizey alan,
kalsinasyon sonrasinda 173 m?/g olarak Ol¢tilmiistiir. Coulomb kanuna gore katilarin yiizeyleri zit yiiklii
iyonlar1 ¢ekmektedir. Belli bir pH degerinde yiizey notr olur ve bu noktaya sifir yiik noktast denir. pH
degeri sifir yiik noktasinin altinda oldugunda yiizey pozitif, iistlinde oldugunda ise ylizey negatiftir
(Korkmaz, 2008). K-FeHT icin pHsyn (S1fir yiik noktasi) degeri 9,2 olarak belirlenmistir (Sekil 6). Bir grup
farkli aragtirmaci, yaptiklar: ¢alismada kalsine CTH igin sifir yiik noktasini 9,6 olarak belirlemiglerdir
(Elhalil ve dig., 2016).
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Sekil 6. K-FeHT icin Farkli pH degerlerinde pHsyn degeri
Figure 6. pHsyn value for K-FeHT at different pH values

Numunelerin elektron mikroskopisi yardimiyla morfolojik 6zellikleri belirlenmistir. FeHT ve K-
FeHT’ye ait SEM goriintiileri incelendiginde, FeHT'nin kalsine edilmesi ile daha poroz ve taneli bir
adsorbent elde edildigi gortilmiistiir (Sekil 7).
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Sekil 7.(a) FeHT ve (b) K-FeHTye ait SEM goriintiileri
Figure 7. SEM images of (a) FeHT and (b) K-FeHT

SONUCLAR VE ONERILER (RESULTS AND SUGGESTION)

Yiizey alan1 adsorpsiyonu etkileyen onemli parametreler arasinda yer almaktadir. Bu ¢alismada
sularda bulunan kirletici anyonlarin giderilmesinde kullanilmak iizere yiiksek ylizey alanli bir
adsorbentin gelistirilmesi amaglanmistir. Bu amag dogrultusunda CTH olarak bilinen yiizey alan1 92 m?/gr
olan FeHT’nin kalsinasyon parametreleri arastirilmistir. Yapilan ¢alismalar K-FeHT nin 6zgiil ytizey alani
tizerindeki en onemli parametrelerin kalsinasyon sicaklig1 ve kalsinasyon siiresi oldugunu gostermistir.
Diisiik ve yiiksek kalsinasyon sicakliklarinda yiizey alani degerleri diisiis gosterirken (250 °C-60 m?/gr,
700 °C-62 m?/gr), 450 °C’de ylizey alani2 kat artarak173 m?/gr degeri ile maksimuma ulastig1 belirlenmistir.
En iyi ylizey alani degerinin elde edildigi kalsinasyon sicakligi olan 450°C’de 45 dakika siiren
kalsinasyonda ytlizey alan1 145 m?/gr olurken, 90 ve 270 dakikalik kalsinasyonda sirasiyla 173 ve 153 m?/gr
olan yiizey alani degerleri elde edilmistir. Bu durum kalsinasyon siiresinin de dnemli bir parametre
oldugunu gostermektedir. Yapilan karakterizasyon calismalari sonucunda kalsinasyon ileFeHT'nin
tabakalar1 arasindaki H:O, OH ve COuigeriklerinin kaybolarak periklaz yapilarinin olugtuklar
goriilmiistiir. Calisgma sonucunda kalsinasyon iglemi ile tabakali yapr bozulmadan yiizey alaninin iki
katina kadar arttrilarak daha poroz bir adsorbentin iiretilebilecegi belirlenmistir. Kalsinasyon yoluyla
FeHT adsorbentinde meydana gelen ylizey alani artislarinin adsorpsiyon kapasitesinde de benzer
oranlarda iyilesmelere ve desorpsiyon ozellikleri {izerinde herhangi bir olumsuz etkiye sebep olup
olmadiginin gelecek ¢alismalarda detayli olarak arastirilmasi gerekmektedir.
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ABSTRACT: In this study, the influence of pressure stiffness on the torsional buckling of thin and
moderately thick laminated composite perfect cylinders under external hydrostatic pressure is
investigated. A degenerated-curved shell element is used to obtain the numerical results. First, a
verification problem is solved and the element is validated for stability analysis including pressure
stiffness. Then, cross-ply and angle-ply laminated composite cylinders are examined for selected length-
radius ratios and stacking sequences. The results obtained show that, pressure stiffness may have a
stabilizing effect against torsional buckling especially for thick orthotropic cylinders.

Keywords: Pressure stiffness, torsional buckling, composite cylinder, hydrostatic pressure

Basing Rijitliginin Hidrostatik Basing Etkisi Altindaki Katmanli Kompozit Silindirlerin
Burulmali Burkulmalarina Etkisi

OZ: Bu calismada hidrostatik basing altindaki ince ve orta kalinlikta katmanl kompozit kusursuz
silindirlerin burkulmasinda basing rijitliginin etkisi arastirilmistir. Sayisal neticeler dejenere-egri bir
kabuk elemam kullanilarak elde edilmistir. Oncelikle bir dogrulama problem ¢dziilmiis ve eleman
basing rijitligini iceren stabilite tahkiki i¢in dogrulanmistir. Daha sonra, dik-agili ve egik-acili katmanl
kompozit silindirler secilen uzunluk/cap degerleri ve katman diizenleri i¢in incelenmistir. Elde edilen
neticeler basing rijitliginin ozellikle kalin otrotropik silindirlerde burulmali burkulmay: engelledigini
gostermektedir.

Anahtar kelimeler: Basing rijitligi, burulmali burkulma, kompozit silindir, hidrostatik basing
INTRODUCTION

In this study, the influence of pressure stiffness (PS) on the torsional buckling of thin and
moderately thick laminated composite perfect cylinders under external hydrostatic pressure is
investigated.

One of the most comprehensive studies on buckling of composite shells was performed by Seide et
al.(1968) who has prepared the NASA-SP8007 monograph. Nemeth and Starnes (1998) has improved this
monograph by considering imperfections. However, the literature on the influence of PS on shell
stability is not extensive. PSis known to have a detrimental effect on the stability of shells under
compressive loads and the related functional was derived by Koiter (1967). Schokker et al. (1996),
Sridharan and Kasagi (1997) and Kardomateas (1996, 2000) have also considered the influence of PS on
buckling of composite cylinders. In more recent studies, Cagdas and Adali (2011) have shown that due
to pressure stiffness, a reduction of up to 30% in buckling pressure is possible for cross-ply laminated
cylinders under hydrostatic pressure. The influence of PS has recently been considered for filament
wound cones by Cagdas (2017), for cylindrical panels by Smitha and Nandakumar (2018), for thick
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laminated composite shells by Khayat et al. (2016), and for functionally graded shells under external
pressure by Khayat et al. (2017). In a more recent study, Basaglia et al. (2019) have considered PS for
pipes under hydrostatic pressure and have stated that the buckling pressure will be overestimated if PS
is not taken into account.

As shell thickness increases, the flexural stiffness terms increase much more rapidly than the shear
stiffness terms. Thus, for thicker cylinders, torsional buckling may become more critical than flexural
buckling. However, it will be shown in this study that this may not be the case taken into account.

A degenerated composite shell element based on the shell element developed by Kant (1992) is used
to conduct the related structural analyses. This same element was used by Cagdas and Adali (2012a,
2012b) for linearized stability analysis and design optimization of composite shell structures. This
element was recently modified by Cagdas (2017) for stability analysis considering PS. Similar shell finite
elements were used by Ram and Babu (2002), and Barbosa and Ferreira (2009), Bakshi and Chakravorty
(2014). ANSYS shell element “Shell 99” is a similar shell element ,which can be used for stability analysis
of thin-walled composite structures; see, for example Oner et al. (2007) and Shen et al. (2017).

First, the shell element used is validated by comparing the results obtained here with the analytical
results presented by Kardomateas (1996) and with the numerical results presented by Cagdas and Adali
(2012) for an orthotropic composite cylinder problem. Then, numerical results are presented for cross-
ply and angle-ply laminated composite cylinders. The results obtained in the present study show that PS
considerably interferes with the buckling behavior of relatively thick laminated composite cylinders.

RESEARCH SIGNIFICANCE

The results presented in this study will provide further insight into the issue of laminated composite
cylinder buckling under hydrostatic pressure. It is aimed to show that the inclusion of pressure stiffness
eliminates the torsional buckling mode and increases the buckling parameter for cross-ply
laminated/orthotropic composite perfect cylinders under hydrostatic pressure. This finding is of
practical importance as construction of orthotropic cylinders may be advantageous or more economical.

PROBLEM DEFINITION

V3i

X, U

Figure 1. The global, and nodal coordinate systems
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The shell element is based on the following displacement field;

X X
nn 1 nn
y :z y Si(ég’ﬂ)+§zsié/v3i (1)
, ER =1
mid

where, nn, S; (§ ,17) , Vsi denote the total number of nodes, the value of the it shape function at (&.m),
and the unit surface normal vector at node i. respectively. The range of & and7are -1 to 1 and the
range of {'is —t/2 to t/2, where t denotes thickness. @;, and 3, denote the rotations about V2, and Vi
as shown in Fig. 1. For the problem under consideration, Vj; is selected as the outward unit normal and
the unit vector V; is calculated by multiplying V,, with the unit vector in z direction, e,; i..
Vi =V, x€; as shown in Fig. 1. The details of formulation will not be given here as related information

can be found elsewhere; for example see Reddy (2003). Note that, the lamination angle is taken as the

angle between the fiber direction and Vj; .

NUMERICAL RESULTS

First a verification problem is solved and then numerical results are presented for cross-ply and
angle-ply laminated cylinders.

Verification Problem

Circumferentially reinforced graphite/epoxy cylinders of length L, external radius 1 m., constant
thickness H, and length to external radius ratio L/R,, =10 under external pressure are analyzed here

using the 2D shell element modified for the PS effect. At the ends of the shells, only radial and
circumferential displacements are set equal to zero. Comparisons are made with the analytical results for
orthotropic cylinders under external pressure, obtained by Cagdas and Adali (2011) and Kardomateas
(1996) who have considered the effect of non-conservative loading.

The material properties are given below;

E, =140GPa, E, =9.1, E; =9.9GPa, G, =4.3GPa, G ; =4.7GPa, G,, =5.9GPa, v;, =0.3,
v,; =0.02, v,; =0.49.

The results obtained for L/ R, =10 and for R, / R, ratios between 1.05 and 1.25 are presented in
Table 1 in comparison with the results obtained by Kardomateas (1996) and Cagdas and Adali (2011),
where n=2 for all cases. In Table 1, {,, R, and R, denote external pressure, internal radius, and
external radius of the cylinder, respectively. The pressure acts at the outer surface, so the axial

int

compressive force acting on top of the cylinder is calculated as f =qz (R, +H )2 .The non-dimensional

buckling parameter is defined as;

g %R
Qe = E—H?’t . )
1
The percentage change in buckling pressure 77(%) is defined as;
Aerps — A
n(%):%xmo ®)

cr

where A, denotes buckling parameter and subscript PS indicates that PS is taken into account.
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Table 1. (|, for orthotropic cylinders with L/R,, =10.
Present Present
Rex Blasticity FEM@  FEM® - 2DShell - 2DShell )
int (without PS) (with PS)  40x8 mesh  40x8 mesh
(without PS)  (with PS)
1.05 0.2576 0.3447 0.2687 0.3444 0.2686 -22.0
1.10 0.2513 0.3211 0.2581 0.3192 0.2573 -19.4
1.15 0.2347 0.2878 0.2467 0.1484 " 0.2447 64.9
1.20 0.2166 0.2535 0.2308 0.0873" 0.2276 160.7
1.25 0.1978 (?) 0.2227 0.2128 0.0583 * 0.2007 244.3

) Kardomateas (1996), @ Cagdas and Adali (2011), * torsional buckling mode

As can be observed from Table 1, the results obtained using the 2D shell model are in good
agreement with the elasticity solution presented by Kardomateas (1996) and in excellent agreement with
the results obtained using the axisymmetric shell model with and without the inclusion of the PS effect

for R, /R, <1.10. However, when PS was not taken into account, a torsional buckling mode was

observed for the case R, /R, >1.15. This torsional buckling mode shape, captured by the 2D shell

model only, is shown in Fig. 2(a). However, with the inclusion of PS, the buckling mode shape changes
as shown in Fig. 2(b) and the buckling parameter increases and gets closer to the one calculated using

the axisymmetric model. Similarly, it can be seen from Figures 2(c) and 2(d) that, for R, /R, , torsional

buckling does not occur when PS is taken into account. Also, as can be seen from Table 1, when PS is
taken into account, the torsional buckling mode shape vanishes and this implies that PS, which is

expected to be detrimental, unexpectedly stabilizes the cylinders with Ry, /R, 21.15 against torsional

buckling. In Table 1, the variable h values are also presented as 64.9%, 160.7%, and 244.3% for R,, / R
=1.15, 1.20, and 1.25 respectively.

Next, the problem is solved again for the fully clamped boundary conditions, except for the axial
displacement at one of the ends, but the buckling parameters did not significantly change and therefore
the results obtained are not presented here. It therefore may be stated that the influence of PS is not
related with the rotational boundary conditions.

It should also be stated that, even though the formulation of the 2D degenerated shell element
employed here is not based on a specific shell theory and is not as sophisticated as the shell theory based
axisymmetric shell element of Cagdas and Adali (2011), where the thickness/radius ratio is also taken
into account, the results obtained using the 2D shell element, presented in Table 1, are found out to be
more accurate for some cases as complicated buckling mode shapes can be better captured by the 2D
shell model comparing with the axisymmetric model.

Cross-ply Laminated Cylinders

Numerical results obtained for graphite-epoxy cylinders with 53 B.C., stacking sequence [90°/0°]s,
and varying R, / R, ratios are presented for L/ R, =5, and 10 in Tables 2 and 3, respectively. It can be

observed from Table 2 that, the stabilizing influence of PS is minimal for L/ R« =5 as flexural buckling
occurs for the R,, /R, ratios considered. However, as can be observed from Table 3, the influence of PS
is much higher for L/ R, =10 due to the fact that a greater surface area is under hydrostatic pressure
comparing with the case L/R,, =5. This behavior was also observed by Cagdas and Adali (2011).It can

be observed from Table 3, that the percentage increase is nearly 250% for Ry, / R, =1.25, which also was
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the case for the verification problem solved. The buckling mode shapes for R, /R, =1.25 with and

without PS effect are given in Figures 3(a) and 3(b), which clearly show that the inclusion of PS in
stability analysis yields a flexural buckling mode shape instead of a torsional one.

Figure 2. Buckling mode shapes for cross-ply laminated cylinders under hydrostatic pressure with
L/Ry; =10 (a) Ry /Ry =1.15, without PS (b) Ry /Ry =1.15, with PS () Ry /Ry =1.3, without PS  (d)
R, /R =1.3, with PS

Table 2. G, for [90°/0°]scross-ply laminated cylinders with L/R,, =5.

Present Present

Rext 2D Shell 2D Shell (%)
Rint 40x8 mesh  40x8 mesh
(without PS)  (with PS)
1.05 0.6503 0.51410 -20.9
1.10 0.3711 0.29810 -19.7
1.15 0.3067 0.25120 -18.1
1.20 0.2714 0.22704 -16.3
1.25 0.20677 0.20868* 0.9

* torsional buckling mode
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Table 3. J, for [90°/0°]s cross-ply laminated cylinders with L/R,, =10.

Present Present
Ra  2DShell 2D Shell (%)
int 40x8 mesh ~ 40x8 mesh
(without PS)  (with PS)
1.05 0.3601 0.2774 -23,0
1.10 0.3075 0.2712 -11,8
1.15 0.1483 0.2286 54,1
1.20 0.0872 0.21650 148,3
1.25 0.0583 0.2037 2494

* torsional buckling mode

)
)
)
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Figure 3. Buckling mode shapes for cross-ply laminated cylinders under hydrostatic pressure with
L/R,, =10, and R, /R, =1.25 (a), without PS (b) with PS

Angle-ply Laminated Cylinders

Finally, numerical results are presented in Table 4 for angle-ply graphite-epoxy cylinders with S3
B.C., stacking sequence [55°/-55°]s, L/R,, =10, and varying Ry, /R, ratios. The lamination angle is
selected as equal to 55° as this angle maximizes the static strength; see Messager et al. (2002).

Table 4. {;; for [55°/-55°]s angle-ply laminated cylinders under hydrostatic pressure, L/R,, =10.

Present Present
Rext 2D Shell 2D Shell (%)
Rint 40x8 mesh ~ 40x8 mesh
(without PS)  (with PS)

1.05 0.1888 0.1459 -22.7
1.10 0.1617 0.1276 -21.1
1.15 0.1418 0.1142 -19.5
1.20 0.1301 0.1065 -18.1
1.25 0.1216 0.1011 -16.9

It can be observed from Table 4, that PS has no positive influence for all of the Rext/ R, values

considered and the maximum decrease percentage is equal to 22.7% for R../Ry =1.05. The buckling
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mode shape for R,,/R,, =1.25 shown in Figure 4 is almost the same for both cases, which indicates that

for the angle-ply cylinders considered, the buckling mode did not change with the inclusion of PS.

Figure 4. Buckling mode shape for angle-ply laminated cylinders under hydrostatic pressure with
L/R,, =10, and R, /R, =1.25, with and without PS

CONCLUSIONS

In this study, the influence of pressure stiffness (PS) on torsional buckling of thin and moderately
thick laminated composite perfect cylinders under external hydrostatic pressure is investigated using a
degenerated shell finite element.

First, verification problems are solved and the super parametric shell finite element used in this
study is validated for stability analysis including pressure stiffness. The results obtained for the
verification problems show that the torsional buckling mode shape vanishes for orthotropic cylinders
with Ry, /R, 21.15 when PS is taken into account. In order to more thoroughly investigate the problem,

buckling parameters are presented for cross-ply and angle-ply laminated composite cylinders under
external hydrostatic pressure and the following observations are made;

i. For cross-ply laminated cylinders, the influence of PS decreases with decreasing L/ Rext ratio and
increases with increasing thickness. The positive influence of PS is higher for L/R,, =10, and for the
cross-ply cylinders considered, a nearly 250% increase in buckling pressure is observed for Rext/ R, =1.25

and L/R,, =10. However, for R, /R, <1.1, the influence of PS is detrimental as expected.

ii. For angle ply cylinders, an increase in buckling pressure due to PS is not observed as the in-plane
shear stiffness values of angle-ply cylinders are higher than the ones for cross-ply cylinders. It is also
shown for angle-ply cylinders that, the buckling mode shape does not change with the inclusion of PS.

In conclusion, it may be stated that for composite cylinders under external hydrostatic pressure PS
should be included in the finite element model, as failure to do so may lead the designer to reach wrong
estimates about both the buckling pressure, and the mode shape.
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OZ: Endiistri ve dagitim merkezlerinde yaygin olarak kullanilan dagitim trafolari, gerilim
dengesizliginden ve harmonik yiiklerden en fazla etkilenen elektrik makinalaridir. Bu durumlar dagitim
trafolarin verimini, niive kayb1 ve bakir kayb1 gibi parametreleri {izerinde olumsuz etkisi vardir. Bu
makalede, harmonikli yiikler ve dengesiz besleme gerilimi kosullar1 altinda Dagitim Trafosunun
indirgenmesi ve kayiplardaki artis incelenmistir. Transformatdriin indirgemesini gergeklestirmek igin k-
faktorii ve harmonik kayip faktorii (Hre) kullanilmistir. Bu calismada dagitim transformatoriiniin
sargilarinda ve g¢ekirdeginde olusan manyetik aki yogunlugunu gozlemlemek icin ii¢ boyutlu zaman
adimli sonlu elemanlar yonteminden (ZASEY) faydalamilmistir. Elde edilen sonuglara gore IEEE
standardinin yiiksek harmonikli akim (THD1) ve dengesiz kosullar: altinda transformatoriin indirgenmesi
i¢in yetersiz, ZASEY’nin ise daha uygun dogru bir yontem oldugu goriilmiistiir.

Anahtar Kelimeler: Indirgeme, ZASEY, harmonik yiik, dengesiz gerilim

Comparison of Derating in Transformerunder Non-Linear Load and Imbalanced Supply Voltage
Based on Tsfem

ABSTRACT: Distribution transformers which are widely used in industry and distribution centers are the
most affected by voltage imbalance and harmonic loads. These situations have a negative impact on
efficiency , core loss and winding loss of distribution transformers, In this article, derating as well as losses
increase of transformer under non-linear loads and imbalanced supply voltage conditions are examined .
harmonic loss factor (Hrr) and K-factor have been used to perform the transformer derating. In this study,
3D time-step finite element method(TSFEM) used to observe the magnetic flux density formed in the
windings and core of the distribution transformer. According to the results obtained, it is seen that the
IEEE standard is insufficient for the derating of the transformer under high harmonic current (THDI) and
unbalanced conditions and Time Stepping Finite Element Method is a more suitable method.

Keywords: derating, TSFEM, harmonic load, unbalanced voltage

GIRIS INTRODUCTION)

Giig transformatorleri enerji sisteminin temel pargasidir ve yatirimlarin en pahali kismidir. Endiistride
enerji verimliligindeki stirekli artig evirici, dogrultucu, yumusak yol verici gibi gii¢ elektronigi
elemanlarinin kullanimini da arttirmaktadir. Bu tip dogrusal olmayan yiikler gii¢ sistemlerini ve
elemanlarini olumsuz yonde etkileyen harmonik akimlarina sebep olmaktadir (Emadi ve dig., 2008).
Ayrica dengesiz gerilimler de ek kayiplarin yaninda giivenlik problemlerine neden olur (Taiwo ve
dig.,2018).Glinlimiizde harmonikli yiik ve dengesiz besleme gerilimi, gii¢ sistemlerinde Meydana
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getirdigi ek bakir kayiplari, transformator icindeki sicaklik artisi, yaliimin zarar gormesi,
transformatoriin dmriiniin azaltilmasi ve sonug olarak transformatoriin bozulmas: gibi problemlerden
dolay1 gii¢ kalitesi ile ugrasan uzmanlar i¢in 6énemli bir konu haline gelmistir (Najafi ve dig., 2014).
Siniizoidal olmayan yiik akimi ve dengesiz besleme gerilimi ile ¢alisma durumunda transformatoriin
indirgenmesi giivenli ¢alisma i¢in basit ve kullanish bir yontemdir. indirgeme harmonikli yiik ve dengesiz
calisma durumunda yiik kapasitesini azaltmaktir. IEEEc57.110 bilinen yontemleri agiklar ve harmonik
yiik altinda, k-faktorii ve harmonik kay1p faktorii Fur'ye bagl basit ve temel indirgeme igin ¢oziimler sunar
(ANSI/IEEE Std., 1988).k-faktoriine bagli transformatoriin indirgemesi 6zellikle yiik akimlar1 yiiksek
harmonikli oldugu zaman 1sinmanin tehlikeli boyutta olmayacagini gostermekte kullanilabilir. Sintizoidal
olmayan besleme gerilimi oldugu zaman indirgeme faktoriinii hesaplamak i¢in (Taheri ve dig., 2012)'de
iteratif bir algoritma Onerilmistir. Bu algoritma frekans ve zaman domeni tekniklerinin birlesiminden
olusmaktadir. Indirgeme faktoriinii hesaplamak igin yazarlar tarafindan nominal kayiplar ve gikis gerilimi
durumunda goriniir giicli kullanulmistir. IEEEc57.110 standartlarina bagh k-faktorii (Gouda ve
amer.2011)'in agikladigr harmonikli yiik akiminin neden oldugu asir1 1sinmaya karst korunmak igin
tasarlanmistir. Bu makalede 25 MVA, 220/ 66 KV transformatdrlii Toshke pompa incelenmistir. k-faktorii
harmonik filtreli ve harmonik filtresiz durumlar1 igin ayr1 ayr1 hesaplanmistir. Bu ¢alismanin sonucu
harmonik filtresiz hesaplanan k-faktoriiniin harmonik filtreli hesaplanan k-faktoriiniin degerinden
yiiksek oldugunu gostermistir.(Faiz ve dig.,, 2015)'de, siniizoidal olmayan yiik durumunda
transformatoriin indirgenmesi icin IEEE standartlar1 iizerinde calismalar yapilmistir. Esdeger KVA'y1
hesaplamak i¢in girdap akimi kayiplar1 ve diger sargl kacak kayiplari i¢in Fur hesaplanmistir. Bu
¢alismanin sonucunda harmonik yiiklerin transformatdr kayiplarinda artisa sebep oldugu goriilmiistiir.
Bu sebeple harmonikli durumda transformatoriin esdeger KVA’s1 azalir. (Rahmat, 2013)’'de, harmonik
akimlarinin sebep oldugu i1sinmalara karsi transformatoriin korumasinda k faktoriiniin Snemini
orneklerle gosterilmistir. Calismamizin bir diger kismi dengesiz besleme gerilimi {izerinedir. Cogunlukla,
ti¢ faz gerilimlerin dengesizlik ylizdesini belirlemek i¢in negatif bilesenin pozitif bilesenine oran1 kullanilir
(Taghikhani ve rafiei.2011). Bu oran gerilim dengesizlik faktorii olarak tanimlanir (VUF). Gerilim
dengesizliginin tam tarumi icin genlik ve ac1 bilesenlerinden olusan komplex gerilim dengesizlik faktorii
(CVUF) kullanilir. (Bhushan ve dig., 2012)’de bir indiiksiyon motorunun performansini degerlendirmek
icin CVUF kullanmistir. Endiistriyel gii¢ sistemlerinde tek fazli indiiksiyon motorlari, lokomotifler,
ind{iiksiyon 1sitma gibi biiyiik tek fazli yiikler gerilim dengesizligi olusturan tipik 6rneklerdir. (Patne ve
Takhre.2010)" da transformatdr baglant1 tiplerinin gerilim ve akim dengesizlik yayilim tizerine etkilerini
gostermistir. Bu calismada dengesizlik yayilimini hesaplamak i¢in VUF ve IUF indeksleri kullanilmistir.
Bu calismanin sonucunda transformatoriin baglant: tipinin dengesizlik yayilimi iizerinde 6nemli rol
oynadig gosterilmistir. Asimetrik yiik kosullar1 altinda wye/wye ve delta/wye baglant1 sekillerinin biiyiik
dengesiz gerilim ve akim yayilimina neden olmaktadir. Bu calismada, dengesiz besleme gerilimi ve
harmonik yiik altinda transformatdrii modellemek i¢in zaman adimli sonlu elemanlar yontemi (ZASEY)
kullanilmigtir. ZASEY bu kosullar altinda dagitim transformatoriiniin modellenmesi ve analizi i¢in etkin
bir yontemdir. IEEEc57.110 standardina ve ZASEY’den elde edilen verilere dayanarak, bir dagitim
transformatorii farklt harmonik yiikler ve dengesiz besleme gerilimi durumlarinda harmonik kayip
faktorii (Fr) ve k-faktoriinii kullanilarak indirgenmistir.
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Sekil 1. M5 malzemesi B-H egrisi
Figure 1. B-H curve of M5 material

Sekil 2. Harmonik yiik altinda A /'Y bagl ii¢ fazli transformatdor

Figure 2. Three-phase transformer A /'Y connected under harmonic load

Cizelge 1. Transformatoriin elektriksel parametreleri
Table 1. Electrical parameters of the transformer

Nicelik Deger Birim
Birincil gerilim 345 KV
[kincil gerilim 04 KV
IAnma giicii 100  [KVA

Birincil sarginin sarim sayisi [7469 |.........

Ikincil sarginin sarim sayis1 50 |.........

Pencere genisligi 180 Mm
Pencere yiiksekligi 860 Mm
IAG sargist yiiksekligi 310 Mm
YG sargisi yiiksekligi 254 Mm

Euler, Runge Kutta gibi standart yontemler, Klasik diferansiyel denklemleri ¢cozmek i¢in kullanilabilir.
SEY’in temelinde ¢alisilan bdlgenin sonlu elemanlar olarak adlandirilan ¢ok kiigiik alt bolgelere ayirmak
yatmaktadir. Bu ¢alismada 3 fazli, Dy11, 100 kVA, 34.5kV/400V dagitim transformatorii analiz edilmistir.
Kullanilan transformatoriin karakteristik 6zellikleri Cizelge 1’de kisaca gdsterilmektedir. Ug boyutlu
modelde tiim ag hiicreleri tetrahedral seklindedir. Transformatoriin manyetik parametreleri ve geometrik
biiyiikliikleri kullanilarak, transformatdr icindeki manyetik alan dagilimini hesaplamak icin SEY
uygulanmistir. (Ahn ve dig., 2011)’da, manyetik vektor potansiyeli A'nin gegici ve uzaysal degisimini:

?
VZA — pcra—[: +ujo=0 1
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olarak gostermistir. Verilen esitlikte 4 manyetik gegirgenlik, o elektriksel iletkenlik ve J, ise uygulanan
akim yogunlugudur.

0A .
= wA @

Kartezyen koordinatlarda, ii¢ boyutlu modelde, manyetik alanin karmasik modeli kullanilarak:

(o) 35 (055) + 5 (5) —iwoa +10= 0 @

elde edilir. Manyetik vektor potansiyeli,

B=VxA 4)
Elektrik devresinin temel esitligi:

Vo =Ri+ Lo ()

Bu galismada transformatdr ¢ekirdek laminasyonu i¢in 0.30 mm kalinliginda silikon alagimli gelik
levhalar kullanilmistir. Sekil 1’de manyetik malzemenin B-H egrisi gosterilmistir. Sekil 1’de goriildiigi
gibi doymus aki yogunlugu 1.9 tesladir. Sekil 2’'de siniizoidal kaynaga ve dogrusal olmayan ytiike bagl
A/Y bagh 3 fazli transformator gosterilmistir. Diger bir ifade ile transformatér manyetik modeli ile elektrik
devresi arasindaki baglant1 gosterilmistir. 0.2 ms zaman adimu ile gegici durum analizi benzetim ¢alismasi
yapilmustir. Sekil 3'te farkli harmonik yiikleri altinda transformatdr sargilarindaki vektorel aki dagilimi
gosterilmistir. Cizelge 2’de farkli harmonik kosullar altinda transformator sargilarindaki maksimum aki
yogunlugu gosterilmistir. Benzetim sonuglarina dayanarak, Sekil 3 ve Cizelge 2’den harmonik yiik altinda
ve yiik akiminin THDr's1 artarken transformator sargilarindaki maksimum aki yogunlugunun da arttig:
anlasilmaktadir. Sintizoidal yiik akim1 durumunda, transformator sargisindaki maksimum aki yogunlugu
0.424 T’dir.

Cizelge 2. Transformator sargilarindaki maksimum aki yogunlugu
Table 2. Maximum flux density in transformer windings

Yiik profili Maksimum aki yogunlugu (T) | Ak1 yogunlugunun artist
Sintizoidal durum 0424 | L
Harmonikli durum 1 (THD=12%) 0.466 9.9%
Harmonikli durum 2 (THD=23%) 0.471 11%

Cizelge 3. Harmonik yiik akimi1

Table 3. Harmonic load current

H 5 7 11 13 17 19 THD:
Durum 1 {0.104 |0.061| 0.02 [0.0095| 0 0 12%
Durum 2 | 0.22 |0.064| 0.04 | 0.034 | 0.012 | 0.0098 23%

Eger harmonik yiik akimi durumunda maksimum aki yogunlugunun artisi siniizoidal durumdaki ile
karsilastirilirsa, Cizelge 2’den de goriilebilecegi gibi, THD: %12 iken %9.9, THD1 %23 iken %11 artis
olmustur. Sekil 4’te, verilen transformator icin farkli THD: durumlarinda sintizoidal ve bozulmus dalga
sekilleri gosterilmistir. Akimin harmonik spektrumu sekil 5'te goriilmektedir. Cizelge 4'te THD1=%12 ve
THD=%23 i¢in harmonik yiik akiminin 6zellikleri 6zetlenmistir.



340 ANAJAFI

HARMONIK YUK AKIMININ KAYIPLARA ETKISI (THE EFFECT OF HARMONIC LOAD CURRENT ON
LOSSES)

Harmonik yiik akiminin transformator tizerindeki en Onemli etkisi nominal gii¢ kayiplarim
arttirmasidir. Bu kayiplar da transformator iginde ilave 1sinmalara sebep olacaktir. Sicakliktaki ilave

artislar yalittmin zarar gérmesine ve arizalara neden olur. Harmonik akimin transformator {izerindeki
etkisi DC kayiplar, sarg: girdap akimi kayiplar: ve diger kacak kayiplardir.

DC Kayiplar (DC Losses)

Harmonik yiik, yiik akiminin etkin degerinde artisa sebep olur. Sonug olarak DC kayiplar yiik
akiminin karesi ile orantili olarak artacaktur.

h=hm,
Pdc = Rdc X 12 = Rdc X Zh=1 k I}Zl,mak (6)
Sarg1 Girdap Akimi Kayiplar1 (Winding Eddy Current Losses)

Sarg girdap akimi kayiplari yiik akiminin karesi ve harmonik frekansi ile orantilidir. Harmonik yiik
akiminin artmasi durumunda sarg: girdap akimi kayiplar: da artacaktir.

h=hpak (Th)?
Poc = Buc—o X Ty ™ () x b2 @)

Sargi girdap akimlari i¢in harmonik kay1p faktorii:

h=hmar I\ 2 h=h 2
Pec _ Z:h=1 (H) xh _ thlmaklh (pu)Xhz

PEc- h=hpmai ) yP=Pmakq 2
o Zh= (H) Zh=1 (lh) (pw)

(8)

1

seklinde ifade edilebilir.



Zasey’e Dayali Harmonikli Yiik ve Dengesiz Besleme Gerilimi Altinda Transformatriin Indirgenmesinin Kargilagtirilmasi

—— o

—

-
Time =001y

L)

~ it
—

.- -
——t

o
——
S
——
pinre-s
—
——
—
—
—
L o—
Time =001 s

(0

Sekil 3:Vektor aki yogunluk dagilimi a) Siniizoidal durum b)THD=%23 c) THD=%12
Figure 3: Vector flux density distribution a) Sinusoidal case b) THDI =23% c) THDI=12%
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Sekil 4: Yiik akimi a) Siniizoidal durum b)THD=%12 ¢) THD=%23
Figure 4: Load current a) Sinusoidal case b) THDI =12% c) THDI = 23%
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Harmonic —Current (%)

FFT Current (\Vinding_2)|

(a)

Harmonic —Current (%)

FFT Current (Winding_2)

(b)

Sekil 5: Yiik akimimin harmonik spektrumu a) THD=%12 b) THD=%23
Figure 5. Harmonic spectrum of load current a) THDI =12% b) THDI = 23%

Diger Kacak Kayiplar (Other Stray Losses)

343

Diger kacak kayiplar akimin etkin degerinin karesi ve harmonik derecesinin 0.8. kuvveti ile orantilidir.
Diger kayiplar i¢cin harmonik kayip faktorii:

Posi-1. = Posi—0 X X4

seklinde ifade edilebilir.

h=hmai (I_h)z x hO®

Iy

Cizelge 4. Sintizoidal ve harmonik yiik durumunda transformatdr kayiplar: (THD: %12)
Table 4. Transformer losses in case of sinusoidal and harmonic load (THDI 12%)

Anma  [Harmonik yiik Harmonik Harmonik yiik
Kayp tiirii kayip akimi durumunda kayip faktorii  durumunda diizeltilmis
giicii (w) kayiplar (THD=%12)( w) [(SEY&IEEE) kayiplar (w)
Yiiksiiz 271 271 e R71
DC 1575 1711 e 1711
Sarg1 50 63.34 (SEY) 1.266 (SEY) 80.188 (SEY)
girdap 75,7 (IEEE) 1.49 (IEEE) 112.793 (IEEE)
akim
Toplam 1896 2045,34 (FEM) |- 2062,188 (FEM)
2057.7 (IEEE) e 2094.793 (IEEE)

)



344 ANAJAFI

Cizelge 5. Sintizoidal ve harmonik yiik durumunda transformator kayiplar: (THD1 %23)
Table 5. Transformer losses in case of sinusoidal and harmonic load (THDI 23%)

A H ik yiik
nma armone yu Harmonik Harmonik yiik
Kay1ip kayip akimi durumunda - .
Hiril iicii kayiplar kayip faktorii | durumunda diizeltilmis
EY&IEEE kay1pl
(w) (THD=%23)( w) (SEY&IEEE) | kayiplar(w)
Yiiksiiz | 271 O 271
DC 1575 1809 | e 1809
Sargi 50 88.53 (SEY) 1.77 (SEY) 156.69 (SEY)
girdap 147 (IEEE) 2.78 (IEEE) 408,66 (IEEE)
akimi
Toplam | 1896 2169 (FEM) | - 2236.69 (FEM)
2227 AEEE) | —eeeemeeeeee 2488.66 (IEEE)

Diger kagak kayiplar i¢in harmonik kayip faktorii soyle hesaplanir:

h=hmak(Th)? 108 h=h
HL-STR — = - 7 = =
T Posico  gihmai(in) Shoamak(y)2 pu)

(10)

Cizelge 4 ve 5, harmonik yiikten dolay1 olusan bakir kaybi ve girdap akimi kayiplarindaki artisi
gostermektedir. Cizelgelerde goriildiigi tizere, harmonik yiik altinda ve THD: %12 iken toplam kayip
SEY’ye gore %8.7, IEEE standardina gore %10.4 artmistir. Harmonik ytiik altinda ve THD1 %23 iken toplam
kayip, SEY’e gore %17.9, IEEE standardina gore %31.2 artmustir.

Fm ve K-FAKTORUNE GORE HARMONIK YUK AKIMI ALTINDA TRANSFORMATORUN

INDIRGENMESI (DERATING OF TRANSFORMER UNDER HARMONIC LOAD CURRENT ACCORDING TO Fur and
K-FACTOR)

Transformatoriin indirgenmesi siniizoidal olmayan ve dengesiz ¢alisma kosullarinda giivenli isletme
igin basit ve faydali bir yontemdir. Denklem (8) IEEE ¢57.110 standardina gore harmonik kay1p faktoriiniin
hesaplanmasini gostermektedir. Bu esitlikte Fru'nin harmonik derecesinin karesi ile orantili oldugu
goriilmektedir. Bu hipotez kiigiik transformatorler icin gegerlidir, fakat yiiksek THDr'ya sahip biiyiik
transformatorler icin bu hipotez yetersiz kalabilir. Cizelge 6 ve 7, THD=%23 ve THD=%12 i¢in IEEE
standardina gore hesaplanmis Frur degerlerini gostermektedir. Cizelge (8) ise IEEE standardina ve SEY’e
gore harmonik kay1p faktorii degerlerini gostermektedir. Cizelge 8 ‘e gore THD: arttik¢a IEEE ve SEY’e
gore hesaplanan FHL arasindaki fark artmaktadir. Durum 1 (THD=%12) i¢in, Fr, IEEE standardina gore
1.49, SEY’e gore 1.266 gikmistir. Durum 2 (THD=%23) i¢in, Fui, IEEE standardina gore 2.78, SEY’e gore
1.77 akmistir. Sonuglara gore fark %36.3 olmustur. Elde edilen verilere gore, yliksek THD:1 durumunda
IEEE standardi ve SEY’e gore hesaplanan Frw degerleri arasindaki fark artmaktadir.
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Cizelge 6. IEEE standartlarina gore hesaplanan harmonik kayip faktorii (THD=%23)
Table 6. Harmonic loss factor calculated according to IEEE standards (THDI = 23%)

H In/I1 (In/11)? h2 (In/I1)2*h2
1 1 1 1 1
5 0.22 0.0484 25 1.21
7 0.064 0.004 49 0.196
11 0.04 0.0016 121 0.193
13 0.034 0.00156 169 0.263
17 0.012 0.00014 289 0.041
4
19 0.009 0.00009 361 0.0346
8 6
>=1.055 =294
Fui=2.78

Cizelge 7. IEEE standartlarina gore hesaplanan harmonik kay1p faktorii (THD=%12)
Table 7. Harmonic loss factor calculated according to IEEE standards (THDI = 12%)

H In/Tn (In/I1)2 h2 (In/I1)2*h2
1 1 1 1 1

0.104 0.0108 25 0.27
7 0.061 0.0037 49 0.181
11 0.02 0.0004 121 0.048
13 0.009 0.00009 169 0.0152

5

>=1.0149 >=1.514

Fui=1.49
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Cizelge 8. IEEE standartlarina ve SEY’e gore hesaplanan harmonik kayip faktorii (THD=%12)

Table 8. Harmonic loss factor calculated according to IEEE standards and FEM (THDI = 12%)

FuL (SEY) FuL (IEEE)
Durum 1 (THD: =12%) 1.266 1.49
Durum 2 (THD=23%) 1.77 2.78

Giicii 630 kVA’dan az olan transformatorler i¢cin maksimum girdap akimi kayiplari,

_ 0.8Pgc-r
PEC—max(pu) ~ 12 _R
2—-R™2

Giicli 630 kVA’dan fazla olan transformatorler icin,

2.8Pgc-R
312_gRz

Pec-max(puw) =
seklinde hesaplanabilir. izin verilen maksimum siniizoidal olmayan akimin etkin degeri,

O
Imak(pu) - [1+FHLPEC—mak(pu)

(11)

(12)

(13)
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seklinde hesaplanir.
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Cizelge 9. (FHL) kullanarak IEEE ve FEM’e gore harmonik yiik akimi altinda trafo indirgenmesi

Table 9. Derating of transformer under harmonic load current using (FuL) according to IEEE and FEM

Duruml | Durum 2
THDI=%12 | THDI =%23

FHL ‘e gore Imak FHL (SEY) 0.917 0.885
FHL "e gore Imak (IEEE) 0.90 0.83
Kapasitedeki azalisin yiizdesi ( SEY) 8.3 11.5
Kapasitedeki azaligin yiizdesi (IEEE) 10 17
FHL ‘e gore esdeger kapasite (SEY) 91.7 88.5
FHL ’e gore esdeger kapasite (IEEE) 90 83

Cizelge 9, izin verilebilecek maksimum siniizoidal olmayan yiik akimi ve harmonik kayip faktorii
kullarularak IEEE standardi ve sonlu elemanlar yontemine goére harmonikli yiik akimi durumunda
transformatoriin indirgeme sonucunu gostermektedir. Ayrica, durum 1 (THD=%12) i¢in SEY’e gore 91.7
IEEE’ye gore 90 kVA ve fark %1.7, durum 2 (THD=%23) icin SEY’e gore 88.5 IEEE’ye gore 83 kVA ve
farkin %5.5 olarak hesaplanmistir. Elde edilen sonuglara gore yiiksek THD1 icin, IEEE standard: ile SEY’e
gore hesaplanan degerler arasindaki fark artmaktadir. Baska bir ifade ile, IEEE standardina gore
hesaplanan esdeger kVA, SEY’e gore hesaplanan degerden daha kiigiiktiir. Bu nedenle yiiksek THD:
durumunda, transformatoriin indirgenmesi icin IEEE standard: basit ve yetersiz bir yontem iken SEY
daha kesin ve dogru sonug veren bir yontemdir.

IEEE Standardi1 Ve ZASEY ile k-Faktoriine Dayali Transformatoriin Indirgenmesi (Derating of transformer
based on k-factor with IEEE Standard and TSFEM)

Harmonik yiik akimi durumunda, standart transformatorler asir1 1sinabilir ve erken ariza verebilir. K-
oranli transformatorler harmonik akimlarindan dolay1 olusan 1sinmay1 analiz etmek i¢in tasarlanmaistir.
Standart transformatorlerde k-faktoriiniin degeri birdir. K-faktoriinii hesaplamak icin ilk adim toplam
akimin etkin degerinin hesaplanmasidir. Durum 1 (THD=%12) i¢in bu deger 1.0074, durum 2 (THD=%23)
iginise 1.027 A’dir. Daha sonra, her bir harmonik akimin orantisal kareleri hesaplanabilir ve k-faktoriiniin
degeri hesaplanabilir. k-faktorii

K — faktSr = 3 — mak h2 (:—2)2 = > Ty " I h? (14)

seklinde verilebilir. Cizelge (10) ve (11), THD=%12 ve THD=%23 durumlar i¢in IEEEc57.110
standardina gore hesaplanmig k-faktoriiniin degerlerini gostermektedir. Cizelge (12), THD: artarken,
IEEE standard: ve SEY’e gore hesaplanan k-faktorleri arasindaki farkin arttigini gostermektedir. Durum
1 (THD=%12) icin, k-faktorii IEEE standardina gore 1.495, SEY’e gore 1.284 bulunmustur ve hesaplanan
degerler arasindaki fark %14.1’dir. Durum 2 (THD=%23) igin, k- faktorii IEEE standardina gore 2.73,
SEY’e gore 1.867 bulunmustur ve hesaplanan degerler arasindaki fark %31.6'dir. k-faktoriinii ve
transformator parametrelerini kullanarak, sintizoidal olmayan yiik akiminin maksimum izin verilebilen
etkin degeri

APge+APg)
I 2

u Rpc+REcL-R(I-K)———=
P A (15)

mak — Rpc

seklinde hesaplanabilir.
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Cizelge 10. THD=%12 icin hesaplanan k-faktorii
Table 10. k-factor calculated for THDI =12%

H [h/I1 (Ih/I1)? Th/I (Ih/I)2  |Ih/D**h?
1 | 1 0.992 0.984 0.984

5 0.104 0.0108 0.1032 0.0106  0.27

7  10.061 0.0037 0.060 0.0036  0.178

11 |0.02 0.0004 0.0198 0.00039 10.048

13 0.0095 0.00009 0.0094 0.000088 |0.015

> Toplam rms =1.0074 >’=1.0149 >'=1.495
k-faktor = 1.495

Cizelge 11. THD=%23 i¢in hesaplanan k-faktorii
Table 11. k-factor calculated for THDI = 23%

H |Ih/I1 (Ih/I1)? |Ih/I (Ih/I)? (Ih/T)2*h?

1 1 1 0.973  10.948 0.948

5 0.22 0.0484 0.214  |0.0459 1.147

7 0.064 0.00409 0.062  |0.0039 0.191

11 0.04 0.0016  0.0389 [0.00156  |0.188

13 [0.034 0.00115 |0.0331 (0.0011 0.186

17  [0.012 0.000144 /0.0116  0.000137 [0.0395

19  [0.0098 0.000096 10.0095  0.000091 [0.0328

> Toplam r.m.s=1.027 > k-faktor=2.73
k-faktor=2.73

Cizelge 12. IEEE standardi ve FEM’e gore hesaplanan k-faktorii
Table 12. K-factor calculated according to IEEE standard and FEM

k-faktor (SEY) [k-faktor (JEEE)
Durum 1 ( THDI =%12) [1.284 1.495
Durum 2 (THDI =%23) [1.867 2.73

Denklem (15)’te, Roc sarg1 direnci, RECL-R nominal frekansta olusan girdap akimlarini temsil eden
direnctir ve dl¢lim yontemleri ile hesaplanabilir.
Ikmak ve [FHLmak arasindaki iligki

2 2
182 = FHL" 4 B P g (ITHL —2) (16)

mak — ‘mak mak

olarak verilebilir.
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Cizelge 13. Harmonik yiik akimi altinda k-faktoriinti kullanarak SEY ve IEEE standardina gore

transformatoriin indirgenmesi
Table 13. Derating of transformer according to FEM and IEEE standard using k-factor under harmonic load current

Durum 1 Durum 2

THD=%12 [THD=%23
K-fakor'tine bagl I max(FEM) 0.90 0.876
K-fakor'tine bagl I max (IEEE) 0.893 0.81
Kapasitedeki azalmanin yiizdesi (FEM) [10 12.4
Kapasitedeki azalmanin yiizdesi (IEEE) (0.107 0.19
k-faktor'iine gore esdeger kapasite (FEM) (90 87.6
k-faktor'iine gore esdeger kapasite (IEEE) {89.3 81

Cizelge 13, k-faktorii kullanularak IEEEc57.110 standardina ve sonlu elemanlar yontemine gore izin
verilen azami siniizoidal olmayan yiik akimini ve harmonik yiik akimi altinda trafo indirgeme sonucunu
gostermektedir. Cizelge 13’e gore durum 1 (THD=%12) i¢in zaman adiml1 sonlu elemanlar yontemine ve
IEEE standardina gore hesaplanan KVA degeri sirasiyla 90 ve 89.3'tiir ve nominal KVA durumuna gore
fark %0.7 olmustur. Ayrica durum 2 (THD=%23) i¢in zaman adiml1 sonlu elemanlar yontemine ve IEEE
standardina gore hesaplanan KVA degeri sirasiyla 87.6 ve 81 ve nominal KVA durumuna gore fark %6.6
oldugu goriilmektedir. Elde edilen sonuglara gore THD: arttik¢a IEEE standard: ve SEY’e gore hesaplanan
degerler arasindaki fark artmaktadir. Baska bir ifadeyle, IEEE standardina gore hesaplanan esdeger KVA
SEY’e gore hesaplanan degerden daha diisiiktiir. Eger k-faktorii ve Fui'ye dayanan transformator
indirgeme sonuglarin karsilastirirsak, k-faktoriine gore hesaplanan KVA Fur'ye gore hesaplanan degere
gore daha dogru ve kapsamli, Fui'ye gore hesaplanan Imak ise daha ekonomiktir. Bu nedenle k-faktorii
tasarimdaki uygun trafoyu se¢gmek icin kullanighidir.

DENGESiIZ GERILIM DURUMUNDA DAGITIM TRANSFORMATORUNUN INDIRGENMESI
(DERATING OF DISTRIBUTION TRANSFORMER IN UNBALANCED VOLTAGE CASE)

Gerilim Dengesizliginin Biiyiikliigiinii Belirleme (Determining the Voltage Unbalanced Factor)
Dengesiz gerilim miktarini belirlemek icin birkag¢ tanim mevcuttur.
IEEE Tanimi (IEEE Definition)

Son IEEE 5td.1159 hem IEEE 112 ve 936 tanimlarint hem de negatif ve pozitif seri gerilimin (“gercek
deger”) oranini vermektedir. IEEE gerilim dengesizligi miktar1

ortalamafazgerilimdenmaksimumsapma

%PVUR =

%100  (17)

ortalamafazgerilimi

VUF = mak(V,,Vp,Ve)-min(Va,Vp,Ve)

(18)

Vort

seklinde verilmektedir.
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Dogru Miktar (IEC)

Fortescue bilegenleri veya simetrik bilesenler, ii¢ fazli bir sistemlerde gerilim veya akimindaki
dengesizligi belirlemek icin kullarlir. Ug fazli sistem dogru veya pozitif bilesen ters veya negatif bilegen
ve sifir bilesen olarak {i¢ sisteme ayrilmaktadir.

IEC tanima:

negatif dizi gerilim bileseni

%VUR =

X %100 (19)

pozitif dizi gerilim bileseni
seklinde verilmektedir.
Yaklagik Tanim (Approximate Description)

Gerilim Dengesizliginin Yaklasik Degeri Soyle Hesaplanabilir:

VUF = [2XC20) 5 04100 (20)
1+./G-6p)
4 4 4
_ UaptUpctVca
P = Chrtentar 1)

Burada Vab, Vbc ve Vac temel frekanstaki 3 fazli sistemdeki faz-faz gerilim fazorlerini temsil
etmektedir. Sekil (6) dengeli ve farkl1 dengesiz gerilim degerleri altinda transformator ¢ekirdegindeki aki
yogunluk dagilimim gostermektedir. Manyetik aki yogunlugu ve manyetik vektor potansiyeli birbiri ile
baglantilidir. Dengesiz gerilim altinda transformator ¢ekirdegi icindeki aki yogunlugu ve aki yogunlugu
dagilimi asimetriktir. Bu nedenle ¢ekirdek ve bakir kayiplari artmaktadir. Cizelge (14) VUF artisina kars:
maksimum aki yogunlugundaki artis1 gostermektedir. Cizelge (14)'teki degerlere gore, kaynak gerilimi
dengeli oldugu zaman maksimum aki yogunlugu 1.91 tesla olmaktadir.
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(d)
Sekil 6: Transformatir gekirdegindeki manyetik alan dagilimi a) dengeli gerilim b) dengesiz gerilim (durum 1)

c) dengesiz gerilim (durum 2) d) ) dengesiz gerilim (durum 3)
Figure 6: Distribution of the magnetic flux density in the transformer core a) balanced voltage b) unbalanced voltage (state 1) c)
unbalanced voltage (state 2) d)) unbalanced voltage (state 3)
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Eger dengeli ve farkli dengesiz kaynak gerilimleri altindaki maksimum aki yogunlugundaki artis
karsilastirilirsa, Cizelge 14'te goriildiigii gibi, birinci durumda VUF=0.015 iken artis %1.5, ikinci durumda
VUF=0.032 iken artis %3.1 ve {ig¢lincli durum i¢in VUF=0.037 iken artis %6.3 olmustur.

Cizelge 14. Transformator ¢ekirdegindeki maksimum aki yogunlugu
Table 14. Maximum flux density in transformer core

Gerilim tipi Maksimum ak1 yogunlugu (T)

Dengeli durum 191 |
Dengesiz durum 1 1.94 1.5%
Dengesiz durum 2 1.97 3.1%
Dengesiz durum 3 2.03 6.3%

Cizelge 15. Dengesiz gerilim altinda kayiplardaki artiglar

Table 15. Increases in losses under unbalanced voltage

Besleme Faz (a-b-c) P fe(w) P cu (w) |AC Kayip [Toplam [IEEE |Yaklasik
Gerilimi (w) Kay1p (w) [VUF % [VUF %
Dengeli Durum  %0-%0-%0 271 1575 50 1896

Dengesiz Durum 1(0.015-0.043- 0.03 288,13 (1725 52,87 2066 0.015 (0.017
Dengesiz Durum 2(0.07-0.09-0.025 (307,49 (1947 55.51 2310 0.032  |0.035
Dengesiz Durum 3(0.12-0.10-0.08 (332,55 (1963 56.45 2351 0.037  0.039

Cizelge 16. Uygulanan indirgeme sonuglar1
Table 16. Results of applied Derating

Dengesiz Gerilim | Dengesiz Gerilim | Dengesiz Gerilim | Dengesiz Gerilim
Durum 1 Durum 2 Durum 3

Imax (pu) 0.931 0.92 0.90

Esdeger KVA 93.1 92 90

Sekil 7, verilen transformatoriin denge ve dengesiz gerilim igin indiiklenen birincil maksimum
gerilimi gostermektedir (durum 2). Cizelge 15 farkli dengesiz kaynak gerilimi altinda gekirdek ve bakir
kayiplariin énemli 6lgiide arttigini ve VUF yiizdesindeki artisin, bu kayiplarda biiyiik bir artisa neden
oldugunu gostermektedir. Cizelge 15'ten girdap akimi kayiplarindaki artisin az oldugu goriilmektedir.
Cizelge 16’da, gerilim dengesizliginin yiizdesi artarken, ii¢ durum i¢in uygulanan indirgemenin sonuglari
gosterilmistir. Cizelge 16'ya gore gerilim dengesizliginin derecesi artarken g¢ekirdek ve bakir kayiplar
artmaktadir ve bu nedenle indirgeme faktorii artmaktadir.
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Sekil 7. Birincil sargida indiiklenen gerilim a) dengeli gerilim b) dengesiz gerilim (durum 2)
Figure 7. Induced voltage in primary winding a) balanced voltage b) unbalanced voltage (case 2)

SONUC (RESULT)

Bu ¢alismada, harmonik yiik akimi ve zaman bdlgesinde sonlu elemanlar yontemi ile ii¢ fazli Dy11,
100 kVA, 34.5Kv/400V dagitim transformatoriiniin  benzetim c¢alismasi yapilmistir. Dagitim
transformatoriindeki manyetik alan dagilimini gorsellestirmek igin {i¢ boyutlu sonlu elemanlar yontemi
(3-D SEY) kullanilmistir. Simiilasyon sonuglar: Cizelge 4 ve 5'te verilmistir. Bu sonuglara gore harmonik
yiik altinda bakir ve girdap akimi kayiplar: artmaktadir. Cizelge 2’ de gosterildigi gibi THDr'nin artmasi
ile transformator sargisindaki maksimum aki1 yogunlugu artmaktadir. Frr ve k-faktorii kullanilarak IEEE
standardi ve SEY’e gore yapilan transformator indirgeme sonuglar1 Cizelge 9 ve 13’te verilmistir. Bu
sonuglara gore yiiksek THD: durumunda IEEEc57.110 standardi daha koruyucu bir yontemdir ¢linkii
IEEE standardina gore hesaplanan esdeger KVA, SEY’e gore hesaplanan KVA degerinden daha diistiktiir.
Bu nedenle SEY transformatoriin indirgenmesi i¢in daha kesin bir yontemdir. Cizelge 14 farkli dengesiz
gerilim durumlarinda transformator cekirdegindeki maksimum aki yogunlugunu gostermektedir.
Sonuglar, dengesi gerilim ve VUF oraninda artis olmasi durumunda transformator ¢ekirdegindeki aki
yogunlugu artmaktadir. Cizelge 15'e gore dengesiz gerilim durumunda gekirdek ve bakir kayiplar:
Onemli dl¢tide artmaktadir.
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ABSTRACT: This study describes the development of an Air Quality GeoPortal (AQG) via a Web-based
Geographic Information System (WebGIS) in Istanbul in Turkey. The system has been developed for online
use to present the concentrations of PM10, SO2, NOX, NO, NO2 CO, as well as meteorological data
(temperature, humidity, wind speed and direction) based on hourly data from each air quality monitoring
station. A prototype system is providing the viewing, querying and downloading of up-to-date air quality
maps on web pages via a Web Based GIS system based on Open Geospatial Consortium (OGC) web
services. Furthermore, the integration of a Web Map Service-Time (WMS-T) with air quality data allows
users to access previous data and related maps by specifying a time value on a web page. Thus, it is
possible to download air quality parameters in desktop GIS systems and web pages in map format for a
desired time interval. The system architecture is based on open source software integration including
GeoServer and OpenLayers functions, MySQL database for data management, with HTML, JavaScript and
PHP as programming languages in both the server and client scripting. Furthermore, the user interfaces
are programmed to provide user-data interaction via web. The application includes the facility to
download air quality data on an hourly basis raster (Tiff, Bmp, and Jpeg) and vector (ShapeFile, GML, Json
and CSV) format.

Key Words: Air Quality Monitoring, WebGIS, GeoPortal, Web Services, Interoperability

istanbul ilinde Hava Kalitesi izleme ve Yonetimi icin WebGIS Tabanli Hava Kalite GeoPortal1
Tasarimi

OZ: Bu calismada Istanbul ili icin WebCBS tabanli Hava Kalite Geoportali (HKG) tasarimini icermektedir.
Sistem, havada bulunan PM10, SO2, NOX, NO, NO2 CO konsantrasyonlarini ve bununla birlikte
meteorolojik parametrelerin de (sicaklik, nem, riizgar hizi ve riizgar yonii) dlgiim istasyonlar: bazinda
saatlik olarak online sekilde goriilebilmesini saglamaktadir. HKG sistemi Open Geospatial Consortium
(OGC) web servislerini kullanarak hava kalite haritalarinin sunumunu, indirilmesini ve sorgulanmasini
saglayacak sekilde gelistirilmistir. Ayrica WMS-T web servis standardinin da sisteme entegre edilmesi ile
birlikte belirli bir zamana ait haritalara ulasma ve sorgulama miimkiin olabilecektir. Boylelikle istenilen
zamana ait hava kalitesi verileri masaiistii CBS yazilimlarinda kullanilabilecek yada web sayfasinda
goriintiilenebilecektir. HKG sistemi openlayers ve Geoserver entegrasyonu ile olusturtulmus olup MySQL
veritabani yonetim sistemi ve hem sunucu hem de istemci tarafli kodlarin yazilmasi i¢in HTML, PHP ve
JavaScript kodlarmi igermektedir. GeoPortal ara yiizii kullanici odakl olarak ve verilerle etkilesim
igerisinde bulunulabilecek sekilde tasarlanmigtir. Uygulama ayni zamanda saatlik hava kalitesi verisini
raster (Tiff, Bmp, and Jpeg) ve vektor (ShapeFile, GML, Json and CSV) formatta indirmeye olanak verecek
sekilde tasarlanmistir.

Anahtar Kelimeler: Hava Kalitesi Izleme, WebCBS, GeoPortal, Web Servisleri, Birlikte Caligabilirlik
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INTRODUCTION

Monitoring and determining air quality is becoming more important in fast developing cities, various
authors have reported that rapid economic development, urbanization and population growth in large
cities has led to severe air pollution in urban areas (Liu et al., 2008; Guéguen et al., 2011; Ma et al., 2011).
As cities expand the level of the emissions of air pollutants increases due to home heating, vehicles and
industrial activities. These pollutants include; carbon monoxide (CO), particulate matter (PM10), ground
level ozone (O3), nitrogen dioxide (NO2), nitrogen oxides (NOx), and sulfur dioxide (502) (Lippmann,
2003; Brunekreef and Holgate, 2002; Kassomenos et al., 2008). The outdoor level of nitrogen dioxide (NO2)
is an indicator of any combustion-related process. SO2 and chemical substances such as polychlorinated
biphenyls (PCBs) and PAHs are a result of industrial and human activities, such as use of vehicles and
residential heating facilities (Cooper et al., 1996; Biterna and Voutsa, 2005). Particulate matter (PM) can
carry multiple trace elements and polycyclic aromatic hydrocarbons (PAHs) that can have harmful effects
on reproductive health (Zhou et al., 2014). The amount of pollution in cities has an effect on human health
with children and the elderly particularly at risk therefore, it is important to monitor air quality
continuously to determine the distribution and levels of pollutants. It is estimated that more than 1 billion
people are exposed to outdoor air pollution annually. Urban air pollution is linked to up to 1 million
premature deaths and 1 million pre-native deaths each year (UNEP, 2015). Douglas et al, (1993) declared
that there is a association between particulate air pollution and daily mortality rates and gorund-level
ozone O3 and fine particulate matter PM2.5 are associated with increased risk of mortality (Fann et al,
2011).

To ensure the public good, air quality information must be transparently available to all stakeholders,
from citizens to authorities to industry. Hence the need for a portal, and its supporting needs for data
storage, management, retrieval and visualization. Many cities have continuous ambient air quality
stations located in urban areas with measurements typically used to assess the ambient air quality against
national standards for air pollutants (Elangasinghe et al., 2014). Since air quality is a public good its socially
optimal level of provision cannot be ensured through markets. Therefore, the responsibility for this
provision is generally allocated to the environmental authorities, which have to set policies and
regulations to mitigate pollution externalities (Westerlund et al., 2014). Air quality monitoring is one of
the tools available to these institutions to manage effects of air pollution. Thus, data storage, management,
analysis and mapping platform is required to monitor air quality efficiently.

Geographical Information Systems (GIS) plays a major role in interacting with spatial data in the view,
analyze, query and storage fields. Thus, GIS facilities allow for the evaluation, modeling, analyzing,
determining and mapping of air quality. However, multi-disciplinary projects that work with distributed
databases and access the updated data requires an interoperability concept and there must be some
protocols to access the spatial data. However, with desktop GIS systems, it is being expensive to get
licenses of softwares. Currently, Web based GIS systems (WebGIS) provide a way of interacting with
spatial data through internet without installing any software and entirely open source.

In addition to desktop GIS, over the past decade WebGIS have been making rapid progress and due
to the innovations and developments in software, hardware and networking, WebGIS have become the
preferred system. Fast processing units, a large amount of memory allows the analysis of high-resolution
raster images, intensive algorithms, data visualizations and spatial analysis (Kulawiak et al., 2010).
Additionally, network bandwidths and sharing large amount of data through the internet makes WebGIS
applications more suitable and useful for multi-user systems.

Another concept in the WebGIS structure is the GeoPortal system, which allows users to access spatial
data and its metadata via web interfaces. GeoPortal Systems are generated to provide accessing, querying,
visualizing functions of spatial data based on WebGIS structure. There are many different GeoPortal
definitions are available in the literature which highlight accessing spatial data via the web. BEA (2008)
systems defined the GeoPortal as a website, which is only one way to access spatial data and its
applications. The Java Portlet specification defines the GeoPortal as personal or common web applications
which combine spatial data from different sources or data providers (Abdelnur and Hepper, 2003).
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According to the ESRI, (2013), GeoPortal is a system to access spatial data without depending on location,
format and data types. The Open Geospatial Consortium (OGC) defines the GeoPortal as a human
interface to collect online spatial data sources, spatial datasets and services together (OGC, 2004).

In the literature, there are several GIS based applications that model and analyze air quality to
determine air pollution. This research aims to constitute a model to measure air quality and include spatial
analysis, data store and GIS based solutions. Although there are several GIS based solutions for
determining air quality, unfortunately there are few models that integrate WebGIS solutions and web
services to monitor or measure air quality.

It is possible to divide air quality literature into modeling, modeling via GIS and determination via
WebGIS. Modelling refers to a set of scientific methods that are used to represent the complicated
processes that govern meteorology and the behavior of pollutants in the atmosphere (British Columbia,
2014). The use of GIS adds extra value to air quality modeling with data management, visualization and
query functions. Lin and Lin, (2002), Jensen et al., (2001) and Bellander et al., (2001) have developed
systems to measure transport and traffic-related air pollution and air quality according to the streets
through GIS. Some research on GIS based air quality determining in urban areas has been developed by
Puliafito et al., (2003), Cyrys et al., (2005), Elbir et al, (2010), Vienneau et al., (2009), Bealey et al., (2007) and
Dalvi et al., (2006) including air quality management systems and GIS based air pollution models. Elbir,
(2004), Cinderby and Forrester, (2005) and Lim et al., (2005) have developed GIS based air quality
monitoring systems as decision support system and air quality monitoring tools.

Although various authors have developed GIS based solutions for determining air quality the results
are never fully used because other users such as local institutes and scientific organizations are unable to
access the data. In order to efficiently use and analyze the air quality data, the concept of interoperability
should be established for the sharing and accessing data via WebGIS. The limited amount of research into
WebGIS (Gkatzoflias et al., 2013) and (Triantafyllou et al., 2006) shows that there is a gap in the field of
management and modeling air quality via this system. Real-time Air Quality Index Visual Map (AQ],
2015) is serving air quality index value around the world. The system is only serving AQI values and not
including any map illustration of parameters and also download option. The download option is only
provided by EarthExplorer (USGS, 2015), however, this system is not serving air quality data and
including MODIS land surface temperature and emission data. Tropospheric Emission Monitoring
Internet Service (TEMIS, 2015) is supplying air quality parameters with radar illustrations. The data are
being provided at world scale and it is possible to query with time parameter. Airnow AQI forecast is
applied by Airnow (2015), to vizualizate AQI in America. The system only serves AQI value with limited
map illustration.

The Air Quality GeoPortal (AQG) aims to add functionality to air quality researches through a new
approach and resolve the problem of both the accessibility of the raw and analyzed air quality data in an
innovative way. The main aim of the current study is to create a GeoPortal system based on WebGIS via
web services to provide accessible and usable air quality data and maps through the web with user-
friendly interfaces. Due to the interoperability platform the AQG system can be easily used by
environmental authorities and scientific organizations. Web services and time based web services are used
to generate maps through the interaction of web interfaces and OGC standards. One of the important
objectives of the AQG is demonstrated by the download service within the GeoPortal which allows users
to obtain air quality data in both map and numerical format for desired time interval. Thus, this download
service and the WMS-T application, which WMS-T is a OGC standard to retrieve data according to time
parameter, fill the gap in the existing air quality research via WebGIS.

Development of the Air Quality GeoPortal

GISis important in terms of analyzing air quality, however, it is easier to share-view data and establish
interoperability concept between all stakeholders via WebGIS. The system aims to provide an
infrastructure for air quality data to ensure use of data both web pages or within GIS softwares via WMS
or WES database connection tools. Viewing and downloading options of historic data for both GIS and
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non GIS expertise users become possible with this system. The system is also become a technical platform
for all air quality data users without installing any software with adhering to OGC standards. The data to
examine air quality will be accessible with a single web site with all other functions as like download
ability of common data formats, query according to a time interval and view maps via web pages. These
facilities will be achieved by constituting a GeoPortal system based on WebGIS but some options such as
download and temporal query should be programmed manually within the GeoPortal system. The details
of developed interface and services are explained in this section with the main structure of the GeoPortal
given in Fig.1.
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Figure 1.Air quality geoportal system structure

As can be seen in Figure 1, The AQG uses several softwares which are orchestrated to constitute AQG
including database, GIS, Geographical Data Server and additional JavaScript codes. The output of any
software is being an input data to another software and the processes are realized considering the
requirements of softwares. Constituted platform requires to consider data formats, coordinate systems,
licenses and web protocols to transfer data between softwares.

Study Area

Istanbul has a population of 14;16 million and it is one of fastest growing mega cities. The large
population together with the rapid growth of the urban area, inappropriate site selection for industrial
facilities, the use of old technologies in industry and vehicles all contribute to air pollution, which is a
serious problem in the city. Monitoring the air quality in the city is an essential first step to determining
the measures to reduce air pollution. There are ten air quality observation stations located around Istanbul
city centre. These stations observe and record ambient temperature, wind direction, wind speed, relative
humidity, pressure, rain, PM10, SO2, NO, NO2, NOX and CO values. The stations and the surrounding
study area are given in Fig.2.
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Figure 2.Study area and monitoring stations

Air Quality Data Preparation

The Air Quality GeoPortal (AQG) retrieve hourly measurements of PM10, SO2, NOX, NO, NO2 and
CO from 01.03.2014 to 01.03.2000 for each of the stations. Since the air quality is measured hourly, it is
necessary to use a database system. In the current study, the values are stored in MySQL database; both
the GeoServer and ArcGIS include connection tools to the MySQL database. The GeoServer software can
retrieve data from the MySQL database and present the data via web services. However, presenting table
data without any map presentation limits the objective of the AQG thus the MySQL database is used in
ArcGIS to produce the maps. The combination of ArcGIS and MySQL constitutes good integration for
data management and mapping functions in GIS and WebGIS concept. AQG retrieves data from ArcGIS
automatically, thus up-to-dated data can be integrated without any user interact processes. Part of the
MySQL table for the measurements taken at 01.03.2014-14:00:00 are given in Table 1.
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Table 1.Mysql table and stored parameters
Station_id Station_name PM10 SO2 NO NOX NO2 CO TEMP. WIND_SPEED TIME

2014-03-01-
1025 Aksaray 1 38 1 70 75 434 15,2 4,8
14:00:00
2014-03-01-
1048 Alibeykoy 1 27 1 65 69 524 14,1 5,4
14:00:00
2014-03-01-
1049 Besiktas 1 56 1 84 54 387 15,3 4,3
14:00:00
2014-03-01-
1052 Esenler 2 42 2 74 55 354 17,2 6,4
14:00:00
2014-03-01-
1054 Kadikoy 4 19 3 52 28 308 12,6 5,5
14:00:00
2014-03-01-
1055 Kartal 3 33 4 65 36 422 14,5 4,6
14:00:00
2014-03-01-
1065 Sariyer 1 27 3 54 62 412 16,8 4.8
14:00:00
. 2014-03-01-
1067 Umraniye 3 65 2 51 67 405 17,0 3,1
14:00:00
.. 2014-03-01-
1068 Usktidar 2 33 2 65 71 577 15,4 2,9
14:00:00
2014-03-01-
1070 Yenibosna 3 34 2 15 69 365 14,3 4,0
14:00:00

Programming languages

The AQG using Php, JavaScript and Html programming languages with the AQG interfaces and
functions are being programmed with JavaScript to provide client-side operations. For temporal queries,
the server-side system architecture must be used to send the time variable to server for processing. Thus,
the Php programming language is used for the downloading and temporal queries. The AQG interface is
programmed with HTML codes and styled with Css files.

Web Services and GeoPortal interface

Web Services are the core objective of Geoportal systems in implementing existing OGC standards for
air quality monitoring and serving data to the users such as scientific researchers, institute and
organizations staff that are working on air quality, GIS users and citizens. Web service standards are
developed under OGC specifications such as Web Map Service (WMS), Web Feature Service (WFS) and
Web Coverage Service (WCS). WMS represents spatial data as dynamic images which are referenced
geographically (Beaujardiere, 2006). WMS establishes a bridge between clients and servers to obtain the
digital image of spatial data. The web services are generated with GeoServer open source software
compiled in the Java programming language and includes functions for the sharing, serving and editing
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spatial data. GeoServer is supported and developed by several organizations around the world. GeoServer
is a reference application of some of the OGC standards as like WFS, WCS and WMS.

GeoServer generates web services pertaining to spatial data including spatial data management and
web service configuration interfaces. The GeoServer software is integrated with the OpenLayers
JavaScript library to allow the viewing web services on web pages. OpenLayers is a JavaScript Library
that is under an open source initiative to develop dynamic map applications on web pages. OpenLayers
can be utilized without depending on server computers. Thus, it provides efficient and advanced
applications for client-side programming and working with Google Maps API to realize geographical
applications on the web.

Air quality parameter values are provided in table format in the MySQL database however, presenting
air quality parameters in a visual format as a map makes the data understandable and clear for the user.
Thus, density maps are produced in ArcGIS software to present air quality as raster image. ArcGIS
software has efficient tools to produce maps of good cartographic design. For each variable and time,
density maps are produced to be able to constitute web services in raster format in GeoServer. In Fig.3,
some examples of the time request results for NO2 values are presented over every 3-hour period for

20.02.2014.
20220140008 | I| 20220140500 |

-
- = 32 ."o

20022014 12:00

=

20022014 21:00

.é :\°
W o '\°>§b‘\
=

Figure 3.Density maps for NOzat 20.02.2014 for each 3-hour period
The output raster images (in tif format) are integrated into web services with GeoServer software. In

total, six web services (for PM10, SO2, NOX, NO, NO2, CO, temperature and wind speed) were generated
within the GeoServer software and integrated into AQG to be able to view and download. For the purpose

20022014 06:00
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of viewing raster image on web pages, an URL must be entered into web browsers. The URL is generated
by the GeoServer software which includes web service parameters such as layer name, coordinate system,
geographical extent values, symbology file and output format. An example URL is given below.

http://127.0.0.1:8081/geoserver/cite/wms?service=WMS&version=1.1.0&request=Ge
tMap&layers=cite:raster&styles=&bbox=30.0,25.0,45.0,70.0&width=550&8height=330
&srs=EPSG:4326&format=application/openlayers

The map is simple and provides users with only view functions. A sample map with the GeoServer
layer preview option in OpenLayers is given in Fig.4.

- C 127.0.0.1:801

Scala = 1 : 557X 20.46727, 4100979

Chck on the map to gec feature vmifo

Figure 4. Default OpenLayers layer preview option

Since the air quality values were being measured hourly and daily, it was very important to request
web services temporally. To achieve this, Web Map Service —Time (WMS-T) standard is used to interact
with map services with time parameter. WMS-T is a standard which is similar to WMS specification and
requires a time parameter to generate GetMap request. A WMS-T GetMap request is required to define a
time variable as “TIME=" code at the end of request. WMS-T supports the time from years to seconds as
YY/MM/DD HH:MM:SS. For instance, if a user wishes to display air quality for 23.04.2014 at 14:00 PM,
the request is generated as “TIME=2014-04-23 14:00:00”. This system provides access to the air quality
value for any desired time within the same web service. The structure also provides a view of the raster
images at any time with a single web service. A GetMap request with time variable is given below.

http://127.0.0.1:8081/geoserver/it.geosolutions/wms?service=WMS&version=1.1.0
&request=GetMapé&layers=it.geosolutions:raster&styles=&bbox=30.0,25.0,45.0,70.
0&width=550&height=3306&srs=EPSG:4326&format=application/openlayers&TIME=2014~-
04-23T14:00:00:000%Z

As can be seen in the URL above, there are too many parameters to define and it is possible to make
mistakes when typing the URL. Therefore, it is necessary to develop advanced web applications and use
WMS functions to create a script that operates within the interfaces. Thus, clicking or adding a layer will
generate the URL and other related functions. The best way to interact with WMS and use all the functions
is to utilize the Heron Mapping Client (MC) JavaScript library.

Heron-MC provides a user interface for the GeoPortal and WebGIS applications by supplying
JavaScript libraries. Heron-MC supports a flexible and open source development environment for users
and developers. Adding new functions and integrate new services into the client is possible and easy with
its flexible structure with JavaScript and HTML programming languages. Heron-MC interface is suitable
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for use as a GeoPortal interface due to the functions of view, query, display attribute data and other tools
with client-side application. Because of GeoPortal system is just a web site, users are not required to
download any installation files or setup any software environments.

Heron-MC GeoPortal interface contains the necessary tools to interact with the spatial data and plays
a holder role for all the toolbars and operation buttons. The interface consists of a map window to display
the spatial data, an attribute table to view attribute data of desired geographic object in spatial dataset, a
legend window to display symbology and the legend information of spatial data displayed in the map
window, an information bar to display the coordinate system name and coordinate values of the mouse
cursor and a map toolbar to interact with the map window to change current the view of the map. The
interface is a management platform of the web services and its properties.

Fig.5 shows the AQG interface which consists of five modules. One the left, a layer tree is established
in order to o select web services and view. Each layer tree item is related to the web service URL. In the
middle of the page, a map window is inserted to view data. In addition, global maps such as Google,
Yahoo and Bing Maps can be integrated into the map window. On the right a legend window is inserted
to explain the selected layers. At the bottom of the interface, an attribute table window is established to
view the attribute data of selected items on the maps.

UMD e J0MI 1 elagin

Figure 5. AQG interface

Sample codes to define the AQG map and web services are given below. map.settings and map.layers
define the web service and map relation for each web service. Thus, web service integration is achieved
within the AQG interface.

Heron.options.map.settings = {projection: 'EPSG:4326',units: 'm',maxExtent: '-180.0, -90.0, 180.0, 90.0',
center: '32.498, 37.884',xy_precision: 3,zoom: 14,theme: null

¥
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Heron.options.map.layers = [
new OpenLayers.Layer. WMS
("Air_Quality_25741", "http://193.255.248.21:8080/geoserver/wms?",
{ layers: "Air:CO_Istanbul", transparent: true, format: "image/gif" },
{isBaseLayer: false, buffer: 0, visibility: false, featurelnfoFormat: “application/vnd.ogc.gml"}

)]

363

In Figs.6a, 6b, 6c and 6d, the AQG interface is given for NO2 at 20.02.2014. The legend window

displays the legend of the selected web services to identify the classes of maps.

Figure 6b.NO2 at 20.02.2014 09:00
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Figure 6d.NO2 at 20.02.2014 21:00

To define the time parameter, a calendar is integrated to the GeoPortal interface. Specified time

parameter will be added at the end of GetMap URL in “TIME=" format.

Download Service

As mentioned above, downloading data is an important function in determining air quality. In

particular, GIS users and environmental authorities are required to access air quality data within a GIS
platform or any other software. To respond to this demand the download service was developed to
provide access to the daily historic air quality data. This service is based on GetMap request “FORMAT="
parameter to define the file format.

However, the output format are specified according to the web service type; WMS supports Kml, Kmz

and Tiff with WES supporting Json, Shapefile, Csv and Gml?2 file formats. Thus, GetMap requests the
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appropriate URL according to the file format. The GetMap request URL for WMS and WES are given in
Table 2.

Table2. WMS and WF output formats

Web Service  Format Format parameter in URL
Kml format=kml
WMS Kmz format=kmz
Tiff format=image/tiff
Json outputFormat=application/json
WES Shapefile outputFormat=shape-zip
Csv outputFormat=csv
Gml2 outputFormat=GML2

In contrast, the format of time variable is created in keeping with the file format parameter. If the time
parameter is not specified, the file will be downloaded in default time which is specified in GeoServer
software for each layer in this case the data cannot be downloaded for desired time. Sample URLs for WFS
GML2 and WMS KML output formats are given in Table 3.

Table3.WMS and WES output format URL
Web Service Download URL

http://193.255.248.21:8080/geoserver/ows?service=WFS&version=1.0.0&request=Get
Feature&typeName=PORTAL:auAdministrativeBoundaryCountry&maxFeatures=5

WES
0&outputFormat=GML2&TIME=2014-04 23T14:00:00.000Z
http://193.255.248.21:8080/geoserver/wms?service=WMS&version=1.1.0&request=G
WMS etMapé&layers=PORTAL:auAdministrativeBoundaryCountry&styles=&bbox=26.02

4,35.81,44.879,42.092&width=990&height=330&srs=EP5G:4326 & format=kml&TIME
=2014-04 23T14:00:00.000Z

The download service was developed using the Php programming language to send the user selection
file format and generate the GetMap request in the client computers. The generated GetMap request will
be sent to the server computer and GeoServer software will process the request. At the same time, in
response to the request, the selected file format will sent from the server to the client computer. Since the
download service operates by generating GetMap request, it is very easy to add new file formats according
to the WMS and WEFS output formats considering the desired use. The flexible structure of download
service gives functionality to the AQG. The download interface is presented in Fig.7.
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Figure 7.Download service interface

CONCLUSIONS

The Air Quality GeoPortal (AQG) provides a platform to access and share air quality data. Between
institutes and scientific organizations involved in air quality monitoring. The Web interfaces are based on
the interoperability concept and the accessing and downloading data options are realized with AQG. The
air quality data becomes accessible via web pages within the GIS functions. On the other hand, with
sharing WMS addresses, it is possible to use the air quality data in desktop GIS systems. Thus, users can
select options to generate map and graphic illustrations, undertake spatial analysis, and make queries in
desktop GIS software. AQG is an example of open source software and OGC standard implementation in
air quality monitoring. Applying the WMS-T web service standard to air quality data is the main
contribution of this study. Furthermore, the interfaces for WMS-T that were developed provides a good
example of a model of integration between the WMS-T standard, the programming language (Php) and
GeoPortal systems.

Because of air quality has a vital importance on human health, additional to air quality parameters
data, some environmental data can be supplied such as traffic density, industrial areas, health status and
home heating type distribution data to consider all the factors which are contribute to air pollution. These
data can be easily added to the AQG considering the user needs and aims. The availability of all air quality
data will contribute to analyze of the predictions and precautions at regional scales.

Recommended future work is related to the field of applying OGC Web Processing Standard (WPS).
Applying WPS and developing web interfaces for WPS will add functionality to air quality monitoring in
the field of spatial analysis and geographical data processes. Furthermore, the development of web
interfaces for WPS according to the users’ air quality monitoring requirements will provide
interoperability between the GIS analysis and the functions.
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ABSTRACT: Landing Platform Dock (LPD) designed to have the primary task functions of "Transferring
of Forces" and "Amphibious Operations" has been fully equipped for those operations. Selecting the best
vehicles for LPD used to fulfill the specified operations is a complex process. In this article, the ELECTRE
method, which is one of Multi-Criteria Decision-Making (MCDM), has applied the selection of
Amphibious Assault Vehicles (AAV) deployed in LPD. For this case study, firstly, information about
AAVs is given, and the Analytical Hierarchy Process (AHP) used for the research and the ELECTRE
method, which is the basis of the study are explained. Within the scope of the study, the criteria required
for the model have been determined by a delegation in the field of amphibious operations in the Naval
Forces, four different AAVs in the international defense industry markets have been examined by the
same delegation. The criteria weights, which use for the application of the ELECTRE method, have been
determined by AHP.

Key Words: Multi-Criteria Decision-Making (MCDM), Analytical Hierarchy Process (AHP), ELECTRE, Landing
Platform Dock (LPD), Amphibious Assault Vehicles (AVV), Defense Industry

Biitiinlesik CKKV Metotlar1 ile Cok Maksatli Amfibi Hiicum Gemisi i¢in Zirhl1 Amfibi Arag¢larin
(AAV) Se¢imine iligkin Bir Karar Verme Model Onerisi

OZ: Cok Maksatli Amfibi Hiiciim Gemileri (LPD) “Kuvvet Aktarimi" ve "Amfibi harekat" ana gorev
fonksiyonlarina sahip olacak sekilde tasarlanmis ve bu harekat fonksiyonlari i¢in gerekli biitiin araglarla
donatilmis olmalidir. Belirtilen gorev fonksiyonlarini gerceklestirmek igin hangi tip aracin en uygun
olduguna karar verme ve secim siireci ise zor ve birden fazla kriterin bir arada degerlendirilmesini
gerektiren karmasik bir siiregtir. Bu makalede, Cok Kriterli Karar Verme (CKKV) yontemlerinden AHS
veELECTRE yaklasimlari birlikte kullanilmistir. Calismada oncelikle Analitik Hiyerarsi Siireci (AHP) ve
calismanin temeli olan ELECTRE yontemi aciklanmis ve AAV'ler hakkinda bilgi verilmistir. Calisma
kapsaminda, model icin gerekli kriterler amfibi harekat alaminda tecriibeli bir kurul tarafindan
belirlenmis, uluslararasi savunma sanayi pazarlarinda dort farkli AAV aym kurul tarafindan
incelenmistir. ELECTRE yo6nteminin uygulanmasinda kullanilan o6lgiitler AHP tarafindan belirlenmistir.
Daha sonra ELECTRE ydntemi ile LPD'de konuslandirilabilecek Zirhli Amfibi Araglar (AAV) arasinda bir
siralama yapilmig ve en uygun olan AAV secilmistir.

Anahtar Kelimeler: Cok Kriterli Karar Verme (CKKV), Analitik Hiyerarsi Siireci (AHS), ELECTRE, Cok maksatl
amfibi hiicum gemisi (LPD), Zirhli Amfibi Araglari (AAV), Savunma Sanayi
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INTRODUCTION

The military developments of the 21st century have brought a new concept on the military campaign.
After World War II and The Post-Cold War, the Probability of conventional war over the border of the
countries has almost come to an end. Nowadays, conflicts occur in the beyond the border and far away
from the homeland. In this war environment, the countries need to be able to transfer the necessary forces
on the conflict zone via the fastest ways. The most accessible and comprehensive approach for the transfer
of these forces is carried out by sea transportation. For this transportation, A variety of vessels which
provide permissiveness at a certain level for operation and logistic issue without the support of their main
base in the conflict zone are required. The Countries which conduct this type of operation in the World
use aircraft carriers and the LPDs. Navy Forces needs this type of vessel, which can transport the forces
that need for operation anywhere on time. Because of this requirement, the construction of LPD has started

LPD will be able to use in operational areas of the Black Sea, Mediterranean, and the Aegean Sea and
also will be used in the Indian Ocean and the Atlantic Ocean. Besides, that LPD, which will have a full-
fledged hospital with 34 beds, will be able to serve on a humanitarian operation such as disaster relief and
peacekeeping support operations.

LPD, which is constructed to have the primary task functions of "Transferring of Forces" and
"Amphibious Operations," has been assigned the necessary staff who shall be controlling those
functionings. LPD has the abilities in terms of operational speed and agility, by carrying the amphibious
vessels; Landing Craft Marine (LCM), Landing Craft Air Cushion (LCAC), Landing Craft Vehicle
Personnel (LCVP) and Assault Amphibious Vehicles (AAVs) to the operation region. The LPD is equipped
with the essential landing/take-off and distribution capabilities/capabilities for helicopters and rotational
rotor aircraft that provide support for the air campaign in Amphibious Operations.

Selecting the best vehicle used to fulfill the specified skills is a complex process. There are a lot of
questions asked about which type of aircraft, helicopters, and other air platforms will be deployed on
board, and what type of AAVs will be MCDM can be used to determine which vehicles been on the
International Defense Industry market is more appropriate.

In this study, The ELECTRE model, which is one of MCDM, has applied the selection of AAVs
deployed in LPD. For this purpose, the AHP and the ELECTRE method, which is the basis of the study
are explained. Within the scope of the study, the criteria required for the model have been determined by
a delegation in the field of amphibious operations in the Naval Forces, Four different AAVs in the
international defense industry market have been examined by the same delegation. Criteria’s weights,
which use for the application of the ELECTRE method, have been determined by AHP. Four different
AAV which is available on the market sequences with the ELECTRE method, the results have been
discussed, and suggestions have been presented.

LITERATURE SURVEY

MCDM is used in many areas by decision-makers. The areas in which are using the MCDM can be
defined as; Environmental management and natural resources, Business management, Energy
management, Structural, construction, and transportation engineering, Logistics and supply chain
management, Information technology, Financial management, Policy, social and education, Chemical and
biochemical engineering, Agriculture and horticulture, Health, Other areas and non-specific
applications(Govindan and Jepsen 2016)

Even though the defense industry does not entirely been defined to relate which category of MCDM,
it can be evaluated in the selection of suppliers in the area of logistics and supply chain management.

The choice of AAV for LPD can be evaluated as the supplier selection problem in the defense industry.
In the literature survey section, first summarizes the work done with the MCDM in the defense industry.
Later, works that apply in the other sectors of MCDM was mentioned. Then it is investigated how the use
of the ELECTRE method, which is planned to solve the problem of selection of AAV for LPD.
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MCDM in Defense Industry

A study on the selection of weapon systems was conducted using the AHP to select the best light
machine gun Alternative weapons considered to be procured were evaluated with the help of the prepared
survey. Alternatives are listed using Super Decisions 1.6.0 (Genger et al., 2009).

In work done with the selection of suppliers in the defense industry, an important system integrator
company is listed by the TOPSIS method, which will work together in visual direction. Supply chain and
MCDM methods are described under study. As a result, an application was made to combine the
procurement process with the MCDM procedure. Within the scope of implementation, four suppliers
selected on a total of 5 criteria were evaluated by four decision-makers, and the most suitable supplier for
the firm was selected (Celikol, 2017).

Within the scope of the master thesis study related to the best pistol selection problem, the experience
of the expert staff in the field was used to determine the criterion and the fuzzy AHP in which the
importance weights were expressed as fuzzy numbers. In addition to AHP resolution, two different
methods have been used to deal with the problem in the fuzzy logic environment. These are compared
with the fuzzy suitability index of the pistols by the direct weighting method and compared with the fuzzy
suitability index of the pistols using the relative measures obtained by AHP. The same sequence was
handled in all methods applied (Tekes, 2002).

Submarine types required by the submarine fleet were assessed relative to the project selection
methods using the AHP method. Criteria for selection of submarine vessels have been identified and
evaluated by expert personnel. Super Decision and Expert Choice programs were used for the evaluation.
Values are the same in both programs. At the end of the study, the essential criterion for submarine
selection was identified. Recommended providing the most suitable submarine according to the criteria
set (Palaz and Kovanci, 2008).

Technology transfer techniques that were used in the defense industry were listed by the AHP
method. Technology transfer techniques have been discussed in detail, and it has been researched that
hangs are used in defense. Criteria which were used for AHP were determined on the basis of interviews
with officials responsible for technology management of defense companies in Ankara, officials of public
institutions related to researchers and defense industry, and the most suitable technology transfer method
was provided by comparing with AHP method (Balci, 2013).

The problem of investment project selection for an enterprise operating in the air defense industry
from the lower branches of the defense industry is discussed. Criteria and alternatives have been identified
and evaluated by 20 investment specialists. The obtained data were weighted using the AHP method. The
obtained weights were applied to the VIKOR method to obtain a ranking (Ugakcioglu and Eren, 2017)

The evaluation of the navy tactical missile system was carried out with the Fuzzy AHP technique.
Criteria for all options were evaluated by experts using the fuzzy method. The practical grade membership
function grade is calculated to find out the performance scores. The criterion value is calculated according
to missile performances. With the fuzzy AHP method, the total weights of the options were obtained. A
ranking was made between the options (Cheng, 1997)

The AHP method was addressed in the problem of the selection of attack helicopters. The criteria and
alternatives are determined by experts, and the values obtained are listed by AHP (Cheng et al., 1999).

Use of MCDM in Different Sectors

A problem with the choice of facility location selection Isparta / Turkey AHP has also been used to
determine the place where animal husbandry. Within the scope of the study, seven districts of Isparta
province were evaluated according to five different criteria (location, environmental factors, labor force,
investment costs, laws). Environmental factors were chosen as the most important criteria affecting the
place of establishment in the study conducted with AHP. The result is a ranking between the counties
(Omiirbek, 2013).
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It has been evaluated that a solution can be found in the field of logistics with the ELECTRE method,
which is one of the multi-criteria decision-making methods. Cargo companies located in the city of
Malatya were surveyed, and the weight of the charters determined by using the ELECTRE method was
analyzed. The location of the cargo company's newly opened store was tried to be determined through
the analyzes. It was thought that the analysis would give the firm an idea of where to find a place for the
new store (Yiicel and Ulutas, 2009).

Fuzzy PROMETHEE technique is used in MCDM study with automobile selection and price, fuel,
performance, and safety criteria are applied for seven different types of automobiles in the same class. It
is very difficult and complex that the classic PROMETHEE method can work with linguistic values. Hence
the linguistic values were used in the PROMETHEE method after the fuzzy. The obtained data were
evaluated by Decision Lab software and PROMETHEE I and II. It has been seen that the results obtained
in the study are consistent and appropriate (Balli, 2007).

The problem of choosing a procurement planning engineer for an operator operating in the food
industry related to the selection problem of personnel in operation is addressed. AHP, which is an effective
method for evaluating qualitative and quantitative variables, has been used in the selection of personnel
by defining the qualitative and quantitative criteria which are important for the operation. In the
evaluation of the criteria and alternatives, the priority values of the main criterion were obtained with the
Extended Analysis Method using linguistic variables and fuzzy numbers. When the designed system is
examined, the results show that this method provides a visible solution to decision-making by providing
a numerical solution to staff selection (Ozgormiis, 2005).

Fuzzy MCDM was used to select the main battle tank. Experts' views are explained in terms of
trapezoidal (or triangular) fuzzy numbers, and the hierarchical structure of the decision problem is
established. Fuzzy DELPHI method is used to set the blurriness ratio to reach the consensus of all experts.
Subsequently, the fuzzy decision matrix is multiplied by the corresponding fuzzy feature weights to
obtain the total number of fuzzy numbers. Herrera & Martinez's method, which is a synthetic method,
was chosen as the best main battle tanks (Cheng and Lin, 2002).

Studies Conducted by Applying the Method ELECTRE

A business operating, which is a problem of supplier selection in the machinery sector, was dealt with
Analytical Network Process (ANP), and ELECTRE methods that are multi-criteria decision-making
techniques for supplier selection were applied in an integrated manner to solve the problem. The five main
criteria and 15 sub-criteria, which are related to the probing, are weighted by the ANP method.
Subsequently, the ANP method was used in the ELECTRE matrix, and 12 suppliers were evaluated using
the ELECTRE method to determine the best supplier for the business (Cakin and Ozdemir, 2013)

The detection problem of the echocardiography device, which was considered to be taken to the
Cardiology Department of the hospitals was discussed. Criteria were determined by three physicians from
the field of cardiology, and the criteria to be identified were evaluated using the AHP method. The
obtained data and alternatives were ranked by the TOPSIS method to provide optimal options. (Erenet al.,
2017).

The TOPSIS and fuzzy AHP methods have been used together to determine the most appropriate
binding shape that can be used by the gas companies located in the Yarimca openings in the east of the
Marmara Sea. Twelve different multi-point tanker-float linkage systems were considered, and while fuzzy
AHP was used to reveal the weights of the traits to select the best among these options, fuzzy TOPSIS
methods were used during the ordering and selection of the linkage systems (Mentes, 2010)

In the 2012-2013 season in Turkey, the performance of 6 football players who scored 15 goals or more
in the soccer league. The weights of the criteria were determined by the Analytic Hierarchy Process (AHS)
method. The obtained criteria weights were first ranked by evaluating the performances of the soccer
players in the method of TOPSIS in the method of Technique for Order Preference by Similarity to an Ideal
Solution. The obtained criteria weights were first ranked by evaluating the performances of the soccer
players in the method of TOPSIS after ranked by VIKOR (Karaatl et al., 2014).
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Criteria for selecting laptop computers to be used in enterprises are weighted to the Fuzzy Analytical
Hierarchy Process (BAHP) method because the classical AHP method is insufficient to handle the
subjective judgments of decision-makers. The ELECTRE method was used for the selection of the essential
products via the obtained data. an approach based on the combination of the methods of ELECTRE and
FAHP was presented (Ertugrul and Karakasoglu, 2010)

It is aimed to select the most suitable supplier considering more than one qualitative and quantitative
criteria ELECTRE and AHP techniques were used to evaluate. ELECTRE, which is multi-criteria decision-
making techniques, was presented as a technique to evaluate alternatives according to the sorting
principle, and the AHP was used to determine the weight of the selection criteria (Soner and Oniit, 2006).

MCDM tested the quality assessment of websites for advertising tourist destinations. For this problem,
experienced personnel has demonstrated a hierarchical structure of the criteria. ELECTRE-III-H was
thought to contribute to the solution of the problem, and the accuracy of the sequencing results was
checked in different cases. Robustness analysis yielded almost accurate results in rankings for all cases.
(Del Vasto-Terrientes et al., 2015).

In the study exploring the areas in which the ELECTRE method was used, the fields were collected in
13 categories. Categories were determined as Natural resources and environmental management (Water
management.- Waste management- Land management, geology, and cartography- Forestry, natural
reserves, and ecotourism- Other papers on natural resources and environmental management). Business
management (Performance and benchmarking.- Human resources. - Investment decisions.- Other
business management applications.). Energy management (Large scale energy management.). HVAC
systems and small scale energy management (Design, mechanical engineering, and manufacturing
system). Structural, construction, and transportation engineering. Logistics and supply chain
management (Facility layout and location- Supplier selection.- Other logistics and supply chain
management applications.). Information technology (Software evaluation- Network selection - E-
commerce and m-commerce - Other information technology applications). Financial management
(Portfolio and investment management- Other financial management applications). Policy, social, and
education). Chemical and biochemical engineering. Agriculture and horticulture. Health, safety, and
medicine various. Other areas and non-specific applications (Govindan et al., 2016).

For the construction projects, the ELECTRE method was used for the selection of subcontractors. The
problem is focused on the result, and where there is no knowledge of relative importance, decision-makers
were offered a very specific set of decision models. The model considered consists of three steps. Firstly,
the individual ranking was obtained by the method of ELECTRE II In the second stage, a matrix of
alternatives to a wide range of decision-makers has been established. Finally, individual preferences were
collected were applied by the ELECTRE IV method, and final collective evaluation was performed
(Alencar et al., 2010).

In the study, an approach to the mutual discussion of messages to e-services has been worked on to
help consumers reach a reasonable composite e-service solution. A variety of information on an e-service
composition has been given and worked with a material tender and e-service process for property
management in Taiwan. For each e-service component’s step, e-service formalization, an e-service
program model and the ELECTRE method, were used to determine the optimal selection order of e-
services. Then, the e-service selected for each step was created with a message evaluation process. As a
result, consumers are offered a reasonable composite e-service solution (Ke and Chen, 2012).

The intuitionistic fuzzy ELECTRE method was used to solve the plant location problem. The
expressions of alternatives for each criterion and the weights of each criterion which are treated as
linguistic terms characterized by triangular heuristic fuzzy clusters. As a result, the ranking for the
selection of decision-makers were made (Cheng and Lin, 2002,)

Studies conducted with MDCM were examined. Different techniques were used to guide decision-
makers in different sectors. The studies were generally formed as a combination of two methods. Firstly,
the criteria and values determined by the experts are weighted by the AHP method. Then, according to
another method chosen by the author, alternatives are listed. The works were improved by using the fuzzy
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technique. It was determined that the ELECTRE method was not used in defense industry as far as
the author knows. Therefore, it was decided to use the ELECTRE method for the choice of AAV for LPD.

MCDM

MCDM is the most commonly used method of decision-making. It is the branch of a general
Operational Research (OR) model that seeks solutions to decision problems according to some decision
criteria. This widely used decision-making model is defined as MCDM.

AHP Method

Multi-dimensional and complex problems are be solved effectively by the AHP. AHP solve MCDMs
with different and contradictious criteria via carrying out pairwise comparison matrices to decompose.
The AHP has three main pillars of the decision-making process; introducing the model, comparison of
criteria and/or alternatives, evaluating priority among alternatives (Jagadish and Ray, 2015).

Step 1: Introducing the hierarchical system.

A decision problem was identified as a hierarchical system. The objective of AHP is to achieve a
hierarchical system by branching decision criteria and alternatives. (Albayrak and Erensal, 2004; Liu et al.,
2012)

Step 2: Perform the pairwise comparisons.

In this step, comparison matrices are found out, and pairwise comparisons are evaluating. The
determined decision criteria were compared with each other by making use of the corresponding basic
level scale comparison. Table 1 below presents the comparison scale used by AHP (Dagdeviren, 2009).

Table 1. The Basic Level Scale For Pairwise Comparison

Intensity of importance Explanation
Two activities or criteria contribute equally to the objective
Experience and judgment slightly favor one over another

Experience and judgment strongly favor one over another

An activity or criteria is strongly favored and its dominance is

7
demonstrated in practice
9 Importance of one over another affirmed on the highest possible
order
2,4,6,8 When compromise is needed

A square and reciprocal matrix can be identified via this pairwise comparison. A square and reciprocal
matrix, see Eq. (1). The result of the pairwise comparison on n criteria can be summed up in an (n * n)

assessment matrix.
[an aiz.. alm]
azi ‘122 a2m

A=(ay), = | | 1)

Step 3: Determining the relative importance of weights.

In the last step, all matrix obtained is normalized and apply computations to examination consistency.
Via normalization, As a result of the calculations, the order of normalized weight vectors and criteria is
determined. The random index is given in Table 2, and the maximum acceptable consistency ratio (CR)
was determined as (0.1). CR is the ratio of the consistency index (CI) and the random index (RI). The CI
and CR are obtained by using the following equations (Rouyendegh, 2014).
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Table 2. Random Index
n 1 2 3 4 5 6 7 8
R 0,0 0,0 0,5 0,9 1,1 1,2 1,3 1,4

3.2. ELECTRE Method

The ELECTRE method is a crucial MCDM method based on the comparison of the degree of dual
significance between different decision options for each rating factor. (Rouyendegh and Erol, 2012). The

procedure to be followed during the application of the ELECTRE method is set out below
Step 1: Determination of Decision Matrix

Within the scope of the applied method, we set the criteria (n) in the columns of the relevant matrix
and show the alternatives (m) from the lines. This generated matrix will give the standard matrix for the

basis of the application.

(4)

Step 2: Creating a normalized decision matrix as a result of operations
By using the formula shown below, a normalized decision matrix is obtained by normalizing the

decision matrix.

Xij = i=12,.... ,mj =12, ... ,n (5)
A l 1 I.]
The mathematical formula for the cost criteria other than the gain obtained is formed below
1
xij = "y —i=12.... ,mj =12, ... n (6)
zit 1(711)
Within the scope of mathematical solutions, normalized decision matrix (X) was obtained
[xn X12. le]
x21 xzz Xom |
?)

e e

Xn1Xn2* x"l‘mJ
Step 3: Detection of weighted normalized decision matrix

The binary comparison matrix obtained by the AHP method as a result of the previous calculations

will be multiplied by the normalized matrix. The result is a weighted normalized matrix
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vi}' =Wj.xl‘j (8)

As a result of calculations, the matrix W is a diagonal matrix which values of its main diameter is W
and rest values are zero.

wy 0... 0
W=[0 Wy ... 0] )
Step 4: Determine the concordance and discordance sets

Blocks obtained from the net weighted normalized matrix are evaluated for each pair, and the outputs
obtained are tested as follows. If the alternative considered is more beneficial or equal in terms of a benefit
than the other elements of the couple, the Concordance set is obtained and defined by C

Clp,q) = {j, Vyj = vq]-}, (a;,a, =1,2,....,mAa, #ay) (10)
the evaluated alternative is less useful than the other elements of the pair for the identified criteria.
Discordance set is obtained and defined by D

D(p,q) = {j, vp; < vqj}, (a;,a, =1,2,...,mAa; # a,) (11)
Step 5: Calculate the concordance matrix

Concordance matrix is the matrix generated by adding the values of weights of Concordance set
elements.

Cpq = Ej = Wj (12)
Step 6: Calculate the discordance matrix

Discordance matrix is prepared by dividing discordance set members' values to the total value of the
whole set.

olv o=v |
_ZI°| 2" "qj°

D =
Y

(13)

Step 7: To reveal the calculation of the advantages obtained

As a result of all the calculations obtained, concordance averages and discordance values are
considered. Any Cpq value greater than or equal to the C average in the resulting Concordance matrix is
specified as Yes. Any value less than or equal to the average D in the conflict matrix is specified as No.

Step 8: As a result of the determination of the net compliance and non-compliance matrix

In order to obtain a ranking among the alternatives put forward, it is necessary to determine the net
conformity and discrepancy values. As a result of the sequence obtained, the sequences C and D may be
the same, in which case more than one of the most useful options may be obtained. It is necessary to
present the result ranking according to the ranking obtained.

Cp = Z;\cn=1 Cpk - Z‘;cnzl Ckp (14)
k+p k+p
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Dp = Yk=1 Dpk — Xk=1 ka (15)
k#p k#p
CASE STUDY

There are different criteria for the selection of AAVs which are in the market. These criteria play an
important role in the selection of AAVs. Criteria used during the decision phase were chosen according
to the usage concept of LPD by a team of personnel who have worked on amphibious operations in naval
forces. These criteria are determined as cruise speed, land speed, endurance on water, Sea State Degree,
weapon systems, and personnel capacities. Selected AAVs are given code names A, B, C, and D AAVs’
are selected by the same delegation for evaluation of AAV in international markets. The selected criteria
and selected AVVs are evaluated by the same committee, according to the evaluation table in Table 3.

As a first step in the solution of the problem, the evaluations made by the expert delegation are
collected. In the second step, the criteria weights and decision matrix, which need the ELECTRE method
is created with the help of the AHP method and the data collected from the delegation. In the third step,
the problem is solved by the ELECTRE method with the decision matrix and criteria weights.

Step 1:.The criteria selected by the delegation and the evaluation table of the AAVs selected according
to these criteria are presented in Table 3 and Table 4.

Table 3. Pairwise Comparisons of Criteria’s Matrix
¢S SL EW SD WS PC

Cruising Speed (CS) 1 13 1/2 1 1/5 1/5
Speed on Land (SL) 3 1 3 1 1/2 1/5
Endurance on Water (EW) 2 1/3 1 1/3 1/5 1/7
Sea State Degree (SD) 1 1 3 1 1/3 1/5
Weapon System (WS) 5 2 5 3 1 1/2
Personal Capacity (PC) 5 5 7 5 2 1

Table 4. Pairwise Comparison Matrix of the Cruising Speed (CS) Criterion

A B C D
A 1 13 12 1
B 3 1 3 1
c 2 13 1 1/3
D 1 1 3 1

Pairwise Comparison Matrixes of other criteria were obtained using the same method.

Step 2: The Decision Matrix and Weighting the Decision Matrix, which require for the ELECTRE
method, is calculated by using the AHP method.

Once the matrix A is built, it is possible to derive from A the normalized pairwise comparison matrix
Aporm by making equal to 1 the sum of the entries on each column, each entry a;, of the matrix A,y is

computed as
ajk

ﬁ,Anormmatrix is presented in Table 5 and Table 6.
i=1 %k

a]k=
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Table 5. A,,,nMatrix of Criteria
Cs SL EW SD WS  PC

Crousing Speed (CS) 006 003 003 009 005 0,09
Speed on Land (SL) 018 0,10 0,15 0,09 0,12 0,09
Endurance on Water (EW) 012 003 005 003 005 0,06
Sea State Degree (SD) 006 010 0,15 0,09 008 0,09
Weapon System (WS) 029 021 026 026 024 022
Personal Capacity (PC) 029 052 036 044 047 045

Table 6. A,,,,, Matrix of AAV's Cruising Speed (CS)
A B C D

021 032 020 031
007 011 012 0,19
062 054 060 044
010 0,04 0,08 0,06

O N % >

Anorm Matrix of other criteria was obtained using the same method.
After, the criteria weight vector w (that is an m-dimensional column vector) is built by averaging the

m .
Z[=1a]l
m

entries on each row of A, .W;is computed as w; = . The weight matrix of the criteria calculating

with the help of the above formula for all w; is given Table 7, which is described as W matrix, and Table
8, which is described as Decision Matrix.

Table 7. Matrix of The Criteria’s Weights

CS SL EW SD WS PC
w; 0,06 012 006 010 025 042

Table 8. Decision Matrix
CS SL EW SD WS PC
026 023 035 028 028 057
012 023 035 045 045 0,06
055 0,12 0,11 016 0,16 0,13
007 042 019 011 0,11 0,24

gnw >

Step 3: The problem is solved by the ELECTRE method. So the normalized matrix and weighted

normalized matrix is calculated by using the following equation:
a;j
Xij =
M 2

i=1aij

Normalized Decision Matrix is obtained after all calculation with an equation which mentions above.
Normalized Decision Matrix, which is described as X matrix, is shown in Table 9.
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Table 9. Normalized Decision Matrix

gn x>

CS SL

0,42 0,42
0,19 042
0,88 0,22
0,11 0,78

EW
0,65
0,65
0,20
0,35

SO WS PC

0,50 0,50 0,90
079 0,79 0,09
029 029 0,21
0,19 0,19 0,38

379

After the calculated normalized decision matrix. Weighting the Normalized Decision Matrix is
calculated by an equation which is shown as Y = X x W . Weighting the Normalized Decision Matrix ( Y
matrix) is shown Table 10

Table 10. Weighting Normalized Decision Matrix

CS
A 0,0159
B 0,0074
C 10,0337
D 0,0034

SL

0,0601
0,0601
0,0323
0,1120

EW

0,0390
0,0390
0,0121
0,0211

SD WS

0,0736 00,1603
0,0736 0,1271
0,0300 0,0675
0,0211 0,0416

PC

0,3902
0,0368
0,0788
0,1518

After calculating the weighting normalized decision matrix, concordance and discordance sets are

applied to describe the dominance query and the discordance interval set.

The concordance and discordance sets are given as;

CIZ = {112'314;5;6}
C13 = {213I415l6}
C14 = {1l3l415l6}

C,1 =1{2,3,4}
C,; = {2,3,4,5}
C,, ={1,3,4,5}
D,, = {1,5,6}
Dy3 = {1,6}
D,y = {2,6}

C3 = {1}

C3, ={1,6}

Cs4 = {1,4,5}
Dy, = {2,3,4,5,6}
D;, = {2,3,4,5}
D34 = {2:6}

Cy =12}

C,, ={1,2,6}
C.3 = {2,3,6}
D,, = {1,3,4,5,6}
D,, = {3,4,5}
D,; = {1,4,5}

Calculation of the concordance interval matrix: The concordance interval index (Cy;,) between A, A 4,

Ca1a2 = Zi Wi

The concordance interval matrix is shown in Table 11.

Table 11. The Concordance Interval Matrix

0,0000 1,0000
0,3148 0,0000
0,0381 0,4658
0,1443 1,2194

0,9619 0,8557
0,5342 0,4281
0,0000 0,3678
0,6322 0,0000

can be obtained using the following equation and the concordance interval matrix can be formulated as

Calculation of the discordance interval matrix: we consider the discordance index of d,;, . Then, using

discordance interval index set, the concordance interval matrix can be formulated as

Dy =

maxjeDab|Uaj—Ubj|

maxje],m,nel|”mj_vnj|

The discordance interval matrix (D) is shown in Table 12.
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Table 12. The Discordance Interval Matrix

0,0000 0,0000 0,0573 0,2175
1,0000 0,0000 0,7039 1,3449
1,0000 1,0000 0,0000 1,0000
1,0000 0,7436 0,3806 0,0000

Determine the concordance index matrix: The concordance index matrix for satisfaction measurement
problem can be written as follows:

c=ym, ym @D g by =1IFc(ab) = ¢

m(m-1)

e(a,b) = 1IFc(a,b) <¢c

5.95

“Cia-n

0,49

Concordance index matrix (E) is shown in Table 13

Table 13. The Concordance Index Matrix (E)

0 1 1 1
0 0 0
0 0 0 1
0 1 1 0

Determine the discordance index matrix: On the contrary, the preference of dissatisfaction can be
measured by discordance index, the discordance index matrix (F) is given by:

d=ym ¥4 c4 p) = 1IFd(a,b) > d

m(m-1)

f(a,b) = 0IFd(a,b) < d

8,39

d= s

= 0,66 and discordance index matrix (F) is shown in Table 14

Table 14. The discordance index matrix (F)
0 0 0 0

0 0 1 0
0 0 0 0
0 1 0 0

Calculation of Net Concordance and Net Discordance Values: Net concordance and net discordance

values are presented in Table 15.
¢, = (1,00 + 0,9619 + 0,8557) — (0,3148 + 0,0381 + 0,1443) = 2,320

¢, = (0,3148 + 0,5342 + 0,4281) — (1 + 0,4658 + 1,2194) = —1,4080
¢; = (0,0381 + 0,4658 + 0,3678) — (0,9619 + 0,5342 + 0,6322) = —1,2565
c, = (0,1443 + 1,2194 + 0,6322) — (0,857 + 0,4281 + 0,3678) = 0,3442
d, = (0,0573 + 0,2175) — (1,00 + 1,00 + 1,00) = —2,7552
d, = (1,00 + 0,7039 + 1,3449) — (1,00 + 0,7436) = 1,3052
d; = (1,00 + 1,00 + 1,00) — (0,0573 + 0,7039 + 0,3806) = 1,8582
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d, = (1,00 + 0,7436 + 0,3806) — (0,2175 + 1,3449 + 1,00) = —0,4383

Table 15. Net Concordance and Net Discordance Values
Net concordance Net discordance = Ranking of Net Top Ranking of Net Lowest

Values Values Values Values
A 2,320 -2,7252 1 1
B -1,4080 1,3052 4 3
C -1,2565 1,8582 3 4
D 0,3442 -0,4383 2 2

Net concordance and net discordance values are also presented graphically in Figure-1 and Figure-2.

Figure-1 Figure-2

3 3

2,5

5 2

15 - 1 -

1- u Net m Net
0,5 - concordance 0 - discordance

0 - Values B C Values
05 - -1 1

_1 - _2 |
-15

-2 -3

The AAVs are on the market compare in Table 15. Net Concordance and Net Discordance Values of
the AVVs are found, and rank among the AAVs is found. According to this ranking, A is found to be the
most appropriate AAV when considering net highest values and net lowest values.

CONCLUSIONS

LPD is considered to add a critical capacity that is at a strategic level to Navy Forces. Landing Platform
Dock (LPD) constructed to have the primary task functions of "Transferring of Forces" and "Amphibious
Operations" has been fully equipped for those operations. Selecting the best vehicles for LPD used to fulfill
the specified operations is a complex process. In this article, the ELECTRE method, which is one of Multi-
Criteria Decision-Making (MCDM) has applied the selection of Amphibious Assault Vehicles (AAV)
deployed in LPD. For this reason, the selection of weapons and vehicles is an essential part of LPD projects.

In this study, the selection of AAVs, which are the vehicles deployed on this ship, are dealt with
MCDM have been used to determine the most appropriate AAV with the usage concept of LPD and the
concept of Naval Forces. Alternatives and criteria are evaluated in terms of their technical characteristics.

The criteria required for the model have been determined by a delegation in the field of amphibious
operations in the Naval Forces, and four different AAVs in the international defense industry markets have
been examined by the same commission. These criteria are determined as cruise speed, land speed,
endurance on water, Sea State Degree, weapon systems, and personnel capacities. Selected AAVs are
given code names A, B, C and D. Criteria’s weights and Alternative’s weights have been determined by
the AHP method in terms of technical data obtained from open sources.

The ELECTRE method was applied to data, and the net concordance and net discordance values are
determined by using the ELECTRE method. In the direction of the obtained data and the suitability of the
alternatives are evaluated from the technical point of view.
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As a result of the study, A is found to be the most suitable alternative when the net concordance and
net discordance values are evaluated. The selection of the AAV is assessed to involve the front panel of the
A alternative.

Different results will be obtained when criteria such as cost of AAVs and logistic sustainability
(maintenance, repair, spare part etc.) are included in the work done. In addition, this study could be
improved using a fuzzy logic framework with different multi-criteria decision-making methods to more
effectively analyze cases having uncertainty.
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