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FARKLI DELME OPERASYONLARINDA
KARBON FIBER TAKVIYELI
KOMPOZITLERDEKI TERMOSET VE
TERMOPLASTIK MATRIS ETKILERININ
INCELENMESI!

Dogancan ERASLAN?
Firat KAFKAS?

1. GIRIS

Farkl1 6zelliklere sahip ve bilesenleri arasinda net sinirlar
bulunan iki veya daha fazla bilesenden olusan her tiir malzeme,
kompozit malzeme olarak tanimlanabilir. Yiiksek dayanim,
hafiflik ve 1s1l stabilite gibi {stiin 6zellikleriyle son yillarda
geleneksel ~ muhendislik  malzemelerinin  yerini  almaya
baglamislardir. Kompozitler takviye ve matris olarak iki temel
elemandan olusmaktadir. Takviye elemant, yiiksek dayanim ve
sertlik saglayan fiberlerlerdir. Fiberleri bir arada tutan ve
gerilmeleri yapisal olarak dagitma oOzelligi saglayan matris
elemaniyla birlikte bir kompozit malzeme olusur [1]. Kompozit
malzemeler, sahip olduklar iistiin 6zelliklerin yaninda cesitli
tretim zorluklarin1 da getirir. Soguk zincir, ham madde

1 Bu galisma yiiksek lisans tezinden tiiretilmistir. Eraslan, Dogancan. “Karbon Elyaf

Takviyeli Kompozitlerin Su Jeti ve Frezeleme ile Delinmesinde Termoset Ve
Termoplastik Matris Etkilerinin Deneysel Olarak Incelenmesi”. Gazi Universitesi,
Fen Bilimleri Enstitiisii, imalat Miihendisligi Ana Bilim Dal1, Ankara.

2 Yiksek Lisans Ogrencisi, Gazi Universitesi, Fen Bilimleri Enstitiisii, Imalat
Miihendisligi Ana Bilim Dali, Ankara, dogancan.eraslan@gazi.edu.tr, ORCID:
0000-0002-2996-1396.

3 Prof. Dr., Gazi Universitesi, Teknoloji Fakiiltesi, Imalat Miihendisligi Boliimii,
Ankara, fkafkas@gazi.edu.tr, ORCID: 0000-0003-3257-7413.
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depolama, kalifiye personel, sertifikasyon ve ileri teknolojik
tezgahlar gibi birgok maliyet yukselten unsur mevcuttur. Bu
durumda, {iretim giderlerini diisiirebilmek amaciyla proses
boyunca optimizasyon ¢aligmalar1 yapilmaktadir. Bunun yaninda
geri doniistliriilebilir veya tekrar kullanilabilir kompozit
malzemelerin elde edilmesi de yayginlasan bir trenddir.

Kompozit malzemeler karbon, cam ve aramid fiberlerden
olusan takviye elemanina ve metal, polimer ve seramikten matris
elemanina sahiptir. Karbon fiber takviyeli polimer matrisli
kompozit malzemeler havacilik ve savunma sanayi
uygulamalarinda yaygin olarak tercih edilmektedir. Polimer
matris olarak termoset (TS) veya termoplastik (TP) esash
polimerler kullanilabilir. Uzun yillardir ispatlanmis yiiksek
performanslariyla karbon fiber takviyelerle beraber termoset
matrisler kullanilmaktadir [2]. Termoset polimerler bir kez
kiirlendiginde eritilemez ve tekrar sekillendirilemezler. Bu
sebeple, 1s1 uygulamasiyla tekrar sekillendirilebilen ve geri
doniislim avantaji sunan termoplastik polimerlerin matris
malzeme olarak kullanilmast kompozit iiretiminde 6nem
kazanmis bir konudur.

Her ne kadar net sekle yakin iiretim metotlar1 gelistirilmis
olsa da polimer matrisli kompozitlerin bir Grin haline gelene
kadarki iiretim siirecinde islenme gereksinimi kaginilmazdir.
Kompozit malzemeden dretilen komponentlerin  montaj
operasyonlartyla kullanilabilir hale getirilebilmesi ic¢in delik
delme operasyonlart olmazsa olmazdir ve kompozit
malzemelerde en sik uygulanan sekillendirme yontemidir. [3].
Delik delme operasyonlarinda kullanilan takim tezgahi ve
ekipmanlarin verimli kullanilmak {izere optimize edilmesi 6nem
arz etmektedir. Bunun yaninda, delik delme operasyonlarinda
matris ve takviye elemanin birbirine olan bagim1 korumak ve
malzemede olabildigince diisiik hasar ile operasyonu
tamamlamak hedeflenir.
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Bu ¢alismada, endiistriyel uygulamalarda yillardir yaygin
olarak kullanilan ve performansi kanitlanmis termoset matris ile
glinlimiizde gittik¢e geri doniisiimiiniin miimk{in olmas1 ve tiretim
maliyetleri diisiik olmasiyla tinlenen termoplastik matrisin, delik
delme operasyonlarinda gosterdigi performans incelenmektedir.

2. MATERYAL VE YONTEM

Calismada, kat sayilar1 ve serim yonleri esit karbon fiber
takviyeli kompozit plakalar kullanilmistir. Plakalardan biri
termoset matrise, digeri termoplastik matrise sahiptir. Deney
malzemelerine ait gorseller Sekil 1° de paylasilmis ve deney
malzemelerine ait teknik 6zellikler Tablo 1’ de verilmistir.

Sekil 1. Deney Malzemeleri

(a) Termoset Matirsli Kompozit | (b) Termoplastik Matrisli Kompozit
Levha Levha

Tablo 1. Deney Malzemelerinin Fiziksel ve Teknik Ozellikleri

Matris Tipi Termoset Termoplastik
Recine tipi Epoksi PAEK

Takviye Elemani Karbon Fiber Karbon Fiber
Orgii Tipi 2X2 Twill 5HS

Regine Orani %40 %42

Cams1 Gegig Sicaklig: (°C) 196 148

Regine Yogunlugu (g/cm?) 1.29 1.30

Fiber Yogunlugu (g/cm3) 1.78 1.60

Kat Sayis1 16 Karbon + 1 Cam Elyaf 16 Karbon + 1 Cam Elyaf
Serim Agisi ve Diizeni [[(+-45)/(0,90)]4]S [[(+-45)/(0,90)]4]S
En * Boy* Kalinlik (mm) 450* 650*5.21 450*%650*5.19
Kiirlenmig Kat Kalinligi (mm) 0.285 0.310

Cekme Mukavemeti (MPa) 875 755

Basma Mukavemeti (MPa) 825 650
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Deney malzemeleri {izerine esit sartlarda matkap, freze ve
su jeti metotlart ile @10 mm Olglisiinde delikler agilmustir.
Deliklerin acgilmasinda delik delme, frezeleme ve su jeti
islemlerini yapma Kabiliyetine sahip fonksiyonel bir tezgah
kullanilmistir. Matkapla delik delme, freze ile delik genisletme ve
su jeti ile delme iglemlerine ait caligma parametreleri Tablo 2’ de
verilmigtir.

Tablo 2. Caliyma Parametreleri ve Seviyeleri

Level

Metot Faktor /Kodu- Tanimi Sembol 1 2 3
Matkap A-.is Mili Hizi N (rev/min) | 2000 | 10000 | 18000
B- Ilerleme Hiz1 f (mm/min) | 300 900 1800
Freze A-.is Mili Hiz1 N (rev/min) | 1500 | 11500 | 17500
B- Ilerleme Hizi f(mm/min) | 200 800 1600
Su jeti A- Tlerleme Hizi f(mm/min) | 200 800 1600

B- Nozul Yaklasma Mesafesi Ad (mm) 4 8 12

Deneyler, Taguchi L9 ortogonal diizenine gore
gerceklestirilmistir. Taguchi deney diizeni ¢izelgesi Tablo 3’ te
verilmistir. Bu deney diizeninde matkap ve freze operasyonlari
icin devir sayist ve ilerleme hizi kontrol parametreleri olarak
secilmistir. Asindiric1 su jeti ile delik agma operasyonlarinda
yaklasma mesafesi ve ilerleme hizi kontrol parametreleridir.
Deneylerde giivenilirligi saglayabilmek amaciyla her delik
operasyonu Ui¢ defa tekrarlanmistir. Taguchi metodu ideal kesme
parametrelerini belirleyebilir, ancak kesme parametrelerinin
kalite kriterlerine etki seviyesini sunamaz. Bu sebeple istatiksel
analiz yontemlerinden Varyans Analizi (ANOVA) kullanilmistir
[4]. Buna ek olarak, varyans analizi gruplar arasindaki farki
belirleyebilirken, hangi gruplarin birbirinden farkli oldugunu
belirleyemez. Gruplar arasindaki farkin da tespit edilebilmesi i¢in
Tukey Test kullanilmistir. Tukey Test ile ¢oklu karsilagtirmalar
yapilarak, ANOVA sonuglar1 daha saglikli yorumlanabilir.

Delik agma operasyonlari, matkap ile, parmak freze ile ve
asindirict su jetiyle gerceklestirilmistir. Deneylerde kullanilan
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kesici takim ve takim tezgahma ait gorseller Sekil 2’ de

sunulmustur.
Tablo 3. Lo Taguchi Deney Duzeni
Taguchi Lg Ortogonal Deney Diizeni

Deney No N f
1 1 1
2 1 2
3 1 3
4 2 1
5 2 2
6 2 3
7 3 1
8 3 2
9 3 3

Sekil 2. Deney Takimlari
Matkap Ucu Parmak Freze Asidiricr Su Jeti

Agilan deliklerde 1 um hassasiyete sahip i¢c cap
mikrometresiyle deligin giris, orta ve ¢ikis konumlarindan ¢ap
Olgiimleri almmustir. Kompozit levhalarda montajlama ve
birlestirme faaliyetleri agisindan farkli imalat metotlariyla agilan
deliklerde cap olgiileri arasindaki iliski dnemli bir kalite kriteridir
[5]. Numuneler iizerinde agilan deliklerden alinan ¢ap
Olclimlerine ait gorsel Sekil 3’ te paylagilmistir.
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Sekil 3. i¢ Cap Ol¢iimii

3. DENEYSEL SONUCLAR VE TARTISMA

Elde edilen 6l¢li degerlerin giivenilirligini analiz etmek
amactyla varyans analizi (ANOVA) metodu kullanilmistir.
Gruplar iginde seviyeler arasi farkliliklar1 belirlemek amaciyla
Tukey Test’ ten faydalanilmistir [6]. Gergeklestirilen analizler
Genel Analiz ve Parametrik Analiz olarak iki gruba ayrilmistir.
Genel Analizlerde tekrarlarin giivenilirligi, metot, konum ve ¢ap
Olgiileri arasindaki iligkiler ve farklar incelenmistir. Parametrik
Analizlerde kesme parametrelerinin cap olculerine etkileri
lizerine calisilmistir. Tekrarlarin gilivenilirligini gézlemlemek
amaciyla gerceklestirilen ANOVA analizlerine ait sonuglar Tablo
4- 9’ da sirasiyla Termoset ve Termoplastik matris tipi igin
verilmigtir.

Tablo 4-9 incelendiginde  karsilastirilan  tekrar
Olctimlerine ait veri setleri arasinda %95 giiven araliginda anlamli
bir farklilik olmadig1 goriilmektedir. Tukey Test gruplar arasi
karsilastirmalarda da tim konumlar i¢in aymi harfin
paylasilmasiyla anlamli bir fark olmadig1 kanitlanmaktadir. Sekil
4 ve 5’ te grafiksel olarak cap ol¢iim tekrarlarinin metotlar ve
konumlar arasi iliskileri verilmistir.
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Tablo 4. TS, Matkap, ANOVA ve Tukey Sonuclari

Overall ANOVA Tukey Test
Loc| Par DF SS MS F Prob>F* = Sig. |Rep. Mean Grp
Model | 2 1.84667E-4 9.23333E-5 0.21739 0.80619 No | 3 1 10.03206 A
In| Error 24 0.01019  4.24743E-4 1 10.02972 A
Total 26  0.01038 2 1002572 A
Model 2 0.00169 | 8.45898E-4 0.94873 0.40128 No | 3 10.01583 A
Mid| Error 24 0.0214 8.91613E-4 2 10.00744 A
Total 26 0.02309 1 9.9965 A
Model 2 2.20389E-4 1.10194E-4 0.18414 0.83298 No | 3 10.00617 A
Out| Error 24 0.01436  5.98428E-4 2 10.00344 A
Total |26 0.01458 1 999922 A
* Prob>F, 0,05 seviyesinden kii¢iik oldugunda él¢iim degerlerinin ortalamalar: onemli 6l¢iide
farkhidr.
Tablo 5. TS, Freze, ANOVA ve Tukey Sonuglari
Overall ANOVA Tukey Test
Loc.| Par. DF SS MS F Prob>F* | Sig. | Rep. Mean Grp
Model = 2 0.00307 0.00153 0.03393  0.96669 | No | 1 9.69011 A
In | Error 24 1.08436 0.04518 3 9.672 A
Total 26 1.08742 2 9.66478 A
Model | 2 0.04795 0.02398 0.49451  0.61595 | No | 3 9.66611 A
Mid | Error 24 1.16363 0.04848 1 9.60867 A
Total 26 1.21158 2 9.56311 A
Model = 2 0.00672 0.00336 0.06404 0.93813 | No | 3 9.67578 A
Out | Error 24 1.25855 0.05244 1 9.64989 A
Total 26 1.26526 2 9.638 A
Tablo 6. TS, Su Jeti, ANOVA ve Tukey Sonuclari
Overall ANOVA Tukey Test
Loc.| Par. DF SS MS F Prob>F* Sig.| Rep. Mean Grp
Model = 2 0.01645 0.00823 0.03606 @ 0.96464 No| 2 10.2755 A
In | Error 24 5.475750.22816 1 10.25672 A
Total 26 5.49221 3 10.21633 A
Model = 2 0.00537 0.00269 0.01248 = 0.9876 No| 1 10.05872 A
Mid | Error 24 5.16686 0.21529 3 10.03189 A
Total 26 5.17223 2 10.02644 A
Model = 2 0.00468 0.00234 0.01101 H 0.98906 No| 1 9.96489 A
Out | Error 24 5.10052 0.21252 3 9.95433 A
Total 26 5.1052 2 9.93322 A
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Tablo 7. TP, Matkap ANOVA ve Tukey Sonuglari

Overall ANOVA Tukey Test
Loc. | Par. DF SS MS F Prob>F* [Sig.| Rep. Mean Grp
Model 2 5.31685E-4 2.65843E-4 0.07902 0.92426 [No| 1 |10.04372 A
In | Error 24 0.08074 0.00336 2 10.03711 A
Total 26 = 0.08127 3 10.03294 A
Model 2 | 0.00331 0.00165 | 0.59014 0.56209 No| 2 10.04672 A
Mid | Error 24 0.0673 0.0028 3 10.02539 A
Total 26 0.07061 1 10.02156 A
Model 2 1.34074E-5 6.7037E-6 = 0.0028 @ 0.9972 No| 1 | 10.01661 A
Out |Error 24 | 0.0574 0.00239 3 10.01617 A
Total 26 0.05742 2 110.01494 A
Tablo 8. TP, Freze ANOVA ve Tukey Sonuclari
Overall ANOVA Tukey Test
Loc. | Par. DF SS MS F Prob>F* |Sig. Rep.  Mean Grp
Model 2 3.67185E-4 1.83593E-4 0.00438 & 0.99563 No| 3 9.70344 A
In | Error 24 | 1.00624 0.04193 2 9.69644 A
Total 26  1.00661 1 | 9.695 A
Model 2 = 0.00135 6.76593E-4 0.01664 & 0.98351 No| 3 9.69222 A
Mid | Error 24 | 0.9761 0.04067 2 | 9.684 A
Total 26 0.97745 1 9.67489 A
Model 2 = 0.00172 8.62037E-4 0.02162 = 0.97863 No| 3 9.69956 A
Out | Error 24 | 0.95674 0.03986 1 19.68289 A
Total 26  0.95847 2 9.68233 A
Tablo 9. TP, Su Jeti ANOVA ve Tukey Sonuglari
Overall ANOVA Tukey Test
Loc.| Par. DF SS MS F Prob>F*|Sig. Rep. Mean Grp
Model 2 0.00276 0.00138 0.00555 0.99446 No| 3 10.16822 A
In | Error 24 = 5.96629 0.2486 2 10.16633 A
Total 26 = 5.96906 1 10.14589 A
Model 2  1.59185E-4 7.95926E-5 | 3.72105E-4 0.99963 No| 3  9.95411 A
Mid| Error 24  5.13356 0.2139 1 9.95244 A
Total 26 = 5.13372 2 994833 A
Model 2  1.91852E-5 9.59259E-6 #4.30574E-5 0.99996 No| 3 9.83511 A
Out| Error 24 | 5.34687 0.22279 1 9.83367 A
Total 26 = 5.34689 2 9.83311 A
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Sekil 4. TS, Konum ve Metotlara Gore Cap Ol¢iim Sonuglar
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Sekil 5. TP, Konum ve Metotlara Gore Cap Olciim Sonuclar
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Her metot kendi arasinda anlaml bir kiime olusturmustur.
Tekrarlar boyunca en kugik sapma Matkap metodunda
gerceklesmistir. Tekrarlar arasindaki en biylk sapma ise su jeti
metodundadir. Bu sonug, su jeti yonteminin diger yontemlere
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gore diisiik hassasiyetli oldugunu meydana ¢ikarmistir [7]. Bu
durumda, tekrarlar arsinda fark yoksa metotlar ve konumlar
arasindaki ortalama c¢ap farkliliklarinin incelenmesi gerekir. Her
iki matris tipindeki malzeme iizerinde agilan deliklere ait konum
ve metotlar aras1 ortalama c¢ap Sl¢iilerinin karsilastirilmas: grafik
Sekil 6’ da verilmistir.

Sekil 6. Konuma ve Metoda Bagh Ortalama Cap Olgiilerinin
Matris Tipine Gore Karsilastirilmasi

[ IMean+1SE [ Mean+95% Cl — Median Line Mean

10,4 4

10,2

10,0

Delik Capi (mm)

J oWy | g

m.lm:l‘rm.lm:lwmlm: Imslxs-ttrpmlmutrmnlmu wm[mn[wm[mnlwmnlnm
Metot Matkapl Freze ISu Jati Mulkapl Freze ISU Jeti Malkupl Freze ISu Jeti
Konum In Mid Out

Termoset plakalarda acilan delikler termoplastik
plakalardaki deliklere gore matkap yonteminde orta ve ¢ikis
konumlarinda daha istikrarli bir sonu¢ vermistir. Bu durum TS
matrisin kimyasal bag molekiiler yapisinin, kuvvetli baglara sahip
olmasiyla agiklanabilir [8]. Her iki matris tipi igin de genel olarak
matkap ve freze operasyonlarinda delik boyunca konuma goére
olgiilerin ¢ok degismedigini ancak, su jetinde konumlar arasinda
fark olabilecegini grafiksel olarak gostermektedir. Su jeti
metodunda TS matris yapisinin kuvvetli baglardan olugmasiyla
OUT konumunda asindirici jetin Kinetik enerjisini TP’ ye gore
daha fazla kayba ugrayarak, kaldirilan malzeme miktarinin daha
az miktarda oldugu gozlemlenmistir. Su jeti icin ise Mid

10
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konumunda ¢ap ortalamasi, In ve Out konumlarindan 6nemli
derecede farkli degildir, ancak In ve Out konumlarina ait gap
ortalamalar1 arasinda 6nemli bir farklilik vardir. Bu durum kerf
acis1 olusumuna isaret etmektedir [9]. En diisiik sapmaya sahip
delik acma yodnteminin matkap oldugu soylenebilir. Freze
metodunun ondalik mertebede termoplastik matrisli plakalarda
daha biiylik capta delikler olusturdugu gozlemlenmektedir.
Konuma ve metoda bagl ortalama c¢ap 6lgiilerinin matris tipine
gore kiyaslandigi grafigin sayisal karsiligi tek yonli ANOVA ve
karsilagtirmali Tukey test analizleriyle Tablo 10-12° de
gorulebilir.
Tablo 10. In Konumunda Metoda Bagh Ortalama Cap
Olgiilerinin ANOVA ve Tukey Test Sonuglar

Overall ANOVA Tukey Test
Loc DF SS MS F Prob>F* Sig| Mat Mean Grp
Model 1 | 0.00104 0.00104 0.58768 0.44678 NO| TP = 10.03793 A
Matkap | Error ' 52 | 0.09165 0.00176 TS 10.02917 A

Total 53 | 0.09269
Model 1 | 0.00694 0.00694 0.17224 0.67984 NO| TP 9.6983 A
Freze | Error 52 | 2.09403 0.04027 TS  9.67563 A
Total 53  2.10097
Model 1 | 0.10783 0.10783 0.48921 0.4874 NO| TS & 10.24952 A
Su Jeti | Error | 52 111.46126 0.22041 TP  10.16015 A
Total 53 11.56909

Tablo 11. Mid Konumunda Metoda Bagh Ortalama Cap
Olgiilerinin ANOVA ve Tukey Test Sonuglar

Overall ANOVA Tukey Test
Loc DF SS MS F Prob>F* | Sig | Mat = Mean Grp
Model 1 0.00819 0.00819 4.54499 0.03776 YES| TP 10.03122 A
Matkap | Error | 52 | 0.0937 0.0018 TS 10.00659 B

Total 53 0.10189
Model 1 0.0682 0.0682 1.61997 0.20876 NO | TP = 9.6837
Freze | Error 52 2.18903 0.0421 TS 9.61263
Total 53  2.25723
Model 1  0.1031 0.1031 0.52019 0.47399 | NO | TS 10.03902 A
Su Jeti | Error 52 10.30596 0.19819 TP 1 9.95163 A
Total 53 10.40905

> >
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Tablo 12. Out Konumunda Metoda Bagh Ortalama Cap
Olciilerinin ANOVA ve Tukey Test Sonuclari

Overall ANOVA Tukey Test

Loc DF SS MS F Prob>F* | Sig | Mat = Mean Grp
Model 1 | 0.00227 0.00227 1.63838 0.20623 NO | TP 10.01591 A
Matkap| Error |52 0.072 0.00138 TS 10.00294 A

Total 53| 0.07427
Model 1  0.01534 0.01534 0.3586 @ 0.55188 NO | TP = 9.68826
Freze | Error 52 2.22373 0.04276 TS | 9.65456
Total 53| 2.23906
Model 1  0.18433 0.18433 0.91708 0.34268 NO | TS 9.95081 A
Su Jeti | Error 52 10.45209 0.201 TP | 9.83396 A
Total 53 | 10.63642

Tablo 10- 12 incelendiginde Matkap metodunun Mid
konumunda ortalama ¢ap Olgiilerinin anlamli derecede farkliliga
sahip oldugu goriilmektedir. Bu durum Tukey Test sonuglariyla
da desteklenmektedir.

A
A

Kesme parametrelerinin cap o6lculerine etkilerinin analizi
parametrik analizler olarak isimlendirilmistir. Tiim metotlar ve
matris tipleri i¢in 9 tam faktoriyel deney tablosu kullanilmistir ve
deney dizeni Tablo 13’ te verilmistir.

Genel analizlerde deney tekrarlarimin  gilivenirligi
onaylandigindan bu asamada her bir kosul i¢in istatiksel olarak
0zdes veri gruplar1 mevcuttur. Her bir malzeme grubunda delik
konumlarina bagl olarak delik ¢aplarinin degisimi tizerine kesme
parametrelerinin etkisi Tablo 14- 19’ da gosterilmektedir.

Tablo 13. Deney Tablosu

Matkap Freze Su Jeti

A B A B A B

Run A B N f N f f Ad
1 1 1 2000 300 1500 200 200 4
2 1 2 2000 900 1500 800 200 8
3 1 3 2000 1800 1500 1600 200 12
4 2 1 10000 300 11500 200 800 4
5 2 2 10000 900 11500 800 800 8
6 2 3 10000 1800 11500 1600 800 12
7 3 1 18000 300 17500 200 1600 4
8 3 2 18000 900 17500 800 1600 8
9 3 3 18000 1800 17500 1600 1600 12

12
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Tablo 14. TS, Matkap Konuma Gore Delik Caplarinin ANOVA

Sonuclari
TS
Loc Par DF SS MS F P Sig
N 2 0.0026 | 0.0013 | 114.330 6.24E-04 | YES
f 2 0.0016 | 0.0008 71.608 5.15E-03 | YES
> Interaction(Nxf) 4 0.0041 | 0.0010 89.630 3.64E-04 | YES
- Model 8 0.0083 | 0.0010 91.299 5.65E-05
Error 18 0.0021 | 0.0001
Corrected Total 26 0.0104
N 2 0.0089 | 0.0044 68.679 6.07E-03 | YES
f 2 0.0007 | 0.0003 0.5056 6.11E-01 NO
a) Interaction (Nxf) 4 0.0025 | 0.0006 0.9483 4.59E-01 NO
= Model 8 0.0120 | 0.0015 23.175 6.61E-02
Error 18 0.0116 | 0.0006
Corrected Total 26 0.0236
N 2 0.0055 | 0.0028 | 112.682 | 6.71E-04 | YES
f 2 0.0031 | 0.0016 64.069 7.92E-03 | YES
5 Interaction (Nxf) 4 0.0015 | 0.0004 | 15.186 2.39E-01 | NO
(@) Model 8 0.0102 | 0.0013 51.781 1.83E-03
Error 18 0.0044 | 0.0002
Corrected Total 26 0.0146

Tablo 15. TP, Matkap Konuma Goére Delik Caplarinin ANOVA

Sonuclari
TP
Loc. Par. DF SS MS F P Sig
N 2 0.0204 | 0.0102 | 473.997 | 6.71E-08 | YES
f 2 0.0185 | 0.0092 | 428.619 | 1.43E-07 | YES
> Interaction(Nxf) 4 0.0385 | 0.0096 | 447.651 | 4.06E-09 | YES
- Model 8 0.0774 | 0.0097 | 449.479 | 2.45E-10
Error 18 | 0.0039 | 0.0002
Corrected Total 26 | 0.0813
N 2 0.0130 | 0.0065 | 106.854 | 8.73E-04 | YES
f 2 0.0202 | 0.0101 | 165.904 | 8.23E-05 | YES
o Interaction (Nxf) 4 0.0264 | 0.0066 | 108.268 | 1.19E-04 | YES
= Model 8 0.0596 | 0.0075 | 122.323 | 7.39E-06
Error 18 0.0110 | 0.0006
Corrected Total 26 0.0706
N 2 0.0101 | 0.0051 | 230.723 | 1.08E-05 | YES
f 2 0.0158 | 0.0079 | 358.884 | 5.24E-07 | YES
5 Interaction (Nxf) 4 0.0276 | 0.0069 | 313.708 | 6.83E-08 | YES
(e) Model 8 0.0535 | 0.0067 | 304.256 | 6.32E-09
Error 18 0.0040 | 0.0002
Corrected Total 26 | 0.0574
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Tablo 16. TS, Freze Konuma Gore Delik Caplarinin ANOVA

Sonuclari
TS
Loc Par DF SS MS F P Sig
N 2 0.2790 | 0.1395 | 1.265.775 | 2.50E-11 | YES
f 2 0.7786 | 0.3893 | 3.531.962 | 3.61E-15 | YES
> Interaction (Nxf) 4 0.0100 | 0.0025 22.729 1.01E-01 | NO
- Model 8 10.676 | 0.1335 | 1.210.799 | 4.69E-14
Error 18 | 0.0198 | 0.0011
Corrected Total 26 | 10.874
N 2 0.2200 | 0.1100 42.181 3.15E-02 | YES
f 2 0.4244 | 0.2122 81.375 3.04E-03 | YES
o Interaction (Nxf) 4 0.0977 | 0.0244 0.9365 4.65E-01 | NO
= Model 8 0.7422 | 0.0928 35.572 1.21E-02
Error 18 | 0.4694 | 0.0261
Corrected Total 26 | 12.116
N 2 0.3586 | 0.1793 854.527 6.48E-10 | YES
f 2 0.8425 | 0.4212 | 2.007.447 | 4.93E-13 | YES
5 Interaction (Nxf) 4 | 0.0264 | 0.0066 31.448 3.99E-02 | YES
o Model 8 12.275 | 0.1534 731.217 3.82E-12
Error 18 | 0.0378 | 0.0021
Corrected Total 26 | 12.653

Tablo 17. TP, Freze Konuma Gére Delik Caplarinin ANOVA

Sonuclari
TP
Loc Par DF SS MS F P Sig
N 2 0.1902 0.0951 825.885 | 8.54E-10 | YES
f 2 0.7651 0.3826 | 3.321.595 | 6.19E-15 | YES
— |_Interaction (Nxf) 4 0.0306 0.0076 66.305 1.84E-03 | YES
- Model 8 0.9859 0.1232 | 1.070.022 | 1.39E-13
Error 18 0.0207 0.0012
Corrected Total 26 10.066
N 2 0.1834 0.0917 994.989 | 1.86E-10 | YES
f 2 0.7393 0.3696 | 4.009.841 | 1.18E-15 | YES
0 | Interaction (Nxf) 4 0.0382 0.0095 103.474 | 1.57E-04 | YES
= Model 8 0.9609 0.1201 | 1.302.945 | 2.46E-14
Error 18 0.0166 0.0009
Corrected Total 26 0.9775
N 2 0.2201 0.1101 | 1.215.604 | 3.51E-11 | YES
f 2 0.6598 0.3299 | 3.643.403 | 2.75E-15 | YES
5 Interaction (Nxf) 4 0.0622 0.0156 171.783 | 5.82E-06 | YES
(@) Model 8 0.9422 0.1178 | 1.300.643 | 2.50E-14
Error 18 0.0163 0.0009
Corrected Total 26 0.9585
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Tablo 18. TS, Su Jeti Konuma Gére Delik Caplarinin ANOVA

Sonuclari
TS
Loc Par DF SS MS F P Sig
f 2 36.444 | 18.222 1.291.525 2.11E-11 | YES
Ad 2 14.405 | 0.7202 510.485 3.82E-08 | YES
> Interaction (fxAd) 4 0.1534 | 0.0384 27.183 6.24E-02 | NO
- Model 8 52.383 | 0.6548 464.094 1.87E-10
Error 18 | 0.2540 | 0.0141
Corrected Total 26 | 54.922
f 2 40.286 | 20.143 | 12.199.197 6.06E-20 | YES
Ad 2 10.361 | 0.5180 3.137.419 1.02E-14 | YES
fa) Interaction (fxAd) 4 0.0779 | 0.0195 117.917 7.03E-05 | YES
s Model 8 51.425 | 0.6428 3.893.113 1.48E-18
Error 18 | 0.0297 | 0.0017
Corrected Total 26 | 51.722
f 2 41.566 | 20.783 9.408.219 6.16E-19 | YES
Ad 2 0.8709 | 0.4354 1.971.186 5.77E-13 | YES
5 Interaction (fxAd) 4 0.0379 | 0.0095 42.926 1.30E-02 | YES
[e) Model 8 50.654 | 0.6332 2.866.314 2.27E-17
Error 18 | 0.0398 | 0.0022
Corrected Total 26 | 51.052

Tablo 19. TP, Su Jeti Konuma Gore Delik Caplarimin ANOVA

Sonuclari
TP
Loc Par DF SS MS F P Sig
f 2 43.601 | 21.801 8.560.149 1.43E-18 | YES
Ad 2 14.284 | 0.7142 2.804.277 2.72E-14 | YES
> Interaction (fxAd) 4 0.1348 | 0.0337 132.291 3.37E-05 | YES
- Model 8 59.232 | 0.7404 2.907.252 2.00E-17
Error 18 | 0.0458 | 0.0026
Corrected Total 26 | 59.691
f 2 43.382 | 21.691 | 32.568.819 9.17E-24 | YES
Ad 2 0.6904 | 0.3452 5.183.145 1.23E-16 | YES
a) Interaction (fxAd) 4 0.0932 | 0.0233 349.747 2.92E-08 | YES
= Model 8 51.217 | 0.6402 9.612.865 4.51E-22
Error 18 | 0.0120 | 0.0007
Corrected Total 26 | 51.337
f 2 47.460 | 23.730 | 82.290.718 2.22E-27 | YES
Ad 2 0.5299 | 0.2650 9.187.808 7.61E-19 | YES
5 Interaction (fxAd) 4 0.0658 | 0.0164 570.109 5.61E-10 | YES
O Model 8 53.417 | 0.6677 | 23.154.686 1.68E-25
Error 18 | 0.0052 | 0.0003
Corrected Total 26 | 53.469
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Matkap ve freze metotlarinda is mili hiz1 ve ilerleme hizi
seviyelerinin 6nemli &lglide birbirinden farkli oldugu, su jeti
yonteminde yaklasma mesafesi ve ilerleme hizi degerlerinin
onemli derecede farkli oldugu goriilmektedir. Sekil 7, 8 ve 9’ da
kesme parametrelerinin ¢ap Olcistne etkisi matris tipine gore
verilmistir.

Matkap yontemi icin ana etki grafiginde gortildiigii tizere
her iki malzeme icin de Is Mili Hizinin yiikselmesiyle cap
degerleri artmistir. Takim salgisinin artmasiyla bu durum
yasaniyor olabilir. Her iki matris tipi i¢in de orta seviyedeki is
mili hizinin tercih edilmesi, nominal ¢ap 6lglsiinin saglanmasina
katk: verebilir. Sonuglara bakarak, Ilerleme hizinin cap 6lgusi
icin 6nemli bir kesme parametresi oldugu soylenebilir. Ilerleme
hizinin  diisiik  seviyelerinde delik ¢apmin  blyUdigi
gozlemlenmektedir. Freze yonteminde yiiksek is mili hizinin
nominal ¢apa ulasmada her iki malzeme tipi igin de etkisi oldugu
sOylenebilir. Buna ek olarak, ilerleme hizinin diisiik seviylerinde
nominal cap degerlerinin saglanabildigi soOylenebilir. Freze
yontemi her iki malzeme tipi igcin de kesme parametreleri
bakimindan yakin sonuglar vermistir. Freze metoduyla delik
agmanin karbon fiber takviyeli polimer kompozitlerin delinmesi
icin umut verici bir delik agma teknigi oldugu literatiirde de dile
getirilmektedir [10]. Su jeti metodunda her iki matris tipi icin de
ilerleme hizinin diisiik seviyelerinde yiiksek c¢ap, diisiik
seviyelerinde yuksek cap elde edilmistir. Bu durum, birim
zamanda talas kaldirma kabiliyetiyle iliskilendirilebilir.
Yaklasma mesafesinin malzeme yuzeyine olan mesafesinin
artmastyla, delik ¢apin artmasi, nozuldan ¢ikmis olan jetinin,
parca yiizeyine ulasana kadar asil formunu vyitirmesiyle
aciklanabilir. Bu durum, jetin kinetik enerjisini malzeme
kalinligiyla dogru orantili olarak kaybettigini gostermektedir
[11].
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Sekil 7. Matkap Metodunda Kesme Parametrelerine Gére Cap
Olgiilerinin Degisimi
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Sekil 8. Freze Metodunda Kesme Parametrelerine Gore Cap
Olgiilerinin Degisimi
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Sekil 9. Su Jeti Metodunda Kesme Parametrelerine Gore Cap
Olgiilerinin Degisimi
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Yapilan analizler ve incelemeler sonucunda kesme
parametrelerinde Matkap metodunda her iki matris tipi i¢in is mili
hizinin optimum degerden yukar1 yonde artmasi nominal delik
capindan uzaklasmaya neden olmaktadir. Bunun yaninda diisiik
ilerleme hizlart matkabin merkezlenmesini saglayamayarak ¢ap
Olciisiinii  biylittigli  diisliniilmektedir. Termoplastik matrisli
malzemenin olumsuz  etkilerden kolay  etkilenerek
islenebilirliginin daha kolay oldugu soOylenebilir. Freze
metodunda yiiksek is mili hiz1 ve diisiik ilerleme hiz1 degerleriyle
nominal c¢ap Olgiisiine yakin delikler elde edilebilecegi
gorulmektedir. Her iki matris tipi i¢in de Freze metodunda kesme
parametrelerinin  etkisi benzerlik gostermektedir. Su jeti
operasyonlarinda diisiik ilerleme hizlarinda birim hacimde
asindirma miktar1 arttigindan dolay1 cap Olgiileri yliksek
cikmaktadir. ilerleme hiz1 optimum degere getirilerek nominal
cap Olclisiiniin yakalanabilecegi gortilmektedir. Bunun yaninda
yaklagma mesafesinin ideal oOl¢iide ayarlanmasinin Onemi
grafiklerde goze carpmaktadir. Yaklagsma mesafesi arttikca su
jetinin formu bozuldugu i¢in agindirma ¢ap1 artmaktadir. Her iki
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malzeme tipi i¢in de cap degerleri arasinda dikkate deger fark
gozlemlenmemistir [12-15].

4. SONUC

Bu calismada uzun yillardir tecriibe birikimi yiiksek
termoset matrisli kompozit malzemelerde delik delme sirecinin
termoplastik matrisli kompozitlerle karsilastirilmas: iizerine
calistlmigtir. Termoplastik matrisin avantajlarinin  yaninda
getirdigi  zorluklar1 hangi imalat metodu ve c¢alisma
parametreleriyle ideal c¢apta delikler ¢ikarmak {izere
kullanilabilecegi arastirilmistir. Yapilan analizler neticesinde
asagidaki sonuglara ulagilmistir:

O Matkap yontemi ideal ¢ap Olgiisiine en yakin sonuglarin
elde edilebilecegi yontemdir. Freze yontemi, 6zel capta
matkap ucu gibi maliyet arttirict gereksinimleri ortadan
kaldirarak, istenilen ¢ap Ol¢iisiinii ¢ikarabilecek gelecek
vaat eden yontemdir. Su jeti yontemi, fiber takviyeli
polimer matrisli kompozitlerde kerf acist1 olusumu
gozlenmesi sebebiyle dar toleransl delik operasyonlarinda
tercih edilmemelidir.

0 Calisma parametreleri elde edilecek c¢ap Olclileri igin
onemli  bir  belirleyicidir. Optimum  ¢alisma
parametrelerinin  belirlenmesi  slrecin ~ maliyetini
diistiriirken, kaliteyi arttirmaktadir.

0 Su jeti operasyonlarinda yaklasma mesafesinin 6nemi bu
caligma sayesinde ortaya konmustur. Nozul parca
ylizeyinden uzaklastik¢a, elde edilen delik caplarinda
tolerans dis1 degerler gortlmektedir.

0 Aym calisma parametrelerinde termoset ve termoplastik
matris arasinda  dikkate deger bir c¢ap farki
gbzlemlenmemistir.
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0 Matkap ve Freze metotlarinda devir sayisinin artmasiyla
delik capinin biiylimesi takim salgisi ile iliskilendirilebilir.

0 Deneyler esnasinda termal kamera kullanilarak sicaklik
takibi  yapilmast  termoplastik  matrisin  yiiksek
sicakliklardaki davranisini yorumlamada faydali olabilirdi.
Gelecekte yapilacak aragtirmalarda bu durum goz 6niinde
bulundurulabilir.

0 Deneylerde daha kalin plakalar kullanilarak, metotlar ve
calisma parametreleri i¢cin daha farkli yorumlar ortaya
cikabilir. Deneyler kuru sartlarda gergeklestirilmistir.
Islak, minimum miktarda yaglama, kriyojenik vb. sartlarda
deneyler tekrarlanarak matris davraniglarini  gérmek
faydali olabilir.
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ARAC ZIRHI UYGULAMALARI VE iLGILI
ULUSLARARASI BALISTIK TESTLER

Yilmaz KUCUK!
Seref Giiven¢ DESTERECI]?

1. GIRIS

Insanoglunun varolus miicadelesindeki baslica unsur
daima tehlikelere karst kendini koruma iggiidiisii olmustur.
Gegen ylizyillar icerisinde hizla yeni buluslara ve gelismelere
imza atan insanoglu korunma diirtiisiiniin de etkisiyle kullandig1
silahlarda ve korunma malzemelerinde hizli bir ilerleme
saglamistir. Giintimiizde devlet gilivenlik giiclerinin, ozellikle
sicak temaslarda vazgegilmezi olan koruyucu zirhlarin gegmisi
bu yiizden neredeyse insanligin  varolusuna  kadar
dayanmaktadir. ilk baglarda tahtadan yapilan ilkel kalkanlar ile
kendini korumaya calisan insanoglu; ozellikle demir, bronz,
bakir ve alasimlarinin kesfi ile zirh ustalarinin gelistirdigi ¢ok
daha giiclendirilmis kalkanlari, migferleri ve giyilebilir zirhlar
da kullanmaya basladi. Birinci diinya savasi slirecinde motorun
icat edilmesiyle, tanklar ve zirhli araclar tarih sahnesindeki
yerlerini ilk defa almis oldular (Tsirogiannis, Daskalakis,
Vogiatzis, et al., 2024). Her defasinda daha iyisini hedefleyen
insanoglu, ozellikle son yiizyillik siiregte miihendislik ve
malzeme bilimi alanlarinda kat edilen yol ve teknolojik
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Makine Miihendisligi

gelismeler ile beraber balistik konusunda onemli ilerlemeler
kaydetmistir.

Dinyada degisen jeopolitik gelismelerle birlikte
terérizmde artig, iilke hiikiimetlerinde istikrarsizliklar ve i¢
karisikliklar meydana gelmekte, bu durum da i¢ givenlik ve
askeri savunma alanlarinda kullanilan koruyucu ekipmanlarda
stirekli gelisen ve Yyuksek performansa sahip drlnler
gerektirmektedir(Ash, 2016). Ozellikle gelismis diinya
tilkelerinin ordularimi giiclendirme ve gelistirme c¢alismalarinda
hedefledikleri iki Onemli unsur vardir; en etkili saldir
yontemlerini  gelistirerek kargi tarafi maksimum zarara
ugratmak, ikincisi ise en 1yi savunma sistemlerini gelistirerek
olas1 bir ¢atismadan sifir can kayb1 ve en az zararla ayrilmaktir
(Sanchez Gélvez & Sanchez Paradela, 2009).

Gilinimiizde gittikge artan mermi balistik performansi,
ayni zamanda zirhlarin koruyucu oOzelliklerinin artmasimni da
zorunlu hale getirmistir. Zirhlarin  balistik  direnglerinde
beklenen bu artisin yaninda, zirh yapiminda kullanilan
muhendislik malzemeleri, bu malzemelerin kitleleri ve uretim
maliyetleri de blylk ©6nem arz etmektedir(Tsirogiannis,
Daskalakis, Hassan, et al., 2024). Ozellikle askeri arag
zirhlarinda kullanilan balistik malzemelerde olmasi beklenen iki
onemli 6zellik, yuksek koruma kabiliyeti ve hafifliktir. Arac
zirhinda kullanilan ¢elikler iyi derecede koruma saglamaktadir,
ancak sahip olduklart yiiksek 06zgiil agirlik nedeniyle aracin
manevra kabiliyetini sinirladig1 ve yakiti dnemli 6l¢iide artirdigi
icin ¢ogu zaman ilk ve tek tercih degildir. Son yillarda balistik
alaninda duyulan bu ihtiyac1 liretim teknolojilerindeki biiyiik
atilimlar ile birlikte miihendislik malzemelerine yeni bir bakis
acis1 getiren kompozit malzemeler karsilamaktadir.
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Bu Dboliimde gilinlimiizde kullanilan ara¢  zirhi
uygulamalar1 ve gegerli uluslararasi balistik test standartlar
hakkinda bilgilere yer verilmistir.

2. BALISTIK KAVRAMI
2.1.Balistik Bilimi ve Tarihsel Gelisimi

Balistik kelimesinin kokeni Roma Imparatorlugu’na
dayandig1 diislinilmektedir. Roma ordusunda kusatmalarda
kullanilan manciniga Latincede “Balista™ denilmektedir. Hedefi
isabetle vurmak igin yapilan hesaplama ve silah ayarlart modern
balistigin ilk uygulamalarini olusturmustur (Kriminal Daire
Baskanligi, n.d.).

Balistik sozciigiinin Yunanca ballein (firlatmak) ve
Fransizca balistique sozciiklerinden geldigi bilinmektedir.
Balistik, merminin silah ici ve dis1 hareketlerini ve nihai olarak
hedef Uzerinde olusturdugu hasar1 inceleyen bir bilim dalidir
(Ozguider et al., 2017). 10.yy’dan o6nce Cinlilerin barutu
kullanimi  ile  balistik  biliminin  temellerinin  atildig
diistiniilebilir. 1742°de Benjamin Robins, silahlarin namlu agzi
¢ikis hizlarmi tespit etmek icin bir balistik sarka¢ gelistirmistir.
Daha sonra hiz belirleme ¢alismalarina yonelik olarak 1792’de
Count Rumfort tarafindan barut gazinin basinct Olgilerek,
basing/atis mesafesi degisimi, mithimmat ugus yoriingesi ve
namlu agzi ¢ikis hizi hesaplanmistir. 19.yy’in baslarindan
itibaren bugunkl anlamda balistik bilimindeki gelismeler hiz
kazanmistir. 1839°da Fransiz Piobert barutun yanmasi ve hamlu
icindeki gaz hareketinden silah sistemindeki etki-tepki kuvvetini
belirleme (zerine ¢alismalar yapmistir. 1857’de Rodman, gaz
basinctyla kursunun ezilmesinden maksimum gaz basing
kuvvetini hesaplamistir. 1860°da Andrew Noble dogru basing
Olcimi icin mastarlar gelistirmistir. 1864’te Resal tarafindan
barutun yanma enerji esitliginin bulunmasiyla balistigin
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termodinamik modeli olusmustur (Ozer, 2008). Bilgi diizeyinin
ve mevcut prensiplerin  daha sonraki yillarda daha da
gelistirilmesi sonucu 20. yy’in baslarinda balistik bir bilim
olarak ortaya ¢ikmustir (Celikel, 2008).

2.2.Balistik Tipleri

Balistik genel olarak i¢ balistik, dig balistik ve terminal
balistigi olmak iizere {i¢ boliime ayrilmaktadir. I¢ balistik,
atesleme sonras1 mermi kovan ve ¢ekirdeginin namlu agzini terk
edinceye kadar gegen suredeki durumunu incelemektedir. Barut
haznesi boyut hesabi ve yanmayla olusan basin¢tan namlu ici
mermi hizin1 hesaplamay1 kapsamaktadir. Dis balistik, merminin
namluyu terk ettikten sonra havadaki hareketini inceleyen
bolimdir. Mermi ¢ekirdeginin maruz kaldigi hava direnci ve
yercekimi etkisiyle ugus yoringesindeki hareketi, sapmasi,
dengesi ve digisii gibi konular dig balistigin alanina
girmektedir. Mermi ¢ekirdeginin hedefe enerjisini iletmesi,
hedef-mermi etkilesimi, hedef darbe dinamigi ve merminin
hedefe verdigi hasar ise terminal balistigin konusudur (Yildirim
et al., 2009).

2.3.Zarhin Tanimi ve Balistik Zirh Cesitleri

Zirh, her tiirlii mermi ve patlayici etkisine kars1 koruyucu
giysilerin ve kara, hava ve deniz araglarinin digin1 kaplamak igin
kullanilan koruyucu levhalarin genel adidir (Turk Dil Kurumu,
2024). Balistik zirhlar kullanilan malzemelerin durumuna gore
batiincul (tek parca — tek malzeme) ve ¢ok katmanli-hibrit
kompozit zirhlar olmak iizere iki alanda incelenmektedir
(Yildirnm et al., 2009). Biitiinciil zirh malzemeleri ¢ok fazla
tercih edilmezler ¢iinkii tek basina biitiinciil bir malzemenin hem
yliksek koruma saglamasi hem de hafif olmasi neredeyse
imkansiz bir olasiliktir. Bu yiizden hem yiiksek koruma
ozellikleri hem de sahip olduklar diisiik yogunluklar1 nedeniyle
kompozit malzemeler giinlimiiz modern zirh iiretiminde daha
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cok tercih edilmektedir. Buradan hareketle mevcut arag zirhi
uygulamalarinin biiyiik bir béliimiinde modern miihendisliginin
bir triinii olan eklemeli/cok katmanli hibrit kompozit zirh
tasarimlar1 kullanilmaktadir (Hazell, 2023).

Arag zirh1 uygulamalar1 temel olarak sivil ve askeri
amachi kullanima yonelik gelistirilmektedir. Sivil amagh
kullanim, daha ¢ok devlet yetkililerinin kullandigi makam
araclari, banka-kargo araglar ile sivil vatandaslarin kullanimina
yonelik aracglarda, koruyucu seviyeleri standartlarla belirlenmis
zirhlar kullanilmaktadir. Askeri amagh kullanimlarda ise hem
araglari hem de igindeki askeri personeli her tirli mermi,
patlayict etkisi, sarapnel parcasi vb. etkilerden korumak igin
yine Ozellikleri ilgili standartlar ile belirlenmis yiiksek koruma
ozelligine sahip zirhlar tercih edilmektedir (Wikipedia, 2024).

3. ARAC ZIRHI UYGULAMALARI

Bu alandaki uygulamalar ve zirh yapiminda kullanilacak
malzemeler aracin kullanilacagi gorevin tehlike derecesine ve
tehdit unsurlarin durumuna (kullanilacak mithimmatin ¢esidine)
gore belirlenmektedir. Geri planda veya taktik ¢alismalar igin
kullanilan askeri araglarda yiiksek koruma ozellikli zirhlar
gerekli olmasa da kirmizi hatta gorev yapan veya Ozel
operasyonlara katilan aracglarin maksimum korumaya sahip ve
diisiik yogunluklu zirhlarla donatilmig olmasi biiyiik 6nem arz
etmektedir. Askeri araglarda balistik koruma ¢aligmalari ii¢ ana
alanda yiiriitiilmektedir: kara araglari, deniz araglar1 ve hava
araclart. Bu c¢alismada daha c¢ok kara araglari iizerinde
durulacaktir.

Stirekli gelisen teknoloji sayesinde, malzeme bilimi ve
miihendislik alanlarinda gelinen son noktada bir¢ok yeni {iretim
metoduyla beraber 0stin Ozelliklere sahip bircok malzeme
iiretilerek insanhigin  hizmetine sunulmaktadir. Uretilen bu
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malzemeler ile yasamin her alaninda oldugu gibi balistik
alaninda da biiyiik atilmlar gerceklestirilmektedir. Ozellikle son
yillarda tretimi gergeklesen kompozit malzemeler ile yiksek
korumali ve diisiik yogunluklu zirhlar iiretilebilmektedir. Bu
durum Ozellikle askeri araglarin manevra kabiliyetlerinin
kisitlanmamasi agisindan biiyilik bir 6neme sahiptir. Ayrica ¢ok
parcali zirh sistemleri sayesinde hasar alan bdlge anlik
midahaleler ile degistirilerek olusan giivenlik zafiyetleri ortadan
kaldirilabilmektedir.

3.1.Ara¢ Zirh1 Uygulamalarinda Kullanilan
Malzemeler

3.1.1. Metal Malzemeler

Zirh uygulamalarinda yaygin olarak kullanilan dért metal
malzeme bulunmaktadir: c¢elik, aliminyum ve alasimlari,
titanyum ve magnezyum (Hazell, 2023). Bu alanda en cok
kullanilan metal malzeme ise ¢eliktir. Kesfi, ucuz maaliyeti ve
islenebilirligi ile ¢ok fazla tercih sebebi olmustur. Ozellikle 1.
Diinya Savasi sirasinda kullanilan tanklarda zirh malzemesi
olarak (5-10 mm kalinliklarinda) dokme ¢elik kullanilmistir. Her
ne kadar II. Diinya Savasi doneminde zirh malzemesi olarak
haddelenmis c¢elik (50-60 mm kalinliklarinda) kullanilmaya
baslansa da 1970’lere kadar diisiik iiretim maliyetine ek olarak
tiretim cesitliligi ve {iiretim kapasitesi gibi sebeplerden otiiru
dokme gelik kullanilmaya devam etmistir (Ash, 2016).

Sekil 1. (a) 1. Diinya Savasinda Kullanilan Bir Tank

(b) 1. Diinya Savasinda Kullanilan Bir Tank
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Ozellikle tank gibi agir askeri araglarda kullanilan zirh
plakalart 100 mm kalinliga kadar diisiik alasimli celikten
uretilmektedir. Bu celik plakalar 1%% CrNiMo BS970 -
709M40 smifi (EN19), su verme ile sertlestirilmis ve UTS
(cekme dayanimi) 850 MPa seviyesine kadar tamamen
temperlenmistir. 100 mm'den kalin levhalar igin ise yine diisiik
alasimli  (1%2%NiCrMo BS970 - 817M 40 kalite (EN24)), su
verme ile sertlestirilmis ve tam temperlenmis ¢elik malzemeler
tercih edilmektedir (Doig, 2002).

Sekil 2. Zirh Uygulamalarinda Kullamilan Metallerin

Smiflandiriimasi
Metallic
armaur
I s = T = . = T
Aluminium |l Magnesium Steel ‘ Titanium
[ _i ] o [ L [ — f
| Dual
| Cast U Wrought o Wrought | Cast J Wrought \\ property lg Wrought

Kaynak: (Hazell, 2023)

Hizla gelisen teknoloji ve artan ihtiyaclar dogrultusunda
ara¢ koruma diizeylerini arttirabilmek ve oOzellikle de arag
agirliklarini belirli bir seviyede kontrol altinda tutabilmek igin
20.yy’in ortalarindan itibaren aliiminyum alagimli balistik
malzemeler kullanilmaya baglanmistir (Bao et al., 2021).
Aliiminyum ve alasimlar1 da zirh yapiminda en ¢ok tercih edilen
ikinci malzemedir.
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Sekil 3. Cesitli Zirh Malzemelerinin KE Penetrasyonunu Gosteren
Milne de Marre Grafigi
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Kaynak: (Doig, 2002)

Alman arastirmaci Alfred Wilm’in yiiriittiigli ¢alismalar
esnasinda aliiminyum alagimlarinin 1s1l isglem gérme yetenegini
bir tesadiif sonucu kesfetmesi ile aliiminyum alasimli zirh
calismalart da baslamistir. Alfred Wilm yaptigi bilimsel
calismalar sonucunda diger malzemelere kiyasla yliksek
mukavemet-agirlik orani, tokluk ve yorulma direncine sahip
yaslanmaya bagl sertlestirilebilen bir alasim olan “duralumin”i
gelistirmistir. Duralumin durable ve aluminium kelimelerinden
tiretilmis olup dayanikli altiminyum anlamma
gelmektedir(Wikipedia, n.d.). Bu malzeme beklenenden c¢ok
daha hizli bir sekilde ucak endiistrisi ve zeplinlerde
kullanilmaya baglanmistir. 2017 olarak adlandirilan bu alasim
2xxx serisi aliminyum alagimlarinin atas1 olarak kabul
edilmektedir. Bu kesfin ardindan yapilan  gelistirme
calistrmalar1 ~ sonucu  aliiminyum-magnezyum-silikon’dan
olusan 6xxx serisi alasimlar, yine aliiminyum-magnezyum-
bakir’dan olusan 2xxx serisi alagimlar ve aliiminyum-
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magnezyum-¢inko’dan olusan 7xxx serisi alagimlar iiretilmeye
baglanmistir (Macar, 2014).

Diisiik 6zgiil agirliklar1 ve uygun maliyetleri ile titanyum
(T1) ve alagimlari, sahip olduklar1t miikemmel mekanik, balistik
ve korozyon 6zellikleri ile zirh yapiminda tercih edilen bir baska
onemli malzemedir (Wang et al., 2015). Bu alanda 0zellikle
Ti—6Al-4V (Ti-64) alasimi yiksek 0Ozgul mukavemeti,
milkemmel korozyon direnci ve yiiksek kiitle verimliligi
nedeniyle balistik testlerde ©nemli bir ilgi gormektedir.
Titanyum elementi ve alasimlarinin sahip olduklar1 bu yiiksek
balistik performansin dinamik deformasyon davraniglari ve
adyabatik kesme bantlarmin olusumu ile iliskili oldugu
bilinmektedir (Lee et al., 2005). Titanyum alasimlara uygulanan
bir dizi 1s1] islem sayesinde mekanik 6zelliklerinde dolayisiyla
da balistik ozelliklerinde artis saglanmaktadir. Tim bu
ozelliklerinden otiirli titanyum ve alasimlar1 6zellikle hava ve
uzay araclari ile sicak temas kurulan bolgelerde kullanilan askeri
araclarda cok fazla tercih edilmektedir.

3.1.2.Seramik Malzemeler

Seramik malzemeler zirh yapiminda kullanilan en 6nemli
materyallerden biridir. Metalik ve kompozit zirhlardan farkli
olarak, seramikler genellikle izotropiktir, bu da seramik
malzemelerle yapilan calismalarda biiyilk bir avantaj
saglamaktadir. Bu avantajlariin yaninda kirilgan (gevrek)
malzemeler olmasi ve bazi ilging hacim 6zelliklerine yol agan
onceden var olan iiretim kusurlari igermeleri sahip olduklari bazi
dezavantajlaridir (Deans, 2017).
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Sekil 4. Hafif Seramik Kompozit Bir Zirhin Ornek Kesit Semasi

Tehdit (6rnegin, bakir kaplamali, sert ¢ekirdekli, mermi)

Pargalanma Grtiisil (Smegin, GFRP) veya
Tampon plakast (rmegin, CFRP) veya
9 Simirlayier plaka (G , gelik)

J Ara katman (5megin, elastomerik yapistiricr)

/

Destek plakas: (6rnedin aliminyum veya titanyum zirh)

Kaynak: (Deans, 2017)

Seramik katmanli zirhlar, ilk uygulamalarda sadece
kursungecirmez yelekler ve helikopterlerdeki koltuk zirhlarinin
tiretimi igin gelistirilmistir. Glinlimiizde ise seramik zirhlar esas
olarak askeri kuvvetlerde ve taktik polis ekiplerinde personel ve
ara¢ balistik korumasi, ugak ve helikopterlerin bazi kritik
parcalarinin korunmasi ve kara maymlarina karsi patlama
korumasi i¢in kullanilmaktadir. Seramik malzemeler zirh
uygulamalarinda, O©ncelikle hafif zirh sistemlerinde kiigiik
silahlara ve makineli tiifek tehditlerine karsi koruma saglamak
icin kullanilmaya baglanmistir. Bu sistemlerin tasarimi tipik
olarak seramigin mermiyi deforme etmek icin yeterli sertlige
sahip olmasina ve arkasina eklenecek uyumlu bir katmanin
mermi dokiintiilerini ve hasarli seramik malzemeyi yakalama
yetenegine dayanmaktadir (Bless et al., 2002).

Balistik koruma ig¢in farkli 6zelliklere sahip seramik
malzemeler kullanilir; bunlar arasinda bazi oksit seramikler
(¢ogunlukla farklt Al2Os iceriklerine sahip alumina seramikler)
ve oksit olmayan seramikler (¢cogunlukla karbiirler, nitriirler,
boriirler ve bunlarin kombinasyonlar1) bulunmaktadir. Seramik
zirh sistemleri genellikle, balistik naylonla kaplanmig monolitik
seramik veya kompozit seramik-metal bir gdvdeden
olusmaktadir. Diger bir yaygin uygulama olarak Kevlar™,
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Twaron™,  Spectra™, Dyneema™ gibi ylksek c¢ekme
mukavemetli bir fiber astar veya lamine polietilenle
birlestirilerek elde edilen polimer katman daha sonra seramik
veya seramik-metal kompozitin arkasina yerlestirilmektedir
(Medvedovski, 2010).

3.1.3.Fiber Malzemeler

Fiber malzemeler genellikle balistik yelek tretiminde
kullanilan miihendislik malzemeleridir. Balistik yelek, kursun
gecirmez yelek veya bir baska deyisle viicut zirhi yelegi olarak
da bilinen koruyucu ekipman, mermi ¢ekirdeginin etkisini
absorbe eden ve bunun sonucunda merminin gdvdeye niifuz
etmesini azaltan veya durduran bir viicut koruma ekipmanidir.
Balistik uygulamalarda kullanilan baslica fiber(elyaf) tiirleri
mineral (karbon fiber, cam fiber ve bazalt fiber), organik
(aramid elyaf, polietilen elyaf, para-fenilen benzobisoksazol-
PBO elyaf) ve dogal (jiit elyaf, Curaua elyaf, Ramie elyaf)
elyaflardir (Barhoumi et al., 2023) Tablo 1’de balistik
uygulamalarda kullanilan bazi elyaflarin mekanik ozellikleri
verilmisgtir.

Tablo 1. Baz1 Organik Elyaf Tarlerinin Fiziksel ve Mekaniksel

Ozellikleri
Fiber Density [g."m]] Tensile strength (MPa) Young's modulus (GPa) Strain to failure (%)
Kevlar 1.43-1.47 2965-3300 T0-113 2642
MNomex 1.38 330-630 140 22
Technora 1.39 3400 72 43
Twaren |.44 2400-3600 70-110 36
Dyneema 057 3600 1o 35
Spectra 097 3400 17 27-36
PBO 1.54-1.65 5800 180-270 25-35

Kaynak: (Barhoumi et al., 2023)

Aramid elyaf takviyeli fenolik-poli-vinil-bitiral recinesi
ve 0°/90° capraz katli yonlendirilmis polietilen elyaf takviyeli
vinil-ester reginesi esasli zirh sinifi  kompozit laminatlar,
Ozellikle patlayan mithimmatlardan kaynaklanan pargalara karsi
koruma saglamak amaciyla sert personel zirh sistemlerinde

34



Makine Miihendisligi

(6rnegin koruyucu kasklar) yaygin olarak kullanilmaktadir.
Bununla birlikte, fiber takviyeli bu kompozitler hafif zirhl
araclarda, helikopterlerde, devriye botlarinda ve mobil
barinaklarda balistik koruma amaciyla giderek daha fazla
kullanilmaya baslanmistir (Grujicic et al., 2009). Sekil 5’te zirh
yapiminda kullanilan malzemelerin  periyodik tablodaki
gosterimi verilmistir.

Sekil 5. Zirh Yapiminda Kullanmilan Malzemeler Gosteren
Periyodik Tablo

I Hydrogen-based, lightweight organic fibres |

| Lightest ceramicsl e

Be | Alloying elements for steelsl
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Kaynak: (Crouch, 2017)

3.1.4. Kompozit Malzemeler

Kompozit malzeme, iki veya daha fazla malzemenin
makro yapida bir araya getirilmesiyle olusturulan ve kendine
0zgl 0Ostin mekanik ve kimyasal 0Ozelliklere sahip yeni
malzemeye verilen addir (Bitlisli, 2019). Kompozit
malzemelerde amag bir malzemenin tek basina karsilayamadigi
mekanik 6zelliklerini (mukavemet, tokluk, elastisite vb.) birkac
malzemeyi belirli fazlarda birlestirerek saglamaktir, bdylece
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daha dayanikli ve iistiin 6zelliklere sahip yeni bir malzemenin
ortaya koyulmasidir.

Kompozit malzemeler, matris ve takviye malzemeleri
olmak (izere temel iki yapidan olusmaktadir. Takviye malzemesi
olarak adlandirilan malzemeler genelde tasiyici gorevi iistlenir.
Matrisin gorevi ise, fiziksel olarak ayr1 parcalar halindeki
takviye fazini/fazlarini birlestirerek bir arada tutmak, dis etkilere
kars1 korumak ve dis yiiklemeleri takviye fazina iletmektir. Bu
ylizden matris ile takviye fazi arasindaki bag mukavemetinin
kuvvetli olmas1 gerekmektedir. Sekil 6’da matris ve takviye
elemanina gére kompozit malzemelerin siniflandirmasi
verilmistir.

Sekil 6. Kompozit Malzemelerin Simiflandirilmasi (a)Matris’e
Gore (b)Takviye Elemanina Gore
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Kaynak: (Vijay, Rajkumara, & Bhattacharjee, 2016)

Tablo 2’de kompozit yapisinda yer alan matris ve
takviye elemaninin gorevleri ile kompozit malzemelerin avantaj
ve dezavantajlar1 6zet olarak verilmistir.
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Tablo 2. Kompozit Malzemelerde Yapi Elemanlarinin Gorevleri
ile Kompozitlerin Avantaj ve Dezavantajlar:

Kompozit yapi elemaninin

Kompozit malzemelerin tstinlik ve

gorevleri sinirh yonleri
Matris Takviye Avantaj Dezavantaj
elemani
Diisiik yogunluk,
. tUksek spesifik
Kompozit KompOZIte... . ZayammF:/e
arcava dayanim, rijitlik iiksek spesifik Malzeme
paray ve diger iistiin YUKSEK SD maliyetinin fazla
seklini - sertlik, yuksek : .
mekanikler olabilmesi
vermek saslamak kirilma dayanimi
& ve diisiik termal
genlesme
Termal genlesme Belirlenmis
. . tasarim
Takviye !(atsayls_l, Anizotropik yapi, kurallarnm
elemanlarimi Hletkenlik ve karmaslk L eksikligi (metal ve
cevresel te?rr_n?l taginim seklllerfie iiretim kompozit
etkilerden glb.l ozellikleri kolayhgi, parcal tasarimlar1 nadiren
Korumak belirlemede retim ile diisiik degistirilebilir)
6nemli rol maliyet, Uzun eelistirme
oynamaktadir sUreIergi 3
Takviye Birlestirici
elemanina anlﬁl {mbilirlik vida/civata v.b.
yuk aktarmak g varligi/maliyeti
Solvent/nem etkisi,
kullanim
Toklugu sicakliginin sinirl
artirmak olmast. Gizli
hasarlar (i¢c catlak
v.b.)

Tablo 3’te ise

zith  yapiminda

kullanilan bazi

malzemelerin sagladig1 yararlar ve sinirlayict yonleri verilmistir.
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Tablo 3. Zirh Yapiminda Kullanilan Baz1 Malzemelerin
Karsilastirilmasi

MALZEME FAYDALARI DEZAVANTAJLARI
Yiiksek sertlikte Disiik maliyet, disiik N
. hacim, iyi ¢oklu vurus Agir
celik
performansi
Delikli celik Hafif, saglam, iyi ¢oklu
vurus performansi
Yiiksek Islenebilir, orta
mukavemetli metal maliyetli, cok yonll
alasimlari (Ti, Al) kullanim

Buyuk hacimli gereksinim

Celikten daha biyuk
hacimli,

Zirh efektlerinin
arkasindaki artig

Cok pahali, ¢oklu
vuruglara kars1 zayif

Zirh delici (AP) mermilere
plastik kars etkili degil
Aramid Hafif Zirh delici (AP) mermilere
kars1 ¢cok zayif
Polietilen Cok hafif Yiksek maliyet

Alumina seramik Hafif, diigiik hacimli

Yiksek dereceli Zirh
Delici (AP) mihimmata
kars1 oldukea etkili

Silisyum karbur
seramik

Cam takviyeli Hafif, diisiik maliyetli

Kaynak: (Alankaya, 2015)
3.2.Ara¢ Zirh1 Uygulamalar

Araglara yonelik tasarlanan zirh sistemlerinde dikkat
edilmesi gereken bazi 6nemli hususlar vardir. Bunlar su sekilde
Ozetlenebilir; aracin biiylikligl, aracin karsilagsmasi muhtemel
tehdit veya tehditler ve en az bunlar kadar énemli olan aracin
kaldirabilecegi maksimum zirh agirligi. Kisisel kullanim igin
tasarlanan zirhlarda oldugu gibi ara¢ zirhlari da genellikle
malzeme katmanlarinin karmasik bir sekilde siralanmasindan
olugsmaktadir ve her katman genel koruma programinda farkli ve
onemli bir rol oynamaktadir (Thomas, 2011).
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Sekil 7. Ara¢ Zirhlarimn Katmanlari ve Bu Katmanlarin
Gorevlerinin Sematik Gosterimi

MALZEME FONKSIYONU
Kompozit . it 3
o ——g F— Dhigik huzl darbe, azinma
Seramil: katman — korvmas katmant
Elastomer —__ e E
: r = 1stilc looruma, vapis:
Kompozit bttt
Metalag — B R
Cam-Fenolik ~~ Imza vinstimi
Kompozit Yangin, duman va

zzhirlenmeadan korema

Kaynak: (Thomas, 2011)

Zirth tasarimi, zirhin koruma seviyesi, performans
durumu ve agirh@ dikkate alinarak gercgeklestirilmektedir.
Agirlik, zirhli aracin manevra kabiliyetini, hizlanmasini ve yakit
tiketimini de etkiledigi i¢in dolayisiyla aracin operasyonel
menzili ile de dogrudan iliskilidir. Bu nedenle, zirh tasariminda
miimkiin oldugunca hafif ve en {iist diizeyde koruma saglayan
zirh modellerini gelistirmek 6ncelikli hedeftir (Alankaya, 2015).

Konsept ara¢ zirhi tasarim ¢alismalart arag¢ igerisindeki
yolcu kabinlerinin ve personel tasima veya silah koyma amaclh
birakilmast  planlanan  bos  alanlarin  belirlenmesiyle
baslamaktadir. Ana bdlme, sasinin 6n cephesini ve akslarin
yerlerini belirlerken, tirmanma kabiliyetini kisitlayan sasi on
acis1 ve yerden yiikseklik kararlar1 hakkinda on bilgilendirme
yapacak sekilde tanimlanmistir. On konsept calismalarinda
dikkat edilmesi gereken bir baska husus pencere ve kap1 baglanti
noktalar1 gibi olas1 sorun yasanabilecek yerlerin 6zellikle ele
alinarak ¢ok dikkatli bir tasarim yapilmasi gerektigi gercegidir
(Alankaya, 2015).

Bir aracin ne kadar diizgiin ve profesyonelce
zirhlandigini belirlemedeki bir diger 6nemli nokta aracin agirlik
merkezinin (center of gravity) doniisiimden 6nce ve sonra dogru
bir sekilde Olgiilmesi ve yerinin belirlenmesi islemidir. Bu
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noktadaki amag, ara¢ ister asfaltta ister arazide kullanilsin
kullanicilara en istikrarl zirhli aract sunarken en iyi performansi
ve kullanimi elde etmektir (Alpine Armoring, Design &
Engineering, 2024).

3.2.1.Eklemeli (Add-on) Zirh Tasarimi

Eklemeli zirh tasarimlar1 balistik alaninda yeni bir
olusuma 151k tutmus, farkli bir bakis acisin1 yansitan
uygulamalardir. Eklemeli zirhlar yeni bir koruma felsefesini
temsil ettiklerinden farkli savunma seviyelerini ifade etmek i¢in
tasarlanmig ayr1 ayr1 kitlerden olusan bir sistem olarak karsimiza
cikmaktadir. Kompozit eklemeli zirhlarin amaci, aracin mevcut
yapisina ekstra bir savunma katmani saglayarak, saldirilara karsi
dayaniklihk  ve  korunma  kabiliyetini  giiclendirmektir
(Watcharamaisakul et al., 2023). En 6nemli avantajlarindan bir
tanesi zirh paneli ve aracin ayr1 ayri tagmmasidir. Gerekli
durumlarda miirettebat tarafindan ara¢ govdesine vidalanmak
veya yapistirilmak suretiyle aktif hale getirilebilen bu zirhlar
kolayca onarilarak ve degistirilerek koruma seviyesi
yukseltilebilmektedir (Sanchez Géalvez & Séanchez Paradela,
2009).

Askeri araglarda kullanilmak {izere belirlenen ve
eklemeli kompozit zirhlarda kullanilan malzemeler, belirli
tehditlere dayanma ve onlarin iistesinden gelme yeteneklerine
gore secgilmektedir. Eklemeli kompozit zirhlarda yaygin olarak
kullanilan malzemeler arasinda seramikler, kinetik enerjiyi
absorbe etme yetenegi yliksek olan malzemeler, yiiksek sertlikte
celik ve fiber takviyeli malzemeler bulunmaktadir (Liu et al.,
2016).
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Sekil 8. Eklemeli Zirh Sistemlerinde Kullamlan Kompozit Zirh
Tasarimna Bir Ornek (a) Sematik Gosterim (b) Aym Panelin
Uretilmis Hali

()

Kaynak: (Liu et al., 2016)

Eklemeli zirhlarin tasarimi, malzeme secimi, farkli
malzeme kalinliklari, darbe egimi, tokluklari, mukavemetler gibi
cok sayida parametrenin g6z Onilinde bulundurulmasi
gerektiginden dolayr karmasik ve zor bir istir. Bu nedenle,
yalnizca deneysel testlere dayali bir zirh tasarimi uygulamasi,
para ve zaman agisindan yiiksek maliyetli olacaktir. S6z konusu
ylksek maliyet ve zaman kaybinin Oniine ge¢mek icin zirh
tasarimcilari, deneysel deneme ve test asamalarindan Once
cesitli analiz programlarinda (Abaqus/Explicit, ansys vb.)
gercegine yakin simiilasyonlar yaptiktan sonra istenilen amaca
en uygun malzemeleri bir araya getirerek olusturduklar
numunelere balistik testler uygulamakta ve test sonuglar ile
simiilasyon sonuglarini karsilastirarak en uygun zirh tasarimi
yapmay1 hedeflemektedirler. Sekil.9’da bir eklemeli kompozit
zirth uygulamasina ait simiilasyon ¢alismasinin ekran goriintileri
verilmistir.

41



Makine Miihendisligi

Sekil 9. Abaqus Programinda Yapilms Bir Simiilasyon
Orneginden Ekran Géoriintiileri

J

L

t=35us ~ =50ps t=blps

Kaynak: (Liu et al., 2016)

Eklemeli zirh uygulamasinin askeri araglarda kullanildig:
uygulamalara ait fotograflar Sekil.10’da verilmistir.

Sekil 10. (a) Amerika Ordusuna Ait Eklemeli Zirhh Bir Arag
(AMPYV) (b) Turk Ordusu’nun Envanterinde Bulunan Yerli
Kompozit Zirhh Ara¢ (VURAN)
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4. BALISTIiK TESTLER

Balistik testler zirh iiretiminde kullanilacak balistik
materyallerin 6zelliklerinin belirlenmesi ve gelistirilmesi ile
ilgili ilk uygulamalardan, sahaya siirtilen zirhlarin kullanim
omrii sonu testlerine kadar uygulanan ve zirhin tim yasam
dongusunt iceren testlerdir (Cronin et al., 2016). Mduhendislik
uygulamalarinda kullanilan malzemelerin gesitli yiikler altinda
ne tiir davraniglar gostereceklerini test ederek tasarimi ona gore
yapmak uygulamanin basarisi agisindan son derece onemlidir.
Insan hayatinin gelecek tehditlere karsi en iist seviyede
korunmasmi hedefleyen balistik zirh tasarim ve {iretim
alanlarinda kullanilacak malzemelere uygulanacak balistik
testler daha da biylk 6nem arz etmektedir. Herhangi bir
malzemenin temel karakteristik 0Ozelliklerini (akma, cekme,
basma, tokluk, elastisite vb.) belirlemek i¢in yapilan testlerde
uygulanan (malzemenin maruz birakildigi) yiik miktari, yiikiin
uygulama hizi, temas anindaki sicaklik gibi parametreler balistik
testlerde malzemelerin maruz kalacagi degerlerden ¢ok daha
disiiktiir. Dolayisiyla miihendislik malzemelerinin ~ diigiik
deformasyon hizlar1 altindaki mekanik davranislar ile yiiksek
deformasyon hizlar1 altindaki davramiglar1 kesinlikle ayni
olmayacaktir.

Soyle ki, deformasyon hizinda meydana gelen artis ile
malzemelerin akma dayanimlari, siineklikleri, deformasyon
sertlesmesi vb. gibi mekanik 6zelliklerinde ©nemli oranda
degisiklikler oldugu bilinmektedir (Simsek, 2011). Sekil.11’de
birim deformasyon hizina goére deneysel kosullar ve ilgili
rejimler verilmistir.
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Sekil 11. Birim Deformasyon Hiz1 (Strain Rate) Rejimleri, iliskili
Araglar ve Deneysel Kosullar

\l T [T T T 1 TgTr 1 1 ’
Strain rate (5°')
Intermediate High strain Wery high
Creep Quasi-static strain ratos rales strain rates
T T T T
| I | Light gas gun
| Servohycrauic& NIl Special | Hopkinson | o
Constant load | screw machines Il lservohydraulic | techniques | explosively Shock
or I Il machines | b rivan loading
stress maching | M | I
! u ] | plate impact
t Ll t t
! I I |
Strain versus ime | Constant Il Constant | Uniaxial |  Undaxial
o ! swaincale  yy siain rae | stress& | swaing
creap rate I tasts B tests : lorsion : shear lasis
racorded | 1 flesis ]
i (] H | Dynamic
i n 1 | consideralions
H— Inertia forces neglected ———M| [H——— Inertia forces important.  ——————— in testing
p——— |sothamal 41: H‘— Adiababc/quasi-isolhermal ———*
Uniaxial & shear siress =~ ——  Uniaxial strain &
simple shear
Increasing stress levels *

Kaynak: (Nemat-Nasser, 2000)

Balistik uygulamalarda kullanilacak malzemelerin
bilinen tipik davranislarinin disinda yiiksek gerinim altinda nasil
davranacaklarinin belirlenmesi ve zirh tasarimlarinin  bu
dogrultuda yapilmasi gerekmektedir. Bunun igin alisilagelmis
testlerin (basma, ¢ekme, centik testleri vb.) disinda numuneleri
ylksek hizlarda, basinglarda ve sicakliklarda sinayacak metotlar
uygulanmalidir.

Balistik malzemelere uygulanan testler temel olarak iki
asamadan olusur. Ilk olarak kompozit zirh yapiminda
kullanilacak ~ malzemelerin ~ yiiksek  gerinim  altindaki
davranislarini incelemek ve dinamik 6zelliklerini ortaya koyma
adina malzemeler teker teker testlere tabi tutulurlar. Bu testler
sonucunda elde edilen veriler malzemelerin yiiksek gerinim,
yuksek sicaklik, yiiksek basing gibi normal disi1 sartlar altinda
karakteristik  Ozellikleri hakkinda bilimsel degerler veren
Johnson Cook ve Johnson Holmquist parametreleridir.
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Viskoplastik mukavemet modellerinden en ¢ok
kullanilan1 Johnson — Cook mukavemet modelidir. Metal
malzemelerin Ozelliklerini belirlemede kullanilan bu model,
malzemenin akma mukavemeti ve peklesme oOzelliklerini,
yiiksek sekil degistirme hizindaki ve yiiksek sicakliktaki
davraniglarini ifade eden {i¢ ana ¢arpan ve bes parametreden
olusmaktadir.  Belirtilen parametreler g¢esitli  testler ile
belirlenmektedir. Standart statik (¢cok diisiik deformasyon
hizlarinda) ¢ekme ve basma testleri ile malzemenin akma
mukavemeti ve peklesme ozellikleri kolaylikla
belirlenebilmektedir. Cekme testlerinin belirlenen yiksek
sicaklik ortaminda gergeklestirilmesi ile yiiksek sicaklikla ilgili
parametre tespit edilmektedir. Seramik malzemeler icin ise bu
parametreler ~ Johnson  Holmquist hata  modeli ile
belirlenmektedir. Malzemenin yiiksek sekil degistirme hizindaki
davranis1 ise Ozel bir test dlizenegi olan Split Hopkinson
Pressure Bar (Kolsky Bar) dinamik test diizenegi ile tespit
edilmektedir (Yegin, 2013).

Split Hopkins Pressure Bar Test diizeneginin orijinal
versiyonu dinamik sikistirma deneyleri i¢in tasarlanmistir. Bu
diizeneginin orijinal ilk hali 1949 yilinda Herbert (Harry)
Kolsky tarafindan kurulan ve sikistirma mantigiyla calisan
diizenektir. Kolsky bu diizenegi John Hopkinson (1849-1898) ve
oglu Bertram tarafindan gelistirilen ve Bertram Hopkinson
tarafindan 1914 yilinda hayata gegirilen diizenekten esinlenerek
tasarlamigtir. Bu yiizden onlarin anisina diizenegin son haline
Split Hopkinson Pressure Bar ismini vermistir (Chen & Song,
2011).
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Sekil 12. Split Hopkinson Basing (Kolsky) Bari Test Diizenegi

‘ Loading Device ‘ Bar Components ‘

Gas Gun  Striker Incident Bar Transmission Bar  Momentum Bar

i = H =2 I ] D
Sirain Gages Specimen Sirain Gages

Pulse Shaper Momentum Trap
Wheatstone Wheatstone
Bridge Bridge

[Pre-nmpluluer]:(‘)scillos:npe Prevkmplilieﬂ

Data Acquisition and Recording System ‘

Kaynak: (Chen & Song, 2011)

Kolsky Bar test diizenegini diger geleneksel malzeme
test yoOntemlerinden ayiran ¢ok Onemli iki Ozelligi vardir.
Bunlardan birincisi, nispeten kiigiik capli Kolsky c¢ubugunun,
hidrolik veya vidali test makinelerinde tipik olarak goriilen
bliyiik yiikleme ekseni sertliginin aksine, numuneden ¢ok daha
sert olmamasidir. Fark yaratan diger o6zellik ise Kolsky
cubugunun, numuneye uygulanan yiikleme kosullarinin gergek
zamanli izlenmesi ve ayarlanmasi i¢in kapali devre geri besleme
kontrol sistemine sahip olmamasidir (Chen & Song, 2011).

Kolsky Bar test diizenegi Sekil.13’te gortildiigl tizere
temel olarak ii¢ bolimden olusur. Bunlar, etki dalgasini yaratan
bir yiikleme boliimii (genellikle gaz itisli etki yaratan bir
mekanizma kullanilir), numunenin yerlestirildigi ¢ubuklardan
olusan boliim ve gerekli verilerin elde edilmesini saglayan bir
veri toplama ve kaydetme bolimudir. Split Hopkinson Basing
Bar1 diizenegi tek boyutlu dalga yayilimi prensibiyle calisir.
Vurucu (striker) giris ¢ubugunun arayiiziine belirli bir hizla
carptiginda, giris c¢ubugunda (incident bar) sikistirma
gerilimi/gerinim dalgas1 (olay dalgasi, €i) olusturur. Giris
cubugunda olusturulan bu dalga, giris gubugu boyunca yayilir ve
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numuneyi sikistirma  altinda  yiikler. Dalga numuneye
ulastiginda, olay dalgasinin (ei) bir kismi yansiyan dalga (er)
olarak giris cubuguna geri yansir; kalan dalga iletilen dalga (&t)
olarak ¢ikis ¢ubuguna (transmission bar) iletilir. Cubuklara takili
gerinim Olgerler (strain gages) tarafindan elde edilen sinyaller,
test 6rneginin gerinim hizini (&), gerinim (&) ve stresini (o)
hesaplamak i¢in kullanilir (Gupta, 2021).

(1) EL—(T“F,m (1) = Ef' fr,:rn-ff a,lt) = E.-.j—i' glr)

Verilen esitliklerdeki Co - dalganin barda ilerleme hizi,
Eb - cubuklarin elastisite modiili, Ls -numune boyu, Ab-
cubuklarin kesit alani ve As - numunenin kesit alanini ifade
etmektedir.

Split Hopkinson Basingli Bar deneyinde elde edilen
veriler ile metal malzemelerin yiiksek gerinim/gerilim altinda
davranis1 hakkinda net bilgiler veren Johnson Cook Model
parametreleri hesaplanmaktadir.

6=[A+Be"|[1 + Cin&|[1 — (T")"]

Bu esitlikte, o gercek gerilimi; € ise gergcek gerinimi
ifade etmektedir. A, B, C, n, m ise malzeme parametreleridir.
e'* esdeger gerinim oranmin referans gerinim oranina
bolinmesiyle hesaplanir. T* ise homolog sicakligi temsil
etmektedir. (Gupta, 2021) Malzeme parametreleri olan A, B, C,
n, m degiskenlerinin degerleri mekanik testler ve Split
Hopkinson Basing Bar1 testinden elde edilen veriler ile
hesaplanmaktadir.
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Ornegin C parametresi i¢in uygulanan testler sonucunda
elde edilen datalar yardimiyla bir grafik ¢izilir. Elde edilen bu
grafigin egimi malzemenin C degiskenini vermektedir. m
parametresi i¢inde ana formiilde bu degisken yalniz birakilarak
elde edilen formiil 1s18inda bir grafik c¢izilerek, grafigin
egiminden ilgili parametre hesaplanir.

Zirhlarin performanslarini 6lgmek i¢in genellikle balistik
smir (Vso) ve delinmeye karsi direng isimli iki tiir test daha
kullanilmaktadir. Balistik limit (V50), bir zirhin delinme
olasiliginin %50 oldugu hizdir. Bu hiz, istatistiksel prosediir
kullanilarak belirli bir zirh ve belirli bir tehdit ig¢in
hesaplanmaktadir. Delinmeye karsi direng testi ise, tehdidin
zirth1 delmediginden veya pargalamadigindan emin olmak ig¢in
onceden belirlenmis bir hizda ¢ok sayida kez ateslenmesinden
olusur (Vo). Bazen zirhin darbelerden kaynaklanan arka yliz
deformasyonu gibi baska veriler de toplanir. Arka yiiz
deformasyonu, tehditten zirha, zirhin korumaya c¢alistig1 seye ne
kadar enerji aktarildigina dair bir veri akisi saglar. Bu genellikle
yaralanma olasiliginin bir gostergesi olarak kabul edilmektedir
(Cronin et al., 2016).

Malzemelere uygulanan bu testlerin ardindan cesitli
yazilimlarda sonlu elemanlar yontemine gore simulasyonlar
yapilmakta ve boylece diisiiniilen tasarimlarin beklenen etkiler
karsisinda nasil bir davranis sergileyecegi tahmin edilmektedir.
Yapilan bu 0On hazirliklar sonrasinda test numuneleri
hazirlanarak akredite olmus balistik test laboratuvarlarinda
cesitli hizlarda ve farkli mesafelerden atislar yapilarak zirh test
numunelerinin yiksek basing, yiliksek hiz, yiiksek sicaklik
altindaki davranislart tecriibe edilmis olur. Son olarak
simiilasyon sonuglar1 ile gercek test sonuglar1 karsilastirilarak
gerekli yorumlar ve duzeltme islemleri yapilmaktadir.
Sekil.13’te cesitli balistik test diizenekleri verilmistir.
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Sekil 13. Cesitli Balistik Test Diizenekleri

Kaynak: (Roketsan, 2024)

5. ULUSLARARASI KABUL GOREN BALISTIiK
STANDARTLAR

Zirh test yoOntemlerine ve/veya standartlarina ihtiyag
duyulmasinin temel nedeni gercek bir tehdit altinda zirhin
balistik koruma performansinin belirlenmesidir. Diger taraftan
ticari bir Uriin olarak tretilen bir zirhin pazarlanmasi i¢in gerekli
yeterlilige ve izinlere sahip olunmasi uluslararasi kabul gérmiis
test standartlarina gore ilgili testlerden basariyla gectiginin
belgelendirilmesi gerekmektedir (Gotts, 2016).

Belirli standartlar cercevesinde uygulanan testlerin ve
dikkat edilmesi gereken standartlarin da bazen mutlak korumay:
saglamadigi durumlar olabilmektedir. Bunun nedenlerini
asagidaki sekilde 6zetleyebiliriz.
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e Test senaryolar ile gergek senaryolar arasindaki fark

e Tekrarlanabilirlik ve gerceklik arasindaki
denge/dengesizlik

e Uygun test mithimmatinin ve cihazlarinin
mevcudiyeti/eksikligi

e Yiiksek gerilim oranli tehditlere karsi insan tepkisindeki
degiskenlik

e insanlar ve test vekilleri (test mankenleri) arasindaki
farklar

Balistik standartlar zirhli araglarin farkli boliimleri igin
ayrt ayri belirlenmistir. Bu alanda belirlenen uluslararasi
standartlar1 asagidaki gibi siralayabiliriz.

5.1.Transparent Zirh Malzemeleri i¢in Belirlenen
Standartlar (CEN BR 1063)

Avrupa Standardizasyon Komitesi tarafindan kursun
gecirmez camin koruyucu giiciinii 6lgmek i¢in olusturulan EN
1063 veya CEN 1063 olarak bilinen bir giivenlik cami standardi
vardir. Camli bir kalkanin bu koruyucu giicli, dayanabilecegi
mihimmat  tUrine  veya  tehdit  seviyesine  gore
derecelendirilmektedir. Bu nedenle, her biri farkli bir kiigiik
silah atesi tiiriine karsilik gelen yedi ana standart tehdit seviyesi
vardir; BR1-BR7, ayrica B1-B7 olarak da yazilir. Ek olarak, av
tifegi mithimmatlarina karsilik gelen iki baska tehdit seviyesi
(SG1 ve SG2) daha vardir. Ancak, SG (av tiifegi) siniflar1 BR
smiflarina uymak zorunda degildir (GmbH, 2024). Sekil.14’te
BS EN 1063 standartlar tablosu verilmistir.
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Sekil 14. EN 1063 Transparent Malzemeler i¢cin Test Standartlar
Tablosu

BS EN 1063 (2000)

Test & Classification for Ballistic Security Glazing in Buildings

Class Threat Type of Calibee AmmaniBon Mo of edacity Test Spacing
Level weagon S tmmy | R )
r——" BR1 Rifte 2R LN 3 360 4k 19 10 1204410
Fmm FIURNSC 3 00 == 19 L] 120490
F BR2 Hand Gun Logat
r 8R3 Hang Gun | 257 FACRSC 3 00k 5 1204510
T FRFNSC 3 40 < 10 s 1304410
r BR Hang Gun | R
#— BRS Rifte Sttess | FRPBISCRL ] 0+ 10 | 1
BRE Rifte TS FAPRSC 3 80 110 L] 129408
1 'l BR7 Rifle Tty FRPE HC 1 3 &0 - 10 1w 120 10
F 561 Shot Gun 27 ol g 3 ' Q02 ]
52 Shet Gun e Sald Sk 3 3 £0 .20 1] 125 ]
Ammunition Legend:
L - lead FN - flat nose RN - round nose
CB - coned bullet HC1 - steal hard core  SC - soft core (lead)
FJ - full metal jacket bullet  PB - pointed bullet SCP1 - soft core (lead) and steel penetrator (lype 55108)

Notes:

1) Full Steel Jacket (plated)
2) Full Copper Alloy Jacket
3) Brenneke 12G solid slug

Kaynak: (Arthitectural Armour, n.d.)

5.2.0pak Zirh Malzemeleri icin Belirlenen
Standartlar (CEN FB 1522)

Standardin kodundaki "FB" kisaltmasi DIN EN 1522
standardinda tanimlanmis olup zirh c¢eligi, kevlar, twaron,
aramid, UHMWPE (Dyneema veya Spectra gibi Ultra Ylksek
Molekiiler Agirliklt Polietilen), seramik vb. opak malzemelerin
koruma seviyesini belirtmek i¢in kullaniimaktadir (GmbH,
2024). Tablo 4’de EN1522 Avrupa standart tablosu verilmistir.
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Tablo 4. Avrupa EN 1522 standartlar:

Twpe of Vikight Test Range  Bullet Velodty
Class C aliber €
Weapm B ® ) )
FE1 Eifk L LR Lead Fonmad Hose 2.6£01 1005 360+ 10
Full Steel Tacket Fomd
FEZ Hard G Srran Luger Hose Soft Core (Lead] 2.0£01 S50£05 400+ 10
357 Full Steel Tacket Coed
FE: Hard G I Erallet Soft Core (Lead) 102+ 0.1 50£05 430+ 10
357 Full Steel Tacket Cowed
Hard Chm TR Fullt St Come (Loead) 0201 | S0£05 430 10
FE4
44 Fan Full Metal Jacket Flit Hoce
Hard Ghm Y W— Erallet Saft Core (Lead) 15601 30£05 440% 10
Fhull Beta] Tarkiet Podited
FES Eifk 556 w45% Enflet Soft core (kad) and 4.0£0.1 10£0.5 Q0% 10
Ste el Penstrator
Fuall Bfetal Tacket Podited
Rifk 556 w45% Emflet Soft core (kad) and 4.0+0.1 10£0.5 Q50% 10
FES Ste el Penstrator
Eifk Tod 251 Full Betal Tacket Podded SAE01 1005 30+ 10
Enllet Soft Core (Lead)
b Fuall Tfetal Tacket Poided
Hak
FET Eifk Tod xSl Erallst s 1 Eard Core 2801 10+ 0.5 0 10

Kaynak: (Armat Armour, n.d.)
5.3.VPAM Standartlar

VPAM, 1999 yilinda kurulan kursungecirmez malzeme
ve yapilarin test edilmesine iliskin deneyim aligverisini tesvik
etmek ve ortak kurallar gelistirmek amaciyla c¢ok sayida
sertifikasyon merkezi tarafindan Kursun Gegirmez Malzemeler
ve Yapilar Test Laboratuvarlar1 Dernegi (VPAM - Vereinigung
der Prifstellen fir angriffshemmende Materialien und
Konstruktionen'in)’nin  kisaltmasidir. Mellrichstadt, Miinih,
Ulm, Viyana ve diger bazi Avrupa iilkelerinde VPAM
kapsaminda akredite edilmis test merkezleri bulunmaktadir.
VPAM'm en biiyiik avantaji merminin kinetik enerjisine gore
siralanan ek siiflardir, ancak VPAM sapma (yaw-yiv) agisini
belirtmemektedir (Sapma agist — merminin malzemeye temas
ettigi zamanki egiklik agis1). VPAM 2006 yilinda, 14 koruma
seviyesini tanimlayan ve malzemelerin, yapilarin ve nesnelerin
balistik testlerinin temeli olarak tasarlanan yeni bir standart olan
APR 2006'y1 tanitmistir (GmbH, 2024). Sekil.15’te VPAM APR
standartlar tablosu verilmistir.
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Sekil 15. VPAM’1in APR 2006 Standartlar1 Tablosu
VPAM Priifrichtlinie APR 2006

Beschussamt Uim - Albstrale 74 - D-89081 Ulm
o

0731/888510 by de www. de www vpam eu

Kaynak: (VPAM, 2015)
5.4.STANAG 4569 Standartlar1

NATO standardizasyon anlagmasi tarafindan yayimlanan
“Lojistik ve Hafif Zirhli Araglarm Yolcular1 i¢in Koruma
Seviyeleri” standartlarin1 kapsayan STANAG 4569 standardi,
anlamli karsilastirma i¢in farkli tehditleri birlestirmek amaciyla
olusturulan bir standarttir. STANAG 4569, sadece kinetik enerji
ve topcu saldirilarinin standartlarin1 degil ayni1 zamanda IED
(Improvised Explosive Device - El Yapimi Patlayici)
patlamalarin1 da kapsamaktadir. STANAG 4569 alti koruma
seviyesi ile ifade edilmektedir (GmbH, 2024).

a) Seviye 1: 30 metre mesafeden 833 m/s hizla atilan
7.62 x 51 boyutunda NATO Topu (Top M80) etkisini inceleyen
standarttir. Bu seviye patlamamis topgu pargalayici alt
mithimmatlari, el bombalar1 ve aracin altinda patlatilan diger
biiyiik olmayan anti personel patlayici cihazlari da igermektedir.
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b) Seviye 2: 30 metre mesafeden 695 m/s hizla atilan
7.62 x 39 API BZ boyutundaki mithimmatin etkisini arastirir. Bu
seviyedeki El Bombasi ve Mayin Patlamasi Tehdidi 6 kg
patlayici kiitle olarak kabul edilir ve asagidaki gibi alt seviyelere
ayrilmaktadir:

e 2a, herhangi bir tekerlek veya palet konumu altinda
etkinlestirilen mayin patlama basinciyla ilgilidir

e 2b - mayin patlamasi merkez altinda meydana
geldiginde s6z konusudur.

c) Seviye 3: 30 metre mesafeden 7.62 x 51 AP (WC-
tungsten karbiir ¢ekirdege sahip) biylikliginde ve 930 m/s
hizla hedefi bulan miihimmat etkisini arastiran standarttir. Bu
seviyenin el bombasi ve mayin patlamasi tehdidi 8 kg patlayici
kiitle icerir ve iki alt seviyeye ayrilir:

e 3a — herhangi bir tekerlek veya palet konumunun
altinda etkinlestirilen mayin patlamalarinin basinci

e 3b - merkezin altinda mayin patlamasi.

d) Seviye 4: 200 metreden 911 m/sn'de 14.5x114AP/B32
boyutundaki mihimmat etkisini incelemektedir. Bu seviyedeki
topcu, 30 m mesafede 155 mm yliiksek patlayict olarak kabul
edilir. EI bombas1 ve mayin patlamasi tehdidi ile ilgili olarak, bu
seviye 10 kg patlayici kiitlesi gerektirir ve ayrica iki alt seviyede
incelenir:

e 4a- herhangi bir tekerlek veya palet konumunun altinda
etkinlestirilen mayin patlamasinin basinci

e 4b — merkezin altindaki mayin patlamasi.

e) Seviye 5: 500 metre mesafeden 1258 m/s hizla atilan
25 mm APDS-T(M791) veya TLB 073’Un etkisini
incelemektedir. Bu seviyedeki toplarin 25 m mesafede 155 mm
yiiksek patlayici giice sahip olmasi gerekmektedir.
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f) Seviye 6: 500 metre mesafeden 1330 m/s hizla atilan
30 mm 173 APFSDS-T veya 810 m/s hizla atilan 30 mm AP-T
veya 1250m/s hizla atilan 20mm FSP miihimmatlarinin etkisini
incelemektedir.

Sekil 16. STANAG 4569’a Gore Zirhli Araglarin Dayamklilik

Dereceleri
i Article 111 Fragments from 153
Anticle L. Level A"“'lc.l.l' wca'."?m' mim grenades, simulation with
ammunition and conditions. axannidon

Assault rifles

Th2mm=51 NATO ball (833 m's) Disiance 100 m, angle of incidence 07
I S 56mm=45 NATO 55100 (%00 m's) w 18"

S 5mm=dS NATO MI193 (937 m's) 12, 7mm: 310 mfs

Distance 30 m, angle of incidence 0° 1o 20mm: 520 m/s

3¢

Assault rifles Distance 80 m, angle of incidence 0° 1o
3 Th2mm=39 APl BE (695 m's) e

Distance 30 m, angle of incidence 0° o 12, 7mm: 420 m's

e 20mm: 630 m's

Assault and sniper rifles : . - .

7.62mm=51 AP WC (930 mis) ?I;:mmt 60 m, angle of incidence 0° to
i Th2mm=34R B32 API{B54 m/s] 12 Fm: $60 mis

Distance 30 m, angle of incidence 0" 10 zu'm.n_ ??ﬂ il

30 )

Heavy machine guns Dhistance 25 m, angle of incidence 07 to
4 14.5mm= 114 APVB32 (911 m'sh 90

Distance 200 m, angle of incidence 07 20mm: 960 m's

Automatic cannons s oo

2Smmx137 APDS.T PMB 073 (1258 [Distance 25 m, angle of incidence 07 to
i s N 360

Distance 500 m, angle of incidence (° T mix

Aulomalic cannons : e 4
. 30mm x 165 AP-T (810 nu's) gfm 10 m, angle of incidence (1 1o

30mm x 173 APFSDE-T (1330 m's) ] M

Distance 500 m, angle of incidence 07 o

Mote: Shot impact velocities are miven, Tolerance £20 mis.

Kaynak: (Coufal & Vnoucek, 2022)
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Sekil 17. STANAG 4569'a Gore Mermi ve Parcalarin Darbe

Enerjileri
Article V. LEVEL 1
Projectile / fragments m [kgl v [ms) Ed [J]
5.56mm x45 M193 0.00356 937 1563
5.56mm x45 NATO S8 109 0.004 900 1620
7.62mm x 51 NATO Ball 0.00965 833 3348
FSP 20mm 0.0538 520 7274
LEVEL2
Projectile / fragments m [kg| v [ms) Ed |J]
7.62mm x 39 APl BZ 0.00777 695 1877
FSP 20mm 0.0538 630 10677
LEVEL 3
Projectile / fragments m |kg] v [ms) Ed [J]
T7.62mm x 34R B32 APl 0.01004 354 3661
7.62mm x 51 AP (WC core) 0.0084 930 3633
FSP 20mm 0.0538 720 13945
LEVEL 4
Projectile / fragments m [kg| v [m.s] Ed [J]
14.5mm x 114 AP/ B32 0.064 11 26557
FSP 20mm 0.0538 960 24791
LEVEL 5
Projectile / fragments m [kgl v [ms) Ed [J]
25mm x 137 APDS-T 0.13 1258 102867
FSP 20mm 0.0538 960 24791
LEVEL 6
Projectile / fragments m [kg| v [ms’) Ed |J]
30mm x 165 AP-T 0.403 810 132204
30mm x 173 APFSDS-T 0.23 1330 203424
FSP 20mm 0.0538 1250 42031

Kaynak: (Coufal & Vnoucek, 2022)
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TOPOLOJIi OPTIMIiZASYONU iLE iLGILi
LiSANSUSTU TEZLERIN BIBLiYOMETRIK
ANALIZI

Funda KAHRAMAN!
Mehmet KUCUK?

1. GIRIS

Topoloji  optimizasyonu uygulama o6rnekleri, farkli
miithendislik alanlarinda (makine, otomotiv, uzay ve havacilik,
insaat vb.) goriilmektedir. Topoloji optimizasyonu, bir yapisal
optimizasyon tiiriidiir. Topoloji optimizasyonu, tasarim alaninda
malzeme yerlesiminin optimizasyonudur. Topoloji
optimizasyonu ve katmanli imalat, endiistride yliksek
performansli ve yenilik¢i tasarimlarin ortaya ¢ikmasini saglayan
iki giiclii aragtir.

Bibliyometrik analiz, mevcut literatiiri analiz etme
amaciyla kullanilan nicel bir yontemdir.

Bu ¢alismada, Tiirkiye’de Yiiksekdgretim Kurulu (YOK)
Ulusal Tez Merkezi veri tabaninda kayit altina alinan Yiksek
Lisans ve Doktora tezleri arasinda topoloji optimizasyonu ile
ilgili caligmalar bibliyometrik olarak incelenmistir. YOK Tez
merkezi tarafindan arsivlenen ve miihendislik alaninda topoloji
optimizasyonu ile ilgili olan lisansiistii tezlerin dagilimi
izlenmistir. Calismada ulagilan veriler karsilastirilmistir.

L Prof. Dr., Tarsus Universitesi, Mihendislik Fakiiltesi, Makine Miihendisligi
Bollimd, fkahraman@tarsus.edu.tr, ORCID: 0000-0002-1661-3376.

Tarsus Universitesi, Lisansiistii Egitim Enstitiisii, Imalat Miihendisligi ABD,
mehmetkucuk1985@gmail.com, ORCID: 0000-0001-9196-0784.
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Son yillarda Tirkiye’de yayimlanan bibliyometrik
calismalar degerlendirildigine farkli alanlarda bir¢ok konunun
incelendigi gorilmektedir. Ulkemizde yayimlanan bibliyometrik
analiz aragtirmalar c¢ogunlukla fen bilimlerinde goriilmekle
birlikte sosyal ve saglik bilimlere yonelik ¢alisma sayilarinda
Oonemli artis goriilmektedir. Calismalarda eser tirl olarak
makaleler ve tezler dikkate alinmistir.

Makalelere yonelik caligmalarda Web of Science ve
Scopus gibi veri tabanlar1 kullanilmaktadir. Yaygin olarak; atif,
ortak-atif, ortak-yazar, kaynakc¢a eslesmesi, ortak-kelime vb.
analizler gergeklestirilmektedir. “Bilim haritalama” ve “veri
gorsellestirme” c¢alismalart VOSviewer, CiteSpace, BibExcel,

SciMat, Bibliometrix ... vb. programlar kullanilarak
yapilmaktadir.
Tiirkiye’de iniversitelerin lisansiistii egitim

programlarinda iiretilen tezler 1987 yilindan itibaren YOK Yayin
ve Dokimantasyon Daire Baskanligi (Merkezi) olarak ve 1996
sonrasinda “Ulusal Tez Merkezi” olarak kayit altina alinmakta ve
aragtirmacilarin  kullanimina sunulmaktadir. 2007 ile tezler
internet {lizerinden erisime acilmistir (Tonta ve Akbulut, 2019;
Yilmaz, 2002).

Tezlere yonelik bibliyometrik calismalarda YOK Tez
veri tabani kullanilmaktadir. Genellikle yapilan analizler; tezlerin
yillara gore dagilimi, tez tiri (Yuksek Lisans — Doktora), sayfa
sayis1, yazim dili, ¢calismanin yapildig1 kurum ve ana bilim dali
vb. oldugu goriilmektedir.

1.1. Bibliyometrik Analiz

Bibliyometri terimi “biblio:kitap” ve “metric:6lcim”
terimlerinden tiiretilmistir. Bibliyometri terimi, ilk olarak
(1934’te) Paul Otlet tarafindan kullanilmistir. “Bibliyometri”
terimi Alan Pritchard tarafindan 1969 yilinda, E.W. Hulme’nin
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ilk kez 1922 yilinda kullandig, “Istatiksel Bibliografya” yerine
kullanilmas1 6nerilmistir.

Bibliyometri, belirli bir zamanda veya bolgede Uretilen
akademik  calismalarin  istatistiksel  olarak  analizidir.
Bibliyometrik analiz, gliniimiizde farkli bilim alaninda uygulanan
nicel arastirma ydntemlerinden biri olmustur (ULAKBIM, Cahit
Arf Bilgi Merkezi, t.y.).

Bibliyometrik analiz yardimiyla arastiritlan konunun
potansiyeli ve gelisim yonii izlenmektedir. Incelenen konunun
tarihsel gelisimi, aldig1 atiflar, yazar ve ortak yazarlar, kullanilan
anahtar kelimeler, calisilan iilkeler ve kurumlar hakkinda
kapsaml1 ve stratejik bakis agisina ulasilmaktadir.

Bibliyometrik analiz, iki temel tirii tamimlayic1 ve
degerlendirici olarak gergeklestirilmektedir.

Bibliyometrik analiz yontemin kullanom amaglar
performans analizi ve bilim haritalamadir (Oztlirk, Kocaman ve
Kanbach, 2024).

Sekil 1. Bibliyometrik Analiz Prosesi

Analiz Prosediirii Tslem

_. ~
Performans 0]?_];“
Analizi oy
Simiflandirma
: [ J/

Analiz (veya
Biblivometrik
Telaukler)

Bibliyometrik
Analiz

Bilim
Haritzlama

Gorzellegtirme

Kaynak: (Oztiirk, Kocaman ve Kanbach, 2024).
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1.2. Topoloji Optimizasyonu

Bir sistem ya da surecin ideal duruma getirilmesi
“optimizasyon” olarak ifade edilmektedir. Optimizasyon kavrami
bir¢cok alanda kullanilmaktadir (Okudan ve Sen, 2023).

Yapisal optimizasyon c¢ok Onemli bir miihendislik
stirecidir. Tasarimlarinin degistirilmesi ve malzeme diizenlerinin
optimizasyonu yoluyla yapilarin performansini, verimliligini ve
stirdiiriilebilirligini artirmay1 amacglamaktadir. Sekil 2’de yapisal
optimizasyon tiirleri gosterilmistir.

Sekil 2. Yapisal optimizasyon Turleri (a) Tasarim Bolgesi (b)
Boyut Optimizasyonu (c¢) Sekil Optimizasyonu (d) Topometri
Optimizasyonu (e) Topografya Optimizasyonu (f) Topoloji
Optimizasyonu

; (a) E (b)
(d) ; (e

Kaynak: (Fernandez, 2013)

Topoloji optimizasyonunda, secilen tasarim alani i¢inde
belirlenen kisitlara gore yapida malzemenin en uygun dagilimin
aranmaktadir. Topoloji optimizasyonu yapisal tasarimda
inovasyona daha fazla imkani saglamasi nedeniyle bir¢cok alanda
ilgi gormiistiir (Zhong vd. 2023). Topoloji optimizasyonu ve
katmanli imalat teknolojisinin birlikte kullanimi gelecekte
tasarim ve imalat alaninda kritik degisiklikler saglayacaktir
(Okudan ve Sen, 2023).
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1.3. Kaynak Arastirmasi

Topoloji optimizasyonu ile ilgili olan bibliyometrik
arastirmalar incelenmis ve Ozetlenerek sunulmustur. Literatiir
calismalar1 degerlendirildiginde topoloji optimizasyonu ile ilgili
derleme c¢aligmalar olmasmna karsi bibliyometrik olarak
incelendigi ¢aligma sayisi kisithidir. Guo (2023) 2000-2022 yillar
arasinda yapisal topoloji optimizasyonu ile ilgili yaymlarin
bibliyometrik analizini gerceklestirmistir. Yayin sayisinin son
yirmi yilda Onemli oranda arttigini tespit etmistir. Ribeiro,
Bernardo ve Andrade (2021) topoloji optimizasyonu konusunda
son yontemler ve giincel uygulama alanlari ile ilgili olarak 2015-
2020 yillar1 arasinda iiretilen yayinlar1 incelemistir. Solorzano ve
Plevris (2022) yapilarin modellenmesi ve simiilasyonu ile ilgi
olan hesaplamali zek& (computational intelligence) ve guncel
arastirma teknikleri i¢in 1990-2020 yillar1 arasinda f{iretilen
calismalarin bibliyometrik analiz gerceklestirmistir. Zhong vd.
(2023) son 20 yilda Cin Ulusal Bilgi Altyapis1t (CNKI: China
National Knowledge Infrastructure) ve Web of Science (WoS)
cekirdek koleksiyonuda yapisal topoloji optimizasyonu ile ilgili
iiretilen caligmalar istatistiksel yontemle incelemistir. Obi vd.
(2021) 2010-2020 yillar1 arasinda Scopus veri tabaninda yer alan
katmanli imalat i¢in tasarim (DfAM: Design for Additive
Manufacturing) calismalar1 konusunda bibliyometrik analiz
sonuglarin1 paylasmistir. Topoloji optimizasyonu 74 anahtar
kelime ile baglantilidir. Wang vd. (2021)’e gore topoloji
optimizasyonu eriyik yigma modelleme/imalat (fused deposition
modeling/fused filament fabrication) konusunda morfoloji, 3D
baskida karbon nano tiip kullanim1 gibi kritik noktalar (hotspots)
arasindadir. Calismalardaki egilim eriyik yigma modelleme i¢in
topoloji ve sekil optimizasyonunun arastirma potansiyeli
oldugunu gostermektedir. Kili¢ (2023) WoS veri tabaninda 1981-
2022 arasinda iiretilen eserlerde eklemeli imalatin gelisim
stirecinin bibliyometrik olarak incelmistir.
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2. YONTEM

Topoloji optimizasyonu ile ilgili YOK Tez merkezine
kayit edilen lisansiistii tezlerin genel ozelliklerini tespit etmek
amaclanmigtir. Calismanin is akis semasi Sekil 3’te gosterilmistir.

Sekil 3. Bibliyometrik Analiz is Akis Semasi

Baslangic

"Topoloji Optimizasyonu"
Anahtar kelimesi ile tarama

YOK Tez Merkezi Wi

TANIMLAMA TARAMA UYGUNLUK DAHIL EDILEN
Ulasilan tez sayisi Taranan tezler Uygun olan tezler Analiz edilen tezler
(n=218) (n=218) (n = 200) (n = 200)
Analizler

- Yillara gore dagilimi,

- Taru (Yiksek Lisans — Doktora),
- Yazim dili,

- Sayfa sayisi,

-Ana Bilim Dallanina gére dagihmi,
- Universitelere gére dagilimi,

Tablo ve sekil olusturma

Sonuglar ve Degerlendirme

Miihendislik  c¢alismalarinda tasarim  Ozelliklerinin
gelistirilmesi i¢in uygulanan “topoloji optimizasyonu™ ydntemi
ile ilgili tiretilen Yiiksek Lisans ve Doktora tezleri incelenmistir.

YOK Tez merkezinde “topoloji optimizasyonu” anahtar
kelimesi taranmistir. Yapilan tarama sonucunda 218 tane
lisansiistii tez ¢aligmasi oldugu goriilmiistiir.

Miihendislik arastirma alaninda yiiriitiilen tezler dikkate
alinmugtir. {lgili olmayan tezler listeden cikartilmis ve 200 tez
secilmistir. YOK Tez Merkezi veri tabaninda ulasilan tezlere ait
kiinye bilgilerine gore veri seti olugturulmustur. Tezlerin yayin
yil, yazim dili, ¢alisildig1 iiniversite, hazirlandig1 ana bilim dali,
sayfa sayilari, tezin tiirli ve benzeri bilgileri kullanilmistir.
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Veri seti, 2024-Agustos tarihine yapilan tarama
sonrasinda olusturulmustur. Erigilen lisansiistii tezler igin
“bibliyometrik analiz” yapilmistir.

e Tezlerin yillara gore dagilima,

e Tirl (Yuksek Lisans — Doktora),

e Yaziminda kullanilan dil,

e Sayfa sayisi dagilim,

e Caligmanin ana bilim dallarina gore dagilima,
e (Calismanin yapildigi liniversiteler,

arastirma sorularina cevap aranmaistir.

3. BULGULAR

Topoloji optimizasyonu ile ilgili 200 lisanslsti tezin
bibliyometrik analizi gerceklestirilmistir. Calismada ulasilan
sonuclar degerlendirilmis ve sunulmustur. Tezlerin yillara gore
dagilimi Sekil 4’te gosterilmistir. Grafikler ve tablolar, 2024
Agustos tarihine yapilan tarama sonrasi ulasilan verilerin analizi
ile olusturulmustur. ilk ¢alisma 1999 yilinda yapilmistir. 2000 ve
2008 yillarinda tez yayinlanmamigtir. 2017 yilindan itibaren
yapilan ¢aligmalar artig gdstermistir. 2018’de 9 ve 2019°da 18
calisma yapilmis olmasina kars1 2020°de yapilan ¢alisma sayisi
8’e diismiistiir. Sonraki yillarda ¢alisma sayilarinda belirgin artis
goriilmistiir. 2024 yil sonuna kadar yeni veri girisleri ile tez
sayisinin artacagi ongoriilmektedir.
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Sekil 4. Yillara Gore Uretilen Tez Sayis1 (2024 Agustosa kadar)

41

5

2 4 - B
5 3 b S} 2
|,\11|11-1n1--*\i/;.-
0 h‘.'/o—-o—o—-q—c""‘h"/\’”._/r

1998 2001 2004 200 2010 2013 016 019 2022

Yil

15 /\ f
10 l 9 \Q/

Lisansiistii tezlerin tiirlerine gore yazim dilleri dagilimi
Tablo 1°de gosterilmistir. Yiksek Lisans tezlerinin 52 tanesi
(%29,9) Ingilizce iken 122 tanesi (%70,1) Tiirkge yazilmistir.
Doktora tezlerinin 10 tanesi (%38,5) Ingilizce iken 16 tanesi
(%61,5) Turkee yazilmustir.

Tablo 1. Tez Tiirii ve Yazim Dilleri

Tez Tirii Tez Sayis1t  Ingilizce %  Tirkce %

Yiksek Lisans 174 52,0 29,9 122,0 70,1
Doktora 26 10,0 38,5 16,0 61,5
Toplam 200 62,0 31,0 138,0 69,0

Tezler tlriine gore dagilimi Sekil 5’te gosterilmistir.
Tezlerin 174 tanesi Yuksek Lisans (%87,0) ve 26 tanesi Doktora
(%13,0) oldugu goriilmiistiir.
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Sekil 5. Tez Turleri

200
180
160
140

120

Yiiksek Lisans Doktora

Tezlerin yazim diline goére dagilhmi Sekil 6’da
gosterilmigtir. Tim tezlerin %69,0’1 (138 tanesi) Tiirk¢e iken
%31,0°1 (62 tanesi) Ingilizce yazilmstir.

Sekil 6. Tezin Dili

Tiirkce Ingilizce

Tezler sayfa sayist dagilimi Tablo 2’de gosterilmistir.
Tezlerin %58’i 0-100 araliginda, %36’si 101-200 araliginda,
%5,0%i 201-300 araliginda oldugu gorilmiistiir. Sayfa sayisi
300°den fazla olan 2 (%]1,0) tane tez oldugu belirlenmistir.
Yuksek Lisans tezlerinin %65,5’i 0-100 araliginda ve %31,0"1
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101-200 araliginda hazirlanmistir. Doktora tezlerinde %69,2'si
101-200 araliginda ve %23,1°1 201-300 araliginda yazilmstur.

Tablo 2. Tez Sayfa Sayis1 Dagilim

Sayfa Sayis1 Tez Sayist1 %  Yuksek Lisans % Doktora %

0-100 116 58,0 114 65,5 2 1,7
101-200 72 36,0 54 31,0 18 69,2
201-300 10 5,0 4 2,3 6 23,1

300< 2 1,0 2 1,1 0 0,0

TOPLAM 200 100,0 174 100,0 26 100,0

Tezlerin yapildig1 ana bilim dallarina gére dagilimi Sekil
7’de gosterilmistir. Olusturulan verilerde yaklagik 30 farkli ana
bilim dalinda calisilan tezler topoloji optimizasyonu ile ilgilidir.
En fazla ¢aligma 123 tane ile (%61,5) Makine Miihendisliginde
yapilmustir. Bunlarin 13 tanesi (6’s1 Ingilizce ve 7’si Tiirkce
olarak) Doktora tezi, 110 tanesi (29’u Ingilizce ve 81°i Tiirkge
olarak) Yiiksek Lisans tezidir. Ikinci sirada Otomotiv
Miihendisligi alaninda 13 tane (%6,5) tez calismasinin 1 tanesi
Doktora ve 12 tanesi Yiiksek Lisans olarak Tiirk¢e yazilmistir.
Insaat Miihendisligi 10 (%5) 2 Doktora (1’i Ingilizce ve 1’i
Tiirkce) ve 8 Yiiksek Lisans (3’ii Ingilizce 5’i Tiirkge)
hazirlanmistir. imalat Miihendisligi alaninda 7 tane (%3,5) tez
yazilmus, 1’1 Tiirkge Doktora ve 6 tanesi (2’si Ingilizce ve 4’ii
Tiirkge) Yiiksek Lisans tezidir. Makine ve Imalat Miihendisligi
alaninda 1 tane Doktora ve 1 tane Yiiksek Lisans tezi oldugu
goriilmiistir. Bunlar Makine Miihendisligi ve Imalat
Miihendisligi degerlerine dahil edilmemis ve ayr1 olarak
degerlendirilmistir.

72



Makine Miihendisligi

Sekil 7. Tez Sayilarina Gére ilk 10 Ana Bilim Dali

m Tez Sayisi m%
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Havacilik ve Uzay Mithendisligi 13 | ¢

Elektrik ve Elektronik Mithendisliai r,u 14

0 20 10 6l a0 100 120 140
Lisansiistii tezler incelendiginde 60 farkli iiniversite
oldugu goriilmiistiir. Tez ¢aligmasinin yapildigi kurumlar Sekil
8’te gosterilmistir. Universiteler arasinda ilk sirada Istanbul
Teknik Universitesi (ITU) 25 tane (%12,5) 2’si Doktora ve 23’si
Yiiksek Lisans tezidir. Ikinci sirada Bursa Uludag Universitesi
(BUU) 21 tane (%10,5) 2’si Doktora ve 19’u Yiksek Lisans
tezidir. Ugiincii sirada Gazi Universitesi (GU) 19 tane (%9,5) 1’i
Doktora ve 18’1 Yiiksek Lisans tezidir. Tez sayilarina
bakildiginda 28 (%46,7) tniversitede 1 tane, 15 (%25)
tiniversitede 2 tane, 4 (%6,7) tiniversitede 3 tane tez calisildigi
tespit edilmistir.
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Sekil 8. Tez Sayilarina Gére i1k 20 Universite

mTez Savisi m%
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Universite
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0 =} 10 15 20 25
Tez Sayisi
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4. SONUC

Bu calismada, YOK Tez Merkezi veri tabaninda
arsivlenen lisansiistii tezler i¢inde topoloji optimizasyonu ile ilgili
olanlar incelenmistir. Calismada 200 tez degerlendirilmistir. Ilk
calisma 1999°da yapilmis, 2000 ve 2008’de ¢alisma yapilmamias,
2018’e kadar ve 2020°de tez sayilar1 10’dan az oldugu, 2020
yilindan itibaren ¢alisilan tez sayilarinda artig tespit edilmistir.
Tezlerin ¢ogunlugunu Yiiksek Lisans (%87)’dir. Tez yazim dili
%69 oraninda Tirkge’dir. Sayfa sayisi degerlendirildiginde
%58’ 0-100 araligindadir. Makine miihendisligi en fazla tez
yazilan ana bilim dalidir. Universiteler arasinda ilk sirada Istanbul
Teknik Universitesi (ITU) 25 tane (%12,5), ikinci sirada Bursa
Uludag Universitesi (BUU) 21 tane (%10,5) ve iigiincii sirda Gazi
Universitesi (GU) 19 tane (%9,5) yer almaktadir.
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KARBON YAKALAMA, DEPOLAMA (CCS) VE
GELiSMIiS PETROL GERi KAZANIMI (EOR)
TEKNOLOJILERININ TURKIYE’DE
UYGULANABILIRLiGi UZERINE BiR
FIZIiBILITE CALISMASI*
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1. GIRIS

Komiir basta olmak {izere bircok fosil yakitin giig
santrallerinde yakilmasi, atmosferdeki karbondioksit (CO2)
oraninin artmasma yol ac¢maktadir. Karbon Yakalama ve
Depolama (Carbon Capture and Storage-CCS) teknolojileri, yakit
doniisiimiinde, endiistride ve enerji liretiminde biiylik 6lgekli fosil
yakit kullanimindan kaynaklanan karbondioksit gibi sera gazi
emisyonlarin1 azaltmak ig¢in verimli bir teknolojidir. Karbon
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yakalama ve depolama (CCS) uygulamalar1 ile karbon
yakalanabilmekte, depolanabilmekte ve petrol ve metan Gretimi
gibi birgok alanda kullanilabilmektedir. Enerji verimliligi,
ormansizlasmanin  Onlenmesi  ve  yenilenebilir  enerji
caligmalarinin yani sira karbon yakalama ve depolama (CCS)
teknolojisinin daha genis alanlara uyarlanmasi, Petrol Geri
Kazanimi  (Enhanced Oil Recovery-EOR) ve CCS
teknolojilerinin bir arada degerlendirilmesi kiiresel 1sinma ve
cevre kirliligini 6nleme agisindan oldukg¢a fayda saglamaktadir.
CO2'nin en buyuk endistriyel kullanimi, jeolojik olusumlarda
sikisip kalan fosil yakitt disar1 atmak i¢in COz2'nin tiikenmis veya
yar1 tiikenmis petrol ve gaz rezervuarlarina basing altinda enjekte
edildigi, gelismis petrol geri kazanimi (OER) uygulamalaridir.
EOR, onlarca yildir yaygin olarak kullanilan ve petrol ve gaz
endiistrisine biiyiik ekonomik faydalar saglayan olgun bir
teknolojidir.

Bu c¢alismada, komiir yakith Adana Isken Sugozii ve
Iskenderun Atlas Termik Santrallerinden salinan karbondioksit
emisyonlarinin yakalanmasi ve depolanmasinin Petrol Geri
Kazanimi (EOR) teknolojisi ile birlikte uygulanmasi Uzerine bir
maliyet  fizibilitesi  ¢alismasi  yapilmistir.  Yakalanan
karbondioksitin boru hatt1 ile Batman ilinde bulunan Bati Raman
Bolgesine petrol geri kazanimi i¢in nakledilmesi planlanmistir.
Adana ve Iskenderun’da bulunan komiir yakith termik
santrallerinin tercih edilmesinin sebebi, bu santrallerin yogun
karbon emisyonuna sebep olmasi ve Bat1 Raman bolgesine yakin
olmalaridir. Termik santrallerden karbon depolama bdlgesine
ortak olacak sekilde en uygun karbondioksit tasima boru hatti
mesafesi tespit edilmistir. Iki santralin toplam CO2 emisyon salim
miktarina gore karbon yakalama, tasima ve depolama igin gerekli
toplam maliyet hesaplanmistir. Ayrica CO2’nin depolanmasi ile
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tiretilebilecek petrol miktarinin en az degere gore hesabi
yapildiginda, bir yil zarfinda harcanan maliyeti karsiladigi
gOriilmiistir.

Kiiresel 1sinma, c¢ogunlukla karbondioksit emisyonlari
olmak {izere sera gazi emisyonlarinin neden oldugu giinliimiiz
toplumu icin merkezi bir tehdittir. 1880-2020 yillar1 arasinda en
sicak yedi yilin tamami 2014'ten sonra ve en sicak 10 yil da 2005
itibariyle gerceklesmistir. 2011-2020 yillar1 arasinda kiiresel kara
ve okyanus ylizeyi ortalama sicakligi, 20. yiizyi1l ortalama
sicakligmin  +0,82°C {izerinde bir sicaklikla, dunya icin
kaydedilen en sicak on y1l olmustur. Bu, 2001-2010 y1llar1 arasini
kapsayan onceki on yillik rekor degerini +0,62°C asmistir. 2020
yilinda Kuzey Yarimkiirede kara ve okyanus yiizey sicakligi,
ortalamanin +1,28°C iizerine ¢ikarak son 141 yilin en yiiksek
rekor seviyesine ulagsmistir. Bu, 2016'da kirilan 6nceki rekordan
0,06°C daha yiiksektir (NOAA,2020).

Insan faaliyetlerinden iklim degisikligine en biiyiik
katkiyr yapan sera gazi CO2 dir. Atmosfere saliman CO2
emisyonlarint azaltmak i¢in bir takim teknolojik segenekler
vardir. Bunlar; enerji doniisiimiiniin ve/veya kullaniminin
verimliligini artirarak enerji tiiketimini azaltmak, komiir yerine
dogal gaz gibi daha az karbon yogunluklu yakitlara gecmek, ¢cok
az CO2 yayan veya hig¢ CO2 salmayan yenilenebilir enerji
kaynaklariin veya niikleer enerjinin kullanimin1 arttirmak,
ormanlarda ve topraklarda aga¢ sayisini artirarak CO2'i tutmak ve
CO2'1 kimyasal veya fiziksel olarak yakalamak ve depolamaktir.
COz2'nin termik santrallerden yakalanmasi ve sikistiriimasi,
CO2'nin tasmmmasi ve ylizlerce ila binlerce yil boyunca
atmosferden uzakta depolanmasi agamalarindan olusan Karbon
Yakalama ve Depolama sireci, elektrik enerjisi Uretim tesislerine

79



Makine Miihendisligi

ve diger biiylik endiistriyel emisyon kaynaklarina uygulanabilir
(Sigirtmag, 2022).

Karbondioksit fosil yakitlarin termik santrallerde
yakilmasi neticesinde acia c¢ikmaktadir. Karbondioksit gesitli
depolama alanlarinda depolanabilmektedir. Bir¢ok jeolojik yap1
CO2 gazimi tutma Ozelligine sahiptir ve bdylece bu jeolojik
yapilarda COz gaz1 yillarca hareketsiz kalabilmektedir. (Karakurt,
Aydin ve Aydiner, 2009)

CCS' nin EOR ile birlestirilmesi, yakin vadede CCS
projelerinin gelistirilmesini kolaylastirmak igin kritik bir finansal
tesvik saglayabilir. CCS Teknolojisiyle ilgili ¢aligmalarda ilk
olarak 1970’lerde Amerika Birlesik Devletleri (ABD)’nde EOR
i¢cin karbon yakalama uygulamasi baglamistir. Bu uygulama; hem
karbondioksit ile giiclendirilmis petrol geri kazanimi saglamakta
hem de petrol iiretimini artirirken, komiirle calisan enerji
santrallerinin ve diger endiistriyel kaynaklarin karbon ayak izini
azaltmaktadir. CO2 yag ile karnstifi ve yagin ozelliklerini
degistirdigi i¢in, ilave yag iiretmede etkilidir. Karbondioksit,
tiikkenmis rezervuarlardan petrol iiretimini tesvik etme yetenegine
sahip olup ABD'de dogal kaynakli CO2'min smirli hacimleri
nedeniyle degerli hale gelmektedir. Bu nedenle, biiyiik dlgekli
sanayi kuruluslarinda, EOR sirasinda petrolle iiretilen COz ayrilir,
sikistirilir ve yeniden enjekte edilir ve defalarca geri doniistiiriiliir
(Hill, Hovorka ve Melzer, 2013). CO2 enjeksiyonu 80'li yillarda
ABD'den sonra ilk kez Tirkiye'de kullanilmistir ve halen
kullanilmaktadir. Tiirkiye’nin en biiyiik dogal COz2 sahasi olan 90
km uzakliktaki Dodan Sahasi’ndan COz2 boru hatt1 ile Bat1 Raman
Sahasi’na taginmakta ve CO2 enjeksiyonu gerceklesmektedir
(Esmaeili, 2018).
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ik defa 1991 yilinda Norveg hiikiimeti CO2 emisyonlari
icin vergi olusturmustur. Kirleten 6der ilkesine gore diizenlenen
iklim degisikligine iliskin bu sistemde; madeni yag ve petrol
uzerindeki CO2 vergileri; AB Emisyon Ticaret Plani’ na dahil
olan kita sahanliginda petrol c¢ikarimindan kaynaklanan
emisyonlara iliskin bir vergi ile birlikte sera gazi emisyonlarini
etkin bir sekilde smirlamak icin 1991 yilinda uygulamaya
konmustur. Norveg¢’te Dogal gaz ve LPG (Sivilastirilmis Petrol
Gazi1) lizerindeki CO2 vergileri ise 2010 yilinda uygulamaya
konulmustur. (Norveg Tklim ve Cevre Bakanlhigi, Norveg Ulusal
Plani, 2019)

[lk CCS projesi 1996°da hayata gecirilen Norveg’te
bulunan Sleipner’ dir. Sleipner CO2 enjeksiyon projesi, 1996'dan
beri 16 Mt CO2'nin enjekte edildigi diinyanin ilk endiistriyel agik
deniz CO2 Yakalama ve Depolama projesidir (Furre, vd., 2017).
2014 yilinda Kanada’da faaliyete gegen Boundary Dam Termik
Santrali ise, diinyanin ilk biiyiik dlcekli CCS prosesli termik
santralidir (Global CCS Institute, The global Status of CCS,
2014).

Timii biiytik 6lgiide komiire bagimli olan enerji liretimi
ve enerji yogun endiistriyel sektorler i¢in CCS, CO2
emisyonlarinda 6nemli bir azalma saglayabilen tek segenektir.
Gunumuzde en Umit verici secenekler, son teknoloji drind
plilverize kdmiir santralinde Monoetanolamin kullanilarak yanma
sonrast yakalama ve Entegre Gazlagtirma Kombine Cevrim
(IGCC) biriminde 6n yanmali yakalamadir (Senior, vd., 2011).

Diinyada enerji iiretimi i¢in kullanilan fosil yakitlarin
bliyiikk bir kismini olusturan k&mdiiriin enerji kaynagi olarak
kullaniminin devam etmesi i¢in cevresel etkisinin azaltilmasi
gerekmektedir. Bu nedenle, komiirle ¢alisan elektrik santrallerine
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bagli CO2 yakalama ve depolama tesislerinin kurulumu, CO:2
emisyonlarini azaltirken komiir kaynaklarinin kullanimina izin
veren iklim degisikligini azaltma yolunda bir ¢oziim stratejisi
sunmaktadir.

Agrali, Ugtug ve Tiirkmen (2018), karbon yakalama
kapasiteleri tlizerine ¢alismuslar, kurulumun uygun olup
olmadiginin, yakalanan karbonun tasinmasi igin kurulmasi
gereken tasima durumunun ve depolama alanlarinin konumlarina
karar veren bir karma tam sayili programlama modeli
gelistirmislerdir. BOylece Ulkemizin farkli bolgelerinde bulunan
iki komurlu termik santral ile ilgili veriler kullanilarak Genel
Cebirsel Modelleme Sistemi (GAMS) uygulanmistir. Yakalanan
karbonu gelismis yag geri kazaniminda degerlendirmeyi, ayrica
EOR pazarinda yeterli talep oldugu siirece CCS' nin tercih
edilebilir oldugunu tespit etmislerdir.

Karbondioksiti yakalamak igin biyolojik yontemler de
mevcuttur. Iklim degisikligiyle miicadele etmenin en iyi
yollarindan biri aga¢ dikmektir. Agaglar fotosentez yaparken
atmosferdeki karbondioksiti yok ederken oksijen ve besin
uretmektedir. Yerylzunde 6zellikle corak topraklarda 1 trilyon
yeni aga¢ dikmek atmosferdeki karbondioksit miktarini yaklagik
750 milyar ton azaltabilecektir. Bdylece, insanlar etkisiyle son 25
yilda salinan karbondioksit tiiketilmis olacaktir. (Ocak, 2019)
Orman yanginlarindan sonra kayiplar1 hizla geri kazandirmak ve
mevcut ormanlar1 korumak da karbon diizeyini azaltmada biiyiik
Oonem tagimaktadir.

Karbondioksiti azaltmak icin bir diger biyolojik yontem
ise yakalanan CO: ile mikroalg yetistiriciligidir. Mikroalg
biyolojik CO2 tutma yontemi, termik santraller gibi ylksek
miktarda COz salinimi yapan tesislerle birlestirilebilmektedir.
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Mikroalgler, suda ¢6ziinmiis CO2’yi kullanarak, CO:2
salimimlarint birim alanda daha fazla azaltabilmektedir. Daha
sonra bu mikroalgler kurutulup 6giitiilebilmekte, biyoyakit olarak
kullanilabilmektedir (Sayaner, 2013). Ayrica alglerden gida
boyast ve miirekkep {iretiminde ve moda sektoriinde de
yararlanilmaktadir.

Karbon azaltma secenekleri arasinda farkli bir yontem ise
yenilenebilir enerji kaynaklarinin kullanimidir. Yenilenebilir
enerji kaynaklan fosil yakitlara gore daha az karbon emisyonu
yaymaktadir. Ozellikle jeotermal enerjiden kaynaklanan karbon
salmim1 yok denecek kadar azdir. Ayrica yenilenebilir enerji
seceneklerinin uygulama alanlar1 diinyada oldukg¢a genistir.
Ozellikle hidrolik enerji, riizgar enerjisi, giines enerjisi ve
jeotermal enerji teknolojileri Turkiye’de biyuk potansiyele
sahiptir (Sahbaz Kiling ve Coban, 2015).

Italya’ da karbon yakalama ve depolamanin (CCS)
uygulanabilirligi arastirtlmis olup, USC (ultra super Kritik),
NGCC (dogalgaz kombine ¢evrim) ve IGCC (entegre gaz
kombine ¢evrim) santrallerine yapilan yatirimlar
degerlendirilmistir. Mevcut Italyan enerji  santrallerinin
giiclendirilmesinin uygunlugu incelenmistir. Seviyelendirilmis
elektrik maliyeti (levelized cost of electricity-LCOE), Kaginilan
CO2 maliyeti (cost of CO2 avoided-CCAV) ve yakalanan CO2
maliyeti (cost of CO2 captured-CCAP) hesaplamasina dayali
tekno-ekonomik analiz ve CCS sistemlerinin  karlilig1
degerlendirilmistir. CCS sistemi le donatilmis santrallerin
seviyelendirilmis elektrik maliyeti, CCS’ siz santrallere gore daha
fazla oldugu anlasilmistir. Sonug olarak, CCS yatiriminin, CCS’
siz ultra siiper kritik ve dogalgaz kombine ¢evrim tesisleri igin
uygun oldugu, ancak bu se¢eneklerin minimum karbon vergisinin
entegre gaz kombine ¢evrime gore daha yiiksek oldugunu ortaya
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koymustur. Ayrica karbon igermeyen riizgar giicii de uygundur
fakat kesintilidir (Fichera and Volpe, 2020). Karbon yakalama ve
depolama asamalar1 Sekil 1 de goriildiigii gibi proseslerden
itibaren depolamaya kadar bir¢ok islem ve faktorlere baglhdir.

Sekil 1. Karbondioksit Yakalama ve Depolama Asamalari
Fabrikalar, 4’( CO; turma H Stvilagnrma ‘*{ Gecgici depolama ‘

Endiistrivel
Com D

prosesler

Naklive

(Boru hatn) Gegici depolama ‘

Enjeksiyon
1

l

| Jeolojik depolama |

Kaynak: Karakurt vd., 2009

Gunumuzde karbon yakalama teknolojileri olarak;
Kimyasal Absorpsiyon, Fiziksel Ayirma, Oksi-Yakit Ayirma,
Membran Ayirma, Kalsiyum Dongisu, Kimyasal Dong,
Dogrudan Ayirma ve Slper Kritik CO2 Gl¢ Cevrimleri
yontemleri  kullamilmaktadir. Bu ¢alismada  Kimyasal
Absorpsiyon yontemi se¢ilmistir. Kimyasal Absorpsiyon
yontemi; CO:2 ile kimyasal bir ¢6ziicii (6rnegin etanolamin
bilesikleri) arasindaki reaksiyona dayanan yaygin bir iglemdir.
Amin bazl ¢oziiciiler kullanilan kimyasal absorpsiyon yontemi,
en gelismis CO2 ayirma teknigidir. En yaygin olarak kullanilan
¢oziict monoetanolamindir. Bu teknik uzun suredir yaygin olarak
kullanilmaktadir ve su anda diinya ¢apinda elektrik tiretimi, yakit
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doniisiimii ve endiistriyel tiretim alanlarinda bir dizi kiigiik ve
blyuk Olcekli projede uygulanmaktadir (IEA, 2021) (Sekil 2).

Sekil 2. Karbondioksit Kullanim Yollarimin Siniflandirilmasi

=Fossil Yakit "Endstriyel Islemler Verim artirma

=Biyokiitle *Yer alt1 Yataklan wSeralar
—
=Hava *Yosun
«Ure/giibre
Yalatlar
*Metan
*Metanol <
*Benzin/dizel/havacilik Cozicii
yakiti Gelismis yag geri
—>| kazanimi

*Kafeinsizlestirme
*Kuru temizleme

Kimyasallar snisiim d
*kimyasal ara rtinler . 3 Dondstim disi
(Metan,Metanol) Dontsim (Dogrudan

ePolimerler(Pilastik) Kullanim) Isi transfer sivisi
*Sogutma
*Stiper kritik glic
sistemi

Yapi Malzemeleri
*Agregalar

(dolgu malzemesi) <
*Cimento
*Beton

Diger

*Yiyecek ve icecekler
*Kaynak

*Tibbi kullanimlar

Petrol Geri Kazanimi (EOR) yoOntemi ise bir petrol
sahasindaki  petroliin  biiylik kismin1  geri  kazanmay1
amaclamaktadir. Petrol Geri Kazanimi (EOR) yontemlerinden
gaz enjeksiyonu, ¢ogunlukla CO2, CHs4 ve Nz enjeksiyonunu
kapsamaktadir. Bu yontem ham petroliin viskozitesini
diistirmekte ve ham petrolii hareketlendirmektedir. Bir petrol
rezervuarina CO2 enjekte edildiginde, petrolden gelen hafif
hidrokarbonlar CO2'de ve CO2 de yagda ¢o6ziindiikkge, COz2 ile
artik ham petrol karsilikli olarak reaksiyona girmektedir. Enjekte
edilen COz2 rezervuara girer ve kayanin gozenek bosluklarindan
gecerek arttk ham petrol damlaciklariyla karsilagir, petrolle
karigir ve liretim kuyularina dogru aktarilan konsantre bir petrol
bankasi olusturur (www.netl.doe.gov, 2010). Turkiye, Kuzey
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Amerika disinda ilk CO2-EOR projesine sahiptir. Tirkiye’de
1986 yilindan itibaren Bat1 Raman petrol sahasinda bir adet CO2
enjeksiyonlu EOR projesi devam etmektedir (IEA, 2008).

2. CCS UYGULAMASININ MALIYET ANALIZi

Bu ¢aligmada, Tiirkiye’de komiirli enerji sektoriinde CCS
teknolojisinin uygulanmasina iliskin 6zgiin bir degerlendirme
saglamak i¢in CCS' nin Entegre Tekno Ekonomik Degerlendirme
Modeli (ekonomik isleyis analizi) gelistirilmistir. Termik
santrallerde fosil yakitlarin yakilmasindan kaynaklanan CO2’in
yakalanmasi1 ve depolanmasi teknolojisinin uygulanabilirligi i¢in
ulkemizin guneyinde bulunan iki 6nemli termik santral secilerek
bir 6n fizibilite calismas1 yapilmistir. Bu fizibilite diizeyindeki
calisma; enerji santrali tarama ve se¢imini, depolama sahalarinin
uygunluk degerlendirmesini, entegre edilecek CCS projelerinin
tekno-ekonomik modellemesini, kaynak-depolama eslestirmesi
ile maliyet tahminini igermektedir.

Calisma i¢in se¢ilen Adana Isken Sugdzii Termik Santrali
ve Iskenderun Atlas Termik Santralleri Turkiye’nin giineyinde
faaliyet gosteren komiir yakith elektrik santralleridir. Santrallerin
Adana ve Iskenderun’da secilmelerinin nedeni yiksek
karbondioksit emisyonuna sahip olmalari, karbon depolama
alanina yakin olmalar1 ve kdmiirle calistiklari i¢in yiiksek karbon
salim1 gerceklestirmeleridir. Isken Sugdzii Termik Santralinin
kurulu giicii 1210 MW, yillik CO2 emisyonu 5,63 Mt. (Milyon-
ton); iskenderun Atlas Termik Santrali kurulu giicii 1200 MW,
yillik CO2 emisyonu 4,91 Mt’dir (Evans ve Pearce, 2020). Bu
santrallerin kazanlarindaki yanma teknolojilerinin eski olmasi ve
mevcut yeni teknolojilerin uygulanmasimin zor ve maliyetli
olmasi nedeniyle karbon salimini azaltmanin en iyi yolu yanma
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sonrast karbon yakalama teknolojilerini kullanmak olacaktir.
Karbon yakalama teknolojileri i¢ginde en gelismis CO2 ayirma
teknigi; kimyasal absorpsiyon olup yaygin olarak ¢6zlcl
monoetanolamini (MEA) tercih edilmektedir. Ayrica, sulu
Monoetanolamin yikama yontemi, Tirk komiir yakith elektrik
santrallerinde de kanitlanmis bir karbon yakalama teknolojisidir
(Esmaeili, 2018).

CO2 yakalama maliyeti genellikle nakliye ve depolama
maliyetinden daha fazla olsa da CO2’in yakalandigi alan ile
depolama/kullanim alanlar1 arasindaki mesafe, maliyeti bir
dereceye kadar etkileyebilir. En uygun ulagim planimni bulmak,
ulagimla ilgili harcamalar1 kontrol altinda tutmamiza yardimci
olacaktir. Baglica CO2 yayicilar1 olan fosil yakith enerji
santralleri icerisinde yalnizca komiirle calisan enerji santralleri
dikkate alinmistir ve ¢imento veya demir-gelik endustrileri dahil
edilmemistir.

Yakalanan karbondioksitin boru hatti ile Batman ilinde
bulunan Bat1 Raman Bolgesine veya Sirnak ilinde bulunan Bat1
Kozluca bolgesine EOR petrol geri kazanimi igin nakledilmesi
planlanmistir. Burada CO2’in Bati Raman bdlgesine enjekte
edilmesi; Adana ve Iskenderun ile Batman arasindaki mesafenin
daha kisa ve boylece maliyetin daha diisiik olmasindan dolayidir.

Boru hatt1 kabul edilebilir risk ile (yasal yukumluliklere
ve ISG ye uygun) tasarlanmistir. Boru hattinin igerigi CO2 ve
boru hatti etrafindaki insan faaliyetleri goz 6ntiine alinmis ve boru
hattt tasarimi ileri glvenlik seviyesi dikkate alinarak
olusturulmustur.

Boru hattinda, serbest su olusumunu 6nlemek ve CO:2
akisinin su igerigini kontrol edebilmek i¢in en uygun oldugu
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belirlenen 12 Inglik Karbon-Manganez celik hat borusu
secilmistir.

Secilen termik santrallerde insa edilmesi diisiiniilen CO2
boru hatlarinin; her 350 m'de bir catlak dnleyici ve 16-32 km'de
bir blok vanali yalitimli 12 m'lik bdliimlerden olusacag: ve boru
hatlarinin  yaklagtk 1 m  derinlikte olmasi tasarlanmustir.
Yakalanan karbondioksitin enjeksiyon kuyusuna guvenli bir
sekilde gonderilmesi i¢in kuyu agilmasi gerekecektir.

Sekil 3. Termik Santrallerin CO; Boru Hatlarinin Bir Boru
Hattinda Birlestirilmesi

Bat: Raman petrol rezerv alani ile Isken Sugdzii Termik
Santrali arasindaki boru hatti uzunlugu 529 km; Bati Raman
petrol rezerv alam ile Iskenderun Atlas Termik Santrali
arasindaki uzaklik 526 km’dir. iki termik santralin de birbirlerine
yakin olmasindan ve Bati Raman bolgesine olan uzakliklari
benzer olmasindan dolayr her bir santralden ayri1 ayri désenen
boru hattin1 Osmaniye ilinde birlestirip tek boru hatt1 lizerinden
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Bati Raman bdlgesine CO2’in  ulagsmasinin  saglanmasi
diisiiniilmiistiir. Adana Isken Sugdzii Termik Santrali ile
Osmaniye arasi boru hattt uzunlugu 45 km, Iskenderun Atlas
Termik Santrali ile Osmaniye arasi boru hatti uzunlugu 43 km ve
birlesme noktast olan Osmaniye ile Bati Raman petrol rezerv
alan1 arasindaki boru hatti uzunlugu 483 km dir. Boru hatti
giizergahi belirlenirken zaman ve maliyet tasarrufu saglamak i¢in
daha 6nceden dosenmis olan Batman-Dortyol Petrol Boru Hatti
dikkate alinmistir ve hattin biiyiik bir kismmin bu bolgelerden
geemesi planlanmaktadir. Daha Onceden var olan Batman-
Dortyol Petrol boru hatti Batman Terminalinden baslamaktadir.
Daha sonra Bismil, Diyarbakir Merkez, Piringlik Pompa
Istasyonu, Siverek, Hilvan, Bozova, Araban, Saril Pompa
istasyonu, Pazarcik, Islahiye, Bahce ve Osmaniye’den gecerek
Hatay Dértyol’da bitmektedir. Dortyol ve Iskenderun Atlas
Termik Santrali arasinda 16 km’lik kii¢iik bir mesafe kalmaktadir
(Sekil 3 ve 4).

Sekil 4. Bat1 Raman ile Termik Santraller Arasinda Dosenecek
Boru Hatt1 Goriiniimii
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CO2 yakalama ve depolama maliyetini hesaplamada
asagidaki formiiller kullanilmigtir.

LACOE (LACOE)retrofit_ (LACOE)current
cost,yoid = = 1
avoid (EF)current_(EF)retrofit (EF)current_(EF)retrofit ( )
(fcf.C +C )
LCOE — TCR FOM (2)

" (Ppet.Hrs)+VOM+HR.FC

COStievelized =
fefCrer.ccustCrom_ccustPecus-HTSccus.Copo tMC02 cap €TRS) 3)
mco,,cap
(COStlevelized-mCO ca )
LACOE = , 2.Cap (4)
(Pnet'HrS)

Tasarlanan projenin maliyet hesabini yapmak {izere
Wei’nin (Wei, vd.,2021) ¢alismasimin alt ve iist sinir maliyet
degerleri kullanilmistir. Buna gore yapilan galismada santrallerde
COz2’ i yakalamak igin gereken tesislerin toplam kurulum maliyeti
en az 316.200.000 USD/y1l, en fazla 527.000.000 USD/y1l; boru
hatt1 ile toplam tasima maliyeti en az 111.106.000 USD, en fazla
388.871.000 USD; toplam depolama maliyeti yillik en az
632.400.000 USD, en fazla 1.054.000.000 USD’dir. Kurulum,
tagima ve depolama maliyetlerinin toplami en az 1.059.706.000
USD, en fazla 1.969.871.000 USD’dir.

Iki termik santralin yillik toplam CO2 emisyonu 10,54
Mt.’dur. Bu karbondioksitin depolanmasi ile 2.342.222 varil
petrol iiretilebilecektir. Uretilen petroliin toplam fiyati yaklasik
175.666.650 USD’ a denk gelmektedir. Buradan cikartilan
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sonuca gore; iiretilen petrol ile harcanan maliyet en az degere gore
hesaplanirsa 6 y1l zarfinda karsilanabilmekte, en fazla degere gore
hesaplanirsa neredeyse 11 yil zarfinda karsilanabilmektedir.

3. SONUCLAR VE ONERILER

Bu c¢alismada, komiirle ¢alisan iki termik santralin baca
gazi lizerinde pilot Olgekte yanma sonrasi yakalama projesi
tasarlanmustir. Yiiksek kurulu giice sahip olan bu santraller isken
Sugdzii Termik Santrali ve Iskenderun Atlas Termik Santrali’dir.
Hesaplamalar sonucunda bu iki santralden yillik yakalanan
toplam CO2 emisyonu 10,54 Mt. dur. isken Sugézii Termik
Santralinden Bati Raman petrol rezerv alanina tasinan CO2’nin
boru hattt uzunlugu 529 km; Iskenderun Atlas Termik
Santralinden Bati Raman petrol rezerv alanina taginan COz2’nin
boru hatt: uzunlugu 526 km’dir. Iki santralden ddsenen boru
hattinin Osmaniye’de tek hat {izerinde birlestirilip tasinmasi en
uygun secenek olarak belirlenmistir. EOR teknolojisi ile Bati
Raman’da Uretilen petrol miktar1 2.342.222 varildir. Bu proje
dahilinde karbon yakalama, tasima ve depolama toplam maliyeti
ortalama 1.514.788.500 USD olarak hesaplanmustir.

Sugdzii Termik Santrali ve Iskenderun Atlas Termik
Santrali i¢in hazirlanan yukaridaki projeye gore Bati Raman
bolgesine yakalanan CO2’nin depolanmasi ve buradan petrol geri
kazanimi oldukga gegerli bir segenektir. Yapilan hesaplamalar
dahilinde en az bir yil zarfinda harcanan maliyetin geri
doniisiiniin gerceklesecegi, petrol iiretiminin bu sayede artacagi
ve boylece CO2’nin atmosfere salinmayip sera gazina sebep
olmayacagr anlasilmigtir.  Tirkiye’de CCS ve EOR
teknolojilerinin birlesimi ile karbon emisyonunun azaltilmasi i¢in
ciddi engeller gérinmemektedir. Elde edilen veriler, Agral vd.,
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2018 calismasi ile karsilastirildiginda bulunan sonuglar birbiri ile
uyumludur. Tiirkiye’de karbon emisyonlarin1 g¢evresel ve
ekonomik olarak ddiillendirici bir sekilde azaltmanin bir yolu
olarak karbon yakalama, depolama ve kullannmina oncelik
verilmesi gerektigi anlagilmistir.

Yerel nokta kaynaklarini potansiyel ticari CO2-EOR ve
CO2-ECBM faaliyetleriyle eslestirerek, tilkemizin hem yakalama
hem de depolama alanlarinda elde edilebilecek bazi firsatlar
asagidaki gibi 6zetlenmistir:

e Manisa Soma Linyit rezervi, Izmir, Manisa ve Aydin'daki
termik santraller, demir-gelik ve ¢imento fabrikalar1 ile
petrol rafinerilerinden kaynaklanan CO2 emisyonlarini
depolama potansiyeline sahiptir.

e Kiitahya Tavsanli linyit rezervi, Kiitahya cevresindeki
komarli  termik  santrallerden  kaynaklanan CO:2
emisyonlarini depolama potansiyeline sahiptir.

e Bursa linyit rezervi Bursa'daki komurli termik santraller,
demir-gelik  fabrikalarindan ~ kaynaklanan  CO2
emisyonlarini depolama potansiyeline sahiptir;

e Cayirhan ve Kirgehir linyit rezervi, Ankara'daki komiirli
termik santrallerden kaynaklanan CO2 emisyonlarini
depolamak i¢in kullanilabilir.

e Mugla-Yatagan linyit rezervi, Mugla c¢evresindeki
komiirle ¢alisan termik santrallerden kaynaklanan CO:2
emisyonlarini depolama potansiyeline sahiptir.

e Zonguldak tagkomiirii rezervi, Zonguldak'taki komiirli
termik santraller, demir-celik ve ¢imento fabrikalarindan
kaynaklanan CO2 emisyonlarin1 depolama potansiyeline
sahiptir.
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Trakya bolgesindeki dogal gaz ve petrol sahalari,
Kirklareli ~ ¢evresindeki  komiire  dayali  termik
santrallerden kaynaklanan CO2 emisyonlarini depolamak
icin kullanilabilir.

Kahramanmaras-Elbistan linyit rezervi, Kahramanmaras
santralleri ile Osmaniye ve Hatay'daki demir-celik
fabrikalarindan  kaynaklanan CO2  emisyonlarinin
depolanmasinda kullanilabilir.

Glineydogu Anadolu petrol ve dogal gaz sahalari,
Ozellikle Batman'daki Bati Raman sahasi, bu sahalardan
yiiksek yogunluklu petrol iiretimi nedeniyle EOR
faaliyetlerine devam etmektedir. Su anda Dodan
sahasinda CO2 Uretilmekte olup; bununla birlikte,
Batman'daki bir petrol rafinerisinden ve Batman
cevresindeki  komiirle  ¢alisan  mobil  elektrik
santrallerinden de COz emisyonlar1 yakalanabilir. Bati
Kozluca'da ticari CO2 enjeksiyon faaliyetleri de devam
halindedir (Kok ve Vural, 2012).

Sonug olarak; Atmosferde fazla karbondioksit birikmesini

Onlemek Uzere yapilan ¢alismalar ve literatlr arastirmalarindan
elde edilen bulgular asagida sunulmustur:

Karbon yakalama teknolojileri arasinda en yaygin olarak
kullanilan teknik; kimyasal absorpsiyondur.

Gunlimuzde diinyada CCS teknolojisinden faydalanilarak
en kisa vadede faydali yakit doniisiimii EOR teknolojisi
ile petrol iiretimi alaninda gergeklesmektedir. Tiirkiye,
Kuzey Amerika disinda ilk CO2-EOR projesini
uygulayan ulkedir.

Ulke ekonomisine ciddi yarar saglayan Kiitahya ilinde
faaliyet gosteren Seyitomer, Tungbilek ve Polat Termik
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santrallerinden elde dilen karbon emisyonlarin1 EOR ile
degerlendirilmesi  disilinilmiistiir. Fakat, CCS-EOR
sisteminin kullanilmasmin bu santraller i¢in uygun
olmadig1 anlagilmistir. Ciinkii, santrallerin kurulu gii¢leri
600 MW dan kicuk ve toplam yakalanabilir CO2 miktar1
10 Mtpa dan azdir. Ayrica iilkemizdeki kaynak ve
depolama eslestirmesi, maliyet geri kazanimi vb.
yonlerden uygun olmayan bu santraller icin yakalanan
CO2 iire iiretiminde degerlendirilebilir.

ECBM teknolojisinin uygulanabilmesi icin yeralt: komiir
ve karbondioksit reaksiyonunun iyi anlagilmasi
gerekmektedir. ECBM ile metan geri kazanimi i¢in ¢ok
uzun sureleri kapsayan laboratuvar siirecleri ve yetersiz
literatlir; bu secenegin kullaniminda tereddiide sebep
olmaktadir.

Emisyon merkezi ile CO2 depolama merkezi arasindaki
uzaklik maliyetleri artirmaktadir. Bu nedenle kaynak ve
depolama noktasi arasindaki eslesme iyi analiz
edilmelidir.

Potansiyel CO2 sizintisi, jeolojik depolama i¢in biiyiik bir
endise kaynagidir ve kapsamli bir izleme programinin
gelistirilmesi  gerekmektedir. Giivenli karbondioksit
depolanmasi en 6nemli unsurlardan biridir. Karbondioksit
enjeksiyon  kuyusunun  emniyetli  bir  sekilde
calistirilmamasi, ¢evresinde yer alan yasam alanina
olumsuz sonuglar dogurabilir.

Tiirkiye’de CCS teknolojisine iliskin yeterli caligma
diizeyine ulasilmamistir. Ayrica iilkemizde deprem
riskinin yiiksek olmasi teknik zorluklar1 ve yetersiz
finansal mekanizmalar1 beraberinde getirmektedir.
Tlrkiye ve dunyada karbon yakalama, depolama ve
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degerlendirme konusunda arastirma ¢alismalarina devam
edilmektedir.
e Tirkiye’de yeterince gelismemis durumda olan Karbon

ticareti  sistemi  hakkinda  caligmalar  yapilmali,
bilinglendirme saglanmalidir. Tiirkiye’ de, Karbon
yakalama ve depolama igin yasal = mevzuat
bulunmamaktadir.
Tablo 1. Simgeler ve Kisaltmalar Dizini
Simge
Seviyelendirilmis ek Yillik yakalanan CO;
LACOE | ¢ ekirik maliyeti Mcozeep | ik tar (/a)
Degisken yakit dist Elektrik tuket[ml (MW)
. kaynakli esdeger ve entegre
VOM isletme ve bakim Pecus | oCUS sistemi kaynakls
maliyetleri (USD/MWh) g Y
enerji cezalar
EE Karbondioksit emisyon FC Birim yakit maliyeti
faktorl (/MWh) (USD/GJ)
P’het, |CCUS olmadan net glg
HR Net 1s1 oran1 (GJ/MWh) Prel crkist (MW)
CCUS projesinin
COStievelized | SeViyelendirilmis Alt Simge
maliyeti (USD/t)
Karbondioksit azaltimi . . .
COStayoid maliyeti (USD/) retrofit | Glclendirme
CCUS sermaye maliyeti
Crcr-ccus (USD) Y YEU | current | Meveut
CCUS giiclendirmeleri igin
c CCUS yillik sabit igletme c elektrik santralindeki LCOE
FOM-CCUS | ye bakim maliyeti (USD) | veya ig elektrik fiyat:
(USD/MWh)
Elektrik tuketimi olmadan
. boru hatt1 tagimaciligi,
CCUS ve kdmur S
Hrsccus . jeolojik kullanim ve
santrallerinin y1illik CT&s
Hrs isletme siireleri (saat/yl) depolamanin
yietme sureletl (saatly seviyelendirilmis maliyeti
(USD/H)
CCUS kaynakl
LCOE seviyelendirilmis elektrik

maliyeti (USD/MWHh)
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ADDITIVE MANUFACTURING
TECHNOLOGIES AND ARTIFICIAL
INTELLIGENCE APPLICATIONS:
INTEGRATION OF SMART SYSTEMS IN
DIGITAL MANUFACTURING PROCESSES

Koray OZSOY!

1. OVERVIEW OF ADDITIVE
MANUFACTURING TECHNOLOGIES

Additive manufacturing traces its origins to the 1970s but
gained significant traction in the 1980s with Charles Hull's
development of stereolithography (SLA). By the 1990s,
technologies such as Fused Deposition Modeling (FDM) and
Selective Laser Sintering (SLS) entered the commercial market,
making additive manufacturing widely adopted for prototype
production. During this period, the use of diverse materials
expanded, and industries like biomedical, automotive, and
aerospace began integrating these technologies (Rouf et al. 2022;
Najmon et al. 2019).

In the 2000s and beyond, additive manufacturing evolved
to handle metals, plastics, ceramics, and biomaterials, enabling
the production of more intricate components. Today, with the
integration of artificial intelligence, big data, cloud computing,
and the Internet of Things, additive manufacturing has become a
key player in digital manufacturing and is increasingly used for
mass production. Its flexibility in design and cost-effectiveness

L Assoc. Prof. Dr., Isparta University of Applied Sciences, Isparta OSB Vocational
School, Machine and Metal Technologies, korayozsoy@isparta.edu.tr, ORCID:
0000-0001-8663-4466.
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makes it appealing across various sectors (Blakey-Milner et al.
2021). The American Society for Testing and Materials (ASTM)
committee ASTM F42-Additive Manufacturing categorized into

seven types of AM technologies, as shown in Figure 1 (Abuabiah
etal., 2023).

Figure 1. Additive Manufacturing Technologies Divided into The
Seven Standardized Categories
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Source: (Abuabiah et al., 2023).

Additive manufacturing differs from traditional
manufacturing methods primarily in terms of part production
process and material utilization. Traditional methods typically
involve removing excess raw material through machining, while
additive manufacturing builds parts layer by layer, adding
material to make the final part. This approach results in less
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material waste and allows for the direct creation of complex
geometric structures without the need for molds. Additionally,
additive manufacturing is well-suited for economically producing
customized parts in small-scale production, whereas traditional
methods are generally more cost-effective for large-scale
production (Attaran 2017).

Industry 4.0 plays a major role in advancing additive
manufacturing technologies. Key elements of Industry 4.0, such
as artificial intelligence, big data, cloud computing, and the
Internet of Things (10T), make additive manufacturing processes
more intelligent, flexible, and efficient. The integration of
Industry 4.0 with additive manufacturing allows real-time
monitoring and optimization of production processes. Moreover,
digitalization integrates all stages, from design to production, into
a unified digital environment, accelerating production and
reducing costs (Craveiro et al. 2019; Khalifa et al. 2024).

2. ARTIFICIAL INTELLIGENCE AND
MACHINE LEARNING: ROLE IN
MANUFACTURING PROCESSES

The core concepts of artificial intelligence (Al) are based
on algorithms and techniques that allow machines to exhibit
human-like intelligence. One of the key concepts is machine
learning (ML), where systems can learn from data and enhance
their performance over time without being explicitly programmed
for every task. Image processing is another key concept that
enables machines to analyze and interpret visual data, such as
images and videos. This is vital for applications like facial
recognition and autonomous driving. Deep learning (DL), a
subset of machine learning, uses artificial neural networks to
handle large and complex data sets, enabling more sophisticated
learning processes and decision-making abilities. Together, these
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concepts form the foundation of Al, making it capable of solving
complex problems and performing tasks that typically require
human intelligence. Figure 2 shows the interrelationships
between Al, ML, DL, and image processing, highlighting their
interconnected roles in advancing technology.

Figure 2. Al, ML, DL and Image Processing Relationship
Diagram

Artificial

Intelligence

Machine Learning

Image
Processing

ML and DL are revolutionizing manufacturing by
improving efficiency and reducing costs. ML predicts
maintenance needs, detects failures early, and optimizes
production using sensor data. DL, particularly in image
processing, automates quality control by identifying product
defects. These technologies make production processes faster,
more precise, and reduce human intervention, boosting industrial
automation and competitiveness (Tercan and Meisen 2022; Luca
et al 2022).

Additive manufacturing (AM) and Al play an important
role at the intersection of modern manufacturing technologies. Al
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provides optimization at every stage of AM processes, from
design to production. For example, Al-powered algorithms can
optimize material usage, detect errors that may occur during
printing in advance and speed up the process. In addition, ML
makes it possible to analyze production data and produce more
complex and customized products. When these two technologies
are used together, more efficient, flexible and sustainable
production processes emerge (Yang et al 2017).

3. INTEGRATION OF ARTIFICIAL
INTELLIGENCE AND SMART
MANUFACTURING SYSTEMS

Smart manufacturing systems, as part of Industry 4.0,
present more efficient and flexible production processes through
the integration of digital technologies. The key elements of smart
systems include artificial intelligence, the Internet of Things
(1oT), big data analytics, cloud computing, and cyber-physical
systems. With smart systems technologies, machines and systems
can communicate with each other, collect and analyze data. Smart
manufacturing reduces production errors, enables more efficient
use of resources, and offers flexible production that can be
customized based on demand (Zheng et al. 2018).

In real-time monitoring, forecasting, and decision-making
processes, artificial intelligence facilitates rapid and accurate
decision-making by instantly gathering and analyzing data. The
data collected from sensors and the Internet of Things (10T) is
processed by Al algorithms to detect potential issues early and
enable the system to take automatic actions. This improves
process optimization and boosts efficiency. Moreover, Al can
autonomously make adaptive decisions in dynamic environments
without human intervention, ensuring seamless and more reliable
operations (Tien 2017; Fu et al. 2023).
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The integration of robotics and automation systems with
artificial intelligence enhances the intelligence and flexibility of
production processes. Al allows robots to autonomously carry out
more complex tasks, significantly reducing the need for human
involvement. Through machine learning algorithms, robots can
continuously improve and make adaptive decisions based on the
data they acquire from their surroundings. This integration boosts
efficiency in production lines, lowers error rates, and optimizes
costs. Additionally, it provides a competitive edge by enabling
customizable and flexible production processes (Jha et al 2021).

4. AlI-DRIVEN MATERIALS SCIENCE IN
ADDITIVE MANUFACTURING

Artificial intelligence applications offer revolutionary
innovations in the processes of material selection and
development. The Al-driven materials science workflow, as
illustrated in Figure 3, showcases a comprehensive approach that
integrates advanced artificial intelligence techniques to enhance
various stages of material selection and development. Al
algorithms can analyze large datasets to predict the physical and
chemical properties of materials with a high degree of accuracy.
This accelerates the design of more durable, lightweight, and eco-
friendly materials, reducing costs by replacing traditional trial-
and-error methods. Ultimately, the integration of Al in material
selection and development opens new possibilities for advancing
technology and addressing pressing global challenges, such as
sustainability and resource efficiency. Additionally, Al can
simulate the performance of new materials in advance, enhancing
production efficiency and boosting innovation capacity (Dimiduk
et al.,2018).
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Figure 3. Al-Driven Materials Science Workflow
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Artificial intelligence provides a major advantage in
engineering by significantly speeding up material selection,
simulation and testing processes. Al-based systems use past data
to predict material properties, enabling the identification of the
most suitable options and simulations that evaluate the
performance of materials in advance. Al-driven rapid analysis
and testing process facilitates faster and more effective results,
accelerating research and development. As a result, the time and
cost associated with bringing new materials to market is greatly
reduced (Guo et al., 2021).

5. FUTURE POTENTIAL APPLICATIONS OF
ARTIFICIAL INTELLIGENCE IN ADDITIVE
MANUFACTURING PROCESSES

Extensive research is underway on the integration of
artificial intelligence (Al) techniques into additive manufacturing
(AM) processes, with the field showing substantial future
potential. Al is being leveraged across multiple phases of AM to
drive process optimization, error mitigation, and overall
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operational efficiency. The prospective applications and
advancements of Al in AM are categorized into key areas,
including “Design Optimization”, *“Process Monitoring and
Control”, “Manufacturing Parameter Optimization”, *“Fault
Prediction and Predictive Maintenance”, “Material Science and
Innovation in New Material Development”, “Automation of AM
Processes”, and “Sustainability and Waste Minimization”
(Monfared, 2023).

Ciccone et al. (2023) explore how artificial intelligence
(Al) can significantly assist designers and operators in optimizing
additive manufacturing (AM), particularly in environments
requiring high customization and low production volumes. The
study also investigates Al’s potential to enhance AM processes,
ranging from simulation optimization to in-process monitoring,
while considering future applications and advancements in the
field. Paraskevoudis et al. (2020) applied an artificial
intelligence-based computer vision methodology using deep
neural networks to detect 3D printing defects, specifically wire
drawing, during the Fused Deposition Modelling (FDM) process
by analyzing live video streams. The trained model is shown to
be able to accurately identify the wire drawing defect in real-time
and has the potential to stop the printing process or adjust the
relevant parameters to correct the defect.

Goh et al., (2021) mentioned that machine learning (ML)
enhances various aspects of AM, including design, material
optimization, and process monitoring, with applications in fields
such as biomedicine and construction. He also stated that as better
data collection techniques and more powerful computer chips for
ML are developed, the use of ML in AM will become more
mature and widely adopted. Cai et al., (2024) emphasized that
robotized wire-laser directed energy deposition (DED) holds
great promise for producing complex metal parts, but it faces
challenges related to process stability. Specifically, he mentioned
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that the designed multi-modal IPTD estimation model, consisting
of a convolutional neural network (CNN) and a fully connected
network, combines the features of molten pool images and
process parameters to predict the IPTD state. The regression
performances of single-modal and multi-modal IPTD estimation
models were analyzed and discussed. As a result, the study
proposed a novel deep learning-based approach to monitor
deposition stability, achieve high classification accuracy, and
demonstrate the method's effectiveness for future process control.

Hosseinzadeh et al., (2023) evaluated machine learning
(ML), deep learning (DL) and deep hybrid learning (DHL)
models for fault detection and predictive maintenance. Using a
synthetic dataset, the study revealed that Deep Forest and
Gradient Boosting algorithms provide over 90% accuracy in
predicting potential system failures. Anang et al. (2024)
investigates the transformative effects of integrating topological
data analysis (TDA) with artificial intelligence and machine
learning in advanced manufacturing contexts. TDA offers a
robust framework for analyzing intricate patterns in data,
maintaining resilience against noise and revealing fundamental
structures. In the domains of predictive maintenance and process
optimization, TDA facilitates proactive interventions by
identifying early indicators of equipment failure and improving
production efficiency. The study presents substantial
enhancements in manufacturing productivity and reliability
through detailed case studies and practical applications of these
analytical methodologies.

6. CONCLUSIONS AND FUTURE VISION

The Conclusion and future vision comprise the future
potential of Al and additive manufacturing technologies, research
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and development areas, industry adoption rates and future
projections.

6.1. Future Potential of Artificial Intelligence and
Additive Manufacturing Technologies

Additive manufacturing (AM) has been predicted to be
one of the most transformative technologies of our time since
1979. As the use of this technology, driven by its integration with
Industry 4.0 components, becomes an increasingly prominent
trend, the market continues to grow rapidly. The global "Additive
Manufacturing™ market, valued at 11.2 billion USD in 2020, is
expected to reach 30.6 billion USD by 2028 as shown in Figure
4.

Figure 4. Projected Global Additive Manufacturing Market Size
(2020-2028)

Compound annual growth rate

Source: (Statista, 2024)

As key components of the digital industry, artificial
intelligence (Al) and additive manufacturing (AM) technologies
have the potential to introduce groundbreaking innovations in
manufacturing processes. The high accuracy of Al algorithms in
learning, prediction, and classification, combined with the
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manufacturability and design freedom offered by AM, is expected
to optimize manufacturing processes for more efficiency, cost-
effectiveness, and customization. The integration of Al and AM
two technologies is anticipated to make significant contributions
to the optimization of production processes.

Al plays a crucial role in optimizing AM processes. With
advanced Al algorithms, it is possible to predict outcomes from
the design stage to the production process, ensuring optimal
material usage, high efficiency, and high production speeds.
Moreover, by improving systems that detect incorrect or
insufficient support building on the manufacturing table during
the AM process and improving automated quality control
processes, production errors can be minimized. Thus, enhances
reliability, especially in industries that require high precision,
such as automotive, aviation-space, medical, and biomedical
sectors, while also reducing production times and providing cost
advantages.

In the future, the continued integration of artificial
intelligence (Al) and additive manufacturing (AM) could enable
the realization of fully autonomous additive manufacturing
processes. Leveraging machine learning, complex manufacturing
challenges can be addressed in real time, optimizing production
processes and facilitating both prototype and mass production at
reduced costs. Consequently, this integration is expected to bring
about a significant transformation at both the industrial and
consumer levels, fundamentally altering market dynamics.

6.2.Research And Development Focus Areas of
Artificial Intelligence and Additive
Manufacturing Technologies

The integration of artificial intelligence (Al) and additive
manufacturing (AM) technologies is transforming traditional
manufacturing methods, providing more flexible, faster, and
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highly customizable production systems. As a rapidly advancing
field, additive manufacturing technologies continue to evolve,
with machine learning expected to play a key role in future
developments. In this context, R&D areas make a decide of
manufacturing process and real-time error detection of AM
technologies optimized through machine learning and by deep
learning are crucial to ensure that the most effective Al solutions
are applied, supporting the continued advancement of emerging
AM technologies. (Jiang, 2023).

Comprehensive research is being conducted on
autonomous additive manufacturing equipment and process
technologies. To revolutionize production efficiency and
flexibility, cutting-edge manufacturing methods are being
integrated with digital twin, artificial intelligence, monitoring,
diagnostics, and autonomous operation technologies, leading to
the development of innovative applications. Digital twin (DT)
technology is used as a new approach to overcome many
production problems such as the physical limit of the part and
extending the time required for it to not deteriorate.

DT is defined as dynamic digital replicas of a
manufacturing system or service, reflecting specific
characteristics, operational conditions, and real-time data,
providing an active and unique representation. Additionally, DT
saves time and costs by replacing costly prototypes and long
testing processes thanks to virtual simulations. This technology
makes additive manufacturing processes flexible and predictable,
making it possible to work on complex product designs with high
accuracy. Figure 5 outlines the key topics of Research and
Development in the areas of Artificial Intelligence and Additive
Manufacturing Technologies.
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Figure 5. Key Topics in the R&D of Artificial Intelligence and

Additive Manufacturing Technologies
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INVESTIGATION OF TENSILE STRESS AND
PERCENTAGE ELONGATION
RELATIONSHIPS IN ALLOYS DEPENDING ON
THE ALLOY ELEMENTS

Can GONENLI!
Okan DUYMAZLAR?

1. INTRODUCTION

Alloys are one of the basic materials used in various
engineering and industrial applications. The mechanical
properties of these materials vary significantly depending on the
proportions of different elements they contain. Elements such as
carbon (C), silicon (Si), manganese (Mn), phosphorus (P), sulfur
(S), magnesium (Mg), chromium (Cr), nickel (Ni) and copper
(Cu) affect the mechanical properties of alloys such as tensile
stress, yield stress, hardness and percent elongation and
determine the performance of the material. In this study, the
effects of different alloying elements on the mechanical
properties of steels were investigated and analyzed graphically.
Understanding the effects of alloying element ratios on
mechanical performance provides important advantages in terms
of obtaining the desired mechanical properties in the design and
production processes of materials.

In the literature, the effects of the elements in alloys on the
mechanical performance of alloys have been investigated in
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different studies. For example, the addition of Mg and Cu to Al-
Si alloys increases the mechanical strength and also changes in
the microstructure of the alloy improve material durability
(Abdelaziz et al.,, 2019). The addition of Mg significantly
improves the microstructure and mechanical properties of Al-
5%Si-Cu alloys. The microstructure refining effect of Mg appears
to increase the tensile strength (Salleh et al., 2015). The addition
of Mn and Si to Co-Cr-W-Ni biomedical alloys not only increases
mechanical strength, but also leads to significant improvements
in the microstructure of the alloy (Ueki et al., 2021). In a study
investigating the effects of Cu content on central segregation
composition and mechanical properties in Al-Mg-Si alloys, an
increase in Cu improves the strength of the alloy (Wu et al.,
2023). When the effects of Mg content on the microstructure and
mechanical properties of Cu-Fe-Cr-Si alloy were examined, it
was found that the properties of the alloy such as high strength
and conductivity increased with the addition of Mg (Liu et al.,
2023). In another study, Ni addition was found to improve the
microstructure of AI-Mg-Si-Cu-Zn alloys and increase
mechanical strength, and Ni provided a significant increase in
tensile strength (Li et al., 2019). In another study showing that the
addition of small amounts of Cu and Mg in Al-Si alloys improves
mechanical properties with heat treatment, Cu and Mg were
found to cause the formation of fine phases in the microstructure
of the alloy (Beroual et al., 2019). In another study, the addition
of Fe and Cu to Al-Si alloys was observed to improve mechanical
properties. The combination of Fe and Cu significantly increased
the strength of the alloy (Wang et al., 2010). In a study
investigating the effects of changes in the microstructure of Cu-
Ni-Si alloys on mechanical properties, the formation of fine
dispersoid phases was found to increase the strength of the alloy
(Gholami et al., 2017). In another 2011 study, the effects of Fe
and Cu on microstructure and mechanical properties of Al-Si-Cu-
Fe-Mn alloys were investigated. According to the study, Fe and
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Cu additions increase the strength of alloys by improving
mechanical properties at high temperature (Wang, 2011). In a
study investigating the effects of addition of elements such as Be,
Mn, Ca and Sr to Al-7Si-0.3Mg-0.8Fe alloy on microstructure
and mechanical properties, it was found that combinations of
these elements significantly improved mechanical properties
(Kumari, 2007).

The aim of this study is to better understand the effects of
these alloying elements on mechanical properties and to support
these effects with numerical data and trend analysis. In the study,
the relationship of properties such as tensile stress and percent
elongation with different element ratios were investigated
graphically and analyzed with trend lines. The findings obtained
serve as a guide for the design and optimization of steel alloys
and aim to guide the selection of materials to be used in various
industrial applications. In this context, a detailed study of the
effects of alloy compositions on mechanical performance will
contribute to the development of more durable and efficient
materials. This study specifically focuses on understanding the
effects of alloying elements on steel alloys and provides practical
results in the field of materials engineering.

2. MATERIAL AND METHOD

Carbon (C) is one of the most important alloying elements
of iron-based alloys. While it increases hardness and strength,
excessive amounts can cause embrittlement. Carbon content
plays a critical role in increasing tensile strength and hardness,
especially in steels. Silicon (Si) is an element that improves
casting properties and forms a hard, fine-grained structure in
alloys. It increases hardness and heat resistance, especially in cast
irons and aluminum alloys. It also improves oxidation resistance
in stainless steels. Manganese (Mn) is an element that increases
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ductility and toughness in steels and other alloys. It reacts with
impurities such as oxygen and sulfur to increase strength without
reducing hardness. It also improves corrosion resistance.
Phosphorus (P) is an element that increases hardness when added
to alloys but increases brittleness in excessive amounts. When
used in low amounts in steels, it improves machinability and
improves fluid fluidity in casting processes. In high amounts it
should be used with caution as it can cause brittleness. Sulfur (S)
is generally considered an undesirable impurity in alloys because
it causes embrittlement. However, it is added in small amounts to
some steels to improve machinability. Its harmful effects can be
minimized when it combines with manganese to form manganese
sulphide. Magnesium (Mg) increases strength and hardness,
especially in aluminum and cast iron alloys. Mg, which is among
the light metals, especially increases the mechanical strength of
cast parts and forms high strength and low density alloys.
Chromium (Cr) is an element that significantly improves the
corrosion resistance of alloys. It is a key component in the
production of stainless steel and forms a protective layer against
oxidation. It also has the effect of increasing high temperature
strength and hardness. Nickel (Ni) is added to alloys to provide
high strength, ductility and corrosion resistance. It is used in
stainless steels and superalloys to increase impact strength and
maintain toughness even at low temperatures. Copper (Cu) is an
element that improves the corrosion resistance and machinability
of alloys. It increases hardness and strength in aluminum alloys
and protects against atmospheric corrosion by forming a
protective oxide layer on the surface of steels (Callister et al.,
2021; Dieter, 1986; ASM International, 1990).

In this study, the mechanical properties of samples with
different chemical compositions, especially the relationships
between critical parameters such as tensile stress and percent
elongation and chemical element ratios were analyzed. These
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mechanical properties, which are of great importance for the
performance and durability of metal alloys, generally vary
depending on the proportions of the elements in the internal
structure of the material and the interactions of these elements
with each other. In this context, mechanical properties such as
hardness, tensile stress and yield stress were analyzed under one
group and then the relationship between percent elongation and
chemical elements was also evaluated. Within the scope of the
study, in order to evaluate the percentages of the elements in the
alloy, the mechanical properties of a total of 30 casting samples
with 95% and above matrix and 95% and above node-count were
examined. Matrix represents the main structural phase or
microstructural component of the material. Nodes are small,
round-shaped structures or grains, especially in materials such as
cast iron. Nodule number usually refers to graphite nodules in cast
iron or nodules belonging to pearlite-ferrite phases.

3. RESULTS

The 30 chemical analyses examined within the scope of
the study are presented separately for each element. Table-1 gives
the data range according to the chemical analysis of the alloy
elements in the samples used in the study.

Table 1. Data Ranges of The Chemical Elements.

Symbol Name Range (%), Quantity
C Carbon 3.63-3.76
Si Silicon 2.52-2.68
Mn Manganese 0.11-0.18
P Phosphorus 0.015-0.023
S Sulfur 0.009 - 0.015
Mg Magnesium 0.043 - 0.053
Cr Chromium 0.035-0.049
Ni Nickel 0.045 - 0.058
Cu Copper 0.035 - 0.053
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Figure-1 shows the tensile stress, percent elongation
values and trend lines obtained depending on the carbon ratios of
the 30 samples.

Figure 1. Tensile Stress and Percent Elongation Values Depending
on Carbon Content
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Carbon (C) is generally known as an element that
increases hardness. Increasing the carbon content in iron-carbon
alloys leads to an increase in hardness and wear resistance.
However, in the study, although high tensile stress values can be
seen as the carbon content increases, it is seen that the trend trend
of the tensile stress decreases. This may be due to the fact that
other elements in the alloy (e.g. silicon, phosphorus, etc.) form a
complex interaction by balancing the effect of carbon on tensile
stress. The multidimensional effects of the elements in alloys can
make it difficult to correctly interpret the isolated effect of a
single element. Therefore, the decreasing trend in tensile stress is
a result not only of carbon, but also of other alloy components and
the microstructural structure of the material. The percent
elongation trend, as expected, decreases with carbon content.
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Figure-2 shows the tensile stress, percent elongation values and
trend lines obtained depending on the silicon content.

Figure 2. Tensile Stress and Percent Elongation Values Depending
on Silicon Content
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When the relationships between silicon content and tensile
stress and percent elongation are examined, tensile stress tends to
increase with increasing silicon content. This is in accordance
with the fact that silicon is an element that increases the strength
of steel alloys. The percent elongation trend line shows that the
percent elongation value decreases as the silicon content
increases. This finding indicates that while silicon increases the
strength, it may adversely affect the ductility, i.e. the elongation
capacity of the material. As a result, it is understood that the
increase in silicon content positively affects the tensile stress, but
leads to a decrease in ductility. Figure-3 shows the tensile stress,
percent elongation values and trend lines obtained as a function
of manganese content.
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Figure 3. Tensile Stress and Percent Elongation Values Depending
on Manganese Content
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In general, manganese is known as a strength-enhancing
element in steel alloys and increasing manganese content is
expected to increase the tensile stress. However, the trend line
shows a slight decrease in tensile stress with increasing
manganese content. This may be due to the complex interactions
of manganese with other alloying elements or phase changes
above certain ratios limiting its effect on strength. On the other
hand, the percent elongation trend line shows a slight increase in
ductility with increasing manganese content. This finding
suggests that the expected negative effect of manganese on
ductility may have been offset by the other components of the
alloy. In conclusion, the trends do not fully correspond to the
known effects of manganese on mechanical properties and point
to complex interactions with other elements in the alloy. Figure-
4 shows the values depending on the phosphorus content.
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Figure 4. Tensile Stress and Percent Elongation Values Depending
on Phosphorus Content
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According to the tensile stress trend line, the tensile stress
tends to increase as the phosphorus content increases, indicating
that phosphorus unexpectedly increases the strength of the
material. However, phosphorus is generally known to increase
brittleness and negatively affect tensile stress. The percent
elongation trend line shows that the percent elongation value
decreases as the phosphorus content increases. This is consistent
with the expected effect that phosphorus reduces the ductility of
the material and makes it more brittle. In conclusion, although the
effect of phosphorus on strength is unexpectedly positive, its
negative effect on ductility is consistent with the literature.
Figure-5 shows the sulfur content dependent values.
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Figure 5. Tensile Stress and Percent Elongation Values Depending
on Sulfur Content
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According to the tensile stress trend line, a slight decrease
in tensile stress is observed as the sulfur content increases. This
result is consistent with the expectations that sulfur is an element
that adversely affects the strength of the material. Sulfur usually
leads to the formation of sulfur compounds in alloys, resulting in
brittleness and loss of strength. The figure shows that the percent
elongation decreases with increasing sulfur content, confirming
the general expectation that sulfur reduces ductility, making the
material more brittle. Figure-6 shows the tensile stress and
percent elongation relationship with magnesium.

Figure 6. Tensile Stress and Percent Elongation Values Depending
on Magnesium Content
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When the tensile stress trend line is examined, it is seen
that there is a decreasing trend in the tensile stress as the
magnesium content increases. This shows that the expected
strength increasing effect of magnesium in alloys is not observed
in this graph. The percent elongation trend line shows an increase
in the percent elongation value as the magnesium content
increases. This finding indicates that magnesium increases
ductility and positively affects the elongation capacity of the
material. As a result, the data in the graph reveals that magnesium
does not have the expected positive effect on tensile stress, but
positively affects elongation values by increasing ductility. The
relationship between chromium content and mechanical
properties is given in Figure-7.

Figure 7. Tensile Stress and Percent Elongation Values Depending
on Chromium Content
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Chromium is generally known as an element that
increases strength in steel alloys. However, the tensile stress trend
line shows a slight decreasing trend in tensile stress as the
chromium content increases. This suggests that the expected
strength-enhancing effect of chromium is not fully observed in
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this graph, and that other alloying components or structural
effects may offset the effect of chromium on strength. The percent
elongation trend line shows an increase in the ductility of the
material as the chromium content increases. The values for nickel
content are presented in Figure-8.

Figure 8. Tensile Stress and Percent Elongation Values Depending
on Nickel Content
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The tensile stress trend line shows a significant increase
in tensile stress with increasing nickel content. This is consistent
with the strength-enhancing effect of nickel in steel alloys. The
percent elongation trend line also shows an increase in percent
elongation, i.e. ductility, as the nickel content increases. This
confirms the ability of nickel to increase not only the strength but
also the ductility of the material. This result is consistent with the
literature as nickel makes alloys more ductile and flexible.
Figure-9 shows the variations depending on the copper ratios.
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Figure 9. Tensile Stress and Percent Elongation Values Depending
on Copper Content
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According to the tensile stress trend line, there is a
decreasing trend in tensile stress as the copper content increases.
The percent elongation trend line shows an increase in the percent
elongation value as the copper content increases. This confirms
that copper improves the elongation capacity of the material by
increasing ductility. As a result, the effect of copper in this graph
indicates that while it negatively affects the tensile stress, it
increases the ductility of the material and gives it flexibility.

4. CONCLUSION

In this study, it was investigated how mechanical
properties such as tensile stress and percent elongation vary with
the chemical composition of the samples. Properties such as
hardness, tensile stress and yield stress are generally related to the
strength of the material and are directly related to the strength
capacity imparted to the material by certain chemical elements.
The fact that phosphorus and nickel show the most significant
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positive effects on these properties clearly demonstrates the role
of these elements in increasing the strength of alloys. Elements
such as silicon, carbon and manganese showed more limited
effects on these properties.

On the other hand, as a parameter determining the
toughness and ductility of the material, percent elongation
exhibited a different relationship with chemical elements.
Elements such as chromium, copper and nickel were found to
have positive effects on percent elongation. These elements
increase the plastic deformation capacity of the material, allowing
it to change shape more before fracture. Nickel also has a positive
effect on percent elongation, while silicon and phosphorus have a
negative effect on this property. This suggests that material
compositions need to be optimized and that each element should
be carefully used in specific proportions.

In conclusion, this study investigates the effects of
different chemical compositions on the mechanical properties of
specimens. Strength properties including tensile stress were
generally positively correlated with elements such as phosphorus
and nickel, while ductility properties such as percent elongation
showed a positive correlation with chromium, copper and nickel.
In contrast, Silicon and Phosphorus were found to negatively
affect the ductility properties of the material. These findings
emphasize that the chemical composition of materials should be
carefully optimized to achieve the desired mechanical
performance. In order to utilize metal alloys in different industrial
applications, the effect of each element must be accurately
evaluated and a balanced composition must be established. This
study shows ways for materials engineers to improve the
mechanical properties of steel alloys and provides an important
basis for new alloy designs.

129



Makine Miihendisligi

However, it is important that the analyses are supported
by broader research to optimize material compositions for
industrial applications. A more detailed study of how these
chemical compositions perform under different conditions (e.g.
high temperature or corrosion environments) and the effects of
these elements on long-term durability could provide important
clues for future work in the field of materials engineering. The
findings of such studies will provide valuable contributions to
optimizing the performance and lifetime of steel alloys.
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FARKLI GEOMETRILI ELEKTRONIK
ELEMAN iCEREN DIKEY KANALDAKI
ISI TRANSFERININ AKIS YONLENDIRICI
KULLANILARAK IYILESTIRILMESININ
ARASTIRILMASI

Koray KARABULUT!
Yeliz ALNAK?

1. GIRIS

Iklim degisikligi, azalan dogal kaynaklar ve yakin siiregte
gelecek nesiller i¢in daha yesil ve siirdiiriilebilir bir diinya
birakabilmek adina atilmasi planlanan yesil doniisiim yatirimlari,
iilkeleri yenilenebilir enerji kaynaklarimi daha yogun olarak
kullanmasina tesvik ederken; hali hazirda tliketilen enerjinin de
tasarruflu ve verimli bir sekilde kullanilmasi adina c¢aligmalar
yuratilmektedir. Bu amagla, 6zellikle 1s1 ve akis uygulamalarinda
yeni yaklasimlarla gelistirilmis ekipmanlarin verimliliklerinin
artirilarak, isletme maliyetleri diisiik, dogaya duyarlh ve giivenligi
yiiksek triinler gelistirilmesi ¢alismalart yogunlagsmistir (Alnak
ve Karabulut, 2024).

Elektronik bilesenlerin sogutulmasi, daha hizli, daha
kiiciik ve daha giivenilir sistemlerin gelismesinin saglanmasi
bakimindan 6nem arz etmektedir. Bdylece, cihazdan elde edilen
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verimlilik artarken; bu durum zaman ve maddi agidan kazang elde
edilmesine sebep olacaktir.

Uygulamada bir¢ok elektronik bilesenin sogutulmasi
durumunda 1s1 yayan bilesen dizileri dikey veya egimli paralel
plaka kanallarina yerlestirilmektedir.

Bununla birlikte, kanal i¢i akis ve 1s1 transferi
uygulamalarinda dogal ve zorlanmis taginimin birlikte
uygulandigr karigik tasinim uygulamalar1 son zamanlarda
aragtirmacilar ve uygulamacilar tarafindan yogun olarak
degerlendirilen tasarimlar arasinda yer almaktadir. Karisik
taginimla 1s1 transferi lizerine yapilan arastirmalar, 1s1 esanjorleri,
kimyasal isleme ekipmanlari, glines enerjisi toplayicilarinin ve
elektronik sogutma vb. gibi uygulamalar bircok miihendislik
alaninda giderek daha fazla ilgi gormektedir. Boylece, 1sinmis
olan bilesenler tarafindan etrafindaki akiskan ile olan sicaklik
farkina dayali olarak gerceklesen dogal tasimimla olan 1s1
transferinin engellenmeden zorlanmis taginimla desteklenerek 1s1
transferi artirilabilmektedir (Ozdemir ve ark., 2023).

Literatiirde bir kanalda karigik taginimla 1s1 transferi
bir¢ok arastirmaci tarafindan incelenmistir. Bunlardan birinde, 1s1
kaynag1 igeren bir kanal i¢in laminer zorlanmis akisin, dogal,
karisik ve zorlanmis tasinim bolgeleri boyunca kaldirma kuvveti
kaynakli dogal konveksiyon hareketi tizerindeki etkileri Choi ve
Ortega (1993) tarafindan sayisal olarak incelenmistir. Sonuglar,
1s1 kaynaginin ortalama Nusselt (Nu) sayisinin egim agisina
blylk 6lctide bagli oldugunu gostermistir. Auletta ve ark. (2001)
dik olarak konumlanmig ve simetrik olarak isitilan asagi yonlii
akis1 olan bir kanalda adyabatik olarak genislemenin 1s1 transferi
tizerindeki etkilerini sayisal olarak analiz etmislerdir. Yapilan
analizler sonucunda kanaldaki uzama ve genisleme miktarlarina
gore 1s1 transferinde %10-20 arasinda bir artis oldugunu
belirlemislerdir. Egimli bir kanalda laminer akis sartlarinda
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birbirine es iki 1s1 kaynaginin karisik taginimla sogutulmasi
Boutina ve Bessaih (2011) tarafindan degerlendirilmistir. Is1
kaynagi dlgiileri ve aralarindaki uzakligin yaninda kanal egiminin
de 1s1 transferine belirgin etkileri oldugu saptanmistir. Forooghi
ve Hooman (2013) tiirbiilansh akisin oldugu iki dalgali plaka
arasinda kaldirma kuvvetlerinin de etkisini dikkate alarak 1s1
transferini  sayisal olarak irdelemislerdir. Calismalarinda
kaldirma kuvvetlerinin 1s1 transferi iizerinde degisen etkisini
gozlemlemislerdir. Jang ve Yan (2004) sayisal olarak dikey
dalgal1 bir ylizey boyunca karisik 1s1 taginimi ve kiitle transferini
arastirmiglardir. Mevcut analiz i¢in sonlu farklar yontemi
kullanilmistir. Kaldirma kuvveti oran1 N, genlik-dalga boyu orani
o ve degistirilmis Richardson (Ri*) sayis1 (Gr/Re?) bu problem
icin Onemli parametreler olarak belirlenmistir. Calismada,
kaldirma kuvveti oran1 N ve dalgali yiizeyin boyutsuz genliginin
yerel Nu sayist ve yerel Sherwood (Sh) sayisi lizerindeki etkileri
ayrintili olarak incelenmistir. Zhang ve ark. (2022) dikey olarak
konumlandirilmis daralan-genigleyen bir kanalda akis yoniinde
ve akisa ters yondeki akis i¢in karigik konveksiyonun etkisini
sayisal olarak degerlendirmislerdir. Bir diger ¢calismada, Lee ve
ark. (2021) acili kanatgiklara sahip bir kanaldaki dogal ve karisik
konveksiyonun 1s1 kuyusunun tasarim parametrelerindeki
durumunu sayisal olarak arastirmislardir. Wetzel ve Wagner
(2019) ise farkli Grashof (Gr) sayilarimi dikkate alarak dik bir
kanal igerisinde karisik konveksiyonun sayisal simiilasyonunu
gergeklestirmislerdir.

Coetzee ve ark. (2024) diizgiin duvar sicakligi sinir
kosuluna maruz kalan yatay bir tiip boyunca gelisen laminer
karisik taginim akisinin yerel 1s1 transfer 6zelliklerini deneysel
olarak arastirmislardir. I¢ cap1 4,9 mm olan 5 m uzunlugunda bir
bakir boru boyunca ortalama akiskan sicakliklarini 6lgmek i¢in
yeni bir deney diizenegi gelistirmislerdir. Bununla birlikte,
calismalarinda boru duvari-akiskan sicaklik farklarinin azalmasi
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nedeniyle dogal tasinim etkilerinin stirdiiriilemedigini ve akiskan
sicakliklarimin - boru duvari sicakliklarmma yaklastikga 1s1
transferinin azaldigini belirlemislerdir. Zhu ve ark. (2024) aralik
orant ayni ve 4,0 olan ii¢ tandem dairesel silindir i¢cin hem
zorlanmis hem de karisik konveksiyon akislarini sonlu elemanlar
yontemini  kullanarak  sayisal olarak incelenmislerdir.
Hesaplamalarimi Pr=5-50 ve Ri=0-2 araliginda Re=150 gibi
diisik bir Reynolds sayisinda gerceklestirmiglerdir. Pr
sayisindaki artisin akisin kararliliginda rol oynarken; Ri sayisinin
biiyiimesinin ise tersi bir rol iistlendigini saptamiglardir. Ayn
zamanda, zaman ortalamali hiz, basin¢ katsayis1 ve sicakligin
yuksek Ri sayilari igin daha asimetrik hale geldigi bulunmustur.
Hamouche ve Bessaih (2008) sayisal olarak her iki tarafi da agik
olan bir kanaldaki birden fazla 6zdes ¢ikintili 1s1 kaynagindan
havaya olan iki boyutlu laminer ve karisik taginimla 1s1 transferini
arastirmislardir. I¢ akis modifikasyonu igin 1s1 kaynaklarmin
uzerinde dikdortgen bir plaka kurulumunun elektronik
bilesenlerden olan 1s1y1 uzaklagtirmada Onemli bir iyilestirme
sagladig1 gorilmiistiir.

Incelenen bu calismada, birbirine paralel dikey levhali
kanalin sol tarafina yerlestirilmis 1sinmis yamuk sekilli engel
elemanindan karisik tasimimla 1s1 transferi ve kanaldaki akiskan
hareketi sayisal olarak arastinlmistir. Sayisal inceleme,
zamandan bagimsiz, laminer ve iki boyutlu olarak siireklilik,
momentum ve enerji denklemlerinin Ansys-Fluent bilgisayar
programinmn kullamlarak ¢oziilmesiyle gergeklestirilmistir. Ust
tarafindan su girisi olan kanala iist giris kisminin sag tarafindan
yatayla 30° ve 45° acili olarak akis yonlendirici kanatgiklar
yerlestirilmistir. Yiiksek islemci kapasitesi nedeniyle 1sinmis
mikrociplerde 1s1 transfer ylizey alanini artirarak 1s1 transfer
kapasitesini iyilestirmek amaciyla segilen yamuk geometrili
elektronik elemana sabit 1s1 akis1 (3529,49 W/m? (Re=1000 ve
Ri*=50)-10588,4747 W/m?  (Re=1000 ve Ri*=150))
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uygulanirken; dikey kanalin diger ylizeyleri ve akis yonlendirici
kanatgik ise adyabatiktir. Yamuk engel yiizeylerine kullanilan Re
ve Ri* sayilarina baglh olarak Gr* sayisina karsilik gelen sabit 1s1
akis1  degerleri uygulanmustir. Kullanilan su  akigkani
sikistirilamaz olup, kanala giris sicakligi 293 K’ dir. Suyun bu
sicakliktaki termofiziksel 6zellik degerleri ise su sekildedir:
k=0,6032 W/mK, p=998,4 kg/m?, ¢,=4181,8 J/kgK, p=1000,6.10"
® N.s/m?. Karisik tasimim akis1 olusturmak amaciyla calismada
kullanilan Reynolds (Re) sayist degeri 1000 iken; degisken
sayisinin azaltilarak dogal ve zorlanmig tasimim etkilerinin
birbirlerine gore TUstlinliiklerinin daha iyi karsilastirilabildigi
degistirilmis Richardson sayis1 (Ri*) araligi ise 50-150 olarak
alinmistir. Kanalin st girisinden itibaren yercekimi yoniinde
akan suyun, kanal genisligine gore akis yonlendirici kanat¢igin
sahip oldugu uzunluklara bagli olarak belirlenen akis mesafesi
orani (AGM) ise 3,33 ve 4 olarak tasarlanmistir. Richardson (Ri*)
sayisina bagli olarak farklt AGM oranlari i¢in kanala yerlestirilen
kanatgiklarin acilarinin (¢p) ve Re sayisinin, engelin toplam
ortalama Nu sayilar1 (Num) ve akiskan sicakliklari (Tm) tizerindeki
etkilerinin degisimleri degerlendirilmistir. Ayrica, incelenen iki
farklt AGM (3,33 ve 4), Re=1000 ve Ri*=50 ve 150 degerleri igin
kanatgiksiz ve degisik kanatcik acili kanallarda hiz ve sicaklik
konturu dagilimlart gorsellestirilerek detayli  bir sekilde
arastirilmigtir.

2. SAYISAL YONTEM

Kanalin iist girisinden iiniform olarak sabit Uo hiz1 ile
gonderilen akigkan akimi sonucu meydana gelen zorlanmis
tasinim ile 1sinmis olan elektronik elemandan kaldirma
kuvvetinin etkisiyle olusan dogal tasinim akimlariyla birlikte
karigik tasiim olusmaktadir. Kanalin girisinden itibaren
yerlestirilen akis yonlendirici kanatgikla hem akiskanin 1sinmig
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elektronik engel elemanina dogru yonlendirilmesi hem de kanalin
orta kisminda akisin hizlandirillarak  zorlanmis  taginim
hareketleriyle daha iyi bir karisik taginim akimi olusturulmasi
planlanmastir.

Kanaldaki karisik tasmimli 1s1 transferinin ¢dziimii,
Ansys-Fluent programiyla gerceklestirilmistir. Ayriklastirma
yontemi olarak momentum denklemleri igin “Second Order
Upwind” yontemi tercih edilmigtir. Sayisal c¢oziimlerin
yakinsamasi i¢in yakinsama kriteri momentum denklemi i¢in 10
6 ve enerji denklemi icin 107 olarak almmustr.

Bu calismada ele alinan akisin, zamandan bagimsiz,
sikistirllamaz, iki boyutlu ve laminer oldugu kabul edilmistir.
Calismada, dikey olarak konumlandirilan kanalda yer ¢ekimi
kuvveti asag1 yonlii olarak modellenirken; kaldirma kuvvetinin
etkisi de hesaba katilmistir.

Kartezyen  koordinatlarda ~ zamandan  bagimsiz,
sikigtiritlamaz  akis igin stireklilik, momentum ve enerjinin

korunumu denklemleri asagida verilmistir (Ozdemir ve ark.,
2023).

Sureklilik denklemi

Ju N ov — 0 1)
ax dy
Momentum denklemi
( 6u+ 617)_ ap+ 2 5
p “ax ”ay - 0x v )
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( 6u+ av)_ 6p+ v2 3)
P\"ox ”ay_ dy WV =pg

Enerji denklemi

oT ~ oT _

ua+v@— (4)

0’1 0T
“oxz " 9y2

Calismada kullanilan boyutsuz sayilardan degistirilmis
Grashof sayis1 (Gr*), Richardson sayist (Ri*) ve Reynolds sayisi
(Re) asagidaki esitliklerde sunulmustur.

o _ OBd(at 20)* ©)
kv?
Gr*

R =2 ©)
w

Re = ”"V )

Burada, g yercekimi ivmesi (m/s?), S 1si1l genlesme

katsayis1 (1/K), ¢ 1s1 akis1 (W/m?), k 1s1 iletim katsayis1 (W/mK),
v kinematik viskozite (m?/s)’ dir.
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Elektronik engel elemanin yiizeyindeki ortalama 1s1
taginim katsayist Es. (8), Nusselt sayist (Nu) ise Es. (9) vasitasiyla
hesaplanacaktir.

b= ©
Nu sayisi, taginimla 1s1 gegisinin iletimle 1s1 gegigine
orani olarak degerlendirilir.
—k (;’—Z) = h(T,_T,) ve Nu = 229 (9)
Ortalama 1s1 taginim katsayisi (hm)
1 a+2d
h,, = m}; hd(a + 2d) (10)
Ortalama Nu sayis1 (Num) Es. 9 ile hesaplanmaktadir.
Nu,, = q(a+2d) _hm(a+2d) (11)

k(To_T,) k

Bu esitliklerde, g 1s1 akisi, Uo dikey kanalin iist kismindan
giren akigkanin hizi (m/s), Te 1sinmis engelin ortalama sicakligi
iken To, su akiskaninin kanal girisindeki sicakligidir (K). a ve d
akigkanla temasta olan yamuk sekilli ylzeyin karakteristik
uzunluk (m) olculeri iken; u ve v kartezyen koordinatlarda
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akigskanin x ve y yonlerindeki hizlaridir (m/s). k akiskanimn 1s1
iletim katsayist (W/mK), h yiizey lizerindeki yerel 1s1 taginim
katsayis1 (W/m?K), n ise yiizeye dik yondr.

Akis Gegis Mesafesi (AGM), kanal genisliginin kanatgik
uzunluguna orani olup asagidaki gibi ifade edilmektedir.

AGM== (12)

Burada, W kanal genisligi (m) ve c ise akis yonlendirici
kanatg¢ik uzunlugudur (m).

3. SAYISAL HESAPLAMA ALANI

Sayisal ¢ozlimlemede kullanilan hesaplama alan1 Sekil 1a
ve b’ de gosterilmektedir. Sekil 1 a’ da akig yonlendirici
kanatcigin olmadigi ve Sekil 1 b’ de ise dikdortgen kesitli kanalin
dikey sag iist ylizeyiyle farkli ¢ agist yapan yoOnlendirici
kanat¢igin oldugu kanal kesiti sunulmaktadir. Calismada kanala
ve kanatgiga ait boyutsal olgtler Tablo 1" de sunulurken, sinir
sartlar1 ve yapilan kabuller ve Tablo 2’ de verilmektedir. Bununla
birlikte, kesiti dikdortgen olan dikey kanalin sol yizeyine
yerlestirilmis olan yamuk sekilli ve sabit 1s1 akisina sahip
elektronik elemana uygulanan sinir kosullar1 Sekil 1 tizerinde de
belirtilmistir.
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Sekil 1. Dikey Kanalda Yamuk Sekilli Engel Bulunan Karisik
Tasimumh AKkis Geometrisi (a) Yonlendirici Kanatciksiz (b) Acili
Yonlendirici Kanatcikh

Girig Giris

I\ To,Uo [ e To, Uo
%
L b
A\E Yonlendirici

HE Y a l H IIbl

A [ ¢

W W

A
A

@) ) |

v Cikig | Cikisg L’ y

Tablo 1. Dikey Kanala ve Kanatciga Ait Boyutsal Olciiler

Degisken Olgii (mm)

1000
50
1800
12,5
25
15ve 12,5
18,75
30° ve 45°

S oo oo IEI‘
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Tablo 2. Calismada Uygulanan Sinir Sartlari ve Yapilan Kabuller

iki boyutlu, sirekli, ve laminer akig hacmi kullanilmigtir

Sikistirilamaz akigkan olarak su kullanilmigtir

Akiskanin 1s1l 6zellikleri sabit ve sicakliktan bagimsizdir

Yonlendirici kanatgik ve dikey kanal yiizeyleri adyabatiktir

®lolo|o|w

Kanal ¢ikis basinci, atmosfer basincina esit olarak alinmistir
(Pc=Patm)

=h

Kanalin ¢ikisindaki sicaklik farkinin ihmal edilebilecek kadar
diisiik seviyede oldugu kabul edilerek 0T/0y=0 olarak belirlenmistir

0. Kanal, kanatgik ve yamuk eleman yiizeyinde kaymama simir sarti
oldugu ve bu nedenle bahsedilen ylizeylerde tim hiz bilesen
degerlerinin sifir oldugu kabul edilmistir

h. Yamuk engel yiizeylerine kanaldaki Re ve Ri* sayilarmma bagh
olarak Gr* sayisina karsilik gelen sabit 1s1 akis1 uygulanmistir

i. Akiskanin kanala giris sicaklig1 293 K’ dir

Su i¢in ¢alisilan Re=1000" de akigskan giris hiz1 0,020096 m/s’ dir

==

Kanal girisinde “velocity inlet” ve ¢ikisinda ise “pressure outlet”
sinir sart1 gecerlidir

I. Dikey kanala asag1 yonlii yer¢ekimi ivmesi uygulanmigtir

4. SONUCLARIN DOGRULANMASI

Calismanin sonuglar1, Rosas ve ark. (2017)’nin deneysel
calismasi ile Ozdemir ve ark. (2023) tarafindan sonlu hacimler
yontemini kullanan FIoEFD paket programiyla elde ettikleri
sayisal sonuglarla Sekil 2 ‘de goriildiigii gibi karsilagtirilmastir.
Caligmada kullanilan dikey kanalin yiiksekligi 1,8 m ve genisligi
ise 0,05 m iken; yamuk engel iist kanal giriginden itibaren 1 m
asagida tasarlanmigtir. Ozdemir ve ark. (2023)'min sayisal
calismasiyla olan farkliliklarin ag sayis1 ve yapisina bagli olarak
Ozellikle ylksek Ri* sayilarinda olusan girdap bolgelerinden
kaynaklandig1 diisiiniilmektedir. Sunulan ¢alisma ile Rosas ve
ark. (2017)’nin deneysel c¢alismasinin birbirleriyle oldukca
uyumlu olduklari belirlenmistir. Bu nedenle, ¢alismanin dogru ve
kabul edilebilir oldugu sonucuna ulagilmistir.

Sonuglarin  ag sayisindan bagimsizligimi saglamak
amaciyla yamuk engelin ortalama Nu sayisinin (Num) ag sayisiyla
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degisimi incelenerek en uygun ag sayist belirlenmistir. Bu
amacla, Num sayisinin Ri* sayisina bagli olarak ag sayisiyla
degisimi Tablo 3° de verilmistir. Buna gore, 842285 adet ag
elemani sayisinin 1062252 adet ag sayisiyla karsilastirildiginda
Num sayis1 degisimi %0,1” den daha az oldugundan; 842285 adet
ag eleman1 sayisinin akis yonlendirici kanatgiksiz kanal igin
yeterli oldugu sonucuna varilmistir.

Sekil 2. Calisma Sonug¢larinin Dogrulanmasi

40

— (Ozdemir ve ark.(2023)
a5l e Rosas ve ark. (2017)
Sunulan Caligma

30F

25

U 1 1 1 L 1
50 100 150 200 250 300 350

Ri*

Tablo 3. Yamuk Engelin Ortalama Nu Sayisinin (Num) Ag
Elemam Sayisina Bagh Olarak Ri* Sayisiyla Degisimi

a—
Ag Sayisi R'NGSO Ri*=100-Num | Ri*=150-Num
289071 2.82144 5,602417 8.247801
643624 2,88058 5610262 8,257397
842285 2.88104 5,610547 8.057454

1062252 2.88105 5610551 8.257425
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5. ARASTIRMA SONUCLARININ iRDELENMESI

Sekil 3’ de kanatgiksiz ve dikey kanalin sag iist giris
kismindan 30° ve 45° agili kanatgiklarin oldugu durumlarda
Re=1000 ve degistirilmis Richardson sayisiin (Ri*) 50-150
araliginda kanalin sol yilizeyinde bulunan yamuk seklindeki
elemandan karigik tasinim hareketiyle olan 1s1 transferine bagl
ortalama Nu sayisinin (Num) kanatgik uzunluguna gore degisen
Akis Gegis Mesafesi (AGM) oranina baglh (a) AGM=3,33 ve (b)
AGM=4 degisimleri sunulmaktadir. Her iki AGM oraninda da
artan Ri* sayisina bagli olarak Num sayisi artig gostermektedir.
AGM=3,33 iken (Sekil 3(a)) kanalin st tarafindan gelen
akigkanin yamuk engele, AGM=4’¢ (Sekil 3(b)) gbre daha iyi
yonlenmesi engel etrafindaki dogal tagimima bagli yeniden
dolasim  bolgelerini  baskilayarak akiskan hareketliligini
artirmasiyla Num sayisinin daha yiiksek olmasina sebep
olmaktadir. Bununla birlikte, yine her iki AGM oraninda da 30°
acili kanat¢ikli durumda hem kanatgiksiz hem de 45° kanatgik
acilt duruma gore Num sayisi daha fazladir. AGM=3,33 ve
Ri*=150 icin 30° agili kanatgik durumunda sirasiyla kanatgiksiz
ve 45° acili kanatgikli durumlara gére Num sayilart %7,39 ve
%1,64 daha fazladir. Kanaldaki akis yapisina gore akiskanin
engele yonlenme durumuna bagli olarak AGM=4 i¢in bu artis
miktar1 azalmaktadir.

Kanatgiksiz ve farkli kanatgik agili (30° ve 45°)
durumlarda dikey kanalda bulunan yamuk engelden karisik
tasinitma bagli olarak gergeklesen 1s1 transferiyle kanaldaki
akigkanin ortalama sicaklik degisimi Tm Sekil 4° de farkli Ri*
sayilar1 ve AGM oranlar1 i¢in (a) AGM=3,33 ve (b) AGM=4)
verilmektedir. Ri* sayisinin artisina bagli olarak artan karisik 1s1
taginim1 nedeniyle Tm degerleri artarken, sicaklik degerlerinin
birbirine yakin olmasi kanat¢igin engel etrafinda olusan yeniden
dolasim  bolgelerini  yeteri kadar hareketlendirememesi
sebebiyledir. Bu durum, kanaldaki engel geometrisi yaninda Re
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ve Ri* sayilarina ek olarak kanatgik tasariminin da 6nemli bir
parametre oldugunu belirtmektedir.

Sekil 5° de Re=1000 ve Ri* sayisinin 50 ve 150 degerleri
icin ¢=30° ve 45° kanatgik agilarinda ve AGM=3,33 ve 4
degerlerinde hiz  konturu  dagilimlart  sergilenmektedir.
Kanatciksiz durumda her iki AGM orani i¢in de engelin {ist
kisminda olusan yeniden dolasim akis bolgeleri engel etrafindaki
akig hareketlenmesini simirlamaktadir. Ri* sayis1 150 oldugunda
da kanal icerisindeki hiz degerleri artis gosterse de yeniden
dolasim bdolgeleri iizerinde etkisi yeteri kadar artmamaktadir.
Kanala eklenen kanatgik sayesinde akis engele dogru
yonlendirilebilirken, azalan yeniden dolasim bolgeleri engel
etrafindaki akis hizin1 artirmaktadir. Kanatgik agis1 30° iken her
iki AGM orani i¢in de engel etrafindaki akiskan hareketliginde
45° kanatcik agisina gore daha fazla akiskan hareketliligi elde
edilmektedir.

Isinmig yamuk engel etrafindaki ve kanaldaki akigskanin
sicaklik konturu dagilimlari, Re=1000 ve Ri*=50 ve 150
degerlerinde ¢=30° ve 45° kanatgik agilar1 ve AGM=3,33 ve 4
icin Sekil 6 da gosterilmektedir. Sicaklik konturu dagilimlarinda,
sicakligin fazla oldugu akiskan kisimlar 1s1 transferi akisinin tam
olarak saglanamamasina bagli olarak 1sinmanin fazla oldugu
kisimlardir. Ri*=150 durumlarda Ri*=50 oldugu durumlara gore
artan dogal tasinim akimlar1 zorlanmis taginim akimlarini
baskiladigindan engel etrafinda ve kanalda olusan yeniden
dolagim bolgeleri akigkanin isinmasina sebep olarak engelden
olan 1s1 transferini kotiilestirmektedir. Bu nedenle, Ri*=150 igin
tiim kanatgik agilarinda kanaldaki akiskan sicakliklar1 Ri*=50" ye
gore daha fazla olmaktadir ki bu durumun Re sayisinin artistyla
zorlanmig tasinimin etkisinin artirilmasi yaninda farkli kanatgik
tasarimlariyla giderilebilecegi diigiiniilmektedir.
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Sekil 3. Toplam Ortalama Nu Sayisimin (Num) Ri* Sayisi,
Kanatgik Acisi ve AGM Oranina Gore Degisimi (a) AGM=3,33

(b) AGM=4
52
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Sekil 4. Kanal Boyunca Ortalama Akiskan Sicakhiginin (Tr) Ri*
sayisi, Kanatcik Acisi ve AGM Oranina Gore Degisimi
(a) AGM=3,33 (b) AGM=4

— Kanat;iksiz
01 L sesesas 300

]
—— 45

(b)

Ri
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Sekil 5. Hiz konturu dagilimlari Ri*=50 ve 150 ve Re=1000 icin
(a) kanatciksiz kanal (b) ¢=30°, AGM=4 (c) $p=45°, AGM=4
(d) $=30°, AGM=3,33 (e) $=45°, AGM=3,33

Hiz (m/s)
0.125
I 0.111
0.097

0.083

- 0.069

0.056

- 0.042

0.028

0.014

0.000
(a)-Ri*=50 (0)-Ri*=50 (c)-Ri*=50 (d)-Ri*=50 (e)-Ri*=50
Hiz (m/s)

0.125
I 0.1
0.097

0.083

- 0.069
0.056
- 0.042
0.028

0.014

0.000 \ |
(a)-Ri*=150 (b)-Ri*=150(c)-Ri*=150 (d)-Ri*=150(e)-Ri*=150
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Sekil 6. Sicaklik konturu dagihimlar: Ri*=50 ve 150 ve Re=1000
icin (a) kanatciksiz kanal (b) $=30°, AGM=4 (c) ¢=45°, AGM=4

Sicaklik (K)

305.000
I 303.667
302333
301.000
299 667
W 298.333
297.000
295,667
294333

203,000

Sicaklik (K)

305,000
I 303.667
302333
301.000
299,667
W 208333
297,000
285667
204333

203,000

(d) ¢p=30°,

(2)-Ri*=50

! : H
|

(a)-Ri*=150

295333

Sicaklik (K)

AGM=3,33 (¢) ¢=45°, AGM=3,33

Sicaklik (K)

300.000

299.222

298.444

297.667

296.889

296.111

294.556

293.778

293.000 ! :
(b)-Ri*=50 (c)-Ri*=50 (d)-Ri*=50 (€)-Ri*=50

300.000
299.222
298.444
297.667 |
296809 |
296.111
295.333
294,556

293.778

293.000 _
(b)-Ri*=150 (c)-Ri*=150(d)-Ri*=150(e)-Ri*=150
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6. GENEL SONUCLAR

Isinmis yamuk engelin oldugu dikey bir kanalda dogal ve
zorlanmig taginimin olusturdugu karisik tasinim akis hareketiyle
1s1 transferinin incelendigi bu ¢alismayla ulasilan sonuclar
asagidaki gibi 6zetlenebilir:

AGM=3,33 iken kanalin ist tarafindan gelen akigskanin
yamuk engele, AGM=4’e gore daha iyi yonlenmesi Num sayisinin
daha yiiksek olmasini saglamaktadir.

Her iki AGM oraninda da 30° agili kanatgikli durumda
hem kanatgiksiz hem de 45° kanatgik agili duruma gore Num sayisi
daha fazladir.

AGM=3,33 ve Ri*=150 i¢in 30° a¢il1 kanat¢ik durumunda
sirasiyla kanatgiksiz ve 45° agili kanatgikli durumlara gore Num
sayilar1 %7,39 ve %1,64 daha yuksektir.

Ri* sayisinin artigina bagl olarak artan karisik 1s1 taginimi
nedeniyle Tm degerleri artarken, sicaklik degerlerinin birbirine
yakin olmas1 kanatcigin engel etrafinda olusan yeniden dolagim
bolgelerini yeteri kadar hareketlendirememesi sebebiyledir.

Ri* sayisinin 150 oldugu durumlarda, Ri*=50 oldugu
durumlara gore artan dogal taginim akimlar1 zorlanmis taginim
akimlarim1 baskiladigindan engel etrafinda ve kanalda olusan
yeniden dolasim bolgeleri akiskanin i1sinmasina sebep olarak
engelden olan 1s1 transferini kotiilestirmektedir.

Ri*=150 i¢in tim kanatgik agilarinda kanaldaki akiskan
sicakliklar1 Ri*=50" ye gore daha fazla olmaktadir ki bu durumun
Re sayisinin artigtyla zorlanmig taginimin etkisinin artirilmasi
yaninda farkli  kanatgik  tasarimlariyla  giderilebilecegi
diistiniilmektedir.
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DUSUK GUCLU MOTORLAR iCIN BASIT BIiR
MOTOR TEST DINAMOMETRESI?

Gokee Hilal YAVUZ?
Emre ARABACI?®

1. GIRIS

Motor performansinin dl¢iilmesinde en 6nemli basamak,
motor ¢ikis milinden elde edilen isin (kuvvetin veya torkun)
Ol¢iilmesidir. Motorun ¢ikis milinden elde edilen bu gergek ve
kullanilabilir degerlerin 6l¢tilmesinde “dinamometre” adi verilen
0zel makineler kullanilmaktadir. Dinamometreler uygun
gostergelerle, kuvvet, moment, hiz ve gii¢ Olgmek {izere
kullanilan enerji doniistiiriictileri olarak tanimlanmaktadir. Motor
dinamometreleri aragtirma veya tiretimde, hareket iireten her tiirlii
makinenin torkunu ve giiciinu belirlemede veya bu hareket treten
makineler i¢in gelistirilmis komponentlerin mevcut makinenin
performansma  etkisinin  belirlenmesinde  kullanilmaktadir.
(Martyr & Plint, 2012).

Dinamometre kavrami1 TDK sozliigiinde Tiirkcelestirilmis
hali olan kuvvetdlger seklinde yer almaktadir ve kuvveti 6lgmeye
yarayan cihaz olarak tanimlanmaktadir. Motor dinamometresi ise
motorlardan elde edilen kuvveti 6lgmeye yarayan cihazlardir.

! Bu c¢ahgma Tibitak 2209-A “Universite Ogrencileri Arastirma Projeleri

Destekleme Programi” kapsaminda 2022/2 c¢agri déneminde proje olarak
desteklenmistir.

2 Lisans Ogrencisi, Pamukkale Universitesi, Teknoloji Fakiiltesi, Otomotiv
Miihendisligi Bolimii, Pamukkale/Denizli, gyavuz20@posta.pau.edu.tr, ORCID:
0009-0008-4389-6413.

3 Dog. Dr., Pamukkale Universitesi, Teknoloji Fakiiltesi, Otomotiv Miihendisligi
Bolumi, Pamukkale/Denizli, earabaci@pau.edu.tr, ORCID: 0000-0002-6219-
7246.
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Dinamometreler kuvvet 6lglimiinu statik veya dinamik sistemler
icin yapabilmektedir. Motorlar dinamik sistemler oldugundan
dolayr dinamometre dinamik olglim yapmaktadir (TUrk Dil
Kurumu, 2023; Martyr & Plint, 2012).

Sekil 1. Basit Bir Dinamometre

U

0

10

&ig3

Sekil 1’de gorildiigii gibi 5 kg kutleli bir cisim
dinamometreye asildiginda yer cekimi etkisi ile bir kuvvet
olusturmaktadir. Bu durum Newton’un ikinci yasasi ile
aciklanabilmektedir (Sar1 & Dombayci, 2009).

F =ma =mg (1)

Motor dinamometrelerinde dénen bir milin frenlenmesi
ile elde edilen bir kuvvetin 6lcimi s6z konusudur (Zammit,
1987). Sekil 2’de goriildiigii gibi bir milin frenlenmesi i¢in bir
frenleme blogu ve frenleme kuvvetini meydana getiren agirlik
bulunmaktadir. Motorlarda kuvvet 6l¢iimii frenlemeye bagl bir
durumdur ve dinamik sistemlerde ¢ok bir sey ifade etmemektedir.
Frenleme igin gereken kuvvet yerine “tork™ degerinin bilinmesi
¢ok daha kullanish olmaktadir. Bunun i¢in Sekil 2 referansinda
asagidaki basit esitlik (Es. 2) kullanilabilmektedir (Martyr &
Plint, 2012; Zammit, 1987).
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T=FR=WL ()

Sekil 2. Basit Bir Motor Dinamometresi

Yuk ayar
soml.lmlarl

Tork Kolu

Fren
Bloklan

A

Agirlik
"k

Yukaridaki esitlikte L ifadesi tork kolu uzunlugunu
belirtmektedir. W agirhigi (yik) L mesafesinde bir 7 torku
olusturmaktadir. Benzer sekilde kasnagin R yarigcapina F kKuvveti
etki ederek yine 7 torku olusmaktadir. Boylelikle temelde motor
milinde olusan t torku Olgiilebilir hale gelmistir. Motor
dinamometreleri  icin  kuvvet yerine tork ifadesinin
kullanilmasinin nedeni, dairesel olarak hareket eden bir milin

lizerine uygulanmast gereken kuvvetin uygulama mesafesine
bagli olarak degismesidir. Ancak tork kavrami bir mil i¢in milden
elde edilen enerji olarak diistintilmelidir (Martyr & Plint, 2012;
Zammit, 1987).

Gunlmduzde ister statik, ister dinamik sistemler igin
kullanilan ve hassas Olgiimler yapabilen tork sensorleri
bulunmaktadir. Bu tork sensdrlerinde genellikle strain gauge’ler
kullanilmaktadir. Bununla birlikte bu sensorlere enkoder
eklenerek hiz Ol¢iimii ve bunun yaninda gilic Olgiimii de
yapilabilmektedir. Bu ¢aligmada tork Sl¢iimii i¢in dinamik tork
sensori kullanilmistir (Burster Praezisionsmesstechnik GmbH &
Co. KG, 20164a,b).
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Motor dinamometrelerinde tork Ol¢cimi igin tork
sensoOriiniin yaninda bir frenleme sistemi bulunmalidir. Motor
dinamometrelerinde genel olarak manyetik etkili, mekanik etkili
ve hidrolik etkili frenleme sistemleri kullanilmaktadir. Her fren
sisteminin kendine gore avantaj ve dezavantaji bulunmaktadir
(CMC Controls, 2023; Warner Electric, 2016).

Su frenleri olarak da bilinen hidrolik etkili frenleme
sistemleri yiliksek gli¢lii motorlarin testlerinde yaygin olarak
kullanilmaktadir. Su frenleri genel olarak rotor ve statordan veya
gruplarindan meydana gelmektedir. Frenleme enerjisi 1s1
enerjisine doniistigliinden dolay1 sistem igerisindeki su agik veya
kapali sistem olarak siirekli olarak degistirilmektedir. Kapali
devre sistemde su bir esanjor vasitasiyla sogutulmaktadir. Bu tiir
sistemlerde govde olarak goérev yapan stator Uzerinden tork
Olgtimii yapilmaktadir. Genellikle tork 6lgimi icin loadcell
kullanilmaktadir (Martyr & Plint, 2012; Cetinkaya & Salman,
2007; Altmérs, 2001; Oz, Borat, & Siirmen, 2003; Krebl, 1995;
Gallacher, 1995; Cooling, 1985; Babbitt, Bonomo, & Moskwa,
1997).

Sik kullanilan bir baska dinamometre ise Eddy akimli
dinamometredir. Eddy akimi (girdap akimi1 veya Foucault akimi
olarak da bilinmektedir) Faraday'in indiikksiyon yasasina gore,
manyetik alanin degisimi elektrik akimi tretir. Manyetik alan
degistiginde iletkenlerin igerisinde olusan ¢embersel (bir
cercevenin igerisinde basladig1 noktaya donen) elektrik akimidir.
Lenz yasasi sebebiyle, Eddy akimi, kendisini olusturan manyetik
alana kars1 bir manyetik alan olusturur, yani kendisini olusturan
manyetik alan degisimine karsi ¢ikar. Ornegin, yiizeyinde olusan
Eddy akimi sebebiyle, iletken bir yiizey, yakinlarinda hareket
eden bir miknatisa gekme kuvveti uygulayabilir. Eddy akimi fren
yapmak i¢in de kullanilir. Eddy akimi, siirtiinmesiz frenleme
saglayarak kinetik enerjiyi manyetik alanla doniistiirtir. Fren
kasnag1 ya da takozu ile temas olmadigr i¢in mekanik asinma
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olmaz. Ama bir Eddy akim1 freni “tutunma” momenti saglamaz
ve mekanik frenlerle birlestirilerek kullanilabilir; 6rnegin tavan
yiuk tasima vingleri. Diger bir uygulamasi ise bazi lunapark
trenlerinde, arabadan uzatilan agir bakir plakalarin kalici
miknatislarin  arasinda  kaydirilmasiyla yapilir. Plakalarin
arasindaki elektriksel direng, siirtlinme ile esdeger olan bir
stiriiklenme etkisine sebep olur, bu da arabanin kinetik enerjisini
harcar. Elektro miknatislar1 kullanarak manyetik alanin giicii
ayarlanabilir. Boylece frenleme etkisi degistirilebilir (Martyr &
Plint, 2012; Cetinkaya & Salman, 2007; Altinérs, 2001; Oz,
Borat, & Surmen, 2003; Krebl, 1995; Gallacher, 1995; Cooling,
1985; Babbitt, Bonomo, & Moskwa, 1997).

Bu c¢alismada hem basit yapisi, hem de ekonomik
olmasindan dolayr akim baskili mekanik etkili bir fren
mekanizmast kullanilmistir. Akim baskili mekanik etkili fren
mekanizmasi ile ilgili detayl bilgi ileriki sayfalarda verilmistir.
Bu caligma kapsaminda yalnizca yiik 6l¢iimii (kuvvet, tork veya
gii¢) i¢in bir sistem tasarimi bulunmaktadir. Bir motor testi igin
yakit tiiketimi, hava tiikketimi, egzoz emisyonlari, g¢esitli
sicakliklar gibi 6l¢timler, yanma analizi vb. 6l¢cimler bu ¢alisma
i¢cin kapsam disidir.

2. MATERYAL VE YONTEM
2.1.Tork Sensoru

Bu c¢aligmada frenleme icin akim baskili tozlu fren
sistemi, bu sistem i¢in bir elektronik kontrol moduli, tork sensor
ve tork sensoriindeki verilerin islenmesi ve goriintiilenmesi
amaciyla bir bilgisayar ve yazilim kullanilmistir. Ayrica, fren ve
tork sensOriiniin mekanik olarak birlestirilmesi, tork sensorii ile
motorun bosluksuz kaplinle baglanmasi, fren tork sensorii ve
motorun konumlandirildig: tabla ile elektriksel baglantilar da
calisma kapsaminda yer almistir.

160



Makine Miihendisligi

Motor dinamometreleri i¢ten yanmali motorlarin tork ve
gii¢ performans karakterlerinin belirlenmesi i¢in kullanilan yiik
makineleridir. Bu  makineler  kapsamli Olctimlerde
kullanildigindan ve 6zel liretim olduklarindan dolay1 oldukga
pahalidirlar. Tek silindirli motorlar i¢in ise yaygin olarak
elektrikli  dinamometre kullanilmaktadir. Burada motor
dinamometresinden istenen temel 6zellik, motorun frenlenmesi
ve bu frenleme enerjisinin hassas bir sekilde 6l¢iilmesidir. Bu
calismada diisiik giiclii ve diisiik torklu motorlarin tork ve giic
performans karakteristiklerinin belirlenmesinde kullanilabilecek,
diisiik maliyetli (bakim, tiretim vs.) bir motor dinamometresi imal
etmek ve testlerinin gergeklestirilmesi amaglanmistir (Altinérs,
2001; Cooling, 1985; Celik, Bay1r, & Ozdalyan, 2007).

Tork sensorii olarak HX711 entegre devreli strain gauge
loadcell kullanilmigtir. Loadcell kapasitesi 10 kg’dir. Burada
Sekil 3’teki gibi bir montaj yapilmistir. Kuvvet uygulanan yer ile
mesnet noktasi arasinda 55 mm bulunmaktadir.

Sekil 3. Loadcell Montaj Durumu

F=10 kg l

; L=55 mm :
< i

Buna gore sistemin maksimum 06lcebilecegi tork degeri
asagidaki gibi hesaplanir:

Oncelikle Es. 1 kullanilarak kuvvet bulunur:
F=10x981=98,1N

Torku hesaplamak icin kol uzunlugunu metre cinsinden
kullanmamiz gerekir. Sekil 3’te goriilen montajda, kol uzunlugu
L =55 mm = 0,055 m’dir. Es. 2 kullanilarak  tork
hesaplanabilir.
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7 =98,1 X 0,055 =5,3955 Nm = 5,4 Nm

Bu deger, sensore 10 kg'lik bir ylik uygulandiginda elde
edilen anlik tork degerini temsil etmektedir.

Her sensorun belirli bir maksimum yiklenme kapasitesi
vardir. Bu kapasiteyi agmak, sensorde geri donilisii olmayan
hasarlara yol acabilir. Bu yizden genellikle bir “emniyet
katsayis1” kullanilir. Emniyet katsayisi, sensoriin nominal tork
degerine gore dayanabilecegi maksimum torku bulmak igin
kullanilir. Bununla birlikte yapilan deneylerde sensoriin
dayanabilecegi maksimum yiikiin belirlenebilmesi igin asir1
yiikleme testi yapilmistir. Yapilan deneylerde 17,3 kg stirekli
yukte sensorlin kullanilmaz hale geldigi tespit edilmistir. Bu
stirekli yiik degeri emniyet katsayis1 hesaplamasinda anlik yiik
olarak kabul edilebilir. Buna gére emniyet katsayisi (S) asagidaki
gibi hesaplanabilir:

_ Maksimum ytik _ 17,3

= =173=17

Normal ytik 10

Sensorin maksimum torku yaklasik olarak 9,32 Nm

olarak hesaplanmistir. Bu, sensoriin asir1 yliklemeye dayanarak
zarar gormeden kaldirabilecegi maksimum torktur.

2.2.Akim Baskili Manyetik Fren Sistemi

Manyetik (veya elektromanyetik) frenlerin tek yiz
frenler, power off frenler, tozlu frenler, histerisis frenler ve ¢ok
diskli frenler gibi bir¢ok ¢esidi vardir (Woodford, 2023).

Siirtiinmesiz olarak elektronik voltaj kontrolii yardimiyla
istenilen torklara kademesiz gecis yapabilen frenleme sistemi
olan tozlu frenler, mekanik siirtlinmeler az oldugu i¢in uzun
omiirlii ve bakim gerektirmeyen sistemlerdir. 0 V DC ile 24 V DC
arasinda voltaj ayar ile tork inis ¢ikiglar1 kademesiz olarak
ayarlanabilir. Bu frenler kontrolli agma ve kapama, tork
kontrolleri, tork sinirlamalari, hiz kontrolii ve kontrollii baglama
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isleri igin siklikla kullanilmaktadir. Akim baskili manyetik fren,
akim baskili tozlu fren olarak da adlandiriimaktadir (Woodford,
2023; EMF Fren, 2014; Altra Industrial Motion, 2016; Warner
Electric, 2010).

Bu fren sistemine “tozlu” denilmesinin nedeni, stator
olarak gorev yapan ve giris miline bagli olan silindir kismu ile
govdeye temas etmeyen rotorun, ¢ikis miline yataklik eden
paslanmaz celik tozlarla dolu bir bosluga sahip olmasidir (Sekil
4).

Sekil 4. Akim Baskili Tozlu Manyetik Fren

Manyetik
alan
Manyetik toz

Rotor

X
A
VRV \ Bosluk

L v L pa

Stator

Sargilar

Elektrik
o o Girisi (DC)

Normal durumda, boslukta bulunan tozlar serbest bir
sekilde hareket eder. Ancak bir gerilim uygulandiginda, bu tozlar
manyetik alan etkisiyle birleserek frenleme kuvveti olusturur.
Uygulanan gerilim arttik¢a, frenleme kuvveti de o oranda artar.
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2.3.Frenleme Sistemi i¢cin Kontrol Modiilii

Bu calismada, akim baskili tozlu manyetik frenleme
sisteminin istenilen tork degerlerinde yiikleme yapabilmesi
amaciyla kullanilmasi planlanmistir. Fren sistemi, 0-24 VDC
araliginda caligmakta olup, bu sistemde bobin stator (gdvde)
izerinde sabit durumdadir.

Stirekli gerilim uygulandiginda asir1 1sinma ve yanma gibi
sorunlarin dniine gegmek icin, gerilimi siirekli olarak uygulamak
yerine darbeli bir sekilde iletmek daha faydali bir yontemdir. Bu
yontem, Dalga Genislik Modiilasyonu (PWM) olarak adlandirilir.
PWM yo0nteminde, kaynaktan alinan gerilim 06zel devreler
araciligiyla belirli stirelerde darbeler haline getirilir (Sekil 5).
Darbe genislik modiilasyonu, gerilimin siirekli mi yoksa kesik mi
olacag: siirelerin ayarlanmasiyla gerceklestirilir. Gerilimin bir
cevrimdeki uygulanma siresi, ortalama gerilim (zerinde
dogrudan etkili olmaktadir (Sahin & Dedeoglu, 2013). Sargilarin
asir1 1sinma ihtimaline karst bu PWM uygulamasina ek olarak
cebri fan sistemi de kullanilmistir. Boylelikle bir fan yardimiyla
fren tizerindeki 1sinin atilmasi saglanmaigtir.

Sekil 5. Darbe Genislik Modiilasyonu

A
5 %0 DG %25 DG %50 DG %75 DG %100 DG
S | bbb B
E | bl feniden
:!-:
[«5]
S | et
0_ ..........................
—>
0 2 A 6 8 10
zaman (s) |- Ortalama Gerilim

DG: Darbe genigligi

Burada goriildiigii gibi darbelerin tepe degerleri
(genlikleri) sabit kalmakta, degisen ise darbelerin genislikleri,
yani siirelerdir. Cikista yansiyan, bu darbelerin ortalama degeri
olan ortalama gerilimdir. Darbe genisliklerini belirleyen ise
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anahtarlama islemidir. Kurulan 6zel devrelerde kullanilan
elemanlara bagl olarak bir anahtarlama frekans1 belirlenir. Ayni
sekilde, devredeki elemanlar sayesinde darbe genisligi
ayarlanarak, belirlenen frekansta istenilen genislikte calisma
saglanir (Arduino, 2023; Sahin & Dedeoglu, 2013).

Calismada kullanilan manyetik frenin kontrolii ile DC
motorun kontrolii arasinda fark bulunmamaktadir. Bu nedenle,
kontrolli frenleme yapmak icin bir DC motor siricl devresi
yeterli olmaktadir. Piyasada hazir olarak bulunan PWM DC
motor suriicti devreleri, izerlerindeki potansiyometre yardimiyla
DC motor hizini ayarlayabilmektedir.

Calismada, giivensizlik ve ayarlama zorluklar1 nedeniyle
hazir devreler yerine, basit bir mikrodenetleyici yardimiyla PWM
sinyali tireten bir DC motor siiriicii devresi tasarlanmistir. Bu
sistem, gerektiginde bilgisayardan da kontrol edilebilir sekilde
tasarlanmistir. Siiricii devre olarak L298N entegresine sahip
hazir bir kart, mikrodenetleyici olarak ise Arduino UNO
kullanilmistir (STMicroelectronics, 2000; Delebe, 2014).

Fren sistemi, bir motora baglanarak basit bir diizenek
olusturulmustur. Bu diizenek i¢in Arduino ile bir kod yazilmistir.
Devreye; yiik artirma, yiik eksiltme ve acil durdurma butonlari
eklenmis ve islemler LCD ekran iizerinden goriintiilenmistir.

2.4.0Olusturulan Dinamometre Sistemi

Olusturulan dinamometre diizeneginde, 20x20 mm
boyutlarinda 6 kanalli sigma profil ve baglanti elemanlari
kullanilmisgtir. Fren sistemi olarak, 35 Nm maksimum torka sahip
EMF marka ABTF 03 model akim baskili manyetik tozlu fren
tercih edilmistir. Dinamometre sisteminin sematigi Sekil 6’da
gosterilmistir.

165



Makine Miihendisligi

Sekil 6. Dinamometre Sistemi Sematigi

On Grlinds Sol Yan Goriiniis
ey DUSEY €kSEN

ayar baglantisi
| Kaplin
»
Manyetik !
> Fren
Baglanti hl
mili I g
o Baglanti
Karg el

Tork etkisiyle .-
gbvdede s lF
olusan kuvvet ‘

Frenleme ile
olugan tork [

Baglanti
noktalar

Loadcell

(Tork Senstr) > noktalari

<7 Destek

’ "ty Manyetik
(o) 1 anye
I/ / i 71 J — —
Kuvvet : L : .5 Mesnet Loadcell 4~
——p
kolu ... ! noktasi

Bu sematikte, fren sargilar1 govdede sabittir. Frenleme
yapildiginda, mildeki enerji govdeye aktarilir. Bu ¢alismada,
motor gdvdesinin dinamometre gdévdesine yiik olusturmasi
saglanmistir. Bunun i¢in bir mesnet noktasi olusturulmus ve
bdylece dinamometre govdesi tork sensoriine yiik uygulamistir.
Bu yapiya uygun olarak bir kontrol iinitesi gelistirilmistir.
Kontrol iinitesinde Arduino Uno gelistirme karti, LCD Keypad
Shield, HX711 Analog-Dijital doniistiiriicii ve BTS7960B DC-
PWM motor siirliciisti kullanilmuastir.

Kontrol {initesi i¢in yazilmigs Arduino kodu Sekil 7'de
gosterilmistir. Kod su sekilde yapilandirilmistir: Butonlar AO
pinine baglanmistir. Yukar1 ve Asagi butonlari ile frenleme degeri
0-100 araliginda ayarlanabilir. Sol buton ise frenlemenin
stfirlanmasi (acil stop) islevi i¢in kullanilmaktadir. Frenleme
degerine bagli olarak D3 pininde PWM sinyali iiretilmektedir. D3
pini, BTS7960B DC-PWM motor siiriiciisiine baglidir ve bu
PWM sinyali dinamometrenin frenlenmesini saglar.

Frenlemenin olusturdugu tork degerinin ekranda
gosterilebilmesi i¢in bir kalibrasyon katsayisi belirlenmistir. Bu
katsay1, torkun dogrudan Nm cinsinden goriintiilenmesini
saglamaktadir. Yapilan 6n deneyler sonucunda kalibrasyon
katsayis1 836 olarak belirlenmistir Bu belirleme i¢cin manyetik
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frene bir mil takilmisg, fren 24 V ile enerjilendirilmis ve bu mil
dijital gostergeli bir torkmetre ile dondiriilmeye g¢alisiimistir.
Ayrica, baslangic kalibrasyonu (sifirlama) icin sag buton
kullanilmustir.

Sekil 7. Kontrol Unitesi i¢cin Arduino Kodlar

Sistemin korunabilmesi igin basit bir givenlik 6nlemi
alinmigtir. Bu Onlem cgergevesinde, tork degeri 25 Nm'’yi
astiginda frenleme kademeli olarak azaltilarak 25 Nm’ye
disiiriilmektedir. Boylelikle daha yiiksek yiiklerin olusturulmasi
ve mekanik arizalarin meydana gelmesi engellenmektedir. Sistem
anlik ylik asimlarinda da devreye girerek frenlemeyi
dizenleyebilmektedir. Deneyler esnasinda kullanilan motorla
gore bu deger kod tlizerinden degistirilebilir niteliktedir. Ancak bu
degerin mutlaka frenin maksimum tork degeri olan 35 Nm'’yi
gecmemesi gerekmektedir. Buna gore elde edilen LCD ekran
gorintisu Resim 1’deki gibidir.
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Resim 1. Olusturulan Devrenin LCD Ekran Goruntisi

Burada 0rnek olarak frenleme %20 iken tork degeri 8.51
Nm (kalibre edilmemis degerdir) olarak gorulmektedir. Eger
sisteme motor hizi Olglimii i¢in bir sensor eklenseydi (bu
calismada kullanilmamistir) tork degerinin yani sira hiz ve giic
degerleri de ekranda goriintiilenebilirdi.

3. BULGULAR

Dinamometrenin  mekanik  yapimi  laboratuvarda
gerceklestirilmistir. 20x20 sigma profillerin kesimi, profillerin
birlestirilmesi gibi tiim iglemler i¢in laboratuvar imkanlari
kullanilmisgtir. Bununla birlikte gerekli olan bazi1 baglanti
elemanlar1 modellenerek 3D FDM yazicida ABS malzemeden
tiretilmistir. Bu baglanti1 elemanlar1 lizerinde yiik olan baglanti
elemanlar1 olmayip yalnizca montaji kolaylastirmak ig¢in
kullanilan ~ basit  elemanlaridir.  Dinamometre  yapisinin
giiclendirilmesi i¢in g¢elik kdsebentler kullanilmigtir. Montaj
esnasindaki gorlintiiler Resim 2’de gorildigii gibidir.
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Resim 2. Dinamometrenin Montaj Asamalari

Montaj asamas1 sonrasinda elde edilen dinamometrenin
son hali Resim 3’teki gibidir. Burada mukavemetin artirilmasi
amaciyla  kullamilan  ¢elik  kosebentler — gortlmektedir.
saglanmistir.  Dinamometrenin  ayak kisminda titresim
sonimleyici kauguk damperler kullanilmistir. Bu damperler
sayesinde motordan kaynaklanan titresim hasarlart minimize
edilmistir.

Resim 3. Dinamometrenin Son Hali

P

Tork 0843 r‘ )

Frent
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Sigma profil kullanilarak yapilan imalat sayesinde
dinamometre, farkli motorlara uyarlanabilir hale getirilmistir.
Fren kismimin sigma profilin raylarina deliksiz olarak
montajlanmas1 bu esnekligi saglamistir. Ayrica, sigma profil
lizerindeki bos alanlara sensor gibi ek komponentler de
yerlestirilebilmektedir. Tasarima uygun sekilde montajlanan
dinamometre, testler i¢cin hazir hale getirilmistir.

Dinamometrenin ¢alisabilmesi i¢in ayarlanabilir bir gii¢
kaynagi kullanilarak 24 V elektrik beslemesi yapilmistir.
Dinamometrenin basit bir sekilde test edilebilmesi amaciyla HHY
960 model iki zamanli motora sahip bir jenerator kullanilmigtir.
JeneratOriin gorseli ve 6zellikleri Tablo 1'de sunulmustur. Bu test
sirasinda  jeneratoriin  alternatér  kismi  kullanilmamustir;
alternatoriin  rotoru dogrudan motora baghdir. Jenerator
alternatoriiniin arka kapagi delinerek UCF203 yatakli rulman
yerlestirilmistir. Rotor miline M8 saplama takilmig ve
dinamometreye kaplin yardimiyla baglanan 17 mm ¢apindaki mil
buraya monte edilmistir. GS19 bosluksuz kaplinin her iki tarafi
da 17 mm ¢apinda islenerek dinamometre ile motor arasindaki
baglant1 saglanmustir.

Tablo 1. Jeneratoriin Ozellikleri

220 VAC, 50 Hz

Jenerator Cikist Tek faz
800 W (1.0 kVA) Maksimum
Motor Kurs Hacmi 63 cc
Motor Cikis Giicli 1490 W Maximum
Dikey, tek silindir,
.. 2 zamanls,
Motor Tipi dogal emisli,
saat yonil tersine
Yakit 87+ oktan benzin ve yag karigimi

Motor iizerinde bulunan hiz regiilatorii nedeniyle siirekli
olarak 3000 rpm hizda ¢alismaktadir. Olusturulan deney diizenegi
sematigi Sekil 8’deki gibidir.
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Sekil 8. Deney Diizenegi

Dinamometre Jenerator
Ara :

Kontrol i

Unitasi Baglanti : Yakit Deposu
Alternatér Iki
: IManyetik Fren Zamanli
i . (Deneylerde bu
: £ | [kisim kullaniimadr) Motor

Olusturulan deney diizenegine gore yaklasik 5 Nm’ye
kadar motor yiiklenebilmistir. Tork degerine gore yapilan
frenleme asagidaki gibi olmustur. Goriildiigi gibi tork degeri ile
fren yiizdesi arasinda lineer bir iliski vardir (Sekil 9).

Sekil 9. Tork Degerine Gore Frenleme Yiizdesi

25
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[J)
o 15
C
<
w
<z 10
3
< 5 y =5.1726x - 0.825
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w

0
0 1 2 3 4 5
Ekrandaki Tork Degeri (Nm)

Frenlemeye gore tork degeri siirekli olarak degisse de
ortalama bir deger elde edilebilmektedir. Bunun i¢in Arduino
koduna fren torkunun Orneklendigi bir kod eklenerek
kaydedilmigtir. Motoru arzu edilen tork degerine ulastirdiktan
sonra 50 ms araliklarla 50 6rnek alinmistir. 5 Nm, 4 Nm ve 3 Nm
i¢in yapilan 6l¢timler Sekil 10’dadir ve bu 6l¢cuimlerin ortalama
degerine gore mutlak hatalar sirasiyla %3.16, %2.95 ve %0.6
olarak hesaplanmaistir.
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Sekil 10. Frenlemeye Gére Olgiimlerdeki Kararsizhklar
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4. SONUC VE TARTISMA

Bu caligmada, diisiik giiclii i¢ten yanmali motorlarin
performansini 6lgmek amaciyla basit bir dinamometre tasarlanip
tiretilmistir. Literatiir taramasi yapildiginda, gii¢ lireten dongiisel
makinelerin performansini degerlendirmek i¢in ¢esitli yontemler
gelistirilmis oldugu goriilmektedir. Bu calismada kullanilan
dinamometre, prony freninin modernize edilmis bir versiyonudur.
Frenleme sistemi olarak, akim baskili tozlu fren tercih edilmistir.
Fren sisteminde asinma elemanlarinin bulunmamasi énemli bir
avantaj saglamaktadir. Ancak fren, yiikleme sirasinda asiri
isinabilmektedir. Bu nedenle, 5 Nm maksimum tork degerine
sahip bir motor i¢in 35 Nm kapasiteli bir fren se¢ilmistir. Nominal
calisma degerine gore frenin 6.59 kW giicii absorbe edebilme
kapasitesi vardir, ancak etkin bir sogutma sistemi ile kullanilmasi
zorunludur.

Dinamometre c¢ercevesi/govdesi, giinlimiizde yaygin
olarak kullanilan aliiminyum sigma profiller ile yapilmistir. Cogu
baglanti parcasi hazir olarak temin edilmis, ancak standart olarak
bulunmayan baglant1 elemanlar1 tasarlanarak 3D yazicida
iretilmistir. Deneyler sirasinda elde edilen dinamometrede birkag
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kiigiik mekanik sorun yasanmis ve bu sorunlar giderildikten sonra
deneylere devam edilmistir. Su anda sistem sorunsuz
calismaktadir.

5. ONERILER

Bu c¢alisma, motorlarin performanslarinin  nasil
Olciildiigline dair yapilan temel diizey bir ¢alismadir. Basit bir
dinamometre olusturulmasina ragmen, cesitli gelistirmeler
yapilabilir. Ornegin, hiz dl¢iimii eklenerek dogrudan gii¢ dl¢iimii
yapilabilir. Bununla birlikte elektronik kontrol sistemi
gelistirilebilir. Ayrica olusturulan dinamometrede bazi tasarimsal
hatalar bulunmaktadir. Ancak mevcut biitge ve imkanlarla
optimum bir tasarim elde edilmistir. Daha 1yi bir tasarim ve
tiretimle daha stabil c¢alisan bir dinamometre yapmak
mumkdndr.
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ADDITIVE ADVANTAGE: REDEFINING
MACHINE ELEMENTS THROUGH 3D
PRINTING TECHNOLOGY

Onat Halis TOTUK!

1. INTRODUCTION

Additive Manufacturing (AM), also known as 3D
printing, has revolutionized the field of machine design by
offering unprecedented flexibility and capabilities in the
production of complex components. This technology builds
objects layer by layer, using computer-aided design (CAD) data
or 3D object scans to guide the precise deposition of materials
into geometric shapes (Nexus Integra, n.d.). Unlike traditional
subtractive manufacturing methods that remove material from a
solid block, AM adds material sequentially, enabling the creation
of intricate structures and geometries that were previously
impossible or impractical to produce (MIT Sloan, 2017). The
process encompasses a wide range of techniques, including fused
deposition modeling (FDM), stereolithography (SLA), selective
laser sintering (SLS), and direct metal laser sintering (DMLYS),
each offering unique advantages and applications in machine
element design. These various AM processes differ in their
materials, energy sources, layer formation methods, and the shape
of the final product, influencing factors such as surface finish
quality, dimensional accuracy, mechanical properties, and overall
production time and cost (Springer, 2022).

L Instructor Dr.; Gankaya University Engineering Faculty, Mechanical Engineering
Department. Ankara/TURKIYE, onattotuk@cankaya.edu.tr, ORCID: 0000-0002-
9314-9204.

177



Makine Miihendisligi

The impact of AM on machine design has been
transformative, offering benefits such as reduced lead times,
enhanced design freedom, and improved sustainability. By
eliminating many intermediate steps in the traditional supply
chain, AM allows for rapid prototyping and production of small
lot sizes, making it ideal for customized machine elements and
on-demand manufacturing (MIT Sloan, 2017). Furthermore, AM
enables the creation of complex internal structures, consolidation
of multiple parts into single components, and the use of
functionally-graded materials, leading to lighter, stronger, and
more efficient machine elements (Nexus Integra, n.d.). These
capabilities have found particular resonance in industries such as
aerospace, where weight reduction and complex geometries are
critical. For instance, major aerospace manufacturers like Airbus
and Boeing have embraced AM for producing critical
components, showcasing its potential to revolutionize not only
prototyping but also full-scale production of machine elements
(Avionics International, 2020). The ability to create lattice
structures through AM has also opened new avenues for
optimizing strength-to-weight ratios in machine elements,
providing unique design advantages that are difficult to achieve
using conventional manufacturing methods (ASME, n.d.).

AM has emerged as a transformative technology in
modern engineering and manufacturing, revolutionizing the way
machine elements are designed, prototyped, and produced. Its
importance lies in its ability to overcome many limitations of
traditional manufacturing methods, offering unprecedented
design freedom, cost-effectiveness for small-batch production,
and rapid prototyping capabilities (MIT Sloan, 2017). AM
enables engineers to create complex geometries, consolidate
multiple parts into single components, and optimize designs for
improved performance and reduced weight, all of which are
crucial in industries such as aerospace, automotive, and medical
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devices (Additec3D, 2023). Furthermore, AM's capacity for on-
demand production and customization has significantly reduced
lead times and inventory costs, making it an invaluable tool for
agile manufacturing and responsive supply chains (Alpha
Precision PM, 2022).

The significance of AM in modern engineering extends
beyond its production capabilities, as it is reshaping entire design
philosophies and manufacturing strategies. By removing many
constraints associated with traditional manufacturing, AM
encourages engineers to think differently about product design,
focusing on  optimizing  functionality  rather  than
manufacturability (PTC, 2019). This paradigm shift has led to
innovations in areas such as lightweight structures, functionally
graded materials, and biomimetic designs. Moreover, AM's
sustainability benefits, including reduced material waste and
lower energy consumption, align with the growing emphasis on
environmentally responsible manufacturing practices (BSI, n.d.).
As the technology continues to evolve, with improvements in
speed, material options, and quality control, AM is poised to play
an increasingly central role in the future of engineering and
manufacturing,  driving  innovation,  efficiency, and
competitiveness across various industries.

2. FUNDAMENTALS OF ADDITIVE
MANUFACTURING

Additive Manufacturing encompasses a variety of
processes, each with unique characteristics and applications in
machine element production. Fused Deposition Modeling (FDM)
is widely used for its simplicity and cost-effectiveness, extruding
thermoplastic filaments layer by layer to create parts
(Loughborough University, n.d.). Stereolithography (SLA) offers
higher resolution and smoother surface finishes by using a laser

179



Makine Miihendisligi

to cure liquid photopolymer resin, making it ideal for detailed
prototypes and functional parts (Formlabs, 2023). Selective Laser
Sintering (SLS) and Direct Metal Laser Sintering (DMLS) use
powdered materials, with SLS typically working with polymers
and DMLS with metals. These processes use a laser to sinter or
melt the powder particles, creating strong, complex parts without
the need for support structures (3D Hubs, 2023). Each of these
processes has its strengths and limitations, influencing their
suitability for different machine element applications based on
factors such as material properties, part complexity, and
production volume.

The range of materials available for AM has expanded
significantly, enabling the production of machine elements with
diverse properties. Polymers, including thermoplastics like ABS,
PLA, and nylon, are commonly used in FDM and SLS processes,
offering good strength-to-weight ratios and chemical resistance
(Sculpteo, 2023). For metal AM, materials such as stainless steel,
titanium alloys, and aluminum are widely used, particularly in
DMLS processes, providing high strength and heat resistance
crucial for many machine elements (EOS, n.d.). Composite
materials, combining polymers with reinforcing fibers or
particles, are also gaining traction in AM, offering enhanced
mechanical properties and expanding the application scope of
3D-printed machine elements (Markforged, 2022). The
continuous development of new materials, including ceramics
and bio-compatible substances, is further broadening the potential
of AM in machine design.

AM offers numerous advantages in machine design,
including design freedom for complex geometries, part
consolidation, and rapid prototyping capabilities. These benefits
enable the creation of optimized, lightweight structures and
functionally integrated components that can significantly enhance
performance and efficiency (Additec3D, 2023). AM also allows
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for on-demand production and customization, reducing inventory
costs and lead times. However, the technology also faces
limitations. Build size constraints, slower production speeds for
large volumes, and higher per-unit costs compared to traditional
mass production methods can be challenging (Alpha Precision
PM, 2022). Additionally, issues related to surface finish quality,
dimensional accuracy, and anisotropic mechanical properties due
to layer-by-layer construction need consideration in design and
post-processing stages (Loughborough University, n.d.). Despite
these challenges, ongoing advancements in AM technologies and
materials continue to expand its capabilities and applications in
machine element design and production.

3. DESIGN CONSIDERATIONS FOR AM
MACHINE ELEMENTS

Design for Additive Manufacturing (DfAM) principles
are essential for creating optimized machine elements that fully
leverage the capabilities of AM technologies. DfAM
encompasses a range of strategies aimed at exploiting the design
freedoms offered by AM while addressing its limitations (PTC,
2019). Key principles include designing for minimal support
structures, optimizing part orientation, and consolidating multiple
components into single, complex geometries. For instance,
designing self-supporting angles (typically 45 degrees or steeper)
can significantly reduce the need for support structures, thereby
minimizing post-processing requirements and material waste
(Additec3D, 2023). Part orientation is crucial not only for
minimizing support structures but also for optimizing mechanical
properties, as AM parts often exhibit anisotropic behavior due to
their layer-by-layer construction (Loughborough University,
n.d.). Component consolidation, enabled by AM's ability to create
complex internal features, can lead to reduced assembly times,
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improved performance, and enhanced reliability by eliminating
potential failure points at joints and interfaces.

Topology optimization has emerged as a powerful tool in
the DfAM toolkit, allowing engineers to create lightweight, high-
performance machine elements that would be impossible to
manufacture using traditional methods. This computational
approach determines the optimal material distribution within a
given design space, subject to specified loads and constraints,
often resulting in organic, biomimetic structures (Brackett et al.,
2011). When combined with AM, topology optimization can lead
to significant weight reductions — often 30-50% - while
maintaining or even improving structural performance. However,
the implementation of topology optimization for AM requires
careful consideration of manufacturing constraints, such as
minimum feature size, build orientation, and support structure
requirements. Advanced topology optimization algorithms now
incorporate these AM-specific constraints directly into the
optimization process, ensuring that the resulting designs are not
only theoretically optimal but also manufacturable (MIT Sloan,
2017).

Lattice structures represent another frontier in DfAM,
offering unique opportunities for creating lightweight,
multifunctional machine elements. These periodic cellular
structures can be tailored to achieve specific mechanical, thermal,
or acoustic properties, making them ideal for a wide range of
applications (ASME, n.d.). In aerospace, for example, lattice
structures are used to create lightweight structural components
that maintain high stiffness and strength. In thermal management
applications, gyroid lattices have shown promise for creating
compact, high-efficiency heat exchangers due to their high
surface-area-to-volume ratio and self-supporting nature (nTop,
2022). The design of effective lattice structures for AM requires
a deep understanding of the relationship between lattice geometry
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(e.g., cell type, size, and density) and resultant properties.
Advanced design software, such as nTop, now offers tools for
generating and optimizing complex lattice structures, enabling
engineers to create machine elements with precisely tuned
performance characteristics across multiple physical domains.

4. ADVANCED APPLICATIONS IN AEROSPACE

The aerospace industry has embraced additive AM for
producing complex, lightweight components that were previously
impossible or impractical to manufacture using traditional
methods. One notable example is GE Aviation's LEAP engine
fuel nozzle, which showcases the transformative potential of AM
in aerospace. The intricate internal channels and optimized design
not only improve fuel efficiency but also enhance durability,
demonstrating how AM can simultaneously address multiple
engineering challenges. Similarly, Airbus has successfully
implemented AM for producing bionic partitions in its A320
aircraft, utilizing a bio-inspired design that mimics cellular bone
structure to create a component that is 45% lighter than traditional
partitions while maintaining the required strength and
functionality (Additec3D, 2023).

Several case studies highlight the successful
implementation of AM in aerospace applications. Satair, an
Airbus Services subsidiary, recently delivered the first certified
metal 3D-printed flying spare part to a U.S. airline operating
Airbus A320ceo aircraft (Avionics International, 2020). This
breakthrough involved the production of wingtip fences, critical
components for managing wingtip vortices, which were no longer
in production using conventional methods. By transitioning to
AM, Satair not only addressed immediate supply chain challenges
but also ensured a sustainable solution for years to come. Another
compelling case study is Gravity Industries' use of AM for rapid
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prototyping in the development of jet suits. The company
leveraged various 3D printing technologies, including
stereolithography (SLA), to accelerate their prototype and testing
process. For instance, they used clear resin to produce transparent
parts for a vortex-cooled rocket engine igniter, allowing engineers
to observe combustion patterns inside the test rig (Formlabs,
2023).

Weight reduction is a primary driver for AM adoption in
aerospace, with several strategies being employed to maximize
this benefit. Topology optimization, combined with AM, allows
engineers to create organic, biomimetic structures that maintain
or even improve structural performance while significantly
reducing weight. For example, the aerospace industry has seen
weight reductions of 30-50% in optimized components produced
through AM (MIT Sloan, 2017). Another effective strategy is the
use of lattice structures, which offer a unique balance of strength
and lightweight properties. These periodic cellular structures can
be tailored to achieve specific mechanical, thermal, or acoustic
properties, making them ideal for a wide range of aerospace
applications (ASME, n.d.). For instance, gyroid lattices have
shown promise in creating compact, high-efficiency heat
exchangers due to their high surface-area-to-volume ratio and
self-supporting nature (nTop, 2022). Additionally, the ability to
consolidate multiple parts into a single, complex component not
only reduces weight but also improves reliability by eliminating
potential failure points at joints and interfaces.

5. CUSTOMIZATION AND COMPLEX
GEOMETRIES

Additive Manufacturing has revolutionized the design and
production of custom machine elements, offering unprecedented
flexibility and capabilities. Unlike traditional manufacturing
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methods, AM allows engineers to create highly specialized
components tailored to specific applications without the
constraints of tooling or mold requirements (PTC, 2019). This
design freedom enables the optimization of part geometry for
improved performance, weight reduction, and enhanced
functionality. For instance, in the aerospace industry, custom
AM-produced components have led to significant weight
reductions and improved fuel efficiency. GE Aviation's LEAP
engine fuel nozzle, produced using laser powder bed fusion
technology, exemplifies this potential, consolidating 20 parts into
a single unit and achieving a 25% weight reduction compared to
its conventionally manufactured counterpart (MIT Sloan, 2017).
The ability to rapidly iterate designs and produce functional
prototypes also accelerates the development cycle, allowing for
more innovative and efficient machine elements to be brought to
market faster.

Creating complex internal structures is another area where
AM excels, enabling designs that were previously impossible or
impractical to manufacture. AM technologies, particularly
powder bed fusion and directed energy deposition, allow for the
creation of intricate internal channels, lattice structures, and
variable density regions within a single component
(Loughborough University, n.d.). These complex internal
geometries can significantly enhance the performance of machine
elements by optimizing fluid flow, heat transfer, or structural
integrity while minimizing weight. For example, conformal
cooling channels in injection molds, created through AM, can
improve cooling efficiency and reduce cycle times in plastic
injection molding processes (Additec3D, 2023). Similarly, the
aerospace industry has leveraged AM to create bionic structures
that mimic cellular bone structures, resulting in components that
are both lighter and stronger than their traditional counterparts.
Airbus's bionic partition, for instance, utilizes a bio-inspired

185



Makine Miihendisligi

design that is 45% lighter than traditional partitions while
maintaining the required strength and functionality (Additec3D,
2023).

The ability to consolidate multiple parts into single
components represents one of the most significant advantages of
AM in machine element design. This consolidation not only
reduces assembly time and costs but also enhances overall
product reliability by eliminating potential failure points at joints
and interfaces (Tempus 3D, 2022). A notable example of
successful part consolidation through AM is HP's redesign of a
drill extraction shoe used in their print head manufacturing
process. By leveraging AM, HP engineers were able to integrate
various parts into a single piece, resulting in a 95% reduction in
manufacturing costs, a 90% weight reduction, and a significant
decrease in lead time from 3-5 days to just 24 hours (Tempus 3D,
2022). Similarly, Aerosport Modeling and Design Inc. redesigned
a rudder trim system, reducing a 16-part metal assembly to just
four pieces 3D printed using HP Multi Jet Fusion technology.
This consolidation not only simplified the assembly process but
also led to significant cost reductions and improved
manufacturing efficiency (Tempus 3D, 2022). As AM
technologies continue to advance, the potential for part
consolidation in machine element design is expected to grow,
leading to more efficient, lightweight, and high-performance
components across various industries.

6. PERFORMANCE OPTIMIZATION THROUGH
AM

Additive Manufacturing has sharpened the optimization
of mechanical properties in machine elements, offering
unprecedented control over material composition and structure.
Through techniques such as selective laser melting (SLM) and

186



Makine Miihendisligi

electron beam melting (EBM), engineers can create parts with
tailored mechanical properties that outperform traditionally
manufactured components (Additec3D, 2023). For instance, AM
enables the production of functionally graded materials, where
material composition or microstructure can be varied throughout
a single part to optimize strength, stiffness, or wear resistance in
specific areas. This capability has been particularly beneficial in
aerospace applications, where components must withstand
extreme conditions while minimizing weight. GE Aviation's
LEAP engine fuel nozzle exemplifies this optimization, achieving
a 25% weight reduction while improving durability through its
complex, AM-enabled design (MIT Sloan, 2017). Furthermore,
AM allows for the creation of lattice structures and topologically
optimized geometries that can significantly enhance strength-to-
weight ratios, leading to components that are both lighter and
stronger than their traditionally manufactured counterparts.

Thermal management has seen significant advancements
through the application of AM technologies, particularly in the
design and production of heat exchangers and cooling systems.
AM enables the creation of complex internal geometries that
maximize heat transfer efficiency while minimizing size and
weight (BSI, n.d.). For example, conformal cooling channels in
injection molds, produced through AM, can significantly improve
cooling efficiency and reduce cycle times in plastic injection
molding processes (Additec3D, 2023). In the aerospace industry,
AM has been used to create highly efficient, compact heat
exchangers with intricate internal structures that would be
impossible to manufacture using traditional methods. These AM-
produced heat exchangers can achieve higher thermal
performance in smaller volumes, contributing to overall system
efficiency and weight reduction. Additionally, the ability to
integrate thermal management features directly into structural
components through AM has led to more compact and efficient
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designs in various applications, from electronics cooling to
aerospace thermal control systems.

Optimizing fluid flow in AM components has opened new
possibilities for improving the performance of various fluid
systems. The design freedom offered by AM allows for the
creation of complex internal channels and flow paths that can
significantly enhance fluid dynamics and reduce pressure losses
(Springer, 2023). In the case of fuel nozzles, AM has enabled the
integration of intricate swirler geometries and flow channels that
improve fuel atomization and combustion efficiency. For
instance, the redesign of a liquid atomizer using topology
optimization and AM techniques resulted in reduced pressure loss
compared to conventionally manufactured parts (Springer, 2023).
In hydraulic systems, AM has been used to create optimized
pump impellers with complex blade geometries that improve
efficiency and reduce cavitation. The ability to rapidly prototype
and iterate designs through AM also allows for more extensive
testing and optimization of fluid flow components, leading to
superior performance in the final products. Furthermore, the
integration of flow simulation tools with AM design processes
has enabled engineers to create highly optimized fluid flow
components that push the boundaries of performance in areas
such as aerospace propulsion, automotive fuel systems, and
industrial fluid handling equipment.

7. LIGHTWEIGHT STRUCTURES IN MACHINE
DESIGN

Additive Manufacturing has greatly advanced strategies
for weight reduction in machine design, offering unprecedented
opportunities to create lightweight yet robust structures. One of
the most effective approaches is topology optimization, which
uses computational algorithms to distribute material efficiently

188



Makine Miihendisligi

within a given design space, subject to specific load conditions
and constraints (MIT Sloan, 2017). This method often results in
organic, skeletal structures that maintain strength while
significantly reducing weight. Another key strategy is the use of
lattice structures, which can be tailored to achieve specific
mechanical properties while minimizing material usage. For
instance, gyroid lattices have shown promise in creating compact,
high-efficiency heat exchangers due to their high surface-area-to-
volume ratio and self-supporting nature (nTop, 2022).
Additionally, AM enables the creation of functionally graded
materials, where material composition or structure can be varied
throughout a single part to optimize performance in specific
areas. This capability allows engineers to design components that
are strong where needed and lightweight elsewhere, leading to
overall weight reductions without compromising functionality
(Additec3D, 2023).

Biomimicry and nature-inspired designs have emerged as
powerful concepts in AM, leveraging millions of years of
evolutionary optimization found in natural structures. These
designs often result in lightweight yet strong components that
outperform traditional engineering solutions. For example, the
aerospace industry has adopted bionic structures that mimic
cellular bone structures. Another notable example is the use of
tree branch-inspired support structures in AM, which optimize
material distribution for load-bearing while minimizing weight.
These nature-inspired designs not only reduce weight but also
often improve other performance characteristics such as energy
absorption, thermal management, and fluid dynamics. The
integration of generative design tools with AM processes has
further expanded the possibilities for creating efficient,
biomimetic structures that push the boundaries of lightweight
design in machine elements.
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Several case studies highlight the successful
implementation of lightweight AM machine elements across
various industries. In the aerospace sector, GE Aviation's LEAP
engine fuel nozzle stands out as a prime example. In the
automotive industry, Bugatti has leveraged AM to create
lightweight brake calipers for high-performance vehicles. These
titanium calipers, produced using selective laser melting, are 40%
lighter than their aluminum counterparts while offering superior
strength and heat dissipation properties (EDO Additive, n.d.).
Another compelling case study is HP's redesign of a drill
extraction shoe used in their print head manufacturing process.
By leveraging AM and design optimization, HP engineers were
able to reduce the component's weight by 90% while also
achieving a 95% reduction in manufacturing costs and
significantly decreasing lead time (Tempus 3D, 2022). These case
studies demonstrate the transformative potential of AM in
creating lightweight machine elements that offer improved
performance, reduced costs, and enhanced sustainability across
various applications.

8. INTEGRATION OF AM WITH TRADITIONAL
MANUFACTURING

Hybrid manufacturing approaches have emerged as a
powerful integration of AM with traditional manufacturing
techniques, offering unique advantages in terms of design
flexibility, material efficiency, and production speed. These
approaches typically combine AM processes with subtractive
manufacturing methods, such as CNC machining, to leverage the
strengths of both technologies (Additec3D, 2023). For instance, a
part can be initially produced using AM to create complex
internal geometries or lattice structures, followed by precision
machining to achieve tight tolerances and superior surface
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finishes. This combination allows for the creation of components
that would be impossible or impractical to manufacture using
either method alone. One notable example is the DMG MORI
Lasertec 65 hybrid manufacturing system, which integrates laser-
based powder-fed AM with five-axis CNC machining
capabilities, enabling the deposition of material and subsequent
machining within a single setup (MIT Sloan, 2017). This
integration not only reduces production time and costs but also
opens up new possibilities for part design and optimization,
particularly in industries such as aerospace and automotive where
complex, high-performance components are required.

Post-processing techniques play a crucial role in
enhancing the quality and performance of AM parts, addressing
issues such as surface roughness, dimensional accuracy, and
material properties. One common post-processing method is laser
polishing, which can significantly reduce surface roughness and
improve the aesthetic appearance of metal AM parts. For
example, studies have shown that laser polishing can decrease the
surface roughness of Ti6Al4V parts from 90 pm to 4 um (MDPI,
2022). Another important post-processing technique is hot
isostatic pressing (HIP), which involves subjecting the AM part
to high pressure and temperature to eliminate internal porosity
and improve mechanical properties. HIP has been shown to
increase the density of AM parts to nearly 100% and enhance
fatigue resistance. Additionally, heat treatment processes, such as
solution heat treatment and aging, are often employed to optimize
the microstructure and mechanical properties of metal AM parts.
These thermal processes can help relieve residual stresses,
homogenize the microstructure, and improve strength and
ductility (MDPI, 2022).

Quality control and inspection methods for AM
components are essential to ensure the reliability and consistency
of produced parts. Non-destructive testing (NDT) techniques play
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a significant role in this aspect, allowing for the inspection of
internal structures and defects without damaging the part. X-ray
computed tomography (CT) has emerged as a powerful tool for
AM part inspection, enabling the visualization of internal
features, porosity, and dimensional accuracy with high resolution
(Alpha Precision PM, 2023). Another important NDT method is
ultrasonic testing, which can detect internal defects and
characterize material properties. In-situ monitoring systems are
also being developed and integrated into AM machines to enable
real-time quality control during the manufacturing process. These
systems use sensors and cameras to monitor parameters such as
melt pool dynamics, layer thickness, and thermal distribution,
allowing for immediate detection and correction of potential
issues (Alpha Precision PM, 2023). Statistical process control
(SPC) methods are increasingly being applied to AM processes,
using data collected from in-situ monitoring and post-build
inspections to identify trends and optimize process parameters.
As the AM industry continues to mature, the development and
standardization of quality control and inspection methods will be
crucial for ensuring the widespread adoption of AM technologies
across various industries.

9. FUTURE TRENDS AND CHALLENGES

Emerging AM technologies and materials are poised to
revolutionize the manufacturing landscape in the coming years.
One of the most promising developments is the advancement of
multi-material 3D printing, which allows for the creation of
complex, multi-functional parts with varying material properties
within a single build (Additec3D, 2023). This technology opens
up new possibilities for creating parts with optimized mechanical,
thermal, and electrical properties. Another exciting trend is the
development of 4D printing, where 3D printed objects can change
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shape or properties over time in response to external stimuli such
as heat, moisture, or light (MIT Sloan, 2017). In terms of
materials, there is a growing focus on sustainable and bio-based
materials for AM, including recycled plastics and biodegradable
polymers. Additionally, the development of high-performance
materials for metal AM, such as new superalloys and metal matrix
composites, is expanding the potential applications of AM in
industries like aerospace and automotive (MDPI, 2022).

Scalability and mass production using AM remain
significant challenges, but recent advancements are addressing
these issues. The development of larger, faster AM systems is
enabling the production of larger parts and higher volumes. For
instance, new powder bed fusion systems with multiple lasers and
increased build volumes are significantly improving production
rates for metal parts (Alpha Precision PM, 2023). Another
approach to scalability is the concept of "AM farms" or
distributed manufacturing networks, where multiple AM
machines work in parallel to produce large quantities of parts.
This approach is being facilitated by advancements in automation
and Al-driven process control, which help maintain consistency
across multiple machines (MIT Sloan, 2017). However,
challenges remain in terms of cost-effectiveness for high-volume
production compared to traditional manufacturing methods. To
address this, hybrid manufacturing approaches that combine AM
with traditional subtractive manufacturing are gaining traction,
offering a balance between the flexibility of AM and the
efficiency of conventional processes (Additec3D, 2023).

Regulatory and standardization challenges continue to be
significant hurdles for the widespread adoption of AM,
particularly in highly regulated industries such as aerospace and
medical devices. The lack of comprehensive standards for AM
processes, materials, and quality control has led to uncertainties
in product certification and regulatory approval (BSI, n.d.).
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However, efforts are underway to address these challenges.
Organizations such as 1SO, ASTM, and national standards bodies
are working to develop and harmonize AM standards globally.
For instance, the ISO/ASTM 52900 series of standards provides
a common language and framework for AM processes and
materials (Alpha Precision PM, 2023). In the medical device
sector, regulatory bodies like the FDA have issued guidance
documents specific to AM, helping to clarify requirements for 3D
printed medical devices (Spentys, n.d.). Despite these efforts,
challenges remain in areas such as in-process quality assurance,
material traceability, and long-term performance prediction of
AM parts. As the technology continues to evolve rapidly,
regulatory frameworks and standards will need to keep pace to
ensure safety and reliability while fostering innovation in the AM
industry.

10. CONCLUSION

Additive Manufacturing has abruptly enhanced the design
and production of machine elements, offering unprecedented
capabilities in creating complex geometries, customized designs,
and lightweight structures. Throughout this chapter, we have
explored the fundamental AM processes, design considerations,
and advanced applications in aerospace and other industries. Key
points include the importance of DfAM principles, the
transformative potential of topology optimization and lattice
structures, and the significant advantages of part consolidation
and weight reduction strategies (MIT Sloan, 2017). We have also
examined the integration of AM with traditional manufacturing
techniques, highlighting hybrid approaches and the crucial role of
post-processing and quality control methods in ensuring the
reliability and performance of AM-produced components (Alpha
Precision PM, 2023). The case studies presented, such as GE
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Aviation's LEAP engine fuel nozzle and Airbus's bionic partition,
demonstrate the tangible benefits of AM in terms of weight
reduction, performance enhancement, and cost savings in real-
world applications (Additec3D, 2023).

Looking to the future, AM is poised to play an
increasingly central role in machine element design and
production. Emerging technologies such as multi-material
printing and 4D printing are set to expand the possibilities for
creating adaptive, multi-functional components (MIT Sloan,
2017). Advancements in materials science, including the
development of high-performance alloys and sustainable bio-
based materials, will further broaden the application scope of AM
(MDPI, 2022). While challenges remain in terms of scalability,
mass production, and regulatory standardization, ongoing efforts
in these areas are paving the way for wider adoption of AM across
industries. As AM technologies continue to mature and integrate
with digital design tools, artificial intelligence, and advanced
simulation capabilities, we can expect to see a paradigm shift in
how machine elements are conceived, optimized, and
manufactured. This evolution will likely lead to more efficient,
sustainable, and innovative products that push the boundaries of
performance and functionality in ways previously thought
impossible (BSI, n.d.).
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ANALYSIS OF THE EXTRAPOLATION
CAPABILITIES OF PHYSICS-INFORMED
NEURAL NETWORKS ON DAMPED AND

UNDAMPED VIBRATION CASES

Okan DUYMAZLAR!
Can GONENLI?

1. INTRODUCTION

In recent years, the application of artificial neural
networks (ANNS) to various engineering problems has attracted
great interest. ANNSs are a form of artificial intelligence that are
inspired by the structure of biological neurological networks.
ANN modelling enables the creation of complex systems that are
dependent on large data sets, which are then processed using data-
driven approaches. ANNs are particularly useful in problems
based on large data sets. However, these models, which are not
based on physical laws, may not fully reflect the fundamental
dynamics of the system and become dependent on the quantity
and quality of the training data.

In order to overcome this problem, Physics-informed
Neural Networks (PINNSs) have been recently developed. PINNs
aim to improve the modelling accuracy of physical processes by
integrating physical laws into artificial neural networks (Moradi,
Duran, Eftekhar Azam, & Mofid, 2023). These networks offer
strong generalisation capabilities even in the absence of data,
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especially by incorporating physical laws such as partial
differential equations (PDEs) into the learning process. The
physics-based modelling capabilities of PINNs have been
highlighted in many studies in recent years. (Raissi, Perdikaris, &
Karniadakis, 2019) revealed that PINNs offer an effective
solution as an alternative to classical methods in solving
differential equations of physical systems. This method is
becoming increasingly common in mechanical engineering
applications such as fluid mechanics, heat transfer and structural
analysis (Billah, Khan, Liu, & Dutta, 2023; Cai, Wang, Wang,
Perdikaris, & Karniadakis, 2021; Zhang, Guo, Chen, Xu, & Liu,
2022).

Physics-informed Neural Networks, which are especially
used in modelling physical systems, offer highly effective
solutions for modelling the dynamic behaviour of systems (Raissi
et al., 2019). In addition to traditional ANN methods, PINNs aim
to provide more accurate results by including the differential
equations of physical systems in the learning process. The
fundamental principle of PINNs is to improve the overall
accuracy of the model by integrating the differential equations of
physical models with the learning process of the ANN. These
approaches have been particularly successful in modelling
complex physical processes such as engineering dynamics, fluid
mechanics and structural vibration (Karniadakis et al., 2021).

(Karniadakis et al., 2021), in their study examining the
applications of PINNSs in various engineering fields, highlighted
the capabilities of these networks, especially in dynamic systems.
In the study, it is stated that PINNs provide better performance
than traditional ANNSs due to the fact that they are supported by
physical models when evaluating the performance of PINNs with
the accuracy criterion. Furthermore, as stated in their findings, the
use of physical equations in the training process of PINNs
increased the generalisation ability of the model.
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(Zhu, Zabaras, Koutsourelakis, & Perdikaris, 2019)
investigated how Physics-informed neural networks can be used
in high-dimensional problems and in situations where labelled
data is not available. Their study showed that physical systems
can produce accurate results even in unsupervised data sets, while
highlighting the uncertainty detection and modelling success of
PINNs. This capability of PINNs offers a critical advantage,
especially for reducing the impact of missing or biased data points
in engineering problems.

(Mishra & Molinaro, 2022) compared PINNs with
conventional numerical methods and observed that PINNs
perform better than conventional methods, especially in high-
dimensional dynamic systems. This makes PINNs an important
tool for challenging and complex engineering problems.

(Sun, Gao, Pan, & Wang, 2020) proposed a surrogate
model for fluid flow simulations based on a physics-constrained
deep learning (DL) approach, providing a solution that does not
rely on computationally expensive simulation data. It is common
practice in the field of fluid dynamics to utilise computationally
expensive numerical methods based on the discretisation of
governing equations, such as the Navier-Stokes equations. This
presents a significant challenge in the case of real-time
applications and optimisation tasks, due to the inherently multi-
scale nature of fluid dynamics and the geometric complexities
involved. In this study, the authors propose a deep neural network
(DNN) model structured to enforce initial and boundary
conditions while embedding the Navier-Stokes equations directly
into the loss function of the model. This approach allows the
model to be trained using minimal data, focusing on the physics
that govern fluid dynamics rather than relying on pre-existing
simulation data. The model's performance is validated through
several internal flow problems relating to hemodynamics (e.g.,
blood flow). The results demonstrate that the DL surrogate
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approximations of flow fields and uncertainty propagation align
well with traditional first-principle numerical simulations,
making the method a promising alternative for real-time
applications.

However, the extrapolation capabilities of PINNs and
their performance on the data sets that exceeds the boundaries of
the training dataset, are still not fully explored. This study aims
to analyze the extrapolation capabilities of PINNs on
underdamped and undamped free vibration models. Considering
the successful prediction performance of PINNs in system
dynamics problems, how accurate these networks can produce
results with data other than the training set stands out as an
important research topic (Karniadakis et al., 2021; Lu, Meng,
Mao, & Karniadakis, 2021; Moradi et al., 2023). In this context,
it will be examined whether PINNs can accurately model the
behaviour of damped and undamped systems and whether they
can be valid beyond the limits of the training data.

2. MATERIAL AND METHOD

Within the scope of the study, both undamped and damped
free vibration cases to empirically assess the extrapolation
capability of PINNs. A fully connected neural network (FCN)
was selected as the neural network architecture, and the data to be
used during training were obtained with the help of closed-form
analytical solutions. The required physical loss functions of the
PINNs were obtained with the help of case-specific differential
equations and integrated with the FCN data loss function. The
Pytorch library was used to create and train the network and to
design PINNs by combining the physical loss functions required
for PINNs with the pre-existing loss function (Imambi, Prakash,
& Kanagachidambaresan, 2021).
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2.1. Physics-Informed Neural Network Architecture

In this study, a fully connected neural network (FCN) was
utilized to approximate the solution of the damped amd
undamped free vibration case studies. The network is composed
of multiple layers, where each hidden layer consists of 32
neurons, using the hyperbolic tangent (tanh) activation function.
The architecture of the network is defined as follows:

- Input layer: 1 neuron corresponding to the time
variable (t).

- Hidden layers: 3 layers used with 32 neurons each,
employing the tanh function for the activation
function.

- Output layer: 1 neuron corresponding for the
prediction of the displacement results according to
time variable showed as (x(t).
The FCN is implemented using PyTorch, and the
weights are optimized through the Adam optimizer
with a learning rate of (1 x 107%).

2.2.Training Data and Loss Function for Undamped
Case

Synthetic data obtained from the undamped free vibration
equation for the network training:

x(t) = xq cos(w,t)
where (x, = 1.0) is the initial displacement measured in meters,
(w, = +/k/m =/10/1) is the natural frequency of the system
where k and m states stiffness and mass, respectively and (t) is
the time variable. A total of 50 random points were sampled from

the time interval [0, 10] seconds, and the corresponding
displacement values were calculated.

The training data points are used to compute the data loss, which
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is the mean squared error (MSE) between the predicted
displacement values (x(t)) and the true displacement values

(x(6)).
1 N
Ldata = NZ(Q(Q) - x(ti))z

Where:

- N is the number of training data points,

- X(t;) is the predicted displacement by the NN at time
ti.

- x(t;) is the true displacement value.

In addition to the data loss, a physics-informed loss was computed
using the governing equation of motion for the undamped free
vibration:

() + wix(t) =0

To enforce this physical constraint, 100 collocation points were
randomly selected from the same time interval. Collocation points
are exact locations within the domain of a problem where the
governing differential equations are enforced to be satisfied. In
the context of PINNS, collocation points are used to guarantee that
the neural network not only fits the data but also considers the
physical laws described by the governing equations at selected
points. According to the collocation points, the physics- loss was
calculated as:
1 u . 2
Lphysics = NZ(x(tl) + w%x(ti))
i=1

where ( N) is the number of collocation points. The total loss
function is a combination of the data loss and the physics-
informed loss. Physics loss is weighted by A, a factor of
(1 x 10~%) and total loss function formed as:
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Liotal = Lata + )\Lphysics

2.3. Training Data and Loss Function For Damped
Case

In the damped free vibration system, damped natural
frequency w, and natural frequency w,, are defined as follows:

w, =+k/m
Wg = Wpy/1— 2

Where k, m, and C notates the stiffnes, mass nad damping
ratio, respectively. The equation of motion used for the damped
free vibration is given by:

x(t) = xoe =5t cos(wyt)
Where:

- Xo=1.0 is the initial displacement measured in
meters,
- ¢ = 0.1isthe damping ratio, and
- (o, = \/%= ?) is the natural frequency of the
system
To generate synthetic data for the underdamped free
vibration system, we follow a similar approach as in the
undamped case. We sample random time points from the interval
[0, 10] seconds and calculate the corresponding displacement
values using the damped free vibration equation. Data loss

function for the underdamped system formed same as the
unamped system with MSE.

N
1 2
Ldata = NZ(Q(Q) - x(ti))
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We also computed an additional data loss using a physics-
informed approach based on the governing differential equation
of motion for the damped free vibration as shown in the equation.

%(t) + 2{w,x(t) + w2x(t) =0

This equation accounts for the damping force proportional
to the velocity (2¢w,x(t)) in addition to the spring force. To
enforce this physical constraint, 100 collocation points were
randomly selected from the same time interval. A collocation
point is an exact location within the domain of a problem—~be it
time, space or some other factor—where the governing
differential equations are enforced to be satisfied. In the context
of PINNS, collocation points are used to guarantee that the neural
network not only fits the data but also considers the physical laws
described by the governing equations at selected points. The
second-order time derivative of the network’s prediction was
computed using automatic differentiation, and the physics-loss
was calculated as:

N
1 y . 2
Lphysics = NZ(x(ti) + Zzwnx(ti) + w%x(ti))
i=1

Where (N) is the number of collocation points. As in the
case of undamped vibration, for damped free vibration the
physics-l0ss Lypysics Weighted by the same A coefficient with

(1 x 10™*) and data-loss L4, are combined to obtain the total
loss function.

Ltotat = Laata + Mphysics

3. RESULTS

The neural network was trained for 20,000 iterations using
the Adam optimiser. The data employed in the training process
comprised 100 randomly selected points within the range of 0 to
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10 seconds. At each iteration, both data loss and physics-based
loss were calculated, and the total loss was back-propagated
through the network. The predictions of the network are
illustrated in Figures 1 and 2 for the undamped free vibration
cases, which were used to visualise the training progress.

Figure 1. Training Progress Visualisation for Undamped Case
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Figure 2. Training Progress Visualisation for the Underdamped
Case
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As illustrated in Figures 1 and 2, when the training data
and test data are employed within the same range, PiNN
demonstrates remarkable proficiency in prediction and is able to
effectively identify patterns that align with the characteristics of
the problem domain. However, given that the training data and
test data are defined within the same range, it can be concluded
that the process primarily examines the interpolation capability of
PiNN. Regarding interpolation ability, it is evident that a PINN
exhibits comparable performance to traditional NNs.

At each iteration, both the data loss and the physics-
informed loss were computed, and the total loss was
backpropagated through the network. The network’s predictions
were shown in Figure-1 for undamped free vibration and Figure-
2 for underamped free vibration cases to visualize the training
progress.

However, in order to question whether PiNNs really
recognise the pattern and gain extrapolation ability, they should
be subjected to a validation beyond the boundaries of the training
data. For this reason, the time range of the data obtained in both
unamped and underdamped systems was limited to data points
between 0-5 seconds. From the analytical solution points between
5-10 seconds outside the training data, 10 time steps were
selected, with the amount of increment randomised, and used to
question the extrapolation capability of PiNNs. Figure 3 and
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Figure 4 show visualisations of the training sequence evolution of
the method applied for the undamped and underdamped

scenarios.

Figure 3. Extrapolation Capabilites for Undamped Case
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Table-1 and Table-2 shows the absolute and relative errors
between the PiNN predicted and the analytical solutions of the
extrapolation points in detail.

Table 1. Extrapolation Results for Undamped Free Vibration.

Time (s)  Analytical PINN Predicted % Absolute Absolute

Solution Relative Error
Error
5.0 -0.994656 -0.985684 0.902061 0.008972
5.555555 0.285424 -0.065628 122.9931 0.351052
6.111111 0.889075 0.227519 74.409454 0.661556
6.666667 -0.614301 0.14436 123.49981 0.75866
71.222222 -0.661841 0.064406 109.73131 0.726247
7.777778 0.85912 0.01369 98.40647 0.84543
8.333333 0.344047 -0.016359 104.75493 0.360406
8.888889 -0.986386 -0.034 96.55305 0.952386
9.444445 0.020826 -0.044496 313.66037 0.065321
10.0 0.978683 -0.050897 105.200615 1.02958

Table 2. Extrapolation Results for Damped Free Vibration

Time (s) Analytical PINN Predicted % Absolute Absolute

Solution Relative Error
Error
5.0 -0.205681 -0.204133 0.752424 0.001548
5.555555 0.034523 -0.078966 328.73203 0.11349
6.111111 0.134532 0.009704 92.78671 0.124828
6.666667 -0.064087 0.029367 145.8238 0.093454
7.222222 -0.075718 0.024916 132.90587 0.100634
7.777778 0.067495 0.015457 77.09937 0.052038
8.333333 0.033322 0.006531 80.39954 0.02679
8.888889 -0.057354 -0.000676 98.82078 0.056678
9.444445 -0.006485 -0.0062 4.394181 0.000285
10.0 0.04228 -0.01035 124.48075 0.05263
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The results given in table-1 and table-2 are shown in
Figure-5 and Figure-6, which more clearly illustrate the
prediction and extrapolation capability of the PINN-based model.
The red dots in the figures indicate the PiNN prediction, while the
blue line indicates the analytical solution. Errors, in other words,
the distance of the predictions from the exact results, are
represented by the dashed green lines.

Figure 5. Errors of PiNN at Extrapolation Points of Undamped
Vibration Model
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Figure 6. Errors of PiNN at Extrapolation Points of Damped
Vibration Model
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4. CONCLUSION

In this study, we explored the potential of Physics-
Informed Neural Networks (PINNs) in extrapolating both
damped and undamped free vibration cases. We trained the
models on data within a specific time range and then tested them
on an extrapolation region beyond this range to gain insights into
their generalisation capabilities. We used the relative error
between the predicted and true values as a key metric to assess
the models' performance.

Both PINN models for damped and undamped free
vibration, demonstrate a considerable increase in relative error as
the time values move further away from the training region.
However, the damped free vibration case generally results in
lower relative errors than the undamped case, likely due to the
damping effect reducing the severity of oscillations.

The results for the undamped free vibration case show
both areas of close approximation and significant deviation as the
model extrapolates beyond its training region. For (t = 5.0)
seconds, the PINN prediction closely matches the analytical
solution, with an absolute error of 0.00897 and a very small
relative error of 0.90%. However, as we move further into the
extrapolation zone, significant discrepancies appear. For instance,
at (t = 5.55) seconds, the relative error jumps to 123%, and by
(t = 6.66) seconds, the relative error exceeds 123.5%.
A consistent pattern of higher errors is observed beyond (t =
5.55) seconds, suggesting that the PINN model struggles to
accurately predict the oscillatory behavior of undamped free
vibration as it moves away from the training range.
The model performs better near the beginning of the extrapolation
range (at (t = 5.0) seconds), but as it attempts to capture the
oscillations, the errors become substantial. This indicates that the
model fails to generalize the periodic nature of the undamped
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system effectively. The highest absolute error occurs at (t =
6.66 ) seconds with a value of 0.758. The relative errors exceed
100% for most points beyond (t = 5.55) seconds,
demonstrating the model’s inability to capture the correct
oscillatory phase and amplitude during extrapolation.

For the damped free vibration case, the model shows
better performance in terms of relative error compared to the
undamped case, particularly near the start of the extrapolation
range. However, significant errors still arise as the model
approaches the end of the extrapolation interval. At (t = 5.0)
seconds, the PINN prediction closely follows the analytical
solution with a small relative error of 0.75%. As we progress into
the extrapolation range, the errors increase. For example,at (t =
5.55) seconds, the relative error spikes to 328.7%, indicating a
major deviation between the predicted and true values. Despite
the lower frequency of oscillation due to damping, the model’s
predictions show high errors as it moves away from the training
region, although these errors are generally lower than in the
undamped case. The highest absolute error in the damped case
occursat (t = 6.11) seconds with a value of 0.1248.

In conclusion, the analysis of the extrapolation results for
both undamped and damped free vibration systems reveals that
the PINN model performs adequately near the edges of the
training region but fails to generalize well into the extrapolation
range, particularly for the undamped system. Both models
struggle to generalize the oscillatory behavior accurately during
extrapolation. The undamped model struggles to maintain the
correct amplitude and phase of the oscillations. While the damped
system shows relatively better performance because the damping
effect helps reduce the severity of this issue in the damped case,
but errors still remain significant in both cases. Further model
refinement or advanced techniques could be explored to improve
the model's ability to generalize beyond the training range.
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PLASTIK ENJEKSiYON HACIM KALIPCILIGI
ICIN KALIP SETLERININ ASAMALI OLARAK
OLUSTURULMASI

Harun YAKA!
Harun AKKUS?

1. GIRIS

Enjeksiyon kaliplama, plastik sektoriiniin onemli bir
boliimiinii olusturur ve diinya ¢apinda biiyiikk bir is koludur.
Dinya genelinde plastik malzemelerin Gretimi yaklasik %36
ekstriizyon ile Uretilirken %32’si enjeksiyon kaliplama ile iiretilir
(Rosato ve Rosato, 2012). Bu yonuyle enjeksiyon kaliplama
islemi, plastik parcalar yapmak icin kullanilan en yaygin
kaliplama islemlerinden biridir. Genellikle, plastik enjeksiyon
kaliplama tasarimi, plastik {irlin tasarimi, kalip tasarimi ve
enjeksiyon kaliplama iglemi tasarimini igerir ve bunlarin hepsi
kaliplanmig irlintin kalitesine ve iiretim verimliligine katkida
bulunur (Matin vd., 2012; Zhou vd., 2009). Yiksek kaliteli tiretim
teknolojisinin  ortaya  c¢ikmasiyla  birlikte;  bilesenlerin
minyatiirlestirilmesinin yan1 sira; karmasiklik, hafiflik ve
tasarimdaki hassasiyet, gilinlimiizde plastik {irlinlerin ticari
stirdiiriilebilirligi i¢in 6nemli faktorler haline gelmistir (Kashyap
ve Datta, 2015). Kalip ve proses tasarimi agisindan ¢ok yonliiligii
nedeniyle enjeksiyon kaliplama, miikemmel boyut toleransina
sahip net sekillerine yakin bilesenler ilireten karmagik plastik

1 Dog. Dr., Amasya Universitesi, Miihendislik Fakiiltesi, Makine Miihendisligi,
harun.yaka@amasya.edu.tr, ORCID: 0000-0003-4859-9609.

2 Dog. Dr., Nigde Omer Halisdemir Universitesi, Nigde Teknik Bilimler MYO,
Otomotiv Teknolojisi, hakkus@ohu.edu.tr, ORCID:0000-0002-9033-309X.
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trtinlerin  seri iretiminde onlarca yildir 6nemli bir yer
tutmaktadir. Sonug olarak, optimum kalitede bir {iriin elde etmek
i¢cin enjeksiyon kaliplamanin makine ve proses parametrelerini
kullanmak yillar boyunca birincil aragtirma alanmi olmustur
(Huang ve Tai, 2001). Bilgisayar destekli plastik enjeksiyon
kaliplama i¢in kalip tasarimi, uzun bir siiredir diinya ¢apinda
bircok yazar tarafindan odaklanmistir. Cesitli yazarlar,
mithendislerin enjeksiyon kaliplamanin parga, kalip ve se¢im
parametrelerini tasarlamasina yardime1 olan program sistemleri
gelistirmistir (Deng vd., 2002). Son yillarda, birgok yazar plastik
enjeksiyon kaliplama igin bilgisayar destekli tasarim (BDT) ile
kalip tasarim sistemleri gelistirmistir (Jong vd., 2009; Low ve
Lee, 2003; Lin vd., 2009; Lin vd., 2008).

Bu caligmada bilgisayar destekli tasarim programlarindan
biri olan ve gilinlimiizde yaygin olarak kullanilan SolidWorks
programinda cep telefonu kilifinin plastik enjeksiyon yontemi ile
tiretilebilmesi i¢in gerekli olan kalip setlerinin olusturulmasi
asamali olarak anlatilmistir.

2. KALIP ARACLARI (MOLD TOOLYS)

SolidWorks programinda plastik enjeksiyon hacim
kalipgiligi icin istenilen plastik triiniin kalip setlerini ve kalip
elemanlarini elde edebildigimiz kisim kalip araglar1 (Mold Tools)
mentisiidiir. Kalip setleri olusturulacak {irtiniin bilgisayar destekli
tasarim programinda ii¢ boyutlu modeli tasarlanip bilgisayar
ortaminda kaydedilmesi gerekir veya daha dnce kaydedilmis olan
bir dosyanin agilmasi gerekir. Bu agsamalardan sonra kalip araglari
secenedi ile hacim kalib1 ¢ikarilir. Erkek ve disi kalibin yani sira
enjeksiyon kalibinda olmasi gereken maca, pim delikleri, civata
delikleri ve diger ara plakalar gibi kalip elemanlar1 bu meni
icerisinde olusturulabilir. Sekil 1°’de SolidWorks programinda
kalip araclart meniisii verilmistir. Kalip araglar1 meniisii
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igerisinde kullanilacak kisimlar sirasi ile alt baslik seklinde
calisma icerisinde belirtilmistir.

Sekil 1. Kalip Araglar1 (Mold Tools) Menisi

JD?SSOLIDWORKS‘ File Edit View Inset Tools Window Help A

@ spiitline  §3 seale
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[ Move Face

Features | Sketch | Surfaces | Mold Tools [[Evaluate | SOLIDWORKS MED [ SalidCAM Part | Solid CAM Operatians |
j—

: = PLEBRE @
&
SE[R[O[S] >
i |
» Detaylandirmalar @
855 Material <not specified>
] &n Dazlem
(] Ust Dazlem
[] 52 Dazlem
1., orijin
» @) Boss-Extrudel
[ Sheint
v (@ Cut-Extrudel
v [@ Cut-Extrude? ;|

D-®-8-2o-FleBs
@ =

i Parting Tooling Core
ces Surfaces  Split

[ Planarsurface 57 Ruled Surface
€S offsetSurface @ Filled Surface
& Radiate surface ] Knit Surface

£ Dratt Analysis
£ Undercut Analysis
£ Parting Line Analysis

2.1.Kalip Agis1 Analizi (Draft Analysis)

Kalip ag1s1 liriiniin kaliptan ¢ikis acilarinin analiz edildigi
komuttur. Bazen pargalar sekilleri geregi hacim kaliplarindan
cikarilmalari zor olabilmektedir. Kaliptan rahat ¢ikabilmeleri i¢in
kalip unsurlar1 ve geometrisi uygun tasarlanmalidir. Bunun iginde
kalip ayrim yoniine paralel olan yiizeylere a¢1 verilmelidir veya
kalip i¢in iticiler olusturulmalidir. Kalip i¢in yapilmasi gereken
islemlerin tespit edilebilmesi i¢in de kalip agis1 analizi
yapilmalidir. Sekil 2’de kalip acgis1 analizi yapilacak kisim
gosterilmistir.

Sekil 2. Kalip A¢is1 Analizi (Draft Analysis) Mentsi

Jg%SOLIDWORKS‘ File Edit View Inset Tools Window Help A | ) -[%-F - -&-5 - 8 {8

Planar surface Ruled Surface Draft Analysis Split Line Scale e 1 =
. e Gonne P 1ol L & 2@
$ Offsetsurface @ Filled Surface rdera AnalyaTs Insert | Parting | Shuteff Parting Tooling Care
Mold Lines | Surfaces Surfaces  Split
© Radiate Surface ] Knit Surface | £ Parting Line Analysis Folders

& Draft
Features | Sketch | Surfaces | Mold Tools [ Evaluate | SOLIDWORKS MBD [ SolidCAM Part | SolidCAM Operations |

[ Move Face
PEABEE 04

s[E[R[e[€] >
& |
» Detaylandirmalar o ~a
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Sekil 3’te kalip agist analizi (Daraft Analysis) komutuna
girdikten sonra “Analysis Parameters” kismindan kalip ayirma
yonune gore dik olan uygun bir yiizey secilir. Bu yiizey, is pargasi
ylizeyinden secilebilecegi gibi ¢ekme yoniine dik olan
dizlemlerden de secilebilir. “Draft analizi agis1” kismina analiz
etmek istedigimiz ag1 degeri yazilir. Yiizey derinligi kiiciik olan
parcalarin kaliptan daha rahat cikabilecegi icin bu agilar
genellikle 1-3° arasinda secilir. Komut onaylandiginda is pargasi
yuzeylerinin kaliptan rahat ¢ikip g¢ikmayacagina dair analiz
sonuglarimi vermektedir. Yesil renkli kisim pozitif ag1 yani ok
yoniinde ve erkek kaliba temas eden yiizeylerdir. Yesil renkli
ylizeyler kaliptan rahat ¢ikar anlami tagimaktadir. Kirmizi renkli
kisim ok yoniiniin tersinde olan ve disi kaliba temas eden
yuzeyleri ifade eder. Cekme yonlne ters olan negatif aci
bolgeleridir. Bu bolgelerde disi kaliptan rahatlikla ¢ikmaktadir.
Sar1 bolgeler ise kalip ayirma yoniine paralel olan ve kaliptan zor
cikan yiizeyleri gosterir. Bu yiizeylere draft menusu igerisinde ag1
verilmelidir.

Sekil 3. Kalip Aqis1 Analizi (Draft Analysis) i¢in A¢1 ve
Parametrelerin Belirlenmesi

v @ teleforfllin tvarsaylan<...

G ER[&[E]

Draft Analysis @

Draft analizi a'g|5|

Requires draft:

Negative draft:
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2.2.Kahlip aqis1 (Draft)

Sekil 4°te gosterilen “Draft” komutu kalip agisi analizi
sonrasinda ag¢i verilmesi gereken kisimlara agi vermek igin
kullanilir.  Bu nedenle “Draft Analysis” menusi ile
karistirllmamalidir.  Plastik malzemenin kaliptan daha rahat
cikmasi icin kalip ac¢ist analizinde belirlenen sar1 renkli ylizeyler
tek tek segilerek istenilen derecede a1 verilir.

Sekil 4. Kalip Acis1 (Draft) Menusu

_JD’SSOLIDWORKS‘ File Edit View Insert Tools Window Help A
[ Pianar surface &) Ruted Surface | By Draft analysis ‘@ seit tine & seale

€S oOffset surface @ Filled Surface @ Undercut Analysis 1| Q Draft I

O-&-8-8 9 EeEs

[ =
Flele & 2@
Insert | Parting | Shut-off Parting Tooling Core
Mald | Lines |Surfaces Surfaces  Split

& Radiate surface |§] Knit Surface @ Parting Line Analysis ‘@ MuveFa(e Folders

Features | Sketch | Surfaces | Mold Tools | Evalute | SOLIDWORKS MED | SolidCAM Part | SolidCAM Operations |

SIElmTeTel > T

Sekil 5’te gosterildigi gibi ilk olarak kalip agis1 analizinde
se¢mis oldugumuz yiizey “Neutral Plane” kisminda tekrar segilir.
Daha sonra ilk yapilan analizde sar1 olan yiizeyler tek tek segilir;
istenen kalip agis1 girildikten sonra onaylanarak sar1 ylizeylere
kalip agis1 verilir.

Sekil 5. Kalip Ag:lSl (Draft) icin Gerekli Parametrelerin Girilmesi

P W telefon kilfi (Yarsayilan <.,
B f% ¢ @
Draftl
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v x ) @
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(O step draft /
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Eaces ta Dirt RIS o
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2.3.0lgek (Scale)

Sekil 6 ‘da verilen “Scale” komutu ile kat1 modeli
tasarlanan plastik Griin hacimsel olarak boyutlar1 biiytitiiliir.
Bilindigi iizere plastik malzemeler eriyik halde kaliplara enjekte
edilmektedirler. Kaliptan ¢ikip soguyan plastik iiriin boyutsal ve
hacimsel olarak kuculur. Bu kigllmeyi telafi ederek Grtnin
istenilen Ol¢iilerde olmasi icin plastik malzemenin ¢ekme oranina
gore “Scale” komutu ile biiyiitiilir. Uriiniin ¢ekme oram
kullanilan polimerin cinsi ve {iriiniin hacmine (6l¢iilerine) gore
degisim gostermektedir. Polimerlerin ¢ekme oranlari polimer
tireten firmalar tarafindan yaklasik olarak verilse de kesin
degildir. Kaliplama sicakligi, iiriin Olgiisii gibi bir¢ok faktor
¢ekme oranini etkilemektedir. Bu nedenle imalatgilar deneme
yanilma  yontemiyle  polimerlerin  ¢ekme  oranlarmi
belirlemektedirler.

Sekil 6. Olgek (Scale) Menusi

_JI;SSOLIDWORKS‘ File Edit View Insert Tools Window Help A ‘ O - =] . 8 &

| |
[ Pianar surface ) Ruted Surface | By Draft Analysis ‘@ Split Line L Seale ; o & @
[ D
€S oOffset surface @ Filled Surface @ Undercut Analysis | @) Draft Insert |Parting | Shut-off  Parting Tooling Core
| Mald | Lines |Surfaces Surfaces  Split
& Radiate surface |§] Knit Surface ‘@ Parting Line Analysis ‘lﬁ Mave Face Folders

Features | Sketch | Surfaces | Mold Tools | Evalute | SOLIDWORKS MED | SolidCAM Part | SolidCAM Operations |
PEIZBAEB-D-9

SEESE e

=

Sekil 7°de goriildiigii gibi “Scale” komutuna girildikten
sonra Olgek parametreleri altinda “Uniform scaling” kismina
biiylitme orani girilir. Bu secenekte yapilan biiylitme, parca
lizerinde her yeri esit olarak biiyiitme islemi gerceklestirir.
Boylelikle boyutsal olarak dizenli bir buylime meydana gelir.
Sekilde biiyiitme oranina 1,05 yazilmistir. Bu deger Urdnin %5
oraninda biiyiitiildiigli anlamina gelmektedir.
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Sekil 7. Plastik Urtintin Olgeklendirilmesi

= E%Uéb &

v O telefon kilifi (Varsayilan <.

& Scalet ®
v X
Scale Parameters A
Scale about:
| Centroid b |

Uriin %5 oraninda\
: bayntilar.

Unifarm sealing

2.4.Kahp Ayrim Cizgisi (Parting Lines)

Kalip ayrim ¢izgisi ana kalip setlerini olusturan erkek ve
disi kalibin ayrildig1 diizlemin dis hatlarini belirten gizgidir. Sekil
8’de kalip ayrim c¢izgisi verilmistir.

Sekil 8. Kalip Ayrim Cizgisi (Parting Lines) Menusu

_J‘D?SSOLIDWORKS‘ File Edit View Insert Tools Window Help 2 ‘ O -~ =] . &
R spiitline  §A scale

[ Pianar surface &) Ruted Surtace | £y Draft Analysis

{3 Undercut Anatysis | By Draft
£5» parting Line Anaiysis | (F) Move Face

Features | Sketch | Surfaces | Mold Tools | Evaluate | SOLIDWORKS MED | SolidCAM Part | SolidCAM Gperations |

[\Md BAE- D«
| h

Sekil 9’da ayrim yiizeyleri olusturmak i¢in yapilan ayarlar
verilmistir. “Mold Parameters” kisminda kalip agist analizindeki
yuzey secilir ve analiz etmek istedigimiz kalip agis1 yazilir. Bu
mend icerisinde de kalip ag¢is1 analizi yapilmas: gerekir. Eger
oncesinde “Draft” komutunda a¢1 verilmis ise sar1 yiizeyler bu
analiz sonucunda olusmayacaktir. Menl igerisinde “Draft
Anlysis” komutunu ¢alistirdigimizda otomatik olarak Mavi
renkteki ayrim g¢izgilerini belirler. Eger mavi renkte ayrim
cizgileri olusmamis veya istedigimiz yerlerde olusmamis ise
“Parting Lines” kisminda segili kenarlar silinerek manuel olarak
secmek istedigimiz kenarlar segilerek belirlenebilir.

P 1 =
SRR =
€S offset surface @ Filled Surface Insert 3| Parting [[shut-off  Parting Tooling Care
Mald Lines |lSurfaces Surfaces  Split

Folders

& Radiate surrace |§] Knit surface
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Sekil 9. Kalip Ayrim Cizgisinin Belirlenmesi

Ei= IE & | & =
& Parting Line
v X

Message ~ 2
The parting line is complete, but the

mold cannot be separated into care and
cavity. You may need to create shut-off
surfaces.

Mold Parameters

Use far Core/Cavity Split
[ split faces
(5) &t +/- draft transition

() At specified angle

Parfhg OFEs= === =1 ~

2.5.Delikleri kapatma (Shut-off Surfaces)
Sekil 10°da parga tizerindeki deliklerin kapatilabilecegi

ment gosterilmistir. Bu men( igerisinde Urln Gzerinde delikler
varsa bu deliklere ylizey atayarak kapatma iglemi yapilir.

Sekil 10. Delikleri Kapatma (Shut-Off Surfaces) Menusu

JDSSOLIDWORKS‘ File Edit View Inset Tools Window Help x| OD-Fm-B-2-5- -s B e
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o
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Delikleri kapatma komutu, delikleri otomatik gorir ve

delik kenarlarina mavi ¢izgiler olusturarak ¢izgiler arasini yiizey
ile kapatir. Eger istenilen kenarlar secilmemis ise “Edges”
kisminda secili kenarlar temizlenip istenen kenarlar manuel
olarak segilir ve delikler ylzey ile kapatilir (Sekil 11).
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Sekil 11. Delikleri Kapatmak i¢in Uygun Kenarlarin Secilmesi

J. ETeTe 8 telefon ki (Varsaalan<. wﬁ
|_|_‘_‘_ 1

& Shut-0tf Surfacel
v x

Message

The mald is separable into core and cavity,

_ Secilen kenatlar

2.6.Ayrim Yiizeyleri (Parting Surfaces)

Ayrim yiizeyleri mentisiinde erkek ve disi kalip setlerinin
birlesme noktasinda ayrim ¢izgisine gore ayrim yiizeyi olusturur.
Sekil 12’de ayrim yiizeyleri meniisii verilmistir.

Sekil 12. Ayrim Yiizeyleri (Parting Surfaces) Menusu

_JJ;SSOL,BWORKS‘ File Edit View Insert Tools Window Help 3 ‘ O -P- =S NINE &
[53 Planar surface &) Ruled Surtace | By Draft Analysis R splittine 53 Seale &l e y =
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—
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ST - ——
57

Ayrim yiizeyi olusturulurken “Parting Line” kisminda
ayrim ¢izgisi otomatik olarak secilir. Eger ayrim ¢izgisi
secilmemis ise manuel olarak secilmelidir. “Parting Surfaces”
kisminda ylzeyin parcadan olan mesafesi ve yonl belirlenir.
Olusturulacak kalip setleri bu yiizey iizerine ¢izilecegi i¢in ylizey
boyutu kii¢ciik olmamalidir. Sekil 13’te ayrim yiizeyi pargadan
disar1 yonlii 40 mm olacak sekilde verilmistir. Bu deger par¢anin
biitiin kenarlarinda olusan yiizeylerde aynidir.
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Sekil 13. Ayrim Yiizeylerinin Olusturulmasi

R SR A~

5 Parting Surfacet @
v X
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dges to create a parting surface
Modd Farameters
O Tangent tu surface
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re——
Otomatik secilir
Segilmemis isc
el segilebilin

i'i 30.00dey

2.7.Kahip setleri ayrim (Tooling Split)

Bu komutta erkek ve disi kalip setleri olusturulur. Sekil
14’te kalip setlerinin olusturuldugu menti verilmistir.

Sekil 14. Kahip Setleri Ayrim (Tooling Split) Menusu

O-F-8-2-9-01 B
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-
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Komuta girildiginde “Parting Surface” komutu ile
olusturulan yiizey tiklanir ve iki boyutlu ¢izim yapilan taslak
(Sketch) menisi aktif olur. Bu kisimda kalip setinin sekli ve
Olculeri belirlenir. Kalip setleri yuvarlak veya dikdortgen
seklinde tasarlanabilir. Cizilen kalip setleri ylizeyden disar
tagsmadan yiizey icerisinde olmalidir. Ayrica kalip setleri 6l¢iisii
tirtiniin boyutlarindan da biiyiik olmalidir. Kisacasi ¢izilen kalip
seti plastik {irlinlin diginda ve ayrim yiizeyi lizerinde olmalidir.
Sekil 15’te kalip seti 90x160 mm o6lgiilerinde ve dikddrtgen
seklinde ¢izilmistir.
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Sekil 15. Kahp Setlerinin Bicimi ve Olgulerinin Belirlenmesi

Onay verildikten sonra program otomatik olarak erkek ve
disi kalip ayrimlarini olusturur (Sekil 16). “Block Size” kisminda
erkek ve disi kaliplarin derinlikleri (kalinliklari) belirlenir. “Core,
Cavity ve Parting Surface” kisimlari1 program tarafindan otomatik
olarak belirlenmektedir.

Sekil 16. Kalip Setlerinin Kalinligimin Belirlenmesi

i v A relefan kil (Marsayilan<.. piye iy a
G B[R[& @]

7 Tooling Split @ .
v x
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.
& [wom
P —

[Jinterlock surface
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c

@ Shut-Off Surface1[1]
Shut-Off Surface1[3]
Shut-Off Surfacel[4]

@ Shut-Off Surface1[2]
Shut-Off Surface1[s]
Shut-Off Surface1[6]

Parting Surface ~

@ I Parting Surfacel
z

Komut onaylandiginda Sekil 17°de goriildiigii gibi kalip
setleri kati model olarak olusturulur. Cekme yonune gore erkek
ve disi kaliplart bu asamada olusmustur ancak ¢ekme yoniine dik
olan delikleri elde edebilmek i¢in maga tasarimi gerekmektedir.
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Sekil 17. Erkek ve Disi Kalip Setleri

2.8.Maca (Core)

Bu komut ile maga gerektiren parcalara maca tasarimi
yapilir. Bazi malzemelerde erkek ve disi kalip ayrim
dogrultularina dik delikler veya faturalar bulunabilir. Bu gibi
durumlarda maca tasarlamak gerekmektedir. Sekil 18’de Maca
mentisii verilmistir.

Sekil 18. Maca (Core) Mentisi

JD’SSDUDWGRKS‘ File Edit View Inset Tools Window Hep A | (] -[%-[F -5 -5 v &
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=

Maca olusturulacak kisim kalip igerisinde kaldigi i¢in
Solidworks goriiniim stillerinden tel kafes yontemi segildiginde
goriiniir hale gelir. Maca olusturulacak yiizey segilir ve segilen
yiizeye dik bakilarak istenen dl¢iide maga ¢izilir. Mouse yardimi
ile Sekil 19°da ki gibi ok boslugu gececek kadar cekilir ve
birakilir. Program plastik iirlin lizerindeki boslugu otomatik
olarak doldurur. Komut onaylandiginda maca kat1 model olarak
olusturulur.
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Sekil 19. Kahp Setleri Uzerine Maca Olusturma

Cizilen Maca

Kopyala ve tas1 (Move and Copy) komutu ile kalip setleri
ayrilarak olusan erkek ve disi kaliplar detayli bir sekilde incelenir.
Olusturulan setler “Solid Bodies” kismindan gorilmektedir. Elde
edilen kat1 model ayr1 ayr1 kaydedilebilir. Kalip setleri iizerinde
ayr1 ayr1 veya biitiin halde degisiklikler yapilabilmektedir.
Uzerlerinde yapilmasi gereken baglant1 ve kilavuz pim delikleri,
enjeksiyon yolluklar, sogutma kanallar1 vs. agilabilir.

Sekil 20. Olusturulan Kahp Setleri

$ BRle[&|T Disi Q e Bk
kalip Kalip
|% telefon kalifi ( <<Varsayilan *
¢+ [i§) Histo
sEn;nr:; Plastik
v [&) Detaylandirmalar Urlin

3 Surface Bodies(7)
- Solid Bodies(4)
Core bodies
@ Parting Linel
P Body-Move/Copy!
a Body-Move/Copy4
) Body-Move/Copy6
855 Mterial <not specified>

[] On Dazlem
A

3. SONUC

Bilgisayar destekli tasarim, imalat alaninda giderek
yayginlagan ve imalatin olmazsa olmazi haline gelen bir unsur
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olmustur. Imalatin bircok alaninda oldugu gibi plastik enjeksiyon
kaliplarinin tasarimi i¢in de kullanilmaktadir. Glinimiizde insan
taleplerinin ve konforunun artmasi nedeniyle triinler artik daha
karmasik ve kompleks yapili olmaktadir. Bu nedenle kalip setleri
bilgisayar ortaminda tasarlanarak {iretilmek zorundadir. Bu
calismada cep telefonu kilifinin imalati i¢in gerekli olan kalip
setlerinin ~ SolidWorks  programinda nasil  tasarlandig:
anlatilmistir. Sonug olarak, karmasik geometriye sahip plastik
parcalar icin kalip setlerinin bilgisayar destekli tasarim programi
kullanarak kolaylikla elde edilebildigi goriilmiistiir. Calisma bu
yoniiyle plastik imalat sektoriinde kalip setlerini tasarlamak
isteyen imalatgilara yardimci olacaktir.
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INTERACTION OF AI-SUPPORTED
SIMULATION TOOLS IN ENGINEERING
DESIGN PROCESSES

Aysu AKILLI ARI?
Harun YAKAZ

1. INTRODUCTION

The use of simulation tools in engineering design
processes has been a widespread practice for years (Geng, 2019).
These tools are used to analyze various aspects of design (Yalgin
et al., 2018), optimize design decisions, and improve product
performance. However, the complexity and dependency on
computational power of traditional simulation tools can limit
design processes and be insufficient for optimization (Sinha et al.,
2001).

Figure 1. Systems Engineering V-Model
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When examining the steps in Figure 1;

Operation Concept and User Requirements: This is
where the operational concept and user requirements are defined.

Requirements Analysis: In this stage, the requirements
of the system are analyzed.

Architectural Design and Conceptual Design: This
stage involves creating the architectural and conceptual design of
the system.

Detailed Design: The detailed design of the system is
developed here.

Subsystem Design and Development: This stage focuses
on the design and development of subsystems.

Integration, Test, and Verification: Integration of
subsystems, testing, and verification are conducted in this stage.

System-Level Validation and Verification: The entire
system is validated and verified to ensure it meets the
requirements.

Operational Use and Maintenance: The system is
deployed for operational use and maintained throughout its
lifecycle.

In recent years, the rapid development of artificial
intelligence technology has ushered in a new era in engineering
design processes. Al-supported simulation tools utilize
technologies such as big data analysis, machine learning, and Al
algorithms to make design processes smarter and more efficient.
These tools are used to solve complex problems, expand the
design space, and generate optimized solutions.

This study emphasizes the significance of Al-supported
simulation tools in the field of engineering and will lay the
foundation for future research. With the influence of Al
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technology, it will be possible to further optimize engineering
design processes and discover innovative solutions. This article
represents an important step in shaping the future of engineering
design processes.

2. THE USE OF AI-SUPPORTED SIMULATION
TOOLS

The use of Al-supported simulation tools in engineering
design processes is becoming increasingly widespread. These
tools are effectively utilized at various stages of the design
process across different engineering disciplines. Within the
framework of Industry 4.0, Al and simulation tools play a crucial
role in production systems. Lee et al., (2015) developed the
Cyber-Physical Systems architecture and demonstrated that Al is
a critical component in the optimization of production systems.

In fields such as bioengineering and bioinformatics, Al-
supported simulation tools significantly contribute to data
analysis and modeling processes. Kell and Oliver (2004)
addressed the complementary roles of inductive and hypothesis-
driven scientific approaches in the post-genomic era, highlighting
the role of Al in the interpretation of biological data. This
underscores the importance of Al tools for better understanding
biological systems and developing new hypotheses.

In civil engineering, Al and simulation tools are
effectively used in the design, planning, and management
processes of construction. Nguyen et al., (2019) reviewed the
applications of Al in the construction industry, noting that these
technologies enhance the efficiency and accuracy of projects. Al-
supported simulation tools help achieve better results at every
stage, from the planning phase to the completion of construction
projects.
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In electrical engineering, Al-supported simulation and
optimization tools play a critical role in system analysis and
performance improvement processes. Nikolic and Lygeros (2012)
conducted an analysis of simulation and optimization in electrical
engineering, detailing the applications of Al in this field. These
tools make significant contributions to improving the efficiency
and reliability of energy systems.

Al-supported simulation tools help make design processes
in engineering disciplines more effective, efficient, and
innovative. These tools play a critical role in analyzing complex
systems, optimizing their performance, and reducing costs. In the
future, with further advancements in Al and simulation
technologies, it is anticipated that more innovations and
improvements will be achieved in engineering design processes.

2.1.Structural Analysis and Optimization

Al-supported simulation tools play a critical role in
structural analysis and optimization processes within engineering
disciplines. These tools are used to model the behaviors of
complex structural systems, identify weaknesses in the design
process, and enhance structural integrity (Rajak and Das, (2018).
Specifically, the effective use of evolutionary algorithms and
topology optimization in structural optimization provides
significant advantages in solving engineering problems (Bendsoe
and Sigmund, 2013).

Al-supported simulation tools used in structural analysis
offer high accuracy and speed, enabling engineers to create safer
and more economical designs. For example, Kaveh and
Talatahari (2010) demonstrated how the charged system search
algorithm can be used in the optimal design of skeletal structures.
These algorithms play an important role in the analysis and
optimization of complex structures.

234



Makine Miihendisligi

Hybrid optimization methods are used to achieve superior
results in structural design. The combination of methods such as
genetic algorithms and particle swarm optimization offers
significant advantages in structural design processes (Kaveh and
Zolghadr, 2011). These hybrid approaches help optimize designs
to achieve the best possible performance.

Additionally, structural cost optimization is carried out
more effectively with Al-supported simulation tools. Adeli and
Sarma (2006) detailed how fuzzy logic, genetic algorithms, and
parallel computing techniques can be used in structural cost
optimization. These approaches ensure that structures are both
cost-effective and high-performing.

2.2.Fluid Dynamics Simulations

Fluid dynamics simulations are critically important in
many areas, such as aerodynamic design and the analysis of water
and air fluid behaviors. Problems that are traditionally time-
consuming and complex to solve can be addressed more quickly
and efficiently with Al-supported simulation tools. Al,
particularly through the use of deep learning and machine
learning techniques, has become a powerful tool for modeling and
analyzing fluid dynamics problems.

Al-supported  simulation tools offer significant
advantages in solving complex fluid dynamics problems. These
tools can process large data sets and predict fluid behaviors with
high accuracy. Deep learning algorithms, when used in fluid
dynamics simulations, provide faster results compared to
traditional computational fluid dynamics (CFD) methods. For
instance, deep learning-based models are effectively used to
predict and analyze the behaviors of fluids in complex geometries
(Duraisamy, 2019).

Machine learning techniques also play a crucial role in
optimizing fluid dynamics simulations. These techniques not only
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accelerate the solution process of fluid dynamics problems but
also ensure more accurate and reliable results. Machine learning
algorithms analyze simulation data, optimize model parameters,
and thus achieve more precise simulation outcomes (Brunton et
al., 2020).

Another advantage of using Al-supported simulation tools
in fluid dynamics is the rapid processing of high-resolution
simulation data. This allows engineers to evaluate a greater
number of designs in a shorter time and determine the solutions
that provide the best performance. Lee and You (2019) examined
how deep learning techniques can be integrated with high-
resolution CFD simulations to solve fluid dynamics problems.

Similarly, combining machine learning algorithms with
adaptive network methods enhances the accuracy and speed of
fluid dynamics simulations. Geneve et al. (2020) highlighted the
advantages of such adaptive methods in solving fluid dynamics
simulations.

Al-supported simulation tools are bringing revolutionary
advancements in solving fluid dynamics problems. These tools
improve engineering design processes and promote innovation by
providing faster and more efficient results compared to traditional
methods. In the future, with further advancements in Al and
simulation technologies, more innovative and effective solutions
in the field of fluid dynamics will emerge.

2.3. Thermal Analysis

Al-supported simulation tools play a significant role in
thermal analysis. The analysis of factors such as heat transfer,
temperature distribution, and thermal performance is critical in
the engineering design process. These tools use deep learning
algorithms and thermal simulation techniques to model and solve
thermal analysis problems.
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Al-supported simulation tools offer the ability to solve
complex heat transfer problems quickly and efficiently in thermal
analysis. Deep learning algorithms, with their capacity to learn
from large datasets, model and analyze complex thermal
behaviors. For instance, Yu et al. (2019) demonstrated that deep
learning techniques can be used to accurately predict temperature
distribution in thermal systems. This helps engineers make better
decisions during the design process.

Machine learning techniques also play an important role
in optimizing thermal simulations. These techniques optimize
model parameters to improve thermal performance and accelerate
simulation processes. For example, Nagendra et al. (2018)
enhanced the performance of thermal management systems in
electronic devices using artificial neural networks.

Additionally, Al-supported simulation tools, when
combined with adaptive modeling techniques, provide more
precise and reliable results in thermal analysis. Feng et al. (2020)
used adaptive neural networks to model and analyze the dynamic
behaviors of complex thermal systems. These methods enable
engineers to achieve more effective results in thermal analysis
processes.

Another important application area of Al and thermal
simulation tools is the thermal analysis of energy systems. Zhang
et al. (2019) examined how Al techniques can be used to analyze
heat transfer processes in energy systems. This is a significant
step toward improving energy efficiency and system
performance.

Al-supported thermal analysis tools are also widely used
in fields such as aerospace and automotive engineering. Wang et
al. (2018) investigated how Al-based thermal analyses can be
used in thermal management processes in aerospace engineering.
Similarly, Zhou et al. (2020) examined how Al-supported thermal
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simulations can be used to optimize engine cooling systems in the
automotive sector.

Al-supported simulation tools are bringing revolutionary
advancements in thermal analysis. These tools improve
engineering design processes and promote innovation by
providing faster, more accurate, and more efficient results in heat
transfer, temperature distribution, and thermal performance
analyses.

2.4.0ptimization and Design Space Exploration

Al-supported simulation tools play a critical role in
engineering design processes by expanding the design space and
producing optimized design solutions. These tools utilize
optimization algorithms that analyze large datasets to optimize
design parameters and discover the best design solutions. The use
of Al-supported simulation tools enhances the efficiency of
engineering design processes, allowing for the discovery of more
innovative and optimized solutions.

Al-based optimization techniques offer significant
advantages in expanding the design space and finding optimal
solutions. These tools solve complex design problems and
determine the most suitable design parameters by using deep
learning and machine learning algorithms on large datasets. For
example, Liu et al. (2019) examined how Al-based optimization
algorithms can be used in engineering design processes and their
potential to expand the design space. This study demonstrates
how Al can manage complexities in the design process and
achieve better outcomes.

Machine learning techniques play a crucial role in
optimizing design parameters and discovering the best design
solutions. These techniques analyze large datasets to enable faster
and more effective decision-making in engineering design
processes. For instance, Wang et al. (2018) investigated how
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machine learning algorithms can be used to explore the design
space and produce optimized design solutions. These methods
help engineers develop more innovative and optimized designs.

Deep learning algorithms are an important tool for
expanding the design space and finding optimized design
solutions. These algorithms analyze complex data structures and
relationships to discover the most suitable design solutions. For
example, Chen et al. (2020) examined how deep learning
techniques can be used in engineering design processes and their
potential to expand the design space. This study highlights the
role and potential of deep learning in engineering design
processes.

Another significant advantage of Al-supported simulation
tools is their ability to reduce error rates in design processes.
These tools optimize design parameters to provide more reliable
and accurate results. For example, Zhang et al. (2019)
investigated how Al-based simulation tools reduce error rates in
engineering design processes. This helps engineers develop more
reliable and accurate design solutions.

An important application area of Al-supported
optimization techniques is material science. Al algorithms are
used in material design processes to develop new materials and
optimize the performance of existing materials. For example, Xie
etal. (2017) examined how Al-based optimization algorithms can
be used in material design processes and assist in the discovery of
new materials.

Similarly, Al-supported simulation tools play an
important role in the field of bioengineering. These tools are used
to model and analyze biological systems, aiding in the
development of better bioengineering solutions. For instance,
Konda et al. (2018) examined how Al-based simulation tools can
be used in bioengineering design processes. This study highlights
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the potential of Al-supported simulation tools in the field of
bioengineering.

Al-supported simulation tools are also widely used in
automotive engineering. These tools aid in the automotive design
processes, helping develop more efficient and optimized vehicle
designs. For example, Kim et al. (2019) investigated how Al-
based optimization techniques can be used in automotive design
processes to enhance vehicle performance. Additionally, Al-
supported simulation tools have significant applications in energy
systems. These tools are used in the design processes of energy
systems to improve energy efficiency and optimize system
performance. For example, Liu et al. (2018) examined how Al-
based optimization algorithms can be used in the design processes
of energy systems. This study emphasizes the potential and
importance of Al-supported simulation tools in energy systems.

In conclusion, Al-supported simulation tools provide
revolutionary advancements in engineering design processes by
expanding the design space and producing optimized design
solutions. These tools help engineers make faster and more
effective decisions, reduce error rates in design processes, and
enable the discovery of more innovative solutions. In the future,
with further development of Al and simulation technologies,
more innovative and effective solutions will emerge in
engineering design processes.

3. ADVANTAGES

Al-supported simulation tools offer numerous advantages
in engineering design processes. These tools enhance engineering
processes in various areas, including the ability to produce rapid
solutions, cost and time savings, reduction of error rates,
discovery of innovative solutions within the design space, and
objective decision-making capabilities. These advantages provide
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effective solutions to the challenges engineers face, contributing
significantly to innovation and efficiency.

3.1.Rapid Solution Production Capability

Al-supported  simulation  tools leverage  high
computational power to solve complex problems more quickly.
By analyzing large datasets, these tools significantly reduce
decision-making time in the design process and allow engineers
to make optimizations rapidly. For example, Zhang et al. (2019)
examined the rapid solution production capabilities of Al-based
simulation tools, noting their significant speed benefits in
engineering design processes. This enables engineers to generate
more alternative solutions in a shorter time, accelerating the
design process.

3.2.Cost and Time Savings

Al-supported simulation tools can be effectively used at
different stages of the design process without the need for costly
experiments and physical prototypes. This provides cost and time
savings and accelerates the product development process. Chen
et al. (2020) demonstrated that Al-based simulations offer cost
and time savings, speeding up product development processes.
This is especially beneficial in large projects, providing
significant cost advantages and allowing for more efficient use of
resources.

3.3.Reduction of Error Rates

Al-supported simulation tools reduce error rates in the
design process. These tools analyze data obtained from real-world
tests to identify and correct design errors. Additionally, they
allow for the early detection of errors in the design process, thus
reducing engineering costs and time losses. Liu et al. (2018)
showed that Al-based simulations significantly reduce error rates.
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Reducing error rates contributes greatly to improving product
quality and ensuring customer satisfaction.

3.4.Discovery of Innovative Solutions in the Design
Space

Al-supported simulation tools expand the design space,
allowing for the discovery of more innovative and optimized
solutions. These tools use optimization algorithms that analyze
large datasets to optimize design parameters and discover the best
design solutions. Wang et al. (2018) noted that Al-based
simulations offer innovative solutions by expanding the design
space. This enables engineers to develop creative and innovative
solutions, providing a competitive advantage.

3.5.0Dbjective Decision-Making Ability

Al-powered simulation tools facilitate more objective
decision-making by reducing human errors and biases. These
tools make decisions based on data, minimizing subjective
influences in the design process. This leads to more consistent and
reliable results. Xie and colleagues (2017) demonstrated that Al-
based simulations provide more objective and reliable decisions.
The ability to make objective decisions ensures higher accuracy
and reliability in design processes.

The advantages of Al-powered simulation tools make
engineering design processes more efficient, reduce costs, save
time, and enable the discovery of more innovative solutions.
These tools allow engineers to make more effective decisions and
reduce error rates in the design process. For instance, Kim et al.
(2019) noted that Al-powered simulations save costs and time in
engineering processes and reduce error rates.

Al-powered simulation tools are bringing revolutionary
advancements to engineering design processes. With advantages
such as rapid solution generation, cost and time savings, reduction
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in error rates (Song et al., 2020), discovery of innovative
solutions, and the ability to make objective decisions, these tools
improve engineering processes. In the future, as Al and
simulation technologies advance further, more innovative and
effective solutions will emerge in engineering design processes.
The benefits provided by these innovations not only improve
engineering processes but also offer more sustainable and
economical design solutions, leading to societal and
environmental benefits. In this context, the future potential of Al-
powered simulation tools will play a crucial role in pushing the
boundaries of engineering and technology, creating a safer, more
efficient, and innovative world.

4. CHALLENGES

While Al-powered simulation tools offer significant
advantages in engineering design processes, they also face certain
challenges. These challenges emerge in various areas such as data
reliability, model uncertainty, computational complexity, training
and expertise requirements, and ethical issues. Being aware of
and addressing these challenges is critical to ensuring the
effective and reliable use of Al-powered simulation tools.

4.1.Data Reliability

The accuracy and reliability of Al-powered simulation
tools depend on the quality of the data sets used. However, data
sets may sometimes have gaps or misunderstandings. This can
affect the accuracy of simulation results and lead to reliability
issues. For example, Nygaard and colleagues (2020)
demonstrated how incomplete or incorrect data can negatively
impact simulation results. Implementing proper data collection
and processing methods is necessary to enhance data quality.
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4.2.Model Uncertainty

The uncertainty of simulation models can make it difficult
to accurately model real-world conditions. Managing and
accounting for uncertainties can be particularly challenging in
complex systems. This can reduce the reliability of simulation
results and complicate the decision-making process. Sokolova et
al., (2019) examined the impact of model uncertainty on
simulation results and emphasized the importance of managing
these uncertainties. Conducting uncertainty analyses and
continuously updating models are important for increasing model
accuracy.

4.3.Computational Complexity

Al-powered simulation tools often require high
computational power. Analyzing large data sets and running
complex simulation models can be time-consuming and costly.
This can make access difficult for small-scale companies or
organizations with limited budgets. Gupta et al., (2021) examined
how the need for high computational power affects simulation
processes. Innovative solutions such as cloud computing and
parallel processing techniques can be used to reduce
computational costs.

4.4.Training And Expertise Requirements

Effective use of Al-powered simulation tools requires
expertise and training. Properly configuring these tools,
processing data sets, and interpreting results necessitate a certain
level of expertise. Additionally, developing technical skills
related to using these tools can take time. Johnson et al., (2018)
discussed the training and expertise requirements necessary for
the effective use of Al-based simulation tools. These challenges
can be overcome by developing training programs and user-
friendly interfaces.
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4.5.Ethical Issues

The use of Al-powered simulation tools can also raise
ethical concerns. Particularly, there may be concerns about how
simulation results could affect human lives or the environment.
This highlights the need for careful evaluation and use of
simulation results. Binns et al., (2020) addressed the ethical
dimensions of Al applications and emphasized the need for
caution in this regard. Establishing and strictly applying ethical
guidelines can enhance the reliability of Al-powered simulation
tools.

The challenges of Al-powered simulation tools can limit
or complicate their use. However, when these challenges are
appropriately addressed, the potential of these tools remains
significant, offering substantial contributions to engineering
design processes. For example, Smith et al., (2022) examined the
benefits provided by Al-powered simulations in overcoming
challenges in engineering processes.

These challenges require engineers and researchers to
continuously innovate and improve existing methods (Chen et al.,
2020). In this context, the future development of Al-powered
simulation tools will necessitate greater collaboration and
interdisciplinary work in engineering and technology fields. In
this process, enhancing data quality, reducing model
uncertainties, lowering computational costs, developing training
programs, and applying ethical guidelines will increase the
effectiveness of Al-powered simulation tools.

Al-powered simulation tools are bringing revolutionary
advancements to engineering design processes. The advantages
offered by these tools, when the challenges are overcome, will
make engineering processes more efficient, faster, and reliable. In
the future, as Al and simulation technologies further develop,
more innovative and effective solutions will emerge in
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engineering design processes. The benefits provided by these
innovations not only improve engineering processes but also offer
more sustainable and economical design solutions, leading to
societal and environmental benefits.

5. CONCLUSION

Al-supported simulation tools play a crucial role in
engineering design processes. Compared to traditional simulation
methods, these tools can operate faster, more flexibly, and more
effectively. However, there are some advantages and challenges
associated with the use of these technologies, and it is essential to
overcome these challenges to fully realize their future potential.
Al-supported simulation tools can be used to solve complex
problems and produce optimized design solutions when
combined with big data analysis and deep learning techniques.
This can accelerate the product development process and provide
a competitive advantage. However, some challenges accompany
these advantages. In particular, issues such as data reliability and
model uncertainty can affect the accuracy of Al-supported
simulation tools and lead to reliability problems. Additionally,
factors such as computational complexity and training
requirements can make it difficult to use these tools effectively.
In the future, Al-supported simulation tools may play an even
more important role. Especially with the further integration of big
data analysis and deep learning techniques, these tools can be
used to solve more complex and large-scale problems. This can
further optimize engineering design processes and enable the
discovery of innovative solutions. However, to fully realize this
potential, some obstacles must be overcome. In particular,
addressing issues such as data reliability and model uncertainty
can enhance the accuracy and reliability of Al-supported
simulation tools. Additionally, it is essential to train users and
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develop more user-friendly interfaces. In conclusion, Al-
supported simulation tools have great potential in the field of
engineering. However, to fully realize this potential, certain
challenges must be overcome, and the technology must be further
developed. This report encourages more work in this area while
evaluating the current status and future potential of Al-supported
simulation tools.
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ADAPTIVE CONTROL OF DYNAMIC AND
DEAD ZONE UNCERTAINTIES IN
TELEOPERATION ROBOTIC SYSTEM

Tayfun ABUT!
Servet SOYGUDER?

1. INTRODUCTION

Many problems affect the position and force tracking
performances of Teleoperation Robotic systems. These problems
are emerging day by day due to the experiences arising from these
systems' usage areas. Some of the active research areas are
surgical operations, space studies, educational activities, etc. 13,
Many parameters affect stability and transparency, which are the
main targets in teleoperation systems. Parameter uncertainties
and dead zones are among the problems that affect stability and
transparency, etc. to solve the problems, varied control techniques
have been suggested and implemented for various systems in the
literature +° . Some of these are given below.

An adaptive controller supported by experimental studies
has been proposed and used by the authors for trajectory control
with dynamic and kinematic uncertainties °. In a study of non-
linear teleoperation systems in the literature, an adaptive
controller was used and it was shown that the joints tend to reset

L Assist. Prof., Department of Mechanical Engineering, Mus Alparslan University,
49100, Mus, Turkey, tayfunabut@gmail.com, ORCID: 0000-0003-4646-3345.

2 Prof., Department of Industrial Engineering, Ankara Yildirrm Beyazit University,
06100, Ankara, Turkey, servetsoyguder@gmail.com, ORCID: 0000-0002-8191-
6891.
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their positions where the gravitational forces are not zero.
Performance has been shown to increase with simulation results
6. An adaptive controller has been proposed and used by Liu and
Tavakoli 7 for teleoperation systems with uncertain dynamics and
multiple  degrees of freedom. The passivity-based
synchronization of a system with uncertain kinematics and
dynamics was simulated by Wang 8. An adaptive controller for
uncertain nonlinear bilateral teleoperation system Liu et al. °
suggested. It was carried out with experiments and simulations to
indicate the performance of the controller. An adaptive controller
proposed by Liu and Khong *° tried to control the nonlinear
teleoperation system with uncertain kinematics and dynamics,
and simulation and experimental studies were carried out. An
adaptive method for controlling robots with uncertain kinematics
and dynamics was simulated by Wang %. This method has a
separation feature. The simulation and experimental studies of the
adaptive computed torque method to compensate for uncertain
kinematics, dynamics, and interaction forces were carried out by
Abut and Soyguder 2, Li et al. 13, adaptive control of a bilateral
teleoperation  system  with  uncertain  parameters and
communication delays was performed in the workspace. This
method was simulated in a two-degree-of-freedom system.
Kebria et al.}* were simulate robust adaptive control of
teleoperation systems with delays and uncertainties. They have
supported the simulation results with experimental studies. Yang
et al.’®, the control of the teleoperation system with uncertain
kinematics and dynamics with Adaptive fuzzy was performed.
The authors’ proposed method was supported by experimental
results. Mehrjouyan et al. ‘6, performed robust observer-based
adaptive synchronization control of uncertain nonlinear bilateral
teleoperation systems under time-varying delay. The method was
supported by simulation studies. The authors wrote review
articles containing literature works on adaptive control methods
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recommended by researchers to control teleoperation systems "~
21

All of the teleoperation studies given above have
neglected the dead zone problem. Still, the dead zone has a
nonlinear structure commonly acknowledged in the literature. It
leads the system to instability. Many studies have been made in
the literature to solve the dead-zone problem in classical robot
control, and further studies proceed. Tao and Kokotovic 2> made
the first of these studies. The study focused on creating an inverse
model of the dead zone and updating it. Wang et al. 23 used a
robust adaptive control scheme without utilizing the dead zone
inverse. Wang et al. 2* suggested a robust adaptive fuzzy
backstepping control approach for nonlinear systems
interconnected with unmodified dynamics and dead zones. It was
guaranteed that all closed-loop system signals were
hemispherically uniform and ultimately limited in the mean
square. The method has been supported by simulation studies.
Zhou et al. 2° aimed to follow a stable trajectory with an adaptive
neural network (NN) for robots exposed to dead-zone input. He
designed a virtual control signal and a real controller. The
adaptive step-back control method and Lyapunov stability theory
enabled the proposed controller to limit all systems' signals to a
hemispherical uniform and ultimately. In another study, Zhang et
al.?® performed the control of a robot with neural networks with
uncertainties and dead-zone entry. The model-based constant
time control was examined, and it was observed that both the
system'’s parameters and the input dead zone function were well-
known. The model-based constant time control was examined and
the robot was simulated, where both the system parameters and
the input dead zone function are unknown.

The dynamic uncertainty and dead zone problem make the
control of systems difficult and unstable. To overcome the
parameter uncertainty problems of these teleoperation systems,
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various control strategies have been developed and implemented
in the literature. Still, there are very few studies addressing the
dead zone problem. One of them is a nonlinear adaptive control
method for a system with a dead zone and dynamic uncertainty in
a study conducted by Liu et al. 2’ applied experimentally. Both
robots used in the study have a dead zone, and the recommended
method has been compared with the adaptive control method. In
another study, Liu and Tavakoli % suggested a bilateral adaptive
controller for nonlinear teleoperation systems with uncertain
dynamic parameters and dead zones. They performed the study in
a simulation environment. Among the robots used in the study,
only the slave robot has a dead zone. Finally, the proposed
method has been compared graphically and numerically using the
classical adaptive control and MSE criteria. As known, in the
control of teleoperation robotic systems, dynamic and dead zone
uncertainty that cause stability problems also affect transparency
and cause performance degradation. The main reason for
preferring the adaptive control method in this study is that it can
adapt itself to all disruptive effects during control and the
parameters of the systems are obtained.

In this study, the classical Adaptive Computed Torque
Control (ACTC) method and Optimal Adaptive Computed
Torque Control (OACTC) + Robust Adaptive Control (RAC)
methods are applied in a simulation environment for
uninterrupted interaction. Grey wolf optimization (GWO), one of
the current optimization algorithms, was utilized to acquire the
control coefficients used in the OACTC method. Despite the
dynamic and dead zone uncertainties of the system, the stability
of position and force tracking was investigated using the
Lyapunov stability analysis method. Thus, the applicability of the
methods has been demonstrated. The results obtained were
compared with the literature and with each other using
performance criteria (MSE and MAE). The OACTC+RAC
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methods proposed in this study were seen to be used for the first
time as a result of literature research and it was seen that the
positive results obtained would contribute to the literature. In this
context, the authors believe that the study carried out in the
simulation environment has an innovative view.

The following are the primary contributions of this work;

a- The first contribution of this work is the centers of
mass, moments of inertia disturbing (internal and external) forces,
etc. that occur during the motion of the system and adversely
affect the control of the system. The Optimal Adaptive Computed
Torque Control (OACTC) method was recommended against all
effects. In this method, an adaptive rule was created against all
the negative effects given above, and the method was carried out
in a simulation environment.

b- Another contribution presented in this study is the use
of Grey Wolf Optimization (GWO), one of the current
optimization algorithms, to acquire the control coefficients used
in the OACTC method. This causes the OACTC method to have
a significant advantage in terms of applicability and originality.

c- The creation of an adaptation rule for the uncertain
parameters of the dead zone using the Robust Adaptive Control
(RAC) method and its use in the system is another contribution
presented in the work.

d- Another contribution of this study is the comparison of
the suggested method (OACTC+RAC) with the classical ACTC
method both graphically and numerically (see Table 1-3 (MSE
and MAE), and Figure 7-12). Also, comparing the proposed
method with a previous study in the literature utilizing
performance criteria (MSE) is another contribution of the study
(see Table 3). Compensating the dynamic and dead zone
uncertainty problems of teleoperation systems using the OACTC
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and RAC methods in their simulation environment is the
summary of the contribution in the article.

The remainder of this article is formatted in the following
manner. Section 2 covers the mathematical model of the system
as well as the dead zone. A recommended dead zone model is also
offered. The suggested controller for the system is shown in
Section 3. The OACTC method and the GWO algorithm are given
for the system's dynamic uncertainty. Also, the RAC method
recommended for the dead zone problem is shown in detail. In
Section 4, simulation results achieved by applying the suggested
methods are given numerically and graphically. Additionally, the
comparison results with the literature are shown in this section.
Section 5 summarizes the entire article and provides information
on the development of this article and future studies. Figure 1
shows the proposed OACTC method block schema for bilateral
control of the system.

Figure 1. Block schema of the proposed OACTC method

P =
F I ' ™\
Optimal %
Hurm an h : -
Adaplive Slave Ervitonm ent
Cperatar *. | Computed Torque .
| Control(OACTCY -

IMaster Torgue

2. MATHEMATICAL MODELS OF THE SYSTEM

The dynamic models of the robots that make up the system
are given below.

Mm(qm)((.jm) + Cm(Qm,' Qm)(CIm) + Gm(qm) =Tp+ 1Ty (1)
Ms(qs)(q's) + Cs(qsr qs)(qs) + GS(qS) =Ts—Te 2
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q;,d;,d; and t; indicate the position, speed, acceleration,
and control torque, respectively. i € {m, s} shows the master and
slave robot. M(q;) € R3*3 isa positively defined symmetric matrix
that contains the inertia matrix, C(q;) € R3*3 Coriolis and
centrifugal force matrix, G(g;) € R**3 shows the weight forces.
7,, and =, show the control torque expressions of the master and
slave robots. 7, and 7, show the torque expressions occurring on
the human and environmental sides. t,, = JI.F, and ., = JIF,. F,,
expresses the torque exerted by the human operator and
environment. The feel-force expression, which will be obtained
by the human operator and the environment, is modeled as a
spring-damper model in the computer environment. The model
was obtained according to Newton's 2nd law of motion.

F; = ki(A) + bi(A), A=z, — z (3)

The force obtained from the spring-damper model is
represented by F;. b; is the damping coefficient and k; is the spring
constant. z, represents the initial positions of the springs, and z
represents the actual positions of the master and slave robots.
Appendix A shows the Jacobean matrices of the robots that make
up the system.

2.1.Dead Zone Model

The dead zone has the potential of a teleoperation system,
in particular, to significantly destabilize the position tracking
performance and disrupt the transparency of the system. The
general view of the dead zone model is given below in Figure 2.
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Figure 2. Dead Zone Model Overview

DZ;(v;(1))

b, |
o V4 0 b, >V, (t)

m (v,(®-b)  if v(®)=b,
DZ,((t)=1 0  if b <v(®)<-b (4)
m (v®-b) if v(t)<b

In general, an inverse model is added to eliminate the dead
zone problem in the literature. However, measurement defects
that may occur after reversing the system can pose a particular
problem. Entrances and exits of the dead zone are vi(t) and DZ;
(vi(t)). bii and bri show breakpoints mri and mii show slopes. i
indicates the number of joints (i=1,2,3...n). The exit of the dead
zone cannot be used for measurement purposes. The slopes of the
dead zone in the positive and negative regions are the same (mr =
mi = m). Generally, the model and parameters of the dead zone
are unknown. However, it is assumed that these parameters are
limited and their signs are known (bri > 0, bli <0, mri=mi=m
> 0) 222, Therefore, in this work, a new model given below is
described without creating the dead zone's inverse.

DZ; (v, (t)) = mv; (t) +dz; (v;(t))

(5)
—mbri if Vi (t) 2 bfi
dz, (v, (1) = -my, () if b, <v,(®) <b,
—mb, if v,(t)<b (6)

260



Makine Miihendisligi

As mentioned above, since the model parameters are
limited, dzi (vi(t)), is obtained since|dz, (v; (t))|<a a >0 is here.

3. THE PROPOSED CONTROLLERS

3.1. The Optimal Adaptive Computed Torque
Control (OACTC) method

Usually, a model is constituted for systems, but there are
still plenty of problems and it is not easy to get a full model.
Besides, there are environmental effects in the systems that
cannot be modeled. All internal and external uncertainties in the
systems or the working environment negatively influence the
methods. All adaptive control methods aim to recommend and
compensate for these parameters that lead systems to uncertainty
and instability that negatively affect control performance.
Besides, the best update rule is to create a minimum error. It
teaches the system's parameters by updating the error value of the
incorrectly known or unavailable parameters of the system until
the error value is minimized. While updating system parameters
in classical Adaptive Computed Torque Control (ACTC)
methods, updating the control coefficients, which are critical in
the control of the system, is not taken into account 33, In this
section, the proposed Optimal Adaptive Computed Torque
Control (OACTC) method, the adaptation rule created to update
the uncertain parameters of the system, and the Grey Wolf
Optimization (GWO) method used to determine the control
coefficients are given. Furthermore, the Lyapunov stability
method used for the stability of the system is given. An elaborated
block schema of the OACTC method is illustrated in Figure 3.
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Figure 3. The Elaborated Block Schema of the OACTC Method

—
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The first error expressions of the proposed OACTC
method for the master and slave robots are shown in equation 7.
i=m,s shows the master and slave robots utilized in the system.
7, = Wi(qi, 4G @ (7

The dynamic model equations of the system are given in

equation 8 obtained after necessary adjustments according to the
proposed method.

M;(q)(Gi) + Ci(qi, 4)(q) + Gi(g) = Wi (g1, G (8)
W;(q;, 4:G:); regression is a time-varying function, ¢,

showing uncertain parameters. In the equation given below, z =
r, mis the g, reference position, ¢, is the position of the master

robot, and ¢, is the slave robot's position, respectively.

M;(q) (4, + Kaé; + Kpe;) + Ci(q1, 4 (@) + Gi(q) = 7; (9)

Equation 10 was obtained by adding an estimated
expression containing internal or external disturbance effects and
unknown real values to the equations given in Equation 9.

Wi(qi, 4G e; = Mi(q) (i, + Kaé; + Kper) + Ci(q1, 4 (4) +

Gi(q) =7 (10)
When the error expressions given in equation 11 are

examined, it is seen that the values between the reference (r)
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values and the output values of the master (m) and slave (s) robots
are acquired.

e =q; = 49,6 =Gq; — qi,, € =G — §; (11)
Equation 12 was obtained by adding error equation 11 to

torque equation 10. Equation 13 was obtained by adding Equation
8 to Equation 12.

T = Mi(q;) (G, + Kaé: + Kper) + Ci(a1,4)(a) + Gi(q;) (12)
T, = Mi(q) (& + Kaé; + Kpe) + Wi (a1, 4:d) 9 (13)

Parametric and unknown (un-modelable) parameter errors
were anticipated and incorporated into the equations. (For
example, constant or variable dynamic parameter errors display
continuous variation during the time the system moves and comes
into touch with the environment (inertia matrices and mass
centers, etc., for example)). When equations 7 and 13 are
equalized to each other, equations 14 and equations 15-16 are
obtained.

M;(q:)(&; + Kqé; + Kpe;) + Wiqy, 4:6) @i = Wiqy, ¢:G) @

(14)
B} . o -1 - N
é +Kqé; + Kpep = M; (q)Wi(q:, 4:iG:) (@i — §i) (15)
P . =~ —1 . e —
€ + Kqé; + Kye; = My (q)Wi(q;, 4:G:) 9 (16)

The equation for parameter errors is the equation ¢; =
(p; — @;). When the ¢; equation is examined, it is seen that the
estimated parameter values of ; and the value of ¢; consist of
the difference between these two values. Equation 16, which is
re-expressed according to the state space form, is given in
equations in the range 17-19. The expressions given in these
equations show the coefficients of the error vector (e;), A;, and B;.
The I;,, identity matrix Q;, is taken as the zero matrices.
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. =~ —1 o ee —

é = Aje; + BiM; (q)W;(q;, 4:G;)9; (17)
_ €; _ Iin

= [éi]'Bi B Qin] (18)

Qin  Iin ]

A = [_Kp K, (19)

In this part, the stability analysis of the system will be
given. The Lyapunov stability analysis method was chosen for the
analysis method. Signal and parameter errors were incorporated,
into the Lyapunov function (V=Vi (i=(m,s))) shown in equation
20.

Vi=e"Pe+ 3 '@ (20)

In the function given in Equation 20, P; should be a
constant, positive, and symmetric matrix, and I'; should be a
positive and diagonal matrix. y, must be positive and constant for

the I'; matrix to be as in equation 21.

I} = diag(Vi1, Yizs - - Yin) (21)

Equation 22 is obtained when the derivative of function
20 is obtained.

Vi =e"Pié;+¢ P+ 3 1) 3 (22)
Equation 23 was used to obtain equation 22.
S TrT=>17 S ThT—
6 i@ =6/ I," (23)
When the state-space model given above is replaced by

equation 22, equations 24 and 25 are obtained. Equation 25 is the
simplified version of equation 24.

) 1 R
Vi =e;"P;(Aje; + BiM; ~(q)W;(q;, 4:G:)P:) + (Aie; +
~ —1 . o ee — > T -1 >
B:M; ~(q)Wi(qi, ¢:d§)P) Pie; + 26, Ti '@, (24)
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. - T -1 > — ~ —1
V. =eTQie; + 28 ('@, + Wi(qy, 4:4)™™M; ~(q,)B;" Pie;)
(25)

Lyapunov can be used to obtain Pi and Qi matrices. The
Qi matrix is a symmetrical matrix with a positive definition. Using
the Lyapunov equations, a positive Qi matrix and a positive
symmetric Pi matrix will be obtained.

ATR+RA=-Q

(26) ¢; When the expression is placed in equation number 25 and
the additive term is taken off from the equation, equation 27 is
acquired.

., o —1
@, = —TiWi(q;, 4:G:)™M; (q:)B;" Pie (27)
V,=—e"Qie; (28)

These are the necessary steps to create an update rule from
the equations given above. The most important thing here is that
even if the real parameter was got with the valued adaptive rule,
these values do not change and their derivatives are equal to zero.
For the update rule, equation 29 was obtained by adding the
equation @; = (¢; — @;) to equation 27.

(;)L:(pi_(ﬁl_)(ﬁlzo_(ﬁl (29)
Equation 30 was obtained by adding Equation 29 to
Equation 27.

¢, = ~TiWi(qs, 4:d)"™M; " (q))B," Pie; (30)
When equation 30 obtained for the update rule is
examined, it is seen that the system includes all parameters
(constant or variable). By adding this rule to the equations of the
system and also considering the boundary conditions of the
system, equation no. 31 was obtained when the stability analysis
was analyzed according to the Lyapunov function. The system
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will be found to be stable as a consequence of this analysis. Using
the update rule, it is aimed to learn the parameters of the system
and thus get the minimum error values.

lim V = V,,, lim V=0 (31)

t—oo

3.2. Robust Adaptive Control (RAC) Method

This section will explain the recommendations, and
robust adaptive control method to eliminate the dead zone
problem. First, controlling the dead zone's reverse will be carried
out without adding to the system. The block schema of the Robust
Adaptive Control (RAC) method recommended for compensation
for the dead zone problem in the master and slave robots is shown
in Figure 4.

Figure 4. RAC Method Control Schema for System
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The state vector of the control variables of the system is
shown x, = [q;; ¢ ]. Also, the desired position vector is given x,; =
[qa:; 4ai]. A virtual shear velocity vector for achieving the control
target is defined in Equation 32.

S;i = Aifi (32)

obu

PAdaptive
Control
(RAL)

Slawe
Dead-zone

X =x; —xqi, A 15 a fixed positive definition matrix.
When it is defined as A;%;(t) = A;%; + §; — Gg; the derivative of
equation 32 was obtained and equation 33 was obtained.

S=4% + G — Gai (33)

Since the virtual slip speed error to be practiced in the
adaptive rule to be applied to the system may generate a cracking
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problem, a new speed error variable has been determined to avoid
this problem.

s, =S—egsat(s/¢) (34)

Where & the pleasure is a positive constant and sat(.) is a
saturation function as given in equation 35.

1 S =¢
sat(s;/¢) = % £<S <&
-1 S, <—¢

(35)

i =m,s,...n. If equation 33 is substituted into equation 36
given below, equation 37 is obtained.

M;(q) () + Ci(qi, 4:)(@) + Gi(q) = 7 (36)
Mi(q)($1) — Mi(@)A%; + Mi(q1)Ga = T (37)

Adaptive rules are made to definitions before they are
written. These are in the form of t; = G4, — 4%, ¢; = %

7; = mv(t) + dz(v(t)) (38)

The expression mv(t) + dz(v(¢)) is given in equation 38 is
the exit expression of the dead zone.

vi(t) = —K;is; + ¢J; — Kisat(si/ei) (39)
¢ = i — ¢ (40)
$l = _Cijltrse (41)

K is a positively defined diagonal constant matrix. ¢; a
dead zone ¢, represents predicted dead zone parameters. ¢, and o,
denote the adaptation rule of the dead zone and a positively
defined constant, respectively. The expression K:s, is a feedback

law containing velocity and position errors between the actual
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position and the desired position. The expression that
compensates for the dead zone is ¢,J;. Kisat(si/gi) statement has
been added to the system to avoid chattering problems that may
occur in the sliding error vector. Equations 38 and 39 are written
into equation 37 using the expression J. and equation 42 is

obtained.
M;(q)($) = —M(q)]; + m[Kis; + )i — Kisat(si/ei)] +
dz(v(t)) (42)

The Lyapunov function for the stability analysis of the
robust adaptive control used for the dead zone is written in
equation 43.

. 111 1 ~2
Vo = 3 |5 TMi(ase + 2 1| (43)

¢ = ¢ — ¢; equals, s,”" M;(q;)3.=s." M;(q;)s. When the
derivative of equation 43 is obtained, 44 is obtained, too.

. 1 . 15+ A~ 1 :
VZL' = _SgTMi(CIL')S + C_i¢i¢l + %SSTMi(qi)SS (44)

m

When equation 42 is placed into equation 44, equation 45
is obtained.

. -~ S
Voi = =8 Kisi + 8.7 i) — Kisat(C'/e,)] +
dz(v@®)) | 1 7 & | 1 -
se’ (=piMi(q)]) + s” % o b+ s Mi(qi)se
(45)
Equation number 45 replaces equation number 41 by
using the expression J, and equation 46 is obtained.
Vo = —s.TK;s; — SSTKl-sat(Si/gi) + sJ@ +
1 .
%SSTMi(Qi)Ss (46)

When equation no 34 is placed in equation 46, equation
no 47 is obtained.
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. . dz(v(t
Voi = —s¢TKjse — s¢T (K& + Ki*)sat(sl/gi) + SST&
..
+ ﬁss Mi(qi)ss
_ i dz(v(t)
< _SSTKiSE - elgmin(Kig + Ki )”55” + SST%
1 .
+ ﬁseTMi(qi)Ss
. w lldz(v(®)
< =5 K;Se — [eigmn(Kie + K;") — ”(m—)”
||Mi(ql')38||
sl
< —5.TKise — leigmm(Kie + K;) === L|is, | (47)
V,; < —s.TK;s, (48)
The expression given above shows

B

eig,. (Ke+K')> ﬁ+2— . Since Vv,; is positively defined, v,; is
m 2m

negative semi-definite, it is seen that v,; is limited. Therefore, the

signals s;, s, and ¢, are also limited i.e. it is s,, ¢; € L®, §;.

VZi < —SETKiSS (49)

When equation 49 is examined in terms of position
tracking performance;

eigmin(Ki)SeTSs < SeTKiSE < _Vi (50)

Where eig,;, (K;) K; shows the minimum eigenvalue of

the matrix. Equation 51 is obtained by integrating both sides of
Equation 50

eigmin(K) J, s 117 dt < — f Vidt =V;(0) = V;(£) < V(0) <
o (51)
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se € L2, Since it is already s, € L™, s, (42) s; € L, and %; €
L* can be obtained from the definition. Since it is s, € L, s, € L?
and, s, € L=, according to Barbalat’s Lemma s, -0 is s, -0
obtained. §, = —L\Wi(q;, 4;6.)7 M, (q)B;"Pe; the dynamic
update rule for systems with dynamic uncertainties and $l =
—¢JT's, the dead zone update rule for master slaves with uncertain
dead zone has been developed. These two update rules, it is aimed
to increase the position and force tracking of the performance of
adaptive controllers.

4. SIMULATION RESULTS

Bilateral simulation works between the master robot and
slave robot will be described in this section in the existence of
parameter uncertainty and dead zone difficulties. To control
master and slave robots, the OACTC method was employed, and
the Lyapunov stability analysis approach was used to ensure
system stability. The control coefficients (Kp & Kq) are obtained
using the GWO algorithm, which is crucial in the OACTC
method used to regulate the system. To get the best values for the
control method's parameters, you'll need a goal function (Kp &
Kd). Robust adaptive control (RAC) has been proposed and
implemented for the system's possible dead zone problem. The
master robot must follow the slave robot's reference trajectories
while the objective function is being generated, and the slave
robot's force values must be followed by the master robot with
minimal error (position and force). When comparing the speed,
simplicity, and deterministic approaches employed in the study to
the Grey Wolf Optimization (GWO) algorithm, swarm-based
meta-heuristic optimization methods are favored since they make
for a globally optimum solution. Mirjalili et al. 32 first proposed
the GWO algorithm. This algorithm has a wide range of
applications 233, The algorithm's underlying philosophy was
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developed by mimicking the social lives and hunting techniques
of gray wolves in the wild. There are three basic hunting
behaviors used by grey wolves. Containment, hunting, and
assaulting prey are three of these methods. The Root Mean
Squared Error (RMSE) was chosen as the optimization objective
function in this investigation.

1 N
RMSE = \/ﬁ Q> Gn —05)°
|

(52)

The j. value of the master robot is gmj, while the j. value of
the slave robot is gsj. . j = 1,2,3,4 ....N. The chosen GWO has
several advantages when it comes to cost calculation.

The algorithm's working speed is substantially increased
because of the GWO architecture. The wolves' social order plays
a vital impact in their ability to catch prey, which can quicken the
convergence rate and lower computation costs. Briefly, GWO
was employed to improve the Kp & Kd parameters. Some GWO
settings must be chosen before the optimization process can
begin. The size of the wolves will have a direct impact on the
optimization's timing and accuracy. Because of the magnitude of
the wolf population, more time is dissipated, yet just a few wolf
populations may deliver the optimum gain matrix. The GWO
algorithm's wolf population was set to 45, the maximum number
of iterations to 40, and it was discovered that the optimum values
were attained. The master and slave robots in this study each have
six degrees of freedom (DOF). mm1 = 0.5 kg, mm2 = 0.75 kg, mm3
= 0.25 kg, Im1 = Im2 = 0.132 m, Im3 = 0.23 m were the physical
specifications of the master robot. The slave robot's physical
characteristics were ms1 = 27 kg, ms2 = 22 kg, ms3 = 25 kg, ls1 =
0.352 m, Iss = 0.360 m, and Iss = 0.545 m. Human and
environmental models have stiffness values of kn = ke = 10 N/m
and damping coefficients of bn and be = 2 Ns/m’. In addition,
when acquiring human and environmental torque values, the
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initial conditions were xo = yo = zo = 0. During the system's
control, the operational time was set to 20 seconds. The graphics
produced as a result of the system's control are shown below. A
filter with a lower than 2-degree angle is used to obtain graphics.

In this study, the results obtained using the ACTC method
were compared with each other to better understand the
OACTC+RAC method. Figures 5 and 6 illustrate the joint angle
position and torque tracking graphs obtained with the ACTC
approach in the existence of both dynamic and dead zone

uncertainty of the teleoperation system comprised of master and
slave robots.

Figure 5. The ACTC method's position tracking graph in the
existence of both dynamic and dead zone uncertainty (without
dead zone compensation)
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Figure 6. The ACTC method's torque tracking graph in the
existence of both dynamic and dead zone uncertainty (without
dead zone compensation)
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When looking at the angular position tracking graphics of
the master and slave robots shown in Figure 5, it is noticed that
the 1st joint's angular position performance ranges between
roughly +0.15 ~ (-0.06) radians. When looking at the angular
position of the 2nd joint, it is noticed that it ranges between
roughly +0.6 ~ (-0.6) radians. According to the angular position
graph of the 3rd joint, it is viewed that the position values change
roughly in the range of 0 ~ (-0.2) radians. When looking at the
human and environmental torque graph in Figure 6, it can be seen
that the 1st joint's torque performance varies between 3 ~ (-3)
Newton-meters (N.m). According to the human and
environmental torque graph of the 2nd joint, it is seen that the
values change roughly around +2 ~ (-2) N.m. According to the
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human and environmental torque graph of the 3rd joint, it is seen
that the values change around +1.5 ~ (-1.5) N.m. When examined
in the graphics, it is observed that the force monitoring
performance of the system decreases, as indicated by the arrow
signs, when the dead zone is not taken into account. When Figures
5 and 6 are examined, tracking errors are observed in both
position and human and environmental torque tracking
performance, which causes performance loss. It seems clear that
tracking errors of these positions and torque tracking errors
cannot converge to zero. Position tracking performance of the
OACTC+RAC control method proposed compensating both
dynamic and dead zone uncertainties of the teleoperation system
occur master and slave robots in Figure 7 a) angular position of
all joint angles b) 1st joint, c) 2nd joint, and d) 3rd joint position
graphs are given. Position error graphs of joint positions are
shown in Figure 8. In Figure 9, the torque graph of the suggested
OACTC + RAC control method to make up for both dynamic and
dead zone uncertainties is given. The torque tracking error graphs
acquired utilizing the OACTC + RAC control method are
illustrated in Figure 10.
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b. 1. joint

a5 A A A ——q,, Slave
’i AV "1| r.f v ‘-1 — —-q, master
\ | i i
ofr [ \ [ \ | \
| | | \ | |
| | | \ | |
E a0s II II | | ) |r l[
E | JJ lll, J { J| '|]
g |
., l|| | \ | \ | |
| | | |
\ ’ \ | | | \
\‘I / '|\ | 1 | \
oost \_/ (- \\__,"l \
o bl 4 & 8 w12 6 ER
Time(s)

c. 2. Joint

— Ay slave

N A
OE{I \\ / \ | '.| ’i‘

b
o2}t \ { \\ /’ \ "
04f \#Jf’ \\t ¥ k J

s (78
o

-06F

0 2 4 6 8 10 12 1
Timef(s)

d. 3. joint

——q,, slave
— = -y, master
n ~ .
! "\ ;’ \ rlr\\ i i [E i
| { i1 [
: | { | | ‘l i\ Il -\. P Ir \‘
050 4 f { {- [ | ¥y |
o 8 | 0 A T T A i
S \/ | . ¥, 1 AT A i
g . 1 1 N
e | [ I
s Vol 1 1 J
-3 1 | i i 1 f
0.15 Vg LI L
Liaof \ h
L LY}
02 LY v !
025 .
a 2 L] 6 g8 10 12 1 6 8
Tirme(s)

Figure 7. The OACTC + RAC method’s position tracking graph
in the existence of both dynamic and dead zone uncertainty
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Figure 8. The OACTC + RAC method's position tracking error
graph in the existence of both dynamic and dead zone uncertainty
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Figure 9. The OACTC + RAC method's torque tracking graph in
the existence of both dynamic and dead zone uncertainty
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Figure 10. The OACTC + RAC method's torque tracking error
graph in the existence of both dynamic and dead zone uncertainty
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According to the angular position graph of the 1st joint
obtained using the OACTC+RAC method, it is seen that the
position values change roughly around +0.15 ~ (-0.06) radians
(see Figure 7). According to the angular position graph of the 2nd
joint shown in Figure 7, it is viewed that the position values
change roughly around +0.6 ~ (-0.6) radians. According to the
angular position graph of the 3rd joint, it is observed that the
position values change roughly around 0 ~ (-0.2) radians.
According to the angular position error graph of the 1st joint
obtained using the OACTC+RAC method, it is seen that the
position error values change roughly around +0.1 ~ (-0.1) radians
(see Figure 8). According to the angular position graph of the 2nd
joint shown in Figure 8, it is viewed that the position values
change roughly around +0.1 ~ (-0.1) radians. According to the
angular position error graph of the 3rd joint, it is observed that the
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position values change roughly around +0.2 ~ (-0.2) radians. The
torque tracking performance at the 1st joint varies between 2.5 ~
(-2.5) N.m, according to the human and environment torque
tracking graphs shown in Figure 9. When comparing the results
of human and environmental torque measurement at the 2nd joint,
it was examined that they vary by about +2 ~ (-2) N.m. According
to the torque graph of the 3rd joint, it is observed that the torque
values change roughly around +1.5 ~ (-1.5) N.m. The torque
tracking error performance at the 1st joints fluctuates between 2.5
~ (-2.5) N.m,, as seen in the human and environment torque
tracking error graphs in Figure 10. When comparing the results of
human and environmental torque measurement at the 2nd joint, it
was observed that they differ by about £0.05 N.m. According to
the human and environmental torque graph of the 3rd joint, it is
observed that the torque error values change roughly around
+0.025 ~ -0.040 N.m. It is also clearly viewed in the graphs given
in Figures 7-9 and 10 that the position and torque tracking errors
decrease considerably to converge to zero. It is seen that the error
performances are in the acceptable range looking at the graphics
in general. The key reason for the suggested OACTC-RAC
method's improved performance is that it uses the GWO
algorithm to improve the performance of the ACTC method's
control coefficients while also using the RAC approach for the
dead zone problem. Furthermore, two different performance
criteria Mean Square Error (MSE) and Mean Absolute Error
(MAE) were used to numerically analyze the position and torque
tracking errors of the methods.

1 N
MSE:N(Z ,ymj_ysj)z
j (53)

1 N
MAE :W(Z Yo, = Vs, )
) (54)
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The master robot's value is denoted by ymj, while the value
of j. is denoted by j. The slave robot's worth was given by ysj. The
angle (g&r) expression is represented by j =1, 2, 3, 4.... N. Table
1 illustrates the comparison table of the performance results of the
joint angles position error obtained by using ACTC (without dead
zone compensation) and OACTC + RAC (with dead zone
compensation) methods according to MAE and MSE criteria.
Table 2 shows the comparison table of the performance results of
human-operator and environment torque error values acquired by
utilizing ACTC (without dead zone compensation) and OACTC
+ RAC (with dead zone compensation) methods according to
MAE and MSE criteria.

Table 1. The performance comparisons of the angular position
error (rad) using MAE and MSE

a) MAE b) MSE
Control ACTC | OACTC Control ACTC | OACTC
type/Criteria +RAC type/Criteria +RAC
MAE(qy) 0.2946 | 0.1219 MSE (q1) 0.2241 | 0.1098
MAE(q2) 0.2732 | 0.1158 MSE(q2) 0.2408 | 0.0943
MAE(gs) 0.2186 | 0.1044 MSE (gs) 0.1921 | 0.0721

Table 2. The performance comparisons of the torques tracking
error (N.m) using MAE and MSE

a) MAE b) MSE
Control OACTC Control OACTC
type/Criteria ACTC +RAC type/Criteria ACTC +RAC
MAE(t1) 0.9862 | 0.2171 MSE(ty) 0.3724 | 0.0766
MAE(t2) 0.7284 | 0.4158 MSE(t2) 0.3827 | 0.0445
MAE(13) 0.3173 | 0.1525 MSE(t3) 0.1254 | 0.0041

According to the performance error result table obtained
using the ACTC method according to the MAE criteria given in
Table 1 a), the error values of the 1st, 2nd, and 3rd joints are
0.2946, 0.2732, and 0.2186 radians, respectively. Similarly,
according to the performance error result table obtained using the
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OACTC + RAC method according to the MAE criteria given in
Table 1 a), the error values of the 1st, 2nd, and 3rd joints are
0.1219, 0.1158, and 0.1044 radians, respectively. According to
the performance error result table obtained using the ACTC
method according to the MSE criteria given in Table 1 b), the
error values of the 1st, 2nd, and 3rd joints are 0.2241, 0.2408, and
0.1921 radians, respectively. Similarly, according to the
performance error result table obtained using the OACTC + RAC
method according to the MSE criteria given in Table 1 b), the
error values of the 1st, 2nd, and 3rd joints are 0.1098, 0.0943, and
0.0721 radians, respectively. According to the torque
performance error result table obtained using the ACTC method
according to the MAE criteria given in Table 2 a), the error values
of the 1st, 2nd, and 3rd joints are 0.9862, 0.7284, and 0.3173 N.m,
respectively. According to the torque error result table obtained
using the OACTC + RAC method according to the MAE criteria
illustrated in Table 2 a), the error values of the 1st, 2nd, and 3rd
joints are 0.2171, 0.4158, and 0.1525 N.m, respectively.
According to the torque performance error result table obtained
using the ACTC method according to the MSE criteria given in
Table 2 b), the error values of the 1st, 2nd, and 3rd joints are
0.3724, 0.3827, and 0.1254 N.m, respectively. According to the
torque error result table obtained using the OACTC + RAC
method according to the MSE criteria illustrated in Table 2 b), the
error values of the 1st, 2nd, and 3rd joints are 0.0766, 0.0445, and
0.0041 N.m, respectively. When comparing the findings of the a)
MAE and b) MSE criteria in Tables 1 and 2, the ACTC technique
has a higher position and torque-tracking error. Position and force
tracking errors are considerably improved when using the OACT
+ RAC technique. In general, considering the position and torque
tracking error values, the OACTC + RAC method and the MSE
performance criterion have shown superior performance between
the two methods. The results obtained by Liu and Tavakoli [24]
using the Bilateral adaptive control method MSE criteria were
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compared with the OACTC + RAC control method suggested in
Table 3. Figures 11 and 12 indicate a comparison of the suggested
approach, OACTC control, with ACTC and Bilateral adaptive
control [24] methods using MSE performance criteria.

Table 3. The performance comparisons of the angular position
tracking error (rad) and torque tracking error (N.m) with a study

in the literature

Angular position tracking Torque tracking error
error (rad) (N.m)

Control type MSE (q1) MSE(q2) MSE(ry) MSE(z2)
Proposed Method 0.1098 0.0943 0.0766 0.0445
(OACTC+RAC)

Bilateral adaptive 0.1286 0.2016 0.2135 0.2355

control [24]

Figure 11. The performance comparison graph of the g: angular
position (rad) and z; torque (N.m) with a study in the literature
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Figure 12. The performance comparison graph of the g2 angular
position (rad) and =2 torque (N.m) with a study in the literature
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Considering the performance results given in Table 3,
Figures 11 and 12, it is seen that the recommended OACTC +
RAC method for both position tracking and torque tracking error
shows superior performance compared to the reference given in
the table and graphs. Generally, it has been observed that the error
values achieved according to the performance criteria are
admissible. When the simulation results are evaluated, it is
discovered that the slave robot follows the master robot's
reference position information satisfactorily. Furthermore, it is
viewed that the torque values acquired as a result of the system's
interaction on the slave robot's side are successfully transmitted
to the master robot's side. The suggested OCTC and RAC
methods, despite the dynamic uncertainties and dead zones,
demonstrate a stable and well-angular position and torque
tracking performance, as shown in the graphs and tables provided
by the study.
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5. CONCLUSIONS

In this study, dynamic parameter uncertainty and dead
zone problems that affect the position and force tracking
performance of teleoperation robotic systems are examined. To
eliminate the parameter uncertainty from these problems, the
Optimally Adaptive Computed Torque Control (OACTC)
method, in which control coefficients are obtained using the Grey
Wolf Optimization (GWO) algorithm, and the Robust Adaptive
Control (RAC) method for the dead zone problem have been
proposed and applied. Separate adaptation rules were created for
both problems and applied simultaneously to the system. The
results were compared graphically and numerically with each
other and interpreted. In addition, it has been compared with a
previous study in litigation (Table 3, Figures 11 and 12). It has
been observed that the performance results have acceptable error
rates in bilateral control, thus it has been observed that the
performance has increased. The main reason for the proposed
OACTC+RAC method to perform better is to raise the
performance of the control coefficients of the ACTC method by
using the GWO algorithm and simultaneously using the RAC
method for the dead zone problem. The method can be developed
for problems such as backlash and hysteresis by using different
objective functions and creating different adaptation rules.

Acknowledgment

The subject of this study was supported by the Scientific
and Technological Research Council of Turkey (TUBITAK)
within the scope of the 2211/C Domestic Priority Doctoral
Scholarship Program.

Declaration of Conflicting Interests: The authors
declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the

283



Makine Miihendisligi

work reported in this paper. On behalf of all authors, the
corresponding author states that there is no conflict of interest.

Ethical approval: This article does not contain any
studies with human participants or animals performed by any of
the authors.

Appendix A

[ —cos &)(l,sinb,+1, cos8,) LsmGsing, -,sinb,cosb; |
I = 0 I, cos &, I,sin6,

i_—.i':s."a:ﬁls."a:-ﬁ_: lsing) cos &, lsing, cos@ I, cosf cosé, |

(A1)
[—sin G (1, cos &, -sindsingy)  -cos (), cos & cos,+sin 6,)  -lysind cos &, 1
J.=| —sin § (I, cos &, 1 sind sind;)  -sin& (], cos & cos &+ sin )  [ysiné,
Y I, cos &, -siné, sin & Iysin & sin &, | (A2)
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ANALYSIS OF MECHANICAL PROPERTIES
OF LIGNOCELLULOSIC FIBER FILLED
POLYPROPYLENE COMPOSITES FOR
ENGINEERING APPLICATIONS

Mustafa ONCUL!

1. INTRODUCTION

Polypropylene (PP) is a widely used thermoplastic
polymer known for its high mechanical strength, chemical
resistance, and ease of processing, making it suitable for diverse
applications, including the aviation, automotive, and defense
industries (Al-Ogla & Sapuan, 2014; Tripathi, 2002).
Considering the current environmental concerns and the
increasing demand for sustainable materials, improving the
properties of polypropylene with the addition of lignocellulosic
fillers is seen as an environmentally friendly option (Alshammari
et al., 2019). Lignocellulosic fibers, used in this study to improve
polypropylene's performance and reduce its environmental
impact, are particularly significant due to their biodegradability,
renewability, and cost-effectiveness (Pickering, Efendy, & Le,
2016). Incorporating these fibers into polypropylene has been
shown to directly influence the material's mechanical properties
(Ku, Wang, Pattarachaiyakoop, & Trada, 2011). Many studies in
the literature have explored natural fiber reinforced
polypropylene (Gholampour & Ozbakkaloglu, 2020; Savran,
Onciil, Yilmaz, Aydin, & Sever, 2023). There is significant
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research activity focused on improving the mechanical, thermal,
and environmental performance of polypropylene by
incorporating various reinforcement materials (Jawaid & Khalil,
2011; Wambua, lvens, & Verpoest, 2003). In particular, natural
fiber reinforcements, such as those derived from lignocellulosic
sources, contribute to material sustainability, enhancing its eco-
friendliness and long-term viability (John & Thomas, 2008). This
field of study is notable for its efforts in increasing and optimizing
performance properties (Faruk, Bledzki, Fink, & Sain, 2012).
Additionally, surface treatments and the use of compatibilizer to
improve the interfacial adhesion between natural fibers and the
polypropylene matrix are crucial topics (Mylsamy et al., 2024;
Soni et al., 2024). The literature primarily focuses on specific
fiber types and their combinations with polypropylene, presenting
optimizations tailored to specific applications. However, there is
a noticeable gap in the comprehensive analysis of varying fiber
ratios, processing conditions, and their effects on composite
performance. Moreover, many studies offer limited mechanical
testing and lack sufficient examination of the long-term behavior
of these materials under sustained loads (Oyedeji et al., 2024).

The Finite element method (FEM) is a widely employed
computer simulation technique in engineering and the physical
sciences, utilized for analyzing the behavior of complex
structures and materials (Norrie & De Vries, 2014). This method
subdivides an object into a finite number of elements, allowing
for detailed mathematical examination of each component's
behavior and facilitating insights into the material's response
under realistic conditions (Bathe, 2006). In this study, the
ANSYS software (licenced by Izmir Katip Celebi University), a
robust tool specifically designed for finite element analysis, was
employed to model the mechanical behavior of materials. The
integration of ANSYS with FEM provides engineers with a
deeper understanding of material behavior while significantly
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reducing both costs and time associated with the design process
(Hibbitt, Karlsson, & Sorensen, 1997). FEM is particularly
advantageous for detailed analyses of complex materials such as
composites, as it allows for the examination of stress,
deformation, and other mechanical properties at the micro-level
(Alade & lbrahim, 2022). Furthermore, FEM analyses can be
seamlessly integrated with experimental test data, enabling a
comparison of theoretical predictions with practical outcomes.
This integration allows for an enhanced understanding of material
performance under real-world conditions and can be used as a
replacement for large-scale or costly physical tests, thereby
saving resources (David Muzel, Bonhin, Guimaraes, & Guidi,
2020). Ultimately, the use of FEM supports the improvement and
development of material models, leading to enhanced
performance in industrial applications and reduced costs (Kim,
Sankar, & Kumar, 2018).

In the aviation sector, composites are employing the
manufacturing of fuselages, wings, engine components, and
interior structures. Their lightweight nature contributes
significantly to reducing aircraft weight, thereby enhancing fuel
efficiency and streamlining maintenance and repair processes
(Jones, 1999; Nikishkov, 2004). FEM plays a critical role in
analyzing the strength and fatigue of aircraft structures, as well as
in the iterative process of design improvements based on
operational conditions (Zienkiewicz & Taylor, 2005). Similarly,
in the automotive industry, composite materials are utilized to
improve durability, reduce vehicle weight, and enhance fuel
efficiency, directly aligning with industry goals of optimizing
performance and efficiency (David Muzel et al., 2020; Norrie &
De Vries, 2014). FEM s extensively applied in mechanical
testing, crash simulations, and material optimization of
automotive components, providing valuable insights into material
behavior under different scenarios. For instance, analysis of
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vehicle crash tests as illustrated in Figure 1, such as those
conducted by Abdel-Nasser (2013) assists in selecting suitable
materials and implementing design improvements based on the
results obtained.

Figure 1. Vehicle crash test application with FEM

z

Un-deformed model Y N Deformed model

Source: (Abdel-Nasser, 2013)

This study aims to evaluate the mechanical performance
of polypropylene and its composites. Utilizing a developed
methodology and advanced simulation techniques, this research
seeks to provide deeper insights into this critical area of materials
science and deliver innovative solutions for industrial
applications. The findings are predicted to contribute to the
development of sustainable material designs.

2. MATERIALS AND METHODS
2.1. Materials

In this study, thermoplastic polypropylene (LG M1500,
PP) used as matrix material and malva stem particles used as a
lignocellulosic filler (LF) material. Particles between 100 and 250
micrometers were used to produce the composites. 10% LF filled
PP composites (PPC) were produced by using a high-speed
thermokinetic mixer and a heated-cooled hydraulic press (Izmir
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Katip Celebi University Laboratories). The material properties
are summarized in Table 1.

Table 1. Materials properties

Density  Young's Modulus Poisson's Ratio

(g/ cm®) (MPa)
PP 0.9 983.01 0.42
PPC 1.2 1073.28 0.3
2.2.Methods

The mechanical properties of the samples, including
tensile strength, tensile modulus, flexural strength, and flexural
modulus, were measured using a tensile testing machine
(Shimadzu AGS-X, 5 kN, Japan). Tensile tests were performed
according to ASTM D638-14, "Standard Test Method for Tensile
Properties of Plastics,” with a crosshead speed of 50 mm/min.
Flexural tests were carried out following ASTM D790-17,
"Standard Test Methods for Flexural Properties of Unreinforced
and Reinforced Plastics and Electrical Insulating Materials," with
a crosshead speed of 1 mm/min. Each test was repeated at least
five times for each material type to ensure accuracy and
reliability.

Numerical analysis for tensile and three-point bending
tests were performed using ANSYS software to analyze the
deformation responses of materials under applied stress.

Tensile test simulations were conducted to assess the
material's behavior under tension, focusing on its tensile strength,
elastic modulus, and breaking point. These simulations,
performed using ANSYS software, considered the sample
geometry, material properties, and applied loads to ensure
accurate representation of experimental conditions. The
simulation parameters were adjusted to close the actual testing
environment. The results provide insights into the tensile
behavior of the sample, including the maximum stress and
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deformation characteristics. For PP, the maximum total
deformation reached 12.351 mm, with a corresponding maximum
equivalent (von Mises) stress of 27.72 MPa. For PPC, the
maximum total deformation was 12.429 mm, while the maximum
equivalent stress was 24.546 MPa. These results were compared
with experimental data to evaluate the accuracy and reliability of
the simulation.

Flexural simulations were conducted to evaluate the
material's behavior under three-point bending, which is crucial for
determining bending strength and deformation response. These
simulations, performed using ANSY'S software, accounted for the
sample geometry, material properties, and applied loads to
accurately same experimental conditions. The simulation
parameters were carefully adjusted to reflect real-world testing
scenarios. The results provide insights into the sample's bending
strength, maximum deformation, and post-bending behavior. To
assess the accuracy and reliability of the simulation, these results
were compared with experimental findings. For PP, the
simulations revealed that the material exhibited a certain level of
flexural strength, with a maximum equivalent stress of 2.23 MPa
and a maximum total deformation of 5.247 mm. The analysis of
the material's behavior after bending indicated that the
deformation was uniformly distributed. Similarly, for PPC, the
flexural simulations demonstrated a specific flexural strength,
with a maximum equivalent stress of 1.866 MPa and a maximum
total deformation of 5.1233 mm. Post-bending analysis of the
composite showed that deformation was evenly distributed, and
the material remained stable after bending.

ANSYS simulations provide visual representations of the
stress distribution, deformation, and other mechanical properties
of the material. The images, given in Figure 2, facilitate a better
understanding of the material's behavior by allowing comparisons
with experimental results.
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Figure 2. a. Finished geometry, b. Meshing geometry for tensile
test (mesh size = 1 mm), ¢. Explicit dynamics boundaries, d.
Meshing geometry (mesh size = 1 mm) for three-point bending
test.

(b)

(© (d)

3. RESULTS AND DISCUSSION
3.1.Tensile Test Results

Total deformation and equivalent stress analysis result for
both PP and PPC are given in Figure 3. For PPC, Figure 3 (a-c),
the results indicated that the material experienced a maximum
deformation of 12.429 mm, demonstrating its theoretically high
elasticity. When this deformation was analyzed in terms of strain,
the equivalent elastic strain was calculated to be 0.030 mm/mm,
which is 1.1% lower than the experimental results. This
discrepancy highlights a potential area for calibration within the
simulation model. Overall, the comparison of the current results
shows that the simulation successfully reflects real test conditions
and material behavior while providing a better prediction of the
material’s potential performance.
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For PPC, the analysis indicated that it experienced a
maximum equivalent stress of 24.5 MPa, which is significantly
higher than the 15.8 MPa obtained from experimental tests. This
difference underscores the material's high strength potential as
predicted by the simulation. In terms of maximum stress, the
experimental results measured 15.8 MPa, suggesting that the
material does not exhibit the same level of structural strength as
indicated in the simulation. Additionally, the maximum strain
value recorded in the experimental tests was 0.041 mm/mm,
indicating that the material elongates similarly to the simulation
results.

Figure 3. a. Total deformation result of PPC, b. Equivalent stress
result of PPC, c. Equivalent elastic strain result of PPC, d. Total
deformation result of PP, e. Equivalent stress result of PP, f.
Equivalent elastic strain result of PP

(b) e

(© ()
According to the simulation results, Figure 3 (d-f), the PP
experienced a maximum deformation of 12.351 mm, leading to a
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calculated strain of 0.045 mm/mm. This result is in close
agreement with experimental test findings, suggesting a higher
simulated strain value for the material. The simulation indicated
that PP remains under a maximum von Mises stress of 27.72 MPa,
reflecting its high strength. When comparing the simulation
results with experimental tests, it is evident that the simulation
aligns closely with experimental data, indicating that the material
exhibits greater strength than initially measured. The maximum
stress recorded in experimental tests was found to be 22.79 MPa,
highlighting a significant difference that suggests the simulation
material could withstand greater stress. Additionally, the
maximum strain obtained from experimental tests was recorded
at 0.0357 mm/mm, indicating that the simulation accurately
represents material behavior and shows potential for
improvement.

3.2.Three-point Bending Test Results

Total deformation and equivalent stress analysis result for
both PP and its composites are given in Figure 4.

Figure 4. a. Total deformation result of PPC, b. Equivalent stress
result of PPC, c. Total deformation result of PP, d. Equivalent
stress result of PP.

(b) @
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According to the simulation results, the PP material
experienced a maximum deformation of 5.24447 mm, resulting
in a calculated strain value of 0.158 mm/mm. The simulation
predicted that PP was subjected to a maximum von Mises stress
of 2.2301 MPa. In comparison, the maximum stress value
measured experimentally was 2.694978 MPa, indicating that the
simulation predicted a stress approximately 17% lower than the
experimental results. This discrepancy suggests that while the
simulation model effectively predicts stress values, it struggles to
align with the results observed in real test conditions.

Additionally, the maximum strain recorded in
experimental tests was 0.130901 mm/mm, while the ANSYS
simulation estimated the maximum strain for PP to be
approximately 15.8% higher than the experimental value of
13.0901%. This indicates that the simulation predicts elongation
that is around 20.7% greater than what was observed
experimentally.

Figure 5. Yeoh model prediction versus experimental data, a. for
PPC, and b. for PP.
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Ansys

(b)
Based on the stress-strain data obtained from the tensile
uniaxial tests conducted on the composite material in the
experimental setup, the ANSYS simulation identified the Yeoh
2nd Order Hyperelastic material model as the best fit for
accurately replicating the test results as given in Figure 5. This
model demonstrated a strong correlation between the
experimental and simulated data, providing a reliable
representation of the material's nonlinear behavior. The use of the
Yeoh model enables better predictions of the material's
performance under various loading conditions, making it a
valuable tool for future design and analysis (Yeoh, 1993).

4. CONCLUSION

This study aimed to analyze the mechanical properties of
polypropylene PP and its composite (PPC), focusing on
evaluating and comparing their tensile and flexural behaviors
through experimental tests and finite element modeling (FEM).
The simulations for PP predicted higher stress and strain values
than those observed in experimental results, suggesting that the
simulations overestimated the material's behavior. In contrast, the
simulations for the composite material more accurately
represented the strain and stress, aligning closely with
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experimental data due to optimized material properties and
constraints. These findings highlight the need for further
calibration and validation of simulation techniques and material
modeling to improve accuracy. Nonetheless, the study provides
valuable insights for optimizing material selection and design
processes, enabling more precise design optimization and
potential reductions in material costs while enhancing product
performance—especially crucial in high-performance industries
like automotive and aerospace. The integration of simulation and
real-world testing demonstrated in this research adds significant
value to engineering design, and future research should focus on
advancing simulation methods and exploring the long-term
fatigue behavior and environmental durability of materials.
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STRUCTURE OF INDUSTRY 4.0-BASED
PRODUCTION TECHNOLOGIES AND
EVALUATION OF ADAPTATION TO
MANUFACTURING INDUSTRY

Erman ZURNACI!

1. INTRODUCTION

The need for the digitalization of production systems,
along with innovative technologies, has initiated a new industrial
revolution. Advanced production technologies have increased
machine-human interaction, and digitalized production lines have
caused a radical change in the industry. Sharpening competition
conditions and increasingly diverse customer expectations have
led to increased aesthetic needs from products and functionality.
Increasing demand and decreasing resources have necessitated
the development of different technologies and methods for
sustainable and low-cost production in the manufacturing
industry. Developing technologies have paved the way for a new
industrial revolution.

The new industrial revolution is also necessary to solve
problems such as production speed, supply process, and
updatable production lines to meet the ever-changing demands of
the global economy. In fierce competition conditions, companies
must profit from the technological innovations brought by
Industry 4.0 to produce faster, more environmentally friendly
products at lower costs and in accordance with customer

L Asst. Prof. Dr., Department of Mechanical Engineering, Faculty of Engineering and
Architecture, Kastamonu University, Kastamonu, Turkey.
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expectations. One of the reasons for the slow progress of the
fourth industrial revolution is the high costs of digital
transformation and the need to renew existing infrastructures. In
addition, providing the knowledge and qualified workforce
required for digitalization poses a significant challenge,
especially in developing economies (Javaid et al., 2024). Various
difficulties must be overcome by using innovative technological
methods instead of traditional production methods. Overcoming
these difficulties will also accelerate the transition to Industry 5.0.

2. INDUSTRIAL 4.0 REVOLUTION AND BASIC
TECHNOLOGIES

The latest industrial revolution that we have witnessed is
called 'Industry 4.0', and this concept was first used in the German
government's high-tech strategy program at the Hannover Fair in
2011, and became more widespread with its inclusion in the
World Economic Forum in 2016. With each industrial revolution,
production has become increasingly digitalized, and the
diminishing human power has been replaced by electronically
controlled equipment (Figure 1).

Figure 1. Industrial revolutions and decisive technologies
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The main aim of Industry 4.0 is to generate a mechanism
that automatically manages all processes from raw material
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ordering to production start, from production to waste recycling,
in accordance with the customer's individual needs (Neugebauer
et al., 2016). With the development of production technologies
and the use of these new technologies in different areas of
industry, many concepts have emerged in production (Pereira &
Romero, 2017). While the first industrial revolution used steam
power, now, with the power of electricity, an automated and more
sustainable, albeit complex, more efficient production process has
become possible (Qin et al., 2016). Changing times, developing
technologies, and new approaches that have been produced to
respond to changing needs have caused paradigm shifts in
industry. Sometimes, the underlying force of innovations is
needs, while sometimes, innovative technologies have paved the
way for these paradigm shifts (Figure 2). Innovations brought by
technological developments have enabled the use of limited
resources in different areas, which has resulted in increased
productivity and quality.

Figure 2. Historical Process of the Main Paradigms in Production
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Source: (Wright, 2001)
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Different problems that have emerged in production in
recent years require the use of Industry 4.0 technologies. In
particular, the loss of labor that will begin to occur due to the
aging European population will allow Industry 4.0 technologies
to take more place in production processes. According to the
Economic Policy Committee and the European Commission, the
working-age population will decrease by 16% by 2050 (Hewitt,
2002). Autonomous production technologies will reduce the need
for unskilled labor while also allowing more resources to be
allocated for expert labor.

With each industrial revolution, the need for labor
provided by humans has decreased, and instead, machines have
started to take more place in production. The digitalizing world
has started to leave not only the labor force but also the control of
production to computers. Digital computers have led to further
advances in communication and communication technologies
(Shamim et al., 2016). The realization of the fourth industrial
revolution was made possible by the development of four basic
technologies (Figure 3). The integration of these technologies
with each other enables the digitalization of production. The
technologies that form the basis of the fourth industrial revolution
can be listed as follows (Thames & Schaefer, 2016):

Figure 3. Key Components of Industry 4.0
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Internet of Things (10T): Internet of Things technology
is the interconnection and communication of physical systems via
wired or wireless communication methods or the Internet
(Witkowski, 2017). Here, sensors collect data in accordance with
the system design determined for a predetermined task and this
data is transmitted to a processor. The processor interprets and
evaluates the data. Then, it is decided what the actuators in the
system will do, and this decision is transmitted via electronic
communication methods, allowing the work to be done
autonomously. This system can be used in many different areas,
from smart homes to digitalized production, without the need for
human intervention. Especially in factories, errors in the
production process can be detected in advance with 10T systems,
increased production efficiency and energy optimization can be
achieved.

Cognitive Informatics: The production of autonomous
systems is possible by developing systems that evaluate the entire
production process and can make decisions by converting
feedback signals into meaningful information. The discipline that
imitates the way the human brain thinks and tries to integrate it
into artificial intelligence systems is defined as cognitive
informatics (Wang et al., 2020). Cognitive informatics can also
be expressed as the ability of systems to manage themselves by
working in integration with 10T. Autonomous systems can make
decision-making processes faster and more efficient with
cognitive informatics-based technologies.

Cyber-Physical Systems: Cyber-physical systems, as the
name suggests, are integrated systems where physical systems
work together with digital technologies (Zhou et al., 2015). In
cyber-physical systems, physical data is collected from sensors
integrated into the system, and after being evaluated by decision-
making systems, it is transmitted to actuators, and autonomous
decision processes are performed. Autonomous vehicles are the
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best example of cyber-physical systems. Road data is
automatically collected during driving and processed in the
computer system to make driving decisions, and accordingly,
vehicles are allowed to move autonomously. It is also one of the
most critical changes under predictive maintenance applications.
Sensors and preventive maintenance applications can detect
physical changes in mechanical system parameters can be
performed (Lasi et al., 2014).

Data Analytics: Controlling every stage of production
system and autonomously managing decision-making processes
requires more sensors. Each sensor produces a large amount of
real-time data, and this information is raw data. Collecting and
analyzing this data provides important information that can affect
production performance. For this reason, analyzing all this data
instantly, making instant decisions, and reporting it require
advanced data analytics. One of the basic components of data
analytics is cloud storage technology. One of the most important
features of cloud storage technology is that stored data can be
accessed regardless of location. This provides significant
convenience for the use of 10T technologies.

3. DIFFICULTIES IN ADAPTING INDUSTRIAL
COMPANIES TO INDUSTRY 4.0
TECHNOLOGIES

Although the advantages of Smart Manufacturing
technologies promise a very efficient and high-quality production
process, the technological infrastructure and expert workforce
they require to delay the integration of these technologies into the
production processes of companies. The vast majority of
companies do not want to allocate the necessary investment
budget to use these innovative technologies.

310



Makine Miihendisligi

With the developments in electronic communication,
sensor and detection technologies, Al-supported approaches can
significantly increase efficiency in different production
processes. In addition, the integration of automation systems into
existing production lines brings with it quite complex problems
(Leitdo et al., 2016). Additionally, these systems need to be
protected against malicious attacks due to their connection to the
Internet (Serror et al., 2021). This brings with it some difficulties
regarding the security of the systems.

Since production systems and equipment are
interconnected via communication networks, malicious attacks
such as cyberattacks have the potential to completely halt or
disrupt processing. In addition, data related to production
processes can be stolen through malicious cyberattacks. This
poses significant security risks for companies. Recent studies
have shown that popular machine learning methods, such as
machine learning, can be manipulated by inputting incorrect data
(Madry et al., 2017). Therefore, the decision made by Al-
supported algorithms may turn into an unsafe processing process
in cases where adequate security measures are not taken
(Papernot et al., 2016). To overcome these problems, Al-
supported production algorithms and predictive maintenance
applications are needed. Ensuring a safe production process is an
even more important issue, especially in non-autonomous
machining processes where humans also play a role (Javier
Garcia & Fernandez, 2015).

The integration of Industry 4.0 technologies into the
manufacturing processes of industrial companies offers
significant opportunities but also brings with it various
challenges. These challenges slow down the adaptation process.
The obstacles to the adaptation of Industry 4.0 technologies can
be listed as follows.
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3.1. High Investment Costs

The basic components of Industry 4.0, namely cyber-
physical systems, internet of things, big data analytics and
artificial intelligence technologies, and electronic components
that work with these technologies, are quite costly. Small and
medium-sized enterprises, in particular, have difficulty meeting
the capital investments required to transition to these new
technologies (Ghobakhloo et al., 2012). Renewing the machine
park, installing sensor systems that detect production processes,
and creating data storage systems and data analysis
infrastructures for storing collected data require high costs. Even
if all these costs are covered, an expert workforce is needed to use
and manage these technologies. Since the use of Industry 4.0
technologies also provides energy optimization, some of it can be
compensated with government incentives.

3.2. Inadequacy of Technological Infrastructure

Many industrial companies have difficulty adapting their
existing machinery to Industry 4.0 technologies. Older generation
machinery and equipment, in particular, may not be integrated
with new digital and automation systems. This requires
companies to install new systems from scratch or modernize old
equipment, which is a time-consuming and costly process. Even
if the installation cost is covered, technological equipment will
still be needed for the necessary maintenance and repair
operations to ensure the continuity of the process. The integration
of machinery should be ensured as a whole. When a new
technological device is added to the machinery and works
incompatibly with other systems, it causes a loss of efficiency.
Therefore, changing all of the existing systems may be scary for
companies. Companies that have completed the Industry 3.0
transformation can make this transition faster and cheaper.
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3.3. Need for Qualified Workforce

Having Industry 4.0 technologies is not enough to
digitalize a production process. Even if systems with
technologically advanced equipment are used, a qualified
workforce is still needed to produce software to run decision-
making systems, perform maintenance and repair operations, and
monitor the process. However, the lack of employees specialized
in innovative technology areas such as autonomous systems, data
analytics, artificial intelligence, and automation systems poses a
significant obstacle for companies (Serror et al., 2021).
Companies need intensive training programs and skill
development practices to adapt their existing employees to these
technologies.

The cost of expert labor is high. Companies generally tend
to use government incentives when making such investments. In
this way, they minimize investment risk. In addition, the training
of a workforce with the necessary qualifications in these areas can
be provided by government incentives. In this way, companies
can be encouraged to use new technologies. The digitalization
process can also cause fear of losing their jobs in employees. This
can cause businesses to resist the digital transformation process.
This resistance can prevent or delay the transformation process.
This problem can be prevented by informing and training
workers.

3.4. Cyber Security Risks

Manufacturing processes digitized with Industry 4.0
provide a large amount of data about the process. Processing and
storing this data can cause significant cybersecurity
vulnerabilities. Companies' transfer of their production processes
to digital media and the connection established with the internet
network also requires protecting this data against malicious
cyberattacks. If the necessary security measures are not taken,
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risks such as theft of critical data related to processing processes,
unauthorized access to customer information, and production
stoppage or slowdown may occur. Closing these security
vulnerabilities also requires additional investments in addition to
installation costs.

3.5. Data Management and Integration Problems

At the heart of Industry 4.0 are the processes of collecting
and processing big data. However, companies may face
difficulties collecting, storing, analyzing, and integrating this data
into production processes. Integrating data from different sources
and using them to benefit the business is complex. Especially in
cases where data quality is low, incorrect analyses can be made,
which can negatively affect decision-making processes.

3.6. Organizational Resistance

Adaptation to digital production technologies cannot be
achieved through technological investment alone. It also requires
the formation of a new organizational structure. Because digital
production is different from traditional production processes.
Therefore, creating an organizational structure compatible with
digital production technologies may require a certain transition
period. Resistance, especially from senior management and
employees, can slow adaptation. For companies to realize digital
transformation, employees must first have sufficient knowledge
on this subject and be aware of the benefits of using digital
technologies, and senior management must support this process.

3.7. Lack of National and International Regulations

One of the biggest challenges of Industry 4.0 is that
common standards and communication protocols between
different technologies have not yet been fully established
(Horvath & Szabd, 2019). There may be incompatibilities
between technologies offered by different manufacturers, which
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can lead to integration problems. In addition, legal requirements
for data collection, processing and storage can create additional
workload for companies. Companies may have difficulty
integrating systems and equipment from different suppliers
without a common industry standard. This can cause
demotivation in employees and employers, which can push them
away from digital transformation.

4. SMART MANUFACTURING CONCEPT

Smart Manufacturing is a concept that emerged with the
development and spread of technologies that are the product of
the Industry 4.0 industrial revolution. The smart manufacturing
concept is an approach that uses automation and digital
technologies to make production processes faster, more flexible,
and more efficient (Soroush et al., 2020). Smart manufacturing
processes utilize technologies such as the Internet of Things, big
data analytics, cyber-physical systems, artificial intelligence, and
cloud computing. The manufacturing process can be performed
autonomously or manually. Smart manufacturing systems focus
on optimizing the process by gathering detailed information about
the manufacturing process rather than how it is performed.

Figure 6. Smart Manufacturing Process

Sensors

‘Computer Numeric
Controd Machine

In smart manufacturing systems, system components can
communicate with each other and transfer data instantly in real-
time. This data can be stored with cloud computing technologies,
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and reporting can be performed during production when
necessary (Figure 6). In addition, it is possible to detect faults in
advance by processing the data. However, the complex structure
of a smart factory and advanced automation systems require high
safety standards to ensure security (Yan et al., 2017). However,
with data security, each processed data provides valuable
information for the healthy progress of the production process.
This prevents disruptions in the production process, ensures
production continuity, and prevents loss of labor. Smart
manufacturing technologies have attracted more attention with
the development of technologies that form the basis of Industry
4.0 (Figure 7).

Figure 7. Smart Manufacturing Advantages and Benefits

Production advantages Operational benefits

Increased productivity [ Flexible Manufacturing
Time saving 1 I Predictive Maintenance

Waste reduction } I Digital Factory

Smart Manufacturing
Planned maintenance 1 I Sustainable Production

Energy optimization 1 I Connected Equipments

Product quality improvement ) Data Processing and Reporting

Intelligent processing aims to automate tasks that humans
perform in the physical world and optimize processes themselves
(Mekid et al. 2009). Machine learning techniques and Al-
supported technologies are used to produce solutions for process
optimization and efficiency increase in processing. Autonomous
robots and smart sensors increase production speed and accuracy
by minimizing human intervention in production lines. These
technologies can be used to ensure occupational safety, especially
in repetitive and dangerous tasks. As a result, smart
manufacturing technologies offer significant advantages in terms
of efficiency, quality, and sustainability in the manufacturing

316



Makine Miihendisligi

industry. For these reasons, many companies in the
manufacturing sector are making major investments in the smart
manufacturing market, which is expected to grow very much
(TrendForce, 2022).

The relationship between smart manufacturing and
Industry 4.0 provides a flexible and efficient production structure.
Industrial robots and digitalized machines that communicate with
each other provide a customizable production line that can
respond quickly to different customer demands and changing
market conditions. Thus, a production line that can be quickly
integrated for order-based production can be provided.

The technological capabilities offered by Industry 4.0
create the flexible infrastructure required for Smart
Manufacturing. The relationship between these two concepts is
based on a hybrid production process that emerges through the
integration of digitalization and automation into production
processes (Bi et al., 2022). While Industry 4.0 provides digital
transformation in production, Smart Manufacturing enables the
application of digital production technologies in manufacturing
processes. In particular, real-time and instantaneous data
processing processes, cyber-physical systems, and artificial
intelligence algorithms increase performance at every stage of
production processes, allowing for fast and low-cost production.
Therefore, these two concepts are a new synergy that
complements each other and increases production efficiency.

4.1. Predictive Maintenance Applications

Predictive maintenance is the early detection of possible
failures in machinery and equipment by precisely monitoring and
interpreting changes in  manufacturing processes and
implementing appropriate maintenance practices (Zonta et al.,
2020). The basis of this approach is the ability to monitor the
manufacturing process precisely. Therefore, these monitoring
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processes are only possible by integrating Industry 4.0
technologies. Predictive maintenance applications can collect
continuous data from the machine park using sensors, loT
devices, and data analytics. Data analytics applications can
analyze the collected data to determine when the equipment will
need maintenance.

Maintenance costs constitute much of total production
costs (Blanchard, 1997). Companies usually add maintenance
costs to product costs. Because it is usually not possible to
measure maintenance costs accurately. With the solutions
brought by Industry 4.0, it becomes possible to estimate the
remaining life of equipment using data collected through multiple
sensors. As a result, maintenance costs and downtime can be
reduced (Yan et al., 2017). This results in increased productivity
and quality.

The biggest advantage of predictive maintenance
applications is the reduction of downtime. Since possible failures
can be predicted in advance, unexpected stoppages can be
minimized. When maintenance operations are carried out
planned, unnecessary maintenance costs can be prevented, thus
saving both cost and labor. Timely maintenance extends the
working hours of costly systems. Preventing dangerous failure
risks in advance is important for occupational safety; in addition,
environmental waste is reduced by preventing unexpected
situations.

4.2. 3D Printing Technology

Three-dimensional production is a technique of producing
solid models designed by combining materials in layers. In this
method, digital product models created by engineers are
converted into real objects. The digital product model is first
divided into layers, then each layer is added on top of the other
and the layers are combined with high heat. Different three-
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dimensional models can be produced with different materials,
regardless of their geometry (Kartal & Kaptan, 2023). This
production technique is used in many critical fields, such as
medicine, aviation, food, biomedical engineering, medicine,
defense, and aviation (Bozkurt & Karayel, 2021; Giannopoulos et
al., 2016; Liu et al., 2017). It is a faster, more flexible, and less
waste-producing production method than traditional production
methods.

The most important advantage of the three-dimensional
production technique is that it can be customized. Most of the
production parameters can be customized, and some parameters
can even be changed during production. Production and design
parameters also have a significant effect on the mechanical
properties of the product (Lanzotti et al., 2015; Zurnac1 &
Ozdemir, 2023). Researchers have developed sustainable
components with improved mechanical properties by taking
advantage of this feature of the three-dimensional production
technique (Zurnaci, 2023). This production technique also
provides a compatible opportunity for integrating industrial
automation technologies. Since production is carried out
completely digitally, the optimization and control of the
production process can be provided autonomously. Therefore, it
has an important role in the Industrial Revolution 4.0. As part of
smart manufacturing systems, 3D manufacturing increases
flexibility by offering customized production and rapid
prototyping (Alogla et al., 2021). Production process parameters
can be optimized for production efficiency and sustainability. The
strong compatibility between Industry 4.0 goals and the
advantages of 3D manufacturing can greatly facilitate the
transformation of the manufacturing industry.
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5. DIGITAL TRANSFORMATION OF INDUSTRY
IN TURKEY

The digital transformation of industry in Turkey is a
process that has accelerated especially within the framework of
Industry 4.0. Turkey, which wants to take a greater place in the
global market and develop competitive products, encourages
digitalization in the industry to increase efficiency, reduce costs,
ensure environmental sustainability, and high value-added
production in industrial sectors (Usta, 2021). The strategic goals
include ensuring digitalization primarily in the automotive, white
goods, and electronics sectors. In addition, various incentive and
grant programs have been created for small and medium
enterprises and large industrial organizations. Thus, financial
support is provided for high investment costs, one of the biggest
obstacles to digital transformation.

In order to determine the current status of critical
technologies and support for smart manufacturing systems, a
survey was conducted by the Scientific and Technological
Research Council of Turkey (TUBITAK) in June 2016 with
approximately 1000 private sector companies that received R&D
incentives. As a result of this study, it was determined that only
22% of the companies participating in the survey had
comprehensive knowledge about R&D and smart manufacturing
(Figure 4) (TUBITAK, 2016). The research also shows that
companies want to integrate innovative technologies into their
processes as a goal shortly. It was determined that the sectors with
the highest awareness of smart production systems are the
electronics, software, and materials sectors, respectively (Figure
5).
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Figure 4. Awareness Status of Companies in Turkey
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Source: (TUBITAK, 2016)

Figure 5. The Three Sectors with the Highest Awareness
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6. AN GENERAL ASSESSMENT OF THE
FUTURE OF INDUSTRY 4.0-BASED
PRODUCTION

While the previous industrial revolution focused on
reducing human labor, the most important component of the latest
industrial revolution is data. Developing artificial intelligence
techniques can produce a lot of meaningful information by
interpreting production data. This information can be used to
increase production quality and efficiency. In particular, the use
of smart manufacturing technologies can provide benefits such as
shortening production time, reducing maintenance costs, and
reducing cutting tool costs. This significantly contributes to
national economies and ensures sustainable production.

Adaptation of industrial companies to Industry 4.0
technologies brings with it many challenges that need to be
overcome, along with the significant advantages it provides. In
order to overcome these challenges mentioned above, companies
need to make strategic investments, develop a qualified
workforce, and implement innovative management processes.
Only in this way can the opportunities offered by Industry 4.0 be
fully utilized. In this way, companies can gain long-term
competitive advantage and use more sustainable production
systems.
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