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Anahtar kelimeler 0z

Enerji, enerji depolama Ulkemizde petrol, kémiir ve dogal gaz gibi fosil yakitlarin rezervlerinin
teknolojileri, piller, sinirlt olmasi, cevresel ve sosyal kisitlamalar yenilenebilir enerji
mekaniksel enerji kaynaklarina yonelimi artirmistir. Sanayi ve teknoloji gelistikce

modern yasamin strdirilebilirligini ve iiretimin siirekliligini
saglamak icin enerji stirekliligi ¢cok 6nemli olmaktadir. Yenilenebilir
enerji kaynaklari kullanilirken, enerji iiretim kesintilerinin en aza
indirilmesinde ve bu sistemlerin dagitiminda depolama teknolojileri
cok onemli bir rol oynamaktadir. Enerji, istma enerjisi, kimyasal eneryji,
yercekimi potansiyel enerjisi, elektrik potansiyel enerjisi, elektrik
enerjisi, termal enerji, gizli is1 enerjisi ve kinetik enerji dahil olImak
tizere bir¢ok bicimde gériinmektedir. Enerji depolamanin amaci,
istenildigi zaman ve istenildigi yerde kullanilmaya hazir olmasidir.
Enerji depolama, enerjiyi depolamasi zor olan formlardan depolamast
daha kolay veya daha ucuz olan formlara déniistiirmeyi icermektedir.
Enerji depolama ile giin boyunca farkli enerji gereksinimlerine hizli ve
giivenilir bir sekilde tepki vermesi saglanilmaktadir. Enerji depolama
teknolojisi; giic sistemlerini iyilestirmesi, yenilenebilir enerji liretimine
katki saglamast ve petrol bazli yakitlara alternatif sunmast nedeniyle
biiyiik potansiyele sahip bir teknolojidir. Enerjinin bir ¢ok farkli
depolama yéntemleri bulunmaktadir. Enerji ¢ok degisik formlarda
depolama yéntemleri vardir. Ornegin biyolojik depolama, kimyasal
depolama, 1sil depolama, elektriksel depolama, potansiyel eneriji,
yercekimi potansiyel enerjisi, kinetik enerji vb. bu ¢calismada bunlardan
baslica enerji depolama yéntemleri olan kimyasal, mekaniksel,
elektrokimyasal, is1l ve elektriksel enerji depolama yéntemleri ele
alinmistir. Bu ¢alismanin daha once yapilmis calismalar ve standartlar
acisindan, literatiire katkist olacagi diistiniilmektedir. Sonug olarak
yapilan arastirma neticesinde en yaygin olarak elektrokimyasal enerji
depolama teknolojileri kullanildigi gorilmiistiir.

depolama, elektrokimyasal
enerji depolama

edip.taskesen@sirnak.edu.tr
doi: 10.46399/muhendismakina.1260357
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FUTURE ENERGY STORAGE TECHNOLOGIES, SUSTAINABILITY

AND ENERGY CONVERSION

Keywords

Abstract

Energy, Energy Storage
Technologies, Batteries,
Mechanical Energy
Storage, Electrochemical
Energy Storage

In our country, the limited reserves of fossil fuels such as oil,
coal and natural gas, and environmental and social restrictions
have increased the orientation to renewable energy sources. As
industry and technology develop, energy continuity becomes very
important to ensure the sustainability of modern life and the
continuity of production. When using renewable energy sources,
storage technologies play a very important role in minimizing
power generation interruptions and in the distribution of these
systems. Energy appears in many forms, including radiative
energy, chemical energy, gravitational potential energy, electrical
potential energy, electrical energy, thermal energy, latent heat
energy, and kinetic energy. The purpose of energy storage should
be ready to be used whenever and wherever desired. Energy
storage involves converting energy from forms that are difficult to
store to forms that are easier or cheaper to store. Energy storage
ensures that it responds quickly and reliably to different energy
requirements throughout the day. Energy storage technology;
It is a technology with great potential as it improves power
systems, contributes to renewable energy production and offers
an alternative to petroleum-based fuels. There are many different
storage methods of energy. There are many different forms of
energy storage methods. For example, biological storage, chemical
storage, thermal storage, electrical storage, potential energy,
gravitational potential energy, kinetic energy etc. In this study,
chemical, mechanical, electrochemical, thermal and electrical
energy storage methods, which are the main energy storage
methods, are discussed. It is thought that this study will contribute
to the literature in terms of previous studies and standards. As a
result of the research, it has been seen that electrochemical energy
storage technologies are most commonly used.

Derleme Makalesi
Bagvuru Tarihi
Kabul Tarihi

Review Article
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Extended Abstract

Introduction/ Background

In this study, we provide an overview of current energy storage technologies. By clas-
sifying energy storage technologies, the working principles and features of each tech-
nology are explained. Verimli enerji depolama, mevcut enerji altyapisinda biiyiik 6l-
cekte uygulanirsa, enerji endiistrisinde on yillardir goriilen en biiyiik degisikliklerden
bazilarini beraberinde getirebilir. By enabling intermittent sources of energy, wind
and solar could make their debut en mass, filling fields with wind turbines and de-
serts with solar arrays. By adding more renewable energy sources to the power mix,
there is greater potential for decreases in harmful emissions. Additionally, energy
storage would improve the reliability and dynamic stability of the power system by
providing stable, abundant energy reserves that require little ramp time and are less
susceptible to varying fuel prices or shortages. Energy storage can shift the higher
peak load to off-peak hours in order to level the generation requirement, allowing
generators to run more efficiently at a stable power level, potentially decreasing the
average cost of electricity. Additionally, increased energy storage capacity can defer
or avoid generation capacity increases, decrease transmission congestion (and the-
reby transmission losses), and help enable distributed generation such as residenti-
al solar and wind systems. Energy storage technology; It is a technology with great
potential as it can improve electrical power systems, contribute to renewable energy
production and offer an alternative to petroleum-derived fuels. In this study; chemi-
cal, electrical, electrochemical, mechanical and thermal energy storage systems were
discussed and information was given about their structures and working principles.

Objectives/ Research Purpose

The aim of this study is to classify the types of energy storage technologies and to
deal with these technologies. Providing a detailed overview of how each of the energy
storage devices works so the reader can get a better idea of the potential benefits and
drawbacks of each device.

Methods/ Methodology

In this section, energy storage technologies are introduced by classifying, and the
working principles of these technologies are examined one by one by classifying
them. Energy storage techniques can be used in a variety of applications. In energy
storage systems, the form of energy converted largely determines the classification.
Energy storage techniques can be divided into 5 main parts; chemical, electrochemi-
cal, electrical, mechanical and thermal storage. Energy storage systems have become
more imperative than ever, due to supply-demand imbalance. But storage requires
very difficult and costly equipment. The stored energy must be replaced before it is
completely depleted. In order not to experience complete exhaustion, the probabi-
lities must be calculated very well and an appropriate system must be designed by
taking into account the interruption times, the instantaneous increase and decrease
in demand. However, in this way, activities can be continued without interruption.
Electrical energy can be stored in a variety of ways. These; chemical, electrochemical,
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electrical, mechanical and thermal systems. Among these methods, thermal energy
storage systems with mechanical pumps and hydro storage systems have emerged
and it has been predicted that they can be extensively researched and easily applied.

Results/Findings

An energy storage system would enable smart grid concepts, one of the driving tech-
nologies of the future. Acquiring energy storage systems that eliminate fluctuations
associated with energy productions can facilitate the growth of energy impacts. It can
support the energy storage system systems reliability and additionally offer some
auxiliary setup such as load monitoring, spin reserve, black start feature. Also, energy
storage systems can be taken to eliminate peak loads, thereby throttling generator
failures. The amount of energy stored can play an important role in compensating
for the peak load. The capacity factor of base generation capacities can be increased
in this way, also a positive factor for low-priced stored energy use. Energy storage
systems seem to be locked in to adapt to the operation of new technologies, consu-
mer services, operation and rotational systems of electricity generation and distri-
bution systems over the past year. It can also provide many configurations such as
display in network performance, fast response, upload matching capability. Impor-
tant problems of energy houses such as sustainability and environmental protection
lead us to diversify energy use and increase energy consumption in the future. Vari-
ations in energy/electricity generation quantities from renewable short-term sour-
ces and their long-term fluctuations require some critical measurements. Therefore,
energy storage becomes significantly important for screens to which the electrical
grid system responds because of easy manageability, controllability, predictability
and execution. It is a research subject that cultivates batteries and energy storage
systems that have taken their place in all areas of our lives, and is responsible for the
areas most open to development.

Discussion and Conclusions

This study provides an overview of current energy storage technologies, categori-
zing them into chemical, electrochemical, electrical, mechanical, and thermal storage
systems. These technologies have the potential to bring significant changes to the
energy infrastructure and contribute to sustainable energy production. Energy sto-
rage systems, when integrated into the power grid, enable the concept of a smart
grid, reducing energy fluctuations, facilitating the integration of renewable energy,
and offering solutions for environmental sustainability.

Among the various methods explored, electrochemical energy storage technologies
emerged as the most commonly utilized in the research. These findings highlight the
potential of energy storage technologies to play a crucial role in future energy trans-
formation and sustainability efforts. The study suggests that these technologies can
address challenges associated with energy reliability and environmental impact, po-
sitioning them as key players in the ongoing transition to a more sustainable energy
landscape.
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1. Giris

Enerji, soyut bir varlik olarak kabul edilen ve yalnizca bigimlerini ve doniisiim-
lerini gozlemleyerek anlasilabilen bir kavramdir. Bu kavramin gesitli tanimlari
bulunmakta ve farkli perspektiflerden ele alinmaktadir (Karakog ve dig. 2012;
Mehling, 2017). Bunlar;

- Maddenin veya cismin is yapabilme yetenegi,
- Bir sistemin harici bir aktivite veya aktivite iretme yetenegi (Max Planck),
- Bir atomun ¢ekirdeginde bir proton ve bir nétron arasinda 1s1, mekanik hare-

ket veya baglanma enerjisi seklinde ortaya ¢ikan fiziksel niceliktir.

Enerji farkli formlarda bulunur (kimyasal, mekanik, termal, elektrik vb.) Sekil
1, enerjinin genel tiirlerini gdstermektedir (Elektrik Rehberiniz, 2013; Vikipedi,
2022).

Enerji Tiirleri
R S S S R
| Hlekirik | [Kimyasal| | Temmal | [Mekanik | | Ipk | | Nikleer | | Ses |

b

‘ Potansiyel H Kinetik ‘

Sekil 1. Enerji Tirleri (Vikipedi, 2022)

Enerji kaynaklar1 doniistiirtilebilirliklerine gore ise birincil (primer) enerji ve
ikincil enerji kaynaklari olarak iki tiirden olusmaktadir. Birincil enerji, herhangi
bir degisme ve doniisiime ugramayan bir enerji seklidir. Birincil enerji kavrami,
yenilenemeyen enerji ve yenilenebilir enerjiyi icerir ve kaynaklari soyle sirala-
nabilir: kdmiir, petrol, dogal gaz, hidro, niikleer enerji, dalga enerjisi, biyokiitle,
glines ve riizgardir. ikincil enerji ise, enerjinin dogadaki halinin (Birincil enerji)
cesitli enerji santralleri veya teknolojilerle doniistiiriilerek elde edilen enerjidir.
Ikincil enerji kaynaklar ise; benzin, elektrik, motorin, kok kémiirii, petrokok,
ikincil komir, hava gazi ve sivilastirilmis petrol gazi (LPG) gibi enerji kaynakla-
ridir. Sekil 2'de enerji kaynaklarinin genel siniflandirmasi gostermektedir (Senel
ve Ko¢ 2013; Yagh ve dig. 2018).
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Enerji Kaynaklari
[ Kullaniliglarma Gére Enerji Kaynaklan [Dﬁnﬁgtﬁn'ilebiliﬂjkleﬁne Gére Enerji Kaynaklan
| Yenilenmez | Yenilenebilir Birincil (Primer) | ikincil (Sekonder)
S S A
- Kémir - EE'#."II"
a) Fosil Kaynakl : - Hidrolik - Petrol Mazot
- Kémiir - Giiney - Dogalgaz Motorin
- Petrol - Biyokiitle - Nilkleer - Ikincil Kémiir
- Dogalgaz - Riizgar - Biyokiille - Kok, Petrokok
b) Cekirdek Kayn. : - Jeotermal - Hidrolik - Hava gazt
Uranyum - D‘f‘lgaz Gel-git - G?n:s - Sivilastirilomg
- Teryum - Hidrojen Riizgar petrol gazi
Dalga, Gel-git (LPG)

Sekil 2. Enerji Kaynaklarinin Genel Siniflandirmasi (Yagh ve dig. 2018)

Giinlimiizde insanlar gida, temiz su, ulasim, 1Isinma ve sogutma gibi temel ihtiyag-
larini karsilamak icin farkl enerji tiirlerine ihtiya¢ duymaktadir. Birlesmis Millet-
ler (BM) tahminlerine gore diinya niifusu 2040 yilinda 9,2 milyara ulasacaktir. Bu
durum, 1,9 milyar insana daha enerji saglamamiz gerektigi anlamina gelmekte-
dir (inan, Akbulut, ve Aslan, 2018; Worldometer, 2022).

Enerji depolama; bir tiir enerjinin daha sonra yeniden kullanilmak iizere bas-
ka bir tiire veya ayni tiire depolanmasi olarak tanimlanan ve asilmasi gereken
onemli bir sorundur. Enerji depolama fikri uzun yillara dayanmaktadir. Enerji
depolama, maliyetli ylikseltmelerden kac¢inirken mevcut enerji tiretim ve iletim
altyapisini optimize etmektedir. Enerji depolama teknolojisinde kullanilan cihaz-
lar, yenilenebilir enerji kaynaklarindan meydana gelen biiytik giic dalgalanmala-
rinin sebeke istlindeki etkilerini énleyebilmektedir. Bu nedenle, enerji depola-
ma teknolojisi gii¢ kalitesini ve sebeke giivenilirligini artirabilmektedir (Danila
ve Lucache 2010; Emeksiz ve Kara 2022; Lott ve dig. 2014; Ozdogan 2010; Reddy
ve dig. 2020).

Genel enerji depolama teknikleri. Kimyasal, elektrokimyasal, elektrik, mekanik,
termal ve manyetik enerji depolama teknikleri olarak siniflandirilabilir. Bu sinif-
landirmanin detaylar: Sekil 3'te gosterilmektedir.
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Enerji Depolama Teknikleri
| Elekriksel | | Kimyasal | | Mekaniksel | | Manyetk | | (i) Termal | | Elekrokimyasal |
Kapasitir Hidrojen Pompalanmig Siiperiletken Erimig Tuz Batarya
Hidroelektrik Manyetik (Piller)
Enerji
Stiperkapasitor Sentetik Sikagtirlmig Duyulur Ist
Dogalgaz Hava
Yakut Hiicresi
Volan Gizli Is1

Sekil 3. Enerji Depolama Tekniklerinin Siniflandirilmasi (Lott ve dig. 2014)

Yenilenebilir enerji kaynaklar1 ¢cevre dostudur, bu nedenle enerji liretiminde
kullanimlari sera gazi emisyonlarini azaltabilir. Dolayisiyla, enerji depolama tek-
nolojisine duyulan ihtiya¢ tamamen yenilenebilir enerjiye gecis, modern enerji
sistemleri i¢cin arz gilivenligi ve istikrarinin saglanmasi, liretim sirasinda enerji
kaynaklarinin daha verimli kullanilmak, maliyetlerin en aza indirilmesi ve enerji-
nin iletimi ve dagitimi sorunlari azaltmasinda enerji depolama teknolojisine olan
ihtiya¢ her gecen giin artmaktadir. Bu nedenle, tiiketicilerin enerji ihtiyaclarini
her kosulda basarili bir sekilde karsilayabilmek icin enerji depolama teknolojisi
biiylik 6nem tasimaktadir (Hadjipaschalis, Poullikkas, ve Efthimiou, 2009; Sari,
2011; Whittingham, 2012).

Enerji depolama teknolojisinin avantajlar1 ve hem de dezavantajlar1 bulunmakta-
dir. Enerji depolamasi, sarj/desarj, enerji yogunlugu, glic yogunlugu, maliyet, yanit
siiresi ve kullanim 6mrii gibi gesitli sorunlar nedeniyle zorluklarla kars1 karsiya
bulunmaktadir (Leblebicioglu, 2020). Bu ¢alismanin amaci, temel enerji depola-
ma sistemlerini incelemek ve bu teknolojilerin calisma prensipleri incelenmistir.

2. Enerji Depolama Teknolojileri (EDT)

Enerji tiiketildiginde, bir enerji tiirtinden diger bir enerji tiirtine déontismektedir.
Enerji depolama teknolojileri, enerjinin daha sonra kullanilabilmesi icin depo-
landig1 ve sistemlerdir. Bu teknolojiler, enerjinin ¢esitli kaynaklardan tretildigi
farkli zamanlarda kullanilabilmesini saglar. Enerji depolamasinda, enerjiyi her-
hangi bir zamanda kullanilabilecek sekilde hazirda olmasi beklenmektedir (Ca-
liker ve Ozdemir, 2013).
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Enerji birgok farkli bicimde depolanabilmektedir; mekanik, kimyasal, elektrik-
sel, elektrokimyasal ve termal depolanma cesitleridir. Sekil 4'te yaygin olarak
kullanilan enerji depolama teknolojileri enerji formuna gore gruplandirilmistir.
Burada verilen siniflandirmalardan farkli olarak enerji girdisi (elektrik, mekanik
veya termik), enerji ¢ikisi (1s1 enerjisi, sivi-yakit veya gaz-yakit) veya enerji do-
niisiim stireci (gii¢c-glc, glic-gaza, glig-siv1 ve gii¢-1s1) tip siniflandirmasi da mim-
kiindir. Uygulama sekline, gerekli gereksinimlere ve ekonomik kosullara bagh
olarak farkli depolama alternatifleri bulunmaktadir (Mazman, 2018; Mazman ve
Yilmaz, 2019; Sara Enerji, 2021; TUBA, 2020). Bu calismada arastirma ve yayin
etigine uyulmustur.

Enerji Depolama Teknikleri

v hJ ¥ v ¥
Kapasitér
. - Pompal - Termo
Hidrojen . - Eleldrokimyagal Hidro Kimyasal
Depolama i‘;‘m . Kapasitor
pasitor Batarvalar - Sikistiril - Duyulur
Sentetik - siiper - ary ms Hava Is1
Dogalgaz iletken - Yalat Hicreleri Volan Gl Is
Manyetik B . Zi st

Sekil 4. Kullanilan Enerji Depolama Teknolojileri (Mazman ve Yilmaz, 2019)

2.1 Mekaniksel EDT

Bir malzeme sistemine kuvvet uygulamak ve bu kuvvet tarafindan iiretilen ener-
jiyi depolamak i¢in kullanilabilecek iki temel sistem vardir. Birincisi potansiyel
enerjideki degisimlerle, ikincisi ise kinetik enerji olarak bilinen bir kiitlenin ha-
reketiyle liretilen enerjiyle ilgilidir. Bu iki enerji birbirine veya 1siya veya elektri-
ge doniistiiriilebilinmektedir (Falk, Herrmann, ve Schmid, 1983; Landry ve Gag-
non, 2015).

2.1.1 Volan

Basit bir volan kullanimi, ytizyillardir uygulanan kinetik enerjiyi depolamanin
bilinen en eski yontemlerindendir. Bir volan, yiikii dengelemek icin yiik talebinin
arttig1 déonemlerde bu enerjiyi yiike aktarmakta ve ytikiin titrestigi yiliksek tahrik
kuvveti donemlerinde mekanik bir sistemdeki fazla enerjiyi yakalamaktadir. Bu,
ozellikle dogrusal hareketin dénme hareketine déniistiiriildigii mekanik tahrik
sistemleri i¢in ideal ¢6ziimdiir. Bir volan, mekanik bir pil gorevi gérmektedir.

8
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Yiiksek mukavemetli kompozit malzemelerin ve disiik kayipl yataklarin gelis-
tirilmesi nedeniyle giinlimiizde 6énemli bir teknoloji haline gelmistir (Bolund,
Bernhoff, ve Leijon, 2007; Yavuz, 2011).

Volan calisma sistemi, hizli donen bir rotorun ataletini depolamaktadir. Sistem-
den enerji ¢ekildikge, enerjinin korunumu yasasina gore yavaslamaktadir. Ter-
sine, sistem uyarildiginda hiz artmaktadir. Donme hizi yaklasik 75.000 rpm'ye
ulasmaktadir (Willis ve Scott, 2018).

Volan ¢arki gelikten ziyade kompozitten, kompozit donme kuvvetlerinde karsi
daha direnclidir. Volan, hava direncini indirmek i¢in bosaltilmis bir vakum orta-
minda kapali bir alanda bulunmaktadir. Volana gdmiili miknatislar, doniis sira-
sinda bobin iizerinde u¢gmaktadir. Volan tizerindeki bu miknatislar, dénerken bo-
binde bir voltaj indiiklemektedir. Bu, volanin dénme enerjisini elektrik enerjisine
dontistiirmektedir (Bryan ve Andrews, 2004). Tablo 1’de Volan enerji depolama
yontemlerinin teknik 6zellikleri gosterilmistir.

Tablo 1. Volanin Depolama Teknik Ozellikleri (A¢ikgéz, 2019)

Birim Hacimdeki Enerji Yogunlugu (Wh/L) 20 -80

Gii¢ Kapasitesi (MW) 0.1-20

Kalic1 Enerji Depolama Siiresi* saniye - dakika

Omrii (Y1) 15-20

Desarj Stiresi* 1 saniye - 15 dakika

Dongii Sayis1 (Dongii) ~20000 - 10000000
Verimliligi (%) ~89-95

Teknoloji Hazirlik Seviyesi (THS) Yeni Ticarilesmis/Uygulanamaz

Volanda depolanan enerji denklem (1) ile ifade edilir.

== 1. w? )]
2

Denklemde J: Enerji (] veya Wh), I: Atalet momenti (kg.m?) ve w: Acisal hiz (rad/

s)'dir (Sahay & Dwivedi, 2009). Gelismis ytliksek hizli volan sistemi Sekil 5’te gos-
termektedir.
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Manyetik destek

Dénis dizenleyici’
Uyarma jeneratdrd

Ana makina

Volan

Sekil 5. Gelismis yiiksek hizli volan sistemi (Ozdemir ve Hadra, 2016)

2.1.2 Pompali Hidroelektrik Depolama (PHD)

19. yiizyildan beri, hava enerjisi maden motorlu lokomotiflere ve bir zamanlar

savas gemisi torpidolarina gili¢ saglamaktadir. Hava enerjisi ve bu enerjiden ya-
rarlanma yeni bir fikir degildir (Schaber, Mazza, ve Hammerschlag, 2004).

Basingl hava sistemleri, yiiksek basincta bir tanka hava zorlamak ve bir komp-
resOr yardimiyla enerji saglamak amaciyla elektrik enerjisi kullanilarak olustu-
rulmaktadir. Daha sonra, bu basingh hava, ihtiya¢ duyuldugunda bir piston veya
tiirbin vasitasiyla mekanik enerjiye dontistiirtilerek gii¢ tiretilmektedir. Bu siirec,
havanin enerji depolama ve doniistimi i¢in kullanilan bir sistemdir ve bir¢ok en-
distriyel ve uygulama alaninda yaygin olarak kullanilmaktadir.

Enerji Elektrik
talebinin az $ebei_("e'si

oldugu jy

Enerji
talebinin fazla
oldugu durum

Turbin&Generator
Sistemi

Sekil 6. PHD akis diyagrami (Kocaman, 2013)
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(PHD) sistemleri, basingl havayi yer alt1 su katmanlari, terkedilmis tuz ve diger
maden yataklari gibi jeolojik yapilarinda depolamaktadir (Sekil 6). Bu sistemler
olduk¢a maliyetlidir. PHD sistemlerinde pratik olarak en diisiik giic 10 MW ve
en yiiksek enerji depolama kapasitesi 100 MW /saat olarak ifade edilmektedir.
PHD teknolojisi, basin¢h su depolama teknolojilerine kiyasla daha yiiksek gii¢
ve enerji yogunluguna sahiptir (Parrilla, Gonzalez, ve Aguado, 2023; Sahay ve
Dwivedi, 2009).

Hidro enerji depolama sistemleri, potansiyel enerji kullanimi kavramina dayan-
maktadir. Yogun saatler disinda elektrik, suyu yiiksek tepelere ve dag rezervu-
arlarina pompalamak i¢in kullanilmaktadir (Sekil 7 ve 8). Yogun zamanlarda, su
borulardan hidro jeneratére yonlendirilmektedir. Bu tiir bir depolama tipik ola-
rak yogun talebi karsilamak i¢in kullanilmaktadir. Bu tiir sistemlerin en blyiik
dezavantaji, ekosisteme zarar veren biiyiik bir rezervuar olusturmasidir. Diger
bir dezavantaj, en az iki su deposuna ihtiya¢ duyulmasidir (Sahay ve Dwivedi,
2009).

Ayakl Koprili

Ving

Elektsik Uretilirken
Ak Yonmia T
Ana Transformatdrler / Oluklar:
W Bk Celik Tupler
Képritis | / Su Pompalaniken
Gig M etken\ Ving Ak Vonu

Cf Yonhi Pompa Tirking

Sekil 7. Basingli su depolama semasi (Parrilla ve dig., 2023)

Pompajli depolamali enerji santrallerinde pompa ve tiirbin elemanlarinin ter-
sinir olarak kullanilmasi biiyiik avantajlar sunmaktadir. Tersinir pompa-tiirbin
ile sistem, yogun zamanlarda bir tiirbin gibi ¢alismakta ve bir iist rezervuara su
pompalayarak depolanabilecek enerjiyi tiretmektedir. Sekil 8'de, pompa c¢alis-
masi sirasinda sebekeden gii¢ cekerek ve suyu alt rezervuardan {ist rezervuara
depolayarak ve tiirbin ¢alismasi sirasinda suyu iist rezervuardan alt rezervuara
indirerek enerji déniisiimiinii gostermektedir (Aras, 2017; Ozarslan, 2012).
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(st
Rezervuar

Ust Rezervuar

Alim Cdosi i Gg Sebekesi

L

i
Aim Girigi Gilg Sebekesi

Motor-Jenarator

Motor-Jeneratdr

Basingh Bory — Pompe-Tiirbin Basingh Boru Pompa-Tirbin

Elektrik Uretimi - Tiirbin Operasyonu Enerji Depolama - Pompa Operasyonu

Sekil 8. Pompaj Depolamali HES Sematigi (Aras, 2017)

Pompaj depolamali enerji santralleri, yenilenebilir enerji santrallerine entegre
edilebilmektedir. Riizgar enerjisi ve pompali depolama sistemlerinin entegras-
yonunun diinya ¢apinda drnekleri bulunmaktadir. Sekil 9°da bir riizgar ciftligi
ve bir pompali depolama sisteminin entegre calisma prensibi gdsterilmektedir
(San Martin ve dig. 2011). PHD sistemler i¢in yiik profili Sekil 10’da verilmistir

Rizgar Sartrali

Riizgar Santralinin Urettig

Eneiji -
= — Enerji

S Ust Rezenvuar % H‘ Fadas ~_Sebekes
T

Turbin Operasyonuyla

Eneiji Uretimi i

Turbin Operasyonunda T~
\\Iikls Yonu s Pompa Operasyonu ile Depo-

" /// lenan Enerji

Hidrolik Tirbin * +, Alt Rezenwar

Pompa Operasyonunda Akis Yon(

Su Pompas:
(n Tane Paralel Pompa)

Sekil 9. Riizgar-Pompaj Depolamali HES Sematigi (San Martin ve dig., 2011)
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Bu saatlerde pik

yiik santralleri

deverye girerek pik
Depolamasiz (iretim talebi kargilar. g

. #7omi  Pikalep, baz
yolamali dretim T y Saatlende depola-
i S ] nhan enerjinin pik

' i saatlerde jebekeye
verilmesiyle kar-

. Depolama arz ve
.‘1\ talebi dengeleye- -
“rek voltaj ve fre- 1/

kans kontroliine
! katk: sagliyor, -

silanir.

-
- =" Depolamasiz iretim

0 6" 1200 16™ 2400
Zaman

Sistem Talebi/MP
Baz Yiik Ortalama Yiik Pik Yiik

Sekil 10. PHD Sistemler I¢in Yiik Profili .(Tanriéven, 2013)

2.2 Kimyasal EDT

Atomlarin kimyasal baglarinda depolanan ve yalnizca kimyasal bir ortamda ser-
best birakildiginda goriilebilen molekiiler reaksiyonlara kimyasal enerji denil-
mektedir. Kimyasal enerji a¢iga ciktiginda madde tamamen farkli bir maddeye
doniismektedir (Miller ve dig. 2021). Kimyasal yakitlar yaygin olarak enerji iireti-
mi, enerji tasima ve enerji depolama i¢in kullanilmaktadir. En ¢ok kullanilan kim-
yasal yakitlar; motorin, islenmis komiir, dogal gaz, benzin, LPG, hidrojen, etanol,
biitan, propan, biyodizeldir. Bu kimyasallar, 1s1 motorlar1 tarafindan itme giici
olarak kullanildiginda, siviya dontismekte ve mekanik enerjiyi elektrik enerjisine
doniistiirmektedir.Elektrik tiretimi icin depolanan bu kimyasal enerji dogrudan
elektronlar transfer reaksiyonlari ile serbest birakilmaktadir (Schlogl, 2017).

2.3 Hidrojen Depolama

Hidrojen yenilenebilir bir yakit olup bol bulunan, temiz ve enerji tasiyan bir
maddedir. Hidrojen, ancak yanma reaksiyonundan sonra su buhari salmaktadir,
diger hidrokarbonlardan daha yiiksek olan 142 k]/kg enerjiye sahiptir (Niaz,
Manzoor, ve Pandith, 2015).

Hidrojen depolama yontemleri; fiziksel (gaz ve sivi) depolama ve malzeme de-
polama olarak iki tiire ayrilmaktadir. Gaz depolama genellikle 350 ile 700 bar
arasi yiiksek basin¢h tanklarda yapilabilmektedir. Sivi hidrojenin depolanmasi,
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kaynama sicakligindan (1 atm) -252.8°C dolay1 kriyojenik bir sogutma islemi
gerektirmektedir. Enerji depolama sisteminde hidrojen kapasitesi ¢ok yiiksek-
tir. Yapilan hesaplamalara gore, 1 kilogram hidrojenin yaklasik 33 kWh enerji
icerdigini gostermektedir. Sekil 11’'de hidrojen hiicresinin yapisini1 géstermekte-
dir. Hidrojen; petrol ithalatini azaltarak enerji giivenligini iyilestirerek sehirleri,
yenilenebilir enerji kaynaklarini kullanarak stirdiiriilebilirligi saglamak, kirliligi
azaltmak ve kullanim noktasinda sifira yakin karbon, hidrokarbon vb. lireterek
hava kalitesini iyilestirmek gibi bircok avantajlar1 bulunmaktadir. Bu nedenle,
hidrojen diinya capinda taninan bir temiz enerji kaynagidir (Niaz ve dig. 2015;
Nowotny ve Veziroglu 2011).

P.E.M. Yakit Pilleri
Elektrik Akisi —> -3
Hidrojen Tl @ Oksijen
B%PM | ° =
—t Ol o| > ©
:r o o |® Hidrojen ®
o |= iyonlan -
—
o ] =) —
o o
l .
Anot Elektrolit Katot

Sekil 11. Hidrojen pil yapis1 (Deneysan, 2020)

2.3.1 Sentez Gazi Depolama

En yaygin fosil kaynakl yakit dogal gazdir ve esas olarak Metan’dan (CH4) olus-
maktadir. Biyogaz, sentez gazi, biyosentetik dogal gazi ,¢cop gaz1 ve diger gaz
yakitlardir. Biyogaz, ayrismis organik maddeden olusmakta ve metan (CH4) ve
karbondioksit (CO2) icermektedir. Diizenli depolama alanlarinin biyogazin bile-
simine benzemektedir. Kat1 besinlerin gazlastirma yoluyla kismen doniisttriil-
mesi sentetik dogal gazi ifade etmektedir. Uretilen sentetik dogal gaz basingh
tanklarda ,yer altinda depolanabilmekte veya dogrudan gaz sebekesine verilebil-
mektedir. Sentez gaz1 hem karbondioksit (CO2) agisindan zengin hem de elekt-
rik agisindan zengin yerlerde tercih edilmektedir (Chandel ve Williams, 2009;
Zwart, Boerrigter, Deurwaarder, Van der Meijden, ve Van Paasen, 2006). Sentetik
dogal gazin tiretim prensipi Sekil 12’de verilmistir.
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.
Boru hatlan

Sekil 12. Sentetik Dogal Gazin Uretimi (Kocaman, 2021)

2.3 Elektrik EDT

Elektrik enerjisi depolama teknolojisi; kapasitorler, siiper kapasitorler ve siiper
iletken manyetik enerji depolama sistemleri olarak siniflandirilabilir. Kapasitor-
ler genel olarak yiiksek akim kosullarinda kullanilabilirler ancak ¢ok az kapasi-
tans uretirler, bu nedenle yalnizca ¢ok kisa stireler i¢in kullanilabilirler (Koca-
man, 2021).

2.3.1 Kapasitor (Kondansatdér)
Kondansatorler elektrigi depolamanin en dogru yoludur. Sekil 13’te bir kapasi-
toriin i¢ yapisi gosterilmistir. Genel olarak yapisi, dielektrik adi verilen iletken

Iletkenler aras: Yalitkan bolge
mesafe

&: Dielektrik katsayisi

A alanh
iletken
plaka

Sekil 13. Kapasitor yapisi (Kocaman, 2021)
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olmayan bir katmanla ayrilmis iki metal plakadan olusmaktadir. Bu plakalar DC
kaynagindan gelen akimla yiiklendiginde, diger plakada zit isaretli bir yiik indiik-
lenmektedir. Metalize veya metalize elektronlarin ylizeyinde enerji depolamak-
tadirlar. Kondansatorler, cok diisiik enerji yogunluklari nedeniyle biiyiik akimlari
tasiyabilirler, ancak bu sadece ¢ok kisa siireler icin kullanilmaktadir (Kocaman,
2021; Zakeri ve Syri, 2015).

2.3.2 Siiper Kapasitér

Cift katmanli kapasitorler, geleneksel kapasitorler ile elektronikte kullanilan ge-
nel amach piller arasindaki boslugu doldurmaktadir. Sekil 14’te bir siiper kapasi-
toriln i¢ yapisi gosterilmistir. Stiper kapasitorler, ince bir molekiiler yapiya sahip
elektrolit tabakasi kullanilmakta ve ¢ok genis bir ylizey alanina sahip aktif kar-
bon yapisina sahiptir. Pillere gore ¢ok daha verimli sarj ve desarj edilebilirler. Bu
tiir kapasitorler enerji depolama kapasitesi, geleneksel kapasitorlerin kapasite-
sinden énemli 6l¢lide daha yliksektir (Chen ve dig. 2009; STM ThinkTech 2022).

Elektrostatik kapasitor Elektrohitik kapasitor Siiper kapasitdr
d

Sekil 14. Kapasitorlerin yapilari (Arslan, 2012)

Elektrostatik elektrokimyasal pil sistemlerinden farklilik gdsteren siiper kapasi-
tor enerji depolamasidir. Grafen siiper kapasitorlerin ¢ok daha hafif ve kullanim-
larinin daha kolay olduguna inanilmaktadir. Lityum-iyon piller ayni enerji depo-
lama kapasitesine sahiptir ancak on binlerce kez yeniden sarj edilebilmektedir
(Petrovan, 2022).

2.3.3 Siiper Iletken Manyetik (SIM)

Siiper iletken manyetik (SIM) enerji depolama sistemleri elektrodinamik ilkesi-
ne gore calismaktadir. Enerji, siiper iletkenligin kritik sicakliginin altinda tutulan
dogru akim tarafindan olusturulan bir manyetik alanda siiper iletken bir bobinde
depolanmaktadir. Kriyojenik olarak sogutulmus siiper iletken malzeme ve depo-
lanan enerji, bobini kirarak sebekeye geri salinabilmektedir (Root, 2011; Zake-

16



Miihendis ve Makina / Engineer and Machinery 65, 714, 1-26, 2024

ri ve Syri, 2015). Siiper iletken manyetik enerji depolama sisteminin yapisal bir
resmi Sekil 15'ta gosterilmektedir.

Sivi
Helyum
-Azot

Kriyostat

Sekil 15. SIM enerji depolama sistemi ayrintili yapisal gériiniim (Molina, 2010)

2.4 Termal EDT

Sicaklik, konum veya gii¢ gibi diger kosullar altinda daha fazla kullanim i¢in bir
sicaklikta bir depolama ortaminda 1s1y1 veya sogugu depolamaya uygun sistem-
lerdir. Termal EDT; sicak su temini, 1sitma, sogutma ve elektrik iiretimi gibi en-
diistriyel uygulamalar ve konut icin kullanilabilmektedir. Termal EDT; duyulur
,gizli ve termokimyasal 1s1 olmak tizere ¢ farkli kategoride ayrilabilmektedir
(Abedin ve Rosen, 2011; Emeksiz ve Kara, 2022). Termal enerji depolama sis-

temlerinin semasi Sekil 16'da gosterilmektedir.

Gines Kollektorleri

Termal enerjinin
toplanmasi

Sicak Soguk

|

Buhar
Qfe!lc‘lsl Genfrft.éi I___—
e __l‘-l
Tirbin !

550 tonluk erimig tuz
tabanh depolama initesi

Termal enerjinin
depolanmasi

_© =

Termal enerjinin farkh
enerjilere donigumi

Sekil 16. Ornek termal EDT sematigi (Emeksiz ve Kara, 2022)
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2.4.1 Termokimyasal Depolama

Termokimyasal enerji depolama, yiiksek verimli ve temiz enerji sistemleri sag-
layabilen gelismis bir termal enerji depolama teknolojisidir. Termokimyasal,
ylksek enerji yogunluklarinda depolama potansiyeli olan yeni bir yontemdir. Bu
nedenle, alan sinirl oldugunda, termokimyasal TED'ler, gerekli kompakt termal
enerji depolamasini elde etmek icin en biiyiik potansiyele sahiptir (Abedin ve
Rosen 2011; Pfleger ve dig. 2015).

2.4.2 Duyulur Is1 Depolama

Havanin kuru termometre sicakligini artirmak i¢in (6zgiil nemin sabit olmasi ko-
suluyla) 1s1 dis ortama yayilir, bu 1siya duyulur 1s1 denir. Duyulur 1s1 depolama is-
leminde sicaklik degisimlerine neden olmaktadir. Ozgiil 1s1 kapasitesi, kullanilan
ortamin kiitlesi ile birlikte depolama sisteminin kapasitesini belirlemektedir. De-
polama ortami siv1 (6rnek; su, erimis tuz veya kizgin yag), kati (6rnek; tas, beton,
metal veya toprak) veya ici kati dolu siv1 gibi ¢esitli asamalarda olabilmektedir
(TUBA, 2020).

2.4.3 Gizli Ist Depolama

Bir maddenin faz degisimi sirasinda ortamdan emdigi veya ortamdan saldigi 1s1-
dir. Gizli 1s1 sicaklik degisimleri ile tespit edilmez. Gizli 1s1 depolama, bir 1s1 de-
polama ortami olusturmak icin faz degistiren malzemeleri kullanir. Isil iletkenlik
gizli 1s1 sistemlerinde dnemli bir arac¢tir. Ayrica yogunluk ve entalpi, hacimsel de-
polama kapasitesini belirledigi i¢in faz gecislerinde énemlidir. Gizli 1s1 depolama
sistemlerinde organik (parafinler), inorganik ve tuz hidratlar kullanilabilir. Gizli
11 enerjisi depolamanin bir ydntemi, buzda enerji depolamadir. Bu islem, bir bi-
nanin sogutma yukiinii daha sonra kullanmak tizere depolamak i¢in su ve buzun
faz degisimi sirasinda iiretilen termal enerjiyi kullanmak i¢in kullanilir. Temel
amag, kapali mekanlar1 sogutmak icin kullanilan klimalarin enerji tiiketim mali-
yetlerini azaltmaktir (TUBA, 2020).

2.5 Elektrokimyasal EDT

Kimyasal enerjiyi elektrik enerjisine doniistiirmek icin elektrokimyasal enerji
kaynaklar1 kullanilir, bu doniistiirme islemi sirasinda en az iki genel kimyasal
reaksiyon siirecinden gegmektedir. Elektrokimyasal enerji kaynaklari, kimyasal
enerjiyi elektrik enerjisine dontistiirmektedir (Scrosati ve dig. 2013).

Genel olarak basit pil sistemi bir elektrokimyasal (galvanik) hiicreden olusumak-
tadir. Hiicreler, elektrik enerjisinin elektrokimyasal reaksiyona neden olmasina
veya kimyasal reaksiyon sonucunda elektrik enerjisi olusmasina gore adlandi-
rilmaktadir. Ilk durumda elektrolitik hiicrelerden ve ikinci durumda galvanik
hiicrelerden bahsetmekteyiz (Reddy ve dig. 2020). Sekil 17’de basit pil semasi
verilmistir.
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Sekil 17. Basit pil sistemi (Reddy ve dig. 2020)

Bu hiicre tipik olarak 0,5 ile 5V arasinda degisen nispeten diisiik bir voltaj sag-
lar. Daha yiiksek voltaj degerleri i¢in hiicreler seri baglanir. Biiytik kapasite icin
paralel baglanirlar. Her iki durumda da bu hiicrelerin birbirine baglanmasiyla
olusan yapiya 'batarya’ adi verilir (Daniel ve Besenhard, 2012).

En basit haliyle, bir pil, iyonik olarak iletken, elektriksel olarak yalitkan bir elekt-
rolitile ayrilmis, biri pozitif digeri negatif olan iki elektrottan olusur. Bu elektrolit
swvist bir sivi, bir iyonomer polimer veya gézenekli bir matris icinde emprenye
edilmis bir kat1 olabilir. Bazi piller yeniden sarj edilerek birden ¢ok kez kullanila-
bilir. Digerleri yalnizca bir kez bosaltilabilir. Bosaldiktan sonra kullanilmak tize-
re tasarlanmus pillere "birincil piller" denir. "ikincil pil", sarj edilebilir bir pildir
(Scrosati ve dig. 2013).

Elektrokimyasal depolama teknolojisinin iki ana alani vardir. Bunlar; elektrokim-
yasal hiicreler ve elektrokimyasal kapasitorlerdir. Elektrokimyasal depolama sis-
temleri tasarim, yapisal 6zellikler ve kimyasal reaksiyon tiirii bakimindan fark-
lilik gostermektedir. Elektrokimyasal piller ve hiicreler ¢alisma prensibine gore
dort kategoriye ayrilabilir. Birincil hiicreler veya piller, ikincil hiicreler veya piller,
yedek piller ve yakit hiicreleridir. Ayrica pillerin tiretiminde kullanilan kimyasal-
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larin tiiriine gore de siiflandirilmaktadirlar (Gotham, Nderitu, ve Preckel, 2013;
Giingor ve Efe, 2021).

¢ Calisma Prensibine Gore Piller :

Birincil piller,

ikincil piller,

Yedek piller,

Yakat pilleri (Glingor ve Efe, 2021).

Kullanilan Kimyasalin Cesidine Gore Piller
Kursun Asit Piller,

Sodyum Iyon Piller,

Lityum Stlfir Piller,

NanoBolt Lityum Tungsten Piller,

Redox Akim Pilleri,

Aliminyum Grafit Piller,

Lityum Iyon Piller,

Biyoelektrokimyasal Piller,

Organosilikon Elektrolit Piller,

Kat1 Hal Pilleri,

Nikel Kadmiyum Piller,

Altin Nanokablolu Jel Elektrolit Piller (Glingor ve Efe, 2021).

. Enerji Depolama Avantajlari

Enerji tiretimi i¢in kullanilan sistemlerin operasyonel verimliligini, dayanikli-
ligin1 ve esnekligini saglayarak enerji stirdiriilebilirligini artirmak,

Enerji talebi ve arz1 arasindaki uyumsuzlugu azaltmak,
Sebeke gerilimi ve frekans regiilasyonu saglamak,

Kesintili yenilenebilir enerji kaynaklarindan her zaman enerji liretememe
sorunu, enerji depolama teknolojisi ile hafifletilebilir (Giines enerji ve rizgar
enerji gibi),

Enerji santrallerinin ilk yatirim ve isletme maliyetlerini diisiirerek ekonomik
olarak katki saglamak,

Giic kalitesini artirmaya yardimci olmak,

Bazi enerji depolama teknolojileri, atik enerji sisteme geri dondiirtldigi i¢in
enerji liretim sistemlerinin verimliligini artirarak yakit tiiketimini azaltabilir
(Kocaman, 2013).
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4. Sonuclar

Enerji depolama teknolojileri (EDT), cesitli yenilenebilir enerji kaynaklari ile
glic sisteminin verimliliginin giivenilirligini ve kalitesini saglamak icin gii¢c se-
bekesiyle entegre oldugundan dolay:1 depolama ile ilgili sorunlara bir ¢dziimddr.
Enerji depolama sistemleri, gelecegin itici teknolojilerinden biri olan akilli se-
beke kavramini miimkiin kilmaktadir. Enerji iretimindeki degiskenligi azaltan
enerji depolama, yenilenebilir enerji sistemlerinin entegrasyonunu kolaylastir-
maktadir. Siirdiiriilebilirlik ve cevre koruma gibi temel enerji konulari, bizi enerji
kaynaklarimizi ¢esitlendirmeye ve yenilenebilir enerji kullanimimizi artirmaya
itmektedir. Yenilenebilir kaynaklardaki kisa ve uzun vadeli dalgalanmalarin ne-
den oldugu enerji/liretim degiskenligi, birka¢ dnemli 6l¢ciim gerektirmektedir.
Kolay yonetilebilirligi, kontrol edilebilirligi, 6ngoriilebilirligi ve esnekligi enerji
depolamay sebeke yanit verme yetenegini iyilestirmek i¢in gerekli kilmaktadir.
Hayatimizin her alanina niifuz eden piller ve benzeri enerji depolama sistemleri,
teknolojinin gelecegini iyilestirecek arastirmalarin konusu ve gelismeye en agik
alanlardan biridir. Bu ¢alismayla birlikte enerji depolama ile ilgili daha 6nce ya-
pilmis ¢alismalar ve standartlar ele alinmis ve literatiire katki saglamasi amag-
lanmistir. Sonug olarak yapilan arastirma neticesinde en yaygin olarak elektro-
kimyasal enerji depolama teknolojileri kullanildig1 gérilmiustiir.
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Anahtar kelimeler 0z

Ticari sogutucular, enerji Bu ¢alismada, 680 litre hacim kapasiteli dikey, kapali ve 1st cam kapilt
verimliligi, enerji tiiketimi, bir ticari kutu sogutucusunun gece-giindiiz modlarinda ve farkl tiriin
kutu ve sise sicakliklary sicaklik siniflarindaki enerji tiiketimi deneysel olarak incelenmistir.

Ticari kutu sogutucusu R290 (propan) sogutma akiskant ile calismakta
ve buhar sikistirmali sogutma cevrimi icerisinde adyabatik olmayan
kilcal boru (emis hatti 1s1 degistiricisi) sistemi kullanilmaktadir.
Deneysel diizenek, TS EN ISO 22044:2022 standartina uygun olarak
kalibre edilmis ve kurulmustur. Deneyler, 25°C + 0.8°C sicaklik ve %60
+ 92 bagil nem saglayan bir iklimlendirme odasinda 24 saat boyunca
gerceklestirilmistir. Ticari sogutucu tam yiik altinda (700 adet 330
ml kutu), gece - giindiiz modlarinda ve iki farkli sicaklik sinifinda
(K1 ve K4) test edilmistir. K1 ve K4 sicaklik siniflari, aliiminyum
icecek kutularinin test siirecindeki sicakliklarini ifade eden bir test
standartidir. K1 sicaklik sinifinda test edilen kutu sicakliklari; 0°C-7°C
ve K4 sicaklik smifinda test edilen kutular ise; 1°C-9°C sicakliklari
arasinda kalmast saglanmistir. K1 sicaklik sinifina ait deneylerde
glindiiz ve gece sirasiyla, 24 saatte 3.255 kWh ve 1.379 kWh enerji
harcanmistir. K4 sicaklik sinifina ait deneylerde ise bu degerler
glindiiz modunda 3.089 kWh ve gece gece modunda 1.341 kWh olarak
olciilmiistiir. Sonug olarak, K1 sicaklik sinifindaki enerji tiiketimi K4
sicaklik sinifina gore giindiiz ve gece modlarinda sirasiyla %5.37 ve
%2.83 daha yiiksek ol¢tilmiistiir.

tirtin sicaklik siniflart

mertkan.arslan@gmail.com
doi: 10.46399/muhendismakina.1330336
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Extended Abstract

In this study, the energy consumption of a vertical closed display refrigerator (680 Liters)
in day-night modes and in different product temperature classes was experimentally in-
vestigated. Closed display refrigerator works with R290 (propane) refrigerant. Moreover,
non-adiabatic capillary tube (suction line heat exchanger) system is used in the vapor
compression refrigeration cycle. The experimental setup was carried out and calibrated
in accordance with the TS EN ISO 22044:2022 standard. Experiments were carried out for
24 hours in a test room providing a temperature of 25°C * 0.8°C and a relative humidity
of 60% * 2%. Cans are filled with 33% propylene glycol and 67% water. The commercial
refrigerator has been tested under full load (700 pcs. 330 ml cans), in day and night modes,
and in two different temperature classes (K1 and K4). K1 and K4 temperature classes
are a test standard that expresses the temperatures of aluminum beverage cans during
the testing process. Can temperatures which tested in the K1 temperature class were kept
between 0°C-7°C. These temperature values for the K4 temperature is between 1°C-9°C. In
the experimental setup, thermocouples were placed on the surface of the cans, on the suc-
tion-discharge line of the compressor, on the outer upper surface of the compressor, on the
dryer surface, and on the air and inlet and outlet parts of the evaporator. Thermocouples
on the cans are positioned at the corners of the cans on each shelf. As a result, temperature
measurements were made from 26 points in total within the scope of experiments. T-type
thermocouples used in the experiments are connected to a panel and the mV change of the
thermocouples with the Seebeck effect can be read through a program. The Power Analy-
zer is connected to power outlet of the closed display refrigerator to measure the total
power consumed by the system (compressor, fans, lighting, electronic devices, etc.). The
data obtained from the sensors in the test setup were recorded for 24 hours with a time
interval of a minute. In the day mode and K1 temperature class tests, it was observed that
the temperatures of all cans remained between 0°C-7°C, which are the limit values of the
TS EN ISO 22044:2022 standard. The maximum temperature of the measured cans during
the test is 4.7°C. In this experiment, it was measured that the average temperature of all 20
cans varied between 3.4°C and 2.8°C. As aresult, it has been shown that average can tempe-
ratures in the K1 temperature class and day mode experiments are kept below the average
temperature limit of 3.5°C. In the experiments of the K4 temperature class and the day
mode, it was observed that all can temperatures were between the limit values (1°C-9°C),
similar to the experiments belonging to the K1 temperature class. The maximum tempera-
ture of the measured cans throughout the experiment was measured as 6°C. The average
temperature of cans was 4.6°C. In the experiments of K4 temperature class and day mode,
it was observed that the average can temperatures were kept below the average tempera-
ture limit of 5°C. In the experiments of temperature class K1 and night mode, the minimum,
average and maximum can temperatures measured throughout the experiment are 3.2°C,
5.2°C and 7.4°C, respectively. In the experiments of K4 temperature class and night mode,
the measured minimum, average and maximum can temperatures are 4.7°C, 6.8°C and 9°C,
respectively. In K1 day mode has the highest compressor operating percentage at 23.54%.
In K4-night mode, which has the lowest compressor operating percentage, this value
was 13.68%.K1-day mode has the highest compressor operating percentage, which was
23.54%. In K4-night mode, which has the lowest compressor operating percentage, this
value was 13.68%. In 24 hours experiments in K1 temperature class, 3,255 kWh and 1,379
kWh energy were consumed during the day and night, respectively. In the experiments of
the K1 temperature class, 3.255 kWh and 1.379 kWh energy were consumed during the
day and night, respectively. In the experiments of K4 temperature class, these values were
measured as 3.089 kWh in day mode and 1.341 kWh in night mode. As a result, the energy
consumption in the K1 temperature class was 5.37% and 2.83% higher in day and night
modes, respectively, compared to the K4 temperature class.
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1. Giris

Ticari sogutucular dolabin yerlestirilme sekline gore basitge; yatay, dikey, yari
dikey, kombine ve agik veya kapali olmasina gore siniflandirilabilir (TS EN ISO
22044). Calisma kapsaminda, dikey ve kapali cam dolapl bir ticari kutu sogutucu
kullanilmistir.

Buhar sikistirmali sogutma c¢evrimi, sogutma etkinlik katsayisinin (COP) ve so-
gutma kapasitesinin yiiksek olmasi gibi olumlu 6zelliklerinden dolayy, ticari so-
gutucularda yaygin olarak kullanilmaktadir. Buhar sikistirmali sogutma sistemi
temel olarak kompresor, yogusturucu, buharlastirici ve kisilma vanasindan olus-
maktadir (bkz. Sekil 1). Buhar sikistirmali sogutma ¢evrimini kisaca 6zetlemek
gerekirse; 6ncelikle, diisiik basingli, disiik sicaklikli ve buhar fazindaki bir sogu-
tucu akiskan kompresodre girer ve kompresore is girisi ile bu sogutucu akiskan
sikistirili. Kompresorden cikan yliksek basing ve yiiksek sicakliktaki sogutucu
akiskan yogusturucuya girer ve sabit basing¢ (borulardaki basing¢ kaybi hari¢) al-
tinda ortama 1s1 verir ve yogunlasma gerceklesir. Daha sonra kisilma vanasina
gelen sogutucu akiskan, yiliksek basinctan diisiik basinca genlesir ve sicakligl
diiser. Sonraki asamada, sogutucu akiskan buharlastirici yardimiyla sogutulmak
istenen ortamdan 1s1 ¢eker. Bu dongii kompresor ¢alistikca devam etmektedir
(Kulkarni, Chavali ve Dikshit, 2023; Cengel ve Boles, 2015).

Sogutma cevrimlerinde genel olarak kilcal borular, geometrilerine bagh olarak
diiz veya sarmal olarak ve sistemin emis hattina 1s1 transferi olup olmamasina
gore adyabatik veya adyabatik olmayan kilcal boru sistemleri olarak siniflandi-
rilabilirler. Sekil 1A ve Sekil 1B ile adyabatik ve adyabatik olmayan kilcal boru
iceren buhar sikistirmali sistemlerin, genel semasi ve P-h (basing-entalpi) diyag-
rami gosterilmistir. Adyabatik bir kilcal borulu sistemlerde, cevre ile 1s1 alisve-
risi ihmal edilebilir dl¢iidedir. Adyabatik olmayan kilcal borulu sistemlerde ise,
kilcal boru emis hattina lehimlenmistir. Boylelikle, kilcal boru ile emis hattinda
1s1 degisimi gerceklesebilmektedir (Sekil 1B). Sogutucu akiskan adyabatik kilcal
boruda genellikle izentalpik bir siire¢ gerceklesirken, adyabatik olmayan kilcal
boruda entalpi degeri azalmaktadir. Sogutma sistemlerinde, adyabatik olmayan
kilcal boru kullanildiginda, kilcal borudan emis hattina bir 1s1 gecisi gerceklestigi
icin, buharlastiric1 girisindeki kuruluk derecesi ve 6zgiil entalpi diismektedir. Bu
da sogutma kapasitesinde yani buharlastiricinin ortamdan elde ettigi 1s1 mikta-
rinda artisa yol agmaktadir. Buna ek olarak, bu sistemin bir avantaji ise, sogutucu
akiskanin kompresore kizgin buhar olarak girmesini saglamakta ve kompreso-
riin buhar fazinda ¢alismasini garanti etmektedir. Boylelikle, kompresériin zarar
gormesi ve sistemin emme hattindaki havadaki nemden kaynakli olusan yogus-
ma engellenir. Ancak, emme hattindaki bu sicaklik artis1 kompresériin harcadigi
enerjiyi arttirmaktadir.
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Sekil 1. Sogutma Cevrimi. A) Adyabatik B) Adyabatik Olmayan Kilcal Boru Sistemi
(Rasti, Ban ve Jeong, 2017; Xu ve Bansal, 2002)

Yanal ve es merkezli olmak tizere iki tip adyabatik olmayan kilcal boru sistemi
olmasina ragmen, tiretimi kolaylig1 ve yliksek 1s1 degisim verimliligi nedeniyle
yanal tip kilcal boru daha sik kullanilmaktadir (bkz. Sekil 2) (Rasti ve dig., 2017;
Sarker ve Jeong, 2012). Bu calismada deneyleri gergeklestirilen sogutma siste-
minde, yanal adyabatik olmayan kilcal boru sistemi kullanilmistir.

Kaynakh
Birlesim

Kilcal Boru

(A)

Emme
Kilcal Boru Hatt
(B)

Sekil 2. Adyabatik Olmayan Kilcal Boru Tipi A) Yanal B) Merkezi (Sarker ve Jeong,

2012)
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Sogutma sistemlerinde, HCFCs, HFCs (R134a, R404A, R410A, R32, vb.), HFOs
(R1234yf, R1234ze, ve karisimlari1), HCs (R290, R600a, vb.), Dogal sogutu-
cular (R717, R744, vb.), ve bircok akiskan tipi, sogutucu akiskan olarak kulla-
nilabilmektedir (Gao, Cui, Jing, Zhang ve Zhang, 2021). CFC ve HCFC sogutucu
akiskanlar, yiiksek ozon inceltme potansiyeline (ODP) ve/veya kiiresel 1sinma
potansiyeline (GWP) sahiptir. R134a, R125, R32 ve R410A gibi HFC sogutucu
akiskanlarinin ODP degeri sifir olmasina ragmen GWP degerleri ¢ok yiiksektir.
Bununla birlikte, ultraviyole 1sinimin etkisi altinda, Cl serbest radikalleri iceren
bu tiir sogutucu akiskanlarin ozon tabakasina zarar verdigi ve kiiresel 1sinmaya
sebep oldugu dogrulanmistir (Zheng ve dig., 2022). Ozon tabakasina zarar veren
ve kiiresel 1sitnmaya yol agan bu tip sogutucu akiskanlarin kullanimi, Kyoto proto-
kolii, Montreal protokolii, F-Gaz Avrupa Konseyi diizenlemeleri gibi protokoller
ve diizenlemeler ile kisitlanmistir (Roy ve Halder, 2020).

Bir dogal Hidrokarbon olan R290 (Propan) diger sogutma akiskanlarina gore
daha diisiik viskozite, yliksek termal iletkenlik gibi iyi termofiziksel 6zeliklere
sahiptir (Zhao, Yuan, Gao, Wang ve Yan, 2019). Bunun yaninda, diisiik iiretim si-
cakligl, metallerde korozyon olusturmamasi, sifir ODP ve ihmal edilebilir GWP
degerine sahip olmasi neticesinde, R290 diger sogutucu akigskanlara kiyasla re-
kabetgi bir alternatif oldugu gosterilmistir. Cabuk tutusma 6zelligi R290 akis-
kanin bir dezavantaji olmasina ragmen, cevre dostu olmasi ve yiiksek sogutma
performansina sahip olmasi neticesinde bu dezavantajin1 dengelemektedir (Gao,
He, Cai ve Fan, 2020; Yadav, Liu ve Kim, 2022). Bilimsel literatiirde R134a akiska-
ninin diistik GWP alternatifi olarak bir¢ok akiskan test edilmistir. Bu ¢alismalar
neticesinde, R290, R600a ve bu hidrokarbon akiskanlarin karisimlarinin bir¢cok
acidan R134a akiskanina uygun alternatifler olduklar1 gosterilmistir (Jwo, Ting
ve Wang, 2009; Kulkarni, Chavali ve Dikshit, 2023; Sanchez ve dig., 2017, Sanchez
ve dig., 2022; Wongwises ve Chimres, 2005).

Bu ¢alismalara 6rnek olarak; Sanchez ve dig. (2022), R134a, R152a, R1234yf,
R290, R1270, R600a ve R744 sogutma akiskanlar1 kullanarak bir ticari kutu so-
gutucusu lizerinde gerceklestirdikleri deneysel ¢alismada, enerji harcama baki-
mindan en verimli akiskanin R290 oldugunu ve R290 akiskaninin R134a akis-
kanina oranla %27.5 daha az enerji tiikettigini gozlemlemislerdir. Elbel, Visek ve
Hrnjak (2016), R134a akiskanina alternatif olarak dogal sogutucu akiskanlar olan
R744 (CO2) ve R290 kullanarak, ticari bir kutu sogutucusu tzerinde gercekles-
tirdikleri calismada, R744 akiskani R134a akiskanina gore %27 daha fazla enerji
harcarken, R290 akiskan1 R134a akiskanina gore %9 daha az enerji harcamistir.
Bu ¢alismanin bir diger sonug¢larindan bir diger ise R744 akiskan1 R290 akigskani
gibi yanici olmamasina ragmen R744 sistem maliyeti ytiksektir ve yiiksek hava
sicakliklarinda enerji verimliligi diismektedir. Ancak, R744 akiskanin yiiksek hava
sicakliklarinda bile tatmin edici sonuglar elde ettiklerini yayinlamiglardir.
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Literatiirde arastirmacilar ticari sogutucularin enerji tiikketimlerini incelemek ve
azaltmak i¢in bircok deneysel ve sayisal calisma gerceklestirmislerdir.

Chaomuang, Flick ve Laguerre (2017) yayinladiklar1 derleme ¢alismasinda, agik
ve kapali ticari sogutucularimin performansini, hem sicaklik dagilhimi hem de
enerji tiketimi bakimindan, deneysel ve sayisal yaklasimlarla iyilestirme giri-
simlerini incelemislerdir. Ticari sogutucularin enerji tiiketiminin azaltilmasin-
daki en 6nemli girisimlerden biri, ticari sogutucuyu kapali (6n kapili) olarak ta-
sarlamaktir. Bu ¢6ziim ile daha iyi sicaklik homojenliginin yani sira %70'e varan
enerji tasarrufu saglanabilecegi kanitlanmistir. Fricke ve Becker (2010), birbiri
ile ayn1 6zellikteki iki farkli siipermarkette acik ve kapali ticari sogutucularin
enerji harcamasi bakimindan karsilastirmislardir. Sonug olarak, acik olarak ta-
sarlanan ticari sogutucunun 1.3 kat daha fazla enerji harcadigi tespit edilmistir.
Benzer bir sonug da, 2015 yilinda Yeni Zelanda’da yayinlanan raporda elde edil-
mistir. Ticari sogutuculara kapi eklenmesi halinde, %42 enerji tasarrufu saglan-
dig1 tespit edilmistir (Robertson, 2015).

Chaomuang, Flick, Denis ve Laguerre (2019), yayinladiklar1 makalede, kapal ti-
cari sogutucularinin ¢alisma kosullarini, kap1 agma sikligini, ortam sicakligi et-
kilerini ve kullanilan hacimlerin yiizdesi gibi enerji ve 1s1l performansi énemli
6lciide etkileyen degiskenleri deneysel olarak incelemislerdir. Kap1 agma siklig1
saatte sirasiyla 10 ve 60 olarak ayarlandiginda kompresoriin ¢alisma ylizdesinin
%?25’den %44 e yiikseldigini gézlemlemislerdir. Dahasi, tirtin sicakliginin dis or-
tam sicakligindan ve kapi a¢ip kapama sikligindan dogrudan etkilendigi ve 6zel-
likle 6n bolgedeki iirtinlerin yliksek sicakliga en fazla maruz kalan bélge oldugu
bu calismada vurgulanmistir.

Ocak, Kosan, Erten, Erdogmus ve Oder (2023) yayiladiklar1 makalede, kapalh
ticari sogutucularinda kullanilan kompresor teknolojilerinin enerji verimliligine
onemli 6lciide katki sagladigini gostermislerdir. Calismada, sabit hizli kompre-
sor ve degisken hizli kompresor karsilastirilmistir. Sonug olarak degisken hizl
kompresor %25.9 daha az enerji harcadig1 gosterilmistir.

Ticari sogutucularda enerji verimliligi bakimindan gelecek vaat eden bir baska
yontem ise faz degistirici malzemelerin kullanilmasidir. Selvnes, Allouche, Ma-
nescu ve Hafner (2021), hazirladiklar1 derleme calismasinda, sogutma sistemle-
rine uygulanan faz degistiren malzemeler hakkindaki son gelismeleri kapsaml
olarak incelemislerdir. Faz degistiren malzemelerin kullanilmasi sonucunda, bir-
¢ok ticari sogutucuda toplam enerji harcamasi diismiistiir ve maksimum kabin
sicakliginda ise iyilesmeler saglanmistir. Beek ve Hans (2014), gerceklestirdikle-
ri deneysel calismada, ticari kutu sogutucusunun arka kanalina uyguladiklari faz
degistirici malzeme sayesinde, sogutucudaki enerji harcamasinda %4-10 arasin-
da bir diisme saglamiglardir (Beek ve Hans, 2014). Maderi¢, Pavkovi¢ ve Lenic
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(2019), gizli 1s1 depolu (buzlu su) kutu sogutucusu tzerinde gerceklestirdikleri
deneysel ¢alismada, termostati bir buz bankasi rélesiyle degistirilmesi neticesin-
de, enerji tiikketiminde %15'e varan bir azalma elde etmislerdir.

Bilimsel literatiirde, kapali ticari kutu sogutucularindaki ortalama kutu sicaklik-
larinin enerji harcamasina etkisinin yeterince arastirilmadig tespit edilmistir.
Bu agidan, ¢alisma kapsamindaki deneylerde, ticari kutu sogutucusu, K1 ve K4
kutu sicaklik siniflarinda ve gece - giindiiz modlarinda enerji tiiketimi deneysel
olarak incelenmistir. Deneylerde, R290 (90 gr) sogutucu akiskanina sahip, yanal
tip adyabatik olmayan kilcal boru sistemli, a¢/kapa kontrolii ile ¢alisan pistonlu
kompresor iceren, dikey ve kapali cam kapili bir ticari kutu sogutucusu kulla-
nilmistir. Bu ¢alismanin amaci gece-giindiiz modlarinin ve kutu sicakliklarinin
enerji verimliligine etkisini arastirmaktir. Gerceklestirilen deneysel ¢alisma ne-
ticesinde, sogutucudaki kutu sicakliklarinin ortalama ~1.5°C degistirilmesinin
enerji tilketiminde %2.83-%5.37 azalmaya yol a¢tig1 gosterilmistir. Bu noktada,
ticari sogutucularinin igerisindeki kutularin sicakliklarinin en uygun sicaklikta
ayarlanmasinin enerji tiiketimi agisindan gerekliligi bu ¢alismanin 6nemli sonug-
larindan biridir.

2. Metodoloji

Bu ¢alismada, iizerinde testleri gerceklestirilen ticari kutu sogutucusu Sekil 3
ile gosterilmistir. Ticari kutu sogutucusun testleri toplam 700 adet kutu ile tam
dolu olarak gergeklestirilmistir. Kutularin igerisi %33 oraninda propilen glikol
ve %67 oraninda su ile doldurulmustur. Deneyler, 25°C + 0.8°C sicaklik ve %60 *
%2 bagil nem saglayan PID (Oransal integral, Tiirevsel) deneyleyici algoritmasi
ile kontrol edilen bir iklimlendirme odasinda gerceklestirilmistir.

Sekil 3. Testi Gergeklestirilen Ticari Kutu Sogutucusu
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iklimlendirme odasi ve deney diizenegi TS EN ISO 22044:2022 standartina uy-
gun olarak kalibre edilmis ve kurulmustur. Ticari kutu sogutucunun iizerine ku-
rulan deney diizenegi ve sicaklik 6l¢iim noktalar: Sekil 4 ile gosterilmistir. Sekil
4’de anlatim ve agiklama kolayli1 a¢isindan ticari sogutucu sistemi basitlestiri-
lerek gosterilmistir.

Evaparator ¢ikig ¢

Evaparator giris

Kutularin koseleri ——— JJ J' 4 Il
(4 adet) [n’.m

Kutularmn késeleri p——
(4 adet)

Kutularin kdseleri t | |
|

(4 adet) U )
L Lidd]

Kutularin kdgeler) p——
(4 adet)

Kutularin késeleri
(4 adet)

Dryer yiizeyi

Kompresdr yiizeyi
Kompresdr girig

Kompresor ¢ikis TT—

Sekil 4. Sicaklik Ol¢iim Noktalar1

Deney diizeneginde termokupllar, kutularin ytizeyine, kompersoriin emme - bas-
ma hatti iizerine, kompresoriin dis list ylizeyine, dryer yiizeyine ve evaparatoriin
hava ve giris ¢ikis kisimlarina yerlestirilmistir. Kutularin tizerindeki termokupl-
lar, her bir raftaki kutu paketlerinin késelerinde olacak sekilde konumlanmistir
(bkz. Sekil 5). Boylelikle, kutular iizerinden toplam 20 noktadan sicaklik 6l¢iimii
gerceklestirilmistir. Sonug¢ olarak, deney kapsaminda toplam 26 noktadan si-
caklik 6l¢limii saglanmistir. Deneylerde kullanilan t tipi termokupllar bir panele
baglanmakta ve termokupllarin Bakir ve Nikel telleri ucunda seebeck etkisiyle
gerceklesen mV degisimi bir program sayesinde okunabilmektedir.
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Sekil 5. Bir Raf Uzerindeki Olgiilen Kutularin Konumlari. Sar1 Renkteki Kutular-
dan Olgiim Alinmustir (TS EN ISO 22044:2021)

Gii¢ Analizori, sistemin (kompresor, fanlar, 1siklandirmalar, elektronik cihazlar,
vb.) toplam harcadig1 giicii 6lgmek icin sogutucunun gii¢ ¢cikisina baglanmistir.
Test diizenegindeki sensoérlerden elde edilen veriler 1 dakikalik zaman araligi ile
24 saat boyunca kaydedilmistir. Deney diizeneginde kullanilan sensdrlerin veri-
leri Tablo 1 ile gosterilmistir.

Tablo 1. Sensorlerin Ozellikleri

Tipi Marka Ol¢iim Aralig Hassasiyet
, N V=0-2kV 0.1% (V)
Gii¢ Analizori Yokogawa A=0-20A 0.1% (mA)
. Agilent Sicaklik .
T tipi Termokupl Technologies -200/350°C +1°C
Nem Sensorii HT-6830 10-95%RH +1%RH

Ticari kutu sogutucusu enerji tasarrufu saglamak amaciyla gece ve giindiiz mod-
larina sahiptir. Gece modunda, led 1s1klar kapatilmakta, kutu sicakliklarinin daha
ylksek sicakliklarda olmasina izin verilmekte ve sogutma sistemindeki bilesen-
lerin calisma ytizdeleri degismektedir (kompresor, fanlar. vb). Burada izin verilen
sicaklik degerleri sogutucu dolabin gece modundan giindiiz modundaki sicaklik
araliklarina maksimum 4 saatte tekrardan ulasabilecek sekilde belirlenir. Calis-
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ma kapsaminda, ticari kutu sogutucusu gece ve giindiiz modlarinda ve iki farkl
sicaklik sinifinda (K1 ve K4) test edilmistir. K1 ve K4 sicaklik siniflari, TS EN ISO
22044:2022 standartina bagl olarak, aliminyum igcecek kutulari i¢cin uygulanan
bir test standartidir. Test edilen igecek kutulari, test siirecinde bu standartlar ile
belirlenen sicaklik araliklarinda sabit tutulmaktadir. Tablo 2 ile K1 ve K4 sicak-
Iik smiflarinin sicaklik araliklarini gostermektedir. Gece ve giindiiz modlari ve
kutu sicaklik siniflari, bir sogutucu elektronik termostat yardimiyla kontrol edil-
mektedir. Bu agidan, her bir deney gerceklestirilmeden dnce sogutucu elektro-
nik kontrolcii iizerinde gerekli ayarlamalar uygulanmistir. Deney baslangicinda
elektronik kontrolcliniin ayarlamalari tamamlandiktan sonra, sogutucu sistem
calistirilmistir. Sistem kararli hale ulasana kadar beklenmis ve sensorlerden elde
edilen verilerin kaydedilmesi bu asamadan sonra gerceklestirilmistir.

Tablo 2. K1 ve K4 Sicaklik Siniflari

Sicaklik iist seviyesi ~ Sicaklik alt seviyesi ~ Ortalama sicaklik

Smif

Q) °Q) Y
K1 +7 0 +3,5
K4 +9 +1 +5

K1 sicaklik sinifinda 6l¢tilen kutu sicakliklari, ortam sicakligindan 0°C ve 7°C ara-
sina indirilmelidir. Ortalama kutu sicakligi ise 3.5°C veya daha diisiik sicakliklar-
da olmalidir. Bu degerlerler K4 sicaklik sinifinda ise, maksimum 9°C, minimum
1°C ve ortalama 5°C olmasi gerekmektedir. Olgiilen kutularin anlik ortalama si-
cakligi Denklem (1) ile verilen esitlik ile hesaplanabilir (TS EN ISO 22044:2021)

N
1
Tort = N z (Tkutu,k)t (1)
k=1

Denklem (1) ile verilen T,,, 6l¢iilen kutularinn anlik ortalama sicaklig, N, 6l¢iilen
kutu miktari, k, her bir kutunun indeksi, ¢, anlik 6l¢iilen numunelerin zaman in-
deksi, Ty, anlik olgtilen kutu sicakligidir.

Bu ¢alismada arastirma ve yayin etigine uyulmustur.

3. Sonug

Dikey ve kapali cam kapili dolapl bir ticari kutu sogutucusunun K1 ve K4 sicak-
Iik smiflarinda ve gece-glindiiz modunda enerji tiikketimi deneysel olarak ince-
lenmistir. Testler TS EN ISO 22044:2022 standartina uygun olarak 25°C + 0.8°C
sicaklik ve %60 * %2 bagil nem altinda 1 dakikalik kayit araliklari ile 24 saat
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boyunca gerceklestirilmistir. Sekil 6 ile K1 sicaklik sinifina ve giindiiz moduna ait
deneylerin zamana gore ortam sicakligi ve nem degerleri goriilmektedir.

Ortam Sicakligi Ortam Nemi

27,0
26,5

26,0
25,5
25,0
24,5
24,0

2
(%) TwoN weuQ

23,5

Ortam sicaklikligi (°C)

N
(%)
(=)

0 4 8 12 16 20 24
Zaman (sa.)

Sekil 6. K1 Sicaklik Sinifina Ve Giindiiz Moduna Ait Deneylerin Gergeklestigi Nem
Ve Sicaklik Degerlerinin Zamana Gore Degisimi

K1 ve K4 sicaklik siniflarinda ve gece - glindiiz modlarinda iklimlendirme oda-
sinin nem ve sicaklik degisimleri birbirine benzer oldugu i¢in sadece K1 sicaklik
sinifi ve glindiiz moduna ait veriler gosterilmistir (bkz. Sekil 6).

Giindiiz modunda K1 ve K4 sicaklik siniflarina ait deneylerde 6l¢iilen kutu sicak-
liklarinin zaman ile degisimi sirasi ile Sekil 7 ve Sekil 8 ile verilmistir.

Minimum Sise Sicakligt Maksimum Sise Sicakligt
————— Minimum Limit (K1) eececeesees Maksimum Limit (K1)
Ortalama Sise sicakhig (Tort) — -------- Ortalama limit (K1)

Sise sicakliklar (°C)

Zaman (sa.)

Sekil 7. K1 Sicaklik Sinifina ve Gilindiiz Modu Ait Kutu Sicakliklarin Zamana Gore
Degisimi
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Sekil 7 ile verildigi gibi, kutularin tamaminin sicakliklar1 limit degerler olan
0°C-7°C arasinda kaldig1 gozlemlenmistir. Olciilen kutularin test boyunca mak-
simum sicaklig1 ise 4.7°C’dir. Bu deneyde, 20 adet kutunun tamaminin ortalama
sicaklig1 3.4°C-2.8°C arasinda degistigi dl¢lilmiistiir. Sonug olarak, K1 sicaklik si-
nifinda ve giindiiz modu deneylerinde anlik 6l¢iilen ortalama kutu sicakliklari,
3.5°C ortalama sicaklik limitinin altinda tutuldugu goésterilmistir.

K4 sicaklik sinifina ve giindiiz modu ait kutu sicakliklarin zamana gore degisimi
Sekil 8 ile gosterilmistir.

Minimum Sise Sicakhg Maksimum Sise Sicaklig

————— Minimum Limit (K4) seeeeeeeess MaksimumLimit (K4)
Ortalama Sise sicakhigi (Tort) — -------- Ortalama limit (K4)

10
o &
< il
g i
g 6 TN AN
7 4
£
2, ]

0 T T T —T T
0 4 8 12 16 20 24

Zaman (sa.)

Sekil 8. K4 Sicaklik Sinifina ve Gilindiiz Modu Ait Kutu Sicakliklarin Zamana Gore
Degisimi

K4 sicaklik sinifina ve giindiiz moduna ait deneylerde de K1 sicaklik sinifina ait
deneylere benzer bir sekilde, tim kutu sicakliklariin limit degerler (1°C-9°C)
arasinda oldugu gozlemlenmistir (bkz. Sekil 3). Ol¢ciimii gerceklestirilen kutula-
rin deney boyunca maksimum sicaklifi 6°C olarak 6l¢iilmiistiir. Tiim kutularin
ortalama sicaklig1 ise 4.6°C olarak ol¢iilmiistiir. K4 sicaklik sinifina ve giindiiz
moduna ait deneylerde anlik dl¢iilen ortalama kutu sicakliklari, 5°C ortalama si-
caklik limitinin altinda tutuldugu gézlemlenmistir.

TS EN ISO 22044:2022 standartina uygun olarak gerceklestirilen K1 ve K4 sicak-
lik siniflarinda ve giindiiz moduna ait deneylerin belirtilen standarta gére basa-
rili oldugu gosterilmistir.

Gece modunda K1 ve K4 sicaklik siniflarina ait deneylerde dl¢iilen kutu sicaklik-
lar1 sirasi ile Sekil 9 ve Sekil 10 ile verilmistir. Gece modu deneylerinde, giindiiz
modundan farkli olarak, enerji tasarrufu saglanmasi amaciyla, kutu sicakliklari
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gilindiiz moduna gore daha yiiksek tutulmaktadir. Gece modunda, termostat ve
gomiilii algoritmalar yardimiyla sistem komponentlerinin kontrolii saglanmak-
tadir. Bu algoritmalar, kompresoriin agilma kapanma frekanslarini ayarlamakta,
buharlastiric ve yogunlastirici fan kontrollerini saglamaktadir.

Minimum Sise Sicakligi Maksimum Sise Sicakligt

————— Minimum Limit (K1) seeeeeeeeee Maksimum Limit (K1)
Ortalama Sise sicakligi (Tort) — -------- Ortalama limit (K1)
NI crmrcraee]

Kutu sicakliklari (°C)

Zaman (sa.)

Sekil 9. K1 Sicaklik Sinifina ve Gece Modu Ait Kutu Sicakliklarin Zamana Gore
Degisimi

Sekil 9 ile goriilebilecegi gibi, K1 sicaklik sinifina ve gece modu ait deneylerde,
deney boyunca 6l¢iilen minimum, ortalama ve maksimum kutu sicakliklari sira-
styla, 3.2°C, 5.2°C ve 7.4°C’dir. K4 sicaklik sinifina ve gece modu ait deneylerde
ise, ol¢iilen minimum, ortalama ve maksimum kutu sicakliklar1 sirasi ile 4.7°C,
6.8°C ve 9°C’dir (bkz. Sekil 10)

Sekil 11 ile calisma kapsaminda gerceklestirilen deneylerde, kompresoriin ¢alis-
ma oranlar1 gosterilmistir. Calisma orani, 24 saat boyunca uygulanan deneylerde
kompresoriin agik kaldigi siirenin 24 saate orani olarak ifade edilebilir. Deneyler
kapsaminda, en yiiksek enerji harcayan komponent kompresoérdiir. Bu agidan,
kompresoriin ¢alisma oranlari, sistemin enerji harcamasi hakkinda énemli bil-
giler sunmaktadir.

K1-giindiiz modu en yiiksek ¢alisma yiizdesine sahiptir ve bu deger %23.54'dir.
Bir baska deyisle, kompresor 5 saat 39 dakika a¢ik kalmistir. Bu degeri, %21.39
(5 saat 8 dakika kompresor agik kalma stiresi) ile K4-giindtiz deneyleri takip et-
mektedir. K1-gece ve K4-gece deneylerinde ise kompresoriin acik kalma stireleri
sirasiyla, 3 saat 23 dakika ve 3 saat 17 dakikadir.
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Minimum Sise Sicaklig Maksimum Sise Sicakhigt

————— Minimum Limit (K4) eeeseeeeces MaksimumLimit (K4)
Ortalama Sise sicakligi (Tort) - ------- Ortalama limit (K4)
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Sekil 10. K4 Sicaklik Sinifina ve Gece Modu Ait Kutu Sicakliklarin Zamana Gore
Degisimi
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Sicaklik Siniflar1 ve Gece-Giindiiz Modlar1
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Sekil 11. Kompresoriin Calisma Orani

K1-giindiiz ve K1-gece modlar1 deneylerinde kompresoriin ve dryer sicaklikla-
rinin zamana gore degisimi sirasiyla, Sekil 12 ve Sekil 13 ile gosterilmistir. De-
neylerde, kompresor giris, ¢ikis ve iist ylizeyinden ve yogunlastirici ¢ikisinda yer
alan dryer lizerinden sicaklik dl¢limleri gerceklestirilmistir. Deneyler 24 saatlik
bir periyotta gerceklesmesine ragmen Sekil 12 ve Sekil13’de gdsterim kolayli-
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g1 acisindan 12 saatlik periyotlar halinde gosterilmistir. K1 ve K4 sicaklik sinif-
lar1 i¢in kompresor sicakligi dongiileri ve degerleri benzer oldugu icin sadece
K1 sicaklik sinifina ait kompresoér sicakliklar: gosterilmistir. Sekil 12 ve Sekil 13
degerlendirildiginde, giindiiz ve gece modlarindaki kompresoriin ¢alisma fre-
kansinin dnemli 6l¢iide farkl oldugu gozlemlenebilir. K1 sicaklik sinifi deneyleri
stiresince, giindiiz modunda kompresor toplam 24 defa a¢ilip kapandigi ve gece
modunda ise bu frekans degerinin 60 oldugu gézlemlenmistir.

Kompresor Cikis Sicakligi Dryer Sicakligi
Kompresor Giris Sicakligr =~ --------~ Kompresor Yiizey Sicaklig
90
80 -
—~
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~
g
—
~
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10
0 -
-10 T T
0 4 8 12
Zaman (sa.)

Sekil 12. K1 -Giindiiz Modu I¢in Kompresér Sicakliklarinin Zamana Gore Degisimi

Kompresor Cikis Sicakligt

Dryer Sicakligt
Kompresor Girig Sicaklign ~ -=-=-=--- Kompresor Yiizey Sicaklig

90
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)

\\\\\\\\\\\
\\\\\\\

o WY
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S
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Sekil 13. K1 -Gece Modu i¢cin Kompresér Sicakliklarinin Zamana Gére Degisimi
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K1 ve K4 giindiiz ve gece modlari i¢cin Buharlastirici tizerinden akan hava sicak-
liklarinin zamana gore dagilimi sirasiyla Sekil 14 ve Sekil 15 ile gosterilmistir.
Grafikler gosterim kolaylig1 agisindan 8 saatlik periyotlar halinde sunulmustur.

K1 Buharlastirict Cikis Sicakligt
K1 Bubharlastiric1 Giris Sicakligt
--------- K4 Buharlastiric1 Giris Sicakligt
-- --- K4 Buharlastirict Cikis Sicakligt

¥ o253

=

Kutu sicakliklar (°C)

5 . . . . . .
0 4 8
Zaman (sa.)

Sekil 14. K1 ve K4 Giindiiz Modu I¢in Buharlastirici Hava Sicakliklarinin Zamana
Gore Degisimi

K1 Buharlastiric1 Cikis Sicaklig
K1 Buharlagtiricr Giris Sicakligt
--------- K4 Buharlastiric1 Giris Sicakligt
--------- K4 Buharlastirict Cikis Sicakligi

Kutu sicakliklar (°C)

4 8
Zaman (sa.)

Sekil 15. K1 ve K4 Gece Modu I¢in Buharlastirict Hava Sicakliklarinin Zaman Gére
Degisimi
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Tablo 3 ile kompresorde, dryerde ve buharlastiricida 6lgiilen sicakliklarin maksi-
mum ve minimum degerleri sayisal olarak gosteristir. Tablo 3, Sekil 12, 13, 14 ve

15 ile verilen grafiklerin bir 6zeti olarak degerlendirilebilir.

Tablo 3. Sicaklik Ol¢iim Noktalarinin Maksimum Ve Minimum Degerleri (°C)

K1 K4 K1 K4
Giindiiz Giindiiz Gece Gece
Sicaklik 6lgiim maks min maks min maks min maks min
noktalari
Kompresorgirls 395 137 379 272 342 18 343 347
sicakligi
KompresorCikis 735 333 733 328 663 332 662 329
sicakligl
Dryer sicakligi 39.7 169 401 174 391 165 394 163
Kompresor 563 417 560 409 475 413 472 412
ylizey sicakligi
Buharlastirici
hava giris 4.4 1.7 58 31 88 452 103 59
sicakligi
Buharlastirici
hava cikis 4.3 -3.5 58 -19 63 -13 8.0 -0.1
sicakligi

Deney sonuglarinin 6zeti Tablo 4 ile verilmistir. K1-giindiiz ve K1-gece deneyle-
rinde sirasiyla, toplam 3.255 kWh ve 1.379 kWh enerji harcanmistir. K4 sicaklik
siifindaki deneylerde ise bu degerler giindiiz modunda 3.089 kWh ve gece mo-
dunda 1.341 kWh olarak ol¢iilmiistiir.
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Tablo 4. 24 Deney Sonuglarinin Ozeti

Deney degiskenleri Birim K1 K4 K1 Ka

y degly Giindiiz  Giindiiz Gece Gece
Test odasi sicakligi °C 25 25 25 25
Test odas1 nemi % 60 60 60 60
Maksimum kutu sicakligi °C 4.7 6 7.4 9
Ortalama kutu sicakligi °C 3.1 4.6 5.2 6.8
Minimum kutu sicakligi °C 1.7 3 3.2 4.7
Kompresor calisma % 2354 2139 141 1368
yuzdesi
Kompresor ag/kapa

1/saat 1.03 0.96 2.48 2.22

frekansi
Maksimum harcanan gii¢ w 410 414 389 392
Toplam tiiketilen enerji kWh 3.255 3.089 1.379 1.341

Sonug olarak, K1 ve K4 sicaklik siniflarindaki giindiiz modundaki ortalama si-
caklik farki 1.5°C ve gece modundaki ortalama sicaklik farki ise 1.6°C olarak 6l-
¢lilmiistiir. Bu ortalama sicaklik farklari sonucunda, K1 sicaklik sinifindaki enerji
tiiketimi K4 sicaklik sinifina gore, giindiiz modunda %5.37 ve gece modlarinda
ise %2.83 daha ytiksek olarak ol¢iilmiistir.

4. Tartisma

Bu calismada, ticari dikey ve kapali cam kapili bir ticari kutu sogutucusu kutula-

rin K1 ve K4 sicaklik siniflarindaki ve sistemin gece-glindiiz modlarindaki enerji
tiiketimi degerleri ve diger sogutma sistemi bilesenlerinin sicaklik verileri de-
neysel olarak incelenmistir. TS EN ISO 22044:2022 standartina uygun olarak
gerceklestirilen giindiiz modu deneylerinin, her iki sicaklik sinifinda da basaril
oldugu gosterilmistir. Giindiiz modundaki tiim deneylerde, tiim kutu sicaklikla-
r1 belirlenen maksimum ve minimum degerler arasinda kalmis olup, kutularin
ortalama sicakliklar ise belirlenen ortalama limit sicaklifinin altinda kalmis-
tir. Dahasi, glindiiz modunda, kutularin ortalama sicakliklarindaki 1.5°C’lik bir
degisim neticesinde enerji harcanmasinda %5.37 degerinde bir artis oldugu
gosterilmistir. Gece modunda ise, kutularin ortalama sicakliklarindaki 1.6°C si-
cakligindaki bir artis, enerji harcamasinda %2.83 degerinde bir yiikselise yol
acmistir. Bu agidan, bir sogutucu icerisindeki kutu sicakliklarinin optimum si-
caklikta tutulmasi, enerji verimliligi bakimindan olduk¢a 6nemli oldugu bu ¢a-
lisma ile gosterilmistir.
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Gosterimler

COP : Sogutma etkinlik katsayisi
HCFC : Kloroflorokarbon

HFC : Hidroflorokarbon

HFO : Hidrofloroolefin

HC : Hidrokarbon

CFC : Kloroflorokarbon

ODP : Ozon inceltme potansiyeli
GWP : Kkiiresel 1sitnma potansiyeli
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Keywords Abstract
Multi-layer coated tool, Aluminum-based Metal Matrix Composites (MMC) are commonly
finite element method, used in metal-cutting applications due to their better mechanical

and physical properties, such as high strength, hardness, and
low weight. Also, modern coating applications, especially multi-
layer coated tools, have cutting-edge potential for relieving the
difficulties of machining MMCs to improve insert performances.
Therefore, this study aimed to reveal the turning Al-4.5%Cu/
TiB2/3p performance of the multi-layer coated cemented carbide
insert with verified FEM and statistical approaches. Different
coating materials, two and three of which were soft and hard,
were appointed at different thicknesses and sequences in the
design of experimentally calibrated simulations. The Grey Relation
Analysis (GRA) was set to investigate the multi-layer coated insert
performance for turning the MMC concerning the resultant cutting
forces (FR) and maximum insert temperature (Tmax). The optimal
multi-layered coating was found at levels 4-2-4-3-2 for the factors
of coating materials: tungsten disulfide (WS2), molybdenum
disulfide (MoS2), titanium nitride (TiN), aluminum oxide (Al203),
and titanium carbo-nitride (TiCN), respectively. The contribution
rates of each factor were significant concerning the General Linear
Model (GLM) at 47.13% and 24.43% for WS2 and Al203 coatings
materials, respectively. In the future, multi-layered coatings can be
a valuable solution for the difficulties of machining the MMCs.
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AL-4.5%CU/TIB2/3P MMK'NIN COK KATMANLI
KAPLAMALI KESiCi TAKIMLARLA ISLENEBILIRLIGININ
KARSILASTIRILMASI: DOGRULANMIS FEM VE ISTATISTIKSEL

YAKLASIMLAR

Anahtar kelimeler

0z

Cok katmanli kaplamali
kesici takim, sonlu
elemanlar yéntemi, gri
iliskisel analiz

Altiminyum bazli Metal Matris Kompozitler (MMK), yiiksek
mukavemet, sertlik ve diistik agirlik gibi daha iyi mekanik ve
fiziksel ézelliklerinden dolayr metal kesme uygulamalarinda
yaygin olarak kullanilmaktadir. Ayrica, modern kaplama
uygulamalari, ozellikle ¢ok katmanh kaplamali takimlar,
kesici takim performanslarini iyilestirerek MMK'lar1 isleme
konusundaki zorluklart ortadan kaldirmada iistiin  bir
potansiyele sahiptir. Bu nedenle, calismada, dogrulanmis FEM
ve istatistiksel yaklasimla ¢ok katmanli kaplamali semente
karbiir bir kesici takimin Al-4.5%Cu/TiB2/3p MMK’nin
tornalama performansini ortaya c¢ikarmak amaglanmigtir.
Deneysel olarak kalibre edilmis ve secilmis bir similasyon i¢cin
farkli kalinlik ve dizilimlerde (iki adet yumusak ve ii¢ adet
sert kaplama malzemesi icin) istatiksel olarak similasyon
tasarimi  kurulmustur. Gri Iliski Analizi (GRA) yardimi ile
MMK malzemenin tornalanmasinda ¢ok katmanl kaplamali
u¢ performansint kesme kuvvetlerinin bileskesi (FR) ve
maksimum ug¢ sicakligi (Tmax) baz alinarak arastirilmigstir.
Optimum ¢ok katmanli kaplama, kaplama malzemeleri
faktérleri igin 4-2-4-3-2 seviyelerinde bulunmusg olup bu kosul
sirastyla: tungsten distilfid (WS2), molibden disiilfiir (MoS2),
titanyum nitriir (TiN), aliiminyum oksit (AlI203), ve titanyum
karbo-nitriirdiir (TiCN). Her bir faktériin katki oranlari, Genel
Dogrusal Model (GLM) ile incelenmis, WS2 ve AlI203 kaplama
malzemeleri icin sirasiyla %47,13 ve %24,43 oraninda anlaml
oldugu tespit edilmistir. Gelecekte ¢ok katmanli kaplamalar,
MMK'larin islenmesindeki zorluklart asmak icin degerli bir
¢oztim olabilirler.
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1. Introduction

Metal Matrix Composite (MMC) materials are strengthened by adding a carbon-
based or ceramic material into a metal matrix to provide superior properties
such as corrosion resistance, mechanical strength, elasticity modulus, etc. (Gir-
biiz, Senel, & Kog, 2015; Senel & Giirbiiz, 2021). The preference for MMC materi-
als for engineering applications is gradually increasing due to their superior pro-
perties such as high strength, high young modulus, high toughness, high impact
strength, enhancement wear resistance, high hardness, and low weight (Radhika,
Subramaniam, & Senapathi, 2013; Rathodi & Pandey, 2017). Aluminum MMCs
are primarily used in the automotive and aerospace industries for better corrosi-
on and wear resistance (Joel & Xavior, 2018). Aluminum-based MMCs are mainly
enhanced with hard ceramics; thus, the MMCs become difficult-to-cut materials
(J. P. Chen, Gu, & He, 2020; Nicholls, Boswell, Davies, & Islam, 2017; Radhika et
al,, 2013). Therefore, many recent studies have directed to machining Al MMCs
enhanced with ceramics. The parameters, such as tool wear, workpiece surfa-
ce roughness, cutting forces, insert tip temperature, chip formation, etc., can be
investigated during the machining of MMCs. For example, silicon carbide (SiC)
(Bhushan, 2021; Das & Chakraborty, 2018; Swain, Das Mohapatra, Das, Sahoo, &
Panda, 2020), aluminum oxide (Al,0;) (Prakash & Igbal, 2018), and boron car-
bide (B4C) (Channabasavaraja, Nagaraj, & Srinivasan, 2016; Hiremath, Auradi,
& Dundur, 2016; Saravanan & Mahendran, 2020) reinforcement Al MMCs have
been trend investigations recently.

Denkena, Tonshoff, & Boehnke (2005) investigated the machinability of iron-rich
Al MMC regarding tool wear aspect due to their lower density and high oxidation
resistance properties, which presented a high potential for automotive and ae-
rospace applications. The claim that “Economic cutting operations are currently
not possible” was revealed. Modern coating applications have become a cure to
solve the economic problems of machining MMCs to investigate the insert per-
formances regarding tool wear, cutting forces, cutting parameters and tempera-
tures, etc. Uncoated carbide inserts caused built-up-edge and coating inserts like
TiN, TiAIN, and CrN might not eliminate this weakness (P. Roy, Sarangi, Ghosh, &
Chattopadhyay, 2009). Akgiin, Ozlii, & Kara (2023) investigated the effect of PVD-
TiN and CVD-Al,O; coatings on the hard turning of AISI H13. The authors revea-
led that the CVD-Al,0; coated insert was more effective than the PVD-TiN coated
insert regarding the abrasion and adhesion mechanisms. MoS2, a soft coating
material, was used to solve the built-up edge and adhesion tendency by coating
inserts (Harris, Vlasveld, Doyle, & Dolder, 2000). An investigation on tool wear
performance during machining of SiC-reinforced ZA43 alloy MMC presented that
coated tungsten carbide insert with triple layered with hard coating materials
(Al,Os, TiN, and TiCN) performed better than uncoated one according to tool
wear aspect (Marigoudar & Sadashivappa, 2014).
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Multi-layered coating of the tools has innovative potential for cutting applications
for heavy-duty conditions due to the friction and high heat energy during the mac-
hining. S. Roy & Ghosh (2014) investigated the high-speed turning of AISI 4140
steel using nano-tube-based nanofluid in minimum quantity lubrication (MQL)
by a multi-layer (TiN-Al,05-TiCN) coated insert. The nanofluid MQL machining
performance was compared to wet and dry machining conditions and performed
better than the others. During the machining of hardened steel at or above 50
HRC, multi-layer coated carbide inserts have outperformed compared to single-
layered coated carbide inserts (Kene, Orra, & Choudhury, 2016). Kara, Aslantas,
& Cicek (2016) predicted the cutting temperature of coated (TiCN+Al203+TiN
and Al,0;) uncoated inserts for orthogonal cutting of AISI 316 L by an artificial
neural network. C. S. Kumar & Patel (2018a) focused on the machining perfor-
mance comparison of mono-layered AICrN and multi-layer AITiN coated Al,03/
TiCN-based mixed ceramic insert in turning of hardened AISI 52100 steel (62
HRC hardness). Multi-layer AlITiN coated inserts performed better anti-oxidati-
on, anti-adhesion, and anti-abrasive behaviors than mono-layered AICrN coated
and uncoated inserts. Also, C. S. Kumar & Patel (2018b) continued to search the
coating thickness effect of mono-layered AICrN, and multi-layer AITiN coated
Al,0;/TiCN-based mixed ceramic insert during the machining of hardened AISI
52100 steel. They revealed that multi-layer AITiN coated inserts showed better
adhesion to the substrate. Lian, Mu, Liu, Chen, & Yao (2019) presented an exci-
ting soft/hard composite coating aspect for multi-layered coating literature. The
main motto was “The external soft coating layer on the hard coating layer played
a significant role in decreasing cutting forces and temperatures because the soft
coating layer had lower shear strength than general insert materials.” They also
investigated the coating thickness and material effects on turning of AISI 1045
steel as a three-dimensional numerical simulation aspect. Then, they proposed
that the Soft/hard composite coating thickness ratio should have been 0.9:0.1. R.
Kumar et al. (2019) investigated the optimal cutting parameters for turning JIS
S45C structural steel with the multi-layer coated (TiN-TiCN-Al,03-TiN) carbide
insert. They advised the optimal cutting parameters as cutting speed (Vc) 120
m/min, dept of cut (d) 0.3 mm, and feed (f)0.05 mm/rev regarding the tool flank
wear, surface roughness of the workpiece, and chip morphology. Interestingly,
Tooptong, Nguyen, Park, & Kwon (2021) revealed a unified crater wear model
combining the abrasive wear and dissolution wear for the multi-layer (TiN-
Al,05-TiCN) coated carbide insert during the machining of flake graphite iron,
compacted graphite iron, and nodular graphite iron. The maximum crater wear
was measured experimentally, and 2D FEM simulations determined the maxi-
mum cutting temperatures to guess the contributions from abrasive and disso-
lution wear. The crater wear differences for the three types of iron came from
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the cutting temperature differences. U. Kumar & Senthil (2020) investigated the
machining performance of the multi-layer (TiN-AITiN) coated tungsten carbide
insert during the dry turning Ti-6Al-4V. The focused originality of the search was
revealing the machining performance of the insert as deep cryogenic treated at
-184 °C for a period of 36 h and then tempering in an electrical furnace at 250
°C for 6 hours. The cryogenic treatment achieved lesser surface roughness and
cutting forces due to lowering the insert's thermal conductivity and increased
wear resistance and hardness. In a recent study (Ranjan & Hiremath, 2022), 3D
FEM simulation validated by the experiment of machining AISI 420 was perfor-
med using the multi-layer (TiN-TiCN-Al,0;-TiN, TiN- Al,03- TiCN-TiN) coated and
uncoated inserts. The coated inserts differed from each other regarding layer se-
quences and thickness of layers. The TiN-TiCN-Al,0;-TiN multi-layer coated car-
bide insert was found to be more effective than the other inserts regarding the
minimum generation of effective stress, cutting temperature, and cutting power.

Numerous 2D FEM studies of MMCs can be found in the literature describing the
tool-particle interaction, particle orientation, tool wear, etc., but a few 3D FEM
studies have been investigated. Pramanik, Zhang, & Arsecularatne (2007) inves-
tigated tool-particle interaction based on geometrical orientation, tool wear, and
surface damage during the machining of Al matric SiC particle reinforcement
MMC using 2D FEM in the ANSYS/LS-DYNA software package. The particles were
%20 by volume and were assumed to bond to the matrix perfectly. Stress/strain
fields were determined for possible debonding and fracture. One of the limitati-
ons of the 2D FEM simulation was to challenge severe mesh distortion due to the
nonuniform deformations in the chip removal. As a solution, chip formation was
revealed by a self-designed continuous remeshing routine by modeling 2D ortho-
gonal machining of Al/SiC MMC in the ABAQUS software package (Schulze, Zan-
ger, Michna, Ambrosy, & Pabst, 2011). Another significant issue in the 2D FEM of
the orthogonal machining MMCs was modeling the interface between reinforce-
ment particles and base matrix. Umer et al. (2015) modeled the interface betwe-
en reinforcement particles and base matrix using two concepts, with or without
cohesive zone elements (CZE). The model could predict cutting forces, chip morp-
hology, stresses, and temperatures by comparing CZE for Al/SiC MMC machining,
CZE with a parting line approach was advised as the best model for the 2D FEM of
the orthogonal machining to simulate serrated chips. Afterward, Ghandehariun,
Kishawy, Umer, & Hussein (2016) modeled a 2D FEM of the orthogonal machi-
ning Al/Al,0; MMC to reveal a more comprehensive knowledge of particle-mat-
rix interaction. Three concepts for particles positioned along, above, and below
the cutting line were successfully simulated with the CZE model. Umer, Kishawy,
Ghandehariun, Xie, & Al-Ahmari (2017) continued their studies by focusing on
tool performance (PCD) using 2D FEM of the orthogonal machining Al/Al,0; and
Al/SiC MMCs. While the model without CZE could accurately determine cutting
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forces, tool stresses, and temperatures, the model with CZE could estimate the
effect of matrix-particle interaction on tool stresses and machined surfaces. In ad-
dition, some recent studies did not choose the CZE for particle-matrix interactions
for MMCs. Xiong, Wang, Jiang, Lin, & Shao (2018) focused on the 2D orthogonal
cutting FEM of TiB2/7075A1 MMC to investigate the chip formation mechanism.
The matrix-particle interaction was defined by Python programming, and the un-
cut chip part was created as an isotropic monophasic part without particles to sol-
ve high mesh distortion and computing times. Despite the self-programming, the
other common method was to use matrix element failure (the debonding energy
defined as Johnson-Cook damage law) surrounding the reinforcement particles
by assuming the particles were perfectly bonded to the matrix (Josyula & Nara-
la, 2018; Umer, Abidi, Abu Qudeiri, Alkhalefah, & Kishawy, 2020). Although the
summarized literature focused on the 2D FEM analysis, which lighted the mecha-
nics and particle-matrix interactions of the cutting process, the 3D FEM studies
related to the turning of MMCs have been limited. During hot turning, Jadhav &
Dabade (2016) simulated 3D FEM of Al/SiCp (10 and 30 % SiC particles) MMCs.
They used the Deform 3D software package. Vc, d, f, and preheating temperatures
were chosen as effective parameters to investigate. They modeled the material
regarding to Johnson-Cook material model and 3D equivalent homogeneous ma-
terial model data. Another recent investigation (X. Chen, Xie, Xue, & Wang, 2017)
cited that 2D FEM analysis has its own disadvantages, which end up inconsistency
with experimental cutting forces, and relatively discontinuous chip morphology.
Thus, a 3D equivalent homogeneous material model was developed for the SiCp/
Al6063/30p MMC to simulate the milling process in the ABAQUS software packa-
ge. The experimental verification was provided for milling forces and chip shape
within the 20% error band.

3D FEM simulations can be significant for machining optimizations (Ugur, 2022),
accurately estimating cutting forces (Baris & Levent, 2021) (especially for radial
cutting force), investigating preheating and different coating technologies, etc.
Furthermore, the abovementioned investigations have stood limited to evalua-
ting the performance of multi-layer coated inserts in the machining of Al MMCs.
Also, Al-4.5%Cu/TiB2/3p is a recently investigated MMC, especially its mecha-
nical behavior due to its potential applications in the automobile and aerospace
industries (Shaik Mozammil, Karloopia, Verma, & Jha, 2019; Shaik Mozammil,
Koshta, & Jha, 2021; S. Mozammil, Koshta, Jha, & Swain, 2022). Based on the de-
termined literature gap, the turning performance of a cemented carbide insert
was investigated regarding the evaluation of multi-layer coated conditions under
different coating thicknesses during the cutting Al-4.5%Cu/TiB2/3p MMC. Ve-
rified FEM and statistic approaches were used for the cutting performance, and
optimum multi-layered coating types in terms of their sequence and thicknesses
of each layer were revealed.
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2. Materials and Methods

The insert’s CAD design, FEM simulations for turning Al-4.5%Cu/TiB2/3p MMC,
and the design of simulations for the multi-layered coating types in terms of their
sequence and thicknesses were presented in detail in this section. Also, research
and publication ethics were obeyed in this study.

2.1CAD Model for Insert

The cutting tool geometry was selected similarly to the literature, which used
experimental results of the turning Al-4.5%Cu/TiB2/3p MMC to calibrate the
FEM simulations. Although the insert type was not given in the study, a technical
drawing of the insert and insert specifications (insert material, nose radius, rake
angle, etc.) was proposed (S. Mozammil et al., 2022). Some unremarked dimensi-
ons needed to design a 3D CAD file were determined from the technical drawing
of the insert via the Image] software package by calibrating with certain measu-
rements. So, the insert's CAD design and geometrical dimensions were created in
CATIA V5, as shown in Figure 1.

0.2 x10° (Assumed)

Figure 1. 2D Drawing and Isometric View of the Insert

2.2 FEM Simulations and Verification

A 3D FEM simulation was set by Deform 3D ver. 11.0 software package. A no-
tebook with an eight-core 11th Gen Intel® Core™ 17 CPU, 32 GB RAM, and SSD
technology performed all FEM simulations.

2.2.1 Geometric Characteristics of the Turning Process

The insert geometry was designed as shown in Figure 1. Also, the tool holder
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specifications were selected regarding the experimental reference study (S. Mo-
zammil et al., 2022). The inclination, rake, and tool cutting edge angles were
set as -6,-6, and 95, respectively. The workpiece geometry for the chip removal
path was selected as a circular arc with a diameter of 33 mm (S. Mozammil et al.,
2022) and a 10° angle for the more realistic FEM simulation. Also, the workpiece
was fixed by setting the zero velocity of the nodes in the Y-Z and X-Y axes for the
bottom and back surfaces, respectively. Figure 2 summarizes the geometric cha-
racteristics of the turning process.

Fixedat X and Y axes

Fixedat Y and Z axes

r~

Figure 2. The Geometric Characteristic of the FEM Setup

2.2.2 Insert-Workpiece Interface

Meshing is counted as the most critical parameter for analyzing the 3D Flow of
a complex cutting process, and adaptive meshing is required. DEFORM 3D can
automatically optimize remeshing in the cutting region by controlling user-defi-
ned parameters such as the time step, mesh sizes, mesh elements, etc. Thus, the
software was selected.

The 3D CAD model of the insert and simplified workpiece geometry regarding
cutting parameters and nose radius are presented in Figure 1-2. The modeling of
the insert was a rigid body with 25000 tetrahedral mesh elements. The size ratio
of the meshes was 4:1 (Figure 3.a), and the insert tip meshed finer using a mesh
window with a size ratio of 0.1 (Figure 3.b). A plastic body was appointed to the
workpiece and meshed with 25% of the feed value. Also, the contact area of the

56



Miihendis ve Makina / Engineer and Machinery 65, 714, 49-77, 2024

workpiece meshed as a 7:1 size ratio (Figure 3.c) to a finer result (Bathula, Buddi,
Shagwira, Mwema, & Rajesh, 2022; Kyratsis, Tzotzis, Markopoulos, & Tapoglou,
2021; Ozturk, 2022; Tzotzis, Garcia-Hernandez, Huertas-Talon, & Kyratsis, 2020).

During the dry turning, the thermal boundary condition of the insert-workpiece

. N °C
interface was set as 0.02
mm s

. . . N °C

for the convection coefficient, and 45 —— for the
mms

conduction heat transfer coefficient (Kyratsis et al,, 2021; Ozturk, 2022; Tzotzis

etal, 2020).

Finally, the friction condition at the insert-workpiece interface was set according
to Coulomb’s Law, which was the commonly used friction model for metalwor-
king processes (Equation 1) (Bobrovskij, Khaimovich, Bobrovskij, Travieso-Rod-
riguez, & Grechnikov, 2022; Tan, 2002).

Tr= puon (1)

Where 7 indicates the frictional shear stress. u shows the friction coefficient.
Lastly, o, displays stress of the insert-workpiece interface. The reference study
(S. Mozammil et al.,, 2022) proposed the friction coefficient for machining Al-
4.5%Cu/TiB,/3p MMC as 0.54. Therefore, u was set to 0.54.

4:1 size ratio

(a)

7:1 size ratio 33
(c)

Figure 3. The Meshed Geometries (a) Insert, (b) Insert Tip, and (c) Workpiece
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2.2.3 Material Models for Insert Workpiece and Coatings

2D FEM simulations have clarified significant knowledge about the mechanics of
the cutting process, especially particle-matrix interactions. However, 3D FEM si-
mulations can provide an evaluation of 3 components of the cutting forces more
clearly, more helpful tool wear prediction, and more accurate information about
stress, strain, displacement, and temperature behavior of the cutting interface,
etc. Also, 3D FEM simulations for machining operations can be crucial for cutting
tool marketing due to machining optimizations. Therefore, the recent literature
has a trend to use 3D equivalent homogeneous material (EHM) models develo-
ped by constitutive material characteristics and failure criterion definitions for
specific MMCs (X. Chen et al.,, 2017; Jadhav & Dabade, 2016).

The Johnson-Cook (JC) plasticity material model is the most common and well-
known material model for the recent FEM studies of machining applications (Iy-
nen, Eksi, Akyildiz, & Ozdemir, 2021; Ch Sateesh Kumar, Zeman, & Polcar, 2020;
Ozturk, 2022). JC model parameters were determined by constitutive material
characteristics and material constants estimation for the Al-4.5%Cu/TiB2/3p
MMC (S. Mozammil et al., 2022). JC model is described as follows:

o =(A+Be") (1+Cln= )[1 (”")] (2)

Tm—=To

The symbols o, ¢ &, &y, T, Ty, T, represent a variety of quantities in the context
of this study: equivalent stress, plastic strain, plastic strain rate, reference stra-
in rate, reference temperature, ambient temperature, and melting temperature,
respectively. Additionally, the symbols A, B, n, and m denote the empirical cons-
tants related to the workpiece material. These constants represent the initial
yield stress, the strain hardening modulus, the strain hardening exponent, and
the thermal softening exponent, respectively. The empirical parameters utilized
in this study for the MMC were obtained from a previously published work (S.
Mozammil et al.,, 2022). The parameters are also displayed in Table 1. Moreover,
it was assumed that the reference strain rate for the simulations was 0.001/s.

Table 1. The JC material model values of Al-4.5%Cu/TiB2/3p MMC (S. Mozammil
etal, 2022)

T

A(MPa) B(MPa) C n m T, (Du, Eskin, &
Katgerman, 2006)
175 65884 00165 01633 11711 27 570.8

Whereas the workpiece was set as a plastic body, the insert was selected as rigid.
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Like the recent literature (Kyratsis et al., 2021; Ozturk, 2022), the normalized
Cockcroft-Latham damage model was employed for the material fracture crite-
rion. The thermo-mechanical features of the insert, coatings, and workpiece are
presented in Table 2. The insert was chosen as the reference paper (S. Mozammil
etal, 2022), and the thermo-mechanical properties were taken from the Deform
3D library concerning carbide (19% Cobalt)(Corporation, 2014). When appoin-
ting the mechanical properties of the Al-4.5%Cu/TiB2/3p MMC, the reference
paper (S. Mozammil et al., 2022) was used. Nevertheless, the MMC's thermal
properties have not yet been investigated in the literature. For this reason, the
workpiece’s thermal properties in the simulations were assumed from the Al-
4.5%Cu as referencing previous studies (Choi, 2020; Du, Eskin, & Katgerman,
2006). In addition, coatings were employed for the insert with different thick-
nesses concerning the design of experiments. One of the coating applications is
randomly exhibited in Figure 4.

Coating layers

Thickgg%s (micron)

204

7.84

-4.74

173

-299

Figure 4. The Graphical View Of Coatings For the 13th of FEM Simulation
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Table 2. Thermo-Mechanical Features of the insert (Corporation, 2014), Workpi-
ece (Choi, 2020; Du et al., 2006; S. Mozammil et al.,, 2022), and Coatings (Lian et
al,, 2019; Ozturk, 2022; Ranjan & Hiremath, 2022; Vasiliev, 2021; Volovik et al.,
1978)

Mechanical . .
. Insert MMC WS, Mos, TiN AlLO, TiCN
Properties
Y ’ d-
OungsmMOt 496423 72.14x10° 354 330 600 415 448
ulus (GPa)
Densit
Z 157 2764 7500 5060 4650 3780 4180
(kg/m?)
Poisson’s ratio 0.24 0.31 0.28 0.125 0.25 0.22 0.23
Thermal MMC (As- i X
i Insert WS MoS TiN Al O TiCN
Properties sumed) z z 23
Heat C i
eattapacdty g9 264 192 201 3 3.42 2.5
(N/mm?°C)
Thermal
Expansion (x 7.2 f(Temp.) 6.35 10.70 9.4 8.4 8
10-6 Oc-l)
20at40 33 at50 o
oc oc 26 at 25 °C
27 at 100
21at  28at90 o c
100 °C °c
28 at 300
22 at 19 at oc
Thermal Con- 300 °C 300 °C
ductivity (W/  74.764 180 32 37 30.5 at 500
m°C) 23.5at 13 at oc
500 °C 500 °C
33.5at
26 at 7 at
1000 °C
1000°C  1000°C
35at 1300
27 at 7 at oc

1300°C 1300°C

2.3 Design of Simulations and Statistics Approach

Nine experiments, turning the Al-4.5%Cu/TiB2/3p MMC under different cutting
conditions, were chosen from 27 experiments for the exact turning conditions
(S. Mozammiil et al.,, 2022). The nine experiments were selected because of the-
ir small broken chip formations like 10° angle FEM simulations for verification.
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Then, four of them were chosen concerning the simple randomized method for
the validation of FEM simulations. After that, the experiment with the lowest ab-
solute error for the resultant cutting force was decided. It was explained in detail
in Section 3.

This study was prepared to reveal the cemented carbide insert performance with
multi-layered coating types in terms of their sequence and thicknesses of each
layer. The factors were coating types, two of them soft coatings (WS2 and MoS2)
and three of them hard coatings (TiN, Al203, and TiCN). All factors were evalu-
ated with five levels. Then, twenty-five validated FEM simulations were perfor-
med as an L25 (55) orthogonal array. Table 3 shows the factors and levels. Table
4 presents the design of twenty-five validated FEM simulations. The selected cut-
ting condition with the absolute minimum error was used for all simulations to
compare multi-layered coating combinations. The selected cutting parameters
were 995 rpm, 1.5 mm, and 0.14 mm or spindle speed (n), depth of cut (d), and
feed (f), respectively (Table 5). Tev

Table 3. Factors and Levels

Factors Level 1 Level2 Level3 Level 4 Level 5
WS, UNCOATED 2.5 um 5 um 7.5 pm 10 um
Mos, UNCOATED 2.5 pm 5 um 7.5 pm 10 pm
TiN UNCOATED 2.5 um 5 um 7.5 um 10 pm
al,o, UNCOATED 2.5 um 5 um 7.5 um 10 um

Ticn UNCOATED 2.5 um 5 pm 7.5 um 10 pm

61



Miithendis ve Makina / Engineer and Machinery 65, 714, 49-77, 2024

Table 4. L25 Orthogonal Array For Coating Types

Simlll\:ztion ws, MOs, TiN ALO, TiCN
1 1 1 1 1 1
2 1 2 2 2 2
3 1 3 3 3 3
4 1 4 4 4 4
5 1 5 5 5 5
6 2 1 2 3 4
7 2 2 3 4 5
8 2 3 4 5 1
9 2 4 5 1 2
10 2 5 1 2 3
11 3 1 3 5 2
12 3 2 4 1 3
13 3 3 5 2 4
14 3 4 1 3 >
15 3 5 2 4 1
16 4 1 4 2 5
17 4 2 5 3 1
18 4 3 1 4 2
19 4 4 2 5 3
20 4 5 3 1 4
21 5 1 5 4 3
22 5 2 1 5 4
23 5 3 2 1 5
24 5 4 3 2 1
25 5 5 4 3 2

Grey relation analysis (GRA) is a popular statistical model for determining the
optimal parameters of a process considering multiple factors and variables.

The multiple responses calculated by obtaining data from Taguchi Orthogonal
Array can be transformed into a single response in GRA to evaluate the similarity
between different data (Kasemsiri, Dulsang, Pongsa, Hiziroglu, & Chindaprasirt,
2017; Sylajakumari, Ramakrishnasamy, & Palaniappan, 2018). Therefore, GRA
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was used by following the steps below to investigate the effect of the multi-laye-
red coatings types for the cemented carbide insert.

Grey Relation Generation: It includes pre-processing data through the
normalization of responses into two distinct groups: larger-the-better and
smaller-the-better. Implementing the smaller-the-better criterion in this
study is considered suitable to minimize the resultant cutting forces and tool
temperatures.

The normalized data can be calculated as shown in Equation 3 (Ozturk, 2022;
Sylajakumari et al., 2018).

- maxyi()-yi(k) 3
b maxy(k)-miny;(k)
Where, X; calculated value after Grey relation generation, maxy; (k) is the hig-
hestvalue of y; (k), miny; (k)is the smallest value of the y; (k) and y; (k) is the ith
response.

Determining of Grey Relation Coefficient (GRC)and Grade(GRG): The
subsequent procedure involves the computation of the GRC and the GRG using
the following equations (Kasemsiri et al., 2017; Ozturk, 2022; Sylajakumari et
al,, 2018).

Dgi (k) = |Xo(k) — X; (k)| 4)

Where, A; (k), is the deviation, X, (k) is reference, and X; (k) is comparability.
Then, the GRC can be calculated as Equation 5.

— Amint{Amax (5)
éi(k) B A0i(K)+{Amax

Where, s; (k) and { represent the GRC of the individual response variables and
the distinguish coefficient, defined within the interval {€ [0,1]. It is generally
assumed as 0.5. Then, the GRG is determined as below.

;= ~X1, 8(k) (6)

In the above equation, ¢_i represents the value of GRG, and n indicates the num-
ber of responses. Furthermore, the optimal level is determined and validated
using the following equation.

(ppredited = Pnm + Z?:1(<p0 - (pm) (7)

In the equation 7, ¢, indicates the maximum GRG’s average at the optimal level
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of factor, ¢,, displays the mean of GRG, and q is the number of factors influencing
response values.

Finally, whether the contributions of the coating types with different thicknesses
significantly affect the insert performance or not was determined by the General
Linear Model (GLM) in Minitab Software.

3. Results

Figure 5 depicts a randomly selected cutting force graphic utilized in Finite Ele-
ment Method (FEM) simulations of turning the Al-4.5%Cu/TiB2/3p. The simu-
lations were carried out to estimate the three components of cutting force under
various cutting conditions. When the force data obtained from the FEM simula-
tions were transferred to a personal computer,; the average value of the cutting
forces was computed. Then, the resultant cutting forces (FR) were determined
to compare with the experimental results (S. Mozammil et al., 2022). The expe-
rimental and predicted FR results are presented in Table 5. Also, the absolute
errors of FR were calculated to appoint the simulation for the L25 orthogonal
array. The selected FEM simulation, which has the absolute minimum error, is
shown in yellow in Table 5.

B iy

227 i — Tool : 189

171

114

o [ooo o) | | | | \L\

0.000 0000352 _0.000704  0.00106 0.00141 000176 0.000 0000352 _0.000704 000106  0.00141 0.00176
Time (sec) Time (sec)

(a) (b)

Fe (N)
185

148

o [gooo oy | | i |

0.000 0.000352 _0.000704  0.00108 0.00141 0.00176
Time (sec)

(c)

Figure 5. Cutting Force Components: (a) Main Cutting Force (Fc), (b) Feed Force
(Ff), and Radial Force (Fr) (spindle speed, n=995 rpm, d=1.5 mm, and f=0.10
mm/rev)
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After the selection of the verified FEM simulation concerning the absolute mini-
mum error (Table 5), the cutting performance of the multi-layer coated cemen-
ted carbide insert was evaluated regarding five different coating types in terms
of their sequences and the five-level of thicknesses for each coating type. (Table
3). Then, the L25 (55) orthogonal array (Table 4) was built. Twenty-five simu-
lations were set with the chosen cutting condition, then the FR and maximum
insert temperature (Tmax) values were derived from FEM as output (Table 6).
Next, The GRA statistical approach revealed the optimal multi-layered coating
condition for turning Al-4.5%Cu/TiB2/3p MMC by evaluating the combined inf-
luences of the coatings on both FR and Tmax. The optimal condition for the GRA
statistic model was found at levels 4-2-4-3-2 for WS2, MoS2, TiN, Al,0;, and TiCN,
respectively, concerning the response table of mean GRGs (Table 7). As the mean
of GRGs is higher, there is a stronger correlation (Ozturk, 2022; Sylajakumari et
al,, 2018). The optimal condition needed to be confirmed. Thus, the predicted
optimal value of the multi-layered coating condition was calculated as Equation
7. Then, the simulation result for the optimal condition was compared with the
expected optimal value, as shown in Table 8. They found good agreement with
each other.

Although the GRA advised the optimum condition at levels 4-2-4-3-2 regarding
FR and Tmax outputs, whether all the factors significantly affected the cutting
performance or not had to be evaluated. Therefore, the influence of the factors
on both FR and Tmax outputs was assessed by the General Linear Model (GLM)
in the Minitab software package. The set ANOVA for GRGs is presented in Table
9. Since the probability values (p) of the WS2 and Al,0; coatings were calculated
as smaller than 0.05 reasonable alpha level, these coatings and their thicknesses
were significantly the most influential factors for insert performance. Their cont-
ribution ratios are 47.13% and 24.43% for WS2 and Al,O; coating, respectively.
Also, the reasonable alpha levels of the other three factors were determined as
higher than 0.05; thus, they had no significant influences on the cutting perfor-
mance.
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Table 7. Response Table For Means

Level WS, MOs, TiN Al,O; TiCN
1 0,4994 0,5896 0,6250 0,6042 0,6509
2 0,6712 0,6872 0,6456 0,6119 0,6844
3 0,6475 0,6654 0,6128 0,7457 0,5943
4 0,7282 0,5804 0,6532 0,6081 0,6243
5 0,6396 0,6633 0,6493 0,6160 0,6321

Delta 0,2287 0,1068 0,0403 0,1414 0,0902

Rank 1 3 5 2 4

Table 8. Confirmation of GRA

Predicted result for optimal Simulation result for optimal
condition condition

GRG value 0.8366 0.8100

Table 9. The Contribuitons of the GRGs Via ANOVA

Factors DF SeqSS Contribution AdjSS AdjMS F-Value P-Value

WS, 4 0,142638 47,13% 0,142638 0,035659 13,69 0,013
Mos, 4 0,047333 15,64% 0,047333 0,011833 4,54 0,086
TiN 4 0,006072 2,01% 0,006072 0,001518 0,58 0,693
ALO, 4 0,073937 24,43% 0,073937 0,018484 7,10 0,042
TiCN 4 0,022278 7,36% 0,022278 0,005570 2,14 0,240
Error 4 0,010420 3,44% 0,010420 0,002605

Total 24 0,302678 100,00%

4. Discussion

The usage of Al-based MMCs for engineering applications in automotive and ae-
rospace industries is gradually increasing due to their superior mechanical and
physical properties (Joel & Xavior, 2018; Radhika et al., 2013; Rathodi & Pandey,
2017). Thus, their machining behaviors are still investigated to perform economic
and efficient cutting processes (Denkena et al., 2005; Harris et al., 2000; Mari-
goudar & Sadashivappa, 2014; P. Roy et al., 2009). Multi-layered coating of the
tools has innovative potential concerning various cutting applications in previous
studies, especially the machining of difficult-to-machine metals. For example, the
literature revealed that the multi-layered coated inserts performed better than
uncoated and single-layer coated inserts for hardened steels such as AISI 4140 (S.
Roy & Ghosh, 2014), AISI 52100 (C. S. Kumar & Patel, 2018a) as showing superior
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anti-oxidation, anti-adhesion, and anti-abrasive behaviors. In addition, the FEM
simulation of the MMCs can be useful in determining the machining behaviors of
the MMCs. The studies have trended to 2D FEM studies to reveal the tool-particle
interaction, particle orientation, tool wear, etc. (Ghandehariun et al.,, 2016; Josyula
& Narala, 2018; Pramanik et al., 2007; Schulze et al., 2011; Umer et al., 2020; Umer
et al,, 2015; Umer et al,, 2017; Xiong et al., 2018). However, the 3D FEM studies
related to the turning of MMCs have been limited (X. Chen et al,, 2017; Jadhav &
Dabade, 2016) and can be significant for machining optimizations, accurately es-
timating cutting forces, cutting conditions, and different coating technologies. For
that reason, the 3D FEM and statistic-based study investigated the turning perfor-
mance of different multi-layer coated cemented carbide inserts under different
coating thicknesses during the cutting Al-4.5%Cu/TiB2/3p MMC.

The strengths of this study can be collected as (1) verified 3D FEM simulation, (2)
revealing the performance of the insert coated by multi-layer with different soft
and hard ones, and lastly, (3) all simulations were built concerning the design of
experiments and evaluated by specific statistical methods. The 3D Fem simula-
tions were calibrated by the data from the previous experimental study (S. Mo-
zammil et al., 2022). The best agreement cutting condition between experiments
and simulations was chosen. However, the MMC's thermal properties have not
yet been investigated in the literature, and the thermal properties of the MMC
were assumed from the Al-4.5%Cu referencing previous studies (Choi, 2020; Du
etal,, 2006). This assumption can be thought of as a limitation of this study. The
thermal performance of the insert was just used for comparing the various multi-
layered coatings' effects during the same cutting conditions, so this assumption
has not provided a problem in evaluating the coatings’ effects. The CAD geometry
of the insert was modeled without the chip breaker, whereas the original insert
geometry was. This insert model can be a limitation, but the randomly selec-
ted experiments agreed well with the FEM simulation concerning the FR values.
Also, this limitation was minimized by choosing the absolute minimum error bet-
ween experiments and simulations, so it won’t be a real limitation to evaluate the
multi-layered coatings’ effects on the insert performance.

Soft/hard coatings can perform better since the soft top layer provides an in-
terface film in the friction process, and the hard bottom layer increases wear
resistance (Lian et al., 2019). This study revealed a similar result to this motto.
Whereas the WS2 is the soft coating material with a low friction coefficient, the
Al,O; has a higher hardness, improving the wear resistance. The most influential
factors affecting the insert performance were found in WS2 and Al,0; coatings,
with contribution ratios are 47.13% and 24.43%, respectively.

5. Conclusion

This study investigated the machining performance of cemented carbide inserts,
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which were multi-layer coated by different materials concerning various thick-
nesses during the turning of Al-4.5%Cu/TiB2/3p MMC. The aim was to prove the
performance effect of the multi-layer coated with soft and hard materials on the
cemented carbide inserts using a verified FEM approach and statistics.

After the 3D FEM simulation was approved and the design of simulations was
set, the GRA was built to reveal the optimum multi-layered coating condition re-
garding both FR and Tmax output results. In addition, the contribution rates of
each coating material were investigated by GLM. The design of simulations has
two types of levels; one is no coating, and the four have coating materials with
various thickness levels. Thus, this model determined the optimal condition by
comparing multi-layered coatings and no-coating situations. The optimal con-
dition for the GRA statistic model was found at levels 4-2-4-3-2 for WS2, MoS2,
TiN, Al,05, and TiCN, respectively. Moreover, WS2 and Al,0; coatings were found
to be the most influential factors affecting the insert performance, with 47.13%
and 24.43% contribution ratios, respectively. The multi-layered coatings can be
an effective solution for machining the MMCs.

Not many studies have been investigated concerning the abovementioned litera-
ture. The verified 3D Fem and statistic-based study has been a new perspective
for machining aluminum MMCs by multi-layer coated inserts. This study was li-
mited to certain factors such as specific workpiece and coating materials, par-
ticular insert type, and fixed machining conditions; however, changes in these
factors, how/whether influence the cutting performance of a MMC or not, can be
investigated in further studies.
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Anahtar kelimeler 0z
Faz degistiren malzeme, Enerjiyi depolama, giderek onem kazanmakta olup mevcut
Tel 6rgii, 1s1l enerji enerjinin en uygun kullaniminda énemli rol oynar. Enerjinin

daha verimli kullanimlart arasinda 1sil enerji depolama da
e yer almaktadir. Isil enerji depolamaya etkileyen faktérler
lyilestirme bulunmaktadir. Bu faktérlerden bir tanesi gézenekli ortamlar olup,
yliksek 1s1 iletim katsayist sayesinde faz degistiren malzemenin
(FDM) 1s1l performanslarint etki etmektedir. Bu ¢alismada, farkl
katman sayilarinda tel drgiilerin faz degistiren malzemenin
erime hizina etkisi deneysel olarak incelenmistir. Deney odasinda
tel érgiisiiz ve farkll sayida tel érgiiler olmast durumunda farkl
deney kombinasyonlart olusturulmustur. Bu olusturulan deney
kombinasyonlarinin her biri en az ii¢ farkl sabit 1s1 akist sinir
sartinda incelenmistir. Zamana bagl yapilan deneylerde faz
degistiren malzemenin erime stireleri analiz edilmis ve buna
karsilik gelen 1sitict plakanin ytizey sicakliklart incelenmigtir.
Deney odasinda tel 6rgii olmamasi durumu ile kiyaslandiginda
8 katmanl tel 6rgiilii durumunda faz degistiren malzemenin
erime stiresi termokupllarin konumuna bagl olarak %2 ile %24
arasinda iyilesme séz konusu iken 4 katmanli tel érgiide bu durum
%16’a kadar artis géstermektedir. Gozenekli ortamin yapisi ve
ist iletim katsayisi faz degistiren malzemenin isil performansi,
sicaklik dagilimini ve erime siiresini etkilemektedir.
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Energy storage is becoming increasingly important and plays
an important role in the optimal use of available energy.
Thermal energy storage is among the more efficient uses of
energy. There are factors that affect thermal energy storage.
One of these factors is porous media, which affects the thermal
performance of phase change material (PCM) thanks to its
high thermal conductivity. In this study, the effect of wire
meshes with different number of layers on the melting rate of
the phase change material was experimentally investigated. In
the case of non-wire mesh and different numbers of wire mesh
in the test chamber, different combinations of experiments
were created. These experimental combinations were
investigated at least three different asymmetric constant heat
flux boundary conditions. In time-dependent experiments, the
melting times of the phase-change material were analyzed and
the corresponding heater plate surface temperatures were
investigated. Compared to the absence of wire mesh in the test
chamber, the melting time of the phase-change material in
the case of 8-layer wire mesh improves between 2% and 24%
depending on the position of the thermocouples, while this
situation is up to 16% in the case of 4-layer wire mesh. The
structure of the porous medium and the thermal conductivity
coefficient affect the thermal storage performance,
temperature distribution and melting time of the phase change
material.
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Extended Abstract

Introduction

Energy production and storage have importance role in the economies of countries.
The limited use of fossil-based energies, environmental degradation effects and inc-
reasing energy demand have led countries to shift their interest in renewable energy
sources. However, it is obvious that fossil fuels will continue to be used for a while,
since most power generation facilities are powered by non-renewable energy sour-
ces. In this regards, energy efficiency should be increased and energy losses should
be minimized. In this situation in mind, energy storage is a key consideration and is
very promising. Energy storage; it is based on the principle of storing a certain part
of the waste energy and using it as reinforcement in cases where the energy source is
limited. Energy storage is more challenging than current technology, but it has been
studied for many years. There are various types of energy storage methods such as
mechanical energy, chemical energy, thermal energy and electrical energy. Heat sto-
rage plays a key role in preventing the increasing world temperature, as it is a way
of minimizing both the energy cost and the bad effects on the environment in the
most effective use of available energy. Heat energy can be stored and can be used for
battery technology, space heating, hot water heating, cooling and air conditioning,
etc. preferred in applications. Heat storage has gained significant importance reduce
emissions and energy is recovered.

Objectives

In the case of placing a material with a high thermal conductivity coefficient in the
phase change material, its effect on the melting time was investigated. The effect of
different numbers of wire mesh layers, which can be found in abundance and cheap
in the market, on the melting time was investigated experimentally. The formed wire
mesh layers are formed by stacking 4 or 8 wire mesh cages on top of each other. The
effect of the wire mesh in the experimental setup on the thermal performance of the
phase change material was investigated. The structure of the wire mesh, number of
layers and thermal conductivity were investigated how they affect the thermal per-
formance, temperature distribution and melting time.

Methods

Energy storage is important as energy resources are limited and decreasing in our
country and in the world. Thanks to energy storage, unused energy is stored and the
energy is ready to be used whenever and wherever desired. In this study, thermal
storage, one of the energy storage methods is tackled. Paraffin wax was used as pha-
se change material. Experiments were made in three different combinations which
was non-wire mesh, 4-wire layer wire mesh and 8-layer wire mesh. Paraffin wax was
placed in the test chamber made of glass with dimensions of 5x5x10 cm and the sur-
roundings of the test chamber were thermally insulated. The heater is below the test
chamber. For each combination, three different constant asymmetric heat flux boun-
dary conditions were applied. The heater surface temperature, phase change materi-
al temperature and ambient temperature were measured simultaneously over time.
The temperature distributions of the phase change material over time were obtained.
Also, the mushy regions were determined.
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Results

For all three test chambers with and without wire mesh, the thermal power supplied
from the DC power supply increases while the melting time decreases. Compared to
the non-wire mesh, the wire mesh took the time required to melt approximately the
same amount of paraffin wax depending on the thermal power, and an improvement
of 1.9-12% in the 4-layer wire mesh and 2.2-24% in the 8-layer wire mesh was ac-
hieved. Less heat power will be needed to melt the layered wire mesh. During the
melting process, the temperature with wire mesh are lower than the temperature
profile of the test chambers without wire mesh. Wire mesh has a remarkable effect on
the mash zone time of the wire mesh media, as it increases the thermal penetration
due to the high heat conductivity coefficient of the wire mesh. It has been determined
that the heat transfer in the wire-mesh is more homogeneous than in the non-wire
domain.

Discussion and Conclusions

Paraffin is mostly used in heat storage applications. However, due to its low thermal
conductivity, paraffin has a long thermal energy storage time. In this experimental
study, it has been investigated how much this disadvantage of paraffin with low ther-
mal conductivity can be eliminated by placing a material with a high thermal con-
ductivity coefficient inside the test chamber. Wire meshes, which are available in the
market and cheap, have had a positive effect on thermal storage. Placing wire mesh
inside the test chamber is not have an effect on additional power consumption, and
using materials with high heat conductivity coefficient in phase change materials will
have a positive effect on the melting time. In addition, a perfect contact is needed to
reduce the contact resistance in the layers between the wire meshes. It can be done
by welding or brazing process to minimize contact resistance and it is predicted that
the melting times of wire-mesh domains will be even shorter.
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1. Giris

Enerjinin liretilmesi ve depolanmasi iilkelerin ekonomilerinde giderek 6neme
sahip olmaya baslamistir. Fosil kaynakli enerjilerin sinirli olmasi, ¢evresel bo-
zulma etkileri ve artan enerji ihtiyac, tilkelerin dikkatlerinin yenilenebilir enerji
kaynaklarina kaymasina neden olmustur. Ulkeler enerji ihtiyaglarini bir kismi-
n1 yenilenebilir enerji kaynaklarindan iiretmeye baslasa da enerji ihtiyacglarinin
biiyiik bir kismini fosil kaynakli enerjilerden karsilamaktadirlar. Fosil kaynakl
enerjiler bir stire daha ana enerji kaynagi olarak siirecegi 6ngortlmektedir. Fakat
fosil kaynakli enerjilerin, enerji giivenligi ve stirdiiriilebilirligi konusunda hala
problemler s6z konusudur. Bu ytlizden tlkeler enerji konusunda disa bagimliligi-
n1 azaltma calismalarini stirdiirmektedir. Tiiketilen enerjiyi etkin kullanma agi1-
sindan, sistemlerin enerji ekserji analizleri yapilmakta, 1s1l ve mekanik enerjinin
birlikte tiretildigi kojenerasyon tesislere ve enerji depolanmasi gibi uygulamala-
ra 6nem artmaktadir. Enerji depolama hem enerji maliyetini hem de ¢cevreye olan
koti etkilerini en aza indirmenin bir yoludur. Bu sayede artan diinya sicakliginin
onlenmesinde rol oynamaktadir. Enerji depolama yontemleri olarak mekanik
enerji, kimyasal enerji, 1s1l enerji ve elektriksel enerji ¢esitleri olup, bu ¢alisma
kapsaminda 1s1l enerji depolama yontemi ele alinmistir. Isil enerji depolama
daha ¢ok 1s1tma, sogutma ve iklimlendirme sistemlerinde uygulamalarda tercih
edilmektedir (Kozak ve Kozak, 2012).

(Chibani, Merouani ve Bougriou, 2022) metal hidritte enerji depolanmasinin (eri-
me/katilasma) tizerine yaptig1 calismada, gozeneklilik oranlarinin degismesi ve
farkli iletkenlige sahip metal hidritlerin kullanilmasi depoladiklari enerjiyi etki-
ledigini gostermislerdir. Tiiplerin bulunduklari1 pozisyona ve 1s1l iletkenliklerine
bagli olarak bakir ve aliiminyum metal hidritlerde daha hizli katilasma meydana
gelmistir. (Duan, 2021a) fotovoltaik giines panellerin tirettigi elektrik verimliligi-
ni arttirmak i¢in tasarladigi calismada, fotovoltaik panelleri sogutmak i¢in faz de-
gistiren malzeme ve gozenek ortam kullanarak yeni bir sistem incelenmistir. Faz
degistiren malzeme ile metal kdpiik ayni zamanda bulundugu durum sadece pa-
nelin arkasinda faz degistiren malzeme olmasi durumuna gore paneli sogutmada
daha etkili oldugu ve metal képiigiin erimeyi hizlandirdigini ifade etmistir. Goze-
nekliligin azalmasiyla sistemdeki elektrik veriminin arttig1 gosterilmistir. (Duan,
2021b) ayn1 y1l yaptig1 diger calismada ise yine fotovoltaik panellerin elektrik
verimliligini arttirmaya yonelik olup, panel agisini ve faz degistiren malzemeyi
degistirmistir. Egim ac¢is1 dogal tasinimi azaltarak erimeyi olumsuz etkilemistir.
Cevre dostu ve ucuz oldugu i¢in faz degistiren malzeme olarak Hindistan cevizi
yag1 kullanmistir. Egim acis1 gozeneklilik orani azaldik¢a sistemi olumsuz olarak
etkilemistir. (Li, Qu, Zhang, Zhao ve Tao., 2013) g6zenekli ortamda faz degistiren
malzeme ve elyaf keceyi ayni1 anda kullanarak 1s1 gecisi yiizey sicakligi ile erime/
katilagsmaya etkisini incelemislerdir. Elyaf kece ve gozeneklilik oranindaki artis
eriyen faz degistiren malzemenin dogal tasinimi 1s1 gegisini arttirmistir. Fakat
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olusturulan bu kompozitin 1s1l iletkenligini azaltmistir. Elyaf kecenin ¢api arttik-
¢a yuzey sicakligl da arttif1 belirlemislerdir. (Mashayekhi, Housfer ve Ashiaee.,
2020) aktif ve pasif yontemleri birlestiren yeni bir 1s1l yonetim sistemi (hibrit)
ile lityum iyon pillerinin 1s1l tepkisini deneysel incelemislerdir. Aktif yontem ola-
rak sogutucu akiskan iceren Al mini kanal, pasif yontem olarak ise gozenekli ba-
kir metal kopiik secilmistir. Aktif yontemde yiiksek 1s1 tiretiminde pil sicakligini
kontrol altina almada etkisiz oldugunu bulmuslardir. Hibrit sistem aktif ve pasif
yontemlerden daha iyi ve verimli performans gosterdigi kanitlamislardir. Nano-
akiskan eklenmesiyle 1s1l iletkenlik artmistir ve bu da pilin etrafinda daha fazla
tasinima neden olup pil sicakligini azaltarak giivenlik saglamistir. (Akyurek ve
Yoladi, 2021) mini kanalli 1s1 degistiricilerde faz degistiren malzeme kullanarak
erime/katilasma analizini yapmislardir. Mini kanal ¢ap1 arttikca enerji depolama
arttigini, Akiskan giris sicakliginin erime ve katilasma tizerinde énemli bir etki-
si oldugunu, akiskan hizinin erime de etkisiz oldugunu, erimenin katilasmadan
daha hizli gergeklestigini ve esit sekilde artan mini kanal ¢apina ragmen yiizey
hava arasinda 1s1 ge¢isinin logaritmik olarak arttigini ifade etmislerdir.

(Juaifer, Avani ve Poursadegh, 2020) parafin mumu kullanarak plakali 1s1 degis-
tiricisi tizerine hem sayisal hem de deneysel bir ¢alisma yapmislardir. Ug farkli
akiskan giris sicaklig ve li¢ farkli debide elde ettikleri sonuglar analiz edip kiyas-
lamiglardir. Akiskan sicakliginin artmasiyla 1s1 gegis miktarinin arttigi ve erime
siiresinin %37 oranlarinda azaldigini ifade etmislerdir. Ayrica akiskan debisinin
artmasiyla erime siiresini de etkiledigi yaklasik %0.9 oraninda diisiirdiigii ortaya
cikarmislardir. (Albaldawi, Shyaa ve Hammendy, 2015) faz degistiren malzeme-
nin 1s1l iletkenligini arttirmaya yonelik ¢calisma yapmigslardir. Bu kapsam da, para-
fin mumun icerisine bakir halkalar yerlestirmislerdir. iki farkh ¢aptaki halkalarin
deney odasindaki kapladigi farkli hacimlerde deneylerini gerceklestirmislerdir.
En yiiksek hacim yiizdesinin, halkasiz durumla (bos) kiyasla hem faz degistiren
malzeme boliimiinde hem de hava boliimiinde erime stiresinin azaldigini ve 1s1
gecisini yiiksek seviyeye cikardigini ifade etmislerdir. Fakat bu deney odasindaki
halkalarin etkisinin katilasma stiresi tizerinde daha diistik etkiye sahip oldugunu
gostermistir. (Mustaffar, Harvey ve Reay, 2015) bes katmanl telden olusturduk-
lar1 ve %90 gozeneklilige sahip malzemeleri tel kolonlarla birlestirerek test oda-
sin1 olusturmuslardir. Faz degistiren malzeme olarak tuz hidrat kullanmislardir.
Bu bes katmanli test odasinin erime siiresini %14 azalttigin1 katmanlar arasini
lehimle gibi daha temas direnci en aza indirildiginde bu siirenin daha da aza-
labilecegini ifade etmislerdir. (Opolot, Zhao, Keane, Liu, Mancin, Bruno ve Hoo-
man, 2023) paslanmaz tel 6rgi kullanarak 1s1 gecisini arttirmaya yonelik calisma
yapmislardir. Deneysel sonuglarinda, faz degistiren malzemenin tankina gevsek
bir sekilde sarilmis periyodik bir yap1 yerlestirmenin 1s1 gecisini iyilestirdigini
ve katilasma siirecini kisalttigin1 géstermislerdir. Bu tel 6rgiiniin performansin
yaklasik %10 oraninda iyilestirdigi ifade etmislerdir. Akiskan debileri artmasi ile
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de desarj siirelerinde kisalma s6z konusu oldugunu gostermislerdir. (Ebadi, Tas-
nim, Aliabadi ve Mahmud, 2020) yaptiklar1 calismada silindirik sekilde bir gizli
11 enerji depolama sistemi icine iki farkli gézeneklilik degerinde bakir tel érgii
eklenmesinin 1s1l performansa etkisini aragtirmislardir. Bu tel érgiiniin eritme
islemi sirasinda depolanan 1s1 akisi, Nusselt sayisi lizerindeki etkisini analiz et-
mislerdir. Erime siirelerinde %17 ile %24 arasinda iyilesme oldugunu ve Nusselt
sayisi korelasyonu sunmuslardir.

Bu calismada, piyasada bol miktarda ve uygun fiyata bulunabilen farkl sayida tel
orgii katmanlarinin erime siiresine etkisi deneysel olarak arastirllmistir. Olustu-
rulan tel 6rgii katmanlar yatay olarak 4 ve 8 adet tel 6rgii kafesin tst tiste konul-
masindan olusmaktadir. Deneyler ii¢ farkli kombinasyonda yapilmis olup deney
odasinin tel 6rgiistiz (bos), 4 tel 6rgii katmanl ve 8 katmanl tel 6rgi katmanh
olmasi durumunda yapilmistir. Her deney kombinasyonu i¢in en az ii¢ farkl sabit
1s1 akis1 sinir sartlarinda ve asimetrik 1sitma (sadece alttan) olmasi durumunda
faz degistiren malzemelerin erime siireleri deneysel olarak incelenmistir. Deney
odasinin bos ve farkli katmanlarda bulunan tel 6rgiilerin faz degistiren malzeme-
nin 1s1l performansina etkisi incelenmistir. Tel 6rgii katmanlarinin sayisi sicaklik
dagilimini ve erime siiresini nasil etkiledigi belirlenmistir. Ayrica her bir deney
kombinasyonu i¢in lapa bolgeleri ve erime stireleri de belirlenmistir.

2. Deney Diizenegi
2.1 Test Ornegi (Tel 6rgii)

Tel 6rgii olarak paslanmaz gelik (AISI 304) tel 6rgii kullanilmistir. Siizgeg sek-
linde olan bu tel 6rgiiniin tel ¢ap1 0.65 mm'’dir. Tel 6rgliniin 1 cm2’de delik adedi
9.61 adettir. Deneysel ¢alismada, deney odasinda kullanilan tel 6rgiilerin goriin-
tiileri Sekil 1’de verilmistir.

b)

Sekil 1. Test Orneginde Kullanilan Tel Orgiiler a) 1 Katmanli, b) 4 Katmanh
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Katmanl tel orgiiler yatay olarak tist tiste konulmak tzere 4 ve 8 katmandan
olusmaktadir. Her bir tel 6rgii katmaninin boyutlar1 50x50 mm’dir. Olusturulan
bu tel 6rgii katmanlarin gézenekliligini Denklem (1)’de gosterildigi gibi hesapla-
mak miimkiindiir.

e=1—— (1)

Burada ¢, gozenekliligi, I/, kati hacmi ve V, ise toplam hacmi ifade etmektedir.
5x5 c¢cm boyutlarinda 4 katmanl tel 6rgii numuneleri iiretilmis, 8 katmani elde
etmek icin 2 tane 4 katmanli tel 6rgii iist tiste konulmustur. Bu tel 6rgii katmanla-
rin gozeneklilik degerini belirlemek i¢in 10 tane yapilmis 4 katmanl tel érgiileri
kapali kapta bulunan suya atilmis ve suyun yer degistirdigi hacim kati1 hacme
esit kabul edilmistir. 4 katmanli tel 6rgiilerin gozenekliligi yaklasik %94 olarak
hesaplanmistir.

2.2 Faz Degistiren Malzeme (FDM)

Faz degistiren malzemeler, belirli bir sicaklikta kat1 ve sivi halde olan 1s1l enerji
depolayabilen malzemelerdir. FDM katidan siviya veya sividan katiya dogru hal
degistirdiklerinde 1s1 emilir veya salinir. FDM genel olarak inorganik ve organik
olarak ayrilabilir. Yaygin olarak kullanilan FDM, parafinler (organik), tuz hid-
ratlari (inorganik) ve yag asitleri (organik) érnek verilebilir (Kahwaji ve White,
2021). Deneysel calismada dusiik maliyet, kolay tedarik ve 1siticinin ¢alisma si-
cakliklarina karsilik gelen erime sicakliklar gibi baslica sebeplerden faz degis-
tiren malzeme olarak Parafin mumu kullanilmistir. Parafin mumunun, termo-
dinamik 6zelikleri Tablo 1’de verilmistir. Erime sicaklig1 56 ile 58 °C arasinda
degismektedir. Ayrica kati hal ve sivi halde olmasina bagl olarak bazi termodina-
mik 6zelikleride degiskenlik gostermektedir.

Tablo 1. Parafin mum malzemesinin 6zellikleri (Gasia, Miro, Gracia, Barreneche
ve Cabeza, 2016)

Ozelikler Degerler
Erime noktasi (°C) 53-59

Gizli 1s1 (k] /kg) 160
s ot
Ozgiil 1s1 k(] /kgK) 2000

Is1 iletim katsayis1 (W/mK) 0.2 (kat1 ve siv1 hal)
Hacimsel genisleme (%) 12.5

En ytiksek calisma sicakligi (°C) 80
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Parafin mumu boncuk seklinde kati1 olarak temin edilmistir. Deneylerden 6nce
oglitme makinesi kullanarak parafin mumu toz haline getirilmistir. Daha sonra
deneylere hazir olmasi ve tim deneylerde ayni sartlar saglanabilmesi i¢in pa-
rafin mumu eritilmis ve tekrar kat1 hale gelmesi saglanmistir. Bu islemlere ait
gorseller sirasiyla Sekil 2 a) ve b)’de gosterilmistir.

a) b)

Sekil 2. Faz Degistiren Malzeme; a) Boncuk Sekilli, b) Eritilerek Deneye Hazirlan-
mis Hali

2.3 Deney Diizenegi

Deney diizeneginin sematik cizimi Sekil 3’te verilmistir. Bu deney tesisati faz de-
gistiren malzeme icerisinde tel 6rgii bulunmasi halinde erime siiresinin etkisini
arastirmak icin tasarlanmistir. FDM olarak Parafin mumu kullanilmistir.

DC Gii¢ kaynag:
Thermokupl
| I
PC 0
FDM
+
Tel 6rgii e
~ Veri Toplama

Isitic1

Cihazi

Yalitim

2
77

Thermokupl

Sekil 3. Deney diizenegi

Deney diizenegi iki boliimden olusmaktadir. Sekil 3’'te gosterilen sematik cizimde
sol taraf deney (test) odasi sag taraf ise kontrol iinitesidir. Deney odasi boliimiin-
de test 6rnegi (FDM ve tel 6rgii katmanlari), 1siticy, akiskan ve ylizey termokupl-
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lar1 ve yalitmdan olusurken, kontrol iinitesi DC gii¢ kaynagi, veri toplama cihazi
ve bilgisayardan olusmaktadir.

Deney odasi 5x5x10 cm 6lciilerindedir. Deney odasinin en altinda 150 W giiciin-
de film (esnek) 1sitict bulunmaktadir. Isitici boyutlar: 5x10 cm olup deney oda-
sina silikon araciligiyla sabitlenmis ve sizdirmazlig1 saglanmistir. Deney odasi-
nin yan duvarlari 1 cm kalinhiginda camdan yapilmistir. Isitici, DC gii¢ kaynagina
(Marxlow, PS-305D, Cin) bagldir. Farkli 1s1 akilar1 uygulanarak deney boyunca
sabit bir 1s1 akisi elde edilmesi amaglanmistir. 2090, 2464 ve 3185 W/m? olmak
lizere her bir deney kombinasyonuna uygulanmistir. Deney odasinin alt kismi,
yan duvarlari ve iist yiizeyleri tas ylinii ile kaplanmistir. Bdylece deney odasina
uygulanan 1s1 akisinin ¢cevreye kaybinin énlenmesi ve deney odasina dogru gec-
mesi amaglanmistir.

Deney diizeneginde K tipi (Omega, TT-K-30-SLE, USA) termokupl teli kullanil-
mistir. Deney baslangicindan itibaren her 60 saniye bir sicaklik verisi alinmistir.
Yiizey ve faz degistiren malzemelerinde sicakligini 6l¢gmek i¢in kullanilan termo-
kupllarin konumlari1 Tablo 2’de verilmistir.

Tablo 2. Termokupl Konumlari

Konum (X/Y) Faz Degistiren Mal- Yiikseklik (H)

Yiizey Sicakhig: [mm] zeme sicakhigi [mm]
T, 0/25 Tiim 0
T, 20/25 Tiinz 20
T, 40/25 T 40
T, 60/25
T, 80/25
T, 100/25

Yiizey sicakliklari isitic1 plakanin tam ortasindan soldan saga dogru yatay ola-
rak 0 mm, 20 mm, 40 mm, 60 mm, 80 mm ve 100 mm olmak tizere alt1 farkli
noktadan 6l¢iilmustir. Faz degistiren malzemeden ise en alt (0 mm), 20 mm ve
40 mm yiikseklikten olmak tizere ii¢ farkli konumdan faz degistiren malzemenin
sicakligi dl¢iilmiistiir.

Deneyler yaklasik oda sicakliginda baslatilmis ve deney odasindaki parafinin
tam erimesine kadar devam edilmistir. Deney odasi alttan 1sitilmis (asimetrik 1s1
akisi) yan yiizeyleri ve iist yiizeyi 1s1l olarak yalitilmistir. Deney odasinin bos (tel-
siz), 4 ve 8 katmanl tel 6rgiilerden olusmasi durumunda isitici yiizey sicakligi ve
parafin erime siiresi deneysel olarak incelenmistir.

Deneysel calismalarda belirsizlik analizi, 6l¢ciim cihazlarinin belirsizligi dikkate
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alinmalidir. Bu olciilen degerlerin kullanildig1 denklemlerden kaynaklanan be-
lirsizlikler de vardir. Bu belirsizliklerin sonug¢lara eklenmesi, sunulacak denkle-
min giivenilirligi agisindan olduk¢a dnemlidir. Termokupl belirsizligi 1.1 °C’dir.
DC gii¢ kaynaginin belirsizligi ise okunan voltaj degerinin %0.01 okunan amper
degerinin ise %0.02’sidir.

3. Deney Sonuglari

Deneylerde faz degistiren malzemesi olarak parafin mumu kullanilmis olup tek-
nik bilgileri Tablo 1’de verilmistir. Deney odasinin igerisine 175 g. agirhiginda
yarim kiire seklinde olan parafin mumu dgiitiiciiden gecirilerek toz halde yer-
lestirilmistir. Parafin mumu isitilarak sivi forma gelmesi saglanmis ve daha sonra
sogumaya birakarak tekrar kati hale gelmesi beklenmistir. Béylece her deneyde
ayn1 baslangi¢ kosulu saglanmistir. Deneyler, deney odasinin altindan sabit 1s1
akisi uygulanarak ve deney odasinin yan ytizeyleri 1s1l olarak yalitilarak yapilmais-
tir. Asimetrik sinir kosulunun uygulandigl bu ¢alismada parafin mumun erime
stiresinin farkli katmanda bulunan tel érgiilerle degisimi incelenmistir.

Deney odasinin icerisinde bulunan parafin mumun 3 farkh ytikseklikten sicakli-
81, 6 farkli noktadan ytizey sicakligi ve 1 adet ortam sicakligi olmak tizere 10 fark-
It konumdan sicakliklar 6l¢iilmistiir. Deneyler ortam sicakliginda baslatilmis ve
deney odasinda bulunan parafin mumun tamami eriyene kadar devam edilmistir.
Deney tesisatinin ve parafin mumun yapisi zarar gérmemesi icin FDMnin sicak-
liginin 80 °C’'ye gegmemesine dikkat edilmistir. Ayrica parafin mumun en yiiksek
operasyon sicakligina ¢ikilmamasina 6zen gosterilmistir. Boylece faz degistiren
malzemesinin yapisinda bozulmalardan kaginilmistir.

100

80 -

(e
(=}

S
o

Sicaklik (°C)

e 0 ATs (ort) (Bos) (2464 W/m2)
20 ¥ =En alt (Bos) (2464 W/m2)
i X Orta (Bos) (2464 W/m?2)

1 + En st (Bos) (2464 W/m2)
0 ; ; ; ; ; ! ! )

0 1000 2000 3000 4000 5000 6000 7000 8000
Zaman (s)

a)
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100

80

60

Sicaklik (°C)

40

o ATs (ort) (4tel)
20 ARSI -En alt (4 tel) (2464 W/m2)
X Orta(4tel) (2464 W/m2)
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+ En st (8tel) (2464 W/m2)
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c)

Sekil 4. Faz Degistiren Malzeme Erime Sicakliginin Siire ile iliskisi a) Tel Orgiisiiz
b) 4 Katmanli Tel Orgiilii ¢) 8 Katmanh Tel Orgiili

Sekil 4’te, 1siticinin iist kisminin bos (Sekil 4a), 4 katmanh (Sekil 4b) 8 katmanlh
(Sekil 4c) oldugu durumlar i¢in yapilan deneylerde parafin ve yiizey sicakliginin
zamana bagli degisimleri gosterilmistir. Her {ic deney kombinasyonunda hemen
hemen ayni grafik egilimi yakalansa da erime i¢in gecen stireler farklidir. Erime-
nin baslamasi icin aktarilan gerekli enerji miktari yiizey sicakligina bakildiginda
1400 saniyelerde basladig1 goriilmektedir. Parafin icinden 6l¢iilen sicakliklarda
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ise alttan 1sitma oldugu i¢in erime alt noktalardan baslamis ve tist noktalara dog-
ru ilerlemistir. Isiticinin tizerinin bos olma durumunda parafin ilk 3000. saniye-
de erimeye baslamis, ortasinin erimesi 4500. saniye, tamamen erimesi ise 5640.
saniyede gerceklesmistir. Isiticinin tizerinde 4 katmanli tel olma durumunda ise

e
f] v’/o;..,

Deney Odasi

Kat1 Bolge

Erime Cizgisi

Erimis Bolge

Deney Odast

—————— » Kat1 Bolge

****** + Erime Cizgisi

»  Erimis Bolge

Deney Odasi
------ » Kat1Bolge

"""" *  Erime Cizgisi

,,,,,, »  Erimis Bolge

Sekil 5. Farkli Deney Kombinasyonlarinda ve Siirelerinde Deney Odalarinin Go-
riintiisii a) Telsiz, b) 4 Katmanli Tel Orgii, c) 8 Katmanh Tel Orgii
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parafin 2520. saniye erimeye baslamis orta noktasi1 4800. saniye ve parafinin ta-
mamen erimesi ise 5400. saniye de gerceklesmistir. Isiticin iizerinde 8 katmanlh
tel olmasi durumunda parafin 1920. saniye de orta noktasi 3960. saniye de ve
tamamen erimesi ise 4860. saniye de gerceklesmistir. Isiticiya tel 6rgii katmanla-
rinin eklenmesi, iletimle olan 1s1 gecisini arttirmakta ve parafinin erime siiresini
kisaltmaktadir.

Sekil 5’te deney odasinin tel 6rgisii ve tel 6rgili olmasi durumunda erime go-
riintiileri verilmistir. Erime 1siticinin bulundugu alt noktalardan baslamis hemen

80 - 80 -
60 1 EO
g g2
=40 1 Z 4p
E E
2 @A
207 Enalt (Bos) 20
——Enalt (4tel] e (Or7a [Bog)
En alt (Btel) ~— Orta (41e])
Orta [8tel]
0+ttt 1 N N —
0 2000 4000 6000 8000 0 2000 4000 /OO0 BOOO
Zaman (s) Zaman (s)
a) b)

Sicakhk (°C)

: Enilst (Bog)
] Enst (4tel)
1 — En st (Btel]
1] t t t i
] 2000 4000 (000 8000
Zaman (5]
]

Sekil 6. 3185 W/m? Isitic1 Giiciinde Katmanli Tel Orgii [le Bos Deney Odalarinin
Erime Siirelerinin Karsilastirilmasi a) Tel Orgiisiiz, b) 4 Katmanl Tel Orgii, c) 8
Katmanh Tel Orgii
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hemen diizgiin ve homojen olarak iist ylizeye dogru ilerlemistir. Parafinin 1s1 ile-
tim katsayisinin diisiik olmasindan dolay1 igerisine yerlestirilen paslanmaz celik
tellerin 1s1 iletim katsayilarin yliksek olmasi sebebiyle iist yiizeylere dogru erime
daha hizli ger¢eklesmistir. Sicaklik artis egimleri, deney odasinin tistiinden dogal
tasinim etkisi nedeniyle beklendigi gibi, en iist noktadan en alt noktaya dogru
azalmaktadir. Burada orta ve en iist noktadaki sicakliklar birbirine yakin profil
seyrettigi goriilmektedir.

Sekil 6’da ayni 1s1 akilarinda parafinin erime stiresinin deney odasinin tel 6rgilii
ve tel orgiisiiz olmasi durumundaki karsilastirilma verilmistir. Sekil 6’da verilen
grafikte 8 katmanl tel 6rgiiniin erime siireni kisalttig1 ve katman sayis1 azaldik¢a
erime siiresi arttig1 goriilmektedir. Parafinin en alt sicakligi icin 4 katmanl telde
%12, 8 katmanli tel 6rgii de ise %24 erime sliresinde kisalma s6z konusudur.

Ayni durum orta noktadan 6lciilen parafin sicakligi i¢in ise 4 katmanl da %3.2
iken, 8 katmanli tel 6rgii de %5.4 iyilesme s6z konudur. Parafinin en tistiinden
Olgtilen sicaklik baska bir deyisle parafinin tamamen erimesi durumunda 4
katmanli tel 6rgli de %3.2, 8 katmanl tel 6rgii de %5 iyilesme s6z konusudur.
Faz degistiren malzemesinin icerisine tel 6rgii yerlestirmek ilave elektrik tiike-
timine, 1s1 kaybina vb. olumsuz durumlara sebep olmamaktadir. Dolayisiyla faz
degistiren malzemenin icerisine gozenekli ortam yerlestirmek ilave gii¢ gerek-
tirmeksizin parafinin daha hizli erimesi saglanmistir. Erimenin etkisi boyutsuz
parametreler kullanilarak da belirlenebilir. Bu kapsamda ilk olarak boyutsuz si-
caklik parametresini Denklem 2’de verildigi gibi hesaplamak miimkiindir (Ray,
Rakshit, Ravi Kumar ve Gurgenci, 2021).

TO-T;
B Tm _Ti

(2)

Burada, T (°C) herhangi bir zamandaki sicaklik, T; (°C) deneye baslangi¢ sicakligy,
T (°C) parafinin erime sicakligini ifade etmektedir. Fourier sayisi ise Denklem
(3)’te gosterildigi gibi hesaplanabilir (Ostrogorsky ve Glicksman, 2015; Ghasemi,
Hoseinzadeh ve Memon, 2022).

at

Fo=—
o L%

(3)

Burada, a (m?/s) 1s1 yayilma katsayisi, t(s) zamani ve L, (m) ise karakteristik
uzunlugu ifade etmektedir. Karakteristik uzunluk, hacmin (m?) alana (m?) b6liin-
mesiyle elde edilir.
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Sekil 7. 2464 W/m? Isitic1 Giiciinde Boyutsuz Sicakhginin Fourier Sayisiyla iliski-
si a) Tel Orgiisiiz, b) 4 Katmanh Tel Orgii, ¢) 8 Katmanh Tel Orgii

Sekil 7°de katmanl tel orgilii ve 6rgiisiiz test odalarinda erime siirelerinin bo-
yutsuz sicaklik ve Fourier sayisi arasindaki iligkisi verilmistir. Deney odalari
karsilastirildiginda, 1sitic1 yakin faz degistiren malzemesinin alt kisminda bulu-
nan termokuplda 6l¢iilen sicakliktan erime daha erken siirede olurken isiticitdan
uzakta olan st kisimda termokupldan 6dlgiilen sicaklifa gore erimesi siiresinin
daha gec oldugu goriilmektedir. Denklem (2)’de verilen boyutsuz sicaklik denk-
leminde faz degistiren malzeme erime sicakligina ulastiginda boyutsuz sicaklik
bire esit olacaktir. Dolayisiyla 6=1 degerinden sonra o bolge faz degistiren mal-
zeme tamamen siv1 haldedir. Sekil 7°de kat1 halden siv1 hale gecis (6=1) belirgin
bir sekilde gorilmektedir. Isitic1 calistirilip, 1s1 gegisi basladiginda, kati fazdaki
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belirli bir faz degistiren malzeme kiitlesi, enerji kaynagina daha yakin olan daha
ylksek enerjiye sahip bitisik faz degistiren malzemesi kiitlesinden 1s1 alir.

Tablo 3. Farkli Deney Odalarinda Bulunan Faz Degistiren Malzemenin Erime Sii-
releri

2090 W/m? 2464 W/m? 3185 W/m?
En En En En En .
Orta Orta Orta Enist
alt ust alt ust  alt
4 katmanh
o -1,4 1,9 1,5 12,0 3,2 2,8 11,2 6,8
tel orgt (%)
8 kat |
amanmtt 489 85 22 240 54 50 185 91
tel orgii (%)

Tablo 3’te deney odasinda tel orgiisiiz ve farkli katman sayisindaki tel orgiile-
rin icerisinde bulunan parafin mumun erime siireleri verilmistir. 3185 W/m2 1s1
akisinda tel 6rgiisiiz deney ¢alismasinda deney odasinin en alt kisminda bulunan
termokupldan baglanti sorunu nedeniyle sicaklik verisi alinamamistir. Tablo 3’te
gorildigi ltizere deney odasinda tel 6rgii bulunmasi ve bu tel érgiilerin katman
sayis1 arttik¢a erime stiresi azalmaktadir. Beklenildigi gibi 1s1 akisinin artmasiyla
da parafinini her bir noktasindan erime siiresi de azalmaktadir.

Tablo 4. Tel Orgii Katmanlarinin Farkl Isitic1 Giiglerine Gére Erime Siiresindeki
Iyilesmeler

2090 W/m? 2464 W/m? 3185 W/m?
En En En En En En
alt Orta ust alt Orta ust alt Orta ust
4 katmanh
tel orgii (%) -1,4 1,9 1,5 12,0 3,2 2,8 11,2 6,8
8katmanh — o0 g5 59 240 54 50 185 91
tel 6rgi (%)

Tablo 4’te 4 ve 8 katmanli tel 6rgiilii test odalarinda bulunan parafin mumun, tel
orgiistiz halde bulunan parafin mum ile erime stirelerindeki iyilesmelerin kiyas-
lamasi verilmistir. Parafin mumun erime siiresinde katman sayisi arttikca erime
stiresinde iyilesmeler goriilmektedir. Burada erime siiresindeki iyilesme % 24’e
kadar oldugu gortlmektedir.
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Sekil 8. Farkli Isitic1 Giiglerinde Lapa Bolgelerin Belirlenmesi

Denklem 4'te faz degistiren malzeme icerisinde siv1 oranini veren ifadeler sunul-
mustur. Bu sivi oranlar1 FDM’'nin sicakligina baglh olarak:

0 Trpm < Tkan

Trpm — Tran @)

fFDM = Tkatr < Trpm < Tsn

Tswz - Tkatl
1 TFDM = TSlUl

hal degisimleri belirlenebilir. fpy s1v1 oranini, Ty, Tsivi ve Trpy sirasiyla faz degis-
tiren kat1 hal sicakligy, sivi hal sicaklig1 ve o zamandaki FDM'nin sicakligini ifade
etmektedir (Baki Sezgin, Gokaslan ve Ugkan, 2023).

Sekil 8'de farkl 1sitic1 gliclerinde a), b), c) tel orgiisiiz, d), e), f) 4 katmanl tel
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orgi, g), h), 1) 8 katmanl tel 6rgii test odalarinin lapa bolge sinirlar1 gosterilmis-
tir. Her bir deney odasinin alt kismindaki 1siticiya yakin bolgedeki faz degistiren
malzeme ilk erimeye baslar. Daha sonra 1s1 gegisi yukariya dogru olmakta orta
ve iist kisimdaki faz degistiren malzeme erimeye baslar. Erime, deney odasinda
bulunan tel 6rgii katman seviyesine kadar, tel 6rgii sayesinde esit dagili olarak
gerceklesmektedir. Burada paslanmaz ¢eligin 1s1 iletim katsayinin faz degistiren
malzemesininkine gore yiiksek olmasinin etkisi s6z konusudur. En yiiksek 1s1 aki-
sinda, her bir deney odasinda alt kisimda bulun FDM i¢in lapa bolgeleri araliklar:
diger 1s1 akilarina gore daha genistir. Katmanl tel 6rgiilii deney odasinda yapilan
deneylerde lapa bolgeleri araliklar1 bos (tel olmayan) deney odasinin lapa bol-
gesi araliklarina gore daha belirgindir. Deney odasinin en iist kissmda bulunan
termokupllardan 6lgiilen verilere gére FDM'nin lapa bolgeleri ¢cok kisa aralikta-
dir. Deney odasi alttan 1s1tildigl icin iist tarafta bulunan FDM’nin sicakligi siirekli
artmakta ve alt kisimdan tist kisma dogru kat1 formdan sivi forma doniisecektir.

4. Tartisma

Is1 depolama (gizli 1s1) uygulamalarinda tercih edilen faz degistiren malzeme ola-
rak daha ¢ok parafin malzemesi kullanilmaktadir. Parafin malzemesinin diisiik
1s1l iletim katsayis1 sebebiyle dezavantaja sahip olsa da 1sil enerji depolama siire-
si acisindan avantajlidir. Bu deneysel ¢alismada deney odasinin igerisine 1s1 ile-
tim katsayis1 yliksek malzeme yerlestirilerek diisiik 1s1 iletim katsayil parafinin
erime siiresindeki degisim arastirilmistir.

Deney esnasinda, parafin mumu faz degistiren malzemenin en yiiksek calisma
sicakligina (bozulma sicakligina) dikkat edilmis ve deney odasinda bulunan
parafinin biitiin deney kombinasyonlarinda tamamen erimesi saglanmistir. De-
neyler, deney odasina alttan sabit 1s1 akisi sinir sart1 uygulanarak yapildigi i¢in
deney odasinin alt kisminda bulunan parafin mumunun erimesi daha erken, de-
ney odasinin iist kismina dogru ilerledik¢e parafin mumun erimesi biraz daha
uzun siire almistir. Bu bakimdan deney odasinin alt kisminda kalan parafin mum
malzemesinin iist noktalar tamamen eriyinceye kadar sicakligi deney sirasin-
da kontrol edilmis ve en yiiksek ¢alisma sicaklifina asmamasi dikkat edilmistir.
Isitic1 plakanin iizerinde tel 6rgiili ya da tel 6rgiisiiz olmas1 durumundaki test
odalarinda yapilan biitiin deneylerde miimkiin mertebe ayni sabit 1s1 akilarinda
deneyler gerceklestirilmistir.

Ug farkli durumda (tel 6rgiisiiz, 4 katmanl ve 8 katmanh tel 6rgii) ve ii¢ farkli 1s1
akilarinda deneyler yapilmis ve sonuglar karsilastirilmistir. Buna gore, tel 6rgii-
de katman sayisi arttik¢a erime siiresi azalmaktadir. Elde edilen sonuglara gore
erime siiresinde 1sitic1 giicliniin etkisi ¢ok 6nemlidir. Katmanl tel 6rgiili deney
sonuglari, tel drgiisiiz deneylerden elde edilen sonuglarla kiyaslandiginda en alt
kisimda FDM’nin erime siiresinde %24’e kadar iyilesme s6z konusudur. Erime
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siiresi, en list ve orta kisimda FDM biraz daha diisiik olsa da tel 6rgiisiiz deney
sonuglarla kiyaslandiginda %1.5 ile 11.2 arasinda iyilesme s6z konusudur. Tel
Orgli malzemesinin 1s1 iletim katsayisi parafin mumuna gore oldukea yiiksektir.
Boylece 1s1y1 6nemli 6l¢iide ve homojen olarak yukariya tasimaktadir.

5. Sonuglar

Bu ¢alismadan elde edilen bulgulara dayanarak, tel 6rgii olan ve olmayan her g
deney odasi icin 1s1l gii¢ (DC gii¢ kaynagindan saglanan) artmasiyla FDM erime
(gizli 1s1 depolama) stiresi azaltmaktadir. Tel 6rgiiler, 1s1l giice bagh olarak yakla-
sik olarak ayni miktarda parafin mumun erimesi icin gereken siireyi bos deney
odasi ile kiyaslandiginda 4 katmanl ter 6rglide %1.9-12, 8 katmanl tel 6rgii de
ise %2.2-24 arasinda iyilesme elde edilmistir. FDM'nin erime islemi sirasinda tel
orgiilii deney odalarinda sicaklik profilleri, tel 6rgiisiiz deney odasi sicaklik profi-
li arasinda belirgin bir fark goriilmemistir. Deney odalarindaki tel érgiilerin pas-
lanmaz ¢elik malzemeden yapilmis olup 1s1 iletim katsayis1 FDM’e gore yliksek-
tir. Tel 6rgiiniin 1s1 iletim katsayisinin yiiksek olmasindan kaynakl 1s1 gecisinin
artirmasi nedeniyle, tel orgiilii ortamlarin lapa bolge siiresi lizerinde bir etkiye
sahiptir. Yapilan deneylerdeki gézlemlerden sonucunda icerisinde tel 6rgii bu-
lunan faz degistiren malzemelerde erime dagilimi tel 6rgiisiiz ortama gore daha
homojen oldugu belirlenmistir. Deney odasinin igerisine tel 6rgi yerlestirmek
ilave bir glic harcamaya etkisi olmayacagindan erime siirelerindeki iyilesmeye
de bakildiginda faz degistiren malzemelerde 1s1 iletim katsayisi yliksek malzeme
kullanmak erime stiresine pozitif etki saglamistir.

Ayrica katmanl tel drgiiler olusturulurken tel kafesler tist iiste konulmus ve ince
tel yardimiyla sikistirilmistir. Bu durum tel 6rgiilerin arasinda temas direncine
sebep olmaktadir. Temas direncini en aza indirmek icin kaynak veya lehimleme
islemi ile yapilabilir. Boylece tel drgiiler katmanlari arasinda her bir noktasindan
daha iyi temas edecektir. Temas direncini en az hale getirerek faz degistiren mal-
zemesinin erime siirelerinin daha da azalacag 6ngorilmektedir.

Bu ¢alismada arastirma ve yayin etigine uyulmustur.
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Keywords Abstract

Fuel cell, membrane, Fuel cells, the technology of the future, are devices that create
performance, polymer electrical energy by combining hydrogen and oxygen as a result
electrolyte of a chemical reaction and release heat with H,0 as waste. Since

electricity is produced without combustion, less pollution occurs.
The part where the chemical reaction takes place in the Polymer
Electrolyte Membrane (PEM) fuel cell consists of the membrane.
In this study, the fuel consumption of different sizes (5-25-50
cm?) of fuel cells was investigated and the factors affecting the
performance were determined experimentally. First of all, the
PEM fuel cell was installed, and appropriate amounts of Hydrogen
(H:) and Oxygen (0:) were sent to the fuel cell according to the
characteristics of the established cell. During the study, the
performances of different sizes of fuel cells were determined. The
behavior of the fuel cell was determined according to the C-H ratio
values in the fuel cell and power values were found according to
the produced current. The performance of fuel cells was evaluated
according to their size and the amount of electrical energy they
would produce was calculated. In this case, it was determined that
the fuel cell with a surface area of 5 cm? was the most efficient in
C60H60, 25 cm? in C60H46 and 50 cm? in C60H46, respectively.
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FARKLI EBATLARDA TASARLANAN POLIMER ELEKTROLIT
MEMBRANLI YAKIT HUCRESi PERFORMANSLARININ

DEGERLENDIRILMESI

Anahtar kelimeler

0z

Yakit hiicresi, mebran,
polimer elektrolit, gii¢
performansi

Gelecegin teknolojisi olan yakit hticreleri hidrojen ile oksijenin
kimyasal reaksiyon sonucu birlesmesi ile elektrik enerjisinin
meydana gelmesini ve atik olarak H.O ile is1 aciga ¢tkmasini
saglayan cihazlardir. Yanma olmaksizin elektrik fiiretildigi
icin daha az kirlilik meydana gelmektedir. Polimer Elektrolit
Membran (PEM) yakit hiicresindeki kimyasal reaksiyonun
olustugu kissm membran zardan olusmaktadir. Bu ¢alismada
farkli boyutlardaki (5-25-50 ¢cmZ2) yakit hiicrelerinin yakit
sarfiyati ile ilgili incelemeler yapilarak performansa etki
eden faktérler deneysel olarak belirlenmistir. Oncelikli olarak
PEM yakit hiicresi kurulumu yapilmis, kurulan hiicrenin
ozelliklerine gére uygun miktarlarda Hidrojen (H;) ve Oksijen
(0;) yakit hiicresine génderilmistir. Calisma esnasinda degisik
boyutlardaki yakit pillerinin performanslart belirlenmistir.
Yakit hiicresindeki C-H orani degerlerine gére yakit
hiicresinin davranist belirlenmis ve iiretilen akima gére giic
degerleri bulunmustur. Boyutlarina gore yakit hiicrelerinin
performanslart degerlendirilerek iiretecekleri elektrik enerji
miktarlart hesaplanmistir. Bu durumda; ytizey alani 5 cm? olan
yakit hiicresinin C60H60°da, 25 cm? olanin C60H46'da ve 50
cm? olanin C60H46’da en verimli oldugu tespit edilmistir.
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1. Introduction

Fuel cell, an electrochemical device, combine fuel (hydrogen) and oxidant (oxy-
gen) and convert the resulting energy directly into electrical energy, waste heat
and water. They are classified according to electrolyte types (Mogorosi, Oladi-
ran and Rakgati, 2020). Fuel cells are globally divided into 6 types; Alkaline Fuel
Cells (AFCs), Phosphoric Acid Fuel Cells (PAFCs), Molten Carbonate Fuel Cells
(MCFCs), Solid Oxide Fuel Cells (SOFCs), Proton Electrolyte /Exchange Membrane
Fuel Cells (PEMFCs) and Direct Methanol Fuel Cells (DMFCs). A brief summary of
the general features of these 6 types of fuel cells is shown in Table 1.1 (Ebrahimi,
Kujawski, Fatyeyeva and Kujawa 2021, Li, Kujawski and Rynkowska, 2019)

Table 1.Characteristics of fuel cell types (Ebrahimi et al., 2021; Li et al., 2019)

Electrolyte Operating

Fuel Cell Type Productivity Fuel

Type temperature
Alkaline Fuel Cells Potassium Room tempe-
(AFCs) hydroxide rature up to 60% - 70% H,-0,
solution 250°C
:lo tt(:el}]iifl:n o Proton Exc- Room tempe- H -0 or
Y 8 hange Memb-  rature up to 40% - 60% 2R
Membrane Fuel rane 100 °C Air
Cells (PEMFCs)
. Proton Exc- Room tempe-
Direct Methanol CH,OH-O
- 0/ - 0, 2 2
Fuel Cells (DMFCs) hange Memb ratufe up to 20% - 30% or Air
rane 130°C
Natural
Phosphoric Acid Phosphoric . . 0 Gas, Biogas,
Fuel Cells (PAFCs) acid 1607°C-220°C 55% H,-0,or
Air
Molten mix- Natural
Molten Carbonate ture of alkali . . Gas, Biogas,
2 — 0,
Fuel Cells (MCFCs) metal carbo- 620°C-660°C 65% Coal gas, H,
nates - 0, or Air
. . Ceramic that . Natur%\l
Solid Oxide Fuel conducts oxi- 800 °C-1000 60% - 65% Gas, Biogas,
Cells (SOFCs) . °C ’ ®  Coal gas, H,
de ion .
- 0, or Air

Since the fuel cell type that constitutes our study subject is Proton Exchange
Membrane Fuel Cells, information about these fuel cells will be given and in the
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following sections, the performance evaluations of polymer electrolyte membra-
ne fuel cells designed in different sizes will be explained.

1.1 Proton/Polymer Electrolyte /Exchange Membrane Fuel Cells

Scientific studies on proton exchange membrane fuel cells received noteworthy
interest because of its broad and various implementations in electrochemical
devices, chemical sensors, supercapacitors, batteries and power generation, lea-
ding to the planning of membrane electrode setups operating in distinct types of
fuel cells. (Hammes-Schiffer and Soudackov, 2008; Kraytsberg and Ein-Eli, 2014;
Kreuer, Paddison, Spohr and Schuster, 2004). PEMFCs are among the promising
electrochemical manufacturing gadgets because of their superior productivity,
eminent power intensiy and energy sources (Cleghorn, Springer, Wilson, Zawod-
zinski, Zawodzinski, and Gottesfeld, 1997; Li, Jensena, Savinell, and Bjerrum,
2009). They are known to have similar configurations to redox flow batteries
(RFBs) type gadgets. These two device types have the potential to convert the
chemical energy present in the energy vectors gained from renewable sources
into electrical energy. However, the absence of liquid components that make
PEMFCs more useful for use in mobile devices makes them advantageous over
RFBs (Zhang and Sun, 2021). Figure 1 shows a schematic diagram showing the
components of a single PEMFC. These alternative energy sources provide the op-
portunity to obtain energy from hydrogen and synthetic or bio-synthetic fuel and
can operate more efficiently and with environmental sustainability than thermal
engines (Scott and Shukla, 2004; Whittingham, Savinell, and Zawodzinski, 2004).
Fuel cells which utilized for a diverse of technological applications, such as in
mobile phones, portable electronic devices, and etc. are electrochemical devices
(Campanari, Manzolini, and Garcia de la Iglesia, 2009; Cano, Banham, Ye, Hinten-
nach, Lu, Fowler, and Chen, 2018; Zhang and Shen, 2012).

The polymer electrolyte membrane, which forms the main component of the
electrochemical device, also provides proton conductivity by ensuring the trans-
port of protons from the anode part to the cathode part (Haile, Boysen, Chisholm
and Merle, 2001). Membranes containing perfluorosulfonic acid polymers are
widely utilized among various types of fuel cells due to their eminent conduc-
tivity properties and strong mechanical and chemical characteristics. Among
these, Nafion® is one of the best known. These membranes are utilized in high
relative humidity environments and temperatures below 90 °C. Nafion® was
developed and marketed by DuPont before the 2000s. Nowadays, it is utilized
as low-temperature PEM by various researchers and companies. The expensive
production processes of Nafion-type membranes and the intense decrease in pro-
ton conductivity, which is important for system performance in low hydration-
high temperature (above 90 °C) situations, are important disadvantages of these
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membranes in their operation as low-temperature PEMFCs. As a result of these
limitations, the production process of PEMFCs that can operate at higher tempe-
ratures, taking into account the absence of water, has been initiated (Pineri and
Eisenberg, 1987; Samms, Wasmus, and Savinell, 1996).

Figure 1. shows the different components of a single PEMFC. The core of a PEMFC
is the MEA (Membrane Electrode Assembly), which consists of two catalytic ma-
terials that act as anodic and cathodic electrodes, separated by a PEM (Cruz-
Martinez, Tellez-Cruz, Guerrero-Gutiérrez, Ramirez-Herrera, Salinas-Juarez,
Velazquez-Osorio, and Solorza-Feria, 2019).

Anode end plate.—\
Current Y
collector ' 1 ’ f b’

Oxygen input.

Graphite plate

Gasket

Gas diffusion plate
Graphite pla

Cathode end plate

Excess of hydrogen

Excess of oxygen and water output

Figure 1. Different elements of a PEMFC (Cruz-Martinez et al., 2019)

1.2 Operating Principles of Proton Electrolyte/Exchange Membrane Fuel
Cells

The operating principle of PEMFCs is that H2 fuel oxidizes at the anode, releasing
electrons and forming protons. Electrons and protons then flow to the cathode
through the external circuit and proton exchange membrane tightly placed bet-
ween the anode and cathode, respectively. At the cathode, they combine with
dissolved oxidizing 02 to produce water and heat. Fuel cell processes facilitate
reactants moving through bipolar gas channel plates into GDLs (Gas Diffusion
Layers). The function of GDLs is to spread the reactants over the catalyst la-
yer with a more even distribution. In the catalyst layer, the reactants are then
transported by diffusion and advection for an electrochemical reaction (Figure
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2.). PEM can transport protons and dissolved water, but gases cannot penetrate
(Magorosi,Oladiran, and Rakgati, 2020).

Cathode

0,+4e — 207

QHgoQ

Figure 2. The operating principle of PEMFC (Magorosi et al., 2020)

1.3 Enhancement of Proton Exchange Membranes (PEMs)

Studies on the enhancement of new membranes with conductive properties
for PEMFC implementations has increased recently (Esmaeili, Gray and Webb,
2019). The development of new environmentally and human-friendly alternati-
ves to fossil fuels and efforts to reduce the concentration of carbon dioxide in the
atmosphere have led scientists to conduct research on polymers that are stab-
le and can operate over wide ranges. Among the many PEMFCs synthesized for
these purposes, three need to be particularly noted (Wang, Chen, Mishler, Cho
and Adroher, 2011). The first are those containing PFSA (Perfluorosulfonic Acid).
For instance, Nafion is utilized quite intensively and is the most studied polymer
in the fuel cell industry (Mauritz and Moore, 2004). Its use has led to a broad
range of implementations, including in chlor-alkali processing technologies (Ito,
Maeda, Nakano, and Takenaka 2011; Vidakovic-Koch, Gonzalez Martinez, Ku-
wertz, Kunz, Turek, and Sundmacher, 2012). Microbial fuel cells (Bakonyi, Kook,
Rézsenberszki, Téth, Bélafi-Bakd, and Nemestothy, 2020; Chae, Choi, Ajayi, Park,
Chang, and Kim, 2008), among others has become widespread, and merchant
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Nafion type membranes of distinct coarseness can be purchased from various
establishments.

The second main group consists of sulfonated aromatic polymers. The most stu-
died sulfonated polymers are sulfonated poly ether ether ketone (SPEEK) and
sulfonated poly arylene ether ketone (SPAEK) polymers. Poly ether ether ketone
(PEEK), based on a linear polymeric basis, is a semi-crystalline polymer with a
glass transition temperature of 143 °C and a melting point of 343 °C. This fluori-
ne-free polymer shows high thermal stability and chemical resistance. The pro-
ton conductivity of the polymer can be significantly increased by the sulfonation
feature of the aromatic position (Carbone, Pedicini, Portale, Longo, D’Ilario, and
Passalacqua, 2006). This enables operation at temperatures where electroche-
mical reaction rates increase (Kaliaguine, Mikhailenko, Wang, Xing, Robertson,
and Guiver, 2003).

The third and final class of polymers are those associated with heterocyclic
systems containing derivatives of polybenzimidazole (PBI) (Escorihuela, Olvera-
Mancilla, Alexandrova, del Castillo and Compafi, 2020). Recently, the synthesis
of PBI-based polymer types that perform well as PEMFCs in several new fields
has been achieved (Escorihuela et al., 2020; Liu, Khan, Lee, Kim, Akhtar, and Han,
2013; Wang, Ni, Liu, Gong, and Wang, 2018). The high thermal stability of PBI
polymers and their derivatives has led to the idea of considering them as poten-
tial polymers as high-temperature PEMFCs. Despite its superb mechanical and
thermal stability, pure PBI has low conductivity and these membranes need to
be supported with inorganic acids which is by far the most commonly used ( Aili,
Henkensmeier, Martin, Singh, Hu, Jensen and Qingfeng, 2020).

2. General Information
2.1 Previous Studies

There are many factors that affect the performance of PEMFCs. As a result of
the literature research, it has been determined that performance evaluation has
been tried to be determined by applying different methods in many different
applications. Considering the developing technology over the years, it has been
determined that the structures of fuel cells have been tried to be improved with
innovative processes and performance evaluations have been carried out in this
direction. In order to better emphasize the importance of the subject, this section
provides information about some recent studies. (Han, Park and Chung, 2016)
presented an operation optimization method and demonstrated its implementa-
tion to a PEMFC system. For this purpose, researchers studied on the optimiza-
tion problem to maximize system efficiency. Many types of modeling were deve-
loped with the help of artificial neural networks and semi-empirical equations.

107



Miithendis ve Makina / Engineer and Machinery 65, 714, 101-120, 2024

Optimization values showed that the efficiency difference could reach 1.2-5.5%
depending on the power output range. As a result of the study, the difference
between the measured and predicted values was determined to be insignificant.
This showed that the proposed method was successful in increasing the system
efficiency of the fuel cell. (Vazifeshenas, Sedighi and Shakeri, 2016) examined the
effect of composite flow field application in PEMFC by utilizing computational
fluid dynamics. Validation studies were carried out using simulations. Observati-
ons were made using different reactant parameters. It was determined that espe-
cially the way the reactants were distributed on the surface affected the system
performance. (Mubin, Bahrom, Azri, Ibrahim, Rahim, and Raihan, 2017) develo-
ped mathematical thermodynamic modeling and examined its effect on PEMFC
performance. The efficiency of the model was figured out by applying the energy
conversion gadget equations on thermal efficiency and was found to be 33.8%.
It was found that the voltage output performance of PEMFC could be increased
by increasing the input pressure and temperature of hydrogen. (Ozgiir and Ya-
karyilmaz, 2018) examined the 1 kW Horizon H-1000 XP PEMFC in their study
on exergy and energy analysis. In the study, a test device was established and
system efficiency analysis was carried out in accordance with the laws of ther-
modynamics. In the established mechanism, pure hydrogen was used directly as
fuel. By changing the operating temperature and pressure, the performance of
the system was examined with experimental and exergy-based parameters. The
energy efficiency of the fuel cell was determined as 45.58% in the experimental
examination and 41.27% in the parametric examination. (Parnian, Rowshanza-
mir, Prasad, and Advani, 2018) examined SPEEK-based membranes containing
Se02 nanoparticles in terms of performance and durability parameters. Various
membranes were synthesized and their physicochemical properties were analy-
zed through tests such as TGA, XRD and FESEM. As a result of mechanical and
thermal analyses, it was determined that the nanocomposite membrane had
more advanced properties than the pure SPEEK membrane. (Toghyani, Nafchi,
Afshari, Hasanpour, Baniasadi, and Atyabi, 2018) examined the effect of comp-
ression pressure on the performance of a PEMFC in terms of three different chan-
nel widths. The deformation of the GDL due to compression pressure was mode-
led and used as input in the Computational Fluid Dynamics (CFD) model. In the
study, factors such as temperature distribution and mole fraction were also exa-
mined to determine the geometry with the best performance. As a result of the
study and experiments, it was determined that when the channel width was re-
duced, the flow rate increased and the performance of PEMFC increased. (Huang,
Ding and Zou, 2020) studied waste heat recycling by combining a thermoelectric
generator and cooler with a PEMFC. For this new modeling in their research, they
also derived a series of analytical formulas to examine the power output factor.
The parameter known as the ecological performance coefficient was determined

108



Miihendis ve Makina / Engineer and Machinery 65, 714, 101-120, 2024

as the objective function in evaluating the system performance. When compared
with the individual fuel cell, it was determined that the maximum power den-
sity and ecological performance coefficient of this new hybrid system increased
by 1.42% and 4.47%, respectively. When the Thompson effect was examined, it
was determined that it might have a negative impact on the system performan-
ce to some extent. (Nalbant, Colpan and Devrim, 2020) conducted a mathemati-
cal modeling study of a high-temperature PEMFC with a natural gas-fed energy
system. In the study, analyzes were made by examining the effects of some basic
parameters (operating temperature, etc.) on system performance (various effici-
ency values). It was determined that the parameter that has the greatest impact
on system performance is the anode stoichiometric ratio. Wilberforce and Olabi
(2020) investigated the application of using an artificial neural network (ANN)
to determine voltage and current in a proton exchange membrane fuel cell with
a membrane area of 11.46 cm2. Performance predictability for group data pro-
cessing method (GDPM) as well as feed-forward back propagation (FFBP) neural
networks have been used to predict the current and voltage obtained from the
PEMFC under investigation. The research revealed that the GDPM neural net-
work outperformed the FFBP neural network. Therefore, the study recommen-
ded GDPM neural network as the best model to predict the performance of a
Proton Exchange Membrane Fuel Cell. Additionally, it was determined that an
increase in the reactant flow rate had a direct effect on the performance of the
fuel cell, but this was directly proportional to the total irreversibilities in the bat-
tery. And therefore it was necessary to make the hydrogen flow lower for the fuel
cell to operate economically. (Omran, Lucchesi, Smith, Alaswad, Amiri, Wilber-
force and Olabi, 2021) studied the mathematical modeling of a PEMFC combined
with a resistive load. In the study, the electric current parameter was determined
by the intersection of the polarization curve and used as the input value to de-
termine the PEM fuel cell performance. Differences varied between 2% and 6%
depending on the applied load resistance. A controlled current source was used
to simulate the variation of fan power consumption with stack temperature ran-
ging from 36.5 W at 23 °C to 52 W at 65 °C. Both the model and the experiments
showed an overall PEMFC system maximum efficiency of approximately 48%.

3. Material and Method

In this study titled Evaluation of the Performance of Polymer Electrolyte Memb-
rane Fuel Cells (PEMFC) Designed in Different Sizes, a device called Scribner
850e Multi Range Fuel Cell Test System was used to carry out the tests. Research
and publication ethics were complied with in this study. The Model 850 Multi-
Range Fuel Cell Test System features a complete test station for the operation and
measurement of PEM/DMFC fuel cells. The Model 850 is ideal for single-cell and
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short-stack fuel cell research and university programs. The Model 850 combi-
nes a computer-controlled device with fuel processing hardware in an integrated
benchtop unit. The 850 uses the proven 890 as the basis for the electronic paylo-
ad design. The powerful FuelCell® software package is included in the system to
control station operation (The Model 850 Fuel Cell Test System, 2023). Photos
of the 850e Multi Range Fuel Cell Test System used to perform the tests are given
in Figure 3.

Figure 3. Views of the 850e Multi Range Fuel Cell Test System

In addition to the information mentioned above, the 850e Multi Range Fuel Cell
Test System has some important advantages and features. Table 3.1 provides
information summarizing the features of the 850e Multi Range Fuel Cell Test
System (The Model 850 Fuel Cell Test System, 2023).

Table 2. Various Features of the 850e Multi Range Fuel Cell Test System (The
Model 850 Fuel Cell Test System, 2023)

1. Multiple current range electronic load options: 5/25/50 A or 10/50/100 A,
100W,20V

2. Convenient for PEM cells up to 50 cm?.

3.User-friendly computer-controlled cell operation and FuelCell® software for
experimentation

4. Temperature controlled high performance 316L stainless steel humidifiers
and heated gas transfer lines

5. Computer control of anode and cathode mass flow rates
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6. Automatic control of N2 purge gas into the cell
7. Detection of pressure loss for reactant and purge gases
8. Current, voltage or power control modes

9. Continuous real-time cell resistance and IR-free voltage measurement with
current interruption

10. Two high impedance reference inputs for full cell voltage plus half cell data
11. Cell main terminals tolerant to a non-insulated cell and detection inputs
12. Automatic Water Filling for Humidifiers

13. Detection of alarm conditions and automatic hardware

During the experiments, 5 cm? 25 cm? and 50 cm? electrodes were used as
Membrane Electrode Assemblies (MEA). The appearances of the MEAs used in
the experiments are shown in Figure 4.

(a) ®) O]

Figure 4. MEAs used in the experiments (a) 5 cm?, (b) 25 cm? and (c) 50 cm?

Before starting the analysis and experimental performance tests of PEMFC, sui-
table materials were selected for the components of the fuel cell to be used. In the
selection of these materials, parameters such as desired electrical and heat con-
duction, gas permeability, adequate mechanical strength and chemical stability,
suitable and cheap in high-volume manufacturing methods, corrosion resistance
and low density are important. In order to calculate the voltage produced in fuel
cells, energy must first be explained. In addition, it is not possible to obtain full
efficiency during the reaction. Since full efficiency cannot be achieved, lost heat
occurs. Not all of the heating value of hydrogen can be used efficiently. Gibbs free
energy, which expresses the energy difference between reactants and products
and useful energy, is defined as follows.

The cell polarization curve obtained by subtracting activation, ohmic and con-
densation losses from the theoretical cell voltage was calculated. Anode and cat-
hode activation losses are considered the same, but the majority of losses occur
at the cathode due to the slowness of the oxygen reduction reaction.
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Figure 5. Voltage-Current Density Characteristic of Fuel Cell

VK = Vakt + Vohm + Vkon (1)

The value of Gibbs free energy can be taken at different values for different tem-
peratures. Negative values indicate that energy is released. AS in the Gibbs free
energy formula expresses the lost energy (entropy) resulting from the reactants
and the products occured as a result of the reaction, as seen in expression (2).

GO =AH-TAS (2)

Theoretically, the maximum fuel cell efficiency is calculated by assuming that all
Gibbs free energy is converted into electrical energy.

W, =V .0 3)
Q:]‘I'F (4)
G,=-n-F.V, -
y _ _AH-T-AS ]
r o F (6)
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In order to examine the test results accurately, measurements were made with
the Hydrogen Control System. The temperatures of hydrogen and oxygen gases
before they entered the system were determined and it was checked whether
the system worked as desired at these temperatures. In order for the system to
work properly, the temperature, humidity and flow rate values of the fuels were
determined.

4., Results and Discussion

PEM fuel cells with sizes of 5 cm?, 25 cm? and 50 cm? were used in the study. The
performances of fuel cells of different sizes were compared. As a result of this
comparison, it was determined which fuel cell size had the best performance.
There are gas flow channels on the surface of the bipolar plate for the distribu-
tion of reactant gases within the fuel cell. Channel geometry may be different. In
addition, the flow direction of the reactants in the fuel cell system can be equal or
opposite as desired. The selection and optimization of the bipolar plate gas flow
channel pattern greatly affects the performance of the fuel cell.

In three fuel cells, the current density value corresponding to the decreasing vol-
tage value increased. These large increases continued up to 1V for the three-cell
fuel cell and 0.5V for the single-cell fuel cell, and the increases in current density
after these values decreased. Losses may take different forms depending on the
number of cells. These losses may occur due to reasons such as disruptions in
the stack connection, pressure drop due to friction, and increase in the number
of transitions through which the reactants move.

It can be seen in Figure 6 that the amount of electrical power to be produced inc-
reases due to the increase in the number of cells in the PEM fuel cell.

1.0 0Lf

0.9
1 03

Voltage (V)

1 02

Power Density (W/em?)

4 01

ol =-H2
= H2O0R00: (T42273)

0.0 B L L M i
0.0 02 0.4 0.6 0.8 (K] 1.2 14 1.6

Current Density (A/cm?)

Figure 6. Electrical power to be produced due to the increase in the number of cells
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As seen in Figure 4.1; when measurements were made within these given values
range, it was observed that there was not much difference in volt values when
the temperature values were increased at certain intervals. The appropriate tem-
perature for the system was 10 °C, humidity was 20%, 9.8 Volt, 9.4 A. Current
values were taken, checking the change in Watt values and looking at the system
performance, the results were given in Table 4.1-2-3.

If we consider the value of approximately 25-50 cm?2 here, it is observed that the
electrical power obtained from fuel cells increases up to this value and starts to
decrease at 5 cm2. The maximum electrical power values obtained from these
three fuel cells are calculated as 2.40E+00 W, 9.88E+00 W and 19.89 W. This is
due to the decrease in the resulting current density. This again occurs due to los-
ses depending on the size of the fuel cell.

Table 3. Power data according to C-H ratio of a fuel cell with a surface area of 5
cm?

C-Hratio Currentl Power Tempera- RH_Anode RH_Catho-
in fuel cell (mA/cm?) (Watts) ture (°C) (%) de (%)

C60H45 2,49E+03 2,40E+00 6,00E+01  4,83E+01  4,83E+01
C60H60 2,64E+03 2,75E+00 6,05E+01  5,02E+01 5,06E+01
C70H55 2,55E+03 2,51E+00 7,06E+01  5,01E+01 5,02E+01

C70H70 2,59E+03 2,67E+00 7,03E+01  9,91E+01 9,91E+01

Table 4. Power data according to C-H ratio of a fuel cell with a surface area of 50
cm?

C-Hratio Currentl Power Tempera- RH_Anode RH_Cathode
in fuel cell (mA/cm?) (Watts) ture (°C) (%) (%)

C60H46 9,74E+02  9,88E+00 6,04E+01 4,98E+01  4,98E+01
C60H60 9,42E+02 9,66E+00 6,04E+01 9,81E+01  9,74E+01
C70H55 8,29E+02 7,88E+00 6,98E+01 501E+01  5,07E+01
C70H70 7,62E+02 8,18E+00 7,00E+01 9,91E+01  9,83E+01

CBOH65 580E+02 4,54E+00 7,98E+01 524E+01  5,29E+01
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Table 5. Power data according to C-H ratio of a fuel cell with a surface area of 50

cm?

C-H ratio Currentl Power Temperatu- RH_Anode RH_Cat-
in fuel cell (mA/cm?) (Watts) re (°C) (%) hode (%)
C60H46 9,74E+02 19,89E+00 8,04E+01 598E+01 5,98E+01
C60H60 9,42E+02 19,87E+00 9,04E+01 10,81E+01 10,71E+01
C70H55 8,29E+02 17,81E+00 8,98E+01 9,01E+01 9,17E+01
C70H70 7,62E+02  18,10E+00 7,00E+01 9,90E+01 9,13E+01
C80H65 580E+02 17,50E+00 7,98E+01 5,24E+01  5,29E+01

5. Conclusions and Recommendations

In the study, PEM fuel cells with sizes of 5 cm?, 25 cm? and 50 cm? were produced.
The performances of fuel cells of different sizes were compared. The behavior of

the fuel cell was determined according to the best operating temperatures and
C-H percentage values, and power values were found according to the current
generated. The results obtained in the current study;

PEM fuel cell efficiency decreases because ion transfer decreases at high tem-
peratures.

Due to the increase in the amount of catalyst used in the fuel cell, hydrogen
production increased, which in turn reduces the efficiency of the fuel cell.

It was determined that the fuel cell with C60H60 content with a surface area
of 5 cm? showed the best performance.

It was determined that the fuel cell with C60H46 content with a surface area
of 25 cm? showed the best performance.

It was determined that the fuel cell with C60H46 content with a surface area
of 50 cm? showed the best performance.

It was concluded that large surface area and low temperatures should be pre-
ferred in fuel cell cell production.
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Anahtar kelimeler 0z
Buji ateslemeli motor, Sunulan ¢alismada LPG (%100 Propan) yakitlh buji ateslemeli
LPG yakity, strok/cap motorlarda strok/cap (s/¢) oranimin etkileri kullanilabilirlik

(ekserji) analiziyle teorik olarak incelenmistir. Bu amagla iki
bélgeli yanma modeline sahip sanki boyutlu bir buji ateslemeli
tersinmezlikler, verim cevrim modeli kullanilmistir. Cevrim modelinde yanma islemi
tiirbiilansh alev yayilmasi yaklasimiyla, emme ve egzoz islemleri
ise basit ampirik bagintilar kullanilarak modellenmistir. Ekserji
analizini  gerceklestirmek i¢in kullanilan ¢evrim modeline
termodinamigin ikinci kanunuyla ilgili yaklasimlar uygulanmistir.
Ekserji analizinde 1s1, is ve egzozla transfer edilen ekserjiler,
tersinmezlikler, yakit kimyasal ekserjisi, termomekanik ekserji ve
toplam ekserji gibi ekserjitik terimler segilen strok/cap oranlari
icin hesaplanmigtir. Ayrica, 1. ve 2. Kanun verimleri ile indike
6zgiil yakit tiiketimi de hesaplanmigstir. Boylece, buji ateslemeli
LPG yakitlh motorlarda s/¢ oraninin ekserjitik terimler, 1. ve 2.
Kanun verimleri ve indike 6zgtil yakit tiiketimi iizerindeki etkileri
belirlenmigtir. Calisma sonuglari, LPG yakitlhh buji ateslemeli
motorlarda s/¢ oraninin artirilmasinin ist kayiplari ve tersinmezlik
degerlerini ve indike 0Ozgiil yakit tiiketimini azalttigini, ¢evrim
isi, egzoz gazlariyla kaybedilen ekserji, 1. Kanun verimini ve 2.
Kanun verimini artirdigini géstermistir. LPG yakitl buji ateslemeli
motorlarda strok/cap oraninin 0,7 degerinden 1,3 degerine
ctkarilmast 1s1 kayiplarint %10,67, tersinmezlikleri %1,89 ve
indike 0zgiil yakit tiiketimini %3,91oranlarinda azaltirken isle
transfer edilen ekserjiyi %4,12, egzozla kaybedilen ekserjiyi %2,
1. Kanun verimini %4,07 ve 2. Kanun verimini %4,08 oranlarinda
artirmigtir.

orani, ekserji analizi,

isezer@gumushane.edu.tr
doi: 10.46399/muhendismakina.1257235

121



Miithendis ve Makina / Engineer and Machinery 65, 714, 121-145, 2024

INVESTIGATION OF STROKE/BORE RATIO EFFECTS IN LPG
FUELLED SPARK IGNITION ENGINES VIA EXERGY ANALYSIS
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Abstract
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efficiency

This study investigates theoretically the effects of stroke/bore
(s/b) ratio with availability (exergy) analysis in LPG (100%
Propane) fuelled spark ignition (SI) engines. For this purpose,
a two-zone quasi-dimensional cycle model of SI engines has
been used. The combustion process is simulated as turbulent
flame entrainment model, the intake and exhaust processes is
simulated by using the simple empirical equations in the cycle
model. The principles of the second law of thermodynamics
were applied to the cycle model in order to perform the exergy
analysis. In the exergy analysis, the exergetic terms such as the
exergies transferred by heat, work and exhaust, irreversibilities,
fuel chemical exergy, thermomechanical exergy and total
exergy were calculated for the selected s/b ratios. In addition,
the first and second law efficiencies and indicted specific fuel
consumption were also calculated. Thus, the effects of s/b ratio
on the exergetic terms, the first and second law efficiencies
and indicated specific fuel consumption were determined for
LPG fuelled SI engines. The results of the study showed that
the increase of the s/b ratio reduces the values of the heat
losses, irreversibility and indicated specific fuel consumption,
increases the cycle work, exergy losses by exhaust gasses
with the first and second law efficiencies in SI engines. The
increasing of stroke/bore ratio from 0.7 to 1.3 in LPG fuelled SI
engines decreases the heat losses by 10.67%, irreversibilities by
1.89% and indicated specific fuel consumption by 3.91%, while
it increases exergy transfer with work by 4.12%, exergy losses
with exhaust gasses by 2%, the first law efficiency by 4.07%
and the second law efficiency by 4.08%, respectively.
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Extended Abstract

Introduction

The design parameters such as compression ratio, combustion chamber geometry,
valve design, cam profile, spark plug position, stroke/bore (s/b) ratio significantly
affect the engine characteristics i.e. combustion, engine performance, fuel consump-
tion and exhaust emissions in internal combustion engines (ICEs). Therefore, a large
number of studies were performed to examine the effects of these design parameters
on engine characteristics i.e. combustion, engine performance, fuel consumption and
exhaust emissions. In most of these studies, it was tried to contribute to the deve-
lopment of the ICEs by using thermodynamic-based cycle models, usually dimensi-
onless or quasi-dimensional, in order to determine the characteristics of ICEs. The
methods based on the first law of thermodynamics were used in dimensionless or
quasi-dimensional thermodynamic cycle models to determine the characteristics of
ICEs in the cycle models. However, it was clearly understood in recent years that the
first law of thermodynamics is not sufficient for the modeling of the ICEs operati-
ons and this method can often give the inaccurate results. For this reason, it is seen
that the second law of thermodynamics has been began to used widely with the first
law of thermodynamics in the studies on ICEs in recent years. The investigation of a
thermodynamic process and system by means of the second law of thermodynamics
is called as second law (exergy or availability) analysis. Exergy analysis can be very
useful since it allows the determination of irreversibility and losses in a system or
process. In this way, the efficiency of the system can be determined in realistic and
the processes or regions that cause to decrease in the efficiency of the system can be
determined, and so, the system can be made more efficient. On the other hand, LPG
is mostly used alternative fuel in spark ignition (SI) engines due to it is abundant
and cheap. Therefore, variation of the effects of stroke/bore (s/b) ratio with exergy
analysis in LPG (100% Propane) fuelled SI engines were investigated in this study

Objectives/Research Purpose

The main objective of this study is to investigate the stroke/bore effects in LPG fu-
elled spark ignition (SI) engines. It can be seen that a large number of studies have
been carried out especially for the application of exergy analysis to the SI engines in
recent years. However, the studies on the exergy analysis applied to the ICEs have not
examined the effects of the stroke/bore ratio by means of exergy analysis. Therefore,
this study intends to contribute to the literature by investigating the effects of the
stroke/bore ratio in LPG fuelled SI engines by means of exergy analysis.

Methods/Methodology

A two-zone quasi-dimensional cycle model of SI engines was used in this study. The
combustion process is simulated as turbulent flame entrainment model, intake and
exhaust processes was simulated by using the simple empirical equations in the cycle
model. The principles of the second law of thermodynamics were applied to the cycle
model to perform the exergy analysis. In the exergy analysis, the exergetic terms such
as the exergies transferred by heat, work and exhaust, irreversibilities, fuel chemical
exergy, thermomechanical exergy and total exergy were calculated for the selected
stroke/bore ratios. The first and second law efficiencies and indicated specific fuel
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consumption were also calculated. Thus, the effects of stroke/bore ratio on the exer-
getic terms, the first and second law efficiencies and indicated specific fuel consump-
tion were determined for LPG fuelled SI engines.

Results/Findings

The results of the study showed that the increase of the stroke/bore ratio generally
reduced the irreversibilies soured from the heat losses and combustion, increased
the cycle work (also exergy transfer with work) and the first and second law efficien-
cies, and decreased the indicated specific fuel consumption in LPG fuelled SI engines.

Discussion and Conclusions

Within the scope of the study, it was seen that the increasing of the stroke/bore ratio
from 0.7 to 1.3 in LPG fuelled SI engines decreased the heat losses, irreversibilities
and indicated specific fuel consumption are about 10.67%, 1.89% and 3.91%, respec-
tively, while it increased the exergy transfer with work, the first law efficiency and the
second law efficiency about 4.12%, 4.07% and 4.08%, respectively. According to the-
se results; it can be said that increasing of the stroke/bore ratio up to a certain value
increases the useful work obtained from the engine by reducing the some exergetic
losses, thus the engine can be operated more efficiently and economically.
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1. Giris

Icten yanmali motorlarda sikistirma orani, yanma odasi geometrisi, supap tasa-
rimi, kam profili, buji konumu, strok/cap (s/¢) orani gibi tasarim parametreleri
yanma, motor performansi, yakit tiiketimi ve egzoz emisyonlar: gibi motor ka-
rakteristiklerini 6nemli 6l¢lide etkilemektedir. Bu nedenle, bu tasarim paramet-
relerinin yanma, motor performansi, yakit tiiketimi ve egzoz emisyonlar: gibi
motor karakteristiklerine etkilerini incelemek i¢in oldukca fazla sayida ¢alisma
yapilmistir (Poulos ve Heywood, 1983; Hu, Whitelaw ve Vafidis, 1992; Sung ve
Jun, 1997; Filipi ve Assanis, 2000; Sher ve Bar-Kohany, 2002). Bu ¢alismalarin
¢ogunda s6z konusu motor karakteristiklerini belirlemek icin genellikle boyut-
suz veya sanki boyutlu termodinamik esash ¢evrim modelleri kullanilarak mo-
torlarin gelistirilmesine katki saglanmaya ¢alisilmistir. Motor karakteristikleri-
ni belirlemeye yonelik gelistirilen boyutsuz veya sanki boyutlu termodinamik
cevrim modellerinde genellikle termodinamigin birinci kanununa (TD1K) dayah
yaklasimlar uygulanmistir. Ancak, son yillarda agik¢a anlasilmistir ki TD1K tek
basina i¢cten motorlarin ¢alismasint modellemede ve karakteristiklerini belir-
lemede yetersiz kalmakta ve yaniltici sonuglar verebilmektedir (Caton, 2002;
Rakopoulos ve Giakoumis, 2006). Bu nedenle, 6zellikle son yillarda i¢ten yan-
mali motorlara yonelik yapilan ¢alismalarda TD1K ile birlikte termodinamigin
ikinci kanunun (TD2K) da yaygin sekilde kullanilmaya basladig1 goriilmektedir.
Bir termodinamik siirecin veya sistemin TD2K’na dayali yaklasimlar kullanilarak
incelenmesine ekserji veya kullanilabilirlik analizi ad1 verilmektedir. Ekserji ana-
lizi bir sistem veya siirecteki tersinmezliklerin ve kayiplarin belirlenebilmesine
imkan sagladigi icin oldukca yararli olabilmektedir. Bu sayede sistemin verimi
gercege oldukca yakin olarak belirlenebilmekte, sistemin veriminin diismesine
neden olan stire¢ veya bolgeler tespit edilebilmekte ve bunun sonucunda sistem
daha verimli ¢calisabilecek hale getirilebilmektedir (Moran ve Shapiro, 2000). Bu
nedenlerle, diger alanlara benzer sekilde i¢cten yanmali motorlarda da ekserji
analizine yénelik calismalar son yillarda hizli bir sekilde artis géstermistir. ic-
ten yanmali motorlarda ekserji analizinin kullanildig1 ¢alismalarin sonuglarinin
bir arada toplandig1 bir derleme calismasi Caton (2000) tarafindan ve daha kap-
samli bagka bir derleme ¢alismasi ise Rakopoulos ve Giakoumis (2006) tarafin-
dan yayinlanmistir. Bu derleme g¢alismalar1 ve mevcut literatiir incelendiginde
son yillarda 6zellikle buji ateslemeli motorlara ekserji analizinin uygulanmasina
yonelik oldukgca fazla sayida ¢alismanin yapildig1 goriilebilmektedir (Shapiro ve
Van Gerpen, 1989; Gallo ve Milanez, 1992; Rakopoulos, 1993; Alasfour, 1997; Ca-
ton, 1999; Caton, 2000). Ancak, alternatif yakith buji ateslemeli motorlarda ek-
serji analizinin uygulanmasina yonelik literatiirde bulunan ¢alismalarda s/¢ ora-
nin etkileri incelenmemistir. Bu nedenle, sunulan ¢alismada LPG (%100 Propan)
yakith buji ateslemeli motorlarda s/¢ oraninin degisiminin etkileri ekserji analizi

125



Miithendis ve Makina / Engineer and Machinery 65, 714, 121-145, 2024

ile incelenerek literatiire katki saglanmasi amaglanmistir. Yakit-hava karisimi ve
yanmis gazlarin 6zelliklerinin belirlenmesinde kullanilan katsayilar literatiirde
sadece saf propan i¢in verildiginden ¢alismada LPG olarak %100 propan kulla-
nilmistir.

2. Materyal ve Metot
2.1 Cevrim Modeli ve Temel Bagintilar

Sunulan ¢alismada Ferguson (1985) tarafindan sunulan boyutsuz ¢evrim mode-
line ait bagintilar yeniden diizenlenip model sanki boyutlu hale getirilerek kul-
lanilmistir. Calismada kullanilan ¢evrim modelinde silindir icerisindeki gazlarin
ideal gaz oldugu varsayimiyla TD1K (enerjinin korunumu denklemi) krank mili
acisina (KMA) bagh olarak asagidaki gibi ifade edilebilir.

de, dm dQ dV (1)
AE =O-W = mn,, am _d@_ dV
in =0 a0 a0 a0 Pae

Esitlik (1)’de; m silindirdeki kiitle miktars, e;, 6zgiil i¢c enerji, Q toplam 1s1 kayipla-
11, p silindir basinci, V silindir hacmi ve 6 krank mili a¢isidir.

Cevrim modelinde; anlik silindir hacmi, anlik silindir basinci ile yanmis ve yan-
mamis gaz bolgelerinin sicakliklar sirasiyla asagidaki bagintilar yardimiyla be-
lirlenmistir.

-1
V(0)=V, {1 + rcomzp {l —cosﬁ+i[l —(l —rczrsinz@)o’5 H} (2)

rCl'

(2)'de; r.. strok uzunlugunun (I;) yarisinin biyel boyuna (I.,) oraniolup 7, = /21,
seklinde belirlenmektedir.

dp A+B+C ()
de D+E

Esitlik (3)id3; 11/4, B, C, D ve E biiyiiklukleri asagidaki bagintilardan belirlenmekte-
dir g=—=""

mdo’
B:ﬂ—g v, Olnvy 1_Tl PR dlnv, 1_Tl 4 C:_a’rbmf e —v) v Olnv, h —h,
om| C, omT,\" %, ) ¢, omf, | T, ’ do |° " Pomt, ¢, 1, |

2 2
D=x, v; Olnvy +v_balnvb ’ E:(l_rbmf) vlzl Olnvy, +v_ualnvu ' .
Cprb OlnTy p Olnp G, T\ OInT, p Olnp (4)
ﬂ:_/lgAb(Tb_TW)_i_VibahlVb dl+ hy —hy drp
do @mC, Ty G, OInT, dO 1, C, dO
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dT, —A44, (7:1 —Tw) a’_p+v_u(31nvu

@0~ wmC, (1-r,;)d0 " C, T, ()

Ayrica, cevrimde is ve 1s1 kayiplari sirasiyla asagidaki bagintilarla belirlenir.

aw dav

TR (©)
A0y _Jer, (1 _ _ 7
=24 (1, -1+ 4,(7,- T, )]

Yukaridaki bagintilarda; 4, ve A, sirasiyla yanmis ve yanmamis gazlarin temasta
bulundugu ylizey alanlari olup sayisal degerleri geometrik alt model yardimiyla
hesaplanmakta, agisal hiz (o), silindir duvar sicakligi (Tw) ve 1s1 transfer katsayisi
(Ag) ise asagidaki bagintilarla belirlenmektedir.

27n (8)
60

9
TW = 7:}W +RW dQW ( )
do

ﬂ'g ~3,26 b-o,zpo,sT—o,ssUg,s (10)

Yukaridaki bagintilarda; U, silindirdeki gazlarin ortalama hizi, T, sogutma suyu
sicaklig1 ve R, silindir duvarlarinin 1s1l diren¢ katsayisi olup ¢evrim hesabin-
da 7,,=350K ve R ,=0,01 K/W degerleri kullanilmistir (Ferguson, Gren ve Lucht,
1987).

Yanma olayinin modellenmesinde ise yanma islemi basladiktan sonra yanma
odasinda yanmis ve yanmamis bolgeler olmak tizere iki bolgenin olustugu ve

tiirbiilansh alev cephesinin yanma odasi icerisinde kiiresel olarak ilerlegi varsa-
yimiyla kiitlesel yanma orani Blizard ve Keck (1974) tarafindan verilen asagidaki
bagintilardan belirlenmistir.

dm
e = U 11
1o = PukUe (11)
dmy _ 4, + e (12)
do Tt ”

_ b (13)
Tha U
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Yukaridaki bagintilarda; A; alev cephesi ylizey alani 1,4 ise Iy boyutundaki bir gir-
dabin karakteristik yanma siiresidir.

Kiitlesel yanma orani alev cephesi ylizey alani ve alev hizi ile orantilidir. Alev
cephesi ylizey alani, yanmis gazlarin hacmine (V) bagh olarak geometrik alt mo-
delden hesaplanir. Yanmamis gazlarin alev cephesi icine ¢ekilme hiz1 (U.), tirbii-
lansh alev cephesinin ilerleme hiz1 (Uy) ve tiirbiilansh alev cephesinin karakte-
ristik uzunluk dlgegini (Iy) hesaplamak icin asagidaki bagintilar kullanilmaktadir.

U, =U;+ U, (14)
1/2
_ r T pint
U, =0.080,, [ > ] (15)
O, = m[ = J” : (16)
‘/4“imval,max 30
3/4
Pe
lT =0.8 linlval,max [ J (17)
int

Yukaridaki bagintilarda; Uim emme siirecinde silindire giren gazlarin ortalama
hizi, A, piston tablasi ylizey alani, Ajywamex €mme supabl maksimum a¢iklik alani
Ve lnamax €Mme supabi maksimum acgilma miktaridir.

Laminer alev hiz1 (U,) ise Gilder (1984) tarafindan verilen asagidaki denklem-
lerden hesaplanmaktadir.

_ T, ’ ﬁ«) N 18
UL(¢,T,p)—UL,O[TJ (p] (1-yf) (18)

Yukaridaki bagintida; ¢,, 8 ve ¢ yakit hava karisim oranina bagh sabitler olup
degerleri literatiirden bulunabilir (Glilder, 1984). Uy, ise T;,=298 K ve p,=1 bar
standart kosullarindaki laminer alev hiz1 olup asagidaki gibi hesaplanir.

U, o(4) = D" exp [—§(¢—1.075)2} (19)

Esitlik (19°da); §, ¢, ®, Q, o ve { katsayilarinin degerleri literatiirde verilmis olup
(Gilder, 1984) y katsayisinin 0 < f> 0,3 araliginda 2,5 olarak alinmasi 6neril-
mektedir. Burada; f bir 6nceki ¢cevrimden silindirde kalan artik egzoz gazlarinin
kiitlesel oranidir.

Cevrim modeli, yanma modeli ve geometrik model hakkinda daha detaylh bilgi
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literatlirde bulunabilir (Ferguson, 1985; Sezer ve Bilgin, 2008; Sezer ve Bilgin,
2012).

2.2 Ekserji (Kullanilabilirlik) Kavrami ve Bagintilar:

TD2K, entropinin artisi ilkesine dayali olup bir sistemin entropi degisimi asagi-
daki gibi ifade edilir (Cengel ve Boles, 1994; Moran ve Shapiro, 2000).

AS= [(o/T)_ +8, (20)

boundry

(11)’de; S, sistemde i¢ tersinmezlikler nedeniyle iiretilen entropidir.

TD1K ve TD2K birlesimi ile kapali sistem i¢in ekserji (kullanilabilirlik) bagintisi
asagidaki gibi ifade edilir (Cengel ve Boles, 1994; Moran ve Shapiro, 2000).

X=E

tot +p0V—];)S (21)
Esitlik (21)’'de; V ve S sistemin hacim ve entropisi, p, ve T, ise sistemin o6lii
hal kosularindaki basing ve sicakligidir. E ise sistemin toplam enerjisi olup
E, =E, +E,, +E, seklinde i¢ enerji, kinetik ve potansiyel enerjilerin toplamin-
dan olusmaktadir.

Kullanilabilirlik veya ekserji, bir sistemin ¢evre ile termal, mekanik ve kimyasal
olarak dengeye ulastiginda, sistem ve yakin ¢evresinden olusan birlesik sistem-
den elde edilebilecek maksimum teorik is olarak tanimlanmaktadir (Van Gerpen
ve Shapiro, 1990; Caton, 2000; Rakopoulos ve Giakoumis, 2006). Bir sistemden
elde edilebilecek maksimum teorik is veya ekserji termomekanik ekserji (X.,) ve
kimyasal ekserji (X,) olmak tizere iki bilesenden olusur. X, sistem uzak cevre-
siyle termal ve mekanik dengeye geldiginde, birlesik sistemden elde edilebilecek
maksimum is olarak tanimlanir ve asagidaki gibi belirlenir (Van Gerpen ve Shapi-
ro, 1990; Moran ve Shapiro, 2000; Rakopoulos ve Giakoumis, 2006).

er = Etot +p0V_T(')S_Zmi:u0,i (22)

Esitlik (22)’de; m; ve p; sirasiyla sistemdeki her bir kimyasal bilesenin kiitlesi ve
kimyasal enerji potansiyeli olup sinirl 6lii hal kosullarinda belirlenir.

Sinirh 611 hal kosullarindaki birlesik sistem cevresiyle termal ve mekanik den-
gede oldugundan sicaklik ve basing farkindan dolayi is iiretme potansiyeli bu-
lunmamaktadir. Ancak, sistem cevreyle kimyasal dengeye ulasmadigindan sahip
oldugu kimyasal potansiyeli sayesinde siirl o6li haldeki sistemden gevreyle
kimyasal dengeye ulasincaya kadar ek is elde edilebilir. Bu sekilde sinirli 6li hal-
deki bir sistemden elde edilebilecek maksimum teorik ise kimyasal ekserji de-
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nir ve asagidaki gibi belirlenir (Van Gerpen ve Shapiro, 1990; Moran ve Shapiro,
2000; Rakopoulos ve Giakoumis, 2006)..

X = zmi (#o,i _/Jio) (23)

Esitlik (23)’de; ,Llio sitemdeki her bir kimyasal bilesenin gercek 61t haldeki kim-
yasal enerji potansiyelidir.

Kapali bir sistem i¢in kullanilabilirlik veya ekserji dengesi ise asagidaki gibi ifade
edilir (Caton, 1999; Caton, 2000).

AX =X, ~ X, = Xo— Xy — X, (24)

es
Esitlik (24)'de; AX sistemin toplam ekserjisindeki degisim, X sistemin siire¢ so-
nundaki toplam ekserjisi, X; sistemin siire¢ baslangicindaki toplam ekserjisi, X,
1s1aligverisiyle transfer edilen ekserji, Xy is alisverisiyle transfer edilen ekserji ve
Xqes tersinmezlikler nedeniyle yok edilen ekserjidir.

Icten yanmali motorlar i¢in krank mili agisina bagh olarak ekserji degisimi ya-
kit kimyasal ekserjisi dikkate alinarak asagidaki gibi yazilabilir (Sezer ve Bilgin,
2008; Sezer ve Bilgin, 2012).

dl
dX :(1_E)jd_Q_(dW de_f_ﬁdrhmf X comb (25)

a0 "1 )ao Cao P a0) my, do T ag

Esitlik (16)’da; m; ve mtot sirasiyla yakitin ve silindirdeki gazlarin toplam kiitle-
leridir.

Xre ise birim kutledeki yakit kimyasal ekserjisi olup sivi1 ve gaz yakitlar i¢in Kotas
(1995) tarafindan verilen asagidaki bagintidan hesaplanir.

X = Xean™ = Opiny {1, 0401+0,017287 +0,04322 + 0,2196S—,(1 —2,0628}1—,}} (26)
’ ’ c c c

’
C

Esitlik (26)’de; Quuy yakitin alt 1s1l degeri olup asagida verilen Mendeleyev bagin-
tisindan hesaplanir (Moran ve Shapiro, 2000).

Oy =|33.91¢"+125,6h'~10,89 (0" —s") —2,51(9h' = w') ] (27)

Esitlik (26) ve (27)'de; h', ¢', 0', s' ve w' sirasiyla yakit icerisindeki karbon, hidro-
jen, oksijen, kiikiirt ve su elementlerinin kiitlesel oranlaridir.

Esitlik (25)'de; l.omy yanma nedeniyle olusan tersinmelikler olup asagidaki gibi
hesaplanir.
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dl =T Scomb (28)

comb

do *deo

Esitlik (28)’de; Scm» yanma islemi nedeniyle tiretilen entropi olup asagidaki gibi
hesaplanir (Sezer ve Bilgin, 2008)

Scomb — d(mbsb) ¥ d(musu) (29)
do do do

Cevrim modelinde yanma ve 1s1 gecisinden kaynaklanan toplam tersinmezlikler

ise asagidaki gibi belirlenir (Sezer ve Bilgin, 2008).
dl tot _ dl, comb dI_Q
deo do do

(30)

Is1 gecisinden kaynaklanan entropi gecisi ise asagidaki gibi belirlenmektedir.

S, _dQ,/do  dQ,/do (31
do T, T,

u

Cevrim modelinde 1. Kanun verimi ¢evrim isi (W) kullanilarak asagidaki gibi be-
lirlenmektedir (Ferguson, 1985).

W (32)

h=—"
my Oy

2. Kanun verimi ise isle transfer edilen ekserji (Xy) kullanilarak asagidaki gibi
belirlenir (Sezer ve Bilgin, 2008).

Xy (33)
Mg Xeop

My =

3. Sayisal Uygulamalar
3.1 Bilgisayar Programi ve Céziim Metodu

Istenen biiyiikliiklerin hesaplanabilmesi i¢in buji ateslemeli motor ¢evrimi icin
FORTRAN program dilinde bir bilgisayar programi yazilmistir. Bu programda
Teomp 1, O, I'spy Og, yakat Ozelikleri ve dis ortam basing ve sicakligl gibi program
girdileri kullanilarak emme sonu kosular: belirlenmis ve ¢evrim modelindeki
diferansiyel denklemler c¢oziilerek ¢evrim boyunca termodinamik dzellikler ve
ekserji biiytikliikleri hesaplanmistir. Bilgisayar programinda diferansiyel denk-
lemlerin ¢oztimii icin DVERK ve yanmis ve yanmamis gazlarin termodinamik
ozelliklerinin belirlenmesi icin ilk olarak Ferguson (1985) tarafindan gelistirilen
FARG ve ECP alt programlari yeniden diizenlenerek kullanilmistir. Cevrim mode-
linin ve bilgisayar programinin giivenilirligi saglayabilmek icin hesaplanan de-
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gerler hata analizinde asagidaki bagintilarla kontrol edilmistir (Sezer ve Bilgin,
2008; Sezer ve Bilgin, 2012).

(34)
g =1-[vm/V]

& =1+[W/A(me,)+0,] (35)

€1 ve €2 hata degerleri 10~ seviyesinde tutularak bilgisayar programinin giiveni-
lirligi saglanmistir.

3.2 Modelin Giivenirliligi

Kullanilan ¢evrim modelinin giivenirliligini géstermek amaciyla 6zellikleri Tablo
1’de verilen motorlar i¢in literatiirden elde edilen deneysel verilerle modelden
elde edilen sonuglar Sekil 1(a) ve (b)’de karsilastirilmistir. Sekil 1(a) ve (b)’de
goriildiigii gibi modelden elde edilen silindir basinci ve kiitlesel yanma orani de-
gerleri deneysel verilerle uyum icerisinde olup kullanilan ¢evrim modelinin mo-
tor karakteristiklerinin belirlenmesi ve parametrik ¢alisma yapilmasi icin yeterli
glvenirlige sahip oldugu soylenebilir.

Tablo 1. Karsilastirma yapilan motorlarin 6zellikleri

Ozelikler Toomp  Top b[mm] 1 [mm] 1 _[mm] d__ [mm] 1  [mm]
Motor1[27] 10 0,2 100 115 190 42 5
Motor II [28] 7 00 76,2 111,25 220 30 4,2

50 Cevrim modeli 40 1 b 11

O Deneysel [27] / 01
404 ¢: 1,08 Tcomp* 8,5
g £0,1 g 30 n:2500 d/dk
8 g S
3 Tsp: 0,1 JES Yakit: C3Hg
g 304 ™7 2
= Tcomp: 10 7
] P g 204
2 B5:-30 °KMA 5
T 20 »:2400 d/dk =
= Yakit: CgHqg = 104
10
e i TIIED O Deneysel [28
0=y T T T T 0 T T - T (28] 1
-120 -60 0 60 120 -120 -60 0 60 120
Krank mili agis1, "’KMA Krank mili agis1, °’KMA
(a) (b)

Sekil 1. Modelden elde edilen verilerin deneysel verilerle karsilastirilmasi
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4. Bulgular ve Tartisma

2000 ¢: 1,0
f:0,1
, AX[O[ rc()mp: 9
1500 N 04:-35 °KMA
—
e \ Opd: 72 °.KMA
.16 1000_ XfCh-7- . n 2000 d/dk
£ /' \ Yiik : %100
E { Yaklt C3Hg
‘= 500 X ¥y NN
E m\l.' Xw-\",'— [1\
& AT TR
0 = - ol \
~~-‘F\
-500 T T T T T T

-180 -120 -60 O 60 120 180
Krank mili agis1, °’KMA

Sekil 2. Ekserji terimlerinin krank mili acis1 ile degisimleri

Sekil 2'de ekserji buytkliiklerinin ¢evrim boyunca degisimi verilmistir. Sekilde
gorildigii gibi yakit kimyasal ekserjisi (X;) sikistirma siirecinde sabit kalmasi-
na ragmen termomekanik ekserji (X,,) st 6lii nokta (UON)’dan 35 °KMA 6nce
yanma isleminin baslamasiyla hizli bir bicimde artmaktadir. Xtm’deki bu artis
isle transfer edilen ekserjideki (Xy) artisin sonucu olup Xy ile ters isaretlidir. Si-
kistirma siirecinde silindirdeki gazlarin sicakligi nispeten diisiik oldugu i¢in 1s1y-
la transfer edilen ekserjide (Xq) 0nemli bir degisim olmamakta, ancak tersinmez-
likler (/) yanmanin baslamasiyla hizli bir sekilde artmaya baslamaktadir. Ayrica,
yanma isleminin baslamasiyla yakitin kimyasal enerjisinin 1siya dontismesi sebe-
biyle X; ., hizli bir sekilde azalirken silindir icerisinde basing ve sicakligin yiiksel-
mesi sonucu X, ve Xy dolayisiyla X;,, artmaya devam etmektedir. Diger taraftan,
yanma siirecinde yanma isleminden kaynaklanan entropi iiretimi ve silindirdeki
gazlardan silindir duvarlarina olan 1s1 transferi sonucu I da artmaya devam et-
mektedir. Yanma islemi 37 °KMA'da sona erdiginde genisleme siireci piston alt
6lii nokta (AON)’ya ininceye kadar devam etmektedir. Bu siirecte tersinmezlikler
yaklasik sabit kalirken X.,, ve X, silindirden disariya is ve 1s1 transferi sebebiyle
stirekli azalmaya devam etmektedir. Genisleme siirecinin sonunda silindir iger-
sindeki gazlarin tasidig1 ekserji egzoz gazlariyla birlikte disar1 atilmakta olup eg-
zoz gazlariyla transfer edilen ekserji (X.x) olarak isimlendirilmektedir. Grafikte
verilen ¢alisma kosullarinda X, Xw, I ve Xex, gibi ekserji biiyiikliiklerinin silindire
giren yakit ekserjisi icindeki dagilimlari sirasiyla %13,97, %35,91, %18,73 ve
%?29,02 olarak elde edilmistir.
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Tablo 2. Ekserji analizinde kullanilan motorlarin dzellikleri [3]

s/¢ orani 0,7 1,0 1,3
Strok uzunlugu (1), mm 62,8 79,5 955
Cap (b), mm 90 80 73
Biyel boyu (1 ), mm 126 159 191
Sikistirma orani (rmmp) 9 9 9
Emme supabi ¢api (d, ), mm 39,4 35 32
Emme supabi1 maksimum agilma miktar1 (lmml), mm 7,7 8,95 8,17
Strok hacmi (V ), cm? 400 400 400

= = O, o —
UON !_ UONt — ——

1
slg: 0.7
! |
1 AON: ) '
Lore—=—,

Sekil 3. Ekserji analizinde kullanilan motorlarin strok/¢cap oranlari [3]

- I |
J —42
1

AON;H

Ekserji analizinde, Tablo 2’de boyutlar1 ve Sekil 3’'de geometrileri verilen ayni
strok hacmine (400 cm?) fakat farkli s/¢ oranlarina sahip motorlar kullanilmistir.
Sekil 4(a)’da yanma isleminin baslamasiyla silindir i¢cindeki gazlarin sicakliginin
ve Sekil 4(b)’de 1s1yla transfer edilen ekserjinin strok/¢ap oranina bagh olarak
degisimi verilmistir. Sekilde goriildiigii gibi 1siyla transfer edilen ekserji artan
strok/cap orani ile azalmakta ve s/¢=1,3 i¢cin en dusiik degere ulasmaktadir. Is1y-
la transfer edilen ekserjideki bu degisimin Sekil 4(a)’da verilen silindir i¢indeki
gazlarin sicakligindaki ve yanma siiresindeki degisimlerden kaynaklandig diisii-
niilmektedir. Sekil 4(a)’da gortldigii gibi strok/cap orani arttik¢a atesleme za-
manin da degisimiyle baslangicta silindirde daha diistiik sicaklik degerleri ortaya
¢ikmasina ragmen genisleme siirecinde artan s/¢ orani ile silindir i¢indeki gazla-
rin sicakligl da yiikselmistir. Diger taraftan, yanma siireleri 0,7, 1,0 ve 1,3 strok/
¢ap oranlari i¢in sirasiyla 96, 74 ve 60 °KMA olarak elde edilmis olup verilen bu
yanma siiresi silindirdeki tiim yakitin yanmasini yani %0-100 kiitlesel yanma
orani araligini kapsamaktadir. Yanma siiresinin uzamasi yiiksek sicakliktaki gaz-
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larin silindir igerisinde daha uzun siire kalmasinin dogal bir sonucu olarak silin-
dir duvarlarindan olan 1s1 ge¢isinin ve dolayisiyla 1siyla transfer edilen ekserjinin
artmasina neden olmaktadir. incelenen LPG yakitli buji ateslemeli motorlar i¢in
s/¢=0,7 ile elde edilen degerle kiyaslandiginda isiyla transfer edilen ekserji s/
¢=1,0 ve 1,3 icin %6,81 %10,67 oranlarinda azalmistir.

2750 40 5
-ls/Q:O 7 —
2500 2 017
v i;g d) 1,0
B 2250 5 40 /:01
= ¢: 1,0 R Tcomp: 9
g f:0,1 T g0 Os: MBT
£ 2000 e mp: 9 5 n': 2000 d/dk
'_E 95[2 MBT = -120 lmep =11 bar
7 17509 ;- 2000 d/dk *:i Yiik : %100
imep = 11 bar = | Yakit: C3Hg
1500 4 Yiik - %100 g 160 8/¢:0,7
Yokt C|3P18 T T : 1 -200 T T T T T 1
-60 0 60 120 180 -180 -120 -60 O 60 120 180
Krank mili agisi, °KMA Krank mili agis1, °’KMA
(@ (b)

Sekil 4. Strok/Cap oraninin a) silindir sicakliginin ve b) 1siyla transfer edilen ek-
serjinin degisimine etkisi

Sekil 5(a) silindir basincinin ve Sekil 5(b)’de isle transfer edilen ekserjinin strok/
¢ap oranina bagh olarak degisimi verilmistir. Sekilde goriildiigii gibi isle transfer

—_
W
1
S
1

4:1,0
60 /0.1 N 6009 ¢: 1,0
Teomp: 9 10,1 .
> s/¢:1,3

. Osc: MBT . Feomp: 9 P
° 454 n: 2000 d/dk ?g 400 04: MBT s/c:1,0
5 imep =11 bar ) n: 2000 d/dk
z Yiik : %100 ,0;9 imep =11 bar 5/¢:0,7
2 30 Yakit: C3Hg T 200 Yiik: %100 ’
E s/¢:0,7 ;g Yakit: C3Hg

2

iy

0 T T T T -200 T T T T T 1
-50 -25 0 25 50 -180 -120 -60 0O 60 120 180
Krank mili agis1, S KMA Krank mili agisi, °(KMA
(a) ()
Sekil 5. Strok/Cap oraninin a) silindir basincinin ve b) isle transfer edilen ekser-
jinin degisimine etkisi
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edilen ekserji artan strok/cap orani ile artmakta ve s/¢=1,3 i¢cin en ytliksek dege-
re ulasmaktadir. Isle transfer edilen ekserjideki bu artisin strok/cap orani arttik-
¢a strok uzunlugundaki artistan ve silindir i¢i basincin degisimden kaynaklandigi
diistiniilmektedir. Strok uzunlunun artmasi genisleme siirecinde elde edilen ya-
rarli isin ve dolayisiyla isle transfer edilen ekserjinin artmasini saglamistir. Ayri-
ca, Sekil 5(a) goriildiigi gibi strok/cap orani arttikea silindir basincinin 6zellikle
yanmanin ilerleyen safhasinda ve genisleme siirecinde daha yiiksek degerler al-
masinin ¢evrim isinin dolayisiyla isle transfer edilen ekserjinin artmasina katki
sagladig1 diisiiniilmektedir. incelenen LPG yakith buji ateslemeli motorlar icin s/
¢=0,7 ile elde edilen degerle kiyaslandiginda isle transfer edilen ekserji s/¢=1,0
ve s/¢=1,3 icin sirasiyla %2,69 ve %4,12 oranlarinda artmistir.

Sekil 6’da tersinmezliklerin strok/cap oranina bagh olarak degisimi verilmistir.
Sekilde goruldiigi gibi tersinmezlikler artan strok/¢ap orani ile azalmakta ve s/
¢=1,3 icin en disiik degere ulasmaktadir. Bu ¢alismada yanma ve 1s1 transferin-
den kaynaklanan tersinmezlikler dikkate alinmis olup yanmadan kaynaklanan
tersinmezliklerin yanma siiresinin uzamasiyla arttigi literatiirde bildirilmektedir
[9]. Benzer sekilde 1s1 transferinden kaynaklanan tersinmezlikler de yanma sii-
resinin uzamasiyla transfer edilen 1s1 miktarinin artmasiyla artmaktadir [10]. Bu
etkiler nedeniyle, strok/¢ap oraninin artmasiyla tersinmezlikler azalmaktadir.
Incelenen LPG yakith buji ateslemeli motorlar i¢in s/¢=0,7 ile elde edilen degerle
kiyaslandiginda tersinmezlikler s/¢=1,0 ve s/¢=1,3 icin sirasiyla %1,25 ve %1,89
oranlarinda azalmistir.
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Sekil 6. Strok/Cap oraninin tersinmezliklerin degisimine etkisi
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Sekil 7’de termomekanik ekserjinin strok/cap oranina bagl olarak degisimi ve-
rilmistir. Sekilde goriildiigii gibi termomekanik ekserji artan strok/cap orani ile
yanma ilk siirecinde atesleme zamanin degismesiyle azalmakta ancak yanmanin
ilerleyen safhasinda ve genisleme siirecinde artmaktadir. Boylece, s/¢=1,0 i¢in
yanma siirecinin ilk asamasinda en ytiksek termomekanik ekserji degerine ula-
silirken ve genisleme siirecinin sonunda s/¢=1,0 i¢in en yiliksek termomekanik
ekserji degerine ulasilmistir. Strok/¢ap oranina bagh olarak termomekanik ek-
serjideki bu degisimin 1siyla ve isle transfer edilen ekserjilere ve dolayli olarak
da silindir basinci ve sicakligina bagl olarak ortaya ¢iktig1 diisiiniilmektedir. Yu-
karida da ifade edildigi gibi strok/¢ap orani arttik¢a atesleme zamanin geciktiril-
mesi sonucu yanma stirecinin baslangicinda daha diisiik silindir basinci ve sicak-
liginin ortaya ¢ikmasinin yanmanin ilerleyen safhasinda ve genisleme siirecinde
ise yanma isleminin daha ge¢ tamamlanmasi daha yiiksek basing ve sicakliklarin
ortaya cikmasini saglamaktadir. Bunun sonucunda, strok/cap orani arttikga ter-
momekanik ekserji yanma stirecinin baslangicinda azalirken yanmanin ilerleyen
safhasinda ve genisleme siirecinde artmaktadir.

1000 o: 1,0
f:0,1 N
800 - 7comp: 9

Os: MBT

n: 2000 d/dk
imep = 11 bar
Yiik : %100
400 - Yakit: C3Hg

600
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Termomekanik ekserji, J
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Sekil 7. Strok/Cap oraninin termomekanik ekserjinin degisimine etkisi

Sekil 8'de yakit kimyasal ekserjisinin strok/cap oran ile degisimi verilmistir.
Sekilde gortldigi gibi silindire giren yakit miktar1 yaklasik ayni oldugundan
yakit kimyasal ekserjisi sikistirma siirecinde strok/c¢ap orani ile degismemekte-
dir. Yanma siirecinde ise strok/cap oraninin degisimi ile atesleme zamaninin ve
yanma siirelerinin farkli degerler almasina nedeniyle yakit kimyasal ekserjisinde
fakl degisimler goriilmektedir. Ancak, bu ¢calismada stokiyometrik yakit-hava
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karisimi kullanildigindan yanma islemi sonunda yanmamis yakit kalmadigindan
yanmanin sona ermesiyle tiim strok/cap oranlari i¢in yakit kimyasal ekserjisi s1-
fir olmaktadir.

1500 4
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s/¢:1,0
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1000 0: 1,0
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Yakit kimyasal ekserjisi, J

Sekil 8. Strok/Cap oraninin yakit kimyasal ekserjisinin degisimine etkisi

Sekil 9’da toplam ekserjisinin strok/¢ap oranina bagl olarak degisimi verilmistir.
Sekilde gorildiigu gibi sikistirma siirecinde strok/cap oranina bagh olarak top-
lam ekserjideki degisim oldukea diisiik seviyededir. Ancak, strok/¢ap oraninin
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Sekil 9. Strok/Cap oraninin toplam ekserji degisimine etkisi

Toplam ekserji, J
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artmasiyla atesleme zamaninin degismesi ve yanma siiresinin kisalmasi sonu-
cu yanma ilerleyen safhasinda ve genisleme siirecinde toplam ekserji strok/cap
oraninin artmasiyla artmaktadir. Toplam ekserjideki bu degisim termomekanik
ekserji ve yakit kimyasal ekserjisindeki degisimlerin kombinasyonu olup genis-
leme siireci sonunda egzozla transfer edilen ekserji artan strok ¢ap orani ile art-
mistir. incelenen LPG yakith buji ateslemeli motorlar icin s/¢=0,7 ile elde edilen
degerle kiyaslandiginda egzozla transfer edilen ekserji s/¢=1,0 ve s/¢=1,3 icin
sirastyla %1,21 ve %2 oranlarinda artmistir.

Sekil 10’da 1.ve 2. Kanun verimlerinin ve 6zgiil yakit tiiketiminin strok/cap ora-
nina bagli olarak verilmistir. Sekilde goriildiigi gibi artan strok/cap orani ile 1.ve
2. Kanun verimleri artarken indike 6zgtl yakit tiiketimi azalmaktadir. Esitlik (32)
ve (33)’'ten goriilecegi gibi 1. ve 2. Kanun verimlerindeki artislarin artan strok/
¢ap oranina bagli olarak motordan elde edilen isin ve isle transfer edilen ekserji-
nin artmasindan kaynaklandig diisiiniilmektedir. incelenen LPG yakith buji ates-
lemeli motorlar i¢in s/¢=0,7 ile elde edilen degerlerle kiyaslandiginda s/¢=1,0
ve s/¢=1,3 icin 1. Kanun verimi %2,67 ve %4,07 oranlarinda ve 2. Kanun verimi
%2,67 ve %4,08 oranlarinda artmistir. Strok/cap oranina bagh olarak indike 6z-
giil yakit tiiketimindeki azalma ise dogrudan verimdeki artisin bir sonucudur.
Ciinkii 6zgiil yakit tiiketimi verimle zit yénde degisen bir biiyiikliiktiir. Incelenen
LPG yakith buji ateslemeli motorlar i¢in s/¢=0,7 ile elde edilen degerlerle kiyas-
landiginda indike 6zgiil yakit tiiketimi s/¢=1,0 ve s/¢=1,3 i¢in sirasiyla %2,6 ve
%3,91 oranlarinda azalmistir.
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Sekil 10. Strok/Cap oraninin a) 1. ve 2. Kanun verimlerine ve b) indike 6zgiil yakit
tliketimine etkisi
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5. Sonuglar

Bu c¢alismada LPG (%100 Propan) yakith buji ateslemeli motorlarda strok/¢ap
oraninin etkilerinin ekserji analizi ile teorik olarak incelenmesi amaglanmis-
tir. Bu amagla, buji ateslemeli motorlar i¢in iki bolgeli sanki boyutlu bir ¢evrim
modeli gelistirilmis ve kullanilmistir. Bu model kullanilarak, strok/¢cap oraninin
ekserjetik terimlerin, birinci ve ikinci kanun verimlerinin ve 6zgil yakit tiiketimi-
nin degisimi lizerindeki etkileri incelenmistir. Calismada elde edilen bulgularin
15181nda asagidaki sonuclar 6zetlenebilir.

Ekserji analizi farki calisma kosullarinda enerji doniistimii ve transfer siireg-
leri arasindaki etkilesimlerin daha iyi anlasilmasini ve ¢evrim siiresince kay-
bedilen faydali is potansiyelinin 1. Kanun (enerji) analizinden daha gercekgi
ve detayl bir sekilde belirlenmesini saglayarak motorun performansi ve veri-
minin iyilestirilmesi i¢in yeni yontemler gosterebilmektedir.

Incelenen LPG yakith buji ateslemeli motorlar i¢in strok/cap oraninin artiril-
mas1 motordan elde edilen yararli isin ve dolayisiyla isle transfer edilen ekser-
jinin artmasini saglarken 1s1 ile transfer edilen ekserjinin yani 1s1 kayiplarinin
azalmasini saglamistir. Strok/cap oraninin 0,7 degeri icin elde edilen verilerle
kiyaslandiginda strok/cap oraninin 1,3 degerine artirilmasi durumunda isle
transfer edilen ekserji yaklasik %4,12 oraninda artmis 1s1 ile transfer edilen
ekserji ise yaklasik %10,67 oraninda azalmistir.

incelenen LPG yakitli buji ateslemeli motorlar i¢in strok/¢ap oraninin artiril-
masi tersinmezliklerin azalmasini saglarken egzozla transfer edilen ekserji
kayiplarinin artmasina neden olmustur. Strok/¢ap oraninin 0,7 degeri igin
elde edilen verilerle kiyaslandiginda strok/cap oraninin 1,3 degerine artiril-
mas1 durumunda tersinmezlikler yaklasik %1,89 oraninda azalmis egzozla
transfer edilen ekserji ise yaklasik %2 oraninda azalmistir.

Incelenen LPG yakith buji ateslemeli motorlar i¢in strok/cap oraninin artiril-
masi 1. ve 2. Kanun verimlerinin artmasini indike 6zgiil yakit tiiketiminin ise
azalmasini saglamistir. Strok/cap oraninin 0,7 degeri icin elde edilen verilerle
kiyaslandiginda strok/cap oraninin 1,3 degerine artirilmasi durumunda 1. ve
2. Kanun verimleri sirasiyla %4,07 ve %4,08 oranlarinda artmis indike 6zgiil
yakit tiiketimi ise yaklasik %3,91 oraninda azalmistir.

Bu sonuglara gore; LPG yakith buji ateslemeli motorlarda strok/¢ap orani-
nin belirli bir degere kadar artirilmasinin bazi ekserji kayiplarinin azalmasini
saglayarak motordan elde edilebilecek faydal isi artirdigi, boylece motorun
daha verimli ve yakit tiiketimi acisindan daha ekonomik calismasinin sagla-
nabilecegi soylenebilir. Ancak, strok/cap oraninin artmasi durumunda daha
iyi sonuglar elde edebilmek icin atesleme avansi ve diger isletme 6zellikleri-
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nin uygun sekilde ayarlanmasi gerektigi diisiiniilmektedir. Ayrica, strok/cap
oraninin artirilmasinin motorun boyutlarinda dolayisiyla kiitlesinde degisi-
me neden olabilecegi bu durumda bir optimizasyon ¢alismasinin gerekli ola-
bilecegi diisiiniilmektedir.

Kisaltma ve Semboller

A : Alan, m?

b :  Silindir ¢capi, mm

C, :  Sabit basingta 6zgiil 1s1, ] /kg K

dinwva :  Emme supabi ¢api, mm

e Ozgiil enerji, ] /kg

E Enerji, ]

f :  Artik egzoz gazlarinin kiitlesel orani, boyutsuz
h Ozgiil entalpi, ] /kg

I TersinmezliKler, |

imep :  Ortalama indike basing, bar

L. : Biyel uzunlugu, mm

Lnwal ¢ Emme supabi maksimum a¢ilma miktari, mm
I : Strok uzunlugu, mm

KMA :  Krank miliagisy, ©

LPG :  Swvilastirilmis petrol gazi

m :  Kiitle, kg

MBT Maksimum torku veren atesleme avansi, °

p :  Basing, bar

Teomp Sikistirma orani, boyutsuz

Fome : Yanmus kiitle orani, boyutsuz

Tsp : Bujinin silindir merkezinden uzaklik orani, boyutsuz
s . Ozgiil entropi, ] /kgK

S :  Entropi, J/K

s/¢c :  strok/cap orani, boyutsuz

Q. : Silindir duvarlarindan olan 1s1 gegisi, ]

Quwn :  Altisil deger, k] /kg

T : Mutlak sicaklik, K

TD1K :  Termodinamigin 1. Kanunu

TD2K :  Termodinamigin 2. Kanunu
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><><§<<Q

Kexh
X f,ch
Xq
Kim
XW
Kot

Hiz, m/s

Ozgiil hacim, m3/kg

Hacim, m3

Is,]

ozgil ekserji veya Kullanilabilirlik, | /kg
Ekserji veya Kullanmilabilirlik, ]

Egzoz gazlariyla transfer edilen ekseriji, |
Yakit kimyasal ekserjisi, ]

Isiyla transfer edilen ekserji, |
Termomekanik ekserji, |

isle transfer edilen ekserji, ]

: Toplam ekserijj, |

Yunan Harfleri

) Yakit-hava ekivalans orani, boyutsuz
m 1. Kanun verimi, %

N 2. Kanun verimi, %

0 Krank mili a¢is1, °KMA
O Atesleme zamani, °’KMA
Oug Yanma siiresi, °’KMA

P Yogunluk, kg/m?

Tha Karakteristik yanma siiresi, s
a} Agisal hiz, 1/s

Alt indisler

0 6li hal kosullari

b yanmis

cc yanma odasi

comb yanma

cr biyel kolu

cw sogutma suyu

e giren veya cekilen

f alev veya yakit

g gaz

in ic

int emme
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kin :  kinetik

L : laminer

n :  piston tablasi
pot :  potansiyel

T :  tirbiilansh
tot :  toplam

u :  yanmamis

w :  duvar

Arastirmacilarin Katkisi

Makale tek yazarli oldugu i¢in tiim katki yazara aittir.

Cikar Catismasi

Makale tek yazarli oldugu i¢in herhangi bir ¢ikar ¢catismasi s6z konusu degildir.
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Anahtar kelimeler 0z

CAS, karmagiklik, Kiiresellesmenin etkisi ve karmagiklasan lrtin-liretim yapilari
direng, tedarik zinciri, nedeniyle tedarik zincirlerinin geleneksel dogrusal yéntemlerle

i aciklanmast  giderek  zorlasmaktadir.  Literatiirde dinamik
simiilasyon ortamlara uyumu vurgulayan CAS (Complex Adaptive Systems-
Karmasik Uyumlu Sistemler) yapist ve direng konulari birlikte
ele ainmamistir. Bu ¢alismanin amact literatiirdeki bu boslugun
tamamlamasina katki saglamaktir. Sistematik literatiir tarama
ve bibliyometrik bilimsel haritalama yéntemleriyle Web of
Science veri tabaninda liretim odakli tedarik zinciri ézelinde
arastirma yapilmistir. Tedarik zinciri ve direng konularinin
akademide son yillarda ilgi cektigi, CAS yaklasiminin tedarik
zinciri ve direng konularina uygun bulundugu, énerilen en yaygin
analitik dogrulama ydnteminin simiilasyon oldugu gorilmiistiir.
Bulgularn ilgili fakiiltelerde miifredat giincellemesine ve konuyla
ilgili calismalarin literatiirdeki egilime gére ayarlanmasina katki
saglamast beklenmektedir.
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Extended Abstract

Introduction/Background

Supply chains are changing as the paradigm is shifting from scarcity to abundance of
supply. Industry 4.0 is accelerating the transformation from linear solutions to non-
linear alternatives. Supply chains are becoming network webs with adaptive capabi-
lities. Hence different theories are discussed to explain the supply chain, robustness,
and resilience issues.

Resource-Based Dependency View is based on a linear formation in isolation of the
environment. It focuses on productivity and a specific actor in a chain. Therefore, it
is criticized for not reflecting adaptivity and a holistic view in an ever-changing bu-
siness environment (Tukamuhabwa, Stevenson, Busby and Zorzini, 2015; Yaroson,
Breen, Hou and Sowter, 2021).

Dynamic Capabilities reflect learning and cooperating abilities within the chain. But
it is not strong enough to explain the systematic nature of a supply chain (Tukamu-
habwa et al, 2015; Yaroson et al, 2021).

The Social Capital/Exchange-Network approach refers to a web rather than a chain.
Providing a higher level of collaboration between actors is not easy and has a cost
of fragility due to increasing complexity (Durach, Wiengarten, and Choi, 2020; Son,
Chae, and Kocabasoglu-Hillmer, 2021; Wissuwa, Durach, and Choi, 2022).

Complexity Theory, System Theory, Network Theory, and CAS (Complex Adaptive
Systems) are similar in nature and complement each other. In this study, CAS is the
main focus to demonstrate its ability to explain supply chain and resilience attributes.

Objectives/Research Purpose

Research questions are based on CAS and its power to explain supply chains and
resilience requirements. A learning and interacting supply chain is adaptive and non-
linear since its actors could react in different tones and directions to similar signals.
The purpose of this study is to review relevant articles to determine gaps in the lite-
rature. Research questions are listed below:

Research Question 1: Does CAS fit to explain resilience?
Research Question 2: Does CAS fit to explain a supply chain?

Research Question 3: What are the gaps in the literature concerning resilient supply
chains?

Methods/Methodology

Web of Science (WoS) database is solely employed. A systematic literature review
process is followed by complexity, resilience, sales and operations planning, supply
chain, publication date window, WoS index types, and WoS categories as inclusion
criteria. Since the systems theory and CAS are rooted in biology an exclusion criteria
is applied to remove non-supply chain-related articles. Selected articles were read
and a backward search ended up with 54 final articles complying with the inclusion
criteria partly. VOSviewer is used to analyze keyword relationships and citation net-
works.
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Results/Findings

Sales and operations planning (S&OP) is not a non-linear tool and frequent reviews
of plans are not helping to navigate a supply chain smoothly. S&OP requires a mecha-
nism to employ feedback and the dynamic nature of the environment and the supply
chain (Duong and Chong, 2020; Noroozi and Wikner, 2017; Thome, Scavarda, and
Scavarda, 2016).

Analytical tools are not performing well in dynamic environments involving feedback
loops and emergent cases. There is an increasing tendency in favor of simulation in
the literature emphasizing agent-based and system dynamics techniques (Ghadge, Er,
Ivanov, and Chaudhuri, 2022; Ledwoch, Yasarcan, and Brintrup, 2018).

In the new paradigm, CAS is the common denominator for supply chain and resili-
ence domains. As for the first research question, CAS explains the dynamic nature
of resilience by learning, adapting, and interacting with the environment. As for the
second research question, CAS explains the dynamic network of self-motivated, inde-
pendent actors with emerging situations in the environment. As for the last research
question, there is a gap in the literature seeking a holistic model for S&OP or supply
chain management backed up with feedback loops in a dynamic fashion. Simulation
is fitting to this environment as an analytical tool for validation.

Discussion and Conclusions

Conventional academic studies in Operations Research literature are criticized for
two reasons: Academic interests do not match industrial needs and heavy use of sur-
veys is not convincing compared to simulation (van Veele and van Raaij, 2014).

In supply chains, there are several actors in different levels of complication simulta-
neously. In case of mismanagement, the expected order of any chain is chaos (Naim
and Gosling, 2023). In the dynamic environment of a supply chain, static-linear tools
are not performing well (Higgins, Miller, Archer, Ton, Fletcher, and McAllister, 2010).
Digitizing a chain is not a silver bullet since it also increases the complexity of the
chain (Duong and Chong, 2020; Norozi and Wikner, 2017; Peralta and Soltero, 2020;
Tuomikangas and Kaipia, 2014). The S&OP approach does not cover the” human as-
pect” of any chain (Kristensen and Jonsson, 2018).

All actors in any supply chain are a source of variation and unexpectedness. They
have different reactions in varying degrees to similar signals. Their aggregate reacti-
on is the supply chain’s response to those signals (Azadegan and Dooley, 2021; Pour-
nader, Rotaru, Kach, and Razavi Hajiagha, 2016).

CAS is learning, adapting, and dynamic structure. It fits into supply webs and resili-
ence concepts.
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1. Giris

Kiiresellesme, tedarik zincirlerinin genislemesi, iiriin agaglarinin biiytimesi, tii-
ketici taleplerinin ¢esitlenmesi, tedarik aksamalar1 gibi unsurlar is ortaminda
belirsizlik ve karmasaya yol agmaktadir (Hou, Wang, Wu, ve He, 2018; Ledwoch,
Yasarcan, ve Brintrup, 2018; Tuomikangas ve Kaipia, 2014; Yan, Yin, Chen, ve Jia,
2022; Yaroson, Breen, Hou, ve Sowter, 2023; Zhao, Zuo, ve Blackhurst, 2019).
Maliyet etkinligi saglamak veya verim iyilestirmek icin kullanilan Yalin Uretim
benzeri teknikler belirsizliklere olan direnci azaltabilmektedir (Tukamuhabwa,
Stevenson, Busby, ve Zorzini, 2015).

Tedarik zincirlerinin varliklarini siirdiirebilmeleri i¢in karmasikliga direngli ol-
malar1 gerekmektedir. Bu noktada cevresiyle etkilesimi olan ve bagimsiz hare-
ket eden etmenlerden (agent) olusan CAS (Complex Adaptive Systems-Karmasik
Uyumlu Sistemler) 6ne ¢ikmaktadir (Sheth ve Kusiak, 2022).

Bu calisma, iiretim odakli tedarik zincirinde CAS ve diren¢ kavramlarini birlikte
ele alarak inceleyen bir literatiir taramasina rastlanilamadigi i¢in yapilmistir.

Literatiirde direnc (resilience) i¢in 22 farkli tanim derlenmis, maliyet etkinligi
faktoriiniin ilavesiyle “Bir tedarik zincirinin olasi aksamalara hazirlanma ve/
veya tepki verme, hizli ve maliyet etkin toparlanarak, idealde, 6ncekinden daha
iyi bir duruma gelebilme kabiliyetidir” tanimi 6ne ¢ikmistir (Tukamuhabwa ve
dig., 2015). Diren¢ konusu hazirlik (preparedness), tepki (response), toparlan-
ma (recovery) ve gelisme (growth) olarak dort fazda degerlendirilmektedir. Bu
fazlara iliskin stratejiler proaktif ve reaktif olarak iki gruba ayrilmaktadir (Tuka-
muhabwa ve dig., 2015).

Direng¢ kavrami miithendislik (engineering), cevre (ecological) (Adobor ve McMul-
len, 2018) ve evrim (evolution) (Adobor, 2020) olmak iizere ii¢ boyutlu degerlen-
dirilmektedir. Mithendislik boyutu sistemlerin duraganligina, bilinen optimum
noktaya geri déonmesine iligkin bir gortstir (Novak, Wu, ve Dooley, 2021; Wie-
land ve Durach, 2021). Cevre boyutuna gore tek bir optimum nokta yoktur, de-
gisen cevre sartlarina uygun ve “daha iyi” bir yeni denge noktasi s6z konusudur
(Adobor ve McMullen, 2018; Novak ve dig., 2021). Bu yaklasimin sosyo-gevre
(social-ecological) yorumu evrim boyutuna benzerlik géstermektedir (Wieland
ve Durach, 2021). Evrim boyutunda sistemlerin statik degil, dinamik oldugu dik-
kate alinmakta, siirekli uyum gostererek cevresiyle birlikte 6grenen yap1 konu
edilmektedir (Adobor ve McMullen, 2018; Massari ve Giannoccaro, 2021).

Karmagsiklik Teorisi, benzer nitelikleri itibariyle Kaos Teorisi (Chaos Theory)
(Kumar ve Arun, 2021), cevresiyle etkilesimli ag yapisi itibariyle Sebeke/Ag
Teorisi (Network/Graph Theory) (Choudhary, Ramkumar, Schoenherr ve Rana,
2021) ve gevreyle olan geri bildirimli etkilesimi agiklayan Sistem Teorisi (System
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Theory) ile birlikte degerlendirilmistir (Blackhurst, Dunn ve Craighead, 2011;
Hosseini, Ivanov ve Blackhurst, 2022; Ghadge, Er, Ivanov, ve Chaudhuri, 2022).

Karmasik sistemin temel yapi tas1 CAS'tir. CAS sistemlerde etmenler benzer ku-
rallar1 paylasir, farkli tepkiler verseler bile sistem belirlenen amaca yakinsar,
sistemin kendi icinde veya ¢evresinden alacagi benzer sinyallere (signal & boun-
dary) degisen siddette tepkiler verir, siirekli etkilesim (akis) halindedir (Adobor,
2020; Massari ve Giannoccaro, 2021; Sadeghi, Struckell, Ojha, ve Nowicki, 2021;
Yan ve dig., 2022; Yaroson ve dig., 2023). Bu sistemler dinamiktir, stirekli evrim-
lesir ve bilinen bir optimum yoktur (Adobor, 2020; Akpinar ve Caylan, 2023; No-
vak ve dig., 2021).

Bu noktada arastirma sorulari asagidaki gibi belirlenmistir:

e AS1: CAS yaklasimi tedarik zincirinde diren¢ kavramina uygun mudur?
e AS2: CAS yaklasimi tedarik zinciri modellemesine uygun mudur?

e AS3: Tedarik Zincirinde direng konulu literatiirdeki bosluklar nelerdir?

Bu calismada alanin yapisini gorebilmek iizere sistematik literatiir taramasi yon-
temi ve bibliyometrik analiz birlikte kullanilmistir. Nitelikli dergileri iceren, genis
bir arsiv tutan ve erisim kolaylig1 olan Web of Science (WoS) veri tabani tercih
edilmistir. Ucretsiz erisimi, ilgili dokiimantasyona ulasma kolaylig), literatiir ta-
ramalarinda sik kullanilmasi ve gorsellestirme olanagi nedeniyle VOSviewer ver
1.6.19 yazilimi kullanilmistir. Kavramlarin zaman igindeki egilimini gosterebil-
mek amaciyla temel analiz konular1 anahtar kelimelerden ortak kelime analizi ve
atif analizi olarak se¢ilmistir. Zaman i¢indeki egilim tabakalama (overlay) goste-
rimiyle belirlenmistir.

Makalenin ikinci boliimiinde literatlirde direnc¢ alaninda kullanilan teoriler ve
yontemler gdzden gecirilmis, tiglincii boliimiinde sistematik literatiir tarama i¢in
izlenen yontem, taksonomi ve siirecin is akisi arastirma sorularina uygun ola-
rak aciklanmis, dordiincii bélimiinde Web of Science (WoS) analiz araglar1 ve
VOSviewer bibliyometrik analiz sonuglarini igeren bulgularla birlikte belirlenen
makalelerin kavram matrisi paylasilmis, besinci boliimiinde bulgular literatiirle
kiyaslanarak arastirma sorulari cevaplanmis ve arastirma onerileri listelenmis-
tir. Altinc1 boliimde sonug ve 6nerilere yer verilmistir.

2. Literatiir Arastirmasi

Tedarik zincirlerinin direncini inceleyen arastirmalarda rastlanilan teorik alt-
yap1 Tablo 1'de verilmistir (Akpinar ve Caylan, 2023; Rahman, Paul, Shukla, ve
Agarwal, 2022; Tukamuhabwa ve dig., 2015; Yaroson ve dig., 2021).
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Tablo 1. Literatlirde Tedarik Zincirlerini A¢iklarken Kullanilan Teoriler

Teoriler

Referanslar

Kaynak Bazhi

(Resource Based/
Dependency View)

Dinamik Yetenek-
ler

(Dynamic Capabili-
ties)

Karmasiklik - Sis-
tem - Sebeke Teo-
risi

(CAS, Complexity
Theory, System The-
ory,

Network / Graph
Theory)

Sosyal Sermaye/
Degisim/ Sistem/
Sebeke

(Social Capital/
Exchange/ System/
Network)

(Akpinar ve Caylan, 2023; Barakat, Tipi, ve Wu, 2023;
Blackhurst ve dig., 2011; Mena, Humphries, ve Choi,
2013; Treiblmaier, 2018; Tukamuhabwa ve dig., 2015;
van Weele ve van Raaij, 2014; Yaroson ve dig., 2021)

(Barakat ve dig., 2023; Tukamuhabwa ve dig., 2015;
van Weele ve van Raaij, 2014; Yaroson ve dig., 2021;)

(Adobor, 2018; Adobor, 2020; Akpinar ve Caylan,
2023; Azadegan ve Dooley, 2021; Barakat ve dig.,
2023; Blackhurst ve dig., 2011; Choudhary, Kim, ve
Ramkumar, 2022; Choudhary ve dig., 2021; Day, 2014;
Demirel, MacCarthy, Ritterskamp, ve Champneys,
2019; Ghadge ve dig., 2022; Higgins, Miller, Archer,
Ton, Fletcher, ve McAllister, 2010; Hosseini ve dig.,
2022; Hou ve dig., 2018; Ivanov, 2022; Koh, Gunaseka-
ran, Morris, Obayi, ve Ebrahimi, 2017; Kumar ve Arun,
2021; Ledwoch ve dig., 2018; Lusiantoro ve Pradiptyo,
2022; Massari ve Giannoccaro, 2021; Mena ve dig.,
2013; Naim ve Gosling, 2023; Novak ve dig., 2021; Pe-
ralta ve Soltero, 2020; Pournader, Rotaru, Kach, ve Ra-
zavi Hajiagha, 2016; Sadeghi ve dig., 2021; Son ve dig.,
2021; Treiblmaier, 2018; Tukamuhabwa ve dig., 2015;
Wieland ve Durach, 2021; Wissuwa ve dig., 2022; Yan
ve dig., 2022; Yaroson ve dig., 2021; Yaroson ve dig.,
2023; Zavala, Nowicki, ve Ramirez-Marquez, 2018;
Zhao ve dig., 2019)

(Durach, Wiengarten, ve Choi, 2020; Lusiantoro ve Pra-
diptyo, 2022; Mena ve dig., 2013; Son ve dig., 2021; van
Weele ve van Raaij, 2014; Wissuwa ve dig., 2022)

2.1 Kaynak Bazh Bakis Yaklasimi

Tedarik zincirleri ve direng¢ konusu incelenirken, kaynak bazl bakis ancak zinci-
rin dogrusal oldugu ve izole bir ortamda calistig1 varsayimlari gecerliyken uygun
bir teorik ¢erceve olmustur. Ancak bu bakista direncin kompleks yapili bir zinci-
rin tek bir firmasindaki i¢ isleyisi s6z konusu edilmekte, direngli olmak icin kulla-
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nilan kaynaklarin maliyet yarattigi ve verim kaybina yol actig1 diistintilmekte (Ya-
roson ve dig., 2021) ve tek bir firmanin basarili olmasinin zincire katkisi siipheli
goriilmektedir (Barakat ve dig.,, 2023). Bu yaklasimda zincirin degisen cevreye
uyumu yer almamaktadir (Tukamuhabwa ve dig., 2015). Bu noktada firmalarin
zincir icinde is birligine dayali genisletilmis kaynak bazli bakis (extended resour-
ce based view) giindeme getirilmistir (Barakat ve dig., 2023).

2.2 Dinamik Yetenekler Yaklasimi

Dinamik yetenekler goriisii firmalarin kabiliyetlerini zincir i¢inde is birligi ya-
parak zincirin faydasina kullanabildigini 6ngérmektedir (Barakat ve dig., 2023).
Bunun i¢in firmalarin ¢evredeki degisimlere duyarli olmasi ve is birligi yapma-
s1 kritiktir ancak yine de tedarik zincirlerinin sistematik yapisini a¢iklamakta
yetersiz bulunmaktadir (Tukamuhabwa ve dig.,, 2015; Yaroson ve dig., 2021).
Tedarik zincirleri igerdikleri insan unsuru ve alinan kararlarin sonugclara etkisi
nedeniyle dogadaki evrim-simbiyoz gibi yaklasimlardan farklidir (Kristensen ve
Jonsson, 2018).

2.3 Sosyal Sistem-Sebeke Teorisi Yaklasimi

Tek bir firma yerine zincir icindeki firma yaklasimini gézeten bir diger goriis sos-
yal sistem-sebeke teorisidir. Bu teoride zincir artik ag (network) formundadir
ve ag icinde is birligi arttikca firmalarin ihtiya¢ duyduklar1 kaynaklara erisim-
lerinin artacagi kabul edilir (Lusiantoro ve Pradiptyo, 2022). Firmalarin sosyal
becerileri kadar, ag icinde iliskili olduklari firma sayilar1 ve agdaki konumlar1 da
o6nem kazanmaktadir (Son ve dig., 2021). Bu iligkilerde karsilikli fayda ve giiven
olmadiginda ag icinde is birligi saglamak zorlagsmaktadir (Durach ve dig., 2020).
Sosyal sistem teorisine gore is birligi sayesinde ag icinde aksamalar azalmalidir
ancak Normal Kaza Teorisine (Normal Accident Theory) gore karmasik sistem-
ler, daha sade sistemlere gore daha ¢cok aksamakta ve aksamalari gormekte daha
fazla zorlanmaktadir. Dolayisiyla is birligi olanagi olmasi iyi sonug almay1 garanti
edememektedir (Wissuwa ve dig., 2022).

2.4 Satis ve Operasyon Planlama Yaklasimi

Tedarik zincirlerinde artan belirsizlikle miicadelede alternatif yontem Satis ve
Operasyon Planlamasidir (S&OP). S&OP kullanilirken plandan ziyade uygulama-
ya oncellik verilmistir (Noroozi ve Wikner, 2017). S&OP siirecinin olgunlugunu
Olcen kriter olmayisi elestirilmistir (Thome, Scavarda, Fernandez, ve Scavarda,
2012). S&OP i¢in biitiinleyici bir model olmadigi gibi yogun, dogru, giincel veri
toplamanin zorluklarini organize edebilen bir kullanim kilavuzu da yoktur (Tu-
omikangas ve Kaipia, 2014). Tedarik zincirlerinde firmalarin birbirleriyle olan
iligkileri, sozlesmeleri, giivensizlikler, farkli bilgi sistemlerindeki entegrasyon
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zorluklari, verinin giincel tutulmasindaki giicliikler gibi faktorler is birligini zor-
lastirmaktadir (Duong ve Chong, 2020). Karmasiklig1 dinamik ve detay olarak
siniflayan bir makalede S&OP yaklasiminin “insan” unsuru icerdigine dikkat ce-
kilmekte, ayn1 zamanda sektor - iirtin agaci - firma biiyiikliigi gibi karakteris-
tikler nedeniyle baglam (context) hassasiyeti vurgulanmaktadir (Kristensen ve
Jonsson, 2018). Is ortamindaki belirsizlige cevap olarak S&OP yaklasimi deger-
lendirilmis ancak sik diizeltme yapilmasina ragmen uygulamada gli¢liikler goriil-
mistiir (Noroozi ve Wikner, 2017). Zaman i¢cinde S&OP yaklasimi incelendiginde
firmadan tedarik zincirine ve S&OP’den sistem yaklasimina dogru bir evrilme
gortilmektedir (Thomé, Scavarda, ve Scavarda, 2016).

2.5 Simiilasyon Yaklasimi

Artan belirsizlik karsisinda geleneksel analitik yontemler yerine, 6zellikle et-
men tabanli yani duruma uygun adapte olabilen simiilasyon teknikleri tercih
edilmektedir (Tang, 2006). Operasyonel yoneticilerin belirsizlik - muglak- kar-
masik yapilari anlamakta zorlanmalari ve gerceklesmesi kesin olmayan olaylar
icin yatirim yapmaktan kacinmalari gibi cekinceler listelenmistir (Tang, 2006).
Tedarik zincirlerinin farkli noktalarindaki risklerin etkilerini ve olas1 6nlemlerin
sonuglarini iceren ¢ok yonlii incelemeler i¢in simiilasyon teknikleri kullanish ol-
maktadir (Pereria, Oliveir, ve Carravilla, 2020). Dinamik ve karmasik sistemlerde
CAS yapilarinin farkl karar setlerini gozetebilmek {izere etmen tabanli (Naim ve
Gosling, 2023; Zhao ve dig., 2019) ve ¢evreyle olan etkilesimdeki geri bildirimle-
ri yansitabilmek tizere sistem dinamikleri (system dynamics) esasli simiilasyon
yontemleri onerilmistir (Ghadge ve dig., 2022; Ledwoch ve dig., 2018).

Literatiiriin ortak noktasi, is ortaminin giderek belirsizlestigi ve geleneksel dog-
rusal analitik yontemlerin yetersiz kaldigidir. Tedarik zincirlerinde bu belirsiz-
lik sik toplantili S&OP yaklasimiyla karsilanmaya ¢alisilmis, ancak genel olarak
bu konuda alternatif arastirma yapilmasi énerilmistir. Is birliginin olumlu etkisi
olacagi belirtilmekle beraber, karmasiklig1 artiracagi uyarisi da yapilmaktadir.
En yaygin dogrulama araci 6nerisi etmen tabanl (agent based) ve tercihen ayni
zamanda ayrik olay (discrete event) veya sistem dinamikleri (system dynamics)
iceren simiilasyon teknigidir.

3. Yontem

Bu ¢alismada sistematik literatiir arastirma i¢in bes adiml stire¢ (vom Brocke,
Simons, Bjorn, Riemer, Plattfaut ve Cleven, 2009) takip edilmis, kapsam belirle-
mesi taksonomiyle (Cooper, 1988) yapilmis, siniflamada kavram matrisi (Webs-
ter ve Watson, 2002) kullanilmistir. Sekil 1'de gosterilen siirecin tiglincii adimi
bibliyometrik analizle desteklenmistir.
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Adim-1’de ¢alismanin ¢ercevesi akademisyenler i¢in tedarik zincirinde direng ve
CAS kavramlarinin birlikte degerlendirilecegi literatiir taramasi olarak belirlen-
mistir.

Adim-2’de arastirma sorulari, veri tabani se¢imi ve dahil tutma (inclusion) ve
hari¢ tutma (exclusion) kurallari listelenmistir. Veriler, Web of Science (WoS) veri
tabanindan 15/08/2023 tarihinde saat 12:00 itibariyle sorgulanmistir. Sistem
teorisi ve CAS kavramlari temel bilimlerden geldigi i¢in tretim odakl tedarik
zinciriyle ilgisi zayif olan medikal - biyoloji - optik - enerji - matematiksel he-
saplama algoritmalari - yazilim - egitim - ulastirma - askeri - aile - turizm - is
glvenligi - giivenlik konulari hari¢ tutulmustur.

Adim-3’te WoS istatistikleriyle makale sayilar1 ve etkin dergiler incelenmistir.
VOSviewer ile anahtar kelimeler bazinda tabakalama (overlay) ve atif analizi (co-
citation) yapilmistir.

Adim-4'te WoS filtrelemeyle belirlenen 60 makaleden alt1 adedine ulagilamamis-
tir. Hari¢ tutma kurallari sadece konu (topic) olarak yer almistir ancak makaleler
incelendiginde ayni kurallar uyarinca kalan 54 makale icinden alt1 makale harig
tutulmustur. Kalan 48 makaleye geriye doniik atif takibi neticesinde dahil tutma
kurallarinin tamami yerine, sadece karmasiklik veya sadece S&OP sartlarini sag-
layan 29 makale eklenerek 77 makale belirlenmistir. 77 makale icinde 10 adetten
az atif alan 23 makale etkisiz kabul edilerek cikarilmis ve finalde tam metin ince-
lenecek 54 makale netlestirilmistir.

Adim-5’te arastirma sorularinin cevaplari tartisilmis, arastirma onerileri belir-
tilmistir.
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Adim-1: Amag ve Kapsam

Tedarik Zincirlerinde direng konusunun CAS yaklasimiyla genel yapisini
inceleyerek literatirdeki egilim ve bosluklari belirlemektir

Odak Hedef Yaklagim Kapsam Diizen Profil
Arast Anat Ornekl K l,

ragtirma n-a ema' Ob]ektlf rhe eTen avrams-a Akademisyen
metodlari belirlemesi literatur metodik

Adim-2: Kavramlastirma
AS1: CAS yaklasimi tedarik zincirinde diren¢ kavramina uygun mudur?

AS2: CAS yaklasimi tedarik zinciri modellemesine uygun mudur?
Dahil tutma (inclusion) kurallari
"systems theory" OR "network theory" OR "complex adaptive systems" OR "CAS" OR "chaos theory" OR
"complexity theory" (Topic) AND
"sales and operations planning" OR "S&OP" OR"S & OP" OR "BPM" OR "business process management"
ORresilien* OR robust* OR adapt* OR evol* (Topic) AND
"supply chain" (Topic) AND
Article (Document Types) AND
Science Citation Index Expanded (SCI-EXPANDED) or Social Sciences Citation Index (SSCI) (Web of Science
Index) AND
English (Languages) AND
Management or Operations Research Management Science or Computer Science Artificial Intelligence or
Mathematics Applied (Web of Science Categories)
Timespan: 1980-01-01 to 2023-06-30 (Publication Date)
Harig tutma (exclusion) kurallari
NOT (mouth* OR featur* OR harri* OR digitiz* OR markov* OR spotif* OR beam* OR video* OR encod* OR
3-d OR careg* OR jav* OR energ* OR facia* OR convex* OR trajector* OR educat* OR bifurc* OR bank* OR
cluste* OR manifol* OR air* OR famil* OR entrop* OR circui* OR chemic* OR wire* OR fluid* OR axio*
OR spatial OR sea* OR numeric* OR thermo* OR militar* OR rail* OR RNA OR evacuat* OR traffic* OR
road OR schoo* OR computatio* OR cyber* OR medica* OR biolog* OR neur* OR face OR securit* OR
gravita* OR touris* OR music* OR volta* OR innova* OR healt* OR agricul* OR socia* OR PID OR optic*
OR vector* OR genom* OR hazard* OR occupat* OR algeb*) (Topic)

‘

Adim-3: Literatiir Arastirmasi
Yillara gére makale sayilari, etkin dergiler ve arastirmacilar
Anahtar kelimeyle tabakalama (overlay), atif analizi (co-citation)

Adim-4: Literatiir Analizi
Literatlr tarama makalelerinden geriye donik atif takibi, atif tablosu
Tam metin okumayla ilgi diizeyine uygun makale elemesi, kavram matrisi

Adim-5: Arastirma Onerileri
AS3: Tedarik Zincirinde direng konulu literatiirdeki bosluklar nelerdir?

Arastirma sorularinin cevaplari ve oneriler

Karmasikiik| + Direng/ Te.da.rl.k Tarlh/lnde!(s Harig _ [GiSsamavan| _ iigisiz + fieirlye ) 10 adetten
S&OP Zinciri / kategori Tutulanlar déniik atif az atif alan
95.076 [» 20229 > 438 [P 176 | 60 > 54 g 48 > 77 > 54

Sekil 1. Stirecin Akis Semasi
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4. Bulgular

4.1 Adim-3: WoS Uzerinde Makale-Dergi Analizi

Listelenen 60 makalenin 2007 ile 2023 arasinda toplam atif sayis1 3.333 adettir.
Sekil 2’de gosterilen ve yillara gore artan makale sayisi, konunun akademik ilgi
cekiciligine isaret etmektedir. Makalelerin WoS kategorilerine bakildiginda 39
adedinin Management, 21 adedinin Operations Research Management Science
oldugu gorilmiistir.

Makalelerin %52’si 26 derginin ilk altisinda yaymlanmistir: International Jour-
nal of Operations Production Management, Journal of Supply Chain Management,
International Journal of Production Economics, International Journal of Produc-
tion Research, Supply Chain Management an International Journal, International
Journal of Logistics Management.

suoEs

Sekil 2. Listelenen 60 Makalenin Yillik Dagilimi (WoS- yazar tarafindan alinmistir)

4.2 Adim-3: VOSviewer ile Tabakalama ve Atif Analizi

Arastirmacilarin anahtar kelimeleri tizerinden tedarik zinciri - direng - CAS ilis-
kilerini gorsellestirebilmek amaciyla VOSviewer ver 1.6.19 kullanilmistir. Yazi-
lima ytiklenen 60 makalelik veri seti i¢cin anahtar kelimeler tlizerinde kesirli sa-
yim (fractional counting) ve iki tekrarli esikle ortak kelime analizi yapilmistir.
Tabakalama (overlay) sonucu Sekil 3’te verilmistir. Noktalarin biiyikligi yo-
gunlasmayi, baglantilarin kalinlig iliskinin giiciinii ve ag tizerindeki konumlama
kavram yakinligina dayali olarak kiimelerin formasyonunu temsil etmektedir.
Maviden sariya dogru renk gecisi yayin tarihi olarak 2017 senesinden 2023 se-
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nesine dogru kronolojik akis1 gostermektedir. Kavram merkezi direng ve CAS ek-
seni lizerindedir, tedarik zinciri yonetiminden direng - karmasiklik kavramlarina
dogru gecisler fark edilmistir.

Bu kavram icinde en etkili arastirmaci-arastirmalari belirlemek iizere, ayni veri
setiyle 20 tekrarh esik kullanilarak atif analizi (cititon) yapilmis ve yogunluk
(density) sonucu Sekil 4’te verilmistir. Sar1 renkler atif yogunluguna isaret et-
mektedir. Ivanov, Blackhurst, Carter ve Mena yogunlugu fark edilmis ancak taba-
kalama analizine bakildiginda, Ivanov’un daha giincel oldugu gortalmiistir.

no

i comsiler e stems

s e

antiaga iy
resiigpcn wpply chalifpriagement
supi

g LS.

19 -

iy ety
o aly ety

Sekil 3. Anahtar Kelimeyele Ortak Kelime Tabakalama Sonucu (VOSviewer- yazar
tarafindan alinmistir)

Sekil 4. Atif Analizi Yogunluk Sonucu (VOSviewer- yazar tarafindan alinmistir)
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4.3 Adim-4: Tam Metin Analizi

Listelenen 60 makaleden, 6 adet ulasilamayan, 6 adet ilgisiz bulunan, 23 adet
az atif aldig i¢in etkisiz kabul edilen makaleler ¢ikarilmis ve geriye doniik atif
analiziyle 29 makale eklenerek tam metin analizi i¢in 54 makale belirlenmistir.
Bu makalelerde, 100 adetten fazla atif alanlar i¢in Tablo 2’de gosterilen kavram
matrisi olusturulmustur.

Tablo 2. 100 Adetten Fazla Atif Alan Makalelerin Kavram Matrisi

Referanslar

Bashk

Atif sayisi

Karmasik-
hkT.
Direnc (re-
silience)
Simiilas-

yon

(Ivanov ve Dol-
gui, 2020)

(Ivanov, 2022)

(Tukamuhabwa
ve dig., 2015)

(Blackhurst ve
dig., 2011)

(Treiblmaier,
2018)

(Carter, Rogers,
ve Choi, 2015)

Viability of intertwined
supply networks: exten-
ding the supply chain re-
silience angles towards
survivability. A position
paper motivated by CO-
VID-19 outbreak

Viable supply chain mo-
del: integrating agility,
resilience and sustaina-
bility perspectives-les-
sons from and thinking
beyond the COVID-19
pandemic

Supply chain resilience:
definition, review and
theoretical foundations
for further study

An Empirically Derived
Framework of Global
Supply Resiliency

The impact of the block-
chain on the supply
chain: a theory-based
research framework and
a call for action

Toward the theory of the
supply chain

692

471

433

355

311

293
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z = £
; (728 -9 7]
Referanslar Bashk b g, 2 -_L;
= £ : £ Ec
= =2 A% &as
L Toward a Theory of
%;g? vedig,  \ulti-Tier Supply Chain 263
Management
Control and system-
theoretic identification
of the supply chain
(Ivanov ve Soko- dynamics domain for 135
lov, 2013) planning, analysis and
adaptation of perfor-
mance under uncerta-
inty
Fostering emergent
resilience: the complex
(Day, 2014) adaptive supply network 129 X X
of disaster relief
(Ojha, Ghadge, Bayesian network mo-
Tiwari, ve Bitici, delling for supply chain 127
2018) risk propagation
Modelling supply chain
. adaptation for disrupti-
gZOhla:S ve dig, ons: An empirically gro- 116 X X X
unded complex adaptive
systems approach
(Wieland ve Two perspectives on 110 < <
Durach, 2021) supply chain resilience
The future of purchasing
van Weele ve and su management
Weel d supply g 106

van Raaij, 2014)

research: About relevan-
ce and rigor

incelenen makalelerin atif alma sayilar1 0-9, 10-49, 50-99, 100-199 ve 200’den
fazla seklinde dort gruba ayrilmistir. Tablo 3’te gruplardaki makale referanslari,
toplam atif sayisi, toplam makale sayis1 ve makale basina diisen atif sayisi goste-
rilmistir. Makale basliklarina yer verilmemis ancak makalelerin tamami kaynak-
cada listelenmistir. 0-9 grubundaki 23 makale inceleme disinda tutulmustur. En
¢ok atif alan ilk 13 makale (%17) toplam atiflarin %70’ini almistir. Makalelerin
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%?29’u son iki sene ve %70’i son dort sene icinde yazilmistir. Alan son derece
yenidir, ilgi cekmektedir. Bu durum atif sayilarina yansimistir.

Tablo 3. Makalelerin Atif Analizi

Atf
Sayisi
Grubu

Atif/
Referanslar Auf  Makale Makale

Sayis1  Sayisi Orani

Maka-
le yasi
(ym)

(Agarwal, Mathiyazhagan,
Malhotra, ve Pimpunchat,
2023; Akpinar ve Caylan,
2023; Barakat ve dig., 2023;
Chand, Kumar, Thakkar, ve
Ghosh, 2022; Chen ve Wen,
2023; Choudhary, Ramkumar,
Schoenherr, Rana, ve Dwivedi,
2022; Ciccullo, Pero, ve Pat-
rucco, 2023; Colon ve Hochra-
iner-Stigler, 2023; Ebrahimi,
Koh, Genovese, ve Kumar,
2018; Espinosa, Davis, Stock,
ve Monahan, 2019; Inman ve
Green Jr, 2023; Li, Alam, Ber-
nardes, Giannoccaro, Skilton
ve Rahman, 2021; Lusiantoro
ve Pradiptyo, 2022; Naim ve
Gosling, 2023; Ogulin, Guz-
man, ve Nuwangi, 2020; Pira-
veenan, Senanayake, Matous,
ve Todo, 2019; Sadeghi ve
dig., 2021; Swierczek, 2023a;
Swierczek, 2023b; Wissuwa
ve dig., 2022; Yan ve dig,,
2022; Yaroson ve dig., 2023;
Zhang, Bhattacharyya, ve Li,
2010)

85 23 4

1,6
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Atf
Sayisi
Grubu

Referanslar

Atf
Sayisi

Makale
Sayisi

Atf/

Maka-

Makale le yasi

Oram

(y1)

10-49

162

(Adobor, 2018; Adobor, 2020;
Almotairi ve Lumsden, 2009;
Alexander, Blome, Schleper,
ve Roscoe, 2022; Bansal,
Gualandris, ve Kim, 2020;
Brintrup ve Ledwoch, 2018;
Choudhary ve dig., 2021; Ditt-
feld, Scholten, ve Van Donk,
2018; Demirel ve dig., 2019;
Durach ve dig., 2020; Ghadge
ve dig., 2022; Gligor, Feizabadi
, Russo, Maloni, ve Goldsby,
2020; Guertler ve Spinier,
2015; Hosseini ve dig., 2022;
Kumar ve Arun, 2021; Lo-
rentz, Kittipanya-Ngam, ve
Srai, 2013; Long, 2014; Ma
ve Xie, 2018; Marques, Yan,
ve Matthews, 2020; Massari
ve Giannoccaro, 2021; Matos,
Schleper, Gold, ve Hall, 2020;
Peralta ve Soltero, 2020;
Pournader ve dig., 2016;
Schiffling, Hannibal, Tickle, ve
Fan, 2020; Shi, Long, Li, Deng,
Wei ve Liu, 2020; Son ve dig.,
2021; Touboulic, Mccarthy,
ve Maithews, 2020; Wang ve
Yao, 2023; Wieland, Bals, Mol,
ve Handfield, 2020; Yaroson
ve dig., 2021; Zavala ve dig.,
2018)

769

31

25

39
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Atf
Sayisi
Grubu

Referanslar

Atf/ Maka-
Makale le yasi
Orani (y1l)

Auf Makale
Sayis1  Sayisi

50-99

100 -
199

200 +

Toplam

(Adobor ve McMullen, 2018;
Alfalla-Luque, Machuca, ve
Marin-Garcia, 2018; Azadegan
ve Dooley, 2021; Capaldo ve
Giannoccaro, 2015; Higgins,
ve dig., 2010; Koh ve dig,,
2017; Ledwoch ve dig., 2018;
Novak ve dig., 2021; Pathak,
Dills, ve Biswas, 2007; Pavlov,
Ivanov, Dolgui, ve Sokolov,
2018)

(Day, 2014; Ivanov ve Sokolov,
2013; Ojha ve dig., 2018; van
Weele ve van Raaij, 2014; Wi-
eland ve Durach, 2021; Zhao
ve dig., 2019)

(Blackhurst ve dig., 2011;
Carter ve dig., 2015; Ivanov,
2022; Ivanaov ve Dolgui,
2020; Mena ve dig., 2013;
Treiblmaier, 2018; Tukamu-
habwa ve dig., 2015)

647 10 65 6,7

723 6 121 6,5

2.818 7 403 6,7

5.042 77 65

5. Tartisma

Tedarik zinciriyle ilgili akademik ¢alismalarin stratejik is konulariyla her zaman

ortisemedigi elestirileri vardir: Akademik ¢alismalarin dogru isleri (effective-
ness) yapmak yerine maliyet tasarrufu gibi konularla islerin dogru yapilmasina
(efficiency) odaklandigl, mevcut ¢alismalarin farkli baglamlarda dogrulanmasi
yerine yenilik ugruna tek seferlik deneysel ¢alismalarin ¢ogaldig1 sdylenmekte-
dir. Ayrica anket yonteminde y1gilma oldugu, istatistik uygunluk testinin baglami
aciklamakta yetersiz kalabildigi belirtilmektedir (van Weele ve van Raaij, 2014).
Akademik ¢alismalarin ve programlarin igerigi hazirlanirken bu elestirilerin dik-
kate alinmasinda yarar vardir.
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5.1 AS1: CAS Yaklasimi Tedarik Zincirinde Diren¢ Kavramina Uygun mudur?

Tedarik zincirleri acik sistemlerdir ve ¢evreleriyle etkilesim halindedir. Gelen si-
parisler, aksayan tedarik konulari, vasifli eleman bulma giicligi gibi genis bir
alanda yasananlar sistem teorisinde sinyal (signal) olarak isimlendirilmektedir.
Direngli bir zincirin bu sinyallere gore S&OP siirecinde uyumlu tepki verebilmesi
gerekir. Bu davranis kalib1 direng kavraminin hazirlik, tepki, toparlanma ve gelis-
me fazlar1 boyunca CAS yapisinin iletisim, esneklik, uyum ve 6grenme profiline
uygundur (Adobor, 2018; Hosseini ve dig., 2022; Rahman ve dig., 2022; Tukamu-
habwa ve dig., 2015).

Zincirlerin giicii en zayif halkanin giicii kadardir. Dolayisiyla zincir i¢cindeki fir-
malarin bireysel tepkilerinin, zincirin performansina etkisi vardir. CAS yapili bir
zincirde bagimsiz etmenlerin her biri zincirdeki firmalardir. Bu firmalar zincirde
kabul goren benzer kural setleriyle (schema) kendi dnceliklerine uygun hareket
edeceklerdir. Bu durumda CAS yapisinin etkilesim boyutu sayesinde zincirdeki
diger firmalarda buna uyumlu (adaptive) tepkiler verecekleridir. Sonugta CAS
yapisinin yoriingeye yakinsama (aggregation) boyutu nedeniyle zincirin tamami
degisen ortama uygun davranabilmektedir (Azadegan ve Dooley, 2021; Pourna-
der ve dig., 2016).

CAS nitelikleri arasinda sayilan toparlanarak yoriingeye yakinsama (aggregati-
on), dogrusal olmayis (non-linearity, schema), farklilik (diversity, adaptive) ve
akisla (flow) elde edilen kapasite fazlalif1 sayesinde esneklik ve diren¢ olumlu
yonde etkilenmektedir (Hou ve dig., 2018; Sadeghi ve dig., 2021). Ogrenen CAS
yapis, zincirin degisen sartlara uyumunu kolaylastirmaktadir. Mithendislik veya
cevresel direng¢ kavramlariyla uyumludur (Wieland ve Durach, 2021). Tek bir fir-
manin zincirin tamamini etkileme giicli sinirhidir; ancak farkh firmalarin kendi
kurallarina (schema) gore haraketleri, zincirin performansina etki edebilmekte-
dir (Adobor ve McMullen, 2018).

Dolayisiyla CAS yaklasimi, tedarik zincirinde diren¢ kavramina uygundur.

5.2 AS2: CAS Yaklasimi Tedarik Zinciri Modellemesine Uygun mudur?

Yo6n eylem modellerinin akademik derinliklerine ragmen pratik degerleri sorgu-
lanmistir (Koh ve dig., 2017; Naim ve Gosling, 2023). Geleneksel mithendislik ve
yon eylem modelleri tedarik zincirine teknik acidan yaklasirken zincirin yapisal
ve iliski tabanli kurgusunu dikkate almamaktadir (Alexander ve dig., 2022). Bu
ac1g1 tamamlamak tizere 6nce ag (network) teorisi 6nerilmistir (Bellamy ve Ba-
sole, 2013; Higgins, ve dig., 2010; Zhao ve dig., 2019). Ancak bu teori zincirin ¢ev-
resiyle ve kendi icindeki etkilesimi, degisen sartlara uyumlanmasi gibi dinamik
faktorler nedeniyle yetersiz kalinca CAS yaklasimi giindeme gelmistir (Bellamy
ve Basole, 2013; Higgins, ve dig., 2010; Hosseini ve dig., 2022; Yan ve dig., 2022).
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Tedarik zincirlerini statik yapilar olarak géren ve degisen durumlar icin tekrar
optimum arayan yaklasimlar problemlere yol acabilmektedir (Higgins, ve dig.,
2010). Tedarik zincirlerinin dinamik, ¢ok firmali, ¢ok seviyeli (tier), ag formun-
daki iliskileri (Adobor, 2018), malzeme ve bilgi akisindan kaynaklanan sinyallere
farkli seviyelerde verebildikleri farkli siddetteki tepkiler CAS yapisina uygundur
(Adobor ve McMullen, 2018; Choudhary ve dig., 2022; Massari ve Giannoccaro,
2021; Tukamuhabwa ve dig., 2015).

Tedarik zincirlerinde geleneksel yaklasimlarin dijital isbirligiyle iyi sonug vere-
bilmesi i¢in glivenilir ve tam veri paylasimi gerekmektedir. Ancak zincirdeki fir-
malarin farkli dijital veya yonetim olgunluk seviyesinde olmalari, gliven sikintila-
r1 nedeniyle bu kalitede veriyi toplamak zordur. Bu veriyi toplamak i¢in kurulan
sistemler genellikle karmasikligi artirmaktadir (Duong ve Chong, 2020; Noroozi
ve Wikner, 2017; Peralta ve Soltero, 2020; Tuomikangas ve Kaipia, 2014). Oysa
CAS sistemlerde sinyallere verilen tepkiler s6z konusudur, yogun veri paylagimi
gerekmemektedir (Sheth ve Kusiak, 2022).

S&OP’nin iyi isletilebilmesi i¢in “kullanim kilavuzu” gereklidir, veri ihtiyaci ¢cok
yogundur (Tuomikangas ve Kaipia, 2014). Ayrica S&OP modelleri insan unsu-
ru icermekte, kimi zaman planlanandan farkl davranislar sergileyebilmektedir.
Bunlara ek olarak S&OP modelleri iiretilen iiriin ve liretim yontemine gore 6zel-
likler arz edebilmektedir. Bu sakincalarin giderilmesinde CAS yaklasimi 6neril-
mistir (Kristensen ve Jonsson, 2018).

Dolayisiyla CAS yaklasimi, tedarik zinciri modellemesine uygundur.

5.3 AS3: Tedarik Zincirinde Diren¢ Konulu Literatiirdeki Bosluklar Nelerdir?

Entegre planlama, darbogazl cizelgeleme, optimizasyon ve simiilasyon iceren;
orta vadede tek bir firma yerine zinciri dikkate alan; rolleri ve isleyisi aciklayan
tiimlesik S&OP modellemesi konusu arastirmaya agiktir (Kristensen ve Jonsson,
2018; Pereria ve dig., 2020; Rahman ve dig., 2022). Bu konu belirsizlik altinda
incelenmelidir (Noroozi ve Wikner, 2017). Bu konuya finansal entegrasyon ve
S&OP’nin firma performansina etkisini gésteren uygun 6l¢iim metrikleri aras-
tirmalar1 da eklenebilir (Hosseini ve dig., 2022; Shi, ve dig., 2020; Thome ve dig,,
2012; Tuomikangas ve Kaipia, 2014). Bir diger ¢alismada S&OP yerine, timlesik
lojistik model arastirilmasi 6nerilmistir (Naim ve Gosling, 2023).

Tedarik zincirindeki firmalarin davranis kurallarin1 gézeterek cevresiyle etkili-
simi olan, ¢ok iirtinli ve biitiinciil bir zincir i¢in etmen tabanliya (agent based)
ek olarak, ayrik olay (discrete event) veya sistem dinamikleri (system dynamics)
yaklasimlarini igeren simiilasyonlu modelleme arastirmalar1 beklenmektedir
(Ledwoch ve dig., 2018; Massari ve Giannoccaro, 2021; Naim ve Gosling, 2023;
Novak ve dig., 2021; Rahman ve dig., 2022; Tuomikangas ve Kaipia, 2014). Teda-
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rik zincirinin zaman iginde ¢evresine uyum saglayarak, “6grenmesini” dikkate
alan ¢alismalara ihtiya¢ vardir (Adobor, 2020).

Tahmine dayali planlama yerine, tahmin ve isbirligine dayali tamamlama planla-
masi lizerinde ¢alisilmasi dnerilmektedir. Degisen sartlara gore sekillenen uygu-
lama, sabit veya sik giincellenen planlamadan daha etkindir (Noroozi ve Wikner,
2017; Tang, 2006; Thome ve dig., 2012;).

Onerilen arastirma konular1 arasinda direng ile siirdiiriilebilirlik iliskisinin in-
celenmesi ve direng ile verim arasindaki ¢atismanin ¢6ztimu icin modeller gelis-
tirilmesi sayilmistir (Adobor, 2020; Higgins, ve dig., 2010; Novak ve dig., 2021).
Bu konu direncin nasil saglanacagi ve kaos boélgesindeki dogru yonetim modeli
konularini igerecek sekilde genisletilebilir (Naim ve Gosling, 2023). Bu kavramin
CAS yaklasimiyla incelenmesi beklenmektedir (Adobor ve McMullen, 2018).

Arastirma konusu olarak tedarik zincirlerinde saha ¢alismasiyla vaka analizi
yapilarak CAS yaklasimiyla yorumlanmasi dnerilmistir (Kumar ve Arun, 2021).
Benzer sekilde tedarik zincirlerindeki iligkilerin, 6grenme becerisinin, hayat
dongiisiiniin (product life cycle) ve daha uzun vadeli gortintrliik saglamanin zin-
cir performansina etkisi incelenebilir (Carter, ve dig., 2015).

Direncle iligkili stratejilerde esneklik (flexibility), bolluk (redundancy), isbirligi
(collaboration) ve ¢eviklik (agility) disinda secenekler; direng (resiliency) ve sag-
lamlik (robustness) iliskisi; yapisal ve operasyonel risklerin etkileri arastirilma-
lidir. Benzer arastirmalarin gelismekte olan iilkelerde, KOBI (Kii¢lik ve Orta Boy
Isletmeler) seviyesinde yapilmasi énerilmistir (Tukamuhabwa ve dig., 2015).

Sekil 5’te direng, S&OP ve CAS kavramlarinin etkilesimi gosterilmistir. Belirsizlik
artarken CAS ve diren¢ kavramlarina olan ihtiya¢ artmaktadir.

~
* S&OP yeterli, direng ihtiyac diisiik
diisiik ¢ hazirhk fazi, mihendislik boyutu
belirsizlik
* S&OP ve CAS gegisi, direng ihtiyaci artiyor
makul e tepki ve toparlanma fazi, cevre boyutu
belirsizlik Y,
N
e S&OP destekli CAS gerekli, direng ihtiyaci yiksek
yiiksek ¢ gelisme fazi, evrim boyutu

belirsizlik Y,

Sekil 5. Artan Belirsizlik ve S&OP - CAS - Direnc iliskisi
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6. Sonug ve Oneriler

Kiiresellesmeyle birlikte karmasiklasan iiriin ve lretim yapilar: tedarik zinciri
algisin1 degistirmektedir. Tedarik Zinciri 6nce dogrusaldan ag formuna evrilmis,
sonra cevresiyle etkilesimi nedeniyle diren¢ kavramini icermis, en sonunda za-
manla ¢evreye uyum gosterdigi dikkate alinarak adaptif hale gelmistir. Bu yapi-
styla tedarik zincirlerinin alisilmis dogrusal yontemlerle agiklanmasi gliglesmis-
tir. Kdkeni ge¢cmise ve biiyiik dl¢iide biyoloji-cevre bilimlerine dayanan sistem
teorisi-CAS yaklasimi yakin zamanda tedarik zinciri konusuna uyarlanmaya bas-
lamistir (Holland, 2012).

2018 sonrasinda bu konuya akademik ilgi hizla artmistir. Yapinin karmasiklig
ve insan faktoriiniin etkisi nedeniyle, analitik yontem olarak etmen tabanli ve
sistem dinamikleri iceren simiilasyon modelleri dnerilmistir. Bilinen simiilasyon
yazilimlari genellikle tek tip (ayrik olay, etmen tabanl veya sistem dinamikleri)
simiilasyona uygun olmakla birlikte, tiim tipleri destekleyen yazilimlar goriilme-
ye baslamistir (6rnek: AnyLogic).

Degisen ¢evrenin etkilerini sadece “tedarik zinciri kirilmalar1” olarak gérmek
yerine, ayni zamanda bir firsat icerdigini diistinmek daha yapici bir goriistiir. Li-
teratiirde riskten kacinmak tizere saglamlik (robustness) ve risk gerceklestigin-
de uygun tepkiyi verebilmek iizere direng (resiliency) arasinda bir 6édiinlesme
(trade-off) goriilmektedir. Dolayisiyla firmalar, kendi is ortamlarina uygun yak-
lagimlar gelistirmelidir.

Tedarik zinciri yonetimi alaninda giincel bilimsel egilimleri metodik tarzda der-
leyen bu ¢alismanin, konuyla ilgilenen arastirmacilara yardimci olmasi ve karma-
siklik, direng ve simiilasyon konularinin ilgili fakiiltelerin programlarinda miifre-
data eklenmesi beklenmektedir.

Cikar Catismast:
Yazarlar tarafindan herhangi bir ¢ikar catismasi beyan edilmemistir.

Yazarlarin Katkist:
Yazarlar arastirmanin ve raporlamanin tiim asamalarinda “arastirma ve yayin
etigine uygun olarak” birlikte calismistir.
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Keywords Abstract
Fuzzy TOPSIS, Material selection in the engineering design process is a
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and even sudden breaks can occur in the plough that cultivates
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ploughshares is extremely important. In this study, first of all, the
criteria that are important in the selection of ploughshares iron
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stress, thermal conductivity, and cost. As a result of the selection
made using the FTOPSIS method; It has been determined that
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the candidate materials, and then the order of preference should be
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PULLUK UC DEMIRi MALZEME SECiMi: SHANNON ENTROPI
TEMELLI BULANIK TOPSIS UYGULAMASI

Anahtar kelimeler

0z

Bulanik TOPSIS, pulluk
ucu malzemesi, malzeme
segimi

Miihendislik tasarim stirecinde malzeme secimi, ¢cok sayida
malzeme olmasi ve birbirine zit bir ¢ok ézelligin bir arada
olmasinin  gerekliliginden zorlayict bir siirectir.  Pulluk,
toprak islemenin en é6nemli ve temel aracidir. Topragi isleyen
pullukta biiyiik asinmalar catlaklar ve hatta ani kirilmalar
olusabilmektedir. Bu nedenle pulluk ug¢ demiri tiretimi icin
secilen malzeme son derecede 6nemlidir. Bu c¢alisma da,
oncelikle pulluk u¢ demiri seciminde dénemli olan kriterler
belirlenmis, kriterler Interval Shannon Entropi yéntemi
ile agirliklandirilmistir. Bulanik Ideal Céziime Benzerlige
Gore Sira Tercihi (FTOPSIS) teknigi kullanilarak malzeme
tercih siralamasi yapilmistir.  Calisma sonuglarina gére, ug
demiri malzeme se¢im kriterleri siralamasi, sirasiyla; sertlik,
asinma dayanimi, tokluk, ceki gerilmesi, termal iletkenlik ve
maliyet olarak tespit edilmistir. FTOPSIS yéntemi kullanilarak
yapilan secim neticesinde; aday malzemelerden ilk sirada
33MnCrB5(1.7185)'nin tercih edilmesi gerektigi, ve daha
sonrasinda tercih  sirasinin, swrasiyla  51CrV4(1.8159),
60SiMn5(SAE9262), 41CrMo4 (1.7225QT-4140) olmasi
gerektigi tespit edilmistir. Sonuglarin duyarliligini lgmek igin,
a=0.1,0.5 ve 0.9 diizeylerinde duyarlik analizi yapilmistir.
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1. Introduction

Material plays an important role in engineering designs. When designing any
product, it is necessary to select materials with specific properties that meet all
current constraints and can guarantee optimum system performance (Sarfaraz
Khabbaz, Dehghan Manshadi, Abedian, &Mahmudi, 2009). Material selection
can be defined as the selection of the most suitable material among the materi-
als to be used for the product while designing the product (Mamoon, Alhaji, &
Abdullahi, 2021). It is not easy to choose materials suitable for product design.
Ashby reported that there are over 160,000 materials of choice for engineers
(Ashby, 2010). Materials can be selected, and many criteria affect the selection.
Some of the criteria one may encounter in the material selection are hardness,
high-temperature strength, low-temperature strength, stiffness, density, tensile
strength, electrical conductivity, thermal conductivity, formability, weldability,
cost, appearance, etc. (Hatamura, 1999). When the methods developed for ma-
terial selection are examined, it is seen that they are grouped under two hea-
dings. The developed methods are elimination methods and selection methods.
In the sieving methods, the unsuitable materials are eliminated step by step and
the appropriate material is selected. Some of these methods are chart method
(Ashby), survey method, and unit cost method. In the selection methods, the
most suitable material is selected by listing the suitable materials under certa-
in criteria (Balci, 2004; Mamoon et al., 2021). The methods suitable for these
methods are TOPSIS, MORPA, PROMETHEE, etc., which are under multi-criteria
decision-making methods, are methods.

Some of the studies carried out by using the elimination and selection methods
in material selection are as follows; Emovon and Oghenenyerovwho (2020), by
scanning the literature for the period 1994-2019, examined 55 articles using
Multi-Criteria Decision methods in material selection. As a result of the study,
they stated that the cost criterion is the most frequently used criterion to decide
on material selection and that MCDM methods offer a suitable methodology for
solving material selection problems (Emovon and Oghenenyerovwho, 2020). Pat-
naik, Swain, Mishra, Puroit, & Biswas (2020) in their study, used MCDM methods
for selecting the best alternative polymer composite material for engineering
applications (Patnaik et al., 2020). Mamoon et al. (2021), compared the methods
used in the literature to solve material selection problems and summarized the
studies in the literature by classifying their methods as screening and ranking
(Mamoon et al,, 2021). Das and Sarkar (2021), developed a new multi-criteria
decision-making model based on value constraints for the selection and ranking
of materials. They tested the proposed method on four samples: material selecti-
on for the hip joint, fuel cell, high-temperature product, and a sailboat mast (Das
and Sarkar, 2021). Chatterjee and Chakraborty (2021) used MCDM methods for
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the gear material selection problem (Chatterjee and Chakraborty, 2021). Zog-
hi, Rostami, Khoshand, & Motalleb (2022) used MCDM methods to design se-
lect materials that enable recyclability and reusability of building components
(Zoghi et al,, 2022). Aires and Ferreira (2022) proposed a new MCDM method
for sustainable material selection problems (Aires and Ferreira, 2022). Ordu and
Der (2023) used MCDM methods to evaluate suitable polymeric materials for the
fabrication of flexible vibrating heat pipes (Ordu and Der, 2023). Zakeri, Chatter-
jee, Konstantas, & Ecer (2023) proposed a new decision making method called
Simple Ranking Process (SRP) to solve the material selection problem and stated
that it is a suitable methodology for solving challenging MCDM problems (Zakeri
et al,, 2023). Remadi and Frikha (2023) used MCDM methods for green materi-
al selection under uncertainty (Remadi and Frikha, 2023). Martinez-Gémez and
Eduardo (2023) used multi-criteria selection procedures for the selection of an
alternative composite material for the high voltage circuit of gasoline internal
combustion engines (Martinez-Gémez and Eduardo, 2023). Gaalice and Abdelr-
hman (2024) used the FAHP-FTOPSIS technique to select appropriate bearing
ring materials for pharmaceutical applications. They compared 5 candidate ma-
terials under thirteen criteria (Gaalice and Abdelrhman, 2024). Raju, Palli, Pra-
sad, Menda, & Ramakrishna (2024) used MCDM for the selection of natural fiber
composites instead of synthetic fiber composites used as materials in the fields
of aviation, transportation, architecture, and sports. They compared 7 composite
materials under the criteria of density, hardness, tensile strength, and toughness,
as well as water absorption and specific heat capacity (Raju et al.,, 2024).

When the literature review is examined, it is seen that MCDM methods are wi-
dely used in material selection problems. In this study, the material selection was
made for the ploughshares. The plough is the most important and basic tool of
tillage. Large abrasions, cracks (Giirsel and Koéftecioglu, 2006), and even sudden
breaks can occur in the plough that cultivates the soil. For this reason, the mate-
rial chosen for plough production is extremely important. The ploughshares are
the plough element that takes the first abrasive effect and impacts the plough.
Some of the studies on the selection of ploughshares material are as follows.

Bayhan (1996), in his study, investigated the wear behavior of soil tillage tools.
He found significant correlations between the amount of wear and hardness in
the ploughshares and established regression models for them. In addition, it has
been determined that the carbon and manganese content of the material affects
the wear behavior (Bayhan, 1996). Er (2003) investigated the wear behavior by
coating boron on ploughshares made of six different materials (Er, 2003). Cakir
(2019) investigated the wear behavior of four different materials by applying va-
rious heat treatment and surface treatments to be used in the production of plo-
ughshares iron (Cakir, 2019). Kalacska, De Baets, Fauconnier, Schramm, Frerichs,
& Sukumaran (2020) performed wear experiments on the wear of cultivator ti-
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nes made of 27MnBS5 steel to investigate the change in mass, size, hardness, and
microstructure. They developed a model by conducting field studies (Kalacska et
al,, 2020). Singh, Chatha, & Sidhu (2020) used hard facing to increase the wear
percentage of the ploughshare. They determined that the wear percentage is ef-
fective in the hardness of the material, as well as in its microstructure and chemi-
cal composition (Singh et al., 2020). Singh, Chatha, & Sidhu (2021), ploughshares
material; They investigated the wear behavior by coating two different Fe-based
claddings on the base material made of EN-42 steel to be tested at two different
soil moisture levels (Singh et al., 2021). Boydas (2023) investigated the effect of
different ploughshares geometries on the pulling force of the machine in defining
the soil-machine relationship using computer simulation (Boydas, 2023).

As can be seen from the literature review, many types of materials are used, and
different surface treatments are applied in the production of the ploughshares.
Determining the right material and surface treatment is an exceedingly difficult
decision problem. It is of significant importance to know which criteria should
be considered and the relative importance of the criteria while choosing the plo-
ughshares material. In the literature, there is no study on which criteria should be
considered in the material selection for the ploughshares. In addition, there was
no study using MCDM methods in the selection of ploughshares material. In this
study, first, the criteria that are important in the selection of the ploughshare’s
material were determined by considering the expert opinion and the litera-
ture, and the order of importance of the criteria was determined by the Inter-
val Shannon Entropy method. Then, 33MnCrB5(1.7185), 60SiMn5(SAE9262),
51CrV4(1.8159),41CrMo4 (1.7225QT-4140) steels, which can be used as plough-
shares material, were taken as material alternatives and a preference order was
made. Since expert opinion was taken while evaluating the criteria and most of
the alternatives contain interval data, fuzzy numbers were used to solve the prob-
lem. “The Fuzzy Technique for Order Preference by Similarity to Ideal Solution”
(FTOPSIS) technique was used to determine the order of preference of plough-
shares materials. Sensitivity analyses were performed at a =0.1,0.5 and 0.9 levels.

Determining the correct material and surface treatment is a difficult decision
problem. No study has been found that evaluates more than one material toget-
her in terms of multiple material properties and mechanical behaviors. In the
study, it was investigated which criterion was how important among the criteria,
taking into account the cost criteria, as well as other criteria, in the selection of
plow tip material. In addition, evaluating many materials at the same time and
selecting the most suitable plow tip material is the contribution of this study
to the literature. Multi-criteria decision-making methods have been successfully
applied to material selection problems in the literature. To measure the sensiti-
vity of the results obtained, calculations were made at three alpha cut-off levels,
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a=0.1,0.5,and 0.9.

In the next parts of the study, the criteria, and alternatives for the selection of plo-
ughshares material are defined, then the steps of the methods used for material
selection are explained and the analysis results are discussed, and the conclusion
part is concluded.

2. Determination of Criteria and Alternatives For Material Selection of The
Ploughshares

Tillage is the process of physically improving the soil to make it suitable for gro-
wing plants (Singh et al., 2020). Parts that contact the soil during processing are
subject to strong abrasive wear (Kalacska et al., 2020). Wear tillage tools is a
very important problem for farmers all over the world. At this point, the end iron
comes to the forefront as the element that meets these effects in the first degree.
The ploughshares, which are subject to severe wear, are also at risk of breakage.
If the ploughshares are short life, it will waste precious time in the crop sea-
son, as well as the cost of replacing the ploughshares. To extend the service life
of the ploughshares as much as possible, the factors affecting the ploughshare's
damage should be taken into account in the selection of the ploughshare’s mate-
rial. It takes place in a wide range such as “These factors are material properti-
es (hardness, toughness, and microstructure), soil type (particle hardness, size,
angularity, and compaction) with also the operational (velocity, working depth)
and environmental (moisture, temperature) conditions” (Kalacska et al., 2020).
Within the scope of the study, the criteria given in Table 1 were determined for
the selection of ploughshares material based on the literature studies and the
expert opinion of the plough-producing company. The solution was made by ac-
cepting the variables as constant except for the criteria discussed.

Table 1. Ploughshares material selection criteria

Criteria Definition

“Hardness is the ability to withstand surface
C. Hardness (HB) indentation (localized plastic deformation)
and scratching”!

“Toughness is the ability of a material to ab-
sorb energy and plastically deform without
fracturing”?

Toughness (Notch
2 impact strength) U)

“Wear is mechanically induced surface dam-
age that results in the progressive removal of
material due to relative motion between that
surface and a contacting substance or sub-
stances”?

Wear percentage (loss
3 at %)
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“Strength of a material is its ability to
C, Tensile strength (Mpa) withstand this applied load without failure or
plastic deformation”*

. “The heat transfer characteristics of a solid
Thermal conductivity

C material are measured by a property called
5 -
(W/m-K) the thermal conductivity”®
C Cost of material ($/ Material cost
6 tonne)

L https://material-properties.org/what-is-hardness-of-low-alloy-steel-41xx-steel-chromoly-
steel-definition/

2 https://material-properties.org/what-is-toughness-definition/

3 https://material-properties.org/what-is-wear-types-classification-and-differences-
definition/

*  https://material-properties.org/strength-of-materials-tensile-yield /

> https://www.thermal-engineering.org/what-is-thermal-conductivity-definition/

Higher hardness, higher toughness, higher tensile stress, higher abrasion resis-
tance (Singh et al,, 2020), and higher thermal conductivity ( in order not to incre-
ase the local temperature excessively in harsh conditions), are important criteria
that the ploughshares are exposed to.

Ploughshares are exposed to impact loads that can reach extremely high values
from time to time, as well as abrasion during operation. Although extremely hard
materials show high resistance to abrasion, they may not be sufficiently resistant
to impacts. While high-hardness material is needed against abrasion, high tough-
ness is required against impacts (Glirsel and Koftecioglu, 2006). This inverse re-
lationship between the hardness and impact strength of the ploughshares comp-
licates the selection of the ploughshares material. 1991 date DIN 11100 standard
leaves the choice of material to the manufacturer (Giirsel and Koftecioglu, 2006).

To meet the forces and keep the shear stress and wear as small as possible, the
ploughshares are manufactured from a special material (Giirsel and Koftecioglu,
2006). Hardness, toughness, abrasion resistance, tensile stress, etc. of the materi-
al. features are strongly related to each other. In this study, four strong candidate
materials, which are widely used, were selected from a wide material universe
that can be used in soil cultivation. The chemical properties of four selected can-
didate steels are given in Table 2.

In Table 3,the mechanical properties and cost per ton values of 33MnCrB5(1.7185),
60SiMn5(SAE9262), 51CrV4(1.8159), 41CrMo4 (1.7225QT-4140) steels, which
were taken into consideration as the selection criteria, are given as candidate ma-

183



Miithendis ve Makina / Engineer and Machinery 65, 714, 177-197, 2024

Table 2. Chemical contents of candidate ploughshares steel (%)

. Manga-
Material Carbon  Chromi- nese, Phospho- Silicon, SiSUlfur' Others
(9] um, (Cr) rus, P S
Mn
33MnCrB5 Bor (B) 0.0008-
0.3-0.36 0.3-0.6 1.2-1.5 <0.025 <0.4 <0.035
(1.7185)* 0.005

60SiMn5 <0.55-

(SAE9262)? 0.65 0.25-0.4 <0.75-1 <0.04 <1.8-2.2 <0.04 -

51CrV4 Max  Vanadyum (V)

(1.8159)? 0.47-0.5 0.90-1.2 0.7-1.1 max 0.025 max 0.40 0.025 0.1-0.25
Molybdenum,

41CrMo4 (Mo), 0.15-0.25

(1.7225QT- 0.38-0.430.8-1.1 0.75-1.0<0.035 0.15-0.30 <0.040

4140)* Iron,(Fe), 96.785-
97.77

1 33MnCrB5-2, 1.7185, 27MnCrB5-2, 1.7182 - boron steel (virgamet.com)

2 SAE 9262 steel plate, SAE 9262 sheet, SAE 9262 coil - Carbon steel - (steelss.com)

3 33MnCrB5-2,1.7185, 27MnCrB5-2, 1.7182 - boron steel (virgamet.com)

4

AISI 4140 Steel, oil quenched, 25 mm (1 in.) round [845°C (1550°F) quench, 540°C (1000°F) temper]
(matweb.com)

Table 3. Decision matrix of the ploughshare’s materials in terms of criteria

Abrasion Tensile Thermal a.-
Hardness Toughness . . terial
percentage strength conductivi-
(HE) 0 (loss in %) (Mpa) ty (W/m-K) <t &/
tonne)
33MnCrB5
e 450-560' 50! 0.9692 1050-1300°  40-45¢ 580°
(1.7185)
60SiMn5
e 300-400° 267 0.883 11587 323-44.2°  850°
(SAE9262)
51CrV4 (1.8159) 360-490% 30! 0.9852 1200-1800'° 40-45'? 80013
41CrMo4 800-
311 422 0.9052 1075 33-42.6 90015
(1.7225QT-4140)

! ”33MnCrB5-2,1.7185, 27MnCrB5-2, 1.7182 - boron steel (virgamet.com)”

2 (Acar, 2019)

3 33MnCrB5-2 / 1.7185 - SteelNumber - Chemical composition, equivalent, properties

+  Ovako 33MnCrB5-2 (EN10083-3:2006) Steel (matweb.com)

5 Sup9 60si2mn 51crv4 28mnb5 33mncrb5 Yassi Cubuklar Levha Celik -

6 60 SiMn5 Celik Ozellikleri, 10.908 Gelik Ozellikleri | Uslular (uslularhadde.com)

7 SAE 9262 steel plate, SAE 9262 sheet, SAE 9262 coil - Carbon steel - (steelss.com)

8 SAE 9262 Steel, Datasheet, Properties, Cross-Reference Table, Suppliers (steel-grades.com)

¢ 60simn5 Bahar Celik Alasimhi Celik Soguk Haddelenmis Celik - Buy Strip Steel Steel Coil Steel Sheet Spring Steel Alloy
Steel,60simn5,High Carbon Steel Tool Steel Cold Rolled Alloy Steel Product on Alibaba.com

1 51CrV4 1.8159 Alloy Spring Steel Strip (fushunsteel.com)

Material (basedosteel.com)

2 Ovako 51CrV4 SB9292 Steel, Tempering (matweb.com)

¥ https://www.alibaba.com/product-detail /42CrMo4-EN-1-7225-42CrMo-Hot_1600753090106.html?spm=a2700.

galleryofferlist.p_offer.d_title.46c97006mFenQ0&s=p
1 AISI 4140 Steel, oil quenched, 25 mm (1 in.) round [845°C (1550°F) quench, 540°C (1000°F) temper] (matweb.com)
15 42CrMo4/4140/1.7225 - qilusteelstock.com (gilu-steelstock.com)
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terials for the manufacture of ploughshares. This table also generates the values
of the decision matrix for the FTOPSIS method.

3. Methodology

Decision-making is the determination of the option or options that can give the
most appropriate result by evaluating all aspects of one or a series of problems
that need to be finalized at each management level (Toksar1 and Toksari, 2011). It
is a difficult problem to solve because it requires the evaluation of more than one
alternative under more than one criterion. In decision problems, it is important
to assign and weight the criteria correctly. In criterion weighting, the relative im-
portance of the criteria is determined by matching the criteria with a value. In a
decision problem, the weight vector w=[w, w,,...,w,]

witw tetwa =1 w20, G=12..,1) 1)

shows as (Roszkowska, 2013). On the other hand, since linguistic expressions are
generally used in the evaluation of criteria and alternatives, its solution becomes
difficult. Many real-life problems involve imprecise data, which are sometimes
inaccurate, sometimes intermittent, and sometimes fuzzy data (Lotfi and Fallah-
nejad, 2010). The differences in perception in the way people think, their subjec-
tive behaviors, and uncertainties in their goals can be explained by the concept
of blur. Fuzzy logic is a type of logic used when the membership degrees of the
object classes encountered in real life cannot be fully defined and the binary lo-
gic system is insufficient to explain these thoughts (Zadeh, 1965). A fuzzy set is
characterized by a membership function, with each element denoted by mem-
bership degrees from 0 to 1. The sign denoting blur is indicated by the symbol
“~”(Yal¢in Se¢cme and Ozdemir, 2010). In a fuzzy set, the fuzzy set is expressed as
follows to show the first element member and the second element membership
degree (Zimmermann, 2001),

A = pa(e)/xy + pa(e)/x; + -+ ua(e) /x; (2)

Fuzzy sets are defined by membership functions, so there are as many types of
fuzzy numbers as there are membership functions. (Baykal and Beyan, 2004). In
this study, the triangular membership function was used. Generally, the triangular
fuzzy number 4 is the number with the starting point /, the ending point u, and
the vertex m and is shown as [[, m, u] (Zadeh, 1965);

x—1
— [<x<m
pa(x) =qu—Xx

, m<x<u
u—m

0, x>uorx<l
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The fuzzy number values given in Table 4 were considered to determine the cri-
terion weights.

Table 4. Linguistic expressions and triangle fuzzy number value (Ayag & Ozdemir,
2006)

Intensity of  Fuzzy Triangular  Fuzzy Triangular

Importance number Definition fuzzy scale number fuzzy scale
1 1 importgg;l;[l)ll?;ferred (1,1,2) - G'%'%
’ 5 mpormtpretered 238 3T G35
> 5 impsot:ar;gtl;,pr:eofired (4,5,6) 57 (% ’ % ’ %)
’ 7 mponantpretored 679 7 G
9 9 imf)ﬁii?f/l I}JIrr:f(:ried (8,9,10) 9 (% ’ é ’ %)

Interval Shannon's entropy based on a-level sets was used to determine the crite-
rion weights. Shannon's entropy method was developed by Lotfi and Fallahnejad
(2010) and allowed to perform operations by converting triangular fuzzy num-
bers to interval data. The solution algorithm of Shannon's fuzzy entropy based on
a-level sets is given below (Lotfi and Fallahnejad, 2010).

3.1 Interval Shannon Entropy Method

Step 1: The pairwise comparison matrix (D) of the criteria consisting of triangu-
lar fuzzy numbers is transformed into the matrix A with the interval given, using
equations 5 and 6 according to the a cut levels (usually taken as o =0.1;0.5;0.9).

ill flz e fln
X1 Xmz o X
®h = l+ax(m—D,E)DE = utaxm—uw (5)

[®DE @HE] = [Tglljn {xij € R|ug,; (x;) 2 “}’"}ng {xij € R|#fij(xij) = 0‘}] 0<sas1 (6)
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[ et xfy]  [xiz, 5] B P
| x21,x21] x22,x§2] [xé“n» x§n] | (7)
l[xmlv xml] [meJ x#lZ] [ernnt xr[fm]J

Step 2: The obtained values are normalized with equations 8 and 9.

XL

Pl = m” = i=12,...,m and j=12,..,n (8)
j=1%ij
xR
R __ 5] . .
Pij = S —R i=12,...,m and j=12,..,n 9
j=1%ij

Step 3: The entropy values of the lower and upper bound range are calculated
with equations 10 and 11.

m m
e} = min {—eo Z pi;lnpl;, — e Z pf}-lnpfj,} j=12,..,n (10)
i=1 i=1
m m
ek = max {—eo Z piilnpl, — e Z pf}lnpf},} j=12,..,n (11
i=1 i=1

In these equations,

eo = (Inm)™* , and pf;lnpf; or pfinpf is defined as 0 if p; =0 or pf = 0.

Step 4: Set the lower and the upper bound of the interval of diversification is
calculated by equations 12 and 13.

db =1-ef j=12,..,n (12)

(13)
dR =1-ef j=12,..,n
Step 5: The lower bound and upper bound of interval weight is calculated by

equations 14 and 15. The result is obtained by taking the arithmetic average of
these values.
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dr
Wl =5 LdL j=12,..,n (14)
s=1"s
dR
Wi = j=12.m (15)
s=1"s

After the criteria were weighed, the FTOPSIS method was used to weight the al-
ternatives. The steps of this method are given below,

3.2. The FTOPSIS method

TOPSIS is one of the most commonly used methods in multi-objective decision
problems (Wang and Elhag, 2006). FTOPSIS steps can be followed as (Rathod
and Kanzaria, 2011; Chen-Tung Chen, 2000);

Step 1: First, criterion weights (i) are determined (determined by the Interval
Shannon’s Entropy method).

Step 2: The decision matrix ¢, which consists of all alternatives and criteria, is
expressed as:

C, Cy . Gy

B Ay X1 Xy v Xip (16)
C= A, X127 Xon oo Xop
Am fml fm2 fmn

~ ~ ~ 17
w = [wl, ey W, ...,Wn,] (17)

Here, 4,i=1,2,..,m shows the alternatives to be selected and (;j=1,2,..,n shows
the criteria. Triangle fuzzy numbers are denoted as %;; = (I;;, m;;,u;;) and

Wj = (Wj1, Wj2, Wj3)

Step 3: The fuzzy decision matrix C, is normalized. The normalized decision mat-
rix is denoted by R and is expressed as:

R =[], (18)

Elements B and C, are benefit and cost criteria,
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~ li' mij Ui .
m=(255), Jes (19)
J J
fu=<£i£) JEC; (20)
ij ij Lij
(21)
JEB ise ¢ =max;u
(22)

jE€C ise a; =min;a;

Step 4: Equations 23 and 24 are used to construct the weighted normalized fuzzy
decision matrix.

V=[oy] ., i=12,.,m j=12,.,n (23)
Uiy =71 @ W (24)

Step 5: “Determine positive ideal (V*) and negative ideal solutions (V°). The fuzzy
ideal (best) and fuzzy negative ideal (worst) solutions can be expressed as”:

vt ={Er=v,/j€)), (Ermv;/j€])/i=12,..,.m} = (B, 05, 9%, .., o7} (25)
v ={Er o,/ e)), (B vy /i €])/i = 1.2, ..., m} = {#7, 95,75, .., T} (26)

Step 6: “Calculate separation measures. The separation (distance) of each alter-
native from V* and V- can be currently calculated as”

n

st = Z d(5,;,57) i=12,.m (27)
=1
n

sy = Z d(ﬁij,f;j‘) i=12,..m (28)
=1

Step 7: “Calculate the relative closeness to the ideal solution as described before”,

S
Ri=——— i=12.. (29)
(Tsrys; ! m
Step 8: Rank reference order. Choose an alternative with maximum R; or rank
alternatives according to R; in descending order.

189



Miithendis ve Makina / Engineer and Machinery 65, 714, 177-197, 2024

4., Results and Discussion

In the study, four candidate materials, which were determined to be used in the
production of ploughshares, were selected under six criteria. To determine the
criterion weights, the opinions of 6 expert engineers, each with ten to thirty ye-
ars of design and manufacturing experience, were taken in a large enterprise
class agricultural machinery manufacturing enterprise operating in the agricul-
tural machinery manufacturing sector. In Table 5, the pairwise comparison mat-
rix of the expert opinions on the criteria is given.

Table 5. Pairwise comparison matrix of end iron material selection criteria accor-
ding to expert opinions

C C C C

1 2 3 6

C, [1.000,1.000,1.000]

[1.333, 1.667, 2.667]

[0.122,0.141, 0.167]

[3.333, 4.333, 5.333]

C, [0.417,0.778,0.833] [1.000,1.000,1.000] [1.431,1.781,2.139] [5.333,6.333, 7.333]
C, [6.667,7.667,8.667] [3.389,4.067,4.750] [1.000,1.000,1.000] [5.333, 6333, 7.333]
C, [0.256,0.437,0.792] [0.256,0.437,0.458] [0.122,0.141,0.167] [3.417,4.111, 4.833]
C, [0.778,1.133,1.500] [1.084,1.400,1.750] [0.306,0.511,0.538] [4.000, 5.000, 6.000]
C, [0.195,0.244,0.333] [0.139,0.162,0.195] [0.139,0.162,0.195] [1.000,1.000,1.000]

The data in Table 5 was converted to interval data using equations 5 and 6. Then,
using equations 7, 8,9, 10, 11, 12, and 13, the values in Table 6 were obtained for
o =0.1, « =0.5 and a =0.9 levels.

Table 6. The values [ei’“, eiR], [diL, le]

a=0.1 a=0.5 a=0.9

lef ef] [di, df] lef ] [df, df] lef €] [df, a7
Ci1  [0.544,0.643] [0.357,0.456] [0.579,0,632] [0.368,0.421] [0.609, 0.619] [0.381,0.391]
C2 [0.692,0.798] [0.202,0.308]  [0.744,0.801] [0.199, 0.256] [0.791, 0.802] [0.198, 0.209]
Cs [0.692,0.798] [0.244,0.314] [0.723,0.758] [0.242,0.277] [0.753,0.759] [0.241, 0.247]
Cs+ [0.782,0.881] [0.119,0.218] [0.827,0.881] [0.119,0.173] [0.870, 0.881] [0.119,0.130]
Cs [0.759,0.889] [0.111,0.241] [0.820,0.891] [0.109, 0.180] [0.880, 0.894] [0.106, 0.120]
Ce [0.820,0.941] [0.059,0.180] [0.877,0.942] [0.058,0.123] [0.931, 0.944] [0.056, 0.069]

By using Equations 14 and 15, interval values were found, and criteria weights
were determined for all three alpha levels by taking the arithmetic average. The
results are given in Table 7.
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Table 7. The interval and crisp weight of the criteria

a=0.1 a=0.5 a=0.9
[wi,wi] wi [wwi] wi [wi,wi] wi
Hardness (HB) [0.327,0.266]  0.296 [1] [0.336,0.294] 0.315[1] [0.346,0.336] 0,341 [1]
Toughness (J) [0.185,0.179]  0.182[3] [0.182,0.179] 0.181[3] [0.180,0.179] 0,179 [3]

Wear percentage (loss at %) [0.223,0.183]  0.203[2] [0.221,0.194] 0.208[2] [0.219,0.212] 0,215 [2]
Tensile strength (Mpa) [0.109,0.127]  0.118[5] [0.109,0.121] 0.115[4] [0.108,0.111] 0,110 [4]
Thermal conductivity (W/m-K) [0.102,0.141]  0.121[4] [0.099,0.126] 0.112[5] [0.096,0.103] 0,100 [5]
Material cost($/tonne) [0.054,0.105]  0.079[6] [0.053,0.086] 0.069[6] [0.051,0.059] 0,055 [6]

Bracket [.] denotes the ranking order.

When Table 7 was evaluated, the ranking of the ploughshares material selection
criteria was similar for all alpha levels. Accordingly, the first-degree important
criterion in the selection of ploughshares material is the hardness of the mate-
rial. Following this, in order of importance, wear percentage, toughness, tensile
stress, thermal conductivity, and material cost took place. It is known that the
wear percentage of the ploughshares is primarily dependent on the hardness
of the ploughshare’s material. As the hardness increases in the martensite re-
gion, the wear shows a linear decrease (Glirsel and Koéftecioglu, 2006). The im-
portant thing in terms of ploughshares production is to choose an economically
priced material that can achieve as high a wear percentage as possible without
breaking. There is a strong relationship between Hardness Toughness, Abrasion
percentage, and tensile strength. As can be seen in Table 7, material hardness
has emerged as the first-degree important criterion. This is an expected result.
Abrasion percentage is the second most important criterion. Abrasion damage
in tillage is perhaps the most exposed damage mechanism. However, while this
is achieved, it is necessary not to fracture the material. In this context, it is a
reasonable result to take place the toughness criterion following the abrasion
percentage. Subsequently, tensile stress, thermal conductivity, and material cost
take place. Tensile strength is an important selection criterion that interacts with
the previous three criteria. Although thermal conductivity is important in terms
of ensuring that the local heat generated because of friction is removed from the
material and cooled, it is seen that it is less important than the other four criteria.
Finally, the cost of materials takes place, which shows that there is not much dif-
ference between material prices and that functionality is important before cost.

After the criterion weights were determined, the FTOPSIS method was used to
select the most suitable material among the options for the ploughshares. Inter-
val values in Table 3 were converted into triangular fuzzy numbers and included
in the analysis. The middle value of the triangular fuzzy number was obtained by
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taking the arithmetic average of the upper and lower values of the interval valu-
es. The decision matrix values used for the FTOPSIS analysis are given in Table 8.

Table 8. Ploughshares selection criteria and decision matrix for materials

Hardness Toughness “:;?;:gf:—- s{le':;iglteh Tlézll-::rl Mat. Cost
e
osins 0™ (2026260 O RIS ks 50,050
sierva - Po™ 03030 PG B 0,425,481 g0
T I e T R (- K R

The values in Table 9 were obtained by using the equations 19,20,21,22,23,24,25
and 26 in the FTOPSIS steps. While the criteria are included in the solution; hard-
ness, toughness, tensile strength, and thermal conductivity were evaluated as the
highest best, and the wear percentage and material cost were evaluated as the
lowest best.

Table 9. The comparison results for ploughshares materials

a=0.1 a=0.5 a=0.9

st si R; Rank s si R; Rank s sy R; Rank

33MnCrB5 0,066 1,141 0945 1 0,061 1,147 0950 1 0,053 1,155 0,956 1
60SiMn5 0,323 0,118 0,267 3 0,325 0,115 0,261 3 0,329 0,110 0,251 3
51CrV4 0,224 0,218 0,494 2 0,223 0,217 0,493 2 0,224 0,216 0490 2

41CrMo4 0,340 0,122 0,264 4 0,344 0,118 0,255 4 0,349 0,111 0,242 4

At a =0.1, a =0.5, and o =0.9 levels, the material order for the ploughshares
was the same. The order of preference of candidate materials to be used in
the ploughshares was determined as 33MnCrB5(1.7185), 51CrV4(1.8159),
60SiMn5(SAE9262), 41CrMo4 (1.7225QT-4140), respectively. Among these
materials, 33MnCrB5 is the type of material that is widely preferred in soil cul-
tivation with its high manganese content and alternatives such as 27MnCrB5,
30MnCrB5, and 38MnCrB5, 33MnCrB5 steel stands out in soil cultivation with
its high hardness and toughness value and low cost per ton. 51CrV4 steel, which
draws attention with its vanadium content, is used as spring steel and is a pre-
ferred spring steel in soil cultivation. With its high manganese and silicon con-
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tent, 60SiMn5 steel is widely used in the manufacture of machine parts such as
springs, circlips, and bolts, and is also used in the field of soil cultivation equip-
ment. 41CrMo4 is a material that gives a good surface appearance with its high
chromium content, finds a wide application area in the machinery manufactu-
ring sector, and responds well to heat treatment with high availability. Although
it is not common, it also finds use in soil cultivation.

5. Conclusion

The selection of ploughshares material, which is exposed to abrasion and
working under impact loads in soil cultivation, was made using MCDM met-
hods. First, criteria were determined according to the literature and expert
opinion. Then, the data obtained from the expert opinion were converted
into fuzzy numbers and the order of importance of the criteria was determi-
ned with the Interval Shannons' Entropy method. According to this, the order
of the ploughshare’s material selection criteria, respectively; hardness, wear
percentage, toughness, tensile strength, thermal conductivity, and materi-
al cost. 33MnCrB5(1.7185), 60SiMn5(SAE9262), 51CrV4(1.8159), 41CrMo4
(1.7225QT-4140) steels are considered as ploughshares material options.
Analysis was performed with the FTOPSIS method. It has been determined that
33MnCrB5(1.7185) should be preferred as the ploughshare’s material first,
and then 51CrV4(1.8159), 60SiMn5(SAE9262), 41CrMo4 (1.7225QT-4140)
should be preferred, respectively. In future studies, a similar methodology can
be used for material selection.

In the study, the material selection problem was created to select the plow tip
iron. Multi-Criteria Decision Making Methods are successfully applied in material
selection problems in the literature, so the most appropriate material selection
was made using this method for plow tip iron selection. Since there is no study
in the literature on plow tip material selection using the Fuzzy MCDM method,
this study attempted to contribute to the literature. One of the limitations of this
study is that not all the criteria and alternatives required for material selection
can be obtained. Additionally, material selection with the MCDM method can be
used as an introductory study in terms of investment planning.

As a result of the sensitivity analysis, the material selection order was the same.
In future studies, studies can be conducted by consulting experts in different fi-
elds, using different criteria and materials, and using different FMCDM methods.
In addition, in experimental studies, studies can be carried out starting from
MCDM methods to determine which feature is more important in finding the
most suitable material in material selection.
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