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PREFACE

This book presents a collection of studies focusing on
advanced engineering applications in manufacturing, measurement,
and energy systems, with a particular emphasis on automotive and
material technologies. The first chapter, "Analysis of the Impact of
Infill Rate and Sample Thickness on the Tensile Strength of 3D
Printed PETG Specimens," explores how design parameters
influence the mechanical performance of polymer-based
components manufactured using additive technologies. It offers
valuable insights for optimizing 3D printing processes in both
prototyping and functional part production. The second chapter,
"The Importance of Measurement Systems Analysis in the
Automotive Industry and Its Impact on Cost," addresses a critical
quality assurance topic. It underlines how precise and reliable
measurement systems directly affect production efficiency, cost
control, and product compliance in one of the most competitive
industrial sectors. The third chapter, "Heat Energy Recovery for
BEV Cabin Air Conditioning System," tackles the pressing issue of
energy management in battery electric vehicles. By proposing
solutions for recovering and reusing heat energy, this study
contributes to improving cabin comfort while extending vehicle
range an essential factor for the future of sustainable mobility. As
editors, we have reviewed, updated, and curated these chapters to be
accessible in digital form, ensuring that they meet current academic
standards and can reach a wider audience. We hope this compilation
supports ongoing research, encourages innovation, and serves as a
valuable resource for students, engineers, and researchers.

Editor

Assoc. Prof. Dr. HASAN KOTEN
ISTANBUL MEDENIYET UNiIVERSITESI
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CHAPTERO

OTOMOTIV SEKTORUNDE OLCUM
SISTEMLERI ANALIZININ ONEMIi VE
MALIYETE ETKIiSi!

EMRE BiRiKTIR?
NEVIN OZER?

1. Giris

Kiiresel rekabetin yogunlastig1 giiniimiizde, otomotiv sektorii
yiiksek kalite standardi, diisiik maliyet ve zamaninda teslimat gibi
beklentilerle kars1 karsiyadir. Bu beklentilere karsilik verebilmek,
yalnizca iiretim siireglerinin degil, ayn1 zamanda bu siiregleri kontrol
eden Olciim sistemlerinin de giivenilir olmasma baglidir. Uriin
kalitesini dogrudan etkileyen Ol¢iim sonuglarinin giivenilirligi,
iiretim kararlarinin dogrulugu acisindan kritik bir rol oynamaktadir.
Bu baglamda, ol¢iim sistemleri analizi (MSA — Measurement
Systems Analysis), bir organizasyonun Ol¢lim altyapisinin

! Bu ¢alisma Diizce Universitesi Lisansiistii Egitim Enstitiisii Toplam Kalite
Yonetimi ABD” yiiriitiilen “Otomotiv Sektoriinde Olgiim Sistemleri Analizinin
Onemi” isimli yayinlanmamus yiiksek lisans tezinden tiiretilmistir.

2 Yiiksek Lisans Ogrencisi, Diizce Universitesi, Toplam Kalite Yonetimi, 0009-
0007-2119-7032

3 Dog. Dr., Diizce Universitesi, Isletme Fakiiltesi, 0000-0002-1736-4199
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performansini degerlendirmek ve giivenilirligini saglamak amaciyla
kullanilan sistematik bir yaklagimdir (AIAG, 2010).

Olgiim sisteminde olusabilecek hatalar, hatali iiretime, kalite
kayiplarina ve dolayisiyla maliyet artisina yol agmaktadir. Ozellikle
otomotiv sektorli gibi hata toleransinin diisiik oldugu alanlarda,
Olclim sisteminin varyasyonu iiretim siireci kadar dikkatle analiz
edilmelidi. =~ MSA  uygulamalar1 ile Olglim  sisteminin
tekrarlanabilirlik ve yeniden iiretilebilirlik oranlar1 belirlenerek,
sistemin istatistiksel yeterliligi kontrol altina alinabilir. Bu da hem
miisteri memnuniyetini artirmakta hem de yeniden islem, hurda ve

garanti masraflar1 gibi maliyet unsurlarin1 diistirmektedir (AIAG,
2010).

Otomotiv sektoriinde uygulanan kalite yonetim sistemlerinin
(6rnegin TATF 16949) MSA’y1 zorunlu kilmasi da, bu konunun
sektordeki stratejik Onemini artirmaktadir. Dogru ve giivenilir 6l¢lim
sistemi olmayan firmalarin, {irlin kalitesi iizerinde siirdiiriilebilir
kontrol saglamasi neredeyse imkansizdir. Bu c¢alisma, Olglim
sistemleri analizinin 6nemini ortaya koymaktir.

2. Ol¢iim Sistemleri Analizi (MSA) Tanimi ve Tarihcesi

Olgiim Sistemleri Analizi (Measurement Systems Analysis -
MSA), bir iiretim veya hizmet siirecinde kullanilan 6lgiim
sistemlerinin ~ dogrulugunu, tutarliigm1  ve  giivenilirligini
degerlendiren istatistiksel bir yontemdir. MSA, 6l¢iim sisteminden
kaynaklanan degiskenlikleri ortaya g¢ikararak, dl¢iim sonuglarinin
giivenilirligini artirmay1 amaclar (Tiirk, 2019). Kalite yonetiminde
kritik bir unsur olan MSA, iiriin kalitesinin garanti altina alinmasinda
temel rol oynar ¢iinkii hatal1 veya belirsiz Ol¢limler, hatali kararlar
verilmesine ve dolayistyla maliyetlerin artmasina neden olabilir.

MSA kavrami, 20. yiizyilin ikinci yarisinda istatistiksel kalite
kontrol tekniklerinin gelismesiyle beraber ©6nem kazanmistir.
Ozellikle 1980°1i yillardan itibaren otomotiv sektorii basta olmak
iizere ylksek standart gerektiren endiistrilerde MSA’nin sistematik
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uygulanmasi yayginlasmistir. AIAG (Automotive Industry Action
Group) tarafindan yaymlanan MSA Referans Kilavuzu, bu alanda
uluslararas1 kabul goren standartlar1 ve yontemleri belirlemistir
(AIAG, 2010).

2.1. Temel Kavramlar

MSA, 6l¢iim sisteminin performansini analiz etmek i¢in bir dizi
temel kavrami igerir. Bu kavramlarin anlagilmasi, Olglim
sistemlerinin etkinligini degerlendirmek i¢in kritik dneme sahiptir:

e Tekrarlanabilirlik (Repeatability): Ayni1 operatoriin, ayni
ekipmanla, ayni parca lizerinde kisa zaman araliklartyla
yaptig1 tekrar Ol¢limler arasindaki varyasyondur. Bu, 6l¢iim
cihazinin kendi i¢indeki tutarliligini ifade eder.

e Yeniden Uretilebilirlik  (Reproducibility):  Farkli
operatdrlerin, ayn1 6l¢iim ekipmani ve ayni pargalar tizerinde
gerceklestirdikleri  Olglimler arasindaki  farkliliklardir.
Operatorler arasindaki varyasyonlari ortaya koyar.

e Dogruluk (Accuracy): Olgiilen degerlerin gercek veya
kabul edilen standart degerle ne kadar yakin oldugunun
gostergesidir.

« Onyarg (Bias): Olgiim sisteminin sistematik olarak gercek
degerden sapma miktaridir.

e Lineerlik (Linearity): Olgiim cihazinin farkli 6lgiim
araliklarinda dogrulugunu koruyup korumadigidir.

« Stabilite (Stability): Olgiim sisteminin zaman iginde
tutarliligini ve performansinin sabit kalmasini ifade eder.

Bu kavramlar, birlikte, Ol¢iim sisteminin kalitesini biitlinsel
olarak degerlendirmeye olanak tanimaktadir (Montgomery, 2020).

2.2. MSA Tiirleri

MSA kapsaminda farkli analiz yontemleri kullanilarak 6l¢iim
sistemindeki hata kaynaklar1 detaylandirilir. En yaygin kullanilan
MSA tiirleri sunlardir:



« GRR (Gage Repeatability and Reproducibility): Ol¢iim
sistemindeki toplam varyasyonun, operator ve cihaz kaynakli
olan kismini belirler. Tekrarlanabilirlik ve yeniden
iiretilebilirlik varyasyonlarmin birlesimidir. GRR analizi,
Ol¢lim sisteminin yeterliligini degerlendirmede standart
yontemdir.

e Bias Analizi: Olgiim cihazinin gergek degerden ne kadar
saptigini Olger. Bias, sistematik hata olup, cihaz kalibrasyonu
veya Ol¢iim prosediiriindeki hatalardan kaynaklanabilir.

e Lineerlik Analizi: Olgiim sisteminin farkli deger
araliklarinda ne kadar dogru Olglim yaptigi incelenir.
Lineerlik problemi, cihazin Ol¢lim araliinin  belirli
kisimlarinda hata yapmasina neden olabilir.

e Stabilite Analizi: Zaman i¢inde Olglim sisteminin
performansini izler. Olgiim sonuglarinim belirli bir zaman
diliminde ne kadar tutarli oldugunun analizidir.

Bu analiz tiirleri, otomotiv gibi yiiksek hassasiyet gerektiren
sektorlerde Ol¢lim sistemlerinin siirekli izlenmesi ve iyilestirilmesi
icin temel araglar olarak kabul edilir (AIAG, 2010; Montgomery,
2020).

3. Otomotiv Sektoriinde MSA
3.1. IATF 16949 GereKklilikleri

Otomotiv sektorii, yiiksek kalitede iiretim standartlar1 ve
giivenilirlik beklentileri nedeniyle kalite yonetim sistemlerine biiyiik
onem vermektedir. Bu baglamda, IATF 16949 standardi, otomotiv
iiretim ve ilgili hizmet parcalari organizasyonlari i¢in kalite yonetim
sistemlerinin gerekliliklerini belirleyen uluslararasi bir standarttir.
IATF 16949, {iriin kalitesinin siirdiiriilebilirligini saglamak amaciyla
Ol¢lim sistemlerinin analiz edilmesini ve kontrol edilmesini zorunlu
kilmaktadir. Standardin ilgili maddeleri, O6lgiim cihazlarinin
kalibrasyonu, ol¢lim dogrulugunun saglanmast ve Ol¢liim
sistemlerinin periyodik olarak degerlendirilmesini igermektedir
(IATF, 2016).



Bu gereklilikler dogrultusunda, otomotiv {ireticileri ve
tedarikgileri, tiretim siire¢lerinde kullanilan tiim 6l¢iim sistemlerini
diizenli olarak MSA ile degerlendirmektedirler. MSA, bu standart
kapsaminda, Ol¢lim sisteminden kaynaklanabilecek hatalarin
onceden tespit edilmesi ve minimize edilmesi i¢in kritik bir kontrol
mekanizmasidir. Standart, ayrica 6l¢iim sistemleriyle ilgili olarak

kayit tutulmasini ve performans trendlerinin izlenmesini de zorunlu
kilar.

Otomotiv sektoriinde MSA uygulamalari, hem parca
iretiminde hem de montaj siireglerinde yaygin olarak goriliir.
Ornegin, motor parcalarinin ¢ap, uzunluk ve yiizey piiriizliiliigii gibi
kritik Slgtimlerinde, 6l¢iim cihazlarinin dogrulugu dogrudan {iriin
kalitesini etkiler. Bir otomotiv firmasi, kritik boyutlarin 6l¢iimii i¢in
kullanilan Olgiim cihazlarinda diizenli olarak GRR analizleri
yaparak, cihaz performansini ve operator varyasyonunu izler.

Bir diger ornek, otomotiv fren sistemlerinde kullanilan
hidrolik ~ basingdlgerlerin  performansinin  siirekli  olarak
degerlendirilmesidir. Burada yapilan MSA sayesinde o6l¢iim
cihazlarinin sapmalar1 erken tespit edilerek, glivenligin riske girmesi
onlenir.

Otomotiv endiistrisinde, MSA sadece lretim degil, ayni
zamanda tedarik zincirindeki tedarikgi kalite kontrol siireclerinde de
sik1 bir sekilde uygulanmaktadir. Tedarikgiler, kalite sistemlerinin
bir pargasi olarak MSA raporlarini periyodik olarak OEM’lere
sunmak zorundadir.

3.2. Hata Tiirleri ve Riskler

Otomotiv sektdriinde dl¢iim sistemlerinden kaynaklanan hatalar,
iiretim kalitesi ve maliyet {izerinde ciddi etkilere sahiptir. Bu hatalar
genel olarak iki ana grupta incelenir:

« Sistematik Hatalar: Ol¢iim cihazinin kalibrasyon eksikligi,
yanlis kalibrasyon veya c¢evresel kosullar nedeniyle
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Olgtimlerde tutarli bir sapma meydana gelmesi durumudur.
Bu tiir hatalar genellikle bias ve lineerlik problemleri olarak
karsimiza ¢ikar.

o Rastgele Hatalar: Olciim tekrarlanabilirligi ve operatdrler
aras1  farklilhiklardan  kaynaklanan  degiskenliklerdir.
Tekrarlanabilirlik ve yeniden tiretilebilirlik varyasyonlar1 bu
gruba dahildir.

Bu hatalarin fark edilmemesi durumunda, otomotiv iiretiminde
birkag risk ortaya cikar:

e Uriinlerin spesifikasyon dis1 kalmast,

e Hurda ve yeniden isleme maliyetlerinin artmasi,

e Miisteri sikayetlerinin yiikselmesi,

e Marka itibarinin zedelenmesi ve yasal risklerin olugmasi.

Ozellikle otomotiv sektoriiniin yiiksek giivenlik standartlari
gerektiren yapisi, Ol¢glim hatalarinin maliyet ve insan giivenligi
acisindan olusturdugu riskleri biiyiitiir. Bu nedenle MSA, olas1 hata
kaynaklarinin minimize edilmesi ve giivenilir 6l¢limlerin saglanmasi
icin vazgecilmez bir aragtir.

4. Isletmelerde MSA’nin Onemi

a) Kalite Giivence Stratejileri

Isletmeler, iiriin ve hizmet kalitesini garanti altina almak icin
kapsamli kalite giivence stratejileri gelistirir. Olgiim Sistemleri
Analizi (MSA), bu stratejilerin temel taslarindan biridir. MSA,
Ol¢tim sonuglarinin dogrulugunu ve tutarliligin1 dogrulayarak, kalite
giivence siirecinde belirsizligi ortadan kaldirir. Dogru ve giivenilir
Olciim olmadan kalite kontrol kararlar1 yanlis olabilir, bu da tiretim
hatalarina ve maliyet artislarina yol agar.
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b) i¢ ve Dis Miisteri Memnuniyeti

Hem i¢ miisteri (departmanlar, siirecler arasi) hem de dis
misteri (son kullanici, tedarik¢i) memnuniyeti, isletmelerin basarisi
icin kritiktir. MSA, {iriin kalitesini artirarak miisteri beklentilerinin
karsilanmasin1 saglar. Olgiim sistemlerinin giivenilirligi, kalite
sorunlarinin erken tespiti ve dnlenmesini miimkiin kilarak miisteri
memnuniyetini yiikseltir.

¢)Tedarik Zinciri Giivenilirligi

Otomotiv sektdriinde karmasik tedarik zinciri yapisi, tiim
siirecin kalitesinin saglanmasin1 zorunlu kilar. MSA, tedarikei
performansini izleyerek standart disi iiriinlerin erken tespitini saglar.
Boylece, tedarik zincirindeki hatalar minimuma indirilir, gecikmeler
ve ek maliyetler engellenir.

5. MSA Uygulama Siireci

a)Planlama ve Ekip Sec¢imi

MSA’nin basarisi, dogru planlama ve uygun ekip se¢imi ile
baslar. Analiz siirecinde, 6l¢iim cihazlari, operatorler, parcalar ve
test kosullar1 dikkate alinmalidir. Deneyimli kalite miihendisleri ve
Ol¢lim uzmanlariyla ekip olusturmak, analizin dogrulugunu artirir.

b)Veri Toplama ve Analiz Yontemleri

Veri toplama asamasi, 6l¢limlerin tekrarlanabilir ve yeniden
uretilebilir sekilde yapilmasim1 gerektirir. Toplanan veriler,
istatistiksel yontemlerle analiz edilir. GRR analizi basta olmak {lizere
bias, lineerlik ve stabilite analizleri uygulanir.

¢) Yazilim ve Donanim Araclari

Glinimiizde MSA  analizleri, istatistiksel yazilimlar
(Minitab, JMP vb.) ile desteklenmektedir. Bu yazilimlar, veri
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analizini  hizlandirir,  grafiksel sonuglarin  olusturulmasini
kolaylastirir. Olglim cihazlarinin kalibrasyonu ve veri toplama
otomasyonu da donanim ag¢isindan kritik 6neme sahiptir.

6. GRR Analizi ve Yorumu

GRR (Gage Repeatability and Reproducibility), Ol¢ciim
sistemindeki toplam degiskenligin operatér ve cihaz kaynakli
kismint belirler. Tekrarlayan Ol¢timlerle varyasyon analiz edilir.
Analiz sonuglar1 6l¢iim sisteminin kabul edilebilirligini belirlemek
icin kullanilir.

Genellikle GRR varyasyonu toplam varyasyonun %10’u
altinda ise sistem kabul edilir. %10-30 aras1 ise iyilestirme
gerekebilir, %30’un {izerinde ise sistem yetersizdir. Ornek
senaryolarla bu kriterlerin nasil uygulandigi gosterilir.

7. MSA’nmin Maliyete Etkisi

a)Hatali Olciimiin Dogrudan ve Dolayh Maliyetleri

Yanlis Olctimler, hatali {irlin liretimine, gereksiz yeniden
isleme ve hurdaya yol agar. Dogrudan maliyetler bu siireglerden
kaynaklanir. Dolayli maliyetler ise miisteri kaybi, itibar zedelenmesi
ve yasal cezalar kapsar.

b)Hurda, Yeniden Isleme ve Miisteri Sikayeti Maliyetleri

Kalitesiz triinlerin maliyeti sadece {iretim siirecini degil,
misteri hizmetleri ve garanti giderlerini de artirir. MSA ile 6lglim
hatalar1 6nlendiginde, bu maliyetlerde 6nemli azalma saglanir.

¢)Maliyet Avantaji Saglayan lyilestirme Ornekleri

Olgiim sistemlerinin iyilestirilmesi sonucunda elde edilen
maliyet tasarruflar1 vaka analizleriyle desteklenir.



8. Sonug¢ ve Oneriler

Otomotiv sektoriinde kalite yonetimi, miisteri memnuniyeti
ve iretim verimliligi acisindan biiyilk 6nem tasimaktadir. Bu
baglamda, Ol¢iim Sistemleri Analizi (MSA) uygulamalari, {iretim
stireclerinin  dogrulugunu ve giivenilirligini saglamak igin
vazgecilmez bir ara¢ haline gelmistir. Yapilan analizler, 6l¢iim
sistemlerindeki belirsizliklerin ve varyasyonlarin tespiti ile
iyilestirme alanlarinin  belirlenmesini miimkiin kilarak, {iriin
kalitesinin siirdiiriilebilirligine 6nemli katkilar sunmaktadir.
Ozellikle, MSA’nin otomotiv sektdriindeki uygulamalari, hem ig
kalite kontrol siire¢lerinde hem de tedarik zinciri yonetiminde kritik
bir rol oynar.

MSA sayesinde isletmeler, 6l¢iim cihazlarindan ve operatorlerden
kaynaklanan hatalari minimize ederek, yanlis 6l¢iim kaynakli iiriin
kusurlarinin 6niine geger. Bu durum, iiretim hatalarinin azalmasi,
hurda oranlarinin diismesi ve yeniden isleme maliyetlerinin azalmasi
anlamina gelir. Dolayisiyla, Ol¢lim sistemlerinin giivenilirligi,
iretim maliyetlerinin kontrol altinda tutulmasi ve miisteri
sikayetlerinin azaltilmasi agisindan dogrudan maliyet avantajlari
saglar.

Ote yandan, MSA uygulamalarinin basarili olabilmesi igin,
stireclerin titizlikle planlanmasi, dogru ekiplerin olusturulmasi,
glincel ve etkin yazilim-donanim araglarinin  kullanilmasi
gerekmektedir. Ayrica, periyodik egitimler ve siirekli iyilestirme
kiiltiriiniin ~ isletmelerde  yerlesmesi, Ol¢iim  sistemlerinin
performansinin siirdiirtilebilirligini saglar. Bu baglamda, otomotiv
firmalarinin MSA siireclerine stratejik yatirim yapmalar ve ilgili
tiim paydaslar siirece dahil etmeleri onerilmektedir.

Gelecekte yapilacak arastirmalarin, MSA’nmin  farkli
sektorlerdeki uygulama yontemlerini karsilastirmasi ve dijitallesme,
yapay zeka gibi teknolojilerin Ol¢lim sistemleri analizindeki
etkilerini incelemesi faydali olacaktir. Ayrica, MSA ile kalite
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yonetimi arasindaki iligkiyi derinlemesine inceleyen caligmalar,
sektore 6zgii yeni metodolojilerin gelistirilmesine katki saglayabilir.

Sonug olarak, otomotiv sektoriinde rekabet giiciinii artirmak
ve siirdiiriilebilir kaliteyi saglamak isteyen isletmeler igin MSA,
sadece bir zorunluluk degil, ayn1 zamanda stratejik bir avantajdir.
Kaliteyi 6lgmek ve yonetmek icin yapilan yatirimlar, uzun vadede
hem maliyetleri diisiirmekte hem de miisteri glivenini artirmaktadir.
Bu nedenle, MSA uygulamalarinin titizlikle yiiriitiilmesi ve siirekli
iyilestirilmesi, otomotiv sektoriinde basarili kalite yonetiminin temel
kosullarindan biri olarak kabul edilmelidir.
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CHAPTERO

Analysis of the Impact of Infill Rate and Sample Thickness on the Tensile
Strength of 3D Printed PETG Specimens
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INTRODUCTION

Manufacturing with a 3D printer: 3D printing, also known as additive manufacturing 1], has profoundly
altered the field of modern manufacturing. Unlike traditional techniques, which generally involve the
subtraction of material from a solid block, 3D printing fabricates objects incrementally, layer by layer,
based on digital designs.This innovative process offers exceptional flexibility, facilitating the creation of
intricate geometries and customized components across a wide range of industries. From aerospace and
automotive sectors to healthcare and consumer goods, 3D printing is fostering innovation, reducing
production time, and enabling rapid prototyping [2]. Despite challenges such as material limitations and
scalability, ongoing advancements continue to broaden the potential of manufacturing with 3D printers,
thereby shaping the future of production. Initially, three-dimensional printing was primarily employed for
recreational purposes and as a means for rapid prototyping and design. Nonetheless, the proliferation of
3D-printed samples has necessitated a heightened demand for high-quality specimens [3-7]. Ongoing
advancements in three-dimensional printing technology have led to notable enhancements in production
speed, quality, and reliability, thereby generating a demand for high-quality structural components [8-12].
Three-dimensional printing technology has fundamentally transformed the design, prototyping, and
production processes within the automotive industry. This technology offers cost-effective, expedited, and
more adaptable solutions compared to traditional manufacturing methods, thereby reducing both time and
expenses, particularly in prototype production [13]. Furthermore, the influence of three-dimensional
printers is expanding in domains such as personalized part production, lightweight structural element
design, and spare part manufacturing [14]. For instance, major automotive companies have significantly
reduced the product development cycle by employing this technology in the creation of functional
prototypes and even in the low-volume production of certain end-use parts [15]. Additionally, from a
sustainability perspective, the ability of 3D printing technology to minimize material waste and lower

energy consumption underscores its potential to reduce environmental impacts [16].

PETG Filament: PET, Polyethylene Terephthalate Glycol-modified (PETG), a semi-crystalline polymer,

ranks among the most extensively produced and utifiged thermoplastics globally. The development of a



glycol-modified PET (PETG) copolymer was undertaken to overcome the crystallization limitations
inherent in the PET polymer [17,18]. PETG filament is favored in 3D printing due to its versatility and
durability. By integrating the properties of Polyethylene Terephthalate (PET) with glycol, PETG exhibits
enhanced flexibility and impact resistance. This filament's transparency facilitates the production of clear
or translucent prints with optical clarity. Furthermore, PETG is renowned for its chemical resistance,
rendering it suitable for applications involving exposure to acids, alkalis, or solvents. Additionally, PETG
filaments are relatively straightforward to print, exhibiting lower shrinkage and reduced warping compared
to materials such as ABS. When manufactured from virgin resins, PETG is considered food-safe, making
it appropriate for printing items such as food containers and utensils. In summary, PETG filament is a
dependable option for a diverse array of 3D printing projects, offering a balance of strength, flexibility, and

ease of use [19-22].

Purpose: The aim of our experiment was to investigate the influence of infill density and thickness on the
tensile strength of polyethylene terephthalate glycol (PETG) material. To this end, we employed a 3D
printer to fabricate samples using PETG filaments with varying infill densities and thicknesses,
subsequently performing tensile tests on these samples. Through the analysis of the tensile test results, we
evaluated the influence of the material's infill density and thickness on its tensile strength. This research
was undertaken to advance our comprehension of the mechanical properties of PETG materials and to

determine optimized 3D printing parameters for prospective applications.

Material And Method
Material

The PETG filament utilized was a silver filament from the ABG brand. The mechanical properties of the
filaments are detailed in Table 1.

Table 1: specifications of the used filament

Tickness 1,75 mm +/- 0,01

Printing temperature 220-250 °C

Table temperature 60-100 °C
Method

Four distinct samples, characterized by two varying filling ratios and two different thicknesses, were
fabricated to assess the influence of these parameters on tensile strength. The Creality Ender 3s1 Plus 3D
printer was employed to produce these samples. For each sample type, three specimens were tested to
calculate the standard deviation. The production parameters of the test samples are comprehensively
outlined in Table 2, while Figure 1 illustrates the three-dimensional (3D) representation of the tensile test

sample.Table 3 presents the codes of the samples along with their respective varieties.
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Table 2: Production parameters of test samples

Printing temperature 235°C
Table temperature 85°C
Printing speed 100mm/sec
Filling rate 50%

100%
sample thickness 4 mm

6 mm

Figure 1: 3D Version of the tensile test sample

Table 3: Name of produced test samples

Sample Name Filling Ratio Sample Thickness
Sample 1 50% 4 mm
Sample 2 100% 4 mm
Sample 3 50% 6 mm
Sample 4 100% 6 mm

Results And Discusion
The densities of the samples produced are presented in Table 4. The measurement results

indicate a significant decrease in density as the filling ratio decreases for samples produced with
both thicknesses.

Table 4: Density of test samples

Sample Name Density

Sample 1 1,137 g/em?
Sample 2 0,967 g/cm?
Sample 3 1,163 g/em?
Sample 4 0,911 g/em?

--14--




The stress—strain curves of the test samples are presented in Figure 2. As illustrated in Figure 2,
while the filler ratio and sample thickness significantly influenced the strength, they did not
substantially affect the elongation at break. However, it was observed that thick samples did not

yield entirely reliable results due to being scraped off from the jaw.
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Figure 2: Stress-strain curves during tensile tests

Upon examination of Figure 3, which presents {he average tensile strength values, it is evident

that sample thickness exerts a more pronounced influence on tensile strength than the filling




ratio. Specifically, samples with a thickness of 4 mm exhibited higher tensile strength compared
to those with a thickness of 6 mm. Furthermore, analysis of the impact of the filling ratio on
tensile strength revealed a decrease in tensile strength as the filling ratio decreased for both
sample thicknesses. Although it is generally anticipated that the filling ratio would not
significantly affect strength, the observed phenomenon can be attributed to the detachment of
thicker samples from the jaws during testing. Consequently, the tensile strength of samples with

a thickness of 4 mm was markedly superior to that of samples with a thickness of 6 mm.

Notably, the examination of specific strength values, as depicted in Figure 4, revealed significant
findings. For samples fabricated with both thicknesses, the specific tensile strength was greater

in those produced at a 50% filling rate compared to those produced at a 100% filling rate.
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Figure 3: Tensile strength value of produced samples
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Conclusion

In this study, the influence of sample thickness and filling ratio on the tensile strength of samples
fabricated using PETG material was examined. It was found that sample thickness significantly
affected tensile strength, with samples measuring 4 mm in thickness exhibiting greater tensile
strength compared to those with a thickness of 6 mm. Upon evaluating the impact of the filling
ratio, it was observed that a reduction in the filling ratio corresponded with a decrease in strength
values for samples of both thicknesses. A key finding of this research is the substantial effect of
the filling ratio on specific tensile strength. It was determined that samples with a 50% filling
ratio demonstrated higher specific strength than those with a 100% filling ratio. This finding
indicates that, although the overall strength value appears to decrease with a reduced filling ratio,
the load-bearing capacity per unit element increases. Consequently, employing a 50% fill ratio

instead of a 100% fill ratio is an effective strategy to reduce production time and costs.
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CHAPTER 1

HEAT ENERGY RECOVERY FOR BEV CABIN AIR
CONDITIONING SYSTEM

KURSAT COBAN!
Introduction

In recent years, the global automotive makers have focuses
for developing efficient, affordable battery powered vehicles that
will replace internal combustion powered vehicles. This process
started with hybrid vehicles. Then came plug-in hybrids and, more
recently, battery-powered vehicles. This innovative technology
needs lowering the cost of batteries, ability of fast charging, easy
access to charging locations, and more longer ranges. It is also
important to ensure that drive range does not change due to
additional loads like conditioning of the cabin and vehicle
components, similar to user experience with hybrids and traditional
internal combustion engine powered vehicles. For internal
combustion engine vehicles auxiliary heat loads use exceedingly
small of fuel because of inefficiency of internal combustion engines.
These engines convert fuel energy to mechanical energy up to forty
percent. Other sixty percent is goes to atmosphere as a waste heat.

''Yiiksek Makine Miihendisi, Tofas Otomobil Fab. A.S., Ar-Ge, Orcid: 0000-0001-

7527-4688
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For battery powered vehicles all efficiency numbers are higher, and
waste heats are significantly low. For that reason, BEVs require
different approaches for heating and cooling for cabin conditioning.

Heating of cabin of an ICE vehicle is basically free. Waste
heat from the combustion can be easily and cheaply use to heat the
cabin via water to air heat exchanger at cabin HVAC box. But most
of BEVs use positive temperature coefficient heaters (PTCs) for
cabin heating. PTCs takes energy directly from battery which means
significant range reduction. A study shows heating load can decrease
driving range of BEVs up to 39.1 percentage (Steinstriter ve
Lienkamp, 2021). Another study shows range reduction is 45
percentage for Fiat 500e if outside temperature drops below minus
10° Celsius (Chowdhury, 2018 & Parker, 2014).

Cooling requirements for hybrid and ICE vehicles rely on
vapor compression refrigeration systems. This system provides a
cooling capacity of up to five kW and coefficient of performance
(COP) of system is greater than three for modern AC compressors.
Battery electric vehicles solve cooling problems with using electric
motor driven AC compressors or heat pumps. This system uses small
electrical motor for pressurization work. BEVs cooling systems do
not work for only cabin conditioning. Also, traction motors and
batteries need to be cooled at higher ambient temperatures. For that
reason, cooling capacity of system needs to be bigger for BEVs.

All these heating and cooling loads put extra stresses on the
battery and drops significantly range of driving in extreme
temperatures.

The Basics of HVAC System

Automotive HVAC Systems (Heating, Ventilation and Air
Conditioning) is one of subsystem. This system designed for
maintaining passengers comfort by manage interior cabin

temperature, air quality and humidity. System integrates control of
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air flow and thermal management with help of electrical, mechanical
and electronical components. Key components of HVAC systems are
compressor, condenser, expansion valve, evaporator, heater core,
blower fan, fluid pipes and hoses, electronical control module and
some sensors and actuators. For cooling purposes refrigerant
circulates by compressor through to cooling circuit. Low energy
refrigerant takes heat from evaporator where is inside of vehicle and
carries this heat to condenser where is outside of passenger cabin.
The blower fan pushes this cooled air into cabin via air ducts and
vents.

For heating of cabin, HVAC system uses waste heat of
internal combustion engine. Hot engine coolant flows through heater
core that inside of vehicle cabin than blower fan blows hot air from
heater core into the cabin.

Modern HVAC systems have additional functions like air
filters for cleaning, automatic recirculation, air quality and humidity
sensor, and multi zone temperature control. Well-designed HVAC
system can provide not only thermal comfort also
defrosting/defogging function for driving safety.
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Image 1: Cooling System Schematics
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Kaynak: Lincon Custom Auto (2018), How Does The A/C System Work In Our
Vehicle, https://www.lincolncustomauto.com/blog/how-does-the-a-c-system-
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Image 2: Heating System Schematics
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cooling-system.webp
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Introduction to BEV HVAC System

HVAC system of Battery Electric Vehicles (BEVs) serves
same main purpose as Internal or Hybrid Engine Vehicles (ICE and
HEV) which is maintaining cabin thermal comfort. Hence, BEV
HVAC system meets unique challenges because of missing waste
heat energy that produced by internal combustion engine. Key
components of BEVs” HVAC systems electric compressors or heat
pumps, PTC (Positive Temperature Coefficient) Heater, condenser,
evaporator, and thermal control subsystems. Apart of ICE or HEV
vehicles BEVs generally rely on high voltage electrical compressors
for circulate refrigerant liquid. For heat, early BEVs’ uses PTC
heaters which converts battery storaged electrical energy to heat
energy. Modern BEVs’ chooses high efficiency heat pumps to
decrease electrical load on vehicle traction battery which means
longer driving ranges. Heat pumps are like same as conventional air
conditioner but can provide heating and cooling. They can extract
heat from cold air from outside and deliver to the passenger cabin.
Using of heat pump can reduce energy consumption up to %50
compared to PTC heater (Parker, 2024). New generation heat pumps
even can be used for conditioning of traction engine and main
battery. Well optimized smart conditioning strategies can even cover
multi zone climate, passenger sensing, pre-conditioning via
smartphone application and may predict requirements for daily
driving scenarios. Due to limited capacity of main batteries HVAC
performance impacts directly driving range. This impact is even
bigger at extreme ambient temperatures. For this reason, car
manufacturers deeply integrate HVAC systems to main battery
management system (BMS) and vehicle main thermal systems
(VIMS) for optimize cabin conditioning and balance main battery
usage.

As battery electric vehicles evolve, cabin conditioning
systems will become more capable, efficient and intelligent with
-24--



help of usage different refrigerants, waste heat managements and
artificial intelligence supported software for real time energy
monitoring.

Heat Recovery Systems

A heat recovery system (HRS) is designed for capturing and
re-using waste heat and improve energy efficiency. This system is
widely used for building HVACs, industrial processes and
increasingly in automotives.

The key principle is focused transfer of heat from hot
medium to cold medium which can be air, liquid or combination of
both. The recovered heat energy can be reuse for heating and
cooling.

Main part of heat recovery systems is A heat exchangers.
These parts can describe air to air, air to liquid and liquid to liquid
heat exchangers. Condensers and heater cores are air to liquid heat
exchangers, and they are widely using in all kinds of road vehicles.
Heat recovery system types are like air-to-air heat exchangers that
can transfer heat from air flow to another air flow, heat recovery
wheels that can transfer heat energy and humidity between two
different air flow and lastly liquid-to-liquid heat exchangers that can
widely used in automotive close-loop systems like ICE engine
cooling circuit for transfer heat between two different liquid flows.

In BEVs, waste heat that generated by main battery pack,
traction motor and vehicle electronics is managed by glycol-based
coolant circuits and re-use for passenger cabin heating.

Key performance of heat recovery systems is thermal
effectiveness, heat transfer rates and response times. Optimized
design, corrosion and impurity management, integration of vehicle
thermal management are critical for modern automotive
applications.
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By utilizing recovery of heat, all these systems can reach up
to %70 energy save, lower the CO: emissions and improve
performance and sustainability of automotive business.

Calculations of Gains of Heat Recovery Systems for BEV
Vehicles

The motivation of this paper is that how much heat recovery
systems can provide additional range for pure battery electric
vehicles at extreme ambient temperatures. An average C-segment
M1-class passenger car was selected for the analytical calculations.
This vehicle has approximately 3 m? passenger volume. This volume
has 3.5m? surface area that has solar radiation from sun (Chen,
2024). For passengers 600 m*/h air flow is needed at %100 fresh air
mode. All other assumptions can be find table at below.

Table 1: Assumptions for calculations

Air Specific Heat (Cp) 1.005
kJ/kg-K
Air Density (p) 1.2 kg/m?
Sun Load (Solar Radiation) 0 W/m? —20°C and 0°C (night/winter
condition)
200 W/m? 15°C (spring)
500 W/m? 30°C (summer)
800 W/m? 45°C (summer)
Crossflow Heat Exchanger %60
Efficiency (¢)
PTC Heater Efficiency %100 Resistive Heating Element
Heat Pump COP 3.0 For heating or cooling

The energy is needed for lowering or raising the fresh air to
cabin temperature

m=p.V=12.01667 = 0,2 kg/s
Quent = M .Cp . AT
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Table 2: Heating and Cooling Loads for different ambient

temperatures
Outside Temp (°C) AT (°C) Q (kW)
Inside Temperature = 20° Celsius

-20° +40° 8.04 (heating)
0° 20° 4.02 (heating)
15° +5° 1.01 (heating)
30° -10° 2.01 (cooling)
45° -25° 5.03 (cooling)

Sun heats our World via solar irradiance which is form of
electromagnetic radiation. Vehicle glasses are made of special
composition of different ingredients for decrease intrusion of solar
Absorption of Efficiency(n) for vehicle glasses

heat.
approximately 0.6

Qsun = A4.G .7
Table 3: Heat Loads from Sun
Outside Temp (°C) Solar Irradiance G Qsun (KW)

-20° Insignificant Insignificant
0° Insignificant Insignificant
15° 200 0.42
30° 500 1.05
45° 800 1.68

Kaynak: ASHRAE. (2021). ASHRAE Handbook—Fundamentals (Chapter 14).
American Society of Heating, Refrigerating and Air-Conditioning Engineers.

Governing Equations for all calculations:

Total Energy Requirement Equation:

Qrotai Heat Load = Qvent T Qsun

Air to Air Heat Exchanger Gain Equation:

QRecovered by heat exhanger

Heat Recovery Percentage Equation:
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_ QRecovered by heat exhanger

% .100

QTotal

PTC Heater Load (if absent of Heat Pump) Equation:

Qprc = Qrotar — Qrecovered
Heat Pump Load Equation:

QpTC

Power Input(kw)= op

Results of calculations for different ambient temperatures and using
of PTC heater or Heat Pump can seen Table 4 at below.

Table 4: Results of calculations

Desired Cabin Temperature is 20° Celsius
Temy())el;‘e;tstluerGC) -20° 0° 15 30 i
Deggt?éiizielz%mp +40° | +20° | +10° | -10° | -25°
Cabifi iza(tli(\i,o)o““g 804 | 402 | 101 | 201 | 503
Radiatesdulni(ia\?v )Load by . . 042 | 105 | 168
Reggﬁ rf:;f%gw) 8.04 402 | 143 | 3.06 6.71
Exg;gefgaie&tw) 482 | 241 | 061 | 121 | 3.02
Heat Recovering %60 | %60 | %43 | %40 | %45
Percentage
PTCLIj;gt(elz\%lergy 322 | 161 | 082 | - -
Heaig;‘ﬁi\%r;ergy 107 | 054 | 027 | 062 | 123

Average C segment M1 class passenger vehicles consume
15kwh electrical energy for each 100 km travel(Chowdhury, 2018).
With help of heat energy recovering systems BEV vehicles can travel
more kilometers.
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Table 5: Range Gain for Different Ambient Temperatures

Outside Temp Energy Saved Range Gain for each 100 km travel

(°C) (kWh/hr)

-20° 4.82 20.9
-0° 2.41 12.7
15° 0.61 3.7
30° 1.21 6.7
45° 3.02 13.9

Results

A crossflow type air to air heat exchanger (HX) was
evaluated for integration to BEV vehicles HVAC systems, aim of
reducing heating and cooling loads for various ambient temperature
conditions. Passenger cabin temperature was chosen 20° Celsius for
optimum passenger comfort and ambient temperatures from minus
20° to 45° Celsius. Fresh air ventilation was assumed at %100 which
is 600 m*h or 0.2kg/s, with average crossflow air to air heat
exchanger effectiveness of %60.

For heating scenario, the heat exchanger did recover up to
4.82 kw per hour at minus 20° Celsius, covering approx. %60 of total
8.04 kw passenger cabin heating load. At water freezing point 0°
Celsius, 2.41 kw per hour was recovered, offsetting the energy
required for PTC heaters or heat pumps. At hotter outside
temperatures, the heat exchanger did pre-cool fresh air from 45° to
30° Celsius, saving of 3.02kwh in AC compressor load.

When converted to energy savings, the values clearly show
additional range extensions. For 15kwh/100km of vehicle electrical
energy consumption, HVAC energy saving up to 21 km additional
range per 100 km in extreme cold temperatures, and up to 14
additional km for hotter climates. Even at normal climates like 30°
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Celsius, 1.21 kwh cooling load can be recovered which is equal to 7
km for each 100 km travel.

This paper confirms that integration of a compact, crossflow
air to air heat exchanger into BEVs’ HVAC systems is a highly
effective solution for range anxiety of battery electric vehicles.
Future works can include latent heat transfer and managing of
humidification to further enhancement of system performance.

Conclusion

This study extends our knowledge for how extreme ambient
temperatures effect cabin conditioning and range of driving of
BEVs. Calculations show that adapting air to air heat exchangers can
help to reach longer driving ranges for new battery electric vehicles.

Up to %60 heat can be gain for heating, up to %45 for cooling
of cabin cooling loads for passenger cars. These gains may be led to
increase range %21 for cold ambient temperatures and %14 for
hotter climates. Also using smart algorithms may be use for increase
performance of air-to-air heat exchanger.
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