MUHENDisA!MAKiNA

EEEEEEEEEEEEEEEEEEEE



TMMOB MAKINA MUHENDISLERI ODASI MUHENDIS VE MAKINA DERGISI et
UCTEA CHAMBER OF MECHANICAL ENGINEERS JOURNAL OF ENGINEER AND MACHINERY [
ISSN:1300-3402, E-ISSN:2667-7520 [ =

Muhendis ve Makina

Engineer and Machinery

YIL/YEAR: 2024 CILT/VOLUME : 65 SAYI/ISSUE: 715

TMMOB Makina Miihendisleri Odasi, Mesrutiyet Cad. 19/6. Kat Kizilay-ANKARA, Tel : (+90 312) 425 21 41
e-posta: yayin@mmo.org.tr https://dergipark.org.tr/tr/pub/muhendismakina https://www.mmo.org.tr/vayin-turu/muhendis-ve-makina-dergisi




TMMOB MAKINA MUHENDISLERI ODASI MUHENDIS VE MAKINA DERGISI
UCTEA CHAMBER OF MECHANICAL ENGINEERS JOURNAL OF ENGINEER AND MACHINERY
ISSN:1300-3402, E-ISSN:2667-7520

IMTiYAZ SAHIBi / PRIVILEGE OWNER
Yunus YENER
TMMOB MAKiNA MUHENDISLERI ODASI / UCTEA CHAMBER OF MECHANICAL ENGINEERS

SORUMLU YAZI iSLERi MUDURU / PRODUCTION DIRECTOR
Yunus YENER

EDITOR / EDITOR IN CHIEF
Prof. Dr. Harun Kemal OZTURK
Pamukkale Universitesi/Pamukkale University

EDITOR YARDIMCILARI / ASSOCIATE EDITORS
Prof. Dr. L. Berrin ERBAY, Eskisehir Osmangazi Universites /Eskisehir Osmangazi University
Prof. Dr. Miifit GULGEC, Cankaya Universitesi/Cankaya University

ALAN EDITORLERI / AREA EDITORS
Prof. Dr. Metin AKKOK, Orta Dogu Teknik Universitesi/Middle East Technical University
Prof. Dr. Cemal MERAN, Pamukkale Universitesi/Pamukkale University
Prof. Dr. Semiha OZTUNA, Trakya Universitesi/Trakya University
Dr. Ogr. Uye. Gurbet ORCEN, Dicle Universitesi/Dicle University

YAYIN SEKRETERI / EDITORIAL SECRETARY
Ceren YILMAZ ARAS

KAPAK VE SAYFA TASARIMI/ COVER AND PAGE DESIGN
Muazzez POLAT

TEKNIK SORUMLU / TECHNICAL ASSISTANT
Mehmet AYDIN

BASKI/PRINTED BY
Ankamat Matbaacilik Sanayi Ltd. Sti.
30. Cadde 538. Sokak No: 60 Ivedik Organize Sanayi- Ankara
Tel: (0312) 394 54 94

BASKI SAYISI / CIRCULATION
1000

BASKI TARiHi / PUBLISHING DATE
29 Haziran 2024

TMMOB Makina Miihendisleri Odasi, Mesrutiyet Cad. 19/6. Kat Kizilay-ANKARA, Tel : (+90 312) 425 21 41
e-posta: yayin@mmo.org.tr https://dergipark.org.tr/tr/pub/muhendismakina https://www.mmo.org.tr/yayin-turu/muhendis-ve-makina-dergisi




TMMOB MAKINA MUHENDISLERi ODASI MUHENDIS VE MAKINA DERGISI
UCTEA CHAMBER OF MECHANICAL ENGINEERS JOURNAL OF ENGINEER AND MACHINERY
ISSN:1300-3402, E-ISSN:2667-7520

YAYIN KURULU / EDITORIAL BOARD
Prof. Dr. Metin AKKOK, Orta Dogu Teknik Universitesi/Middle East Technical University, Ankara
Prof. Dr. Miifit GULGEC, Cankaya Universitesi/Cankaya University, Ankara
Prof. Dr. L. Berrin ERBAY, Eskisehir Osmangazi Universitesi/Eskisehir Osmangazi University, Eskisehir
Prof. Dr. Cemal MERAN, Pamukkale Universitesi/Pamukkale University, Denizli
Prof. Dr. Harun Kemal OZTURK, Pamukkale Universitesi/Pamukkale University, Denizli
Prof. Dr. Semiha OZTUNA, Trakya Universitesi/Trakya University, Edirne
Dr. Ogr. Uye. Gurbet ORCEN, Dicle Universitesi/Dicle University, Diyarbakir

EDiTORLER KURULU / EDITORIAL BOARD
Prof. Dr. C. Erdem IMRAK, istanbul Teknik Universitesi/Istanbul Technical University, Istanbul
Prof. Dr. Erding KALUG, Kocaeli Universitesi/Kocaeli University, Kocaeli
Prof. Dr. Ali GUNGOR, Ege Universitesi/Ege University
Prof. Dr. Hikmet RENDE, Akdeniz Universitesi/Akdeniz University, Antalya
Prof. Dr. Ali PINARBAS], Yildiz Teknik Univeristesi/Yildiz Technical University,
Prof. Dr. Sedat BAYSEC, Gaziantep Universitesi/Gaziantep University
Prof. Dr. E. [lhan KONUKSEVEN, Orta Dogu Teknik Universitesi/Middle East Technical University, Ankara
Prof. Dr. Erol KILICKAP, Dicle Universitesi Dicle University, Diyarbakir
Prof. Dr. Mustafa YURDAKUL, Gazi Universitesi/Gazi University, Ankara
Prof. Dr. Atilla BIYIKOGLU, Gazi Universitesi/Gazi University, Ankara
Prof. Dr. Miroslaw BONEK, Silesian University of Technology, Poland
Prof. Dr. Burhan CUHADAROGLU, Karadeniz Teknik Universitesi/Karadeniz Technical University, Trabzon
Prof. Dr. Leszek A. DOBRZANSK], Silesian University of Technology, Poland
Prof. Dr. 0. Altan DOMBAYCI, Pamukkale Universitesi/Pamukkale University, Denizli
Prof. Dr. Halim GURGENCI, Queensland Universitesi/The University of Queensland, Australia
Prof. Dr. Hyung-MAN KIM, Power System and Sustainable Energy Laboratory (PSSEL), South Korea
Prof. Dr. Basim AL-NAJJAR, Linnaeus University, Sweden
Prof. Dr. Baris OZERDEM, izmir Ekonomi Universitesi/Izmir University of Economics, Izmir
Prof. Dr. Melih Cemal KUSHAN, ESOGU/Eskisehir Osmangazi University, Eskisehir
Dog. Dr. Tun¢ APATAY, Gazi Universitesi/Gazi University, Ankara
Dog. Dr. Yigit TASCIOGLU, TED Universitesi/TED University, Ankara
Dr. Ogr. Uye. Nurdan BILGIN, Ondokuz May1s Universitesi/Ondokuz Mayis University, Samsun
Dr. Ogr. Uye. Kutluk Bilge ARIKAN, TED Universitesi/TED University, Ankara
Dr. Varlik OZERCIYES, AIRBUS, UK

TMMOB Makina Miihendisleri Odasi, Mesrutiyet Cad. 19/6. Kat Kizilay-ANKARA, Tel : (+90 312) 425 21 41
e-posta: yayin@mmo.org.tr https://dergipark.org.tr/tr/pub/muhendismakina https://www.mmo.org.tr/vayin-turu/muhendis-ve-makina-dergisi




TMMOB MAKINA MUHENDISLERI ODASI MUHENDIS VE MAKINA DERGISI
UCTEA CHAMBER OF MECHANICAL ENGINEERS JOURNAL OF ENGINEER AND MACHINERY
ISSN:1300-3402, E-ISSN:2667-7520

TMMOB Makina Miihendisleri Odasi Yayin Organi olan Miihendis ve Makina dergisi TMMOB Makina
Miihendisleri Odast iiyelerine iicretsiz olarak gonderilir. 1957 yilindan beri yayimlanan dergimiz, hakemli bir
dergidir. Dergimizle ilgili detayli bilgi almak i¢in www.mmo.org.tr genel ag adresinden yararlanabilirsiniz.
Telefon, faks veya e-posta araciligiyla da bize ulasabilirsiniz.

Dergimizin yer aldig1 veritabanlari

EBSCO INDEX @COPERNICUS DL

PUBLISHING

LN T ERNATIONA AL DGE

Dergi ﬁ{%
Academic
Resource = W |d(: t
Index = or d
Google Scholar _lndex_ )
L
O
Sl _ ASC]
T RIAD INFOBASEINDEX /A D\
Elll‘O LD Tr,‘ - 7 Asian Science Citation Index

TMMOB Makina Miihendisleri Odasi, Mesrutiyet Cad. 19/6. Kat Kizilay-ANKARA, Tel : (+90 312) 425 21 41
e-posta: yayin@mmo.org.tr https:/dergipark.org.tr/tr/pub/muhendismakina https://www.mmo.org.tr/yayin-turu/muhendis-ve-makina-dergisi




TMMOB MAKINA MUHENDISLERI ODASI MUHENDIS VE MAKINA DERGISI penedhs
UCTEA CHAMBER OF MECHANICAL ENGINEERS JOURNAL OF ENGINEER AND MACHINERY [
ISSN:1300-3402, E-ISSN:2667-7520 [ =

iCINDEKILER/ CONTENTS

Arastirma Makaleleri / Research Articles

Sayfalar

Crack Growth Simiilations in Adhesively Bonded Joints 198-216
Yapistirma Baglantilarinda SMART Yontemi ile Catlak ilerleme Simiilasyonlar1
Ahmet Can YILDIZ, Tezcan SEKERCiOGLU

Bulasik Makineleri i¢in Dogal Havalandirma Yéntemini Kullanan Yeni Bir 217-242
Kurutma Sistemi Tasarimi ve Deneysel Analizi

Design and Experimental Analysis of A New Drying System Using Natural Ventilation For

Dishwashers

Fatih ENGINSEL, Halil Kiirsad ERSOY

Sequencing Model For A Seat Belt Manufacturer 243-267
Bir Emniyet Kemeri Ureticisi i¢cin Siralama Modeli

Talha SATIR, Aleyna KARATAS, Yasemin GUVENDI FILIZ,

Mohammed Mohanad Yawar SAYAN, Ilayda ULKU

Optimizing Renewable Energy Integration: A Case Study of Standalone PV-Battery 268-306
Systems in iztech Campus

Yenilenebilir Enerji Entegrasyonunun Optimize Edilmesi: iyte Yerleskesindeki Bagimsiz
PV-Pil Sistemlerine iligkin Bir Ornek Olay Incelemesi

Beste RAMAZAN, Emin ACIKKALP, Basar CAGLAR

Optimization Of A Thermoelectric Cooler For A Turbocharged Tractor 307-340
Turbosarjl Bir Traktér Icin Bir Termoelektrik Sogutucunun Optimizasyonu
Ali Kiirsad ARICIOGLU, Giilay YAKAR, Ali GURCAN

Bir Mobil Silah Platformunda Siispansiyon Sisteminin Atis Kalitesine Etkisinin 341-359
Degerlendirilmesi

Evaluation On The Effect Of Suspension System To Pointing Quality In A Mobil
Weapon Platform

Cem ONAT, Berk TOPGUOGLU, Umut ARDA, Mustafa AKTEMUR

TMMOB Makina Miihendisleri Odasi, Mesrutiyet Cad. 19/6. Kat Kizilay-ANKARA, Tel : (+90 312) 425 21 41
e-posta: yayin@mmo.org.tr https://dergipark.org.tr/tr/pub/muhendismakina https://www.mmo.org.tr/vayin-turu/muhendis-ve-makina-dergisi




Miithendis ve Makina / Engineer and Machinery 65, 715, 198-216, 2024

M

Miihendis ve Makina / Engineer and Machinery
https://dergipark.org.tr/tr/pub/muhendismakina

CRACK GROWTH SIMULATIONS IN ADHESIVELY BONDED

JOINTS

Ahmet Can YILDIZ ', Tezcan SEKERCIOGLU?

! Pamukkale Universitesi, Mithendislik Fakiiltesi, Makine Miihendisligi, Denizli,
ORCID No : https://orcid.org/0000-0001-6631-414X

2Pamukkale Universitesi, Mithendislik Fakiiltesi, Makine Mihendisligi, Denizli
ORCID No : http://orcid.org/0000-0002-9359-8843

Keywords

Abstract

Fatigue crack growth,
fracture toughness,
adaptive meshing

Due to the important advantages of adhesive joints, such as their
suitability for multi-material designs, their use has been increasing
in the last decade. Determining the fracture behavior of structural
adhesive bondings is essential for structural durability. In crack
propagation analyses, adaptive meshing has drawn considerable
attention because of its improvements in terms of complex
preprocessing and time management. This paper presents a
recently introduced separating morphing and adaptive remeshing
technology (SMART) innovative crack growth simulation for
adhesively bonded joints, considering static and cyclic cases. For
the static case, an R-curve was obtained for the bonding joints of
carbon steel and Araldite 2015. For the cyclic case, the Carbon Fiber
Reinforced Polymer (CFRP) bonding joints were analyzed under
constant-amplitude loading conditions. The crack-propagation
rate and the number of cycles were estimated. Crack propagation
simulations were validated using experimental data. Acceptable
agreement was achieved between the experimental and estimated
results.
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YAPISTIRMA BAGLANTILARINDA SMART YONTEMI iLE
CATLAK ILERLEME SIMULASYONLARI

Anahtar Kelimeler

0z

Yorulma ¢atlagi
ilerlemesi, kirilma
toklugu, adaptif ag
yontemi

Yapistirma  baglantilarinin ~ ¢oklu  malzeme  tasarimi
uygulamalarinda kullanilabilmeleri gibi énemli avantajlari
nedeniyle son on yilda kullanimlart artmistir. Yapistirma
baglantilarinin yapisal biitiinltigii icin kirilma davranisinin
belirlenmesi elzemdir. Catlak ilerleme analizlerinde, karmasik
on isleme ve zaman yénetimi agisindan énemli iyilestirmeler
sunmas! nedeniyle adaptif ag yéntemi ilgi cekmektedir.
Bu c¢alisma, yapistirma baglantilarinda statik ve yorulma
durumlarini dikkate alarakyenibir ¢atlak ilerleme simiilasyonu
yéntemi olan ayirmali sekillendirme ve adaptif yeniden ag
olusturma teknolojisini (SMART) tanitmaktadir. Statik durum
icin, karbon celigi ve Araldite 2015°ten olusan yapistirma
baglantilarinda R-egrisi elde edilmigtir. Yorulma durumu icin,
karbon fiber takviyeli polimer (CFRP) yapistirma baglantilart
sabit genlikli ytikleme kosullart altinda analiz edilmistir. Catlak
ilerleme hizi ve ¢evrim sayisi tahmin edilmigtir. Catlak ilerleme
simiilasyonlart deneysel veriler kullanilarak dogrulanmigtir.
Deneysel ve simiilasyon sonuglart arasinda kabul edilebilir bir
uyum elde edilmistir.
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Kabul Tarihi

Research Article
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1. Introduction

Adhesively bonded joints are one of the most promising joining methods com-
pared to conventional methods, such as welding and rivets. Although the eva-
luation of the behavior of bonded joints according to the classical approach is a
well-known field in the literature, assessment using fracture mechanics methods
has drawn increasing attention. It has been an important research area over the
past decade (Jones and Kinloch, 2015). It has not yet been fully adapted by de-
sign engineers in terms of the design and determination of the life of engineering
components. Therefore, it can be considered a relatively new field. Adhesive jo-
ints are widely preferred in industries such as automotive, aeronautics, and ship-
building, and their use is increasing regularly (Zuo and Vassilopoulos, 2021). For
example, the main reason for its increased use in the automotive industry is the
reduction in the weight of automotive components without a significant reducti-
on in mechanical performance. In this regard, steel and multi-material designs of
modern materials, such as titanium, aluminum, magnesium, and composites, are
widely preferred because multi-material designs provide a significant advantage
in terms of weight decrease (Chen, Avery, Su and Kang, 2017). Another important
use of composites is in aeronautic and shipbuilding applications (Saleh, Budzik,
Saeedifar, Zarouchas and Teixeira De Freitas, 2022). It is not possible to effecti-
vely join composites and other modern engineering materials using traditional
methods, such as rivets and welding. This is one of the most prominent advan-
tages of the adhesive joints. In addition, it provides important advantages such
as relatively favorable load transfer paths, good fatigue strength, and aesthetics,
being suitable for the use of thin materials, low-stress distribution, being relati-
vely economical, and easily adaptable to automation (Korta, Miyniec, Zdziebko
and Uhl, 2014).

Fatigue failure in engineering applications, that is, failure of components at stress
levels lower than the yield strength due to crack propagation under cyclic loading
conditions, is the most typical failure mechanism (Quan and Alderliesten, 2022).
Therefore, it is very important to determine the fatigue and fracture behaviors
of adhesive joints using fracture mechanics methods. Owing to variables such as
various geometries, loading rate, loading mode, and joint parameters, the deter-
mination of the fracture behavior of the joint requires long experimental practice
and is therefore challenging (Jones, 2014). Banea, Da Silva and Campilho (2015)
showed that fracture toughness increased as the thickness increased in the 0.2-2
mm adhesive thickness range. However, increasing the adhesive thickness cau-
ses a decrease in lap shear strength. For epoxy (Figueiredo, Campilho, Marques,
Machado and Da Silva, 2018) and acrylic (Sekiguchi and Sato, 2021) adhesives,
it has been reported that increasing the adhesive thickness leads to an increase
in fatigue toughness. The effects of various geometries (Costa, Carbas, Marques,
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Viana and Da Silva, 2017), different loading types, that is, Mode I, Mode II, and
Mixed Mode (Mode I + Mode II), and different R ratios on the static (Monteiro
et al, 2020) and fatigue (Rocha et al., 2020) fracture behaviors of the structural
adhesives were investigated. Higher stress amplitudes cause faster crack propa-
gation, resulting in a lower life of the components. It was also observed that the
fatigue crack propagation rate decreased as crack extension increased (Huang et
al,, 2013). Linear elastic fracture mechanics (LEFM)-based or J-integral-based,
that is, elastic-plastic fracture mechanics (EPFM) techniques, are used to deter-
mine the fracture behaviors of adhesive joints. The use of LEFM for fatigue crack
growth (FCG) in adhesively bonded joints is a good prediction method, although
the underlying physics have not been fully comprehended (Pascoe, Alderliesten
and Benedictus, 2017). However, significant deviations may occur in the LEFM
estimates depending on the fracture process zone size, and it has been suggested
to use the J-integral in such cases (Sarrado, Turon, Costa and Renart, 2016).

The use of the finite element method (FEM) to examine the fracture behavior of
cracked components has attracted increasing attention. The Cohesive Zone Met-
hod (CZM) is widely used to analyze the fracture behavior of structural adhesives
(Campilho, Banea, Pinto, Da Silva and De Jesus, 2011; Rosas, Campilho and More-
ira, 2021; Silva, Peres, Campilho, Rocha and Silva, 2023). The model was resolved
by defining special interface elements in the region where the crack was located.
However, in these models, every crack propagation step requires crack tip re-
meshing, that is, a new mesh model needs to be reconstructed, which increases
the computational costs and complicates the model (Funari, Lonetti and Spadea,
2019). Therefore, the use of adaptive mesh methods has attracted increasing at-
tention. The newly introduced Ansys's SMART module eliminates the long and
complex re-meshing process. As the crack extended, re-meshing was performed
automatically around and adjacent to the crack tip (Alshoaibi, 2021). The vali-
dity of the SMART procedure has been demonstrated in different types of cracks
(Gupta, Sun and Bennett, 2020; Matvienko, Razumovskii and Fedorov, 2021), fa-
tigue crack growth trajectories (Lee and Lu, 2022), and fatigue crack growth in
weld transitions (Kowalski and Rozumek, 2019).

Conducting experiments for every boundary condition in engineering applica-
tions is considerably time-consuming and costly. Therefore, the finite element
method serves as a powerful tool. Modelling of structural adhesives with CZM
is very common in the literature. However, analyses of three-dimensional crack
propagation with the Cohesive Zone Model (CZM) typically require a rather
complex pre-processing stage and have high time/resource demands. Further-
more, it employs damage parameters that are quite challenging to obtain experi-
mentally. On the other hand, the adaptive mesh method can offer faster solutions
with a simpler model structure, particularly in complex three-dimensional geo-
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metries. This study aims to investigate the static and cyclic behavior of structural
adhesives using the SMART procedure, which is an adaptive mesh method. The
applicability of the SMART procedure as an alternative to the CZM in adhesive
joints has been investigated. A double cantilever beam (DCB) geometry type was
modelled, and stable crack and fatigue crack propagation were analyzed by defi-
ning different adhesives. In this regard, the static and cyclic behaviors of adhesive
joints were examined and compared with experimental data.

2. Crack Growth Simulations

In this study, two different cases were analyzed with the SMART procedure. In
the first case, the static state was evaluated under mode I loading conditions.
The adhesive joint was modeled using a structural epoxy adhesive and C45E pla-
in carbon steel adherend. The critical energy release rate (G,) and total crack
propagation were analyzed and compared with experimental results from the
literature. In the second case, the cyclic loading conditions were evaluated un-
der mode I loading conditions. The adhesively bonded joint is modeled from the
structural epoxy adhesive and carbon fiber reinforced plastic (CFRP) composite.
The crack growth rate (da/dN), total crack propagation, and number of cycles
were analyzed and compared with experimental data obtained from the literatu-
re. Laboratory conditions were based on both case analyses.

2.1 Theoretical Background

Engineering components have macro-or microscale defects that occur during
their production and service. The failure behavior of components with crack-like
defects is difficult to determine using the classical approach; therefore, a fracture
mechanics approach is necessary. The concept of fracture mechanics becomes
more complex with the effects of many parameters such as the location and size
of the crack, geometry, and loading mode. Therefore, the fracture toughness ob-
tained in the specimen geometries cannot always be exactly transferred to the
actual engineering component geometries. The LEFM concept is one of the most
widely used fracture mechanics methods for investigating the behavior of ad-
hesively bonded joints. LEFM assumes that elastic effects dominate the stress-
strain regions at the crack tip and adjacent regions with very limited plasticity ef-
fects. In this study, simulations performed using the SMART procedure were also
based on the LEFM. The fracture behavior of an adhesively bonded component
is generally characterized by LEFM parameters, such as the stress intensity fac-
tor K or energy release rate G. Determining the fracture toughness (K, or G) is
generally not sufficient for engineering applications because, in real-life applica-
tions, components often work under cyclic loading conditions. The relationship
between G and K and its solution for the DCB geometry are defined in Equation
1 (Anderson, 2017):
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nola _ K> (1)

G=
E E’

where E is Young’s modulus, E’=E for plane stress conditions, E'=E/(1-v?) for pla-
ne strain conditions, o is the stress, a is the crack length. The calculation of the
stress intensity factor K; is performed via the interaction integral method defined
in Equation 2 and the angle of fatigue crack propagation is determined by Equa-
tion 3 (ANSYS, 2020).

| hauloelt" s, offu  off ) @
J;8q,dS
0 — cos-1 B(K[P)? + (K™)y (K[™)? + 8(K[¥)? (3)

(KlmaX)z + 9(KITITHIX)2

Where oy,€;,u; are components of stresses,strains and displacements, respecti-
vely; o;™,&;"",u;"™* are components of stresses, strains and displacements of the
auxiliary field, respectively; qi are crack extension vector components. The subs-
cripts under K represent mode-I and mode-II fracture. Under cyclic loading con-
ditions, the Paris-Erdogan equation is often used (Paris and Erdogan, 1963). As
defined in Equation 4, Paris-Erdogan revealed that crack propagation per unit
cycle, that is, the crack growth rate da/dN expression, was related to G. Crack
propagation under cyclic loads was defined in three stages. In the first stage, the
crack extension begins. The second stage is the stable crack propagation stage,
which covers most of the life before the fracture. This stage was also known as
the Paris Regime. In the third stage, the crack propagation became unstable, and
fracture occurred with a sudden increase in G.

da _ n (4)
=€)
f(G) = AG = Gmax — Gmin (5)

For f (G), one of the definitions specified in Equation 5 is typically used. Where
Gumin is the energy release rate at the minimum load and G, is the maximum load.
In this paper, G,., was considered to be compatible with the experimental study.

2.2 Materials and Specimen Geometries

For the first case, the structural epoxy adhesive Araldite 2015 and adherend
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C45E plane carbon steel were modelled. In the other case, the structural epoxy
adhesive Loctite EA 9395-9396 and CFRP (Hexcel 8552) as the adherend were
modelled. The mechanical properties of the materials used in the models for the
two cases are listed in Table 1. The Paris-Erdogan parameters obtained experi-
mentally (Floros and Tserpes, 2019) under cyclic loading conditions are listed in
Table 2. The DCB-type specimens were modelled for both cases. The DCB speci-
men geometries are presented in Figure 1 for the first case and in Figure 2 for
the second case. All dimensions are in millimeters. The geometric dimensions
and material properties are based on the manufacturer’s data and literature. The
adhered CFRP material was modeled as a solid to simplify the crack propagation
simulation and reduce resource/time requirements.

Table 1. Mechanical Properties of the Materials Modelled in the Simulations

Critical
, . Tensile Tensile Shear Ener
Young’s  Pois- . . Re-
. , Yield Failure Mod-
Case Material Modulus son'’s S hos h ) lease
(GPa) Ratio trengt trengt ulus Rate
(MPa) (MPa) (GPa)
(N/
mm)
Static Adhesive 1.85 0.33 13 22 0.56
(Lopes,
Campilho,
Da Silva
and Faneco, Adherend 204 0.3 279 347 78
2016)
0.43
Fatigue Adhesive 3.35 0.35 - 56.8 1.5 -
(Thasler,
Holt-
mannspotter
and Gudladt, Adherend 164 0.3 - 2724 63
2019)

Table 2. Paris-Erdogan Parameters Were Used in The Simulation
(Floros and Tserpes, 2019)

Paris-Erdogan Parameters
C 0.47
n 7.22
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Figure 1. Specimen Geometry For The Static Case, According to (Lopes etal., 2016).
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Figure 2. Specimen Geometry for the Cyclic Case, According to (Floros and Tser-
pes, 2019).

2.3 Crack Growth with SMART Procedure

Although various experimental and numerical methods are extensively used for
the evaluation and solution of engineering problems, adaptive mesh and exten-
ded finite element methods (XFEM) are drawing more attention as alternative
solutions. The experimental and finite element methods were complementary
to each other. Finite element applications will gain more importance owing to
the cost and time issues of the experimental methods. The SMART procedure,
developed and introduced by ANSYS Inc., has introduced many innovations in
the field of fracture mechanics. With SMART, crack propagation simulations in
3D geometries can be performed effectively in terms of process time. Since ge-
ometry is a parameter that directly affects the fracture behavior of engineering
components, it is not always possible to model real and complex geometries of
components in 2D, so effective modelling of 3D geometries is essential for engi-
neering applications. In addition, SMART shortens the need for post-processing
for designers and researchers by using the unstructured mesh method (UMM)
with its tetrahedral mesh elements and significantly minimizes the complex
mesh structure and re-meshing time. With SMART, re-meshing is automatically
conducted at the crack tip and adjacent to the crack propagation in each subs-
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tep time interval. This provides significant flexibility and saves time in terms of
complex preprocessing transactions. Figure 3 shows the crack propagation and
re-meshing at the crack tip and adjacent under static and cyclic conditions, res-
pectively. Cracks with different shapes (such as semi-elliptical and pre-meshed)
can be simulated using SMART technology. However, this method has some sig-
nificant limitations. In this study, it is assumed based on experimental data that
the crack will propagate only through the adhesive. However, this assumption is
not always valid in real applications. Moreover, the effects of defects such as local
air voids and surface roughness present in adhesive joints were not considered
in the conducted simulation.

A pre-meshed crack structure was used for both the analyses. The crack tip and
adjacent were improved using the sphere of influence method. For the solution,
the contour was determined as 6, and the crack tip, lower, and upper surfaces
were defined for the pre-meshed crack, and a separate coordinate system was
defined for the crack. The mesh structure created in the DCB specimens for the
static case is shown in Fig. 4. The mesh structure is directly related to the preci-
sion of the obtained results. The mesh structure of a region/model can be deter-
mined by mesh quality criteria, such as aspect ratio, skewness, and orthogonal
quality. Since tetrahedral element type was used in the simulation, the skewness
mesh quality criterion was preferred. According to the skewness mesh quality
criterion, the mesh quality increases as the average skewness value approaches
0 with a minimum of 0 and a maximum of 1. In the models used for both cases,
meshing was performed with UMM and tetrahedral SOLID187 elements with an
average size of 2 mm. A very fine mesh with an average size of 0.05 mm was app-
lied at the crack tip and adjacent regions. The DCB specimens modelled for the
static case had 651357 nodes and 449556 elements. The overall mesh structure
has an average value of 0.2 according to the skewness mesh quality criterion. The
skewness of a mesh structure indicates how close it is to the ideal shape or form.
In general, low orthogonal or high skewness values are not recommended. The
SOLID187 element, a 10-node higher-order three-dimensional finite element, is
optimally designed for the analysis of solid structures. SOLID187 exhibits qu-
adratic displacement characteristics, making it particularly well-suited for ac-
curately representing irregular mesh geometries. This element is characterized
by the presence of ten nodes, each offering three degrees of freedom, enabling
translation along the nodal x, y, and z axes.
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(a) (b)

Figure 3. Re-Meshing at the Crack Tip And Adjacent With Crack Propagation, for
Static (a) and Cyclic (b) Cases, Respectively

Figure 4. General and Crack Tip Mesh Structures in DCB Specimen for the Static
Case

The DCB specimens modelled for the cyclic case had 486266 nodes and 358919
elements. The skewness mesh quality criterion had an average value of 0.28. The
overall mesh structure of the DCB specimen in the cyclic case is shown in Figure
5. In the crack propagation simulations performed for both cases, a gradual disp-
lacement was applied, and a solution was conducted in 150 sub-steps. A 0.0113
mm/sub-step displacement was applied for the static case, whereas a 0.0073
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mm/sub-step displacement was applied for the cyclic case. Crack growth simu-
lations were carried out under a constant amplitude load ratio of R=0.1 for cyclic
loading. The boundary conditions of crack growth simulation models prepared
for the static and cyclic cases are shown in Fig. 6. In this study, the principles of
research and publication ethics have been adhered to.

Figure 5. General Mesh Structure in DCB Specimen For The Cyclic Case

8. F
Displacement, Force

Adherend

Fixed Support

3. F Adhesive
Displacement, Force

Figure 6. Schematic Representation of Boundary Conditions in Crack Growth Si-
mulation Model

3. Results and Discussions

Two different crack propagation simulations were performed using the SMART
procedure for the static and cyclic cases. In the model at mode I loading for the
static case, the fracture toughness (G,.) of Araldite 2015 was defined as 0.43 N/
mm. G, is the critical level at which the crack propagation begins. A total of 5.45
mm crack propagation occurred in the finite element analysis. The R-curve ob-
tained for the static case is shown in Fig. 7. When compared with the experi-
mental data (Lopes et al.,, 2016), it was observed that the results obtained from
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the analysis converged with the experimental results. After the G, level for crack
propagation is exceeded, the crack starts to propagate; however, as can be seen
from the results, the G level required for crack propagation does not increase
linearly. A stable propagation was observed after approximately 5 mm of crack
propagation. This is in agreement with the experimental data. When the data
obtained from the finite element analysis were compared with the experimental
data, the error rate reached a maximum of 20%, while the average was 7%. In
finite element analysis, the ideal situation is modelled; however, in experimental
practice, deviations may occur owing to adhesive issues, defects, and crack arrest
(Campilho, Moura, Banea and Da Silva, 2015). Therefore, the results obtained
from the finite element analyses performed using the SMART procedure were
within acceptable deviations when compared with the experimental results.

0

G (N'mm)
-

06 ’

0 1 2 3 ‘ s 6
As (i)

Figure 7. Comparison With the R Curves for the Static Case and the Experiment
(Lopes etal., 2016)

A comparison of the crack propagation with the experimental data (Floros and
Tserpes, 2019) against the number of cycles obtained from the crack propagati-
on simulation performed for the cyclic case is shown in Figure 8. As the number
of cycles increased, the crack propagation decreased. In addition, the crack pro-
pagation did not increase linearly. From this analysis, a total crack propagation
of approximately 11.7 mm was obtained. The experimental data were separated
using finite element analysis at the initial stage of crack propagation. In the finite
element analysis, the crack extended much faster than that in the experimen-
tal application. This increased the deviation rate. However, when evaluated as a
whole, consistent results were obtained in terms of the number of cycles and the
total crack propagation parameters.

The fatigue crack growth behavior obtained under constant amplitude R=0.1
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mode-I loading conditions is presented in Figure 9 on a log-log scale. Gmin was
not considered, and G,,,,was used as a basis for compatibility with the experi-
mental results, as previously defined in Equation 3. Large scatterings have occur-
red in the maximum energy release rate G, curve corresponding to the obtai-
ned crack propagation rate da/dN. While the conducted simulation was able to
more accurately predict sections with high crack propagation rates, it was unable
to achieve sufficient success at low crack propagation rates. There could be many
reasons for this. For instance, local air voids in the adhesive could be much more
effective at low crack propagation rates. The way the adhesive is applied and the
condition of the surface also have a significant impact on the results obtained
experimentally. As the crack propagation simulations conducted examined the
ideal situation, scatterings can occur in the results obtained. The Paris-Erdogan
parameters C and n obtained experimentally have a significant place in the ac-
curacy of the simulation. Wide scatterings in experimental data can affect the
accuracy of these parameters.

Aa (mm)

—-& -Experimental

B 4 —©—SMART FEA

0 20000 40000 60000 BO000 100000 120000 140000 160000 180000
Number of Cycles (N)

Figure 8. Comparison With Fatigue Crack Propagation and Experimental Data
(Floros and Tserpes, 2019) for the Cyclic Case
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Figure 9. Comparison With Fatigue Crack Growth Rate And Experimental Data
(Floros and Tserpes, 2019) for the cyclic case

5. Conclusions

In this study, the SMART procedure, a newly developed adaptive meshing method,
was examined. Crack propagation simulations in bonded joints were successfully
performed using the SMART procedure and validated using experimental data.
Crack propagation occurs in 3D throughout the simulation, and with it, the sensi-
tive crack tip region mesh structure changes and adapts. The finite element met-
hod is a powerful tool for determining the effect of complex interactions on the
fracture behavior of engineering components. Although experimental methods
are the most reliable for determining the fracture behavior of adhesively bonded
joints, it is not realistic in terms of cost and time management to experiment for
each combination of geometries and joints. Therefore, it became necessary to
examine different crack types in complex geometries using 3D finite element si-
mulations. Under mode I loading conditions, valid crack propagation simulations
were performed for two different cases: static and cyclic. The R-curve obtained
for the static case was compared with the experimental data, and consistent re-
sults were obtained. Although the crack propagation for the cyclic case was faster
than the experimental data at the beginning, the deviation rate increased; howe-
ver, the experimental data were generally in agreement with the experimental
data. If it remains within the elastic limits, SMART is a highly accurate tool, but
its validity should be carefully questioned in situations where plasticity effects
are more effective. This is one of the biggest disadvantages of this technology
under the current conditions. While the SMART procedure in adhesive joints of-
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fers a simple analysis structure and fast analysis solution in three-dimensional
complex geometries, we believe that the results obtained need to be carefully
examined. Adhesives can exhibit behaviors ranging from brittle to viscoelastic or
plastic. We believe that the LEFM approach can also be used within certain error
scatters in crack propagation analyses in adhesive joints. However, the character
of the plastic zone occurring at the crack tip and the complex stress structure
formed in the adhesive can significantly complicate the crack propagation analy-
ses. This situation can limit the accuracy of the LEFM approach. Hence in future
investigating different types of adhesives and adherends, and different
crack geometries in the application of the SMART procedure to adhesive joints

studies,

will be decisive for the accuracy of the method.

Nomenclature
a Crack Length
C Paris-Erdogan Exponent

LEFM

SMART
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Carbon Fiber Reinforced Polymer

Cozehive Zone Method

Crack Growth Rate

Double Cantilever Beam

Elastic-Plastic Fracture Mechanics

Strain

Fatigue Crack Growth

Finite Element Method

Energy Release Rate

Critical Energy Release Rate or Fracture Toughness
Energy Release Rate at Maximum Load

Energy Release Rate at Minimum Load

Interaction Integral

Stress Intensity Factor

Critical Stress Intensity Factor or Fracture Toughness
Linear Elastic Fracture Mechanics

Paris-Erdogan Constant
Stress
Separating Morphing and Adaptive Remeshing Technology

Displacement
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UMM  Unstructured Mesh Method
X-FEM Extended Finite Element Method

0 Angle of Crack Propagation
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Anahtar Kelimeler 0z
Bulagstk makinesi, dogal Bulasitk makinelerinde yiiklerin yitkanmasina ek olarak kurutulmasi
havalandirma, EN 60436, da temel islevlerdendir. Kurutma, makine sepetlerinde yer alan

yliklerin yiizeyindeki su zerreciklerinin tamamen buharlastiriimasi
ile gerceklesir. Bulastk makinesi yitkama algoritmasinda sicak
durulama sonrasinda kurutma adimina gecilir. Sicak durulama
asamast sonrasinda kabindeki nem miktart ¢ok yogundur.
Kurutma adiminda kabinde herhangi bir su isitilmast olmamasina
ragmen sepetteki yiiklerin buharlasmast nedeniyle nem yogunlugu
artmaya devam etmektedir. Yiikler iizerindeki buharlasmanin, yani
kurutmanin devam etmesi icin kabin nem miktarinin azaltilmasi
gereklidir. Bunun saglanmasi igin gelistirilen kurutma sistemleri
temelde buharlasan su damlaciklarinin daha soguk bir yiizeyde
yogusturulmasi ya da makineden uzaklastirilmast mekanizmalarini
gerceklestirir. Bu calismada dogal havalandirma yontemini kullanan
diisiik maliyetli, stirdiirtilebilir ve cevre dostu bir kurutma sistemi
tasarlanmigstir. Tasarlanan yeni sistemde makineye eklenen kurutma
kanallari, kabindeki nemli havanin disart atilmasini ve kabin
icine taze hava alinmasini saglamaktadir. Calisma kapsaminda
gerceklestirilen deneyler EN 60436 standardina gére yapilmis
olup; statik, fanli ve tasarlanan dogal tasinimli sistemin kurutma
indeksi ve enerji tiiketimi ii¢ farkl program icin karsilastirilmistir.
Ug programin ortalama sonuglari incelendiginde tasarlanan yeni
kurutma sisteminin kurutma etkinligi, statik kurutma sistemine
gore %9,9 daha yiiksek iken fanli kurutma sistemi ile benzerdir.
Tasarlanan yeni kurutma sistemi en az enerji tiiketirken, fanli sistem
%5 daha fazla enerji tiiketmektedir. Statik sistemin ise %7,5 daha
fazla enerji tiikettigi gézlemlenmistir.

kurutma

fatih.enginsel@arcelik.com
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DESIGN AND EXPERIMENTAL ANALYSIS OF A NEW DRYING
SYSTEM USING NATURAL VENTILATION FOR DISHWASHERS
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In addition to washing, the drying of loads is one of the main
functions of dishwashers. Drying takes place by completely
evaporating the water particles on the surface of the loads in
the dishwasher baskets. In the dishwasher washing algorithm,
the drying step is started after the hot rinse step. After the
hot rinse step, the amount of moisture in the cabinet is very
high. Although there is no water heating in the cabinet during
the drying step, the moisture density continues to increase
due to the evaporation of the loads in the basket. In order for
evaporation on the loads, and therefore drying, to continue, the
cabin humidity must be reduced. Drying systems developed to
achieve this basically perform the mechanisms of condensing
the evaporated water droplets on a colder surface or removing
them from the machine. In this study, a low-cost, sustainable
and environmentally friendly drying system using natural
ventilation method was designed. In the new designed system,
the drying channels added to the machine allow the humid air
in the cabin to be evacuated and fresh air to be taken into the
cabin. The experiments performed for the study were carried
out according to EN 60436 standard. Drying score and energy
consumption of static, fan and designed natural convection
system were compared for three different programs. When the
average results of the three programs are examined, the drying
efficiency of the new designed drying system is 9.9% higher
than the static drying system and similar to the fan drying
system. The new designed drying system consumes the least
energy, while the fan system consumes 5% more energy. The
static system consumes 7.5% more energy.
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1. Giris
1.1. Bulasik Makinesinin Genel Yapisi ve Calisma Mekanizmasi

Bulasik makineleri, tencere, tabak, bardak, fincan, catal, bicak gibi yemek takim-
larinin, insan gilici kullanmadan temizlenmesi amaciyla gelistirilmistir. Bu ne-
denle bulasik makinelerinde elle yikamada yapilan mekanik bir ovma islemi yok-
tur. Temizleme islemi, makine icerisinde bulunan yikama kollarindan ¢ikan sicak
ve basingl suyun, bulasiklar iizerine ptiskiirtiilmesi ile gerceklestirilir. Makinede
basingli su elde etmek icin bir pompa ve suyu istenilen sicakliga ¢ikarmak icin
de bir 1sitict bulunur. Ayrica kir ve lekelerin daha kolay ¢6zlinmesi i¢in, yikama
islemi sirasinda 6zel ariticilar (deterjan) ve durulama agamasinda kurutmaya da
yardimci olan parlaticilar kullanilir.

Maks. Yikama Maks. Durulama
Sicakhig Sicakhgi

/ -/

I
I
I
I
|

Sicakhk (°C)

On Yikama Durulama Kurutma
Yikama

Zaman (dk)
Sekil 1. Bulasik Makinesi Program Akisi (Bengtsson, Berghel ve Renstrom, 2015)

Sekil 1'de bulasik makinesinin program akisi gosterilmistir. Standart bir bulasik
makinesi programi; 6n yikama, ana yikama, durulama ve kurutma olarak dort
adimdan olugmaktadir.

On yikama islemi soguk su ile kaba kirlerin bulasiklardan uzaklastirilmasi icin
yapilmaktadir. Cok kirli olmayan bulasiklar yikanacagl zaman 6n yikama adimi
olmayan programlar kullanilmalidir. Ana yikama adiminda ise su 1sitilir ve de-
terjan alimi yapilir. Bu adimda, kirlerin tiimiiyle bulasiklardan uzaklastirilmasi
hedeflenir. Durulama adimi kendi igerisinde iki asamaya béliinebilir. Soguk su ile
yapilan birinci durulama asamasinda, ana yikama sonrasinda bulasiklar tizerin-
de kalan ¢ikmis kir taneleri ve deterjan kalintilarinin temizlenmesi islemi yapilir.
Ikinci durulama asamasinda ise sicak su kullanilarak bulasiklar tiimiiyle deter-
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jandan arindirilir. Sicak su kullanimi, temizligin ve kurutma veriminin arttirilma-
sini da saglar. Bu adimda durulama suyu icerisine, parlatici alimi da gergekles-
tirilir. Parlaticy, lekeleri 6nler, parlaklik saglar ve suyun yiizeylerde tutunmasini
zorlastirarak kurutmaya da yardimci olur. Yikama adimlar: tamamlandiktan son-
ra makine kurutma adimina gecer ve program dongiisiinii tamamlar.

Bulasik makinesinin temel islevlerinden biri kurutmadir. Kurutma isleminde
bulasik makinesi icine yerlestirilmis bulasiklarin itizerindeki suyun buharlas-
tirilmasi ve buharlasan suyun bir bdlgede yogusturulmasi ya da makine disina
atilmasi hedeflenmektedir. Kurutma adimi baslangicinda makinenin igerisinde
yogun Olciide nem bulunmaktadir. Kurutma asamasinda, bulasiklar iizerindeki
buharlagsmanin etkisiyle, makine igerisindeki nem orani, siirekli olarak artar.
Yiiksek bagil nemdeki makine i¢ havasinin, buharlasan suyu tutabilmesi ve ma-
kinenin istenmeyen bolgelerinde veya bulasiklarin tizerinde yogusmamasi icin
nemin denetimli bir sekilde uzaklastirilmasi gerekmektedir.

1.2 Bulasik Makinelerinde Kurutma Mekanizmalari

Kurutma 1s1, kiitle ve moment tagimalarini iceren, diisiik 1s1l verimle gerceklesen
enerji yogun bir strectir (Sai ve Linga, 2010). Gozenekli ya da su emebilen bir
cismin kurutulmasinda iki evre s6z konusudur. Bunlar suyun malzeme icinden
tasinmasi ve ylzeyden buharlasmasidir (Mujumdar, 2006). Ancak gozenekli ol-
mayan yani su tutmayan bulasiklar1 kuruturken, yalnizca bulasiklarin ytizeyinde
kalan suyun buharlasmasi evresi gergeklesir.

Bulasik makinesinin kurutma asamasinda buharlasma ve yogusma olaylar1 olu-
sur. Makine icindeki bazi 1slak yiizeyler ¢iy noktasinin tizerindedir ve buhar-
lasmayla karsilasirlar. Diger yiizeyler ise ¢iy noktasinin altindadir ve yogusma
yasarlar. Bulasik makinalarinin kurutma sistemleri bulasiklar tizerindeki bu-
harlasmay1 6zendirmek i¢in gelistirilmistir (Kumar, Rendall, Turnaoglu, Glue-
senkamp, Patel, Abuheiba ve Gehl, 2021). Bunun saglanabilmesi i¢cin makine i¢
havasinin bagil neminin diisiiriilmesi ve makine igindeki nemli havanin makine
disarisina tasinmasi ya da makine duvarlarinda denetimli bir sekilde yogusturul-
masi gerekir.

Bu amagla gelistirilen kurutma sistemleri atmosfere agik veya kapali, dinamik
(fanl) veya statik (fansiz) olabilir. Bengtsson ve Berghel (2017), yaptiklari ¢alis-
mada bu sistemleri Sekil 2’de gdsterildigi gibi bes kategoride ayrintili olarak in-
celemistir. Bu gdsterimde yer alan kurutma sistemlerinden farkl olan sistemler
ise Sekil 3’'te s6z konusu ¢alismadaki gosterime benzer sekilde olusturulmustur.
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Sekil 2. Bulasik Makinesinde Kullanilan Kurutma Sistemleri (Bengtsson ve Berg-
hel, 2017)

Sekil 2.b’de gosterilen statik kapali devre kurutmada, son durulama suyu sicak-
lig1 yiiksek tutularak durulama sonrasinda yikanmis bulasiklarin yiizey sicakli-
ginin olabildigince ytliksek olmasindan yararlanilir. Bulasik makinasinin gévde
sicakligy, yiiksek sicaklikta durulanan bulasiklardan soguk olacagi i¢in buhar,
govde lizerinde yogusarak tabana iner ve sonrasinda da atik su kanalina atilir. Bu
sistemlerde kurutma stireleri uzun ve harcanan enerji yiiksektir.

Jeong ve Lee (2014), bulasik makinesinin enerji verimliliginin arastirilmasi ile
ilgili literatiirde ¢alismalarin oldugu fakat kurutma mekanizmasi ile ilgili ca-
lismalarin ¢ok nadir oldugunu belirtmis ve bu sebeple son durulama sicakligy,
sirkiilasyon akis hizi ve fan ¢alisma siiresinin kurutma performansi tizerindeki
etkilerini arastirmistir. Calisma, son durulama adiminda yiikler tizerinde depola-
nan enerjinin bulasiklardaki suyun buharlasmasindan sorumlu oldugunu ve son
durulama sicakliginin kurutma performansini ve enerji tiiketimini etkileyen ana
faktor oldugunu gostermistir. Bulasik makinesinde yapilan kurutma isleminde,
ortamdan gelen 1sinin bulasiklara iletilmesi gerekmez. Bunun yerine, son durula-
ma adiminda bulasiklar tizerinde depolanan 1sinin, bulasik yiizeylerindeki suyu
buharlastirmasi gergeklesir. Bu nedenle kurutma baslangic sicakligi ile ayni olan
son durulama sicakligy, bulasiklar: kuruturken énemli bir etkendir.

Statik kurutma islemi sirasinda otomatik olarak kapinin agilmasi ile makine
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icindeki buharin disar1 atilmasina olanak saglayan uygulamalar da vardir. Sekil
2.a'da gosterilen bu uygulamalar, statik-acik devre kurutma olarak isimlendirilir.

Statik kurutmanin bazi 6zel uygulamalarinda bir hava borusu da kullanilabilir.
Makinenin tist kismina dogal konveksiyon ile ¢ikan nemli buhar, bu bolgede yer
alan bir delik ve bagh olan hava kanali yardimiyla makine disina génderilir. Bu
uygulamaya ait sematik gosterim Sekil 3.a’da verilmistir.

Statik sistemlerde kurutma veriminin arttirilmasi i¢in makine yan duvarlarinin
daha cabuk sogutulmasini saglayan yontemler gelistirilmistir. Yan duvarlarda
gerceklesen yogusmanin veriminin artirilabilmesi amaciyla bazi makinelerde
biiytik su cebi kullanilmaktadir. Bu ceplere kurutma sirasinda soguk su alinir.
Bulasik makinesi yan duvarlarinin bu sekilde sogutulmasi, yogusmanin daha ve-
rimli olmasini saglar.

Sekil 2.c’de gosterilen dinamik- acik devre kurutma sistemlerinde, hava borusu
kullanan statik kurutmali sisteme ek olarak bir fan kullanilir. Kullanilan fan ile
dogal konveksiyon yerine zorlanmis konveksiyon ile 1s1 akisi saglanarak kurutma
stirelerinin kisaltilmasi hedeflenir. Bu sistemde de makine i¢cindeki nemli hava
fan tarafindan emilir ve mutfak ortamina atilir.

Sekil 3.b’de gosterilmis olan farkli bir uygulamada ise makineden c¢ekilen nemli
hava, mutfakta bulunan kuru hava ile karistirilarak dis ortama gonderilir. Boyle-
ce mutfak ortamina gonderilen havadaki nem derisimi azaltilmis olur.

Bulagik Makinesi

Bulagik Makinesi

Bulagik Makinesi

a

Sekil 3. Diger Ornek Kurutma Sistemleri

Sekil 2.d’de gosterilen dinamik- kapali devre kurutma sistemlerinde ise makine
icerisinden ¢ekilen nemli hava bir kanaldan gegirilerek tekrar makine icine gon-
derilir. Bu kanalda olusturulan geometrik eklentiler yardimiyla yogusma ytizeyi
elde edilir.

Sekli 3.c’de benzer sistemin gelistirilmis bir uygulamasinda makineden c¢ekilen
nemli havanin bir kismi dogrudan mutfak ortamina verilirken kalan kismi ise
kuru hava ile karistirilarak tekrar makine icerisine gonderilir. Makine i¢gine gon-
derilmis olan gorece kuru ve 1lik hava yoluyla, kurutma verimi artirilir.
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Dinamik- kapali devre kurutma sistemlerinde nem tutucu malzemelerin kullanil-
dig1 uygulamalar da bulunur. Bunlardan en bilineni zeolit kullanimidir. Makine
icerisinden bir fan yardimiyla emilen nemli hava, icinde zeolit bulunan bir hazne
tizerinden gecirilerek tekrar makine igine verilir. Zeolit lizerinden ge¢en nem-
li hava, su buharini kaybederek kuru bir sekilde makine i¢ine tekrar gonderilir.
Boylece makine disina herhangi bir ¢ikis olmadan kurutma islemi basarili bir bi-
¢imde tamamlanabilir. Sisteme ait sema Sekil 2.e’de gdsterilmistir.

Hauer ve Fischer (2011), calismalarinda adsorpsiyon yontemi araciligiyla bu-
lasik makinesinin enerji tilketimini azaltmay1 hedeflemistir. Geleneksel bulasik
makinelerinde kurutma adimi 6ncesinde gercgeklestirilen son durulama adimin-
da su sicakligl kurutmanin saglanabilmesi icin yiiksek tutulur. Yapilan ¢alisma
ile bu su 1sitma asamasi atlandi ve bulasiklarin sicak hava ile kurutuldugu bir
adsorpsiyon asamasi eklenmistir. Nem tutucu malzeme olarak zeolit kullanilmis-
tir. Calisma sonucunda enerji tiiketimi, geleneksel bir bulasik makinesine kiyasla
%25 oraninda diisirilmiistir.

Bulasik makinesinden

Izolasyon hava cikisi

2

Bulagik Makinesi
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Sekil 4. Is1 Pompali Bulasik Makinesi Kurutma Sistemi (Bengtsson ve Berghel,
2017).

Bengtsson ve Berghel (2017), 1s1 pompal1 bir bulasik makinesi i¢in yeni bir ku-
rutma yoéntemi énermistir. Is1 pompali bulasik makinesinde, kondenserde yika-
ma suyu 1sitilirken evaporatorde ise soguk bir su deposu kaynagi olusmaktadir.
Onerilen yontemde kurutma islemi, bir fanin makine i¢indeki nemli havayi kapal
bir sistemde evaporator tizerinden sirkiile etmesiyle gerceklesir. Sistem, yiikler
tizerindeki suyun, makine kabininde buharlasip ve daha sonra evaporatér soguk
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ylzeyinde yogusmasi prensibi ile calisir. Sonuclar, 1s1 pompali kurutma yontemi-
nin mevcut kurutma yoéntemine kiyasla daha verimli oldugunu géstermistir. Ku-
rutma baslangi¢ sicakligl ve kurutma siiresinin, kurutma performansi tizerinde
onemli bir etkiye sahip oldugu tespit edilmistir. Sekil 4’te 1s1 pompali bir bulasik
makinesinin kurutma devresi semasi gosterilmistir.

2. Tasarim Calismalari

2.1 Teorik Model

Sekil 5’'te sematik olarak ¢calisma mekanizmasi gosterilen bu ¢alismada, dinamik
kurutma sistemleri ile benzer verimde ancak elektrikle calisan herhangi bir bi-
lesen icermeyen, statik-bacali bir kurutma sistemi gelistirilmistir. Sistemde ma-
kine icindeki buharin disar1 ¢ikisi i¢in bir baca ve hava destegi icin de bir emis
aciklig yer almaktadir. Bu sekilde baca agikligindan makine igerisindeki sicak
ve nemli hava makine disina atilirken, hava emis a¢ikligindan makine igine taze
hava girisi olmaktadir. Sistem temel olarak kabin i¢indeki buharin, kurutma adi-
minda denetimli ve hizli bir sekilde atilmasi ilkesine dayanmaktadir.

Gelistirilen bu sistem yardimiyla makine icerisindeki nemli ve sicak hava daha
hizli bir sekilde disariya atili. Nemli ve sicak havanin yerini ise kuru ve soguk
olan ortam havasi doldurur. Bu yontem ile makine igerisinde buharlasan suyun
hava icerisinde tutulma giicii siirekli olarak arttigindan bulasiklarin iizerinde
yeniden yogusma olmasinin 6niine gecilir. Ayrica igeriye taze hava dolmasindan
otiird bulasiklar ile makine i¢ havasinin sicaklik farki artar. Bu da bulasiklar tize-
rindeki kiitle transferini, yani buharlasmay1 hizlandiracak yonde bir etki gosterir.
Bu sekilde kurutma verimi iyilesir. Sekil 5’te sistemin ¢alisma ilkesini gosteren
sema verilmistir.

Yogusma Kanali

. Sicakve nemli hava

Soguk ve kuru hava

Emme Kanali

Sekil 5. Tasarlanan Sistemi GOsteren Sema
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Sistemin calismasi dogal tasinim ilkelerine dayanmaktadir. Eger makineye bir
baca agiklig1 acilirsa, makine icerisindeki sicak ve nemli hava yiikselme egiliminde
oldugundan dogal tasinim yoluyla kontrol hacmini terk edecektir. Baca a¢ikligina
ek olarak acilan bir emis acikli1 ise atilan nemli havanin yerine kuru havanin alin-
masini saglar. Ayrica bu acgiklik kurutma siiresini kisaltici etkiye de sahiptir.

4

ol S
S L
W )
o s i

(a) (b)

Sekil 6. (a) Karisim Havalandirmasi, (b) Yer Degistirme Havalandirmasi (Linden,
1999)

Linden (1999), dogal havalandirma ile ilgili yaptig1 ¢calismasinda Sekil 6.a’da
gosterilen havalandirma tipi ile Sekil 6.b’de gosterilen havalandirma sisteminin
farkini incelemistir. Sekil 6.a’da gosterilen sistemde makine hacmi icerisinde ho-
mojen bir sicaklik olusurken, Sekil 6.b’de ise tist kisimlarin daha sicak oldugu
gosterilmektedir. Buna ek olarak Sekil 6.a’daki sistemde odanin havalandirmasi
icin Sekil 6.b’de gosterilen sisteme gore uzun zaman gerektigini belirtmektedir.

Benzer olaylar farkl alanlarda da karsimiza ¢ikmaktadir. Gii¢ santrallerindeki
dogal cekisli sogutma kuleleri, buzdolaplarinin ve soguk hava depolarinin kapi-
lariin agilmasiyla ger¢eklesen hava infiltrasyonu ve kuzine sobalar buna 6rnek
olarak verilebilir.

Karlsson ve Quintiere (1999), yangin dinamigi hesaplamalarinda dogal havalan-
dirma ilkelerini kullanmistir. Gelistirilen sistem de benzer sekilde dogal havalan-
dirma yontemlerindeki baca etkisi ya da y1gin etkisi ilkesine benzemektedir. Bu
nedenle asagida ayrintilar1 verilen miithendislik hesaplamalarinda Karlsson ve
Quintiere’in Enclosure Fire Dynamics (1999) kitabi kaynak olarak kullanilmistir.

Dogal havalandirmada havanin bir agikliktan iceri ve disar1 akisi, basing farkin-
dan dolay1 gerceklesir. Akiskanlarin hareketi her zaman yiiksek basingl bolge-
den diisiik basingh bolgeye dogrudur. Sekil 7’de iist ve alt bolgesinde agikliklar:
olan ve denetlenen bir kapali hacim gosterilmistir. Bu hacmi, gelistirilmis olan
kurutma sisteminin kaba bir modeli olarak kabul edebilirsiniz. Sekilde, dis ortam
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hava yogunlugu ve sicaklig1 p, ve T,, kontrol hacmi hava yogunlugu ve sicakhig p,
ve T, ile gosterilmigtir. Kontrol hacmi sicaklig1 dis ortam sicakligindan daha yiik-
sek ve sabit oldugu kabul edilirse, kontrol hacmine alt a¢ikliktan giren bir soguk
hava akis1 (T,) ve tst agikliktan ¢ikan bir sicak hava akisi (T, ) beklenir. Bunun
nedeni hidrostatik basing farkidir (Karlsson ve Quintiere, 1999).

pa' Ta

Sekil 7. Isitilmis Bir Kapali Hacimdeki Hidrostatik Basing Farklar1 (Karlsson ve
Quintiere, 1999).

Kontrol hacmi i¢i veya disindaki basing profillerinde herhangi bir siireksizlik ol-
mamasi nedeniyle profiller nétr diizlem olarak adlandirilan belirli bir yiikseklik-
te kesisecektir. Bu yiikseklikte basing farklari sifirdir. Notr diizlem Sekil 7°de gos-
terilen iki aciklik arasinda herhangi bir yerde olabilir. Notr diizlemin yiiksekligi,
acikliklardaki akis direnci ve sicaklik farkinin biiyiikliigii ile belirlenir. Ornegin
alt agiklik biiytikse veya diislik akis direncine sahipse notr diizlem, alt agikliga
yakin olacaktir.

Basing farki, kontrol hacmi i¢i ve disindaki yogunluk farkindan kaynaklanir. Yo-
gunluk farkina ise i¢ ve dis ortamdaki sicaklik farki neden olur. Diger bir deyisle
1sinan havanin ytikselme egiliminde olmasinin nedeni, hava icindeki molekiille-
rin genlesip yogunlugunun azalmasidir. Ayni sekilde soguyan hava da yogunlu-
gun artmasi sonucunda al¢alma egilimindedir. Sicak gazlarin kaldirma kuvvetin-
den veya daha dogrusu sicak ve soguk gazlar arasindaki yogunluk farklarindan
dolay1 basing farki olusur.

Sistemdeki hava akisinin basing ve hiz iligkisini anlatmak i¢cin Bernoulli denkle-
mi kullanilmistir. Esas olarak viskoziteden kaynaklanan kayiplarin diistiik oldugu
havalandirma agikliklarinda, havanin laminer akisi incelenecegi icin siirtiinme
kayb1 olmadig1 ve akiskanin sikistirilamaz oldugu kabul edilir (Karlsson ve Qu-
intiere, 1999).
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Sekil 8. Isitilmig Boliimiin Ust Agikhiginin Ayrintih Goriintiisii (Karlsson ve Quin-
tiere, 1999)

Bernoulli denklemi ilk olarak Sekil 8’deki 1 ve 2 noktalari i¢in yazilarak bir esitlik
elde edilir. 1 ve 2 noktalarinda hiz sifir oldugu i¢in denklem (1) formunda yazi-
labilir.

PP, = thzg - hlplg (1)

Sekil 8’de goriildiigi gibi 1 ve 2 noktalarinda yiikseklik esittir. Bu durumda
h;=h,=h, oldugundan 1 ve 2 noktalar1 arasindaki hidrostatik basin¢ farki APu
icin ifade:

AP, = hy(p, — p,)8 (2)

1 ve 3 noktalari arasinda yazilan Bernoulli denkleminden bir esitlik (3) daha elde
edilir. Bu esitligin yazilmasinda amag kitle akis hizinin hesaplanmasidir.

1 1
P1+Evfp1 +hipg="P +Ev§p3 +hsp.g (3)
1 noktasindaki hiz degeri v1=0’dir. Kontrol hacmi i¢indeki hava yogunlugu, kont-
rol hacmi ¢ikis noktasindaki hava yogunlugu ile aynidir (p;=ps;=p,). Dolayisiyla
esitlik (4) halini alir.
4)
Pl - P3 = Ev§p3
Son olarak, nétr diizlemden 1 ve 3 noktalarinin yiikseklikleri aynidir (h;=h;=h,).
Denklem sadelestirilerek (5) halini alir.

1 (5)

— 2
Apu = EVg pg
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i1k elde edilen esitlik ikinci esitlikte yerine yazilarak havanin hu yiiksekligindeki
cikis hizi ile ilgili (6) numarali denkleme ulasilir.

24P, [2hu(p, —p,)g (6)
V = =
¢ pg pg

Ust aciklik icin yapilana benzer sekilde Bernoulli denklemi kullanilarak alt agik-
lik icin de denklemler tiiretilebilir. Sekil 9, bazi ek notasyonlarla birlikte Sekil 8’in
bir benzeridir. Ust noktaya atifta bulunan degiskenler daha énce oldugu gibi “u”
altindisine ve alt noktaya atifta bulunanlar “/” alt indisine sahiptir. Kontrol hacmi
icindeki havay1 “g” indisi, disindaki havay1 ise “a” indisi ifade eder.

]
—&
Auugm
Py Tg Par Ta
K S -
| A|vama

Sekil 9. Notasyonlarin Eklendigi Alt ve Ust Acikhigin Ayrintili Gériintiisii (Karl-
sson ve Quintiere, 1999)

Bernoulli denklemi ilk olarak Sekil 9’daki 1 ve 2 noktalari i¢in yazilarak bir esitlik
elde edilir. 1 ve 2 noktalarinda hiz sifir oldugu i¢in denklem (7) formunda yazi-
labilir.

7
P—-P, = thzg_ hlplg )

Sekil 9'da gosterildigi gibi h;=h,=h; oldugundan 1 ve 2 noktalar1 arasindaki hid-
rostatik basing farki AP, i¢in ifade su hale gelir:

AR = hy(p, —p,)8 (8

2 ve 3 noktalar1 arasinda yazilan Bernoulli denkleminden bir esitlik (9) daha elde
edilir. Bu esitligin yazilmasinda amag, kiitle akis hizinin hesaplanmasidir.

1 1
P2+EV%p2+h2p2g=p3+zv?2>p3+h3p3g (9)
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2 noktasindaki hiz degeri v,=0’dir. Kontrol hacmi i¢gindeki hava yogunlugu, kont-
rol hacmi cikis noktasindaki hava yogunlugu ile aynidir (p,=ps;=p.). Dolayisiyla
esitlik (10) halini alir.

1 2
P,—P; = EV3 Ps3 (10)
Son olarak, nétr diizlemden 2 ve 3 noktalarinin yiikseklikleri aynidir (h,=hs=h,).
Denklem sadelestirilerek (11) halini alir.

1 2
AR = vip, (11)

Ik elde edilen esitlik ikinci esitlikte yerine yazilarak havanin h, yiiksekligindeki
giris hizi ile ilgili (12) numaral denkleme ulasilir.

o PP 2hy(p, —py)8 (12)
T P Pa

Bir agikliktan gecen kiitle akisinin temel doga yasalarini kullanarak hassas bir se-
kilde hesaplanmasi Navier-Stokes denklemlerinin ¢oziilmesiyle gercgeklestirile-
bilir. Bu ¢dziimlerin gergeklestirilmesinde giiclii bilgisayarlar kullanilir. Bernoulli
denklemi yalnizca idealize edilmis akis kosullari i¢cin gegerlidir. Bununla birlikte
tlim mithendislik amaglari i¢in yukarida verilen denklemlerin bazi diizeltme kat-
saylilari ile birlikte kullanimi da gergek sonuglara dnemli 6l¢iide yaklasim saglar
(Karlsson ve Quintiere, 1999).

Bir kontrol hacminde bulunan agikliklar arasinda basing farki oldugunda, akis-
kan ytiksek basing¢ bolgesinden diisiik basing bolgesine hareket eder. Pratikte
akigkan ideal (siirtiinmesiz, sikistirilamaz ve izotermal) degildir ve akisa karsi
bir par¢a direng vardir. Bu direng, temelde agikligin yalnizca bir boliimiiniin aki-
sin icinden etkin bir sekilde akmasina izin verecegini belirten bir akis katsayisi
ile hesaba katilir. Akis katsayisi Cq ile gosterilir.

Basing farkinin tiim kontrol hacmi yiiksekligi boyunca sabit bir deger oldugu
sistemlerde, hizin tiim yiikseklik boyunca sabit oldugu da sdylenebilir. Kontrol
hacmi kenarlarina ¢ok yakin bolgelerde bu durum s6z konusu olamaz. C, akis
katsayis1 bu durumda kenar etkisini hesaba katar. Bu durumda kiitle akisi (13)
numarali denklemdeki gibi yazilabilir:

m = CqAvp (13)

Burada A kesit alani, v kesit tizerindeki sabit hizi ve p akiskanin yogunlugunu
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gosterir. Bu esitlik hizin kontrol hacmi ytiksekligi boyunca sabit olmasi duru-
munda kurulabilir. Aksi durumlarda toplam kiitle akisinin elde edilebilmesi igin
hiz gériiniisliniin, yiikseklige gore degisimi dikkate alinmalidir.

Buradan yola ¢ikarak denklem (6) ve (12) de elde edilen iist ve alt noktalardaki
¢ikis hizlarindan kiitlesel debiler:

Buradan yola c¢ikarak denklem (6) ve (12) de elde edilen iist ve alt noktalardaki
¢ikis hizlarindan kiitlesel debiler:

2hy(p, — p,)8 (14)

Thg = CdAupg p
g

2hy(p, — p,)g
Pa

mg = C4A1pqa (15)

Kiitlenin korunumu yasasi geregi giren kiitlesel debi ile ¢ikan kiitlesel debi birbi-
rine esittir. Bu durumda (14) ve (15) numarali denklemler birbirine esitlenirse
ylkseklik ve hava yogunluklarinin birbiri ile olan iliskisini aciklayan (16) numa-
rali esitlik elde edilir.

B (B Py (1e)
hu Al Pa

Bu boéliimde elde edilen denklemler yorumlanarak tasarima yardimci olacak ¢i-
karimlar yapilmistir:

¢ Debilerin artmasi, baca a¢ikligi yardimiyla makine disina atilan nemli havanin
ve hava emis ac¢iklig1 yardimiyla makine i¢ine alinan taze havanin miktarlari-
nin artmasi demektir. Makine igerisindeki havanin giris-¢ikisinin artmasi ma-
kine icerisindeki nemin stirekli olarak azaltilmasi ve makine i¢indeki havanin
nem tutma yeteneginin artmasi anlamina gelmektedir. Yani, bulasiklar tze-
rinden buharlasan suyun tekrardan bulasiklar iizerinde yogusmasinin éniine
gecilmis olur.

e Ayrica, hava giris-¢ikisinin hizlanmasi, igeriye daha ¢ok taze (soguk ve kuru)
hava dolmasi anlamina gelir. Bu sekilde, makine i¢ sicakliklari daha hizl bir
sekilde diiser ve makine icindeki hava ile bulasiklar arasindaki sicaklik farki
artar. Bu da bulasiklar tizerindeki kiitle transferini, yani buharlagmayi hizlan-
diracak yonde bir etki gosterir. Bu sekilde kurutma verimi iyilesir.

¢ Acikliklarin konumlar1 6nemli degiskenlerdir ve denklemlerde ¢carpan duru-
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munda bulunmaktadirlar. Baca ag¢iklig1 ile hava emis agikligl arasinda ytik-
seklik farki bulunmalidir ve baca aciklig1 her zaman hava emis acikligindan
yukarida olmalidir. Aradaki ytlikseklik farki arttik¢a, kontrol hacmi igerisine
giren (taze hava) ve disariya atilan (nemli hava) hava hizlari, buna bagli olarak
debileri artacaktir ve daha hizli bir hava giris-¢ikisi gerceklesecektir. Boylece,
baca acikligini olabildigince en yiiksek konuma, hava emis ac¢ikligini ise ola-
bildigince en algak konuma yerlestirmek, carpan durumunda olan ytikseklik
degiskenini biytitiir. Bunun sonucunda hava hizlar1 ve debi yiikselir ve maki-
ne disina atilan nemli hava ve makine i¢ine alinan taze hava miktarlari artar.

e Acikliklarin kesit alanlar1 da 6énemli degiskenlerdir ve denklemlerde ¢arpan
durumunda bulunmaktadirlar. Baca ve hava emis agikliklarinin kesit alanlari,
hacimsel debi denklemlerinde ¢arpan durumunda oldugundan, bu agikliklar
biiyiitiildiigiinde baca a¢ikligindan makine disarisina ¢ikan nemli havanin ve
hava emis ac¢ikligindan iceriye giren taze havanin hacimsel debileri de ayni
oranda artar.

e S0z konusu sistemde, acgikliklarin yiikseklik farklar1 disinda konumlar: da
onem tasimaktadir. Sistem her ne kadar yiikseklik farki oldugu stirece ¢alisir
durumda olsa da konum diizenlemeleriyle sistemin verimi artirilabilecektir.
Baca agikligi ile hava emis acikliginin karsilikli olarak konumlandirilmasi bu
diizenlemelerden biridir. Makinenin tercihen alt béliimlerinde bulunan hava
emis acigindan, nemli ve sicak hava bulunan makineye taze (kuru ve soguk)
hava girisi olur. Nemli ve sicak hava ytlikselme egiliminde olacagindan baca
acikligindan disariya ¢ikar. Havanin akis yolu da bu dogal harekete gore ger-
ceklesir.

Baca agiklig1 ve hava emis acgikliklarinin karsilikli olmasi havanin yolunu sekil-
lendirir. Makinenin bir késesindeki hava emis agikligindan hava girip, karsi ko-
sesindeki baca agikligindan disariya ¢iktigi bir sistemde, makine icerisindeki en
ylksek sayida bulasik akis yolu tizerinde kalir. Bu sekilde hava akisi daha ¢ok
bulasik lizerinden gectiginden, bulasiklar tizerindeki kiitle transferi artar. Bu da
bulasiklar tizerinden daha fazla su damlasinin buharlasacagi anlamini tasir. Yani
kurutma verimi yiikselir.

2.2. Tasarim Dogrulama

Bu boéllimde, tasarlanan kurutma sisteminin islevinin kanitlanmasi amaglan-
mistir. Bu dogrultuda sistemi olusturan emme ve yogusma kanallarinin énciil
tasarimlar1 yapilmis ve Sekil 10’da gosterilen ilk 6rnek (prototip) tretimleri
gerceklestirilmistir. Prototipler iizerinden yapilan sicaklik dl¢timleri ile sistemin
islevselligi arastirllmistir. Olgciimlerde 0,5 °C dogrulukta 6lgiim yapabilen ter-
mokupllar kullanilmistir.
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Sekil 10. Prototip Test Bulasik Makinesi

i1k olarak yalmz kurutma cevriminde él¢iimler ahnmistir. Yogusma kanalina ma-
kine icerisinden nemli havanin girdigi acikliga, taze havanin emildigi agikliga ve
kanalin ¢ikis acikligina termokupllar yerlestirilmistir. Sicaklik degerleri Sekil
11’de verilmistir. ilk testlerin ardindan, yikama c¢evrimi siiresince dl¢iimler ali-
narak sistemin ¢alisma durumu incelenmistir. Sicaklik sensorleri makinenin bu-
lundugu ortama, makine icine, yogusma kanal ¢ikisina ve emme kanali girisine
yerlestirilmistir. Olciilen sicaklik degerleri Sekil 12’de gdsterilmistir.

Kanaldan disariya atilan havanin sicakligl, beklendigi sekilde makine icerisinde-
ki hava ile makine yan béliimiinden giren taze havanin karisimindan elde edilen
bir sicakliktir. Makine yan béliimiiniin test odasindan daha sicak olmasinin ne-
deni yikama siiresinde makine duvarlarinin isinarak yan boliimiindeki havay1 da
1sitmasidir. Testler tezgah icine gémiilii ankastre bir {irtin tizerinde yapildig1 icin
makine iizerine yerlestirilen kabin de yalitim etkisi yaratmaktadir. Dogrulama
amaciyla agikliklarin éniine cam ytizeyler konmus ve yogusma olmadig1 gézlen-
mistir. Test sonuglarina gore tasarlanan kurutma sisteminin islevini yerine getir-
digi kanitlanmistir.
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Sekil 11. Kurutma Adimi Boyunca Sicaklik Olgiimleri

Kanaldan disariya atilan havanin sicakligi, beklendigi sekilde makine icerisinde-
ki hava ile makine yan bélimiinden giren taze havanin karisimindan elde edilen
bir sicakliktir. Makine yan boliimiiniin test odasindan daha sicak olmasinin ne-
deni yikama siiresinde makine duvarlarinin isinarak yan boliimiindeki havay1 da
1sitmasidir. Testler tezgah icine gomiilii ankastre bir {iriin tizerinde yapildig1 icin
makine iizerine yerlestirilen kabin de yalitim etkisi yaratmaktadir. Dogrulama
amaciyla agikliklarin éniine cam ytizeyler konmus ve yogusma olmadig1 gézlen-
mistir. Test sonuglarina gore tasarlanan kurutma sisteminin islevini yerine getir-
digi kanitlanmistir.

Yogusma kanali ¢ikisinda yer alan sensér makine i¢ sicakliklarina benzer bir egi-
limde sicaklik degisimini gdstermektedir. Emme kanali girisindeki sensor ise ka-
bin i¢ sicakligindan bagimsiz olarak yalnizca dis ortam sicakligin1 okumaktadir.
Bu demektir ki; makinenin baca agikligindan makine disarisina sicak ve nemli
hava salimi, hava emis agikligindan ise makine icerisine taze hava beslemesi ol-
maktadir. Sonuclar, sistemin tam olarak beklendigi gibi ¢alistigin1 gdstermekte-
dir.
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Sekil 12. Yikama Programi Boyunca Sicaklik Ol¢iimler

3. Deneysel Calismalar
3.1 Yontem

Bulasik makinelerinin performans kriteri; yikama ve kurutma degerleri, enerji
ve su tiiketimi, program siiresi ve ses giicii diizeyine gére belirlenir. Ol¢iim yon-
temi olarak EN 60436 numarali “Elektrikli bulasik makinalari: Ev ve benzeri yer-
lerde kullanilan - performans 6l¢gme metotlar1” standardi kullanilmaktadir.

Tasarlanan sistem, kurutma sistemi tizerine kuruldugundan yikama performansi
ve su tiikketimine etkisi yoktur. Bu nedenle yikama performansi ve su tiiketimi ir-
delenmemistir. Sistemin ses diizeyini ylikseltmesi ile ilgili bir risk de 6ngoriilme-
mektedir. Fanli kurutma sistemlerine gore ses diizeyinde diisiis beklenmektedir
ancak tasarlanan sistemin ses diizeyini diisiirme hedefi olmadigindan ses diizeyi
de arastirilmamistir.

Yikama ve kurutma indekslerinin hesaplanmasinda birbiri ardina sirali testler
yapilabilecegi gibi (yikama ve kurutma) ayr1 ayri testler de (yikama ya da kurut-
ma) yapilabilir. Ancak yikama ve kurutma puani ile birlikte su ve enerji tiiketimi
de belirlenecek ise siral testler yapilmalidir. Sirali testlerde kirli yiikler kullani-
lirken yalnizca kurutma puaninin hesaplanacagi ayri yapilan bir testte ise temiz
yukler kullanilabilir. Calisma kapsaminda enerji tiiketimi de belirlenecegi icin
sirali testler yapilmistir.

Performans testlerine baslamadan 6nce EN 60436 standardinda belirlenen asa-
g1da siralanan sartlar saglanmistir:
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¢ Sebeke frekansi: 50 Hz + %1 ve sebeke voltaji: 230 V + %1
e Ortam sicakligi 23 # 2°C ve bagil nem: %55 + 5
e Su giris sicaklig1 15+2°C, sertligi 2.5 + 0.5 mmol/], basinci 240 + 20 kPa

Testlerde standartta belirtilen referans deterjan ve parlatici kullanilmistir. Deter-
jan ve parlatict miktari liretici firma tarafindan 6nerildigi kadardir.

Calisma kapsaminda statik, fanl ve tasarlanan dogal tasiniml sistemin enerji
tiiketimleri standartta belirtildigi lizere kosul ve yontemlerde enerji analizori
(Entes MPR-53S, Dogruluk: +%1) ile 6l¢iilmiistiir.

3.2 Kurutma Indeksinin Hesaplanmasi

Kurutma performansinin degerlendirmesinde EN 60436 numarali standartta ta-
nimlanan 151k kaynag kullanilarak yiikler tizerindeki damlacik miktarinin sayil-
mas! yontemi kullanilir. Program siiresi tamamlandiktan 30 dakika sonra makine
kapagi acilir. Degerlendirmeye alt sepetteki pargalardan baslanir. Daha sonra tist
sepetteki parcalar, en son ise kasik-catal ve servis takimlar1 degerlendirilir. Bir
parcanin degerlendirilmesi i¢in ortalama 8 s harcanmalidir. Yiikler kuruluk di-
zeyine gore kuru, orta ve nemli olarak degerlendirilir.

¢ Kuru: bir par¢anin tamamen kuru olmasini belirtir ve puanlamada “2” puan
alir.

¢ Orta: bir par¢anin iki damlaya kadar su veya hareketli bir su izi igermesini
belirtir (toplam 1slak alan 50 mm? den az olmalidir) ve puanlamada “1” puan
alir.

e Nemli: bir parcanin iki damladan fazla su, bir damla su ile hareketli bir su izi,
iki hareketli su izi veya fincan, bardak ¢ukur boélgelerinde kalmis suyu veya
toplam 1slak alanin 50 mm? den fazla olmasini belirtir ve puanlamada “0”
puan alir.

Belirtilen degerlendirme kriterlerine uygun olarak Tablo 1 doldurulur.
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Tablo 1. Kurutma Performansi Degerlendirme Formu

I.<ateg.o- b puanini al-
Parca Tanimi Parca  Kurutulan rlye;rgc;re mis 6ge sayisl,
EN 60436 No Parcalar pers a, Tz_ZabXb
(EK-A) S sayisi
S, 21 0

A1 1 Yemek Tabagi

A2 2 Tath Tabagl

A3 3 Tatli Kasesi

A4 4 Kupa
A5+B5 5 Bardak
A6+B6 6 Catal
A7+B7 7 Bigak
A8+B8 8 Corba Kasigi
A9+B9 9 Tath Kasig
A10+B10 10 Cay Kasig

B1 1 Corba Kasesi

B> . Melamianath

Tabagi

B3 13 Fincan Tabagi

B4 14 Kahve Kupasi

S1a 15 Kigik Kap

Stb 16 Firin Kabi

S2 17 Cam Kase

S3 18 Oval Tabak

S4 19  Melamin Kase

S5 20 Servis Kasigl

S6 21 Servis Catali

S7 22 Sos Kepgesi

N= S= XTz=

Notlar: Test No:
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Sofra takiminin her bir parcasi i¢in T, degeri (17) formiiliine gore hesaplanir. Bu
formiilde a, x b her bir par¢a icin 0-2 arasinda verilen puan ile bu puani alan
parca sayisinin carpimini ifade eder.

Tz=Zabxb (17)

Toplam yikanan parca sayisi N ile ifade edilir. (18) numarali formiil ile hesaplanir.

N=)'s, (18)

Bir deneye ait kurutma puani T, her bir parg¢a tiirii i¢in hesaplanan T, degerleri
kullanilarak (19) numaral formiil ile hesaplanir.

TZ=ZabXb (19)

Test edilen makine i¢in kurutma puani T, n deney sonunda elde edilen T; degerle-
rinin aritmetik ortalamasidir. (20) numarali formiil ile hesaplanir.

T :7112 T, (20)

3.3 Standart Kosul Test Sonuclar:

EN 60436 standardinda belirtilen kosullarda tasarlanan dogal tasinimli kurutma
sistemi, fanl kurutma sistemi ve statik sistem kiyaslanmistir. Karsilastirilmasi
yapilan her li¢ sistem de iicer kez teste alinmis ve ortalama kurutma puanlari
hesaplanmistir.

Karsilastirmanin daha anlasilir olmasi i¢in hesaplanan kurutma puanlari ve 6l¢ii-
len enerji tiikketimleri statik sistem birinci program sonucu 1 birim olacak sekilde
indekslenmistir.

Sekil 13’te her ii¢ sistemin ii¢ farkli yikama programindaki karsilastirmali verim
sonuglar yer almaktadir. Sekil 14’te ise karsilastirmali enerji tiikketimleri veril-
mistir.

Tasarlanan kurutma sistemi, standart kosullarda yapilan testlerde tiim yikama
programlarinda statik kurutma sistemine oranla daha yiiksek kurutma indeksi-
ne sahiptir. Tasarlanan kurutma sistemi ile fanl kurutma sistemi karsilastirildi-
ginda ise ikinci programda tasarlanan sistemin, birinci ve ti¢iincii programlarda
ise fanl kurutma sisteminin kurutma indeksi ytliksektir.
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Sekil 13. Standart Kosullarda Karsilastirmali Kurutma Verimleri
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Sekil 14. Standart Kosullarda Karsilastirmali Enerji Tiiketimleri

Fanli ve tasarlanan dogal tasinimli kurutma sistemi enerji tiiketimleri karsilasti-
rildiginda; tasarlanan sistem, tiim programlarda fanh sistemden daha az enerji
tiiketir. Birinci ve liglincli programlarda statik kurutma sistemi ise en ¢ok enerji
harcayan programdir. Bu durumun sebebi statik sistemde durulama sicakliginin
yliksek olmasidir. ikinci programda ise statik sistemin enerji tiiketiminin diisiik
olmasinin nedeni ise program siiresinin statik kurutmanin gerceklesmesi i¢in
gerekli stirenin altinda olmasidir. Bu programda kurutma tam anlamiyla gergek-
lesmedigi icin enerji tiiketimi de diisiik olmaktadir. Bu programda son durulama
sicakliginin artirilmasi ve program siresinin uzatilmasiyla, istenilen kurutma
performansi elde edilebilir. Ancak bu yapilirsa enerji tiiketimi artacaktir.
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Sekil 15. Ortalama Kurutma Indeksi

Karsilastirmanin yapildigi i¢ yikama programinin ortalama kurutma indeksleri-
ne ait grafik Sekil 15’te verilmistir. Grafikte de goriildiigii lizere tasarlanan sistem
ve fanl sistemin kurutma skorlari birbirine ¢ok yakindir. Statik sistemin ise ku-
rutma skoru diger iki sistemden diistiktiir.

Benzer sekilde karsilastirmanin yapildigi ti¢ yikama programinin ortalama enerji
indekslerine ait grafik ise Sekil 16’da verilmistir. Grafikte de goruldigi tzere,
tasarlanan sistem ortalama enerji tiiketimi en diisiik kurutma sistemidir. En ¢ok
enerji tiikketen sistem ise statik kurutmadir.
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Sekil 16. Ortalama Enerji Tiiketimi Indeksi

Ozet olarak standart kosullarda sistemlerin performanslari karsilastirildiginda;
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e Statik kurutma tiim programlarda en diisiik kurutma performansina sahiptir.

¢ Fanli kurutma sistemi birinci ve ii¢iincii yikama programlarinda en yiliksek
performansi gostermistir.

e Tasarlanan kurutma sistemi, ikinci programda en yiiksek performansi gos-
termistir.

e Enerji tiiketimleri birinci ve Giglincli programlarda statik - fanl - tasarlanan
sistem seklinde azalarak siralanmaktadir.

 Ikinci programda statik kurutma sistemi en az enerji titkketmektedir.

4. Sonuglar ve Oneriler

Tasarlanan kurutma yonteminde dogal bir hava akis yolu olusturularak kurutma
adiminda nemli havanin kabin icinden atilmasi saglanmaktadir. Nemli hava bir
yogusma kanali vasitasiyla atilirken kabin icine taze hava alinabilmesi amaciyla
bir emme kanali sisteme eklenmistir.

Kurutma kanallarinin baglantisi icin makinede olusturulan agikliklarin kesit ala-
n1 ve konumu, sistemden gececek debi degerini dogrudan etkileyen degiskendir.
Bunun yani sira kanallarin geometrisi ve basing diistimii de debiyi etkileyen di-
ger degiskenlerdir.

Kurutma sistemleri, sicaklik ve nem farki ile tetiklenmektedir. Kurutma adimi-
nin basinda nem atma hizi yiiksekken, kurutma adimi sonuna dogru kabin i¢iyle
bulasik makinesi ortami arasindaki sicaklik ve nem farki azaldig1 i¢in nem atma
hiz1 diismektedir.

Programdan bagimsiz olarak ortalama performanslar karsilastirildiginda, tasar-
lanan yeni kurutma sisteminin kurutma etkinligi, statik kurutma sistemine gore
%9,9 daha ytiksek iken fanl kurutma sistemi ile benzerdir.

Benzer sekilde ortalama enerji tiiketimi de programdan bagimsiz olarak deger-
lendirildiginde, tasarlanan yeni kurutma sistemi en az enerji tiiketirken, fanl sis-
tem %5 daha fazla enerji tiikketmektedir. En ¢ok enerji tiiketen statik sistemin ise
tasarlanan sistemden %7,5 daha fazla enerji tiikettigi gozlemlenmistir.

Yikama programlari 6zelinde degerlendirildiginde, tasarlanan kurutma sistemi,
standart kosullarda yapilan testlerde tiim yikama programlarinda statik kurut-
ma sistemine oranla daha ytiksek kurutma skoruna (Birinci program %6, ikinci
program %19,4, liglincii program %11,2) sahiptir. Diger taraftan, statik kurutma,
tlim programlarda en disiik kurutma performansi géstermistir.

Birinci ve liglincii programlarda ise fanli kurutma sisteminin kurutma skoru daha
yiiksektir (Birinci program %2,8, ligiincii program %1,8).

Tasarlanan sistemin kurutma skoru, ikinci programda fanl sistemden %5,7 faz-
ladir.
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EN 60436 standardina gore, kurutma performansinin degerlendirilmesi prog-
ram bitiminden 30 dakika sonra yapilir. Tasarlanan sisteminin en biiyiik tstiin-
ligl, barindirdigr atmosfer agikliklar: nedeniyle denge noktasina gelene kadar
kurutma isleminin kendiliginden siirmesidir. Bu nedenle fanli kurutma sistemi-
ne gore yaklasik 30 dakika fazladan kurutma islemi yapabilmektedir. Tasarlanan
kurutma sisteminin veriminin ikinci programda fanl sistemden daha {istiin ol-
masinin nedeni budur.

Fanli ve tasarlanan sistemin enerji tiilketimleri karsilastirildiginda ise tasarlanan
sistem, tlim programlarda fanli sistemden daha az enerji tiikketmektedir.

Bu calismada arastirma ve yayin etigine uyulmustur.

Tesekkiir
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1. Introduction

Seat belt is a valuable product in the automotive industry to protect the lives of
passengers and vehicle users and to prevent accidents. Gustave Liebau is invent-
ed in 1903. In the 1930s, an American physician placed two-point seat belts in
his car and insisted that car manufacturers put them on new models. Over time,
seat belt technology, product features, and diversity have evolved. The automo-
bile industry is a constantly evolving industry. Pedestrian and passenger safety
in particular comes to the forefront for automobile manufacturers.

Seat Belt manufacturer Ark Pres, which is the subject of study, started produc-
tion with the Static Seat Belts in 1973 and short time started to supply seat belts
to one of the national automotive giants, Tofas for the Kartal vehicle model and
Dogan vehicle model. With that, it reached an important position in the sector in
1981. The company has various products such as 2-point, 3-point, 4-point, and
5-point, and sub-products of these products. The company within the develop-
ments in our age, the company can compete with its competitors in the sector
with a minimum focus on the cost of production.

In production and operations management, dispatching rules are decision rules
that specify the sequence in which jobs or tasks are completed in a manufactur-
ing or service setting. These guidelines are essential for organizing and allocating
work in a way that maximizes a system’s overall effectiveness and performance.
Often, the main goal of dispatching rules is to reduce performance indicators
such as makespan and overall completion time (Salama, Kaihara, Fujii, & Kokur-
yo, 2023).

The Parallel Machines and Flow Workshop problem type is the focus of the study.
To improve the company’s production efficiency, APP (Total Production Plan-
ning) and MRP (Material Requirements Planning) studies were used in the SAS
(Sorting and Scheduling) research. The investigation’s goal is to locate incom-
plete work.

The work with the Smallest Processing Time (SPT) or Expected Processing Time
is processed first out of all the tasks that are processed. Linear programming
(LP) is used to give fresh evidence of the correctness of SPT. The LP formulation
was one that Wolsey and Balas had first introduced and improved (Cheng, Tang,
& Zhang, 2023). According to the work presented by Qi, the SPT schedule is op-
timal for the interstation problem; The main problem is to minimize the sum of
all job times completed at a single station and apply the SPT rule to obtain an
optimal schedule. That is, all jobs are listed in non-decreasing order. Inter-station
operations and idle periods between these operations are not allowed (Qi, Bard,
& Yu, 2006).
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Total flow time, or the amount of time it takes for a work to go through the com-
plete production process, may be reduced with the use of SPT. By finishing short-
er work sooner and enabling a faster resource turnover, it often optimizes the
use of available resources. The Shortest Processing Time (SPT) rule offers an op-
timal solution to the problem of scheduling jobs on the same parallel machines to
reduce average work completion times, which is one of the first achievements in
scheduling theory. SPT offers a predictable planning sequence that facilitates the
planning and management of manufacturing operations (Kim & Jeong, 2007). In
addition to this facilitation, it is necessary to mention its limitations.

Even while SPT is good at cutting down on processing times for certain projects,
it can make jobs wait longer and even lengthen lead times overall. When it comes
to lowering completion time or other planning criteria like total completion
time, it can not necessarily produce the best overall performance (Cho, Shmoys,
& Henderson, 2023).

The job with the most processing or the largest possible processing time is pro-
cessed first. In parallel scheduling of stations, it cannot generally be assumed
that all stations are present along the schedule. Some stations are linked to un-
finished work from the previous planning period, some are scheduled for cor-
rection, and some may be linked to specific work that must be done. In detail, it
analyzes how the worst-case performance of the longest runtime first algorithm
(or LPT for short) is affected by varying degrees of station availability (Hwang,
Lee, & Chang, 2005).

It is generally not possible to assume that every machine will be accessible for
use for the whole planning horizon in real-world parallel machine planning. A
specific set of work that has to be done may partially occupy certain machines,
some may be scheduled for repair or maintenance within a specific time frame,
and some may be occupied by incomplete work from the previous planning pe-
riod. It is scheduled at specific intervals because of a number of unavoidable
factors. Given the restricted number of machines available, the scheduling prob-
lem’s combinatorial character is undoubtedly made more difficult. Like all rules,
the LPT rule has its limitations (Liao, Shyur, & Lin, 2005). Some studies contend
that by minimizing the delay of individual jobs, LPT can result in longer flow
times for the entire job group and potentially increase overall completion time.
Lee contends that LPT can provide a program with an arbitrarily large runtime if
all machines are shut down together for an arbitrarily long period of time (Zhao,
Ji, & Tang, 2011). Furthermore, in terms of reducing other planning criteria like
completion time or total completion time, LPT might not necessarily offer the
greatest overall results.

In production and operations management, the Earliest Due Date (EDD) dis-
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patching rule is used to schedule jobs or activities in a manufacturing or service
setting. The idea of EDD is to arrange tasks according to their due dates. In par-
ticular, the earliest-due jobs are scheduled first (Bryant, Lakner, & Pinedo, 2022).
By finishing the projects with earlier due dates first, EDD aims to reduce overall
tardiness or lateness of jobs (Lushchakova, 2006). The due date is taken into
account for each work, and the jobs are arranged in ascending order of their due
dates. Jobs that have the earliest deadlines are booked ahead of those that have
later deadlines. Even while the restrictions have their uses, they might not always
result in the best overall performance when it comes to lowering other schedul-
ing criteria like makespan or total completion time (Jiang, Lee, & Michael, 2021).

The order is made first as it is the milestone with the earliest delivery date in
the project phase. To create a timed work queue in a three-station production
area, this method must be considered to maximize total early work due to the
same delivery day. Early completion of a job is a parameter defined as the to-
tal amount of work done before the time requested by the customer. This work
mainly focuses on the unweighted model and proposes a dynamic programming
approach that works in “O” time. This is studied by an approximation method
where it has been shown that the Earliest Due Date (EDD) algorithm, best known
in factory planning, can achieve only the most erroneous performance ratio for
propagation optimal minimization problems. With the motivation to suggest bet-
ter approximation algorithms. Finally, it is noted that the approximation results
also work for the weighted model if a certain constraint is met (Chen, Miao, Lin,
Sterna, & Blazewicz, 2022).

The firstjob to the station is done first. When the customer order reaches the seat
belt assembly line, a production plan is taken according to the order of the order,
and the “first come, first served” principle is kept in the foreground to manage
the service requests in the name of equality. Most CSS studies do not directly
model shared seat belt supply-demand interactions, especially when demand
shortages arise. This work formulates the supply-demand dynamics of one-way
CSS under different First Come First Serve (FCFS) mechanisms and puts them
in the constrained rational dynamic user equilibrium (BR-DUE) problem. Two
separate FCFS mechanisms have been proposed to improve the use of shared
seat belts given the same CSS resources at the split time. To accurately capture
CSS selection in space and time, a path-expansion strategy has been proposed to
deal with different wait times under separate FCFS mechanisms. Numerical ex-
amples show that FCFS mechanisms have a significant impact on supply-demand
dynamics and CSS selection (Wang & Liao, 2021).

One of the most basic scheduling principles is FCFS, which processes jobs in the
order that they arrive. Reducing the lead time or waiting period for each task is
the main objective. Jobs are booked according to the times of arrival. The first
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work that arrives gets handled first, and then the second task in the sequence of
arrival. FCFS is simple to use and appropriate in situations where business prior-
ities are not crucial or if arrival order is the only factor to be taken into account
(Jia, Bard, Chacon, & Stuber, 2015).

One of its limitations is that FCFS might not be the best option for overall system

performance. It doesn’t account for work deadlines or processing times, which
might result in wasteful use of resources or longer flow times (Winograd & Ku-
mar, 1996).

While investigating APP and MRP concerns, it is determined that SAS issues are
critical in production and assembly lines. Today, most of the goods we use to
make our lives simpler are constructed. These things are sub-items that are se-
quentially merged to make the main product. The assembly line is the manu-
facturing mechanism utilized to create these items. This manufacturing system
is made up of several workstations that are organized along with the material
handling system. A series of jobs direct workers or robots to handle components
at each workstation. Tasks are delegated to a predefined group of workstations
depending on their priority relationship. To achieve acceptable productivity, the
total cycle time per workstation and processing time of assemblies should not
exceed. The ALB (assembly line balance) problem refers to the priority connec-
tions between activities. These challenges address the issue of distributing jobs
to workstations to achieve a specified goal, such as decreasing cycle time for a
given number of workstations or optimizing assembly line efficiency (Becker &
Scholl, 2006). On the other hand, Abdelsalam et al. developed a mixed integer
programming model. They solved it with GAMS by considering several scenarios
to determine the current system’s idle time and unused machine capacities. With
the developed model, they mentioned that the proposed model maximizes the
company’s efficiency (Abdelsalam, et al., 2023).

A Gant Chart is created using assumptions such as the steps to be followed to
solve the problem, arrival time, process time, and cycle time. A mathematical
model is established, and a scenario analysis is made.

The rest of this study is structured as follows: Section 2 the proposed methodolo-
gy of the problem is defined. In Section 3, the implementation and the numerical
results are discussed. The conclusion of the proposed method is presented in
Section 4.

GAMS and scenario analysis in the study. The Gantt Chart drawing shows the pro-
duction cycle of the assembly line and the duration of the unfinished works, the
estimation, and the estimation of the bottleneck situation for 3 assembly lines in
the company. Transition times from all processed stations are observed at 174,
183, and 170 seconds. The most efficient method for line 1 in scenario analysis;
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is time to completion: 6.5, Usage Capacity: 6.45%, average number of jobs com-
pleted in the system: 3.2, number of jobs delayed: 0.41, and FCFS method. The
most efficient method in line 2; Completion time with EDD method: 12.5, Usage
capacity: 38.67%, average number of completed jobs in the system: 2.58, number
of delayed jobs: 4.5. on the 3rd line;

Average completion time: 16, Usage Capacity: 37.37, the average number of com-
pleted jobs: 2.67, and the number of delayed jobs: 7.5, the most efficient method
is the SPT method.

2. Methodology

In this part of the study, methodology, data collection, analysis method, and flow
chart of mathematical models are created. To overcome these challenges, are
created a linear programming paradigm. SAS is a significant instrument in the
management of production and operations. In everyday life, decision-makers are
eager to discover an excellent strategy to properly manage resources to provide
the most actual for the industrial and service industries. Scheduling is a timeline
that comprises the start and finish timings of machine jobs, among other things.
Machines are commonly used to refer to resources, whereas jobs or operations
refer to tasks. The store is the setting for the scheduling problem. There are sev-
eral sorts of shops utilized in scheduling difficulties, such as the job shop, mixed
shop, flow shop, open shop, and so on. This paper describes the various methods
to solve the SAS problem. Various works have been formulated to obtain the op-
timal solution in the field of scheduling problems. There are two different sig-
nificant characteristics of other solution methods. The first characteristic is the
quality of the solution, and the second characteristic is the computation time in-
volved. This study classified these methods into the dispatching rules. Research
and publication ethics were complied with in this study.

Figure 1. Production Planning and Control Relationship

In the Figure 1, orders from customers are gathered together by making an APP.
All collected data is transferred to the relevant departments via MRP in order
to prevent data loss and ensure correct information flow. The production, plan-
ning, supply, and related departments that receive this data initiate the necessary
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studies in order to realize production in a shorter and more efficient manner by
making SAS.

2.1 Flow Chart of The Methodology

In Figure 2, a flow chart about the efficient capacity planning study process has
been created. There is a need for some data about the Company in question.

These; machines used, machine capacities, production times and costs, setup
time, customer order delivery date, order quantity, cycle process, transaction
process, current stock, and other basic data. Thanks to the data obtained, past
demands are analyzed, and production capacity is determined with ERP. An opti-
mal result is obtained thanks to the linear mathematical model. In the SAS meth-
ods used, 4 different methods are used, and GAMS software is preferred for the
solution of this model and the solution is collected from here. Optimum produc-
tion planning according to the solution is realized as the lowest cost and maxi-
mum profit. These strategies and outcomes are discussed in order to expand the
capability of the company:.

Figure 2. Proposed Methodology

In the Figure 2, the steps to be taken to achieve the optimal result are visually en-
riched. First, the data obtained from the company is collected. In order to attain
the best possible outcome, a mixed integer programming model is constructed
by sorting the workloads. After all the data are considered, a Gantt chart is cre-
ated and at the end, a comparison is made by making a scenario analysis and a
recommendation can be made to the company.
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2.2 Data Collection and Analysis Methods

In this section, SAS analyses are made with the data taken from Ark Pres. First,
the company’s own planning method is observed. For example, in the weekly
customer order, the production planning is determined according to the order
dates. 4 strategies for this study are SPT, FCFS, EDD, and SLC. Details of the pro-
duction process of the selected products are given below.

2.1.1 3 Point Seat Belt

This type of seat belt consists of 20 sub-products. There are 3 different types of
this product in itself. The differences between these products are the variety of
mechanisms. These products; Collector frame, Shaft, Rabbit, mainspring spring,
Plastic cover, screw, Plastic gear, Angle element, plastic pin, triangle buckle,
T-buckle, Bottom link bracket, Label, Sewing thread, plastic stopper, plastic cover
with triangle buckle, Bolt, Isher, Belt, Plastic belt guide. It consists of 8 stations
for the production of 3-point seat belts. Station 1 is 10 seconds, station 2 is 25
seconds, station 3 is 20 seconds, station 4 is 15 seconds, station 6 is 25 seconds,
station 7 is 20 seconds, and station 8 is 22 seconds. In other words, a production
process of around 2.50 is determined. A time loss of 6 seconds is determined
between stations 1 and 2.

(b) ()

Figure 3. (a) 3Point AR3 Seat Belt (b) 3Point AR2 Seat Belt (c) 3Point All Age Seat
Belt

In the Figure 3, different types of 3-point seat belts are added as a product image.
The type (a) product mechanism has a newer and larger design, while the type
(b) product has a smaller mechanism. Therefore, the belt wrapping feature of the
(a) type product is higher than the (b) type product. Type (c) product is suitable
for children’s school bus/bus.
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Figure 4. 3 Point Seat Belt Production Line

In the Figure 4 for visual to shows that the assembly line of the 3-point seat belt
consists of 8 stations. There is a detailed explanation of the processing time of
each station and the sub-product group assembled at this station. For a seat belt
to become a product, it must complete these processes.

2.2.2 2 Point Seat Belt

This type of seat belt consists of 15 sub-products. There are 3 different types of
this product in itself. The differences between these products are the variety of
mechanisms. These products are collector frame, shaft, half-moon, mainspring,
metal gear, plastic cover, screw, plastic gear, angle bracket, spring, label, plastic
belt guide, bottom link bracket, plastic stopper, and belt. The construction of the
2-point seat belt consists of 7 stations. Station 1 lasts in 15 seconds, station 2 in
25 seconds, station 3 in 25 seconds, station 4 in 17 seconds, station 5 in 15 sec-
onds, station 6 in 25 seconds, and station 7 in 14 seconds.

(@) (b) (c)
Figure 5. (a) 2Point ELR Seat Belt (b) 2Point Static Seat Belt (c) 2Point ALR Seat
Belt

In the Figure 5 different types of 2-point seat belts are added as a product image.
The technical feature of the (d) type product has a 3-point seat belt feature. Since
it has a 2-point fastening feature, it is referred to as a 2-point seat belt. (e) type
product does not have a mechanism. The fixation provision of this belt is also
seen in the image. The product mechanism in the image (f) is different from all
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other seat belt mechanisms. The belt does not have a rewind mechanism feature.

ODUCTION TIME FOR EACH STATION
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Figure 6. 2 Point Seat Belt Production Line

In the Figure 6 depicts the production process for the 2-point seat belt, which
has 7 stations. In the image above, station 7 is an empty step, that is, a station
that is not used in the 2-point seat belt assembly process. There is a detailed
explanation of the processing time of each station and the sub-product group
assembled at this station. For a seat belt to become a product, it must complete
these processes.

2.3 Mathematical Modelling Approach

In this part of the study, there are the formulas of the constraints created from the
sequence and scheduling perspective in order to calculate the objective function.

6 6 (1)
MinZ:Z ZUU v,

Equation 1 represents the objective function to minimize the time of unfinished
work.

Sij—Ai; =0 v, (2)

Equation 2 presents the processing of a model cannot start before the model
arrives at the station.

Sij—Tyj = —M=2—x(i,k) —x(1,k—1)) A (3)

Equation 3 symbolizes the starting time of a model art a station cannot be less
than the finishing time of the model before itself.
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Tij — Az ¢ A 4)

Equation 4 imitates a job must be finished at the station in a cycle time after its
arrival.

T 2 Si; + P, v, (5)

Equation 5 exemplifies the finishing time of a job is less than or equal to the sum
of its starting time and its processing time.

Equation 6 represents the equation of unfinished jobs.

ZXi,k =1 v, (7)

i=1

Equation 7 describes every model should be assigned to a slot.

ZXi'k =1 Vlj (8)

Equation 8 presents a model that should be assigned to every slot.

This problem has been solved using the MIP model. Demand for production for
use for products, available capacity per resource, worker-hour, machine-hour,
raw material, production, inventory cost, and setup time data are used as param-
eters.

Data collecting is one of the basic elements of maintaining an effective, produc-
tive operation, as most industrial organizations will confirm. Having the capacity
to analyze and manage production data may have a big influence on a company’s
ability to function and expand in a particular sector, and it can be the difference
between flourishing and going out of business.

Cycle time is among the most important production KPIs. ERP and MES systems
employ cycle time to schedule, buy, and budget manufacturing. While there are
a plethora of metrics and KPIs to follow, Cycle Time is one of the most regularly
evaluated in discrete manufacturing plants. Cycle time is the time it takes from
the moment a produced Seat Belt gets started to the time it takes to get in the
hands of our customers.
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Cycle Time is the time a team works through the process before delivering the
product. It is the amount of time required to execute a single job. This covers
both the time spent making the item and the time spent waiting between active
labor periods.

When calculating OEE (Overall Equipment Effectiveness), cycle time is also in-
cluded. As a result, cycle time is the first to have a good full understanding of
what a production activity is.

Scheduling and shipping rules are created to deal with uncertainty in the task
process while monitoring the intended production in the mix. The facility’s
throughput is forecasted online, and the sequencing strategy is constantly al-
tered as a result of the scheduling and dispatching rules.

In this study, it is tried to reach the optimal result by using the SAS method. In
order to find the optimal order of the machines, a Gantt chart is created and com-
mented on using GAMS software. In order to access this data, arrival time, pro-
cess time, finishing time, and cycle time should be used. Therefore, the place of
the cycle time here is very important.

2.4 Dispatching Rules

A dispatch rule is a rule that prioritizes all phases waiting to be processed on a
station. The posting rule analyzes the jobs to be done and selects the job with the
highest priority when the station is released.

Dispatching rules are called priority rules, scheduling rules, decision rules, or
sequencing rules. These are the classical methods to solve scheduling problems
based on the priority of jobs. Priority of jobs is defined as a function of shop char-
acteristics, machine parameters, or job parameters. Generally, dispatching rules
are applied without a proficient system. Therefore, for most scheduling prob-
lems, these rules do not have the guarantee to provide the optimum solution and
are used as an initial sequence for improvement heuristics and metaheuristics
methods.

Priority dispatching rules are the most often used scheduling strategy in job
shops. The primary concept is to plan a work operation as quickly as feasible;
if many productions waiting to be processed by the same station, schedule the
one with the highest priority. A timetable and a Gantt Chart are simple to create.
At the end of the day, this study aims to achieve the optimal timing by main-
taining customer performance at its best level through shipment performance,
average lead time, maximum lead time, average delay, maximum delay, number
of delayed tasks, total and average preparation time performance data.
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Sum of total flow time (9)
Number of jobs

Average Completion Time =

Total job work(processing)time (1 0)

Utilization Metric = -
Sum of total flow time

Sum of total flow time

Average number of jobs in the system = (11)

Total job work time

Average Job Lateness = Tota!late days_ (12)

Number of jobs

To calculate the average product assembly time in Equation (9), the total product
flow time is divided by the number of stages. To calculate the current capaci-
ty utilization rate in Equation (10), the process time of the total jobs is divided
by the total flow time. To calculate the average number of workflows on the as-
sembly line in Equation (11), the total run time is divided by the total business
process time. When calculating the average late work in Equation (12), the total
number of days not completed is divided by the total number of jobs done.

Model Parameters Indicate

e | = 2PointAR3, 2PointALR, 2PointELR, 3PointH57, 3PointAR2, 3PointAL-
LAGE

e j=Line1,Line 2, Line 3

e k=Slotindex1,2,3,4,5,6
e c=_Cycletime

e at=Arrival time

e p=Process time

Model Variables
e 7 obj = minimizing the time of unfinished works
e X, =Arrival time of two consecutive models at a station

° Aij = The arrival time of a pattern between two successive stations should
be equal to the cycle time.

e 5,=Processing of a model cannot begin until the model arrives at the sta-
tion.

e T,=Ata model station, the start time depends on the finish time of the
previous jo
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e U= Cycle time in arrival

3. Implementation and Results

The GAMS output, cycle time, SPT, LPT, EDD, FCES calculations, the numerical
results, the comparison of performance measures, and a summary of rules are
discussed. After the applied methods, the results obtained from GAMS are com-
pared.

Table 1. GAMS Production Plan

Sequencing

Product

2PointAR3
2PointALR
2PointELR
3PointH57
3PointALLAGE
3PointAR2

The analysis made in GAMS shows that; In order to produce 6 seat belts (mod-
els), the machines (assembly line) are assigned to the GAMS Production Plan in
the Table 1.

Table 2. Cycle Time

Product Name Linel Line2 Line3
3PointALLAGE 26 38 34
3PointH57 32 30 28
2PointELR 31 29 33
2PointAR3 28 25 30
2PointALR 29 25 27
3PointAR2 28 23 31
Total Time 174 170 183

In the Table 2, there are cycle time details of 6 different seat belts for each as-
sembly line.
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Line 1

Line2 [3PointAllAge  |3PointHs7

Age [3PointH57 |2PointELR

\llAge 3PointH57 | 2PointELR

Line 3

Figure 7. Gantt Chart From GAMS

Gantt chart assignments in the Figure 7 are made with GAMS software. Accord-
ing to the result of GAMS analysis, Line 2 makes the shortest and most efficient
production.

Table 3. Gams Results For Unfinished Works

Product Line 1 Line 2 Line 3
2PointAR3 109 104 111
2PointALR 100 96 99
2PointELR 112 109 107
3PointH57 139 136 131
3PointAR2 128 130 126
3PointALLAGE 125 123 125

A mathematical model is developed in GAMS using the processing time, arriv-
al time, cycle time, and due date data obtained from the company. Unfinished
works, which is the purpose of this study, are clearly expressed in the Table 3
above with the results from GAMS.

3.1 Numerical Result of Proposed Method

Results obtained by the proposed methodology are depicted Tables 5, 6, 7, 8, 9,
10,11, and 12.

3.1.1 Numerical Result of SPT

The SPT sequencing rule is that the job is completed first in the shortest time to
process. The SPT Rule is the method of ordering the assembly process time of the
product from the shortest to the longest. The product process calculation solved
by this method is as in Table 4 below.
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3PointAR2 3PointH57

3PointAR2

2PointELR

3PointH57 2PointELR 3PointAR2
2PointELR

Line 3 | 3PointH57

Figure 8. SPT Gant Chart

The diagram in the Figure 8 is product sequences listing the shortest processing
and cycle times of the SPT method for Line 1, Line 2, and Line.

Table 4. SPT Calculation Table

Linel Line2 Line3

Average Comletition Time = 6,50 12,50 16,50
Utilization Metric = %45 %39 %37

Average Number of in the System= 2,23 2,59 2,68
Average Job Lateness = 0,42 4,67 7,50

For Line 1, Line 2, Equation (9), (10), (11), (12). The results in the Table 4 are
calculated. The job completion time is the shortest on Line 1 and the longest on
Line 3. In general, In the Table 4 minimized results are obtained in Line 1.

3.1.2 Numerical Result of LPT

LPT assignment is a rule in timed duration theory that prioritizes timed assign-
ment jobs (or tasks) over non-increasing processing times.

3Po-

2PointELR | 3PointAR2 intH57

3PointH57 | 3PointAR2 | 2PointELR

2PointELR

Line 3 | 3PointH57 tAR2

Figure 9. LPT Gant Chart

The diagram in the Figure 9 is product lines listing the longest processing and
cycle times of the LPT method for Line 1, Line 2, and Line 3.
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Table 5. LPT Calculation Table

Linel Line2 Line3

Average Comletition Time = 13,92 16,33 26,67
Utilization Metric = %20 %30 %23

Average Number of in the System= 5,06 9,80 4,32
Average Job Lateness = 6,42 8,00 18,17

In the Table 5, the LPT schedule is calculated using Equation (9), (10), (11) and
(12). According to the results, Line 1 gives the most optimal results compared to
Line 2 and Line 3. Line 2 and Line 3, on the other hand, give more optimal results
than Line 2 and Line 3 when compared to each other.

3.1.3 Numerical Result of EDD

The EDD assignment rule is: “Jobs are processed according to the due date, earli-
est due date first.” Table 8 shows the Job, Processing time, Due Date, Flow Time,
and Job Lateness.

3Po-

2PointELR | 3PointAR2 intH57

3PointH57 | 3PointAR2 | 2PointELR

2PointELR

Line 3 | 3PointH57

tAR2

Figure 10. EDD Gant Chart

Based on the diagram in Figure 10 customer demand date (due date) for Line 1,
Line 2, and Line 3, the incoming orders are distributed to 3 lines, and the produc-
tion flow is determined.

Table 6. EDD Calculation Table

Linel Line2 Line3

Average Comletition Time = 6,58 12,50 16,50
Utilization Metric = %44 %39 %37

Average Number of in the System= 2,26 2,59 2,68
Average Job Lateness = 0,42 4,50 7,50

The EDD chart in the Table 6 is calculated using Equations (9), (10), (11) and
(12). When the results are examined, Line 1 usage rate is more beneficial than
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Line 2 and Line 3. The job completion time is observed in the most optimal Line
1.

3.1.4 Numerical Result of FCFS

The FCFS assignment rule is processing jobs in the order they arrive at a machine
or job center. Job, working time, Deadline, Flow Time, and Job Delay are shown
in Table 7.

2Poin-

tELR 3PointH57 | 3PointAR2

Line 1

2Poin-

tELR 3PointH57 | 3PointAR2

Line 2

2Poin-

tELR 3PointH57 | 3PointAR2

Line 3

Figure 11. FCFS Gant Chart

While creating the production order in Figure 11 the demands from the custom-
er are distributed to Line 1, Line 2, and Line 3 lines according to the demand re-
ceipt date and flows are created. Production is planned by dividing the demands
of the customer into 3 assembly lines.

Table 7. FCFS Calculation Table

Linel Line2 Line3

Average Comletition Time = 9,33 15,67 18,67
Utilization Metric = %31 %30 %33

Average Number of in the System= 3,20 3,36 3,03
Average Job Lateness = 2,83 7,33 9,83

The FCFS chart in Table 7 is calculated using Equations (9), (10), (11) and (12).
Calculations in this table are prioritized and calculated according to the order of
work from the customer. Line 1 gives the best results, while Line 2 and Line 3 are
close together.
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3.2 Summary of Dispatching Rules

Asrequested, a comparison is made in Table 8 First to order, first served Between
the existing assignment rule using FCFS basis and the other two SPT, earliest end
date EDD, and LPT program operation rules. The focus of the comparison is the
determination of the best sequencing rule for the manufacture of The company
Seat belts. The following are the findings.

Table 8. Average Detail Calculation

Average Comple-  Utilization Average number  Average late-

Rule tion Time (days) (%) of jobs in system ness (days)
FCFS 16.17 29.29% 3.49 8.06
SPT 11.83 40.30% 2.50 4.19
EDD 11.86 40.11% 2.51 4.14
LPT 18.97 24.56% 6.30 10.86

3.3 Comparison of Performance Measures
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In the Table 9, unfinished works according to SPT, LPT, EDD, and FCFS rules in
scenario analyzes are shown in detail. When the analyses are compared, the av-
erage of the incomplete works is the LPT ranking. The highest is the SPT method.
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Table 10. Dispatching Rules Compares

FCFS SPT EDD LPT

Average Comletition Time 9,33 6,50 6,58 | 13,92

] Utilization Metric 0,31 0,45 0,44 0,20
Linel Average Number of in the System 3,20 2,23 2,26 5,06
Average Job Lateness 2,83 0,42 0,42 6,42
Average Comletition Time 20,50 12,50 | 12,50 | 16,33

] Utilization Metric 0,24 0,39 0,39 0,30
Line2 - verage Number of in the System | 424 | 2,50 | 2559 | 9,80
Average Job Lateness 11,50 4,67 4,50 8,00
Average Comletition Time 18,67 16,50 | 16,50 | 26,67

Line3 Utilization Metric 0,33 0,37 0,37 0,23
Average Number of in the System 3,03 2,68 2,68 4,32
Average Job Lateness 9,83 7,50 7,50 | 18,17

In Table 10, the average completed time, station usage rate, average work time
in the system, and average delayed work are calculated. Looking at the data ob-
tained, Linel provides a clear advantage over Line2 and Line3 in calculating the
average delayed work in the FCFS Method. It has also been determined that Line
1 is approximately 30% more efficient than Line 2 and Line 3 in terms of the time
completed in the FCFS Method.
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Table 11. Compares Of Scenario Analysis and GAMS For Unfinished Works

LINE 1 LINE 2 LINE 3
2 PointAR3 109] 109 3 Point ALLAGE |123| 123 3 PointH57 131] 131
3 Point ALLAGE |[153| 125 3 PointH57 174] 136 2 PointAR3 139] 111
2 PointALR 126 100 3 PointAR2 160| 130 2 PointALR 129 99
2 PointELR 141| 112 2 PointELR 132 109 2 PointELR 134| 107
3 PointAR2 159| 128 2 PointALR 125 96 3 Point ALLAGE [158]| 125
3 PointH57 167 | 139 2 PointAR3 129| 104 3 PointAR2 160 126
LINE 1 LINE 2 LINE 3
2 PointAR3 109| 109 3 Point ALLAGE |[123| 123 3PointH57 131 131
3 Point ALLAGE |[153| 125 3 PointH57 174 136 2PointAR3 139 111
2 PointELR 138| 112 2 PointELR 139] 109 2PointALR 129 99
2 PointALR 173] 100 3 PointAR2 159| 130 2PointELR 134] 107
3 PointAR2 157| 128 2 PointALR 119 96 3PointALLAGE 158| 125
3 PointH57 125| 139 2 PointAR3 129] 104 3PointAR2 160 126
LPT GAMS LPT GAMS LPT GAMS
LINE 1 LINE 2 LINE 3
3 PointH57 139] 139 2 PointAR3 104| 104 3 PointAR2 126 126
3 PointAR2 160| 128 2 PointALR 121 96 3 Point ALLAGE [156| 125
2 PointALR 128] 100 3 PointAR2 155| 130 2 PointELR 141 107
2 PointELR 141| 112 2 PointELR 132 109 2 PointALR 132 99
2 PointAR3 140| 109 3 PointH57 165| 136 2 PointAR3 138 111
3 Point ALLAGE |[153| 125 3 Point ALLAGE |[153| 123 3 PointH57 161 131
LINE 1 LINE 2 LINE 3
2 PointALR 100 100 2 PointALR 96 96 2 PointALR 99 96
2 PointAR3 109] 100 2 PointAR3 129 104 2 PointAR3 138 104
2 PointELR 140 112 2 PointELR 134 109 2 PointELR 137 109
3 PointH57 170| 139 3 PointH57 165| 136 3 PointH57 164 | 136
3 PointAR2 160| 128 3 PointAR2 160 130 3 PointAR2 154 130
3 Point ALLAGE |[153| 125 3 Point ALLAGE |146| 123 3 Point ALLAGE [156| 123

Scenario analysis is calculated in Table 15 and applied according to the data ob-
tained; Among the FCFS, SPT, EDD, and LPT methods, the most efficient is deter-
mined as the SPT Method for Line 1, EDD Method for Line 2, and SPT for Line

264



Miihendis ve Makina / Engineer and Machinery 65, 715, 243-267, 2024

3. The data in this table represent unfinished works. When Table 14 and Table
15 are compared, it is observed that GAMS results are much more efficient than
scenario analysis.

4., Conclusion

Maximum efficiency is tried to be obtained from the assembly line by using the
GAMS program and FCFS, SPT, EDD, and LPT methods in the assembly line of Ark
Pres company. There are 3 stations in the assembly line in the company. 7 work-
ers for 2-point seat belts and 8 workers for 3-point seat belts work at these sta-
tions. As a result of the analysis, unfinished works and bottlenecks on the stations
are determined. Necessary information is obtained from the company to find
solutions to these problems. This information; cycle time, input time, manpower,
customer demand, and production process at stations. First, is determined the
cycle time of the products, the time of the entry of the products to the station, the
installation time, and the unfinished works in the GAMS program. Then, the bot-
tleneck rate in the company is determined by creating the Gantt chart diagram. In
this way, the product order has been updated again to minimize the bottleneck in
the stations. Incomplete works from the GAMS program are analyzed. The anal-
yses made and the scenario analysis is made are compared. Scenario analysis is
made according to the results of FCFS, SPT, EDD, and LPT methods. Methods are
calculated according to customer demand. In the scenario analysis, it is observed
that different methods are efficient in 3 stations. It has been analyzed that the
SPT method is more efficient than other methods in terms of capacity utilization
and completion time at Line 1 station. The minimum time loss in terms of the
average delayed job in Line 2 is determined in the EDD method. In Line 3, the
SPT and EDD methods are found to be the same and it is observed that these two
methods are more efficient than FCFS and LPT methods in terms of average de-
layed work, capacity utilization, completed work, and average number of works
in the system. The values found in the GAMS are compared with the values found
in the methods. It has been observed that the values found in the GAMS of the
average incomplete work process of the stations are better than the values found
in the scenario analysis. As a result, in the study, a solution proposal is presented
for the product ordering of the company’s station use and the bottleneck prob-
lem resulting from this.
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In this research paper the feasibility of renewable-powered, self-
sufficient university campuses was explored by conducting a
technoeconomic analysis of standalone PV-Battery systems for the
buildings of Izmir Institute of Technology (IZTECH) in Izmir, Turkey.
Given the high energy demand and dependence on fossil-based
grids by universities, integrating renewables becomes important
for minimizing carbon footprints. In this study the campus's
solar potential was focused and the techno-economic feasibility
of grid-independent operations provided by PV-battery systems
was evaluated. Four scenarios were investigated: (i) maximum PV
installation for each building (MPVB), (ii) maximum PV installation
for the entire campus (MPVC), (iii) necessary PV installation for
self-sufficiency of each building (NPVB), and (iv) necessary PV
installation for self-sufficiency of the whole campus (NPVC). The
first two scenarios considered the maximum achievable rooftop PV
installation while the latter two included additional PV installation
to cover all electricity needs. For all scenarios both lead-acid and Li-
ion batteries were considered. Mathematical models were developed
using PVSol and TRNSYS software, and technoeconomic analysis was
conducted using Levelized Cost of Energy (LCOE) and Net Present
Value (NPV) methods. It was found that the NPVC scenario with
lead-acid batteries is the most favorable, as it minimizes battery
utilization by enabling more PV installation and facilitating energy
transfer between buildings. Additionally, the research showed that
off-grid PV-battery systems are economically less feasible compared
to on-grid counterparts, primarily due to the high cost of batteries.
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YENILENEBILIR ENERJi ENTEGRASYONUNUN OPTIiMIZE
EDILMESIi: iYTE YERLESKESINDEKIi BAGIMSIZ PV-PiL
SISTEMLERINE ILiSKiN BiR ORNEK OLAY iNCELEMESI

Anahtar Kelimeler

0z

Universite Kampiisii,
sebekeden bagimsiz
sistem, gtines eneryisi,
fotovoltaik panel, pil

Bu arastirma makalesinde, Izmir, Tiirkiye'deki Izmir Yiiksek
Teknoloji Enstitiisti'niin (IYTE) binalar1 icin bagimsiz PV-Pil
sistemlerinin teknoekonomik analizi yapilarak yenilenebilir
enerjiyle calisan, kendi kendine yeten tiniversite kamplislerinin
fizibilitesi arastirilmigstir. Yiiksek enerji talebi ve iiniversitelerin
fosil bazli sebekelere bagimliligi g6z Ontine alindiginda,
yenilenebilir enerji kaynaklarinin entegre edilmesi, karbon
ayak izinin en aza indirilmesi agisindan énem kazanmaktadir.
Bu ¢alismada kampiisiin giines enerjisi potansiyeline
odaklanilmis ve PV-batarya sistemleri tarafindan saglanan
sebekeden bagimsiz operasyonlarin tekno-ekonomik fizibilitesi
degerlendirilmistir. Dért senaryo incelenmigtir: (i) her bina
icin maksimum PV kurulumu (MPVB), (ii) tiim kamplis icin
maksimum PV kurulumu (MPVC), (iii) her binanin kendi
kendine yeterliligi icin gerekli PV kurulumu (NPVB) ve (iv)
tiim kampiistin kendi kendine yeterliligi (NPVC) icin gerekli PV
kurulumu. [lk iki senaryo, elde edilebilecek maksimum ¢atz iistii
PV kurulumunu dikkate alirken, son iki senaryo, tiim elektrik
ihtiyaclarint karsilamak igin ilave PV kurulumunu iceriyordu.
Tiim senaryolar igcin hem kursun-asit hem de Li-iyon piller
dikkate alindi. PVSol ve TRNSYS yazilimlart kullanilarak
matematiksel modeller gelistirilmis, Seviyelendirilmis Enerji
Maliyeti (LCOE) ve Net Bugiinkii Deger (NPV) yéntemleri
kullanilarak teknoekonomik analiz yapilmistir. Kursun-
asit akiilii NPVC senaryosunun, daha fazla PV kurulumuna
olanak saglayarak ve binalar arasinda enerji transferini
kolaylastirarak akii kullanimini en aza indirdigi icin en
uygun senaryo oldugu bulunmustur. Ek olarak arastirma,
sebekeden bagimsiz PV akii sistemlerinin, éncelikle akiilerin
yliksek maliyeti nedeniyle, sebekeye bagl muadillerine kiyasla
ekonomik olarak daha az uygulanabilir oldugunu gostermistir.
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1. Introduction

Energy generation and management is an essential topic for sustainable devel-
opment, due to its close link with economic growth, environmental protection,
and social balance of countries (Dursun, 2012; Oymen, 2020). The main chal-
lenge in the current energy infrastructure is the excessive utilization of fossil fu-
els, which creates environmental burden due to the global warming effect of fos-
sil fuel-derived gas emission and leads to socioeconomic instability for countries
with insufficient reserves. To overcome this challenge, there is an urgent call for
the transition from fossil fuels to renewable energy sources. Turkey is a one of
the countries, which heavily depend on imported fossil fuels. The transition from
fossil fuels to renewable energy is essential for Turkey to decrease its the depen-
dence on imported energy and the resulting economic burden. The total electric-
ity generation of Turkey in 2020 is 306 TWh and the share of renewable energy
sources in the total electricity generation is around 40% (TEIAS, 2020). Although
the share of renewable is almost the same as the world average, the renewable
energy generation of Turkey is still a way below its potential, suggesting that
renewable energy resources have not been effectively used yet (TMMOB, 2023).
To address this issue, the implementation of renewable technologies in different
sectors should be accelerated.

Renewable energy technologies can be applied to different areas to meet ener-
gy demand, such as highly populated university campuses; shopping centers,
restaurants, theatres, swimming pools, gyms, and recreational facilities (Dursun,
2012). In particular, the renewable energy integration into university campus-
es has received considerable attention due to the intention of making campuses
sustainable and green. For a sustainable green campus several indicators have
been proposed such as green campus layout and infrastructure, waste manage-
ment, water management, and environmentally friendly transportation oppor-
tunities (Glinerhan & Giinerhan, 2016). Renewable energy resources with new
practices for improving energy efficiency play a central role in covering these
indicators (Sevilgen, 2008). To implement renewable energy technologies to uni-
versity campuses, their technical and economic feasibilities need to be investi-
gated, which has been addressed in literature several times. The related studies
are summarized in the following parts.

Dursun (2012) investigated the feasibility of renewable energy systems contain-
ing photovoltaic array (PV) and fuel cell in comparison to diesel generator with
and without grid connection for meeting the electricity need of Kirklareli Univer-
sity campus. In the fuel cell-containing system electrolyzers and hydrogen tanks
were considered for energy storage during the mismatch between load and de-
mand. Four different systems such as (i) stand-alone PV-diesel generator, (ii) grid
connected PV, (iii) stand-alone PV-fuel cell, and (iv) grid connected PV-fuel cell
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were analyzed by using HOMER software. Authors determined optimum config-
urations for each case and found that the grid-connected systems are more cost-
effective compared to the systems without grid connection. They also determined
that the grid-PV system has the lowest levelized cost of electricity (LCOE) (0.256
$/kWh) and net present cost (NPC) ($82,000). The grid-connected PV-fuel cell
hybrid system was found to have a slightly higher cost (0.294$/kWh) compared
to the grid-connected PV system even if it has a higher renewable fraction.

The technical and economic feasibility of the replacement of diesel generator by
PV-based renewable systems was also investigated by Chedid, Sawwas, & Fares
(2020) for meeting energy demand of the American University in Beirut. Differ-
ent from the previous study, authors considered PV in combination with battery
energy storage systems (BESS). A heuristic genetic algorithm and a rules-based
dynamic programming approaches were used for system sizing and ensuring
optimal power flow. The research shows that implementing the hybrid system
results in a remarkably low operational cost, as it nearly eliminates the need
for diesel generators and significantly reduces grid energy consumption during
peak hours. The proposed PV-BESS system provided an average annual savings
of $ 1,336 million, confirming the economic viability of the hybrid PV-BESS sys-
tem compared to conventional diesel generators (DG). They reduced the overall
COE of the system from 13.7 ¢/kWh to 8.8 ¢/kWh in the first year and from 14.4
¢/kWh to 10 ¢/kWh in the 10th year. The feasibility of the PV-based renewable
energy systems for university campus were also proved by other studies.

Wind turbine-containing renewable energy systems were also evaluated in
terms of their energy generation potential and economic feasibility. Park & Kwon
(2016) investigated the optimum energy system configuration by HOMER soft-
ware for the Global Campus of Kyung-Hee University in South Korea. Authors
evaluated 10 different energy system scenarios including PV, wind turbine, diesel
generator, battery in on- and off-grid modes and found that on-grid scenarios
are more feasible than off-grid scenarios. The simulation results show that the
optimum energy system is the one containing PV, diesel generator and battery.
NPC and COE values of the related system were calculated as 101,288,488 $ and
0.509 $/kWh, respectively. Authors determined that the hybrid PV-wind-battery
system can be the renewable alternative of the related system with a very small
increase in NPC and COE values (101,727,728% and $0.511 $/kWh). Similar anal-
ysis was done by Khan et al. (2017) for a university campus in Abbottabad, Pa-
kistan. Different from the previous one, they only consider off-grid systems and
compare the economic performance of diesel generator and the hybrid PV-wind-
battery systems. They found that the hybrid PV-wind-battery configuration has a
significantly lower NPC (3,054,109%) and COE (0.258 $/kWh) values than diesel
generator-based system.
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Biomass including renewable energy systems are the other option to meet the
energy demand of university campuses. The feasibility of the hybrid grid-con-
nected Wind/PV/ Biomass power system from the techno-economic and en-
vironmental point of view was analyzed by Aykut & Terzi (2020) for Marmara
University Goztepe campus. HOMER software was used for the sizing and opti-
mization of renewable energy systems and a sensitivity analysis was performed
for wind speed and solar radiation. According to the simulation results, the ener-
gy system with minimum NPC and COE was found as the grid-connected wind/
biomass hybrid energy system with the power utilization of 1,000-kW from the
grid, 1,000 kW from the biomass generator, and 1,500 kW from the wind turbine.
The NPC and LCOE values of the related system were determined as $5,612,501
and $0.067 /kW, respectively. In another study conducted by Sava et al. (2017)
biogas generator was considered in combination with PV and battery. Authors
tried to determine the optimum standalone system configuration for the Bucha-
rest “Regie” campus of Politehnica University and found that the optimum design
is the hybrid system with a 50 kW PV module, a 50-kW converter, 1 kW storage
batteries and a 110-kW biogas generator. The hybrid system generates approxi-
mately 60% of the energy from biomass, 25% of the energy from PV panels, and
15% from the grid. The proposed hybrid system has enabled cluster buildings to
achieve a nearly zero building concept.

Fossil-fuel powered combined heat and power (CHP) along with renewable op-
tions was also considered in the literature for university campuses. Fernando,
Gupta, Ozveren, & Linn (2018) studied the optimum configuration of a hybrid
power system including PV, wind, and CHP and its economic performance for the
Abertay University Campus library building in Dundee Scotland. The best sce-
nario was found to be the grid-connected hybrid system with 70 kW PV array
including a converter and 500 kW CHP plant. NPC and COE values of the related
system were calculated as 338,241 $ and 0.032 $/kWh, respectively. Authors also
determined that the hybrid PV-wind-CHP system is not a feasible option due to
high operation and maintenance costs.

The literature studies show that several on-grid and off-grid renewable energy
systems were analyzed in terms of their technical and economic performance for
meeting energy demand of university campuses. In some of them, non-renew-
able energy generation components were also included to observe the system
economic performance comparatively. In almost all cases, grid-connected sys-
tems were found to be more economically feasible than off-grid systems due to
the relatively high cost of energy storage systems. However, off-grid systems are
still the attractive option for remote locations and for the areas suffering from
grid instabilities and they are important to minimize the energy loss due to
transmission and distribution. In addition, national grids mainly depend on fossil
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fuel-sourced energy, which prevents on-grid systems from being sustainable and
green. Since the IZTECH campus has suffered from regular power cuts and insta-
bilities and a sustainable and green campus is desired, off-grid renewable energy
systems were considered in the current study. This helps to evaluate the cost
of energy for a self-sufficient campus and to develop improvement suggestions
for future planning. Among renewable alternatives PV was selected as a power
source for our off-grid system since PV seems to be the best option in terms of
system economy due to their relatively low initial investment and operational
and maintenance costs based the literature studies explained above. Considering
the related literature studies, the novelty of this study is as follows:

(i) The PV-battery combination required for meeting energy needs of
individual campus buildings and the whole campus were analyzed
separately and the effect of energy transfer between buildings on
the system economic performance was evaluated.

(ii) Two different battery options, namely lead acid and Li-ion batteries,
were considered for detailed analysis of various off-grid scenarios.

(iii) The optimum system configuration depends on the locations, load
profile and grid prices, which makes the technoeconomic analysis of
a standalone energy system for the IZTECH campus a unique case,
which was not studied before.

In this study, standalone PV-battery systems were designed to meet the electric-
ity needs of the IZTECH campus buildings. Four different renewable energy sce-
narios were considered, and systems were modeled for each scenario by using
PV*#SOL and TRNSYS software. Based on the system size (e.g., number of units)
and capacity, the economic performance of each scenario was also evaluated by
LCOE and NPV analysis. The annual hourly electrical load was taken from the
electricity supplier and the power output of PV modules was calculated based on
the fixed tilt angle of modules by using real meteorological data for the campus
location. The number of PV modules was determined to meet the annual electric-
ity demand of the campus buildings while the capacity and number of batteries
were determined in a way that the total accessible battery capacity covers the
maximum cumulative energy deficiency in a year. This study contributes to de-
termining PV-sourced energy generation capacity of each building and to under-
standing the importance of energetically interconnected buildings.

2. Description of Campus, Load Profile and Solar Potential
2.1 IZTECH Campus Layout and Building

[zmir Institute of Technology University (IZTECH) is in Izmir/Urla-Gulbahce re-
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gion. Its coordinates are latitude 38° 19" 13” N and longitude 26° 38" 11" E (Fig.1).
The total campus area is 132,000 . IZTECH consists of 3 faculties, one graduate
school, one school of foreign languages and several administrative units. There
are in total 30 buildings on the campus, which are listed in Table 1 with their total
roof areas and type. The total roof area is not the usable area for PV installation
due to the shading and blockage caused by other structures on the roofs (e.g.,
chimney outlets, column protrusions) depending on shapes and slopes of roofs.
For this reason, suitable areas for installation were determined by using PV*SOL
software and they are listed in Table 1. As seen from the Table 1, the total avail-
able area for PV installation is 23,199.

titis0 [YTE

r Techs
2021 Google
2021 CNES [ Alrbus

Figure 1. The satellite view of IZTECH Campus

Table 1. The total roof areas, the available roof areas for PV installation, and the
roof types of IZTECH Campus Buildings

Roofarea  Suitable area

(m?) forPv(mz)  RoofType
General Culture Building 450.17 208.3 Flat
Recroate Building 456.69 278.6 Pitch
Head Of Department 1,315.97 753.1 Pitch
Faculty Of Science
A Block 1,117.77 928.2 Pitch
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B Block 1,172.97 1,045.70 Pitch
C Block 1,172.97 1,045.20 Pitch
Classroom Building 1,289.94 573.41 Flat
Physic Building 2,214.36 1,021.20 Flat
Mathematics Building 604.9 242.2 Flat
Biology Building 1,799.22 691.1 Flat
Foreign Language Building

Foreign Language A Block 701.17 324.9 Flat
Foreign Language B Block 784.56 606.1 Flat
Administrate Building 1,118.65 633.8 Flat
Energy System Lab. Building 1,032.50 758.2 Pitch
Center Work 1,032.50 758.2 Pitch
gjﬁg;?;cal Engineering 2,162.34 1,005.60 Flat
Faculty of Architecture

A Block 1,108.36 941.3 Pitch
B Block 1,278.94 1,072.70 Pitch
C Block 471.14 196 Flat
D Block 728.74 3223 Pitch
E Block 1,141.09 628.6 Flat
Chemistry Eng. Building. 1,905.90 974.2 Flat
Computer Eng. Building 2,517.88 1,132.10 Flat
Library 2,211.49 1,049.50 Flat
Gym Center 2,775.29 1,354.80 Pitch
Pool 1,125.62 630.4 Flat
Café 1,653.16 606 Flat
Civil Engineering 5,206.74 400.2 Flat
Electric Electronic 2,185.84 1,124.20 Flat
:Ez(tgegrated Research Build- 242173 871.6 Flat
TOTAL 45,934 23,199 -
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2.2 Load Profile

The electricity requirement of the campus is currently met by the grid, which
also mostly covers the cooling and heating load. In this study, the electricity load
of the whole campus was taken from the Electricity Distribution Company (Gediz
Elektrik A.S.) for the year of 2019 on an hourly basis. This year was specifically
chosen to exclude the effect of Corona breakdown. The hourly electricity load of
the whole campus does not contain information about the share of each building
in the total electricity consumption. Therefore, the hourly electricity consump-
tion of each building was calculated by multiplying the fractional consumption of
buildings (taken from the university based on the monthly data) with the hourly
consumption of the whole campus. The monthly electricity consumption of the
whole campus in 2019 is shown in Table 2 to indicate the change of electricity
consumption throughout the year. As seen from the Table, the total electricity
consumption of the campus is 5748.7 MWh and the lowest and highest electric-
ity consumption were observed in January (623.3 MWh) and May (328.6 MWh),
respectively.

Table 2. IZTECH Campus Monthly and Daily Average Electricity Consumption in
2019

IZTECH TOTAL Total (MWh) Daily Average (MWh)
January 623.3 8.37
February 495.5 7.37
March 535.4 7.19
April 457.7 6.35
May 328.6 4.41
June 513.1 7.12
July 562.9 7.56
August 464.4 6.10
September 437.1 6.07
October 366.6 492
November 399.0 5.54
December 565.1 7.59
TOTAL 5748.7 78.66

2.3 Solar Radiation

The solar radiation data of the IZTECH campus was taken from the PVGIS-SAR-
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AH?2 program. The solar data used in this study are hourly horizontal beam radi-
ation (G,,), diffuse radiation (G,,) and ground reflected diffuse radiation (GT’gn -
The monthly average values of these radiation along with total radiation inci-
dent on PV array (G,) based on the optimum angle of incidence (See section 3.2)
throughout the year are shown in Figure 2. As seen from the Figure the lowest
and highest total radiation values incident on the PV array are 98.54 (kWh//mo),
and 239.92 (kWh//mo), observed in December and July, respectively.

Irradiation (Montly Average)
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Figure 2. The Monthly Averaged Solar Radiations On The Campus

3. Modeling Approach

Four different PV-battery combinations were analyzed as standalone renewable
energy systems for meeting electricity requirement of IZTECH campus buildings
explained in Section 2.1. The investigated scenarios are (i) maximum PV panel
installation for each building (MPVB), (ii) maximum PV panel installation for the
whole campus (MPVC), (iii) necessary PV installation for each building (NPVB),
and (iv) necessary PV installation for the whole campus (NPVC). For the first two
scenarios (MPVB, MPVC) the maximum amount PV installation was determined
based on the available roof area of each building while for the last two scenarios
(NPVB, NPVC) additional PV installations on free land areas in the campus were
considered to cover the total electricity demand of the campus building. In sce-
nario 1 (MPVB) and scenario 3 (NPVB) each building in the campus was taken as
a separate unit and the analysis was made based on no energy transfer between
buildings. On the other hand, in the second (MPVC) and fourth (NPVC) scenarios
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buildings were evaluated as interconnected so that the excess energy produced
in one building can transfer to the other, which suffers from energy deficiency.

For all scenarios the components of these systems, namely the PV module,
lead-acid battery, and inverter, were mathematically modeled and all system sce-
narios were analyzed dynamically in TRNSYS (Klein et al., 2018). The maximum
allowable PV installation on the rooftop area of each building was determined by
PV-Sol software while the number of batteries required was determined based
on the maximum cumulative energy deficiency in a year, i.e., the total accessible
battery capacity covers the whole energy deficiency in a year. To access the eco-
nomic feasibility of the related systems, Levelized Cost of Energy (LCOE) and Net
Present Value (NPV) methods were used. The approaches used for mathematical
modelling of system components by TRNSYS and PV-Sol software and for the eco-
nomic analysis were explained in the following sections.

3.1 TRNSYS Modeling

The considered standalone energy systems consist of photovoltaic panel, lead
acid battery and regulator-inverter. The mathematical references of each unit are
available in the TRNSYS software. The main expressions used to model the sys-
tem were shown in the following parts.

3.1.1. Simple Photovoltaic System Modeling

For mathematical modelling of PV array Type 103 in TRNSYS software was used
considering that the PV array operates at maximum power point condition. This
model is based on the four-parameter equivalent circuit (John & Beckham, 1991)
consisting of a direct current (DC) source, diode, and resistor (Figure 3). Accord-
ing to this model, the power of the PV array was calculated by the following equa-
tion (Klein et al,, 2018):

q V  IR; vkT, 1L+10+1+Np) ] (1)
o i (i +5) - | ) -

where Np is the number of PV module in parallel, N_is the number of PV module
in series, q is electron charge (1.6x10-19 C), k is the Boltzman constant (1.38x10-
23]/K), v is PV curve-fitting parameter, I is the module current, V is the module
voltage, I is the module photocurrent and is the diode reverse saturation cur-
rent.

P =[Nyl — Nyl,
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Figure 3. The Equivalent Circuit Of A Solar Cell (John & Beckham, 1991)

The I-V relation of the PV module changes with solar radiation and cell tempera-
ture. The photocurrent is affected by the solar radiation while the diode satu-
ration current is influenced by the cell temperature. The photocurrent changes
linearly with on the incident solar radiation as follows:

I, = Iy rer r_ (2)
GT,ref

where is the module photocurrent at the reference conditions (25°C, 1000 W/

m?), is incident radiation on the PV module, is incident radiation at reference

conditions (1000 W/m?). The incident radiation on the PV module was deter-

mined by the following formula:

GT,eff = Tanormal(GT,blAMb + GT,dIAMd + GT,gndIAMgnd) (3)

where ta is the transmittance-absorptance product at normal incidence
(0.95), G, and IAM are solar radiation and angle incidence modifiers for the
beam, diffuse and ground reflected radiation. IAM values were calculated by us-
ing relation taken from King et al. (Keelialafreniere, 2018) as follows:

IAM =1 — 1.1098x107%0 — 6.267x107°62 + 6.583x107763 — 1.427x10~89* (4)
where 6 is the angle of incidence, which was calculated as:

0 = cos-1 sind sin ¢ cos f — sin§ cos ¢ sin f cosy + cos § cos ¢ cos f cos w] (5)

+cos b sing sinf cosycosw + cos §sinfsiny sinw

where 6 is the solar declination angle, w is the hour angle, ¢ is the latitude and 8
is the slope of the module (the angle between the photovoltaic panel surface and
the horizontal surface). The effective angle of incidence for diffuse and ground
reflected radiation were calculated as:
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Ocffa = 59.567 — 9.123x107%f — 5.424x10™*B% + 3.216x10758% — 1.7x10778* (6)

Ocfs.gna = 90.032 — 6.615x107' B — 4.796x1073p2 + 1.543x10758% — 2.000x10"* (7)

The cell temperature affects the power output of the PV module negatively. This
effect was modelled by the following equation:

Tc
I, = Io,refx(T )? (8)
cref
is the diode reverse saturation current at reference conditions, T is the module
temperature and T_is the module temperature at reference condition (25°C).
The cell temperature depends on incident radiation (G,), the ambient tempera-
ture (taken from climate data), the module efficiency (n ), the transmittance-ab-
sorptance product (ta), the normal operating cell temperature (T.nocr), the
ambient temperature (T,nocr=20°C) and solar radiation (Gpyocr=800 W/m?) at
normal operating conditions.

In order to calculate the power output of a PV module by the four-parameter
equivalent circuit model, the four module constants (I, , I, . R and y) that
cannot be determined by physical measurements were calculated by the Newton
method based the open curcuit potential (V_), the short curcuit current (I_), the
current at maximum power point (Impp), the voltage at maximum power point
(Vmpp), temperature coefficient of I _and V__taken from manufacturer’s technical
sheets. In this study, Jinko Tiger Pro 525 Wp PV panel was selected, and the relat-
ed parameters of the PV panel are listed in Table 3.

Table 3. Technical Parameters of the PV Panel (Jinko Tiger Pro 525 Wp)

Parameters Values

V. 4942V

I, 13.63 A

\% 40.80V
mpp

12.87 A

mpp

a,. 0.032 A/K

oy, -0.28 V/K
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3.1.2 Simple Lead Acid Battery Modeling

For the modelling of lead acid battery Type47 module was used in TRNSYS soft-
ware, which determines how the state of charge of the battery changes over time
depending on the rate of charge or discharge. The model works based on the
Shepherd formula (Keelialafreniere, 2018), which relates the battery current and
voltage to battery state of charge. The I-V relation was determined by Shepherd
formula at discharge mode (I < 0) (Eqn 9) and charge mode (I > 0) (Eqn 10) as
follows:

V= mgH
= eqd - gdH + Irqd 1+ (9)
[y
Om
m.H
V=e4—9gcH+Ir, 1+Q d (10)
Xc _y
Qm

where and are open circuit voltage at full charge and discharge, H is the depth
of discharge, and gc are battery coefficients, and internal resistances at full
discharge and charge, m, and m_are cell type parameters, and are capacity
parameters for discharge and charge and is rated capacity of the cell (Keeli-
alafreniere, 2018). Power was given as input in this model, which works with
Type 48 regulator-inverter used to regulate the power and to provide AC/DC
conversion. The power withdrawal and release were calculated by multiplying
the power of a single unit with the number of units in series and parallel. The
input parameters of the model such as cell energy capacity, charging efficiency,
the maximum charging and discharging current, the maximum charging voltage
and discharge cutoff voltage are listed in Table 4, which were determined based
on the selected battery for this study (SUNLIGHT RES OPzV-2V 26 RES POzV
4535). Li-ion battery was not modelled in TRNSYS, but it was included in the
study to determine the effect of the battery type on the number of batteries re-
quired and the economic performance of the considered scenarios. The number
of Li-ion batteries used in the system was calculated based on the battery capac-
ity given at the same C-rate (i.e., discharge rate) with the lead acid battery and
the battery charging efficiency (Table 3). In addition, the economic performance
of the Li-ion containing scenarios was evaluated considering the lifetime of Li-
ion battery, which is also shown in Table 3. The selection of battery models for
both lead-acid and Li-ion batteries was made based on the availability of large
capacity batteries in the market.
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Table 4. Technical Parameters of Batteries

Parameters  Lead Acid (Sunlight RES 4535) Li-lon (Huawei Luna2000)

C, 3996 Ah 320 Ah
Vo 2V 512V
E 7.99 kWh 16.38 kWh
N, 90% 99.0%
maxch 4248 A 320A
maxdis -4248 A -320A
Vo 245V 3.50V
V. 1.80V 2.70V
Lifetime 2500 cycle (at 60% DOD) 3600 cycle (100% DOD)

3.1.3 Regulator-Inverter Modeling

Type 48 regulator-inverter model in TRNSYS software was used for power reg-
ulation and AC/DC conversion. This model simply regulates the power between
the load, PV array and batteries and does the related power conversion. For the
energy analysis campus buildings inverters with different powers were selected
since each building has a different installed power capacity. The selected invert-
ers and their powers are seen in Table 5. Depending on these inverter models
and MPPT inputs, the series-parallel connections of the panels were determined.

Table 5. The Selected Inverters and Their Power Values

Inverter Model Power (W)
Huawei Inverter SUN200-12KTL 12,000
Huawei Inverter SUN200-17KTL 17,000
Huawei Inverter SUN200-30KTL 30,000
Huawei Inverter SUN200-33KTL 33,000
Huawei Inverter SUN200-36KTL 36,000
Huawei Inverter SUN200-40KTL 40,000
Huawei Inverter SUN200-50KTL 50,000
Huawei Inverter SUN200-105KTL 105,000
Huawei Inverter SUN200-110KTL 110,000
Huawei Inverter SUN200-185KTL 185,000
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3.2 PVSOL Modeling

The design of the rooftop PV panel was made by the PV*SOL software, which re-
quires an analysis of roof structures and meteorological data. The design of each
building was made separately and for each installation the solar radiation data
was taken from the METEONORM database. Rooftop panel system design varies
according to roof area and type. The roof types of buildings at the IZTECH cam-
pus are inclined and flat. In sloping roofs, elevation is given based on the slope
of the roof by performing a 3-dimensional layout. The heights and roof slopes of
IZTECH campus buildings were not known. Therefore, the average roof height
for pitched roofs (between 6-10 degrees) was used in this study (Bilgili & Dag-
tekin, 2019; Atilgan, 2019). The orientation of the panels on pitched roofs varies
depending on the building design. Figure 4 shows an example of a pitched roof
panel installation.

- "'-\r
tl‘"i

Figure 4. Pitched Roof Panel Installation

In flat roofs, there are specific parameters when the 3D layout is done. These
parameters are panel slope, azimuth angle, shading, and distance between pan-
els. The solar radiation that a photovoltaic module can receive depends on the
module’s direction. The panel slope and the azimuth angle are the factors that
determine the orientation of the module (Prakash, 2020). Since IZTECH campus
building locates in the northern hemisphere, they were taken as pointing to the
south, so the azimuth angle was taken as 0° while the optimum panel slope was
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determined as 38.4° based on the annual average solar radiation and directions
(Yildiz, 2017). This angle was used in the TRNSYS modelling of PV modules.

In photovoltaic system designs, even a tiny amount of shadow cast on the pan-
els can significantly reduce the output current. For this reason, it is essential to
choose as much shadow-free area as possible for the photovoltaic system design
to be installed. The shadow falls on the photovoltaic panel systems installed on
the building due to an obstacle calculated as follows (PVSOL, 2023):

H (11
tan a

If the distance (L) between the obstacle and the module is greater than the value
of H/tana, shadow formation will not occur due to the obstruction. Since the
installation was considered on the rooftops of the campus buildings and there
are no high-rise buildings, trees, or any other obstacles near to the buildings, the
external shading on the photovoltaic modules were excluded. The only shadow
effect can be seen due to the successive panel alignment. To prevent this effect,
the optimum inter-row spacing needs to be determined. The safe distance be-
tween the two modules was calculated as follows:

:(l;[; + cos B) (12)

d=w=x(

where w is the panel length, y is the shadow angle and f is the panel slope. Based
on the formula and solar data, the optimum inter row spacing was calculated as
2.75 m.

The PV array design was made by entering the calculated parameters into the
PV*SOL program and the maximum allowable rooftop PV panel was determined
for each building. Figure 5 shows an exemplary flat roof panel setup installed.
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Figure 5. Flat Roof PV Panel Installation by PV-Sol Software

3.3 Economic Analysis

Economic feasibility is the main concern for the realization of renewable ener-
gy systems. In this study, the economic performance of all PV-battery scenarios
was evaluated by Levelized Cost of Energy (LCOE) and Net Present Value (NPV)
analysis.

3.3.1 Levelized Cost of Energy (LCOE)

The levelized cost of energy (LCOE) indicates the average cost per kWh of elec-
tricity produced by the system during the system lifetime. LCOE was calculated
as follows:

n It+M¢+Ret

t=0 "Y;
LCOE = — 52—

n—
=1+t

(13)

where t is the number of time period, is the investment cost in the year t, is the
operations and maintenance cost (0&M Cost) in the year t, Re is the replacement
cost in the year t, is the electrical energy generated in the year t, is the interest
rate, n is the expected lifetime of the system (Park C. S., 2016). The initial invest-
ment cost, operation and maintenance costs and lifetime for each component of
the PV-battery system are shown in Table 6. The interest rate was taken as 5%
(ic6z, 2022). The analysis was made for the system’s lifetime of 25 years.
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3.3.2 Net Present Value (NPV)

Net Present Value (NPV) analysis shows the difference between the present val-
ue of cash inflow and outflow, and it is an indication for the profitability of the
project in the system lifetime. NPV value of systems were calculated by the fol-
lowing formula (Altun, 2021; Saray, 2019; Acakpovi, Adjei, Nwulu, & Asabere,
2020; Gokcol & Dursun, 2013):

N
R,

where is the net cash flow, R is the total initial investment cost, is the interest
rate, t is the time of cash flow, and N is the project lifetime (Park C. S., 2016).
The net cash flow was determined by taking the difference between the annual
money saved due to self-electricity generation and the annual 0&M Cost while
the total investment cost was calculated based on costs of components listed
in Table 6. The installation cost of 25,000$/MW was also included in the calcu-
lation of total investment cost for all scenarios. The electricity price was taken
0.153 $/kWh in 2019. The analysis was made for the system’s lifetime of 25
years and the replacement costs of batteries were also included in the analysis
for related years.

Table 6. Investment Cost, 0&M Cost, Replacement Cost, Lifetime of the PV-bat-
tery system components

Investment Replace- Life-
Equipment 0O&M Cost ment .
Cost time
Cost
- 0 for 1t-5%" years
(warranty peri-
od)
- 0,5% of the initial
. investment cost
EZEZISZSWp PV 180% for 5%-10% years  100% 25 years

- 1% of the initial
investment cost
for 10"-25% years
(Girgin, 2011;
Ozcan, 2009)
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- 0 for 1-5" years

(warranty peri-
od)
2.000-3.300%
for 12-50 kW, - 0,5% of the initial
5.600-6.700% investment cost
Huawei Inverter for 100-185 for 5®-10"years  100% 25 years
kW (Europe o
Solar Store, - '1% of the initial
2023) investment cost
for 10%-25% years
(Girgin, 2011;
Ozcan, 2009)
Sunlight RES
4535 Lead Acid llig)hA}tA}IfE(Ssun_ 20 $/kW.year 100% 7 years
Battery 7.99 opzv, 2023)  (NREL,2023)
kWh pzd
Huawei 5,766% (MG
Luna2000 Li-ion S;)lar Shop 10$/kW.year 100% 10 years
Battery 16.38 2023) ’ (NREL, 2023)

kWh

4., Result and Discussions

Four off-grid renewable energy scenarios were evaluated to meet the electricity
consumption of the faculty buildings in the IZTECH Campus. For each scenario,
the annual electricity consumption of each building and the annual electricity
generation by PV array were determined on an hourly basis and the number of
required batteries to cover the mismatch between the load and generation were
calculated. The dynamic simulation was made by TRNSYS to confirm that a con-
tinuous power supply is sustained throughout the year. Based on the number of
PV panels and batteries, LCOE and NPV analysis were made, and economic per-
formances of systems were evaluated comparatively.

4.1 Electricity Load Profile of the Campus

The total annual electricity consumption and the hourly load profile of each
building in the campus were analyzed to determine the scale of PV and battery
systems. The annual electricity consumption of each building was determined
based on the electricity consumption of the whole campus and the share of
buildings in total electricity consumption (see section 2.2) and listed in Table
7. As seen from the table the annual electricity consumption of buildings var-
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ies between 3.08 and 719.387 MWh. The level of consumption is high for the
buildings housing a high population and requiring strict air-conditioning con-
trol. To observe the change in electricity consumption of buildings throughout
the year the daily electricity consumption of each building in the campus was
also determined. The daily load profiles of buildings have almost the same trend.
Therefore, the load profile of each building was not shown separately here, but
the load profile of the whole campus is presented instead to indicate the level
of change. Figure 6 shows the daily consumption of the whole campus starting
from 1% January to 31st December. As seen from the Figure, the daily load is be-
tween 8000-17000 kWh due to the mild climate conditions of spring and autumn
seasons while it varies between 12000-27000 kWh and 10000-27000 kWh for
winter and summer seasons, respectively. The load observed in spring and au-
tumn seasons is mainly related to lighting and electrical equipment whereas the
additional consumption observed in winter and summer seasons is caused by
electricity-driven HVAC systems. The total electricity load in summer is higher
than that in winter since part of heating requirements in winter is met by fossil
fuel powered heating systems. Figure 6 also shows that there is an exceptional
power outage (i.e., zero load) for a certain period (ca. 4 days) at the beginning of
September. This is related to the planned maintenance-repair work done by the
relevant distribution company.

30.000,00
25.000,00 1
20.000,00

15.000,00

Load (kWh)

10.000,00

5.000,00

0,00

L T O T B i NI ST e S I T B I T O S S T B L
™ AN M oS O M0N0 N M N W00 N T WO @0 Mo WD
o o o o s NN NN AN N NN MMM m

Day of Year

Figure 6. Daily load profile of the IZTECH Campus throughout the year

The hourly load profile of the campus for the day with a peak load was also an-
alyzed. Figure 7 shows hourly load profile of the whole campus for the day (8%
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January) with the highest daily consumption (27,207 kWh). The figure indicates
that the hourly electricity consumption increases at the working hours from the
base load to the daily maximum and drops to the base load at the end of the
working day.

Maximum Daily Load Profile
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Figure 7. The Hourly Load Profile of the IZTECH Campus for the Day With A Peak
Load (8™ January)

4.2 Determination of Numbers of PV Panels And Battery

For the MPVB and MPVC scenarios, the maximum amount of PV panels that can be
installed on the roof of each building was calculated by PV-SOL software. The re-
sults are shown in Table 7 and Table 8 along with total annual electricity genera-
tion by PV panels, electricity consumption and coverage ratios. The coverage ratio
indicates what percentage of electricity is met by PV panels. As seen from Table 6,
the coverage ratio is less than 100% for some buildings while it is above 100% for
some of them. The coverage ratio of <100% indicates that some of the buildings
don’t have sufficient roof area for PV installation to cover their annual electricity
consumptions. For buildings with a coverage ratio of >100%, batteries were con-
sidered to prevent the daily and seasonal mismatch between the load and genera-
tion and the number of batteries were determined based on the maximum cumu-
lative energy deficiency in a year (Table 7). On the other hand, for buildings with
a coverage ratio <100% the number of batteries were determined to compensate
the electricity deficiency throughout the year to sustain off-grid system design.
Due to this reason, the number of batteries for buildings with a coverage ratio
<100% were found to be significantly higher than those for self-sufficient build-
ings. The calculations were made for both lead-acid and Li-ion batteries for all
buildings. The number of Li-ion batteries were found to be less than the number
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lead-acid batteries as expected due to higher energy storage capacity and depth of
discharge of Li-ion batteries (see Table 4). The results show that the total number
of PV panels installed on the available rooftop area of each building is 9108 and
the total amount of energy produced by those PV panels is 4,319,266 kWh annu-
ally. This corresponds to the coverage ratio of 75%, which leads to the significant
amount of battery utilization (NPbA: 522,406, N . - 202,705) to compensate for
the energy deficiency. To reduce the number of batteries, buildings can be ener-
getically connected or an additional area other than rooftop can be used for more

PV installation, which are discussed in the following parts.

Table 7. The Number of PV Panels and Batteries, The Annual Electricity Con-
sumption and Generation for the MPVB Scenario

Area
. # of required for
# of Panel #A’f.fie;d' #of 'l‘;' additional PV | additional PV | PV Output
NPVB cid B. lon B. Panels installation
(m?)
Quantity Quantity | Quantity Quantity Area kWh
GENERAL CULTURE BUILDING 54 530 293 -26 - 24,149
RECTORATE 448 2,19 1,167 344 910 210,729
HEAD OF DEPARTMENT 400 45 1,02 112 300 188,387
ABLOCK 376 3,658 1,848 24 60 177,084
BBLOCK 576 438 1,618 216 560 271,278
CBLOCK 287 2,45 1,142 -153 - 135,168
FACULTY OF | c ASSROOM B. 90 860 517 -132 - 42,387
SCIENCE
PHYSICS BUILD. 676 4,926 2,25 280 730 318375
MATHS BUILD 187 1,32 714 99 226 88,071
BIOLOGY BUILD 1.605 13,221 4,686 1.345 3,500 755,904
F. ADMINISTRATE 9% 830 374 -108 - 45,213
F.A BLOCK 34 540 212 -94 - 16,013
FOREIGN
BUILDING | F. B BLOCK 582 6,17 1,892 120 320 274,104
F. ENERGY S.E. 66 800 158 222 B 31,084
CENTERAL W. 60 466 348 228 - 28,258
e o | e | oz | 0| sznams
ABLOCK 273 3,555 1,146 -87 - 128,574
FACULTY OF | BBLOCK 208 3,254 744 212 - 97,961
ARCHITECT |CBLOCK 39 87 64 -37 - 18,368
LRE D BLOCK 4 20 6 126 - 1,884
E BLOCK 64 640 220 -140 - 30,142
CHEMISTRY ENG 1.456 119 5,996 1.120 2,900 685,73
COMPUTER ENG 385 3,76 2,084 -31 - 181,323
882 6,826 5,098 477 1,250 415,394
GYM CENTER 252 3,923 2,928 -432 - 118,684
POOL 456 433 1,568 252 670 214,762
CAFE 188 2,58 514 -40 - 88,542
470 4274 3,164 -70 - 221,355
ELECTRIC ELECTRONIC ENG 302 4,01 3,424 114 - 195,923
INTEGRATED RESEARCH 945 8 4,358 612 1,580 445,065
TOTAL 12,581 111,651 | 55,265 3,473 14,886 5,977.396
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Table 8. The Number of PV Panels and Batteries, The Annual Electricity Con-
sumption and Generation for the MPVC Scenario

Load Num- Number of Number of PV Output Coverage

ber of Lead Acid Li-ion Bat-
i 0,
(kWh) Panel Battery tery (kWh) Ratio (%)

MPVC 5,748,700 9,108 226,200 107,482 4,321,136 75.16

The MPVB scenario takes each building as a single unit and excludes energy
transfer between the buildings. This leads to the utilization of a significant num-
ber of batteries. To prevent this situation and to observe how much improve-
ment can be obtained in the number of batteries, the same analysis was made
for MPVC scenario, which takes buildings as energetically interconnected. The
results in Table 8 show that the number of batteries decreases almost 2-fold
(Nppa: 226,200, Nyijon: 107,482) indicating that a significant cost saving can be
obtained by this strategy as seen in Section 4.3.

MPVB and MPVC scenarios show that the available roof areas for PV installa-
tion are not adequate to meet the total annual electricity consumption of the
campus. This leads to excessive battery utilization and poor economic perfor-
mance considering the high cost of batteries in the current market. In this re-
spect NPVB and NPVC scenarios were also evaluated to determine the effect of
additional PV installation on the required number of battery and on the system
economy for each building and the whole campus, respectively. For the NPVB
scenario, Table 9 shows the amount PV panels required to cover the annual elec-
tricity consumption of each building, the additional number of PV compared to
the MPVB scenario, and the land area required for the installation of these ad-
ditional PV panels. As seen from the Table, the total additional PV panels for the
whole campus and the required land area 3,473 and 14,886 , respectively. With
the installation of these PV panels the required number of batteries decreases
by ca. 4 to 5-fold compared to the MPVB scenario, which provides significant
cost savings. When buildings are considered to transfer energy between each
other (NPVC scenario), further improvements were obtained, i.e., the number of
batteries drops to 56,180 and 38,981 for lead-acid and Li-ion batteries, respec-
tively (Table 10).
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Table 9. The Number of PV Panels And Batteries, the Additional PV Panels, and

the Corresponding Land Area for the NPVB Scenario

Area required for

. # of additional PV
# of Panel # Of.L ead- | # of Li-ion additional installation PV Output
NPVB Acid B. B. PV Panels
(m?)
Quantity Quantity | Quantity Quantity Area kWh

GENERAL CULTURE BUILDING 54 530 293 -26 - 24,149
RECTORATE 448 2,19 1,167 344 910 210,729
HEAD OF DEPARTMENT 400 4,5 1,02 112 300 188,387

A BLOCK 376 3,658 1,848 24 60 177,084

B BLOCK 576 4,38 1,618 216 560 271,278

CBLOCK 287 2,45 1,142 -153 - 135,168
FACULTY OF | cLASSROOM B. 90 860 517 -132 - 42,387
SCIENCE

PHYSICS BUILD. 676 4,926 2,25 280 730 318,375

MATHS BUILD 187 1,32 714 99 226 88,071

BIOLOGY BUILD 1.605 13,221 4,686 1.345 3,500 755,904

F. ADMINISTRATE 96 830 374 -108 - 45,213

F.ABLOCK 34 540 212 -94 - 16,013
FOREIGN
BUILDING F. B BLOCK 582 6,17 1,892 120 320 274,104

F. ENERGY S.E. 66 800 158 -222 - 31,084

CENTERAL W. 60 466 348 -228 - 28,258

A BLOCK 273 3,555 1,146 -87 - 128,574
FACULTY OF B BLOCK 208 3,254 744 -212 - 97,961
ARCHITECTU | C BLOCK 39 87 64 -37 - 18,368
RE D BLOCK 4 20 6 -126 - 1,884

E BLOCK 64 640 220 -140 - 30,142
CHEMISTRY ENG 1.456 11,9 5,996 1.120 2,900 685,73
COMPUTER ENG 385 3,76 2,084 -31 - 181,323

882 6,826 5,098 477 1,250 415,394
GYM CENTER 252 3,923 2,928 -432 - 118,684
POOL 456 4,33 1,568 252 670 214,762
CAFE 188 2,58 514 -40 - 88,542
470 4,274 3,164 -70 - 221,355

ELECTRIC ELECTRONIC ENG 302 4,01 3,424 114 - 195,923
INTEGRATED RESEARCH 945 8 4,358 612 1,580 445,065
TOTAL 12,581 111,651 55,265 3,473 14,886 5,977.396
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Table 10. The number of PV panels and batteries, the additional PV panels, and
the corresponding land area for the NPVC scenario

Num-
Area re-
Number Number ber of uired for
of Lead L. addi- quir PV Output
Panel . ofLi-ion . additonal
Acid tional . (kWh)
Battery PV installa-
Battery PV Pan- : )
els tion (m?)

NPVC 12,581 56,180 38,981 3,473 14,886 5,977.396

For all scenarios the dynamic system simulation was made on TRSNYS and the
continuous power supply by PV-battery combination was controlled throughout
the year. Figure 8 shows the change of electricity demand, electricity generation
and battery utilization in time throughout the year for the best scenario (NPVC).
Figure clearly indicates that the battery charge/discharge properly compensates
the mismatch between the load and electricity generation by PV array and does
not allow any power cut.

£0000,00 Yearly PV System
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=
= 0,00
=
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20000,00
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Day
mPYv o Load Battery

Figure 8. The Daily Change Of Electricity Demand, Electricity Generation And
Battery Utilization for the NPVC Scenario

4.3 Economic Analysis

The economic feasibility of off-grid scenarios was evaluated by LCOE and NPV
analyses. The initial investment costs were calculated based on the number of
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PV panels, battery and inverter calculated in Section 3.2 and cost items shown
in Table 6. The cost details of the investment cost for all scenarios are shown in
Table 11 and 12. According to the related cost items and yearly expenses includ-
ing O&M cost and replacement cost, LCOE and NPV values were determined and
listed in Table 13 and 14 for lead-acid battery and Li-ion battery, respectively.
The results show that the highest NPV and the lowest LCOE values were ob-
tained for the NPVC scenario where the lowest number of batteries is employed.
Since the total battery cost accounts for almost 99% of total investment cost and
batteries needs to be replaced in the project lifetime, scenarios with a higher
number of batteries yield lower NPV and higher LCOE values and any reduction
in battery number results in a significant improvement in the system economy.
This suggests that the battery utilization needs to be minimized for improving
the economic viability of the system, which can be achieved by increasing the
number of PV and by allowing energy transfer between campus buildings. The
effect of the former is clearly seen in the comparison of MPVB and NPVB or
MPVC and NPVC scenarios, i.e., a ca. 40% increase in the number of PV results
in a 4-7-fold decrease in the LCOE value. A significant reduction in the number
of batteries and the corresponding improvement in LCOE values was also ob-
tained by energy transfer between campus buildings. This effect results in a 1.5-
2.5-fold decrease in the LCOE value indicating the importance of energetically
interconnected buildings.

Table 11. Cost and Percentage Values for all Lead Acid Batteries Including Sce-
narios

Initial Investment
Price ($/

i 1 0,
Cost Item Quantity unit) Price ($) %
PV Panel 9,108 180 $1,639,440 0.30
MPVB- Pb'at‘;lrd bat- e0406 1,044  $545391,864  99.63
Lead Acid y
Inverter 89 - $305,481 0.06
Inf -
nirastruc - - $100,000 0.02
ture
Total $547,436,785 100
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Cost Item

PV Panel

Pb-acid bat-
tery

Inverter

Infrastruc-
ture

Total
Cost Item

PV Panel

Pb-acid bat-
tery

Inverter

Infrastruc-
ture

Total
Cost Item

PV Panel

Pb-acid bat-
tery

Inverter

Infrastruc-
ture

Total
Cost Item

PV Panel

Pb-acid bat-
tery

Inverter

Infrastruc-
ture

Total

Quantity
9,108
226,200

26

Quantity
12,581
111,651

379

Quantity
12,581
56,180

35

Quantity
114,340
3,790

325

Price ($/
unit)
180

1,044

7,402

Price ($/
unit)

180

1.044

Price ($/
unit)
180

1,044

7,402

Price ($/
unit)
180

1,044

7,402

Price ($)
$1,639,440
$236,152,800
$192,452
$100,000
$238,084,692

Price ($)
$2,264,580
$116,563,644
$263,506
$260,000
$119,351,730

Price ($)
$2,264,580
$58,651,920
$263,506
$260,000
$61,440,006
Price ($)
$20,581,200
$3,956,760
$2,405,650
$260,000

$27,203,610

%
0.69
99.19
0.08
0.04
100
%
1.90
97.66
0,22
0,22
100
%
3.69
95.46
0.43
0.42
100
%
75.66
14.54
8.84
0.96

100
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Table 12. Cost and Percentage Values for All Li-lon Batteries Including Scenarios

Initial Investment

i Price ($/ .
Cost Item Quantity i Price ($) %
unit)
PV Panel 9,108 180 $1,639,440 0.14
Pb-acid
MPVB-Li- battery 202,705 5,766 $1,168,797,030 99.80
ion
Inverter 194 - $656,089 0.06
Infrastruc- i i $100,000 0.01
ture
Total $1,171,192,559 100
Price ($
Cost Item Quantity ) 3/ Price ($) %
unit)
PV Panel 9,108 180 $1,639,440 0.26
Pb-acid
MPVC-Li- battery 107,482 5,766 $619,741,212 99.69
ion
Inverter 26 7,402 $192,452 0.03
Infrastruc . . $100,000 0.02
ture
Total $621,673,104 100
Price ($
Cost Item Quantity i 3/ Price ($) %
unit)
PV Panel 12,581 180 $2,264,580 0.70
Pb-acid
NPVB-Li- battery 55,265 5,766 $318,657,990 99.12
ion
Inverter 62 - $316,686 0.10
Infrastruc- ; - $260,000 0.08
ture
Total $321,499,256 100
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Cost Item

PV Panel

Pb-acid

NPYC_Li' battery

ion
Inverter

Infrastruc-
ture

Total
Cost Item

PV Panel
Pb-acid
MB-Li-ion battery
Inverter

Infrastruc-
ture

Total

Price ($
Quantity ) 3/ Price (%)
unit)

12,581 180 $2,264,580
38,981 5,766 $224,764,446
325 7,402 $2,405,650

- - $260,000
$229,694,676
Price ($
Quantity ; 3/ Price ($)
unit)

114,340 180 $20,581,200
2,009 5,766 $11,583,894
325 7,402 $2,405,650

- - $260,000
$34,830,744

%

0.99

97.85

1.05

0.11

100

%

59.09

33.26

6.91

0.75

100

Table 13. LCOE and NPV Values For All Lead-Acid Battery Including Scenarios

(interest rate=%5)

sty iyl Gkl vy MoE
MPVB 9,108 522,406  -1,146,214,817.20 19.3
MPVC 9,108 226,200 -489,590,710.92 8.4
NPVB 12,581 111,651 -231,322,607.67 3.0
NPVC 12,581 56,180 -108,380,325.16 15
MB 114,340 3,790 138,814,908.59 0.044
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Table 14. LCOE and NPV Values for All Li-lon Battery Including Scenarios. (in-
terest rate=%5)

s iyl Sl v e
MPVB 9,108 202,705 -1,804,518,099.77 30.4
MPVC 9,108 107,482 -951,037,639.58 16.1
NPVB 12,581 55,265 -484,966,477.54 6.0
NPVC 12,581 38,981 -335,278,616.50 4.3

MB 114,340 2,009 129,218,972.21 0.057

For each scenario the economic performance of two battery options were also
evaluated separately to determine the effect of battery selection on the LCOE and
NPV values. The comparison between Table 13 and 14 clearly shows that the
utilization of lead-acid battery is economically more favorable than that of Li-ion
battery for the considered scenarios. This is attributed to the high cost of Li-ion
battery that is 3-fold higher than that of lead-acid battery per kWh. Even if Li-ion
battery has a higher energy capacity, depth of discharge and lifetime, the high
cost of Li-ion battery makes itself unfavorable for the considered system size.

Economic analyses show that all considered scenarios yield negative NPV values
suggesting that the total investment cannot be restored within the project life-
time. This is mainly associated with the high cost of batteries in the market. To
make the related system economically feasible, the number of batteries needs to
be minimized. Based on these findings, a new scenario called minimum battery
(MB) scenario was also considered and its economic feasibility was evaluated. In
the MB scenario, campus buildings were taken as energetically connected and
the number of batteries was decreased to the limit where the off-grid system was
still maintained with a minimum number of batteries. The required numbers of
lead-acid and Li-ion batteries for the related scenario are 3790 and 2009, respec-
tively (Table 13 and 14). This significant reduction in the battery numbers is re-
lated to excessive PV utilization (114,340 PV panels) and the resulting electricity
generation (53,850,540 kWh/year), which allows to prevent power deficiency
even in wintertime where solar radiation is relatively low due to the overlap be-
tween the period of PV-sourced electricity generation and consumption (Figure
7). NPV and LCOE values for the MB scenario were calculated as 138,814,908.59$
and 0.044$/kWh for lead-acid battery and 129,218,972.21% and 0.057$/kWh for
Li-ion battery. Even if NPV values of the MB scenario are positive and LCOE val-
ues are close to those reported in the literature for on-grid renewable energy
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system designed for university campus, the excessive electricity generation (ca.
10-fold higher than the consumption) makes this scenario unfeasible.

To assess the relative economic performance of off-grid systems in comparison to
on-grid systems, LCOE values of the NPVC scenario in off-grid and on-grid mode
were compared. As seen from Table 15, the LCOE value of the on-grid system is
0.04$/kWh, which is >3 times less than the lead-acid battery containing off-grid
system. This indicates that off-grid systems are economically less feasible than
on-grid systems for IZTECH campus. This is mainly related to the high cost of
batteries. To make off-grid system compete with on-grid system, the prices of
lead-acid and Li-ion batteries needs to be decreased by more than 50 and 100
folds, respectively, or their lifetime must increase significantly, which depends on
R&D activities in the coming decades.

Table 15. LCOE and NPV Calculated For All Scenarios NPVC - On Grid

Scenario Quantity of NPV LCOE
Panel
NPVC-ON 12,581 2,987,268.97$ 0.04$/kWh

For all calculation explained above the interest rate was taken as 5%, which has
shown significant variations for Turkey recently. To address this issue, the effect
of interest rate on LCOE values for MB and NPVC scenarios was also investigated
for various interest rates considering both lead acid and Li-ion batteries as ener-
gy storage units. As shown from Figure 9, the interest rate has a significant effect
on LCOE values for both scenarios, i.e., more than 2-fold reduction was observed
when the rate decreases from 12% to 1%. For the NPVC scenario the minimum
LCOE value (3.3 $/kWh) obtained for 1% interest rate is still way above the LCOE
value of the on-grid scenario while for the MB scenario the LCOE value goes be-
low the value obtained for the on-grid scenario when the interest rate is below
4%. This suggests that the NPVC scenario can not compete with the on-grid sce-
nario even at very low interest rate whereas the MB scenario can be more favor-
able compared to the on-grid scenario based on the interest rate.
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Figure 9. LCOE Values At Different Interest Rates for MB (left panel) and NPVC
(right panel) Scenarios Considering Both Lead Acid and Li-Ion Batteries As En-
ergy Storage Units

5.Conclusions

Technoeconomic analyses of standalone PV-Battery systems were conducted for
the campus buildings of Izmir Institute of Technology (IZTECH) located in Izmir,
Turkey. This study aims to assess the viability of self-sustaining university cam-
puses powered by renewable sources. Given the advantageous solar radiation
potential at the campus location, photovoltaic (PV) technology emerged as a suit-
able renewable option and its integration with battery technologies was evaluat-
ed to explore the technoeconomic feasibility of grid-independent campus. Four
different off-grid scenarios were evaluated: (i) maximum PV installation for each
building of the campus (MPVB), (ii) maximum PV installation on the whole cam-

300



Miihendis ve Makina / Engineer and Machinery 65, 715, 268-306, 2024

pus (MPVC), (iii) necessary PV installation for self-sufficiency of each building of
the campus (NPVB), and (iv) necessary PV installation for self-sufficiency of the
whole campus (NPVC). In all scenarios, two types of batteries were considered:
lead-acid and Li-ion batteries. Main conclusions are as follows:

e The NPVC scenario showed the highest NPV and the lowest LCOE values
due to the significant reduction in battery utilization compared to oth-
er scenarios by enabling higher PV installation and facilitating energy
transfer between buildings.

e Lead-acid battery-containing scenarios were found to be more economi-
cally feasible compared to Li-ion battery-containing scenarios.

e  Off-grid renewable energy systems are less economically viable than on-
grid counterparts due to the high price of batteries.

e Battery prices need to be reduced significantly or their lifetime must be
improved drastically to make off-grid system feasible.
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List Of Symbols

Slope of PV array (°)

The azimuth angle of the inclined plane (°)
The latitude of the location

Hour Angle (°)

Declination Angle (°)

Obstacle angle (°)

DT Q X e D= ™

Angle of incidence for solar radiation (°)

O.zq5 Diffuse of incidence for solar radiation (°)
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Ogna Ground-reflected of incidence for solar radiation (°)
Tdporma Module transmittance-absorptance product at normal incidence
Nen Efficiency
Capacity (Ah)
Module row distance (m)
Power (kWh)
E, Electrical energy generated

€4 €qa Open circuit voltages at full charge, extrapolated from V vs I curves on
charge; discharge

H Obstacle Height (m)

H, Depth of discharge

L Distance between the obstacle (m)

Gr Total radiation incident on PV array (W/m?)

Grpeam Beam component of incident radiation (W/m?)

Gray Diffuse component of incident radiation (W/m?)

Grga  Ground-reflected component of incident radiation (W/m?)
Grs Incident radiation at reference conditions (W/m?)

Jogs Small-valued coefficients of H in voltage-current-state of charge formulas

(W/m?)
I Current (A)
I Module photocurrent

I Module photocurrent at reference conditions

Iy Diode reverse saturation current

Io,.s  Diode reverse saturation current at reference conditions
I, Short-circuit current

Lnax Current at maximum power point along IV curve

Inaxen  Maximum Battery Charge (A)

I, Investment expenditures

Lim Dimensionless incidence angle modifier
i Discount rate

k Boltzmann constant []/K]

m, m, Cell-type parameters which determine the shapes of the I-V-Q character-
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istics

My Operations and maintenance expenditures

N Project Lifetime

N, Number of modules in parallel in array
N Dimensionless incidence angle modifier
P PV output power

Ry Total Initial Investment Cost

Re, Net cash flow

Ry Module series resistance [Q]

'y Tqa Internal resistances at full charge when charging; discharging
T. Module temperature [K]

T..;, Module temperature at reference condition (25°C)

t Time of cash flow

w Panel Length (m)

%4 Voltage

Vc

Vmee  Voltage at maximum power point along IV curve

Voc Open-circuit voltage

V.om  Nominal Voltage

q Electron Charge (1.6x10-19 C)
Q, Rated capacity of cell

Q. Q; Capacity parameters on charge; discharge
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Keywords Abstract

Thermoelectric, cooler, This work covers a numerical analysis of the design and

electric, power input optimization of a thermoelectric cooler (TEC) operated by
a thermoelectric generator (TEG). The aim of the work was
to design the optimum mini refrigerator for tractors and
also to provide cooling using the energy produced in the
TEG used in the tractor. Thanks to the TEC powered with
the TEG system, farmers will be able to preserve their food
during working hours without additional fuel consumption.
When the literature is examined, no study has been found
in which cooling is done by using the compressor air of
turbocharged systems. Therefore, this work will make an
important contribution to the literature. According to the
numerical results obtained, while the electrical power
requirement was 34.78 W at an outdoor temperature of
30 °C, it was 26.54 W at an outdoor temperature of 15 °C.
In other words, while the coefficient of performance was
obtained as 0.301 at 15 °C, it was determined as 0.219 at 30
°C. In addition, while the electrical power value produced
by the TEG system used in the tractor for an outdoor
temperature of 15 °C was 50.71 W, it was 38.84 W at an
outdoor temperature of 30 °C.
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TURBOSARJLI BiR TRAKTOR ICIN BiR TERMOELEKTRIK
SOGUTUCUNUN OPTIMIiZASYONU

Anahtar Kelimeler 0z

Termoelektrik, Bu ¢alisma, bir termoelektrik jeneratér (TE]) tarafindan
sogutucu, elektrik, giic calistirilan bir termoelektrik sogutucunun (TES) tasarimi
girisi ve optimizasyonunun sayisal bir analizini kapsamaktadir.

Calismada, traktérler icin optimum mini buzdolabinin
dizayn edilmesi ve ayni zamanda traktérde kullanilan
TE]'de iiretilen enerji ile sogutmanin saglanmasi
amaglandi. TE] sistemi ile ¢alistirilan TES sayesinde
ciftciler, ek yakit tiiketimine gerek kalmadan, mesai saatleri
icerisinde gidalarint muhafaza edebilecekler. Literatiir
incelendiginde, turbosarjli sistemlerin kompresér havasi
kullanilarak sogutmanin yapildigr herhangi bir ¢calismaya
rastlanmamigtir. Dolayisiyla bu ¢calisma, literatiire onemli
bir katki saglayacaktir. Elde edilen sayisal sonuglara gore,
elektrik giicti ihtiyact 30 °C dis sicaklikta 34,78 W iken,
15 °C dis sicaklikta 26,54 W olarak elde edilmistir. Yani
performans katsayist 15 °C’de 0,301 olarak elde edilirken,
30 °C’de 0,219 olarak belirlendi. Ayrica traktérde kullanilan
TE] sisteminin, 15 °C dis ortam sicakliginda tirettigi elektrik
gticti degeri 50,71 W iken, 30 °C dis ortam sicakliginda

38,84 W olmustur.
Arastirma Makalesi Research Article
Bagvuru Tarihi  :  29.01.2024 Submission Date :  29.01.2024
Kabul Tarihi : 15.03.2024 Accepted Date : 15.03.2024

308



Miihendis ve Makina / Engineer and Machinery 65, 715, 307-340, 2024

1. Introduction

Today, advances in technology and a growing interest in comfort conditions mean
that the need for proper cooling is increasing daily. Systems that use thermoelec-
tric (TE) modules are widely employed for the purposes of heating, cooling and
generating electricity. Such systems are simple and relatively maintenance-free.
If they are used to generate electricity, they are given the name TEGs, while they
are referred to as TECs when used for cooling. Cheng and Lin (2005) emphasized
that both the coefficient of performance and the cooling capacity of TEC modules
are highly important. They suggested a method to optimize the dimensions of
the TEC legs using genetic algorithms, in order to maximize the cooling capaci-
ty. Their results showed that optimizing the dimensions of the TEC module can
enhance the cooling capacity. Khattab and El Shenawy (2006) conducted a study
on the optimal operating conditions of a small TEC driven by a solar TEG. They
determined that five thermocouples of the TEG could drive one thermocouple of
the TEC. In other words, their results indicated that 10 TEG modules would be
needed to operate the TEC used at optimum performance for most of the year.

Meng, Chen and Sun (2010) used non-equilibrium thermodynamic theory to an-
alyze the extreme operating temperature difference of a combined TE system
consisting of a TEC or a heat pump driven by a TEG. Their results indicated that
a 60 K temperature difference for cooling or 200 K for heating can be obtained
if a TEG actuates under a temperature difference of 150 K. Chen, Meng and Sun
(2012) suggested a TE refrigerator model with external heat transfer driven by
a TEG. They investigated the effects of the allocation of the thermoelement and
heat transfer area using numerical examples that were highly detailed. They were
able to obtain an optimum operating electric current with regard to the maxi-
mum cooling load and coefficient of performance, with different total numbers
of thermoelements and a different total heat transfer area. Chen, Wang and Hung
(2014) numerically analyzed a geometrically designed integrated TEG-cooling
system by means of a finite element technique. The maximum reduction percent-
ages of system performance that they obtained were 12.45% and 18.67%, when
the TEG and TEC lengths were altered. Attar, Lee and Weera (2015) experimen-
tally validated the optimum design required for an automotive air-to-air TE air
conditioner. The optimum design of the TE air conditioner was obtained with
a new method using the recently developed dimensional analysis. Hasani and
Rahbar (2015) experimentally studied the recovery of TE waste heat from a PEM
fuel cell. Their results indicated that the use of TECs was a viable method for the
recovery of such heat from a PEM fuel cell. In addition, the overall efficiency of
the system decreased as the leaving water temperature increased.

Manikandan and Kaushik (2015) proposed and analyzed a combined system

309



Miithendis ve Makina / Engineer and Machinery 65, 715, 307-340, 2024

using the technique of maximum power point tracking in order to achieve the
greatest possible cooling power alongside overall efficiency. They demonstrated
the impact of the source temperature of the TEG and TEC, and the heat transfer
area on how the combined system performed. Their results found that the ex-
ternal irreversibilities reduced cooling power of the combined system and the
overall efficiency by 36.49% and 16.9%, respectively. Zhang, Kong, Dong, Xu,
Chen and Ni (2017) proposed an innovative hybrid system consisting primarily
of a TEG, a TEC and solid oxide fuel cells used in the recovery of waste heat from
the latter for in order to enhance performance. Their work took full account of
the thermodynamic and electrochemical irreversible losses from every specific
component. They also detailed the equivalent power output and efficiency for
the hybrid system under differently operating regions of current density. They
found that the power density and efficiency of the system proposed were 2.3%
and 4.6% larger respectively than those of the stand-alone solid oxide fuel cells.
Feng, Chen, Meng and Sun (2018) established a thermodynamic model for a TEC
powered by a TEG device, taking into account the Thomson effect, analyzing and
optimizing its performance. Their conclusions indicated that the Thomson effect
reduced the productivity of the TEC-TEG, in that it decreased the cooling capacity
by 27 %, as well as decreasing the coefficient of performance by 19 %.

Nemati, Nami, Yari and Ranjbar (2018) carried out exergy and exergoeconomic
analyses of an electrically separated two-stage TEC. They found that the optimal
first-stage current was lower than that of second-stage current, and, in addition,
that the maximum exergy efficiency was obtained with currents at lower values
compared to the minimum cooling cost. Lin, Zhang, Liu, Meng, Chen and Wang
(2019) improved and extensively investigated single-stage and two-stage TEC-
TEG systems. They proposed a fresh design for combined TEC-TEG systems using
two single-stage TEGs to power the hot stage and the cold stage of the TEC sepa-
rately. They found that the new design both increased the system’s cooling capac-
ity and increased the maximum temperature drop in the TEC. Kishore, Nozari-
asbmarz, Poudel, Sanghadasa and Priya (2019) studied in combination the effect
of heat sink thermal resistances and TE material properties on TEC performance.
Their results showed that efficient TECs are able to bring human skin down to
a temperature 8.2 °C beneath the ambient temperature. That is, their modules
achieved a 70% higher cooling than commercial modules. Sun, Liu, Shen, Chen,
Yao and Jin (2019) intended to construct a model high-power light-emitting di-
ode package integrated with a micro-TEC and to examine its performance with
regard to several different interfacial and size effects. They determined that the
best cooling performance was found in a micro-TEC with 6x6 TE elements for the
driving power of a micro-TEC that was less than 0.85 W.

Sadighi Dizaji, Jafarmadar, Khalilarya and Pourhedayat (2019) experimentally

310



Miihendis ve Makina / Engineer and Machinery 65, 715, 307-340, 2024

examined the impact of a number of parameters on exergy destruction and the
performance of the second law through a TE air cooler. Their study explained the
consequences of flow and thermodynamic parameters, among them DC voltage/
ampere, incoming water temperature, water flow rate, incoming air tempera-
ture, and air flow rate on exergetic characteristics. They obtained a critical DC
voltage value where the second law performance obtained minimum/maximum
values. Lu, Li, Zhang, Ning and Niu (2020) built a three-dimensional trapezoidal
TEC model at full scale in order to test its mechanical reliability and cooling per-
formance through finite element simulation. Their results function as a helpful
guide for designing trapezoidal TECs. Gonzalez-Hernandez (2020) studied the
energetic analysis of a TEC, with optimization criteria being unified through the
“x” variable. He suggested new modes of operation for both cooler and heater.
Shen, Zhang, Liu, Tu, Lu, Chen and Huang (2020) proposed a segmented TEC for
the purpose of enhancing cooling performance while not increasing the overall
figure of merit. They developed the governing equations and physical model of
the segmented TE element with regard to internal heat distribution and trans-
port. Their results indicated that the segment number had a higher sensitivity
to the thermal conductivity of the TE material, while the temperature difference
and maximum cooling capacity of the segmented TE element were greater than
those the conventional TE element.

Tian, Asaadi, Moria, Kaood, Pourhedayat and Jermsittiparsert (2020) examined
the geometric characteristics of a tubular TEC as an air cooler, which have not
been reported before. They found that a tubular TEC can be used for the purpose
in question if the thermal and geometric parameters chosen are within the de-
sired range. Qiu and Shi (2020) constructed a model with the aim of determining
the factors influencing the cooling capacity of a TEC qualitatively and quantita-
tively utilizing finite element analysis. Their results indicated that there was a
35.73% and 21.59% improvement in the cooling capacity and the coefficient of
performance of an optimized TEC with a non-constant cross-section, respective-
ly, in comparison to a constant cross-section TEC. Kwan, Gao, Zhao, Ren, Hu, Dab-
wan and Pei (2021) analyzed whether it was feasible to integrate the radiative
sky cooling capability of common photovoltaic cells into the photovoltaic-TEC
in order to increase the space cooling energy density to a further extent. Huang,
Chen and Ding (2021) examined a new two-stage TEC in a configuration that was
electrically parallel. They detected that the thermocouple ratio between the two
stages, the area-to-length ratio of the legs, and the cold side temperature had
a significant impact on some important performance characteristics. Chen, Shi,
Zou and Chen (2022) comprehensively reviewed the progress of cutting-edge
on-chip TECs and outlined the relevant fundamentals, materials, designs, and
system logic.
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Sun, Shen, Niu, Gao, Zhou, Tang ... Yang (2022) developed a numerical model with
three dimensions in order to explore the micro-TEC’s potential to reduce the neg-
ative impact of the fluctuating hot spot arising from thermal shock. Their results
showed that the micro-TEC was able to check the temperature fluctuation seen
in the chip subjected to thermal shock in an effective manner. Giircan and Yakar
(2022) analyzed the power output of a TEG located in a turbocharged tractor
between the compressor and intercooler. They emphasized that this system’s
power output could be employed for electrically powered devices, such as a TEC
refrigerator, the electrical power need of which could be met through the use
of the TEG system. Giircan and Yakar (2022) examined the impact of widths of
thermocouples on the conversion from thermal to electric energy. According to
their results, the increase in current was 14.67% at =0.75; 15.4% at = 1; 15.95%
at =1.25, and 16.2% at = 1.5 for the TGM-199-1.6-2.0, when compared to the
TGM-199-1.4-2.0.

The aim of the present study is to optimize a TEC for a turbocharged tractor.
Moreover, the electrical energy need of this TEC is supplied by a TEG system
that obtains power by using the air leaving the compressor of the turbocharged
tractor (the literature generally discusses TEG systems that use the exhaust gas).
Thanks to the TEC powered by this TEG system, farmers working in the field for
long periods of time will be able to preserve the food and the cold beverages they
need easily, especially in summer. In addition, the power requirement of this sys-
tem is supplied by the TEG system on the same tractor, so it is possible to operate
the mini refrigerator without additional fuel consumption. This means that the
tractor owner can achieve these comfort conditions at no additional cost.

When the literature is examined, no study has been found in which cooling is
done by using the compressor air of turbocharged systems. However, this work
uses the compressor air to cool the refrigerator. This is the innovative aspect of
the work.

2. Design of Mini Refrigerator With TEC

The mini refrigerator with TEC was designed to fit inside a turbocharged trac-
tor (Aricioglu, 2021). It was planned that the refrigerator door would open from
above in order to save the volume inside the tractor (Figure 1). The electrical
energy need of this TEC was supplied by a TEG system that could obtain electri-
cal power using the air leaving the compressor of the turbocharged tractor (Giir-
can, 2019). In the literature TEG systems generally use the exhaust gas. Thanks
to this TEC mini refrigerator powered by the TEG system, farmers will be able
to preserve their food and cool their drinks during working hours, especially in
summer, without any additional fuel consumption.
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Eo

Figure 1. (a) The Mini Refrigerator with TEC Powered by TEG (b) External View
and Dimensions (c) Internal Volume and Dimensions

30 mm thick polyurethane foam insulation material was used on the upper sur-
face, while a 20 mm thick layer of the same material was used on all other sur-
faces of the mini refrigerator. Thus, the amount of heat gain from the warmer
outdoor environment was reduced. In addition, 3 mm thick Acrylonitrile Buta-
diene Styrene plastic material was used to cover the interior and exterior of this
refrigerator. The interior volume of the refrigerator was designed to be 9 liters
and the internal volume was kept at a constant temperature of 5°C. A TB-127-
1.0-1.3 commercial TEC module was used in the mini refrigerator; where TB - TE
battery; 127 - number of thermocouples; 1.0 - width of thermoelement, mm;
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1.3 - leg length of thermoelement, mm. To detect how seasonal temperatures af-
fected the numerical conclusions of this present work, analyses were performed
with regard to specific outdoor temperatures (15, 20, 25, 30, 35, 40 and 45 °C).

Figure 2 shows a single thermocouple (a) and a TEC with two finned surfaces (b).
In addition, Figure 3 provides an illustration of three-dimensional model of the
TEC module.

—m ¥ .DC Power Supply I—

Ql Twl saurfec

A SN P -

TEC muoduls

T— [ B0 0 o |
fnad

0y W T

Figure 2. (a) A Thermocouple for a TEC (b) A TEC Module with Two Finned
Surfaces

|HEAT ABSORBED (COLD SIDE)

Electrical nsulatar {Seramic)

N-Twps Semiccnducta

Elsetrieal Conductar {Co ppad|

HEAT REJECTED (HOT SIDE})

Figure 3. A TEC Module

As seen Figure 2b, when a DC voltage is applied to the TEC module or power is
consumed, due to the properties of the thermocouple materials inside the mod-
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ule -heat is drawn onto one surface of the module and cooling occurs depending
on the direction and magnitude of the applied voltage.

A TE module is formed of series of thermocouples that consists of p-type and
n-type thermoelements. Furthermore, these thermocouples are electrically con-
nected in series and thermally connected in parallel. The thermoelement's leg
length and cross-sectional area were and respectively. There were 127 thermo-
couples.

Research and publication ethics were complied with in this study.

3. Mathematical Expression of a TEC

The effective rejection or absorption of thermal energy through the use extended
surfaces, such as fins is important. TEC modules largely deploy finned structures
(heat sinks) for this reason. In the present study, the heat sink shown in Figure
4 was used.

*---. p«?{,;ng( )

=]

. Fin heig

Base

Figure 4. The Heat Sink Used This Study

The volume of the heat sink is fixed (Figure 4). For this reason, it is important
to detect the optimum fin thickness (Lee, 2010). The fins used in the study were
made of aluminum. The number of fins used in this study:

w
Zopt+t (1)

nf =
where w is the finned structure width. In this equation, fin thickness is denoted
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by t and optimum fin spacing is denoted by

Equation (2) shows the fin efficiency:

__ tanh(p) (2)
F=
where
2h
_ 3
ﬂ =b (kalt) ( )

where fin height is denoted as b, h represents the heat convective coefficient, and
the thermal conductivity of the fin material is denoted byy,.

Aris the area of the fin:

Ar=2 (L+t) b (4)
A, is the sum finned surface area:

A=ng (A + Lz, ) (5)

where the length of the finned structure is denoted as L. 1) is the efficiency of the
overall finned surface:

n=1-n7L(1-m) ©)

Qt is the sum heat transfer rate:

Qt = nAth (TBase'Toc) (7)

where the finned structure base temperature is shown as T, , and the air tem-
perature is denoted as T..

The optimum fin spacing (z,,.) is written as follows (Lee, 2010):

Zopt = Lc3.24Re™/2Pr=1/4 (8)

_ UsoLc
where the Reynolds number represents Reé (Re =="7), PT'indicates the
Prandtl number, the kinematic viscosity is denoted as v, L., shows the character-
istic length of flow, and U, represents the velocity of air flow.

h= %0.664Re1/2Pr1/3 (9

(4
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where the thermal conductivity of air is shown byk,;.

The MATLABR software was used with Equations (1) to (9) inclusive to deter-
mine the productivity of the finned structure for every thickness of fin, as well as
to establish the optimum thickness of fin. Figure 5 illustrates the flow chart for
the optimal values.

Defining fixed
numbers

[ Calculation of optimum fin i and tl ion i ]

for outdoor temperature

n=1;

L Defining matrice and range values before the For Loop

T2matrice=[1;
tv2=0.00001:0.0000001:0.002;

k2=1:numel(tv2)
©2=tv2(k2);

Performing calculations for each value
(nf2, M3, nf2, Az, A2, N2, dtot2)

1

[ Change matrices with rows to columns ]

n=n+1;

filename="heatsink.xls';

~
Pre-assigments to find values corresponding)|
to the maximum heat transfer

J

I=1:length(Qtots)

ind the maximum hea
transfer

Display the values corresponding
to the maximum heat transfer on the console
(topt2> Nf2> A2, N2, dmaxtop2)

Save as Excel file
xIswrite(filename, T, 1'A2");

Figure 5. MATLABR Flow Chart for Optimal Values of Finned Structure on Hot
Surface
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The TE properties of the modules are not temperature dependent (Lee, 2017).

Numerical analyses were performed using the basic equations. These equations
were formulated as following:

0, is the rate of heat absorbed at the cold side:

. 1
0, =n [aIT1 —1IPR—K(T; - Tl)] (10)
. 11
Q1 =1nhAn(Twr — T1) (11)

Q, is the rate of heat liberated at the hot side:
Gz = n[alTy + 2R — K(T, — Ty) (12)
(13)

Qz =120 A (T — Teoz)

where the number of thermocouples of the module is shown by n, the cold sur-
face temperature of the TEC module is denoted as T}, the hot surface temperature
of TEC module is shown as T, the cold ambient temperature is shown by T..;, the
outdoor temperature is denoted by T.., and electrical current is shown as I. Also,
a, R, , and K are defined as follows, respectively:

a=a,—a, (14)
R = el | Poln
e (15)

kpAp | knAn
K= (16)
The internal electrical resistance is denoted by R and K indicates the thermal
conductance. ItisR=pl/Aand K=KkA/l,p = P, +P, andk = kp+kn. Moreover, shows
the Seebeck coefficient, the thermal conductivity is shown by k, the electrical re-
sistivity is denoted by, the leg length of the thermocouples is shown by [ and the
cross-sectional area of the thermocouples is shown as A (Lee, 2017).

According to W = @, — Q,, power input required for the TEC can be defined as
follows:

W =nl[al(T, — T;) + I?R] (17)

Since the electrical power inputis W = [V, the voltage across the TEC module
can be defined as
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The coefficient of performance is written by

cop =% — n|ary1-312R-K(T,~Ty)]
W nlal(T,—T;)+12R]

(19)

The study aimed to simulate how the TEC module would perform by employing
these ideal Equations (10) to (19). TEC producers provide maximum parame-
ter values (Inaxs Vinaxs @max and AT,q5) (and ) in their catalogs of products.
However, the @, and k are not provided. Lee (2017) thus detailed the effective
material properties. These properties need to be halved because TE material
properties contain both thermoelements. indicates the effective figure of merit:

2AT ax

Z= (TZ - ATmax)2 (20)

The effective Seebeck coefficient:
£ _ 201max

Nmax(T2+ATmax) (21)

The effective electrical resistivity is:

« _ @' (T2=ATmax)A/l (22)
N Imax
The effective thermal conductivity:
pe = @ (23)

p*Z*

Novel dimensionless groups have been determined to represent the significant
parameters of TECs. It is necessary, in particular, to use the convection conduc-
tance of a fluid in the denominators of the dimensionless parameters. Thus, the
determination of the optimum thermoelements number or optimal thermal con-
ductance is provided (Lee, 2017).

Ny is the dimensionless thermal conductance:

N, = nak/D
k N2hoAg, (24)

N, is the dimensionless convection:
_ M Ay (25)

n 20, A

NI is the dimensionless current:
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al
Ny =2 (26)

The dimensionless temperatures can be defined by

o 27)

T; =— (28)
Ty ==t (29)

The dimensionless cooling power is:

Q=—28 — (30)

N2h2A4¢2T02
The dimensionless rate of heat liberated is:

Q,
. (31)
& N2ho A2 Tz

W*is the dimensionless electrical power input:
wr = W
N2h2 A2 Too (32)

Utilizing the novel dimensionless groups expressed in Equations (24) through
(29), Equations (10) through (13) reduce to two correlations:

Na(Too=T1) _ n e _ (ND? «_ 33
= NTf = =+ (17 = T) (33)
. 34)
-1 _ v, (ND? e (
L= NTS g+ (T - T5)

where Z=a?/pk (the figure of merit). Equations (33) and (34) can be solved for
T, and T,". Dimensionless temperatures depend on five independent dimension-

less parameters:
Tl* = f(Nk'Nh'NIl T;,,ZTO()Z) (35)
Ty = f(Ny, Ny, Np, Too, ZTo2) (36)

Tz is the input and ZT.,; is the material property with the input. Both of these
are given in the first instance. It is thus only possible to conduct optimization
using, N, N, and N, parameters. After T; and T, have been calculated, the
dimensionless heat transfer rates are found:
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Q1 =Ny(Te — T7) (37)
;=751 (38)

Then, the dimensionless power input can be given by
W"=0Q;—-0Q1 (39)

Accordingly, the coefficient of performance can be written as
=%
cop =% (40)
the dimensionless voltage is defined as
4

N, = 41
v naTeo (1)

and, dimensionless voltage is obtained by

_w (42)

T NN

Ny

Placing the values calculated in Equations (33) and (34) leads to the formation
of two equations with four unknowns. If 77 and T, are to be determined on the
basis of these equations, values must be known for N, and N,. These are thus en-
tered as incremental values in the MATLABR. Optimum values were determined
according to maximum cooling power. In this manner, Ty , T, were obtained.
Figure 6 presents the flow chart in relation to values obtained for the maximum
cooling power, while Figure 7 presents the flow chart with regard to the optimi-
zation of these values for the optimum design. Table 1 shows the dimensionless
values from the analysis using the MATLABR program for the seven specific out-
door temperatures according to the flow charts in Figures 6 and 7.
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Read the data in the Excel file and assign
different variables to the daha in each column
filename=xlsread('table3.xIsx");

v

|\ Assigment of the fixed numbers J

v

Preparations and assigments before the For loop
maxQy=max(Q_yl)
Qyl1=Q_y1;

I1=1:length(Qy1)

Condition corresponding to the
calculated values
for the maxi cooling powe
Qy1(l)==maxQy
Qyl1Maxlsel Value

YES l

Display of condition variables in console
(Ni, Nk, T1, T2, COP, Nv)

A

=

Figure 6. MATLABF Flow Chart in Relation to Values Obtained for Maximum
Cooling Power
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tering fixed numbers

[ Calculation of the di ionless convection coefficient ]

¥

Preparing for variable definitions and for loop
syms X y
Nkv =0.22:0.001:0.27; %This range changes according to each outdoor temperature.
Niv =0.40:0.001:0.45; %This range changes according to each outdoor temperature.

n=1;

Tlmatrice = [];
T2matrice = [];

7kl = L:numel(Nkv)
Nk = Nkv(k1);

k2 = 1:numel(Niv)
Ni = Niv(k2);

Eq1=(Nh*(Ty-x))/Nk==(Ni*x)-(Ni"2)/(2*ZTd))+(x-y);
Eq2=(y- 1)/Nk==(Ni*y)}+((Ni*2)/(2*ZTd))*+(x-y):

¥

‘ Writing two cquations with four unkowns as variables ’

[ Solving two equations with two unkowns in the for loop ]
a=0;

Positive root condition after finding
root on the first equation

N o)

ositive root condition after finding
root on the second equation

NO
» a=3 >

Calculating expressions by substituting positive roots
(T1, T2, Qyl, Qy2, Wy, COP, Nv)

¥

Converting roots to regular numbers ’

TImatris(1,n)=double(sol.x(a));
T2matris(1,n)=doublc(sol.y(a));

¥

‘Writing the calculated dimensionless numbers
separately as a column before excel saving
n=n+1
filename='table3 .xlsx";

k2

Save as Excel file

xlswrite(filename,T,1,'A2");

Figure 7. MATLABR® Flow Chart with regard to Solution of Optimization Values
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Table 1. Optimal Dimensionless Parameters for the TB-127-1.0-1.3

Toz (K) To' Tl* TZ* N, Ny N, N, Q; cop

318 0.874 0.858 1.073 0.642 0.145 0.522 0.843 0.0099 0.156
313 0.888 0.869 1.079 0.635 0.162 0.503 0.824 0.0118 0.176
308 0902 0.880 1.084 0.626 0.180 0.485 0.806 0.0138 0.197
303 0917 0.891 1.089 0.618 0.199 0.467 0.787 0.0160 0.219
298 0932 0902 1.094 0.609 0.220 0.448 0.766 0.0184 0.244
293 0948 0913 1.098 0.599 0.243 0429 0.745 0.0210 0.271
288 0965 0925 1.103 0.593 0.269 0.409 0.721 0.0239 0.301

4., Validation of the Numerical Solution

In order to verify the numerical solution, the performance values found by way of
the use of the MATLABR® software for the TB-127-1.0-1.3 were compared with the
performance values informed in the company catalog (Kryotherm, 2018). Table
2 compares the performance values found by the company through experimenta-
tion with the performance values obtained with the MATLABR software.

Table 2. Verification of the Numerical Solution

Performance values I(A) AT(K) ¢, (W) V(V)
Company catalog (Experimentally) 3.6 69 34.5 15.7
Present study (Numerically) 3.6401 68.31 34.082 15.567
Relative error 1.11% 0.99% 1.21% 0.84%

The numerical conclusions of the present study were in accord with the conclu-
sions obtained through experimentation in the company catalogue (Table 2).

5. The Numerical Analysis Results

In this study, a TEC mini refrigerator was designed to fit inside a turbocharged
tractor. The electrical energy need of this TEC was supplied by a TEG system that
could generate electrical power by utilizing the air compressed by the tractor’s
compressor. Thanks to this mini refrigeration with a TEC working with a TEG
system, farmers will be able to preserve their food and cool their drinks during
working hours, especially in summer, without any additional fuel consumption.
Analyses were carried out for the seven specific outdoor temperatures to detect
what effect different summer and winter conditions would have. The analysis
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results using the MATLAB® software were found for a single TB-127-1.0-1.3.
However, as the outdoor temperature increased, a single TEC module was not
sufficient at outdoor temperatures above approximately 30 °C, as seen in Figure
12, and two TEC modules were needed.

5.1 Results Concerning Performance Analysis

Figure 8 shows the alterations in the cooling power and the coefficient of perfor-
mance for seven different outdoor temperatures.
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Figure 8. Variation of Cooling Power and Coefficient of Performance of TEC
Module with Different Outdoor Temperatures

The cooling power decreased with increasing outdoor temperature (Figure 8).
This is because as the outdoor temperature increases, the temperature difference
between hot and cold surfaces increases. In other words, the maximum cooling
power in TECs is obtained at = 0 K (Lee, 2017). In addition, the surface tempera-
ture of the cold side increased with an increment in the outdoor temperature.
This means less heat is absorbed from the volume to be cooled at the constant
cold ambient temperature. As a result, for a single TEC module, the highest cool-
ing power was obtained as 7.989 W at 288 K outdoor temperature and the lowest
cooling power was 6.818 W at 318 K outdoor temperature.

Figure 8 shows that the coefficient of performance also decreased with increas-
ing outdoor temperatures. This situation is observed in all cooling systems. The
same is also openly seen in the coefficient of performance of the reversed Carnot
cycle. Accordingly, it was determined that the maximum coefficient of perfor-
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mance value was 0.301 at 288 K outdoor temperature and the lowest coefficient
of performance value was 0.156 at 318 K (Figure 8).

Figure 9 illustrates voltage and power input values at different current values.
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Figure 9. Voltage and Power Input for the TEC Module at Different Electrical
Current

As seen in Figure 9, The voltage and the power input also increased with the
electrical current. That is, the voltage and the power input were increased with
the outdoor temperature. It was observed that the slope of the voltage curve was
steeper than the slope of the power input curve. In addition, both voltage and
power input curves showed a linear behavior (Figure 9). The highest power in-
put required was around 43.70 W, and the highest voltage was 13.92 V.

Figure 10 shows the variation of the power input and the coefficient of perfor-
mance with different outdoor temperatures.
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Figure 10. Power Input and Coefficient of Performance of the TEC Module at
Different Outdoor Temperatures

As the outdoor temperature increased, the amount of heat gain of the volume de-
sired to be cooled increased (Figure 10). Therefore, the cooling power absorbed
by the module decreased. In this case, the required electrical energy increased as
the outdoor temperature increased. As a result, the TEC required further electri-
cal energy in summer months. Moreover, Figure 10 shows that the variation of
the power input and the coefficient of performance at different outdoor tempera-
tures was inversely proportional to each other. That is, an increasing outdoor
temperature was accompanied by an increasing power input of the TEC module,
but the coefficient of performance decreased. This is an expected result for the
refrigeration cycle.
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Figure 11 shows the variation in current and voltage for different outdoor tem-
peratures.
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Figure 11. Current and Voltage for the TEC Module at Seven Different Outdoor
Temperatures

As shown in Figure 11, the current required of the module increased with in-
creasing outdoor temperature. This was because, as the outdoor temperature
increased, the heat gain of the environment to be cooled increased. In TE cooling
systems, it is known that the medium that carries the heat from the cold envi-
ronment to the warm environment is the current. Therefore, as the outdoor tem-
perature increases, the current circulating in the system is expected to increase.
As a result, it was determined that the maximum current value was 3.14 A at
318 K outdoor temperature and the minimum current value was 2.46 A at 288 K
(Figure 11).

As seen in Figure 11, as the outdoor temperature increased, so the voltage also
had a tendency to increase. This behavior is expected in TECs. An increase in
power input and current in the TEC module signifies an increase in voltage. In
summary, an increase was required in the electromotive forces in these condi-
tions. Accordingly, the maximum voltage was 13.92 V at 318 K while the mini-
mum voltage was 10.79 V at 288 K.

Figure 12 illustrates the change in the number of TEC modules according to dif-
ferent outdoor temperatures.
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As the outdoor temperature increased, the number of TEC modules that required
to be used in the mini refrigerator increased (Figure 12). The number of TEC
modules was more than one at outdoor temperatures above about 30 °C. In oth-
er words, a single TEC module was insufficient for outdoor temperatures above
approximately 30 °C, and two TEC modules were required.

5.2 Results Concerning Dimensionless Parameters

In this section, the changes in Q1, W*, COP,T{ and T; and according to the in-
crementally entered and values of the optimized TB-127-1.0-1.3 are shown in
Figure 13a-c, respectively.
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Figure 13. (a) Change of Dimensionless Cooling Power, Power Input, and Coef-
ficient of Performance according to Dimensionless Current (b) Change of Di-
mensionless Cooling Power and Coefficient of Performance with Dimensionless
Thermal Conductance (c) Effect of Dimensionless Thermal Conductance on Di-
mensionless Temperatures and Dimensionless Cooling Power

These graphs were created according to the optimum values N, = 0.18, N;= 0.485,
N, =0.626, T, =0.902 and ZT., = 0.805 for outdoor temperature T, = 35°C.
It can be seen that the optimum design parameter curves in Figure 13 and the
optimum design parameter curves shown in the Reference (Lee, 2017) are in agree-
ment. For the outdoor temperature of 35 °C, it was observed that with the in-
crease of the dimensionless current (N,), there was no cooling up to 0.137 of the
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(N)), and the cooling started when the value reached 0.137 (Figure 13a). This
may be due to the fact that the electrical power consumed by the module was not
sufficient for the required cooling power until it reached N, = 0.137. It can also
be seen in Figure 13a that the value of dimensionless cooling power is not the
maximum at the maximum coefficient of performance value. This is an expected
result in TEC modules. This is because, as seen in Figure 133, it is known that the
cooling power is ineffective at the point where the coefficient of performance
value is at the maximum and in some cases it is almost negligible (Lee, 2017).
In addition, the maximum coefficient of performance value was obtained when
the dimensionless power input and dimensionless cooling power curves were
closest to each other (Figure 13a).

In TECs, it is known that the optimum cooling power is a function of the current.
However, there is no information in the literature that there is an optimal dimen-
sionless thermal conductance (N,) value in TE cooling systems (Lee, 2017). As
seen in Figure 13b, when the value is higher than 0.48, the cooling power reach-
es zero. That is, when N, is greater than 0.48, there is no cooling.

It is known that the lowest dimensionless temperature T;* value occurs not at
the highest coefficient of performance, but at the highest dimensionless cooling
power (Lee, 2017). Figure 13c also shows that, at the point where T; value is
minimum, dimensionless cooling power reaches its maximum value. In addition,
for a specific outdoor temperature, the surface temperature of the cold side of
the TEC takes the lowest value at the minimum value of T} . This situation can be
easily seen in Equation (27). In this case, considering that the Teo; (the cold am-
bient temperature) value is always constant and 5 °C, it can be concluded that the
maximum heat is absorbed when the cold surface temperature is at a minimum.

5.3 Results Concerning Variation of the Performance of the TB-127-1.0-1.3
with Fin Thickness and Spacing

Figure 14 illustrates the change of the performance of the TB-127-1.0-1.3 with
the fin thickness.
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Figure 14. Effect of the Fin Thickness on Performance of TEC Module: (a) Cur-
rent and Voltage (b) Power Input and Coefficient of Performance (c) Cooling
Power and Coefficient of Performance

Current, voltage and power input increased with an increasing fin thickness, but
cooling power and coefficient of performance decreased (Figure 14). That is, as
the fin thickness increased, the temperature difference (4AT) between the cold
(T1) and hot (T3) surface of the module increased. Therefore, the cooling power
absorbed by the module decreased. In addition, a linear behavior was observed
in the changes of current, voltage, power input and coefficient of performance
with fin thickness. However, this linear behavior was not observed for cooling
power. The change of cooling power with fin thickness was slower up to 0.4155
mm fin thickness, and quicker after 0.4155 mm fin thickness.
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The change of the performance of the TEC module with the fin spacing is also
illustrated in Figure 15.
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Figure 15. Effect of the Fin Spacing on Performance of TEC Module: (a) Current
and Voltage (b) Power Input and Coefficient of Performance (c) Cooling Power
and Coefficient of Performance

As with the fin thickness, the current, voltage and power input increased with
the increasing fin spacing, but the cooling power and performance coefficient
decreased (Figure 15). In other words, the productivity of the TEC decreased
with increasing fin thickness and spacing. This is because, as the fin thickness
and spacing increased, the temperature difference between the cold and hot sur-
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face of the module increased. In addition, a linear behavior was observed in the
changes of current, voltage, power input and coefficient of performance with fin
spacing. However, this linear behavior was not observed for cooling power.

5.4 Results on the TEG’s Capacity to Operate the TEC in the Turbocharged Tractor

In his numerical study, Giircan (2019) obtained electrical power from a TEG in a
turbocharged tractor. For the same tractor and environmental conditions, it was
determined that the power input required for the TEC, which was optimized in
the present work, can be met by this TEG system. This situation is illustrated in
Table 3.

Table 3. Providing the Power Input Required for the TEC Using a TEG System

Power input (W) Power output (W) Capacity to power

(K) (Present study) (Giircan, 2019) (%)

288 26.54 50.71 191.07
293 29.25 46.56 159.18
298 31.87 42.62 133.73
303 34.78 38.84 111.67

The sum power output values of the TEG system illustrated in Table 3 were ob-
tained for the 1 value of dimensionless electrical resistance.

The power input of the TEC at different outdoor temperatures can be smoothly
met by the TEG system (Table 3). This means that the TEC with a TEG can be used
without additional fuel consumption.

6. Conclusions

The present study performed optimization of a TEC, which was driven by a TEG
system. The conclusions obtained in this numeric study are summarized below:

1) The TEC performance decreased during the summer. This is an expected
result for cooling systems.

2) The maximum cooling power was obtained as 7.989 W at 288 K outdoor
temperature and the minimum cooling power was 6.818 W at 318 K out-
door temperature (for a single TEC module).

3) The maximum coefficient of performance value was 0.301 at 288 K out-
door temperature and the lowest coefficient of performance value was
0.156 at 318 K.

4) The voltage and the power input increased with an increase in the elec-
trical current.
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The maximum current value was 3.14 A at 318 K outdoor temperature
and the minimum current value was 2.46 A at 288 K.

With increasing outdoor temperature, the voltage increased, and the
maximum voltage was 13.92 V at 318 K while the minimum voltage was
10.79 V at 288 K.

With increasing fin thickness and spacing, current, voltage and power
input increased, but cooling power and coefficient of performance de-
creased.

The power input of the TEC at different outdoor temperatures was easily
met by the TEG system.
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Cross-sectional area of thermoelements (m?)
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Heat convective coefficient (W/m?K)
Electrical current (A)

Maximum electrical current (A)

Thermal conductivity of thermoelements (W/mK)
Thermal conductance (W/K)

Thermal conductivity of fin material (aluminum) (W/mK)
Thermal conductivity of air (W/mK)
Effective thermal conductivity (W/mK)

Leg length of thermoelements (m)

Length of finned structure (m)
Characteristic length of flow (m)

Number of thermocouples of TEC

Number of fins

Number of TEC modules

Dimensionless thermal conductance
Dimensionless convection

Dimensionless current

Dimensionless voltage
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P. Prandtl number

Qimax Maximum cooling power (W)

0, Cooling power of TEC module (W)

Q; Dimensionless rate of heat transfer on cold side
0, Heat liberated at the hot surface (W)

Q, Dimensionless rate of heat transfer on hot side
Q; Sum heat transfer rate of finned structure (W)
R Internal electrical resistance ()

R, Reynolds number

t Fin thickness (m)

Ty Cold surface temperature of TEC module (K)
T, Dimensionless temperature on cold side

T, Hot surface temperature of TEC module (K)

T, Dimensionless temperature on hot side

Toor Cold ambient temperature (K)
To Outdoor temperature (K)

T’ Dimensionless temperature

Tpase Base temperature of finned structure (K)
Us, Velocity of air flow (m/s)

%4 Voltage (V)

Vinax Maximum voltage (V)

w Width of finned structure (m)

W Power input (W)

w Dimensionless power input

Z Figure of merit (1/K)

z Fin spacing (m)

Zopt Optimum fin spacing (m)

VA Effective figure of merit (1/K)

Greek symbols

a Seebeck coefficient (V/K)

a Effective Seebeck coefficient (V/K)

AT Temperature difference between cold and hot surface of TEC module (K)

AT,  Maximum temperature difference (K)
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n Overall finned surface efficiency (%)
ny Fin efficiency (%)

v Kinematic viscosity (m?/s)

p Electrical resistivity (Qm)

Effective electrical resistivity (0m)

Subscripts

1 Cold side

2 Hot side

n n-type TE element
p p-type TE element
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recoil forces that occur during firing of a military vehicle with
a cannon rigidly attached to its body. The change in mass
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per unit time was determined through simulations made in
different shooting scenarios.
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Extended Abstract

It is no doubt, vehicles with a good suspension system provide superior performan-
ce in different road and operating conditions. Suspension systems in civilian vehic-
les are designed to offer an appropriate trade-off between roadholding and comfort
performance indicators. In addition to these two main performances, the suspension
deflection performance indicator, which is a constructive constraint, is another indi-
cator that should be taken into consideration by engineers. In military vehicles inten-
ded for personnel-material transfer, comfort performance is ignored and designs fo-
cused on handling performance are in question. However, if there is a weapon system
on the body of the military vehicle, the suspension system must be designed by taking
into account the vehicle body vibrations. Even if the vehicle is stationary, the recoil
forces resulting from the shots will cause vibrations in the vehicle body. The resulting
body vibrations will also negatively affect the rapid shooting quality.

In this study, the suspension system of a 6x6 unmanned ground vehicle carrying a
rapid-firing weapon system on its body was designed. This study differs from the
6x6 full vehicle model previously examined in the literature in two different aspects.
First, a model based on fuel and ammunition consumption was used. The second is
to integrate the recoil force and related reaction moments during firing of the wea-
pon system into the model and examine the effect of the suspension system on the
shooting quality.

The weapon system can move around the vertical axis in the range of [0o 3600] and
around the horizontal axis in the range of [-200 400]. In the study; firstly, a full vehicle
model with nine degrees of freedom was established. In the model, the body mass,
mass moments of inertia and the change in the center of gravity of the vehicle when
fuel and ammunition are fully loaded and empty are taken into account. The recoil
force resulting from gun shots and the resulting reaction moments are also taken into
account in the model.

The system model was built on the physical model created by considering that each
wheel-axle assembly moves only vertically, and the vehicle body makes a total of three
movements: vertical, heading and yawing. Nine interconnected differential equations
forming the system model were solved with the analysis block created in the Matlab-
Simulink environment. Simulations were made in two different categories. In the first
category of simulations, the vehicle was passed through a sinusoidal bump. Thus,
the performance of the suspension system is demonstrated. In the second category
of simulations, the shooting error due to the recoil force of the weapon system in
different firing situations was revealed. Suspension performance is revealed through
the vertical displacement of the vehicle body (x1), suspension deflection of the front
right wheel (sd1) and wheel deformation (td1). Accordingly, the bump road response
of the vehicle in empty condition is given in Figure 3.

There is no lower limit for the shooting period. The operator can set the firing period
any way below the upper limit. The reaction force resulting from each shot is 10 kN
and the reaction time is 0.1 s. The situations to be used in the simulation set are given
in Table 3. Accordingly, this simulation category will consist of a total of 36 simulati-
on sets. Numbering of the simulation sets was done using row and column numbers,
respectively.
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The main factor that will determine the quality of the shot will be the vehicle body
vibrations that will occur due to the recoil force during the shots. For this purpose,
considering simulation sets 22 and 34 will be sufficient for the purpose of the study.
The body vibrations in simulation set number 22 are given in Figure 7. In this case,
since the barrel is in the direction of vehicle advancement, the recoil force does not
cause wobbling. In this respect, the Y=1800 position is a suitable position for aiming
quality. However, head impact vibrations adversely affect the aiming quality and ca-
use errors.

As a result of the study, the shooting quality capacity of the vehicle in 36 different
situations was revealed. Accordingly, the shooting quality is completely dependab-
le depending on the suspension system. Moreover, and more importantly, the error
can be predicted through the suspension system model in response to the number
of shots per unit time parameter. Aiming assistant systems can be developed for this
purpose. Another conclusion from the article is that in order to achieve a full hit from
the current platform, a shot must be fired every 4 seconds at most. Systems that aim
at moving targets may be studied in future studies.
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1. Giris

Siiphesiz ki iyi bir siispansiyon sistemine sahip tasitlar farkl yol ve isletme
sartlarinda Ustiin performans saglarlar. Simdiye kadar pasif, yari-aktif ve aktif
slispansiyon sistemleri icin bir¢ok tasarim ve uygulama calismasi yapilmistir
(Ozbek, Burkan ve Yagiz 2020; Yagiz, 2004). Bu ¢alismalar aktif ya da yari-ak-
tif kontrol mimarisi icin kontrolcii tasarimina yoneliktir ve tasit titresimlerinin
etlidiine yonelik arastirmacilar i¢in olduk¢a kiymetlidir. Sivil amagh tasitlarda
slispansiyon sistemi yol tutus ve konfor performans gostergeleri arasinda uygun
bir 6diinlesme sunacak sekilde tasarlanirlar (Onat, Kiiglikdemiral, Sivrioglu ve
Yiiksek, 2007; Onat, Kiiglikdemiral, Sivrioglu, Yiiksek ve Cansever, 2009; Ping,
Wang ve Zhang, 2018). Bu iki ana performansin yaninda konstriiktif bir kisit olan
slispansiyon sapmasi performans gostergesi de yine miithendisler icin géz 6nii-
ne alinmasi gereken bir baska gostergedir (Nguyen ve Nguyen, 2023). Personel-
malzeme intikali amagh askeri araglarda konfor performansi goz ardi edilerek
yol tutus performansi odakl tasarimlar s6z konusu olmaktadir (Demir, 2003).
Ancak askeri aracin govdesi iizerinde bir silah sistemi mevcutsa tasit govde titre-
simlerinin de mutlaka g6z 6niline alinarak siispansiyon sisteminin tasarlanmasi
gerekir. Zira tasit duruyor olsa bile atislardan kaynaklanan geri tepme kuvvetleri
tasit govdesinde titresimlere sebep olacaktir. Olusan govde titresimleri de seri
atis kalitesini olumsuz yonde etkileyecektir.

Bu calismada, govdesi lizerinde seri atis yapabilen bir silah sistemi tasiyan 6x6
mobil silah platformunun siispansiyon sistemi tasarlanmistir. Demir, tasitin
seyir ve atis durumlarindaki dinamik ve gerilme analizleri teorik ve deneysel
olarak yapmistir (Demir, 2003). Ancak ele alinan askeri tasit havan topu tasidi-
gindan herhangi bir sekilde atis kalitesine iliskin hesaba yer verilmemistir. Zira
havan topu seri atis yapmaz ve kaba olarak hedef gozetir. Seri atis yapabilen ve
havan topuna gore oldukga diisiik capl silahlarda iyi bir nisan kalitesi beklenir.
Literatlirde daha 6nce incelenmis 6x6 tam tasit modelinden ii¢ farkli hususta bu
¢alisma ayrilmaktadir. Bunlardan birincisi yakit ve cephane tiiketimine bagl bir
model kullanilmistir. ikincisi, tasit iizerinde seri halde atis yapabilen silah sistemi
tasimaktadir. Sonuncusu ise silah sisteminin atis1 sirasinda geri tepme kuvveti ve
buna baglh tepki momentlerinin de modele entegre edilmesi ve siispansiyon sis-
teminin atis kalitesine etkisinin incelenmesidir.

Silah sistemi diisey eksen etrafinda [0° 360°], yatay eksen etrafinda [-20° 40°]
araliginda hareket edebilmektedir. Calismada, ilk olarak, dokuz serbestlik dere-
celi tam tasit modeli kurulmustur. Modelde tasitin yakit ve cephane tam dolu ve
bos durumlarindaki gévde kiitlesi, kiitlesel atalet momentleri ve agirlik merkezi-
nin degisimi hesaba katilmistir. Silah atislarindan kaynakl geri tepme kuvveti ve
buna bagh ortaya ¢ikan tepki momentleri de modelde gz 6niine alinmisti.
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2. Modelleme

Sistem modeli her bir tekerlek-aks aksaminin sadece diisey hareket yaptigy, tasit
govdesinin de diisey, kafa vurma ve yalpalama olmak tizere toplam ii¢ hareket
yaptig1 diistiniilerek olusturulan fiziksel model iizerinden kurulmustur. Tam tasit
modeli Sekil 1'de verilmektedir. Burada kullanilan semboller ve anlamlar1 Tablo
1’de sunulan adlar dizininde verilmektedir. Ayrica belirtilmesi gerekir ki “bu ¢a-
lismada arastirma ve yayin etigine uyulmustur”.

) Namlu
! Silah Sistemi

L/ f ;

{/ A

O T
U T

|
5 e
. _ ey —
t - ,
mg - ms M::
X¥

kn E

Sekil 1. Mobil Platformun Fiziksel Modeli

‘V

Tablo 1. Adlar Dizini

Sembol Ad
m, Govde kitlesi
], Kafa vurma hareketi icin kiitlesel atalet
I, Yalpalama hareketi icin kiitlesel atalet
X, &, B, x w Xo X X, Xg X Sistem durum degiskenleri (deplasmanlar)
X X 11 X X g Xy X o Yol girisleri
k,k, k3, k,, ks, k6 Siispansiyon yay katsayilari
k, kg, ko, k Kk, k, Tekerlek rijitlik katsayilar
C,C,C,C, €y, C, Siispansiyon soniim katsayilari
F,F, Fty, F, Tepki kuvveti ve bilesenleri
M, M, Mty, M, Tepki momenti ve bilesenleri
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1, Sol tekerlek izine agirlik merkezinin dik uzaklig

| Sag tekerlek izine agirlik merkezinin dik uzakhigi

1 On aksin agirhk merkezine dik uzaklig

1 Arka aksin agirlik merkezine dik uzakligi

1 Orta aksin agirlik merkezine dik uzakligi

0 Silah namlusunun yere gore agisi [-20° +40°]

Y Silah namlusunun tarama agis1 [0° 360°]
oy Tepki noktasinin tasit govdesi agirlik merkezine

¥y oz gore yer vektoriiniin bilesenleri

T, Atis periyodu

L, Etkili menzil

E, Atis hatasi

Alt1 adet tekerlek-aks sistemi diisey hareketi ve {i¢ adet de goévde hareketi ol-
mak tlizere sistem dokuz serbestlik derecelidir. Sistemin diferansiyel denklem-
leri D’Alembert prensibi ile elde edilmistir ve Denklem 1-9’da verilmektedirler.

Degiskenlerin lizerindeki her bir noktanin zamana goére bir tiirevi ifade ettigine
dikkat ediniz.

my¥%; + ka (%1 + Iy sin(B) + Iy sin(a) — xs) + ¢, (%, + Iy Beos(B) + lyd cos(a) — %5) +
ky(xy + Ly sin(B) + I, sin(a) — x7) + ¢4 (% + Ly, feos(B) + Ly cos(a) — %,) +
ke(xxy — L sin(B) + I, sin(@) — %) + c6(%; — L Beos(B) + Lyd cos(a) — %) +
ky (3, + I sin(B) — Ly sin(a) — x4) + ¢4 (%, + s feos(B) — Ly cos(a) — %,) + (1)
ks (xy + Ly sin(B) — 1 sin(a) — x4) + c3(%; + Ly, Beos(B) — Lyd cos(a) — %) +
ks (x; — L, sin(B) — I sin(a) — xg) + ¢5(%; — L, Bcos(B) — lyd cos(a) — xg) + Fpyy = 0
JoB + Ly (g + 1 sin(B) + L sin(a) — xs5) + lc, (% + I Beos(B) + Lrd cos(a) — %s) +
Lnka (g + Ly sin(B) + I sin(a) — x7) + Lnca(%; + Ly Beos(B) + lya cos(a) — %;) —
LikgCey — Ly sin(B) + L sin(@) — xo) — Lycs (s, — Ly feos(B) + Ly cos(@) — o) + Lk, (2)
(o + I sin(B) — Iy sin(a) — x,) + Leey (% + I feos(B) — lyd cos(a) — &) + Lks
(x; + Ly sin(B) — I sin(a@) — %) + Lncs (% + Ly, Beos(B) — lyc cos(a) — %) —

L ks(x; — L. sin(B) — Iy sin(a) — xg) — lrcs(a'cl — 1, Bcos(B) — Ly cos(a) — J'cs) +M,=0
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Jatt + Lky (1 + U sin(B) + Iy sin(a) — x5) + Lcy (% + I feos(B) + Lyd cos(a) — %s) +
Lok, (xy + Ly sin(B) + L sin(@) — x7) + Lycy (%, + Ly, feos(B) + Ly cos(a) — %7) +
Lke(xy — Iy sin(B) + Iy sin(a) — xo) + loce (%, — L feos(B) + Lyd cos(a) — %o) — (3
Liky (%, + I sin(B) — Iy sin(a) — x,) — Ly (%, + Iy feos(B) — Ly cos(a) — %,) —
Lks (g + Ly sin(B) — Iy sin(a) — x¢) — lycs (% + Ly feos(B) — Iy cos(a) — %) —

Liks(x; — L sin(B) — [, sin(a) — xg) — lics (J'cl — 1, Becos(B) — lya cos(a) — J'cs) + M, =0

myxy, — ky(x; + Iy sin(B) — I sin(a) — x,) —

(4)
cl(xl + I Beos(B) — L a cos(a) — J'c4) + k(x4 — %) =0
Msis — k2(x1 + I sin(B) + I sin(a) — x5) - (5)
cz(a'cl + 1 Bcos(ﬁ) + l,d cos(a) — J'cs) + kg(xs —x711) =0
Mgie — k3(xq + Ly, sin(B) — I sin(a) — xg) — (6)
c3(J'cl + 1, Bcos(B) — lyd cos(ar) — 556) + kg(xg —x,2) =0
myx%; — ky(xy + Ly sin(B) + I, sin(a) — x,) — ¢, )
(J'cl + 1y Bcos(ﬁ) + la cos(a) — 557) +kio(x; —x52) =0
mg¥g — ks(x; — L sin(B) — l; sin(a) — xg) — ¢ (8)
(J'cl -1, ﬁcos(ﬁ) — Ly cos(a) — J'cg) +ki(xg—x,53)=0
MoXg — ke(x; — L, sin(B) + I, sin(a) — xy) — 9)

c(t1 — I Beos(B) + Lpd cos(a) — %ko) + kip(Xg — Xp33) = 0

Silah atislarindan kaynaklanan tepki kuvveti (F ) bilesenlerinin silah sisteminin
iki adet konum parametresine bagli olarak ifadeleri Denklem 10-12’ de veril-
mektedir.

Fpy = —|13t|sin(0) (10)
Fir = |Fi|cos(8)cos(y) (11)
F., = —|ﬁt|cos(0)sin(y) (12)
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Tepki kuvvetinin uygulama noktasinin govde agirlik merkezine gére konumunu
gosteren yer vektorintin bilesenlerir, r,ver, olmak tizere tepki kuvvetinin
tasit govdesi agirlik merkezinde olusturdugu moment ifadesi Denklem 13’de
verildigi gibi olacaktir.

Mt = (ryth - rthy)i+ (Tthx - ertz)7+ (erty - ryth)k (13)

Buradan M, tepki momentinin bilesenleri denklem 14-16’da verilmektedir.

My, = ryth - rthy (14)

My = 1,Fpy — 13 Fy, (15

Mtz = Tthy - Tyth (16)

3. Simiilasyonlar

Sistem modelini olusturan birbirine bagh dokuz adet diferansiyel denklem Mat-
lab-Simulink ortaminda olusturulan analiz blogu ile ¢6ztilmiistiir. Analiz blogun-
da, ¢oziimler degisken adim araliginda ODE45 ¢o6ziiclisiiyle gerceklestirilmistir.
Simiilasyonlar iki farkl kategoride yapilmistir. Birinci kategoride, tasit stispan-
siyon sisteminin genel performansini degerlendirmek icin Sekil 2’de verilen 5
cm genliginde siniizoidal formda bir kasis tizerinden bos ve dolu durumlarinda
gecirilmistir. Bu simiilasyon kategorisinde askeri tasit atis halinde degildir. Simu-
lasyon parametreleri Tablo 2’de verilmektedir.

Tablo 2. Simiilasyon Parametreleri

Parametre Bos durum Dolu durum
m, 2041,2 kg 2494,8 kg
J, 2165,18 kgm? 2646 kgm?
I, 493,67 kgm? 603,29 kgm?
k,k,k,k,k,k, 45,36 kN/m 45,36 kN/m
k, kg, k, k k., k, 189 kN/m 189 kN/m
€, €,y Cy €,y €y Cg 1890 Ns/m 1360,8 Ns/m
1, 0,71 m 0,78 m
1 0,71 m 0,64m

2
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1f 0,94 m 0,85 m
1 1,03m 1,12 m
1 0,45m 0,36 m
r 0,25 m 0,3 m
r, 0,81 m 0,83 m
r, 0,0 m 0,0 m
L, 500 m 500 m
0.05 .

5 ‘J_‘ T T T T T

; 3 On tekerlek yol fonksiyonu

. '::‘ S Orta tekerlek yol fonksiyonu
v N . Arka tekerlek yol fonksiyonu

0.04

0.03

0.01

20.01 L L L L L L L L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Zaman (s)

Sekil 2. Yol Fonksiyonu

Stispansiyon performansi, tagit govdesinin diisey deplasmani (x,) 6n sag teker-
legin slispansiyon sapmasi (sd, ) ve tekerlek deformasyonu (td,) gostergeleri

tizerinden ortaya konulmustur. Buna gore tasitin bos durumdaki kasis yol ceva-
b1 Sekil 3’de verilmektedir.

350



Miihendis ve Makina / Engineer and Machinery 65, 715, 341-359, 2024

T T T T T T T T T

002 L tasit govdesi diigey hareketi 7

0.01

E
= 0
* 001
1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10
Zaman (s)
(a)
0.05
T T T T T T T T T
o6n sag siispansiyon sapmasi
= 0
E
=
@
-0.05 | 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10
Zaman (s)
(b)
T T T T T T T T T
001 | on sag tekerlek deformasyonu —
B 0
3
-0.01
1 1 1 1 1 1 1 1 1

0 1 2 3 4 5 6 7 8 9 10
Zaman (s)

(c)

Sekil 3. Bos Durumda Kasis Yol Performanslari (a) Gévde Diisey Hareketi, (b)
Siispansiyon Sapmasi, (c) Tekerlek Deformasyonu

Sekil 3 (a)’dan, tasit govdesinin en fazla 2,7 cm hareket edip 4 saniye icinde tit-
resimli hareketinin s6niimlendigi goriilmektedir. Sekil 3 (b)’den, slispansiyon
sapmasinin maksimum degerinin 4,6 cm oldugu gorilmektedir. Ortalama bir
slispansiyon strogunun #*8 cm oldugu disiiniildiigiinde siispansiyon sapmasi
makul deger araliginda kalmistir. Sekil 3 (c)’'de ise 6n sag tekerlegin deformas-
yonu verilmektedir. Tekerlek maksimum deformasyonunun 1,4 cm oldugu gortil-
mektedir. Tekerlegin 1,4 cm’lik deformasyonu da yol ile temasinin kesilmedigine
isaret etmektedir.

Sekil 4’de tasitin tam dolu durumunda kasisli yol cevabi verilmektedir.
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T T T T T T T T T
0.02 | tasit gévdesi diisey hareketi -

X (m
°

-0.02

1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10

Zaman (s)

(a)
T T T T T T T T T
on sag slispansiyon sapmasi

0.05

sd1 (m)

-0.05 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10

Zaman (s)

(b)

0.01 T T T T T T T T T
on sag tekerlek deformasyonu

td1 (m)

-0.01
1 1 1 1 1 1 1 1 1

0 1 2 3 4 5 6 7 8 9 10

Zaman (s)

(©)

Sekil 4. Dolu Durumda Kasis Yol Performanslari (a) Govde Diisey Hareketi, (b)
Siispansiyon Sapmasi, (c) Tekerlek Deformasyonu

Sekil 4 (a)’dan, tasitin tam dolu durumunda, 5 cm’lik kasisten gecerken tasit
govdesinin en fazla 2,9 cm hareket edip 4,2 saniye icinde titresimli hareketi-
nin sénimlendigi goriilmektedir. Sekil 4 (b)’'de, 6n sag siispansiyon sapmasi
verilmektedir. Buradan, siispansiyon sapmasi maksimum degerinin 4,3 cm
oldugu gorilmektedir. Sekil 4 (c)’den, tekerlek deformasyonunun maksimum
degerinin 1,4 cm oldugu goriilmektedir. S6z konusu performanslar bos durum-
dakine yakin degerlerdedir. Ancak govde titresiminin bos duruma gore kottiles-
tigi gorilmektedir.

Ikinci kategori simiilasyonlarda ise tagit duragan halde atis yapmaktadir. Sekil
5’de silah sisteminin sematik iist ve yan goriiniisii verilmektedir. Simtilasyonlar
sistemin alti farkll pozisyonunda ti¢ farkli atis periyodu (T,) i¢in bos ve dolu
durumlarinda yapilmistir.
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Sekil 5. Silah Sisteminin Genel Goriiniisii

Atislar seri halde en fazla saniyede iki tane olmaktadir. Sekil 6’da saniyede bir
atis durumunda olusan tepki kuvveti gosterilmektedir.

10000 h . . . N . . . . N -

9000 H 1

8000 H R

7000 H 1

6000 H 1

5000 H R

Tepki Kuvveti, F(N)

4000 1

3000 H 1

2000 H 1

1000 H 1

Sekil 6. 1 Atis/s Periyodu I¢in Tepki Kuvveti
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Atis periyodunun alt sinir1 bulunmamaktadir. Operator atis periyodunu tist sini-
rin altinda herhangi bir sekilde belirleyebilmektedir. Her bir atistan kaynakli tep-
ki kuvveti 10 kN’dir ve tepkinin siiresi 0,1 s’dir. Simtlasyon setinde kullanilacak
durumlar Tablo 3’de verilmektedir. Buna goére bu simiilasyon kategorisi toplam
36 simiilasyon setinden olusacaktir. Simiilasyon setlerinin numaralandirilmasi
sirasiyla satir ve siitun numaralari kullanilarak yapilmistir. Ornegin 34 numarah
simiilasyon seti 3. satir, 4. siitundaki namlu pozisyonu (6=-20° Y=225°), atis peri-
yodu (T,=1 Atis/s) ve ylikleme durumunu (dolu) gostermektedir.

Tablo 3. Atis Kalitesi Simtilasyon Seti

1 2 3 4 5 6
9=-200Y=180° : 0=-200Y=180° : 0=-200Y=180° * 0=-200Y=180° : 0=-20°Y=180° - B=-20°Y=180°
1 Ta=2 Atis/s = Ta=lAts/s : Ta=05Aus/s = Ta=2Ats/s - Ta=lAus/s - Ta=0.5 Ats/s
Bos durum = Bosdurum : Bosdurum - Doludurum : Doludurum : Dolu durum

0=400Y=180° - 0=400Y=180c : 0=40°Y=180c : 0=40°Y=180° : 0=40°Y=180c : 0=40°Y=180°

2 Ta=2 Atis/s Ta=1 Atis/s Ta=0.5 Atig/s Ta=2 Atis/s Ta=1 Atis/s Ta=0.5 Atis/s

Bos durum :  Bosdurum - Bosdurum : Doludurum - Doludurum : Dolu durum
0=-200Y=2250 : 0=-200Y=225¢ @ 0=-200Y=225¢ : 0=-200Y=225° @ 0=-200Y=225° : ©=-20°Y=225°

3 Ta=2 Atis/s = Ta=lAts/s : Ta=05Ans/s = Ta=2Ats/s - Ta=1Aus/s - Ta=0.5Atg/s

Bos durum Bos durum Bos durum Dolu durum Dolu durum Dolu durum

0=400Y=225° : 0=40°Y=225° . 0=40°Y=225° : 0=400°Y=225° E 0=40°0Y=225° E 0=400Y=225°
4 Ta=2 Atig/s  : Ta=lAug/s : Ta=05Ans/s : Ta=2Aus/s - Ta=1Ans/s - Ta=05 Aus/s
Bos durum = Bosdurum : Bosdurum - Doludurum : Doludurum : Doludurum

9=-200Y=270° : 0=-200Y=2700 : 0=-200Y=270° : 0=-200Y=270° : 0=-200Y=270° = B=-200Y=270°

5 Ta=2 Atis/s Ta=1 Atis/s Ta=0.5 Atis/s Ta=2 Atis/s Ta=1 Atis/s Ta=0.5 Atis/s
Bos durum ©  Bosdurum : Bosdurum : Doludurum : Doludurum : Doludurum

0=400Y=270° : 6=40°Y=270° > 0=40°Y=270° : 06=40°Y=270° : 6=40°Y=270° . 0=40°Y=270°

6 Ta=2 Atis/s = Ta=lAts/s : Ta=05Aus/s = Ta=2Ats/s = Ta=lAus/s - Ta=0.5 Ats/s
Bos durum = Bosdurum : Bosdurum - Doludurum : Doludurum : Doludurum

Atis kalitesini belirleyecek ana faktor atislar sirasinda geri tepme kuvvetine bagh
olusacak tasit govde titresimleri olacaktir. Bu amacgla 22 ve 34 numaral simii-
lasyon setlerini g6z 6niine almak calismanin amaci bakimindan yeterli olacaktir.
22 numarali simiilasyon setinde govde titresimleri Sekil 7°de verilmektedir. Sekil
7 (a)’da verilen saniyede bir seri atis durumuna karsilik gévdenin diisey, kafa
vurma ve yalpalama hareketleri sirasiyla Sekil 7 (b), (c) ve (d)’de verilmektedir.
Sekil 7 (b) ve (c)'de govde diisey hareketi ve kafa vurma hareketinin yaklasik 4
saniye kadar gecici rejim karakteristiklerinin goriildiigii ardindan siirekli rejime
oturdugu gorilmektedir. Bu simiilasyon seti durumunda, namlu tasit ilerleme
yoniinde oldugundan tepme kuvveti yalpalamaya sebep olmamaktadir. Bu du-
rum, yapilan simiilasyon ve modelleme ¢alismalarinin dogruluguna referans
teskil ettigi icin de 6nemlidir. Y=180° pozisyonu bu bakimdan nisan kalitesi i¢in
elverisli bir pozisyondur. Ancak olusan kafa vurma titresimleri nisan kalitesini
koti yonde etkileyerek hataya sebep olacaktir.
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Atis kaynakl tepki kuvveti

SN E

[ 1 2 3 4 5 6 7 8 9 10

tasit govdesi diisey hareketi

T T T T T T T T
g o ]
002 1 1 1 1 1 1 ] ] ]
0 1 2 3 4 5 6 7 8 9 10
Zaman (s)
(b) kafa vurma hareketi
0.01 T T T T T T T T T
— 0
B 00 i U
‘= -0.02 7
s | | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10
Zaman (s)
(© yalpalama hareketi
1
T T T T T T T T T
T 0
S
S 4 | | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10
Zaman (s)
(d)

Sekil 7. 22 Numarali Simiilasyon Seti icin (a) Tepki Kuvveti, (b) Gévde Diisey
Hareketi (c) Kafa Vurma Hareketi (d) Yalpalama Hareketi

34 numarali simiilasyon seti i¢in tasit govde titresimleri Sekil 8’de verilmektedir.
Bu durumda silah sistemi saniyede 2 adet atis yapmaktadir. Simiilasyon siire-
since toplam 20 adet atis kaydedilmistir. 34 numarali simiilasyon setinde gévde
titresimleri Sekil 8’de verilmektedir. Sekil 8 (a)’da verilen saniyede iki seri atis
durumuna karsilik gévdenin diisey, kafa vurma ve yalpalama hareketleri sirasiy-
la Sekil 8 (b), (c) ve (d)’de verilmektedir. Namlunun agisindan dolay1 bu durumda
yalpalama hareketi de meydana gelmektedir. Sekil 8’den, tim govde hareketle-
rinde yaklasik 8 saniye kadar gecici rejim gézlenmektedir.

22 ve 34 numarali simiilasyon seti sonuglari tasitin dolu ve bos durumlarda atis
kalitesinin karsilastirilmasina yonelik ikincil bir imkan da saglamaktadir. Buna
gore tasit bos durumdayken govde titresimlerinin siirekli rejime girmesi daha
erken olmaktadir. Bu da bos durumda daha kaliteli atis yapilabilecegini goster-
mektedir.
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Atig kaynakli tepki kuvveti

s L]

0 1 2 3 4 5 6 7 8 9 10

]
1

Zaman (s)

tasit govdesi diisey hareketi

S0 WW\/V\M/WNW\/\

Zaman (s)

9o o

kafa vurma hareketi
0.01

W\ WWWWWWWWW

-0.02

o

ﬁ (rad)

0

Zaman (s)

yalpalama hareketi
0.03

0.02
0.01
-0.01

0

a (rad)
o

Zaman (s)

(d)

Sekil 8. 34 Numarali Simiilasyon Seti icin (a) Tepki Kuvveti, (b) Gévde Diisey
Hareketi (c) Kafa Vurma Hareketi (d) Yalpalama Hareketi

Sekil 7 ve 8'den atig periyodu T,'nin olduk¢a 6nemli bir parametre oldugu go-
rilmektedir. Atis kalitesinin belirlenmesi icin tam atisin yapildig1 andaki gévde
konumu (x,, B ve a) belirleyici olmaktadir. Namlunun ilgili pozisyonu referans
alinarak atis hatasi Denklem 17’de verilen baginti ile belirlenebilir. Burada, silah
sisteminin etkili atis menzilinin (L,) 500 metre oldugu goéz oniine alimmistir. Bu
baginty, atis hatasini namlu ucunun 500 metre karsisinda, namlu eksenine dik bir
x'y’ diizlemine (nisan ekranina) gore hesaplar.

E, =x,+ Lytan(B)cos(z) + Lytan (a)sin(7) a7

Dikkat edilirse x, teriminin hata lizerindeki etkisi milimetre seviyesini ge¢cme-
mektedir. Bu tip askeri araglardan milimetre seviyesinde nisan performansi bek-
lenmediginden soz konusu terim ihmal edilebilirdir.

Sekil 9'da 22 numarali simiilasyon seti icin atis hatalar1 atis numarasina gore
verilmektedir. Buna gore 10 saniyede 10 adet atis yapilmistir. En biiytk hata 2.
atista -2,4 m olarak kaydedilmistir. Sonrasinda sistem -1,55 m’lik hata ile siirekli
rejime girmigtir.
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Aus hatas! (m)
C

(6]

(6]

C

C

q

©

25 1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 10

Atis numarasi

Sekil 9. 22 Numarali Simiilasyon Seti i¢cin Atis Hatasi Grafigi

34 numarali simiilasyonda kaydedilen atis hatasi grafigi Sekil 10’da verilmekte-
dir. Bu simiilasyon setinde saniyede 2 defa atis yapilmistir. Buna gore simtilasyon
stiresince toplam 20 adet atis yapilmistir. En biiyiik hata degeri 3. atistaki -5,55
m’dir. Sonrasinda sistem -3,80 m’lik hata ile siirekli rejime girmistir.

Atis hatas! (m)
©
6}

6 L L L
0 5 10 15 20

Atis numarasi

Sekil 10. 34 Numarah Simiilasyon Seti icin Atis Hatas1 Grafigi
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4. Sonuclar

Bu calismada, lizerinde seri atis yapabilen agir silah bulunan mobil bir platfor-
mun siispansiyon sisteminin atis kalitesine etkisi incelenmistir ve atis dinamigi
elde edilmistir. Bu amag i¢in askeri tasitin govde titresimleri dokuz serbestlik de-
receli tam tasit modeli lizerinden ortaya konulmustur. Atis kalitesi siispansiyon
sistemine bagl olarak tamamen ortaya konabilir oldugu gosterilmistir. Ayrica ve
daha dnemlisi, birim zamandaki atis sayis1 parametresine karsilik siispansiyon
sistemi modeli tizerinden hatanin 6éngoriilebilir oldugu ortaya konulmustur. Bu-
nun icin nisan alma asistan sistemleri gelistirilebilir. Hali hazirdaki platformdan
tam isabet kaydedebilmek i¢in en fazla 4 saniyede bir atis yapilmasi gerektigi ma-
kaleden ¢ikan baska bir baska sonuctur. ileriki ¢alismalarda hareketli hedefleri
nisanlayan sistemler calisilabilir.
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