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SUNUS

Degerli Meslektaslarimiz Merhaba,

Miihendis ve Makina dergimizin bu sayisindaki ilk makale Serdar Murat Demirel’in “Yol Kaynakl
Titresimlerin Tagiman Uriin Uzerindeki Etkilerinin Canlandirilmast icin Bir Test Ekipmani Konsepti-
nin Gelistirilmesi” baslikli makalesidir. Endiistride, iiretilen iiriinlerin uygun sekilde ambalajlan-
mast ve taginmasi da en az iiretimi kadar 6nem tasimaktadir. Bu nedenle, karayolu tasimaciliginda
tiriinlerin tizerine en ¢ok etkiyen kuvvet olan titregsim kaynakl kuvvetlerin iirtin iizerindeki etkilerinin
bilinmesi iiriin ve ambalaj tasariminda énemli rol oynamaktadr: Bu amacla, siiriicii ve yolcu konforu
icin daha onceden yapilan ¢alismalarin aksine yol titregsimlerinden kaynaklanan kuvvetlerin tiriin
lizerindeki etkilerinin gézlemlenmesini saglayacak, isletmelerde konumlandirilabilir sabit bir test
ekipmani konsepti gelistirilmesi i¢in bu ¢alisma yapilmistir. z-ekseni (ver ¢ekimine paralel) dogrul-
tusundaki titresimleri olusturabilmek icin tamburlu sistem tercih edilmistir. Bununla beraber, matem-
atiksel olarak elde edilen fonksiyonlarin CAE metotlart ile dogrulamast yapilmistir.

Tkinci makalemiz, Ozgiir Balli min “Insansiz Hava Araclarinda Kullamlan Turbo Dizel Bir Havacilik
Motorunun Enerji, Ekserji ve Ekserjiekonomik Performansinin Degerlendirilmesi” adli ¢alismasidir.
Bu ¢alismada; enerji, ekserji ve eksergo-ekonomik analiz yontemleri kullamilarak insansiz hava
araglart igin kullanilan turbodizel bir havacilik motorunun performans dogrulamast yapimistir. Mo-
torun enerji verimi %43.158, ekserji verimi ise %40.655 olarak bulunmustur. Motorun yakit ener-
Jisi kayip orani %56.842 iken yakit ekserji kayip orant %59.345 olarak hesaplanmistir. Turbodizel
motorun ¢evresel etki faktorii 1.460, ekolojik etki faktorii 2.460, ekolojik objektif fonksiyon degeri
-227.173 MJ/h, ekserjetik stirdiivebilirlik indeksi 0.685 ve siirdiiriilebilir verimlilik faktorii ise 1.685
olarak elde edilmistir. Turbodizel motorun ekonomik ve eksergo-ekonomik analiz sonuglarina gore;
gii¢ tiretimi igin toplam maliyet akisi 47.035 $/h ve iiretilen giiciin 6zgiil ekserji maliyeti 0.095 $/
MJ olarak hesaplanmistir. Diger yandan motorun yakit maliyeti ile iiretim maliyeti arasindaki bagil
maliyet artisi %248.655, sistemin eksergo-ekonomik faktorii %16.346 olarak bulunmustur. Ayrica bu
calismada, turbodizel havacilik motoru ile piston-prop havacilik motorunun performans kriterleri de
karsilastirilmistir. Turbodizel motorun tiim performans parametrelerinin, piston-prop motorun para-
metrelerinden ¢ok daha iyi oldugu tespit edilmistir.

Uciincii makalemiz, Fatih Turan, Sezai Sen, Caner Tulgar ve Ziya Coban’in “Metal ve Alasimlar-
da Toplam Karbon (C) ve Toplam Kiikiirt (S) Tayini, Metot Validasyonu ve Olgiim Belirsizligi” adli
calismasidir. Ulkemiz, demir-celik endiistrisi basta olmak iizere, metal hammadde ve ug itiriinlerinin
tiretimi agisindan diinya piyasasinda biiyiik bir éneme sahiptir. Verimli ve yiiksek kaliteye sahip bir
tiretim stirecinin gerceklestirilebilmesi i¢in malzemenin, tiim iiretim siireci boyunca Karbon (C) ve
Kiikiirt (S) konsantrasyonlarinin siirekli izlenmesi gerekmektedir. Soz konusu iirtinlerin pazarlanmasi
asamasinda da, malzeme niteliklerinin uygunluk degerlendirme kuruluslar: tarafindan raporlanmasi
gerekmektedir. Bu asamada iiriinlerin kalite kontrol testlerinde, dlgiim sonuglarmmin dogrulugunun
arttirtlmast ve giivenilirliginin saglanmasi beklenmektedir. Bu amagla, uygunluk degerlendirme
kuruluslar tarafindan gergeklestirilen testlerde oncelikle uygulanan analiz metodunun dogrulan-
mast ve gegerli kilinmast saglanmalidir. Ancak bu konuda ilgili uluslararasi kilavuzlarda agiklanan
prosediirlerin disinda kalan farkli uygulamalarin oldugu gozlenmektedir. Bu ¢alismada, mevcut en iyi
tekniklere 6rnek olarak, metal ve alasimlarda toplam karbon (C) ve toplam kiikiirt (S) analizleri i¢in "
TS EN ISO/IEC 17025 Deney ve Kalibrasyon Laboratuvarlarimn Yeterliligi Icin Genel Gereklilikler
" standardinda ag¢iklanan prosediirler izlenerek yontem dogrulama ve belirsizlik tahmini ¢alismalar
yapilmigstir.



Dordiincii makalemiz, Gok¢e Mehmet Genger, Coskun Yolcu ve Fatih Kahraman’in “Tig Alin
Kaynakly Aliiminyum Birlestirmelerin Mikroyapt ve Mekanik Ozelliklerinin SKP ve T6 Isil Islemi
Yoluyla Kaynak Sonrasi Modifikasyonu Uzerine Bir Arastirma” adli makalesidir. Ergitme kaynag
ile birlestirme endiistrinin her alaminda yaygin olarak uygulanan imalat yontemlerindendir. Ozel-
likle yiiksek 1sil iletim ve genlesme katsayisina sahip, sivi halde hidrojen ¢oziiniirliigii yiiksek olan
ve ytizeyinde rijit oksit tabakasi bulunan aliiminyum alasimlarimin ergitme kaynagiyla imalatinda
iri tane olusumu, mekanik ozelliklerde diisiis vb. olumsuzluklar gerceklesebilmektedir. Bu nedenle
ergitme kaynakli birlestirmelerin omiirleri ve mukavemetleri agisindan kaynak sonrast islem ile kay-
nak bélgesinin i¢ yapi ve mekanik ozelliklerinin iyilestirilmesi ¢ogu uygulama icin énemli rol oyna-
maktadir. Calismamizda, tungsten inert gaz (TIG) kaynag ile birlestirilen AA6082-T6 plakalarin
kaynak bélgesi ozelliklerine kaynak sonrasi islem olarak uygulanan siirtiinme karigtirma prosesi
(SKP) ve T6 1s1l isleminin etkileri arastirilmistir. SKP ve T6 151l isleminin mekanik ézelliklere ve i¢
yapiya etkileri ¢ekme testi, mikrosertlik testi ve mikroyapt incelemeleri ile arastirilmistir. SKP ile
kaynak dolgusunun iglem géoren bolgesindeki (karistirma bolgesi) dendritik tanelerin par¢alanarak
ince taneli i¢ yapimin elde edildigi tespit edilmistir. Bununla birlikte, SKP 'nin malzemede olusturdugu
is1l girdi ile 1sidan etkilenen bolgenin (IEB) genislemesine ve sertligin daha genis bélgede diismesine
sebep oldugu gozlemlenmistir. Kaynak sonrast uygulanan T6 1s1l iglemi ile kaynakli birlestirmenin
mekanik ozelliklerin arttirildigr ancak toklugunun azaldigi gozlemlenmigtir.

Beginci makalemiz, Ceren Bilgili, Sibel Uygun ve Gizem Yilmaz’in “Gaz Alti Ark Kaynagi Prose-
sinde Kaynak Sirast ve Kaynak Penetrasyon Seviyesinin Uriin Omriine Etkileri” isimli makalesidir.
Gaz metal ark kaynagi, gaz alti kaynagimin alt tiirleri olan "metal inert gaz kaynagi" veya "metal aktif
gaz kaynagi"” olarak da adlandrilan yiiksek hizli, ekonomik bir islemdir. Bu yontem bir¢ok endiistride
farkl par¢a iiretimleri icin kullanmilmaktadir: Bu bildiride, ilgili siirecin otomotiv uygulamalarina ve
bu iiretim yonteminin parametrelerinin bir aracin aks bileseninin dayaniklilik performansi iizerinde-
ki etkisine odaklanildi. Dayanim performans seviyesi degisiklikleri; seri hayat imalat kosullarinda
tiretilen ve gercek hayat yol yiikii sartlarinda test edilen akslar iizerinde tespit edildi. Teorik hesap-
lamalar ve fiziksel testlerden sonra, kaynak isleminin her parametresi igin olgiilen her iyilestirme
belgelendi. Tiim bu veriler detayli bir sekilde analiz edildi ve bu parametrelerin aks omrii iizerinde
ongoriilen etkileri, seri 6miir kullanim kosulu beklentilerine gére degerlendirildi.

Altinct ve son makalemiz Géksel Saragoglu 'nun “Bir Sivi Amonyak Depolama Tankinin Elasto-Plas-
tik Deformasyonu” isimli makalesidir. Bu calisma, bir kimyasal giibre fabrikasinda kullanilan
10.000 ton kapasiteli ¢ift cidarli sivi amonyak depolama tankinin i¢ taban sacinin elasto-plastik de-
formasyonunu sunmaktadir. Hammaddenin -33°C'de stoklandigr tankin taban sacinda karsilagilan
problemin, tankin bir onceki i¢c bakim sonrast hizly sogumaya maruz birakilmasindan kaynaklandig
tespit edilmistir. Taban sacindan kesilen numune iizerinde yapilan mekanik testler, plastik defor-
masyonun %1,94 oraminda gergeklestigini ancak toklugun degisiklik gerektirmeyen bir seviyede
oldugunu géstermistir. Bu nedenle ilgili standart API-620'mn belirttigi 1°C/saat 1sitma ve sogutma
kuralina uyularak mevcut taban sacinin kullanimina devam edilebilecegi ongoriilmiistiir.

Dergimize www.mmo.org.tr/muhendismakina ve https://dergipark.org.tr adresinden ulasabilir;
makale ve goriisleriniz ile destek olabilirsiniz.

Bir sonraki sayimizda bulugmak iizere...

TMMOB Makina Miihendisleri Odast
Yonetim Kurulu



PRESENTATION

Dear Colleagues,

Thefirst article published in our journal Engineer and Machinery is the article titled “Development of A
Test Equipment Concept For Reviewing The Effects of Road Generated Vibrations on the Transported
Product” by Serdar Murat Demirel. In the industry, proper packaging and transportation of the
products is at least as important as its production. Therefore, knowing the effects of vibration-induced
forces on the product, which is the most effective force on the products in road transport, plays an
important role in product and packaging design. For this purpose, this study has been carried out
to develop a stationary test equipment concept that can be positioned in enterprises, which will
enable the effects of the forces arising from road vibrations to be observed on the product, contrary
to previous studies for driver and passenger comfort. In order to generate vibrations in the z-axis
(parallel to gravity) direction, a drum system is preferred. In addition, the mathematically obtained
functions were verified with CAE methods.

The our second article is titled “Energy, Exergy and Exergoeconomic Performance Assessments Of
A Turbo Diesel Aviation Engine Used On Unmanned Air Vehicles” by Ozgiir Balli. In this study, the
performance of a turbodiesel aviation engine used in unmanned aerial vehicles was evaluated using
energy, exergy, and exergoeconomic analyses methods. The engine s energy efficiency was 43.158%,
while its exergy efficiency was 40.655%. When the engine'’s fuel energy loss rate was 56.842%, the
fuel exergy loss rate was calculated to be 59.345 %. The environmental impact factor, ecological
impact factor, ecological objective function, exergetic sustainability index, and sustainable efficiency
factor of a turbodiesel engine were calculated to be 1.460, 2.460, -227.173 MJ/h, 0.685, and 1.685,
respectively. According to the results of the turbodiesel engine’s economic and exergo-economic
analyses, the total cost flow for power generation was calculated to be 47.035 $/h, and the specific
exergy cost of the generated power was calculated to be 0.095 $/MJ. The relative cost increasing
(relative cost difference) between the engines fuel cost and the production cost was found to be
248.655% and the systems exergoeconomic factor was found to be 16.346%. Furthermore, the
performance criteria of the turbodiesel aviation engine and the piston-prop aviation engine were
compared in this study. The turbodiesel engine’s performance parameters were determined to be
significantly better than those of the piston-prop engine.

The our third article is titled “Determination Of Total Carbon (C) and Total Sulfur (S) In Metals and
Alloys, Method Validation and Measurement Uncertainty” by Fatih Turan, Sezai Sen, Caner Tulgar,
Ziya Coban. Our country has a great importance in the world market in terms of the production of
metal raw materials and end products, especially in the iron and steel industry. In order to realize
an efficient and high quality production process, it is necessary to continuously monitor the Carbon
(C) and Sulfur (S) concentrations of the material throughout the entire production process. During
the marketing phase of the products in question, the material qualities must be reported by the
conformity assessment bodies. At this stage, it is expected to increase the accuracy and reliability of
the measurement results in the quality control tests of the products. For this purpose, the verification
and validation of the analysis method which were employed should be carried out by the conformity
assessment bodies. However, it is observed that there are different applications that fall outside the
procedures described in the relevant international guidelines. In this study as an example to the best
available techniques, method validation and uncertainty estimation studies were carried out for the
total carbon (C) and total sulfur (S) analyses in metals and alloys following the procedures described
in the standard of "General Requirements for the Competence of Test and Calibration Laboratories”.

The our fourth article is titled “A Survey on Post-Weld Modification of Microstructural and



Mechanical Properties of GTAWed Aluminum Butt Joints Through FSP and T6 Heat Treatment” by
Gokgee Mehmet Genger, Coskun Yolcu, Fatih Kahraman. Fusion welding is a commonly applied
manufacturing process in all fields of industry. Some imperfections (formation of coarse-grained
microstructure, decrease in mechanical property, etc.) can occur especially in the fusion welding-
based fabrication of aluminum alloys which have specific features, such as having high thermal
conductivity, expansion coefficient, high hydrogen solubility in the liquid state, and oxide layer on
the surface. Therefore, the enhancement of microstructure and mechanical properties in terms of the
lifespan and strength of the fusion-welded joints is crucial for most applications. In the study, the
effects of friction stir processing (FSP) and T6 heat treatment, applied as post-weld processing, on the
weld zone properties of the gas tungsten arc welded (GTAWed) AA6082 plates were investigated. The
effects of the post-weld processings (FSP and T6 heat treatment) on mechanical and microstructural
features were analyzed via microstructural examination and microhardness measurements and tensile
strength testing. It was observed that the dendritic microstructure in the processed region (stir zone)
of the weld bead was destroyed and fine-grained microstructure was formed via FSP. Additionally, the
findings showed that heat input occurred during FSP led to broaden of heat affected zone (HAZ) and
decrease the hardness in a wider region. It was also determined that the mechanical characteristics
of the GTAWed joint were increased but in contrast, the toughness was decreased through T6 post-
weld heat treatment.

The our fifth article is titled “Welding Order and Welding Penetration Levels’ Impact on Product
Life Cycle For GMAW” by Ceren Bilgili, Sibel Uygun, Gizem Yilmaz. Gas metal arc welding is
a high-speed, economical process that is also called as "metal inert gas welding" or "metal active
gas welding" which are sub-types of gas metal arc welding. This method is used for production of
different parts in many industries. In this paper, the focus will be on automotive applications of this
process and the impact of the parameters of this production method on the durability performance
of the axle component of a vehicle. Experiments have been conducted on the axles that have been
produced in serial life production conditions and have been investigated under real life road load
conditions to determine their performance levels. After theoretical calculations and physical tests,
each measured improvement had been documented for every parameter of the welding process. All
this data had been analyzed in detail and these parameters’ projected impacts on the axle life cycle
had been evaluated with respect to the serial life usage condition expectations.

The our sixth and final article is titled “Elasto-Plastic Deformation of a Liquid Ammonia Storage
Tank” by Géksel Saracoglu. This paper presents the elasto-plastic deformation of the inner bottom
plate of a 10,000 tonnes capacity double wall liquid ammonia storage tank used in a chemical
fertilizer plant. It has been determined that the problem encountered in the bottom plate of the tank
where the raw material is stocked at -33°C is caused by the rapid cooling of the tank after the internal
maintenance. Mechanical tests performed on the sample cut from the bottom plate showed that the
plastic deformation occurred at a rate of 1.94%, but the toughness was at a level that did not require
a change. Therefore, it is foreseen that the use of the bottom plate can be continued by complying with
the 1°C/hour heating and cooling rule in accordance with the relevant standard API-620.

You can also view the journal on the web page www.mmo.org.tr/muhendismakina, https://dergipark.
org.tr and support us with your articles and comments.

Best regards until our next issue...

UCTEA CHAMBER OF MECHANICAL ENGINEERS
Board of Directors
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Yol Kaynakh Titresimlerin Tasinan Uriin Uzerindeki
Etkilerinin Canlandirilmasi i¢in Bir Test Ekipmam
Konseptinin Gelistirilmesi

Serdar Murat Demirel'

0z

Endiistride, iiretilen tirlinlerin uygun sekilde ambalajlanmasi ve tasinmasi da en az iiretimi kadar 6nem tagimakta-
dir. Bu nedenle, karayolu tasimaciliginda tiriinlerin iizerine en gok etkiyen kuvvet olan titresim kaynakli kuvvetle-
rin Uiriin Gizerindeki etkilerinin bilinmesi iriin ve ambalaj tasariminda 6nemli rol oynamaktadir. Bu amagla, siiriicii
ve yolcu konforu i¢in daha 6nceden yapilan galigmalarin aksine yol titresimlerinden kaynaklanan kuvvetlerin tiriin
tizerindeki etkilerinin gozlemlenmesini saglayacak, isletmelerde konumlandirilabilir sabit bir test ekipmant kon-
septi gelistirilmesi i¢in bu ¢alisma yapilmistir. z-ekseni (yer ¢ekimine paralel) dogrultusundaki titresimleri olustu-
rabilmek i¢in tamburlu sistem tercih edilmistir. Bununla beraber, matematiksel olarak elde edilen fonksiyonlarin
CAE metotlart ile dogrulamasi yapilmistir.
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Development of A Test Equipment Concept For Reviewing The
Effects of Road Generated Vibrations on the Transported Product

ABSTRACT

In the industry, proper packaging and transportation of the products is at least as important as its production.
Therefore, knowing the effects of vibration-induced forces on the product, which is the most effective force on the
products in road transport, plays an important role in product and packaging design. For this purpose, this study
has been carried out to develop a stationary test equipment concept that can be positioned in enterprises, which
will enable the effects of the forces arising from road vibrations to be observed on the product, contrary to previous
studies for driver and passenger comfort. In order to generate vibrations in the z-axis (parallel to gravity) direction,
a drum system is preferred. In addition, the mathematically obtained functions were verified with CAE methods.
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EXTENDED ABSTRACT

Introduction

In the industry, fast production and costs are much more important than before. For this reason, significant
earnings in terms of speed and costs can be achieved in product development studies by using developed
technological opportunities. Recently developed simulation systems and methods come to the fore in obta-
ining these advantages. Simulation can be done not only by numerical methods, but also by increasing the
accuracy with the feedback of the numerical results obtained from the experimental data.

One of the prior studies is a vibration analysis done with a mathematical model and a simulation equipment.
In particular, vibration analysis has a great importance for vehicles used in land transportation and highway
construction, which is one of the most preferred transportation methods.

In this study, it is aimed to analyze the vibrations that the products with logistics are exposed to during
transportation. For this reason, the simulation method of long-term scenarios based on relatively short-term
and non-displacement experimental data was preferred. The aim of the study is to develop a prototype test
equipment that can simulate long-term transportation effects on goods by using experimentally measured
vibration data. Thus, equipment design will be developed that can obtain a basic data set, especially for the
development of packaging.

Objectives

In the literature, Nguyen et al. studied on the ride comfort of a vibratory roller, which can be used to
compact asphalt and soil. In this study, the improvements made in order to contribute to the increase of
both comfort and occupational safety of the operator are supported by simulation and mathematical cal-
culations [1]. In addition, Ren et al. have also reported a study to reduce the effects of vibrations, which
are frequently exposed to special machine/equipment operators, on physical and mental health. It has been
observed that the vibration characteristic in the vehicle cabin measured by the sensor is compatible with
the finite element method [2]. Especially in automotive, the number of studies carried out to detect road-
bourne vibrations and to reduce their reflections in the cabin in vehicle development studies is quite high.
Butkunas mentioned random vibration analysis in his study in 1969 and explained that this method is used
in industrial vehicle development [3]. In another study on this topic, research and calculations were carried
out to accurately measure road profiles. For this purpose, a computer simulation was made with a mathe-
matical model [4]. In another vibration analysis study on automobiles, vibrations in the interior mirrors of
automobiles were analyzed. In the study, it is aimed to prevent the distortions that may occur in the view by
reducing the vibrations in the interior mirror and to prevent the mirror from being damaged. For this reason,
vibration analyzes were carried out using the finite element analysis method [5]. Vibration analysis and
related simulation studies and mathematical modeling have generally been carried out to increase driver
and passenger comfort. Another mathematical method used in studies on vibration is seen as vehicle-track
coupled dynamics. This method can be used alone, or it can be evaluated in a hybrid way, supported by
different numerical methods and experimental studies [6]. It is very important to examine the effects of
vibration in order to delay the fatigue caused by vibrations. Therefore, different methods have been used,
such as the equivalent damage method. In the study of Coulon et al., the results of the study carried out
according to the IEC 61 373 standard were examined and the operability of the standard was tested [7]. In
addition, there is also a study that examines the effects of vibration caused by wear in the wheel-gear box
system on high-speed railway vehicles, based on transportation. In mentioned study, Liu et al. designed a
exact scale equipment and simulated the mathematical model with solid modeling. As a result of the study,
percentage data related to wheel wear and track irregularity were obtained [8].

Methods

In this study, in order to analyze the forces acting on goods during long-term transportation, real road data is
gathered using a calibrated accelerometer device fixed to the ground on the truck bed, and 3-axis vibration
data was recorded along the road. The obtained data were reduced, analyzed and converted into a design
parameter.
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The mathematical method depends on rotating a cam placed on a drum with fixed diameter of 600mm with
variable speeds to obtain desired acceleration values with a maximum known displacement of 36mm. The
cam path must be free of discontinuities.

A mass and spring/damper duo can be added to the constructed system, as in vehicles. In this paper, 4 diffe-
rent diameter followers and 3 different spring constants for a fixed 750kg load were worked on.

Discussion and Conclusions

In this study, it is aimed to develop a test device that predicts the forces that industrial products will be ex-
posed to while they are on their way for shipment, thus enabling precautionary measures to be taken. In this
context, the “drum system”, which can only measure in the z-axis, was preferred among 5 different systems.
This is because the forces in the z-axis are greater during the transport of the products and the equipment
costs are lower. Along with the drum system, a mathematical model that can verify the results has also been
created. For a fixed 750kg load, 4 different diameter trackers and 3 different spring constants were studied.

In order for a test device to be designed as desired, it is necessary to design a cam that will ensure constant
contact between the cam and the follower in the system. The system can respond to approximately 62%
of the acceleration values required at the desired exposure times. All acceleration values can be obtained
if the exposure time is not observed. If suspension (spring-damper) is used in the system, realistic results
can be obtained, but the system must be “intelligent” as different values will be obtained depending on
the amount of load on each load. The system can be operated at different speeds before the operation, the
acceleration values depending on the engine speed are extracted and then scenarios are applied according
to these values..

As a result of the study, the requirements for a test equipment that can simulate the forces that the products
will be exposed to in the logistics have been determined, tested and a mathematical model has been put
forward. The accuracy of the created mathematical model was verified by comparing it with the data rece-
ived from the test equipment. The results obtained in this study can be used to arrange test equipment in
different combinations for the desired conditions. In future studies, trials can be made for different sizes
and different products.
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1. GIRIS

Gilinlimiiz endiistrisinde hiz ve maliyet eskiye nazaran ¢ok daha yiliksek 6nem tasi-
maktadir. Bu nedenle de gelisen teknolojik imkanlar kullanilarak {iriin gelistirme
calismalarinda hiz ve maliyetten 6nemli kazanclar elde edilebilmektedir. Bu avan-
tajlarin kazanilmasinda, son dénemde gelisen simiilasyon sistem ve yontemleri 6ne
cikmaktadir. Simiilasyon, yalnizca niimerik yontemlerle degil deneysel verilerden

alman sayisal sonuglarin geri beslemesiyle dogrulugu artirilarak da yapilabilmek-
tedir.

Matematik modeller ve simiilasyon ekipmanlari ile yapilan ¢aligmalardan biri de titre-
sim analizleridir. Ozellikle, en ¢ok tercih edilen ulasim yontemlerinden biri olan kara
ulagimi ve karayolu yapiminda kullanilan araglar i¢in titresim analizi biiyiik dnem
tasimaktadir.

Literatiirde bu konuyla ilgili, kullanilan yontem ve simiile edilen senaryolar ile bir-
birlerinden ayrilan ¢aligmalar mevcuttur. Nguyen ve arkadaslari, asfalt ve toprak si-
kistirmak i¢in kullanilabilen titresimli silindirin siiriis konforu ile ilgili bir ¢caligma
yapmislardir. Bu ¢aligmada, operatdriin hem konfor hem de is glivenliginin artirilma-
sina katki saglayabilmek adina yapilan gelistirmeler simiilasyon ile beraber matema-
tik hesaplariyla da desteklenmistir [1]. Bununla beraber, Ren ve arkadaglari da 6zel
makine/ekipman operatorlerinin siklikla maruz kaldiklart titresimlerin, fiziksel ve
ruhsal sagliga etkilerinin azaltilmasi i¢in bir ¢alisma yapmislardir. Sensor vasitasiyla
oOlgiilen ara¢ kabini icerisindeki titresim karakteristi§inin sonlu eleman yontemiyle
uyumlu oldugu gozlenmistir [2]. Ozellikle otomotivde, arac gelistirme calismalarinda
yol kaynakli titresimlerin tespiti ve kabin igerisine yansimalarinin azaltilmasi i¢in ya-
pilan ¢aligmalar bulunmaktadir. Butkunas, 1969 yilinda gerceklestirdigi ¢alismasinda
rastgele titresim analizinden bahsetmis ve bu yontemin endiistriyel olarak arac gelis-
tirmede kullanildigini anlatmistir [3]. Bu konuyla ilgili bir diger ¢alismada, yol profil-
lerini dogru bir sekilde dlgmek icin arastirma ve hesaplamalar gergeklestirilmistir. Bu
amag icin matematik model ile bilgisayar simiilasyonu yapilmistir [4]. Otomobillerle
ilgili yapilan bir diger titresim analizi ¢alismasinda, otomobillerin i¢ aynalarindaki
titresimler analiz edilmistir. Caligmada, i¢ aynadaki titresimlerin azaltilmasi ile goriin-
tiide olusabilecek bozulmalarin engellenmesi ve aynanin hasar gérmesinin 6nlenmesi
amaglanmistir. Bu nedenle sonlu eleman analizi yontemi kullanilarak titresim analiz-
leri yapilmustir [5]. Titresim analizi ve buna bagli yapilan simiilasyon c¢aligmalari ile
matematik modellemeler, genellikle siiriicii ve yolcu konforunu artirmak amaciyla
gerceklestirilmigtir. Titresim ile ilgili yapilan ¢aligmalarda kullanilan bir diger mate-
matiksel yontem ise ara¢ kaynakli dinamik (vehicle-track coupled dynamics) olarak
goriilmektedir. Bu yontem, tek basina kullanilabildigi gibi farkli niimerik yontemlerle
ve deneysel galismalarla desteklenerek hibrit sekilde de degerlendirilebilmektedir [6].
Titresimlerin yarattig1 yorulmalarin geciktirilmesi amactyla, titresim etkilerinin ince-
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lenmesi olduk¢a dnemlidir. Bu nedenle, esdeger hasar yontemi gibi farkli yontemler
kullanilmistir. Coulon ve arkadaslarinin yaptigi ¢calismada, IEC 61 373 standardina
gore yapilan ¢alismanin sonuglart irdelenmis ve standardin ¢alisirligt test edilmistir
[7]. Bununla beraber, tasimacilig1 baz alarak, yiiksek hizli demiryolu araglari tizerin-
de tekerlek-disli kutusu sistemindeki asinmalardan kaynakli titresim etkilerini birebir
boyutta inceleyen bir ¢alisma da mevcuttur. Bahsedilen ¢alismada Liu ve arkadaslari,
birebir boyutlu bir ekipman tasarlamis ve katt modelleme ile simiilasyonu gergekles-
tirmistir. Calisma sonucunda, tekerlek asinmalar1 ve palet diizensizligi ile ilgili yiiz-
delik verilere ulagilmistir [8].

Bu ¢alismada ise, lojistigi saglanan iriinlerin taginmasi sirasinda maruz kaldiklar tit-
resimlerin iirlin lizerindeki etkilerini canlandirabilen bir sistemin tasarlanmasi amag-
lanmistir. Bu nedenle, uzun siireli senaryolarin nispeten kisa siirede ve yer degistirme
gerektirmeyen ayrica deneysel verilere dayali bir simiilasyonu yontemi tercih edil-
mistir. Calismanin amaci, triinlerin veya malzemelerin taginmasi esnasinda maruz
kalabilecekleri deneysel verilere dayali titresimler ve buna bagl etkilerin gozlemle-
nebilecegi, bir prototip test ekipmani gelistirmektir. Boylece, tasinma siireclerine gore
ambalajlarin gelistirilmesi i¢in bir temel veri seti elde edebilecek ekipman tasarimi
gelistirilmis olacaktir.

2. MATERYAL & METOT

Bu ¢aligmada, yol titresimlerini 6l¢en ve bu sayede uzun siireli hareketlerde malze-
me veya iriinlerin iizerine etkiyen kuvvetlerin analizini yapabilen bir prototip test
ekipmani gelistirilmesi amaglanmistir. Bu nedenle, farkli konseptler incelenerek, en
uygun deney sisteminin belirlenmesi hedeflenmistir.

Calismanin ilk adiminda, gergek ¢alisma ortamindaki titresim verilerinin dlgiilmesi
icin kalibre edilmis bir ivme dlcer cihazinin kamyon kasasi lizerinde zemine sabitle-
nerek yol boyunca 3 eksenli titresim verisi kaydedilmis, elde edilen veriler indirge-
nerek analiz edilip tasarim parametresine doniistiiriilmiistiir. Islenen verilerden elde
edilen sonuglar Tablo 1°deki gibidir.

X, Y ve Z eksenleri i¢in ivme degerlerinin tekrarlanma yiizdeleri Sekil 1°de sirasi ile
gosterilmektedir.
2.1 Konseptler

Yapilan degerlendirmede, bu ¢alisma icin kullanilabilecek 5 farkli konseptin uygu-
lanabilirligi tartisilmistir. Bu konseptler, lineer isleticili Stewart platformu, rotary
Stewart platformu, vidali milli Kartezyen sistem, kayan krankli Kartezyen sistem ve
tamburlu sistem olarak belirlenmistir.
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Tablo 1. 19,2 Saatlik Olciimler Sonucunda Elde Edilen Titresim Verileri

| X Y z
ivme (g) [Tekrar [Ort.Maruziyet |Ort.Deplasman |Frekans Tekrar [Ort.Maruziyet [Ort.Deplasman |Frekans. Tekrar [Ort Maruziyet [Ort.Deplasman |Frekans
(sn) (mm) (i/sn)  |Adet %si |(adet) |(sn) (mm) (1/sn)  |Adet %si |(adet) |(sn) (mm) (isn)  [Adet %si
0.173046726] __-0.000247048| 5.778786 49557| 0.157260326 45531| 0.163622587] -2.953206411| 61116257 86
0.15404621] 1693087698 6.4915586 - 0.140266424] _ 7.58101019) 0.152338646 0010932] 6.5643225| 72
0103811937 0.001533493| 0.096861026| _ 11.05422579) 0.136095417| _ 36.78962459| 7.347786 2213
) 16.24169074) 0.10277747| _-12.22925593] 0.114952275| _ 0.009786068 8.6992624|  5.76
0.095788475 __-0.000401421 0108815554 _-0.005302372| 26.40357206| 10.83
0.092734863| _-0.001939759| 0.110471357|
0.089676065| __-0.00831112| 18584 0.1100678] 0.007052105] 9.08531 0.005190051| 7.9713737]
0.089864383| 0004902332 11.127879 11726[_0.110391438] -0.002044579)] 9.05867| 0.00449285| 7.8352298|
0.087782205 0.01905181] 11.391831 7624] 0.110722718| -0.010635027] 9.03157| 0125957238 0. 7.9392024] 519
1287 0.085275835] __0.047040963] 11.726651 22| 5382 0.111250465] 0.008976996)| 8.98873) 0124970013 -0.001249387| 8.00191%6 _ 3.15
743] 0.088627187]  0.092038187| 11.283219]  0.13] 3691[ 0.111812517] 1392.132007| 8.94354] 0123123520 4709297093
14| 400 0.087625]  0.127305523| 11412268  0.07] 2652] 0.111406486] -0.019923664| 8.97614] 0.120078976| _0.035447324
12| 281 0.093060498]  0.307202697| 10.745698]  0.05| 1985] 0.11231738] 0.037922875( 8.90334 0.115745721]_-0.040287838
0.094285714] 0265104196 10.606061 o.o—zl 1431 0111076171 -0.070652193[ 9.00283 0.115327185| _-0.022794528| 8.6709825]  0.86
0.078] _-0.070397212 12.820513] __0.01] 1112 0.113624101| -0.072777236 8.80095]  0.19] 3455| 0.112995658] -0.016245312| 8.8498975]  0.65
0.093548387|  0.062006626| 10.689655]  0.01f  864]  0.1140625] -0.065334851 8.76712]  0.15| 2634| 0.11063022] -0.040977167|9.0391215] 0.5
0092682927 0.912138846( 10.789474]  0.01] 694 0.114985501 -0.056491128[ 8.69674 2| 2015] 0.109727047] -0.132937678[ 9.1135233] 038
01025 0.371973871] 9.7560976| of 516 0.11637599] 0.031267705| 8.59284]  0.09| 1566] 0.110727969] -0.269694655] 9.0311419 03
0.092857143 -1.094172116] 10.769231 of 431 0113805104] -0.245547487| 8.78695] 007 1293] 0.105491106]  0.005144869[0.4704721] 024
0.111111111]__-1.722733507| o of 394 0113832487 0.060150606] 8.78484]  0.07| 85| 0.106903553] -0.031562654| 0.354226]  0.19
011 -0.3212064] 9.0909091 of 316 0.120886076] -0.503065251 0112796209 __0.020463389] 8.8655462|
0.083333333| _0.927708124] 12 of 205 0.111463415] 0.461635241 0.106371814] _0.113759173] 9.4009866|
0.05[  1.226483751 20| o 1% 0.1125] _-0.37274405) 0.098643411] 0. 10.137525]
005[  1.300515939) iﬂ of 147 0111564626 0.285864964 0.106993007| _-0.259534718] 9.3464052|
0 1 12] of 137] o11e7es321] 0 0.106896552 061354264
005[  11.36468438] 20| o
04| -14.75798925| 10 o
0 ol ol of 90| o112777778]  -0.0537864 0.120852018|  0.041964579 8.2745826]  0.04
0.05]  -1.507129125| 20| of 82| 0117073171 -0.689838426 0.111258278|  -0.317466302| 8.9880952]  0.03
005 7. 20| of 71| 0112676056 0. 0109401709 -0.387208809| 9.140625] _ 0.02
0.15] _0.261245187| 6.6666667| of 50| 0115254237 -0.473540817 0.107526882 0.4786073 93 o
0.05]  1.207503749) 20| of 0 0.115] _0.072173639) 0109793814 0.2560273| 9.1079812] __ 0.02
0 ol ol of 46| 0114130435 2.004666349 0116129032 0.284727303[8.6111111] 001
0 ol ol of 36 0.1125] _0.860235874| 0.09609375| _-0.087239336 10.406504] _ 0.01
0 ol ol of 30| 0.126666667| -1.354202827 . 0.124418605] 0. 80373832 0.01
01| 2533484999 10 of 31| 0122580645 -2.830153085] 8.15789) . 0.127659574| _-2.576825691| 7.8333333] __ 0.01
0| 0| 0| o 32 0.11875] _-2.904888457| 8.42105] 0.1 0.098648649| __0.239458883|
0 ol ol o zj 0.122916667| _1.30172935( 8.13559 o 20 01| -0.518207781 10 0
0 ol ol of 22| 0120454545 3.764696051] 8.30189) of 19 0.086842105]  2.546517138[ 11.515152) 0
0 0| 0| of 20 0.11]  1.961985094] 9.09091 of 14 0.114285714] -0.924576026 8.75) 0
0 ol ol of 15| 0.136666667| -4.543384168] 7.31707] o 17[ 0.102941176] -1.605741407] 0.7142857] 0
0 ol ol o 15 01| 0.991734666] 9.09091 o 16[ 0.121875]  0.67099496[ 8.2051282) 0
0 ol ol of 13 0103846154 -2.707874567] 9.62963) o 12[ o.079166667| -3.574102642[ 12.631579) 0
0 ol ol of 10 0.115] _2.230307313] 8 ﬁ' q 7| 0.114285714] -2.757024285 8.75) 0
0 ol ol of 15| 0123333333 1.304424417] 8.10811] q 7| 0.064285714] -2.679020795| 15.555556| 0
0 ol ol of 12| 0116666667 1.924597083] 8.57143 q 6 0.15]_-0.369084761] 6.6666667| 0
0 ol ol o 5 0.1 1762403501 10 q o 0.061111111| -2.057707639] 16.363636| 0
0 ol ol of 11| 0122727273 -0.622196023] 8.14815) q 4 04| 0.262764219 10 0
0 ol ol o 4 0.125] -5.301221874] 8| q 7| 0.128571429] -7.140975893| 7.7777778| 0
0 0| 0| 0 7|_0.107142857] 0.950419195[ 9.33333] 7] 0.121428571]  5.45269516| 8.2352941]
0| 0] 0| 5| 0ol 3| 0.116666667] -3.074853392| 8.5714286 0ol
0] 0] 0| 4] 0ol 8| 0.05625, -0.052010453| 17.777778, ol
0] 0| 0| 2| 0ol 1 0.1 -3.474816877 10, ol
0] 0] 0| 5 0.11 8.979030751/ 9.09091 0ol 3 0.1 3.464944582 10, ol
0.05| __-6.243747505| 20| o ol 0 0 o 3 0.05] _10.60757125 20| o
0] 0] 0| o 3 0.1 -3.407957084 10| 0ol 3| 0.083333333 -3.180623958 12, ol
0 of o o 2 0.15| _0.768086249] 6.66667| o 0 0 ol o
0 ol o o 1 01| _6.247640001 10 o 1 0.05] o
0 ol o o 3| 0.116666667| 4.491260209] 8.57143) o 4 0.075| o
0 ol o ol 1 0.15|_-16.65651812] 6. 66657 o 4 0.075] _3.984051721 o
o ol o 1 01| _-10.30779125 o 2 0.05] _-12.21370187 o
o ol o ol 2| 0.1 6205660003 m of 0 0 ol o
o ol o ol 1 04| -14.7947575 10 o 0 0 ol o
0| ol o ol 2 01| 7631840937 10 o 0 0 ol o
of ol o ol 5| 012 11.28066862] 8.33333] o 4 0.0875| _ 10.69215063 11.428571 o
o ol o B ol 40[ 0 o 0 [ o
o ol o 015 11.64434437] 6.66667| o 1 0.05] _ 15.82127313 20| o
o ol of 0.15| 1053881625 6.66667| o 1 0.05| 12.760465| 20| o
o ol o ol 0 0 o 2| 0_21 4.920791561 5 o
o ol ol 04| 2.4353625 10 o 2| | o
o ol ol ol 0 0 o 1 o
of o of o of of ol 1 q
o ol ol 01| _7.920123752 10 ol 2|
0| 0| 0| 0] 0] 0] 0l 1 0of
0] 0| 0| 1 0.1 8.612630625 10| 0l [y
0] 0] 0| ‘I 1 0.1 -14.091215 10| 0l 0ol
0] 0| 0| 0.05| -12.59527688| 20 0ol 1 0.05 -0.947857674 20 ol
0] 0| 0| 0| 0] 0] 0l 0] 0] 0 ol
0 of of of of | o} of 0 o o]
0 of of 0.1]  -3.424743438] 10] of 1 0.05]  44.90169425| 20[ o]

|
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Sekil 1. X, Y ve Z-Ekseninde ivme (g)-Yiizde Grafigi
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Stewart Platformu

Bir Stewart platformu, platformun taban plakasindaki ii¢ konuma giftler halinde bag-
lanan ve bir Gist plaka lizerinde {i¢ montaj noktasina gegen, genellikle hidrolik krikolar
veya elektrikli lineer aktiiatorler olmak tizere alt1 prizmatik aktiiatdre sahip bir tiir
paralel manipiilatordiir. 12 baglantinin tiimii iiniversal mafsallar araciligryla yapilir.
Ust plakaya yerlestirilen cihazlar, serbestce asili duran bir cismin hareket etmesinin
miimkiin oldugu alt1 serbestlik derecesinde hareket ettirilebilir: i¢ dogrusal hareket x,
y, z (yanal, boyuna ve dikey) ve {i¢ doniis (pitch, roll ve yalpalama).

Sekil 2. Lineer isleticili Stewart Platformuna Ait Sematik Gosterim

Prototipleme ve diisiik biitgeli uygulamalar igin tipik olarak doner servo motorlarin
yer aldigi rotary Stewart platformu kullanilir. Doner aktiiatorlerin ters kinematigi i¢in
benzersiz bir kapali form ¢6ziimii de mevcuttur.

Krank-biyel mekanizmasi, ti¢ doner mafsalli ve bir prizmatik veya kayar mafsalli bir
mekanizmadir [9]. Krankin doniisii, kaydiricinin dogrusal hareketini yonlendirir ya da
pnomatik bir silindirin tahrigi ile krankin doniigiinii saglayabilir.

Tamburlu sistemlerde ise ilizerinde farkli noktalarda ve farkli uzunluklarda yiikselti-
lerin bulundugu bir tambur {izerinde harekete maruz kalan bir araba mevcuttur. Ara-
banin yiikseltilere temas noktasinda yol tizerindeki titresimleri modelleyebilecek bir

Sekil 3. Rotary Stewart Platformuna Ait Sematik Gosterim

450/ Muhendis ve Makina, cilt 63, say1 708, s. 443-472, Temmuz-Eylul 2022



Yol Kaynakli Titresimlerin Tagman Oriin Ozerindeki Ftkilerinin Canlandinimast igin Bir Test Ekipmani Konseptinin Geligtirilmesi [ @)

Sekil 4. Vidall milli Kartezyen Sistemine Ait Sematik Gosterim

Sekil 6. Tamburlu Sistemine Ait Sematik Gosterim

hareket saglanmis olmaktadir. Bu hareket, bahsedilen sistem i¢in z-ekseni dogrultu-
sunda olmaktadir.

Karayolu tagimaciliginda iiriinlerin zarar gorebilecegi en yiiksek etkilerin ve en ¢ok
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ivmenin z-ekseni dogrultusunda gerceklestigi gz Oniinde bulundurularak yalnizca
z ekseninde olugan ivmelerden dogan etkileri olusturabilen ve yukarida bahsedilen
diger sistemlere gore diisiik maliyetli olan tamburlu bir sistemin uygulanabilirliginin
incelenmesi kararlastirilmisgtir.

2.2 Tamburlu Sistem

Titresim Sl¢imil i¢in tasarlanacak olan prototip test ekipmaninda tambur baslangig
parametresi olarak 600mm ¢apinda secilmistir.

1.5 ton

1200mm

Sekil 7. Tabla ve Kuvvet Eksenlerinin Gésterimi

Z-ckseninde 0Olgiilen degerler incelenerek, bu degerlerin adetsel anlamda %99,98’ini
kapsayan (0 — 3,6g araligindaki) Tablo 2’de veriler degerlendirmeye alinmustir.

Tablo 2. z-Ekseninde Olgiilen 0-3,6g Araligindaki ivme Degerleri

z
me () | Tekrar ng;:tn;aum ponaama Yer | Erekans (tisn) | Viizde (%)
(sn) egistirme (mm)
0.163623 -2.9533 6.111626 8.6
0.152339 0.001093 6.564322 0.72
0.136095 36.78962 7.347786 22.13
0.3 30487 0.114952 0.009786 8.699262 5.76
0.4 57320 0.126731 26.40357 7.890752 10.83
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0.5 70232 0.128325 23.58785 7.792732 13.26
0.6 62710 0.125449 0.00519 7.971374 11.84
0.7 51195 0.127629 0.004493 7.83523 9.67
0.8 27501 0.125957 0.003969 7.939202 5819
0.9 16674 0.12497 -0.00125 8.00192 3.15
1 11471 0.123124 0.00758 8.121924 2.17
1.1 8357 0.120079 -0.03545 8.327853 1.58
1.2 6135 0.115746 -0.04029 8.639628 1.16
1.3 4554 0.115327 -0.02279 8.670982 0.86
1.4 3455 0.112996 -0.01625 8.849898 0.65

1.5 2634 0.11063 -0.04098 9.039121 0.5
1.6 2015 0.109727 -0.13294 9.113523 0.38

1.7 1566 0.110728 -0.26969 9.031142 0.3
1.8 1293 0.105491 0.005145 9.479472 0.24
1.9 985 0.106904 -0.03156 9.354226 0.19
2 844 0.112796 0.029463 8.865546 0.16
2.1 667 0.106372 -0.11376 9.400987 0.13

2.2 516 0.098643 -0.27858 10.13752 0.1
2.3 429 0.106993 -0.25953 9.346405 0.08
2.4 319 0.106897 -0.06135 9.354839 0.06
0.103719 -0.18352 9.641434 0.05

0.105381 -0.19034 9.489362 0.04

0.120852 0.041965 8.274583 0.04

0.111258 -0.31747 8.988095 0.03

0.109402 -0.38721 9.140625 0.02

0.107527 0.478607 9.3 0.02

0.109794 0.256027 9.107981 0.02

0.116129 -0.28473 8.611111 0.01

0.096094 -0.08724 10.4065 0.01

0.124419 0.066063 8.037383 0.01

0.12766 -2.57683 7.833333 0.01

0.098649 0.239459 10.13699 0.01
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3. MATEMATIK MODEL

Bilinen maksimum 36mm’lik deplasmani olusturacak sekilde ¢api bilinen bir tambur
(600mm) iizerinde bir kamin (uygulamada bump) tasarlanarak istenen ivme degerini
olusturabilecek miimkiin olan en yakin hizda dondiiriilmesi ile ¢alisan bir sistem dii-
siiniilmistir.

Kam yolu iizerindeki siireksizliklerin giderilmesi amaci ile yol basamak fonksiyonu
(%(1 —cos Z)j kullanarak tasarlanmistir.

36mm’lik strok ve 10dev/dk’lik tambur doniis hizi i¢in konum, hiz ve ivmenin zama-
na bagli degisimleri Sekil 8’deki gibi olacaktir.

Konum ig¢in kullanilan egri, polar koordinat sistemine ¢evrilip tambur iizerine sarila-
cak olursa Sekil 9’daki goriiniim elde edilebilir.

Elde edilen bu tambur tasarimi ¢alismanin ilerleyen sathasinda NX ile yapilacak si-
miilasyonlarda kullanilacaktir.

Hizdaki degisime bagl olarak elde edilebilecek g cinsinden ivme degerleri ise Sekil
10°da yer alan grafikte gosterilmektedir.

400 06

04

02

=
o
o
=)
@
o
=

05

=
=)
o
o

05
-0.2

04

_400 06

Sekil 8. 36mm Strok ve 10 dev/dk Déniis Hizinda Sirasiyla Konum, Hiz ve ivmenin Zamana Bagli
Degisimlerini Gosteren Grafik
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Tambur

z
400

400

-400

Sekil 9. Polar (kutupsal) Koordinat Sisteminde Konum Egrisi

35

Z5

Déniig ivmesi (g)

15

0.5

0 2 4 6 8 10 12 14 16 18

Devir {rpm)

Sekil 10. Sabit Strokta Dénme Hizindaki Degisime Bagli Elde Edilen ivme Degerlerinin g
Cinsinden Gosterimi
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1.6
14
1.2

0.8
0.6
0.4
0.2

Sekil 11. Elde Edilen y=a .x Fonksiyonu gin Gizilmis Grafik

Dontis hizina bagl olarak elde edilen ivme miktarlarinin maruziyet siireleri ise he-
saplanan veriler kullanilarak y=a .x* cinsinden iistel bir fonksiyona ¢evrilebilir. Elde
edilen fonksiyonun uygunlugu Sekil 11°deki grafikte gosterildigi gibidir.

Olgiim degerleri (expo), bulunan fonksiyondan elde edilen degerler (func) ve mutlak
sapma ([func-expo]) degerleri tek bir grafikte, Sekil 12°de gdsterilmistir.

0,1sn’lik mutlak hata esik degeri olarak kabul edilecek olursa, 0,4 — 3,6g’lik ivme de-
geri araliginda ve en fazla 0,1sn’lik hata ile istenilen ivme miktarlarinin tiretilebildigi
goriilmektedir. Bu durumda toplam kapsama tiim 6l¢iim degerlerinin %62.77sidir.
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mutlak hata
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Sekil 12. 36mm’lik Strok ve 10 dev/dk’lik Tambur Déniis Hizi igin Tiim Verilerin Bittin Halde Gésterildigi ivme-Zaman Grafigi
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——p
-8— func

ivme - maruziyet siiresi
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Sekil 13. ivme-Maruziyet Siiresi Grafigi
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4. SAYISAL DOGRULAMA

Matematik modelden elde edilen tambur tasarimi NX yazilimina Sekil 14°deki sekil-
de aktartlmistir.

10 dev/dk’lik tambur doniis hiz1 i¢in simiilasyon ¢alismasina ait gorsel Sekil 15°de
sunulmustur.

Noktasal takipgi i¢in hazirlanan fonksiyon ile 20mm capindaki takipg¢inin simiilasyon
sonucu olusturdugu hiz-zaman farkinin grafigi Sekil 16’da sunulmustur.

Bu farklilik ivme agisindan incelendiginde ayn1 maruziyet siireleri i¢in ¢ok daha yiik-
sek ivme degerleri anlamina gelmektedir.

Bu durum, sistemde yer alacak takipgi ¢apinin minimum boyutlarda olmasi gerekliligi
olarak yorumlanmalidir. Noktasal, @20mm ve @50mm takipg¢i i¢in ayni kosullar altin-
da ivmenin zamana bagli degisimi Sekil 18’de gosterilmektedir.

Sekil 14. Matematik Modelden Elde Edilen Tambur Tasariminin NX Yazilimina Aktarimi

Sekil 15. 10 dev/dk Tambur Déniig Hizi igin Similasyon Gorseli
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Hiz Degisimi

Fonksiyon

Hiz (mmfs )

—— simiilasvon

Sekil 16. Takipciye Ait Olusturulan Fonksiyon ile Similasyondan Elde Edilen
Hiz-Zaman Grafikleri

ivme - zaman

——siMiLASYON

——FONKSIYON

Sekil 17. Olusturulan Fonksiyon ve Simiilasyon igin ivme-Zaman Grafigi

Arag tekerlegi boyutunda bir takip¢i kullanimi ile istenilen ivime degerlerinin elde
edilebilmesi i¢in 6zel bir kam yolu tasarimi ihtiyaci ortaya ¢ikmaktadir.

Sabit fvme

Hedeflenen temas siiresince sabit bir ivme degeri elde etmek amaci ile, tekerlek temas
noktasinda ayni egimi saglayacak ve istenen strok degerini elde edecek sekilde kam
yolu Sekil 19’da gosterildigi gibi yeniden diizenlenebilir. Ancak bu durumda strok
miktar1 degisecektir. Uzerinde ¢alisilan durum igin strok 46,5mm artmaktadir.
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Ivme - zaman

Sekil 18. Fonksiyona Gére, @20mm ve @50mm’ye Gore Takipgi icin ivme-Zaman Grafigi

Sabit Strok

Hedeflenen temas siiresince istenen yer degistirme miktasrini saglamak tizere, teker-
legin birim zamanda tek bir noktadan degmesi prensibinden yola ¢ikarak, sabit strok
(36mm) gozetilerek kam yolu tasarlanacak olursa Sekil 18’de gosterilene benzer bir
sekil ortaya ¢ikacaktir.

Ayni tambur doniis hizinda, @10mm ve @250mm’lik takipgiler i¢in konum-zaman
grafikleri Sekil 21°de gosterilmistir.

Tambur doniis hizinda yapilan degisiklik ile iki egrinin egimleri arasindaki fark azal-
tilabilir.

Tambur doniis hizinda yapilan degisiklik sonrasinda Sekil 23°de gosterilen grafikler
elde edilmistir.

Benzer sekilde tiim devir araliklar1 i¢in 0-3,5g ivme araliginda tamburun hiz degisi-
mine bagli ivme degerleri yeniden hesaplandiginda Sekil 24°deki grafik elde edilir.

Ivmeye bagl maruziyet siireleri yeniden hesaplandiktan sonra, dlgiilen maruziyet
degerleri (expo), fonksiyondan elde edilen degerler (func) ve mutlak sapma [func-
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Sekil 20. 36mm sabit Strok Baz Alinarak Tasarlanan Kam Yolu

/7,,_

Yer Degistirme (mm)

1.00 5 2.0

Zaman (s) Fege 501 5

Sekil 21. @10mm ve @250mm Takipciler
icin Konum-Zaman Grafikleri

Yer Degistirme (mm)

o /
s
o 0.5 1.00 130 2.0

Zaman (s) Pege 30l 3

Sekil 22. Tambur Dénlis Hizinda Yapilan
Degisiklik ile Farkli Caplardaki Takipgilerin
Konum-Zaman Egrilerinin Birbirine
Yaklasti§ini Gosteren Grafik
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Sekil 23. Tambur Dénls Hizinda Yapilan Degisiklik Sonrasinda Sirasiyla; Konum-Zaman, Hiz-
Zaman ve lvme-Zaman Grafikleri
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= {2a] o
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Sekil 24. Tamburun Déniis Hizina Gére ivme Degerindeki (G Cinsinden) Degisim
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expo] incelendiginde 0,1sn’lik hata arali§inda Sekil 12°deki grafikte gosterildigi gibi
%62,77’lik kapsam alanimin degismedigi goriilmektedir.

Siirekli Temas
Eksi yonlii ivmenin 1g’den fazla oldugu kosullarda, takipgi ile kam arasindaki tema-
sin kesilmesi durumu ortaya ¢ikacaktir.

Yaklagik 59dev/dk’lik tambur hizinda, kam ile takipginin temasini gosterir grafik Se-
kil 26’daki gibidir.

Bu problemin ¢6ziilebilmesi i¢in alinabilecek dnlemlerden biri 6zellikle ivme vektorii
ile yercekimi vektoriiniin es yonlii oldugu durumda kam egrisinin yumusatilmasidir.
Bu sayede 1g altindaki ivmelerde temas korunmus olur ancak bu durumda 1g’den
biiyiik, negatif yonli ivmeler, sistem tarafindan uygulanamayacaktir. Bu sebeple sis-
temin takipg¢i ile kam arasindaki temasi temin edecek ilave bir baskiya ihtiyaci bu-
lunmaktadir. Bu baskinin riski, toplam sistem agirligina ek bir kuvvetin kam-takipci
ikilisine aktariliyor olmasidir. Siirekli bir temas, yay kuvveti ile saglanabilir ancak
kamyon ile taginan iiriinlerin de negatif ivmelerde maksimum 1g kuvvete maruz kal-
masi sebebiyle yay ile desteklenmis, negatif ivme yoniinde 1g’den fazla ivme tiretme-
yen bir kam tasarimi dnerilmektedir.

Yukaridaki sekilde kirmizi ile gosterilen kam egrisi, mavi olan ile degistirilecek olur-
sa, negatif ivme degerleri 1g’nin altinda kalacagindan temas kayb1 yasanmayacaktir.

10

Uzaklik{mm)

0.00 0.10 0.20 0.30 0.40 050 0.60

t(sn)

Sekil 25. 59dev/dk Tambur Hizinda, Kam ile Takipgi Temas Stiresini Gosteren Grafik
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Sekil 26. Kam Egrisinin Gdsterimi

Uzakhk({mm)

0.00 0.10 0.20 0.30 0.40 0.50 0.60

t(sn)

Sekil 27. 59dev/dk’lik Tambur Hizinda, Degistirilmis Kam ile Takipginin Temas Grafigi

Yaklagik 59dev/dk’lik tambur hizinda, degistirilmis kam ile takip¢inin temasini gos-
terir grafik Sekil 28’deki gibi olacaktir.

Yukaridaki grafikte goriildiigii tizere tamburun 59dev/dk’lik doniis hizinda + yonde
uygulanan ivime sonrasinda takipgi ile kam arasindaki temas bir siireligine kaybol-
maktadir ve bu durum ziplama olarak tanimlanabilir.
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5. KUTLE, YAY, SONUMLEME ETKIiSi

Kurgulanan sisteme, araglardaki gibi bir kiitle ve yay/

sontimleyici ikilisi eklenebilir.

Takipginin hareketinden, 3 tekrar i¢in elde edilen ko-
num/zaman fonksiyonu, yukaridaki sekilde gosterilene
benzer bir sistem icerisinde modellenir ve 750 kg’lik
bir yiik, 50000 N/m yay sabitine sahip bir yay ve 0,9
Ns/m soniimleme katsayist (underdamped) senaryosu
icin takipgiye bagli kiitlenin zamana bagl hareketi Se-

kil 29°daki gibi elde edilmistir. Sekil 28. Yay ve Séniimleyici
50
40
30
20
£
= 0 T T T T T T T T T |
g 02 04 06 08 1 1.2 14 16 1.8 2
2 10
]
= 20
-30
-40
50 Zaman (s)

Sekil 29. Takipgiye Bagli Kiitlenin Konum-Zaman Grafigi

20 +—H - —

/ | \\/\/ \/
o5 AN : = ;

=3
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3 o

[PEY)
& S

'S
53

&
S

Zaman (s)

Sekil 30. 750 kg Yk ile 102000 N/m Yay Sabitine ve 0,2 Sénimleme Katsayisina Sahip
Bir Yay Kullanilarak Yapilan Olgiimden Elde Edilen Konum-Zaman Grafigi
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Sekil 31. 750kg’lik bir yiik, 101kg/mm Yay Sabitine Sahip Bir Yay ve 0,9
soniimleme Katsayisi ile Yapilan Olciimlerin Sonucunda Elde Edilen,
Sirasiyla; Konum-Zaman, Hiz Zaman ve ivme-Zaman Grafikleri

Benzer sekilde, 750 kg’lik bir yiik, 102000 N/m yay sabitine sahip bir yay ve 0,2
Ns/m soniimleme katsayisi ile yapilan 6l¢iimler sonucunda Sekil 30°da yer alan grafik
elde edilebilir.

Sonug olarak, Sekil 29 ve 30’daki grafiklerden de anlasildigi tizere matematiksel mo-

Engineer and Machinery, vol. 63, no. 708, p. 443-472, July-September 2022 [467



Demirel, §. M.
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Sekil 32. 43,5 Kam Yiiksekligi icin Sirasiyla; Konum-Zaman, Hiz-Zaman ve ivme-
Zaman Grafikleri
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dele eklenmis bir MSD’nin S ve D parametrelerinin dogru secimi ¢ok biiyiik dnem
arz etmektedir. 750 kg’lik bir yiik, 1010 kN/m yay sabitine sahip bir yay ve 0,9 Ns/m
soniimleme katsayis1 (underdamped) senaryosu igin, x(t), V(t) ve a(t) grafikleri Sekil
31°deki gibi olmaktadir.
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Sekil 33. Sekil 32’de Sunulan Grafiklerin Normalizasyonu Sonrasi Elde Edilen Grafikler
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Sekil 34. Sinir Kogullarinin Birebir Modellendigi 3D Contact ile Yapilan Calisma
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Sekil 35. Deneysel ve MSD Matematiksel Modelden Elde Edilen Verilerin Kargilastirimasina Ait
Grafik

‘ Muhendis ve Makina, cilt 63, sayi 708, s. 443-472, Temmuz-Eylul 2022



Yol Kaynakl Titresimlerin Taginan Oriin Uzerindeki Etkilerinin Canlandinimast igin Bir Test Ekipmant Konseptinin Gelistirilmesi

Yukaridaki grafiklerden goriildiigii lizere, istenen deplasman degeri i¢in kam yeni-
den tasarlanmalidir. 36mm’lik deplasmanin saglanabilmesi i¢in kam yiiksekliginin
43,5mm’ye ¢ikarildigi durum Sekil 32°deki gibi olur.

Gorildigi tizere deplasman saglanmakta ancak, ivme degerleri saglanamamaktadir.
30mm’lik kam deplasmant i¢in, ivme degerinin saglanabilmesi amaciyla x(t) grafi-
ginde normalizasyon yapildiginda asagidaki grafik seti elde edilir.

Kurulan MSD modelinin dogrulugu ve siirekli temas sartinin saglandiginin kontroli
i¢in, sinir sartlarinin birebir modellendigi bir 3D_contact ¢oziimii gergeklestirilmis
ve Sekil 34°de sunulmustur.

Simiilasyon sonuglari ile MSD matematiksel modelinden elde edilen sonuglar asagi-
daki grafikte karsilastirilmaktadir.

6. SONUCLAR VE TARTISMA

Bu calismada, endiistriyel iiriinlerin sevkiyat amaciyla karayolu iizerinde tasinmasi
sirasinda maruz kalacaklar1 kuvvetlerin dngdriilmesine olanak saglayan ve bu sayede
onceden onlem alinmasina imkan taniyan bir test ekipmani gelistirilmesi amaglan-
mistir. Bu kapsamda, 5 farkli sistem arasindan, yalnizca z-ekseninde dlgiim verebi-
len “tamburlu sistem” tercih edilmistir. Bunun nedeni, iiriinlerin taginmasi sirasinda
z-eksenindeki kuvvetlerin nispeten daha fazla olmasi ve ekipman maliyetinin daha
diisiik olmasidir. Tamburlu sistem ile birlikte sonuglarin dogrulanmasini saglayabi-
lecek bir matematiksel model de olusturulmustur. Sabit 750kg yiik i¢in 4 farkl: ¢apta
takipg¢i ve 3 farkli yay sabiti ile ¢oziimler yapilmistir.

Istenen bigimde bir test ekipmaninin tasarlanmasi i¢in sistemde takipgi ve kam ara-
sinda stirekli temas saglanacak bir kam tasarimi zorunlulugu vardir. Sistem, ma-
ruziyet siireleri gozetilmez ise tiim ivme degerlerini, istenen maruziyet siirelerine
karsilik gelen ivme degerlerinin ise yaklasik %62’sini saglayabilmektedir. Sistemde
bir siispansiyon (yay-soniimleyici) kullanilmas1 durumunda, gergege yakin sonuglar
elde edilebilir ancak her yliklemede yiikiin miktarina bagl olarak farkli degerler elde
edileceginden sistemin “aki/li” olma zorunlulugu vardir. Ornek olarak, sistemin is-
lem éncesinde farkli hizlarda ¢alistirilarak motor hizina bagli ivme degerlerini ¢ika-
rarak sonrasinda bu degerlere gore senaryolart uygulamasi gésterilebilir.

Calisma sonucunda, iiriinlerin lojistiginde maruz kalacagi kuvvetleri simiile edebi-
lecek bir test ekipmani igin ger¢ek kosullardan elde edilen gereklilikler tespit edi-
lerek bir matematik model ortaya konmustur. Olusturulan matematik modelin dog-
rulugu, simiilasyonlar ile karsilagtirilarak dogrulanmistir. Bu ¢aligma kapsaminda
elde edilen sonuglar, istenen kosullar i¢in gerekli olan test ekipmaninin dizayninda
kullanilabilir.
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Insansiz Hava Araclarinda Kullanilan Turbo

Dizel Bir Havacilik Motorunun Enerji, Ekserji ve
Ekserjieckonomik Performansinin Degerlendirilmesi
Ozgiir Ballt!

0z

Bu ¢alismada; enerji, ekserji ve eksergo-ekonomik analiz yontemleri kullanilarak insansiz hava araglari igin kul-
lanilan turbodizel bir havacilik motorunun performans dogrulamasi yapilmistir. Motorun enerji verimi %43.158,
ekserji verimi ise %40.655 olarak bulunmustur. Motorun yakit enerjisi kayip oran1 %56.842 iken yakit ekserji
kay1p oran1 %59.345 olarak hesaplanmustir. Turbodizel motorun ¢evresel etki faktorii 1.460, ekolojik etki faktori
2.460, ekolojik objektif fonksiyon degeri -227.173 MJ/h, ekserjetik siirdiirebilirlik indeksi 0.685 ve siirdiiriilebilir
verimlilik faktorii ise 1.685 olarak elde edilmistir. Turbodizel motorun ekonomik ve eksergo-ekonomik analiz
sonuglarina gore; gii¢ tiretimi igin toplam maliyet akisi 47.035 $/h ve {iretilen giiciin 6zgiil ekserji maliyeti 0.095
$/MJ olarak hesaplanmistir. Diger yandan motorun yakit maliyeti ile tiretim maliyeti arasindaki bagil maliyet artigt
%248.655, sistemin eksergo-ekonomik faktorii %16.346 olarak bulunmustur. Ayrica bu ¢alismada, turbodizel ha-
vacilik motoru ile piston-prop havacilik motorunun performans kriterleri de karsilastirtlmigtir. Turbodizel motorun
tiim performans parametrelerinin, piston-prop motorun parametrelerinden ¢ok daha iyi oldugu tespit edilmistir.

Anahtar Kelimeler: IHA, turbodizel motoru, enerji, ekserji, eksergo-ekonomik

Energy, Exergy and Exergoeconomic Performance Assessments
Of A Turbo Diesel Aviation Engine Used On Unmanned Air
Vehicles

ABSTRACT

In this study, the performance of a turbodiesel aviation engine used in unmanned aerial vehicles was evaluated
using energy, exergy, and exergoeconomic analyses methods. The engine’s energy efficiency was 43.158%, while
its exergy efficiency was 40.655%. When the engine’s fuel energy loss rate was 56.842%, the fuel exergy loss rate
was calculated to be 59.345 %. The environmental impact factor, ecological impact factor, ecological objective
function, exergetic sustainability index, and sustainable efficiency factor of a turbodiesel engine were calculated to
be 1.460, 2.460, -227.173 MJ/h, 0.685, and 1.685, respectively. According to the results of the turbodiesel engine’s
economic and exergo-economic analyses, the total cost flow for power generation was calculated to be 47.035 $/h,
and the specific exergy cost of the generated power was calculated to be 0.095 $/MJ. The relative cost increasing
(relative cost difference) between the engine’s fuel cost and the production cost was found to be 248.655% and
the system’s exergoeconomic factor was found to be 16.346%. Furthermore, the performance criteria of the
turbodiesel aviation engine and the piston-prop aviation engine were compared in this study. The turbodiesel
engine’s performance parameters were determined to be significantly better than those of the piston-prop engine.
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EXTENDED ABSTRACT

Introduction and Objectives

UAVs (unmanned aerial vehicles) are widely employed in both military and civilian applications. However,
because of the rapid increase in environmental impacts and fuel prices as a result of increased fossil fuel
usage, UAV manufacturers have begun to adopt hybrid and electric motors as propulsion systems. Fuel
consumption in UAVs can be lowered by using these propulsion technologies. On the other side, engine ef-
ficiency should be enhanced while cost generation and environmental impacts of engines are minimized for
a cost-effective and ecologically friendly UAV propulsion system. To achieve these objectives, it is neces-
sary to run the engine in the most efficient mode, pick high-quality fuel, reduce fuel consumption and loss
and destruction rates, and minimize metrics such as the capital cost ratio. In this situation, energy, exergy,
and exergoeconomic evaluations, as well as sustainability and environmental assessments, are critical for
evaluating the performance of UAV engines and developing optimization models.

Methodology and Analysis

The turbodiesel aviation engine is first analyzed as a thermodynamic system in this study, and the control
volume, inlet and outlet flows, balance equations, and dead state conditions of the system are determined
as a result. Then, using thermodynamic principles, the thermodynamic system is represented. According
to the study’s scope, the energy and exergy equations are supplied. Following that, certain useful perfor-
mance indicators about energy, exergy, environmental, sustainability, and exergoeconomic assessments are
accounted for utilizing data from turbodiesel aviation engines. The performance parameters of a turbodiesel
aircraft engine are compared to those of a piston-prop aviation engine, which was previously researched.

Results and Discussions

In this work, energy, exergy, and exergoeconomic analysis methodologies were utilized to evaluate the
performance of a turbodiesel aviation engine used for unmanned aerial vehicles. The engine had 43.158%
energy efficiency and 40.655% exergy efficiency. The fuel exergy waste flow was computed as 59.345%
when the engine’s fuel energy loss flow was 56.842%. The environmental impact factor, ecological impact
factor, ecological objective function, exergetic sustainability index, and sustainable efficiency factor of
turbodiesel engines are found to be 1.460, 2.460, -227.173 MJ/h, 0.685, and 1.685. According to the results
of the turbodiesel engine’s economic and exergoeconomic assessments, the overall cost flow for power ge-
neration is 47.035 $/h, and the specific exergy cost of the generated power is 0.095 $/MJ. The relative cost
rise between the engine’s fuel cost and the production cost, on the other hand, was found to be 248.655%,
and the system’s exergoeconomic factor was discovered to be 16.346%. Furthermore, the performance
criteria of the turbodiesel aviation engine and the piston-prop aviation engine were examined in this study.
The turbodiesel engine’s performance metrics were all significantly superior than the piston-prop engine’s.
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1. GIRIS

Insansiz hava araglari (IHA) gdzetim, uzaktan lgiimlendirme, arama-kurtarma iglem-
lerini de kapsayacak sekilde hem askeri hem de sivil amagclar i¢in kullanilmaktadir
[1-3]. Diisiik idame-isletme-bakim maliyetinden ve kullanici personel i¢in minimum
risk olusturdugundan dolay1 IHA’larm askeri amagh kullanimi son yillarda artmistir
[4]. Daha diisiik maliyetli ve daha verimli IHA tasarimi; performansin, ugus karakte-
ristiklerinin ve tasidig1 yilikiin arttirtlmasiyla daha da 6nemli bir hale gelmistir. Bu tip
IHA’lar i¢in son zamanlarda artan talep; cok farkl tiplerdeki IHA’larin gelistirilmesi-
ne neden olmustur [5-8].

IHA’larmn itki sistemleri teknolojisi, havaciligin en 6nemli gelisimlerinden biridir.
IHA’larn itki sistemleri ucus performansini ve siiresini yiiksek oranda etkilemektedir.
Yapay zeka ve mikroislemci teknolojilerindeki hizli gelismeler IHA’larin karmasik
gorevlerin yerine getirmesini kolaylagtirmis ve IHA’larin biiyiik ilgi gdrmesine neden
olmustur [9]. Kullanim kolayligi, glivenligi, diisiik maliyeti ve ¢evre dostu 6zellikle-
rine ilaveten tehlikeli, uzun menzilli ve uzun siireli askeri ve sivil gorevleri basari ile
yerine getirdiginden dolay1, IHA’larin son yillarda pazar payr ¢ok artmugtir [10-11].
Diinyanin her yerinde farkli gérev gereksinimlerini karsilamak amaciyla farkli IHA
teknolojilerinin gelistirilmesi de bu sektdriin i¢in biiyiik 6nem arz etmektedir [12].

[HA’larm itki sistemleri enerji kaynaklar1, motorlar ve giic iinitelerinden olusur [13].
Itki sistemleri; elektrik, hibrit ve icten yanmali motorlar (pistonlu, gaz tiirbinli ve
ramjet) olmak tizere ti¢ sinifa ayrilir. Konvansiyonel yakit kullanan itki sistemleri kul-
lanilan THA’lar yiiksek yiik tasima kapasitesi, uzun siireli dayaniklilik, uzun menzil ve
hizli yakit ikmali avantajlarina sahiptir [14].

Kiiresel olgekte fosil yakit fiyatlarinin artmasi ve fosil yakit kullanimi konusunda
cevresel farkindalik seviyesinin yiikselmesi; genel olarak havacilik sektoriiniin, 6zel
olarak ise motor iireticilerinin yakit sarfiyatini azaltmalar1 ve karbon ayak izini dii-
siirmeleri konusunda ¢aligmalar yapmalarin1 zorunlu kilmaktadir [15]. Bu kapsamda;
IHA iireticilerini hibrit ve elektrik motorlarmdan olusan itki sistemleri gelistirmeye
ve kullanmaya yonlendirmistir. Bu itki sistemlerin kullanilmastyla birlikte IHA’larda
%30 oraninda yakait tiiketimi diisiiriilmiistiir [16]. IHA’larda kullamilan itki sistemle-
riyle ilgili yapilan tim ¢aligmalar Zhang ve digerleri [17] tarafindan yapilan ¢alisma-
da 6zetlenmistir.

Bu ¢alismada, enerji, ekserji, ve ekserjieckonomik analiz yontemleriyle IHA’larda kul-
lanilan bir turbodizel havacilik motorunun performans dogrulamasi yapilmistir.

2. MATERYAL

Bu ¢alismada insansiz hava araclarinda kullanilan 170 beygir saft giicti (HP) ile 2x4.5
kilovat (kW) elektriksel gii¢ tireten bir turbodizel havacilik motoru incelenecek olup,
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Tablo 1. Turbodizel Havacilik Motoru Bilgileri [18]

Aciklama Bilgi/Deger

Motor konfigurasyonu Sirali 4 silindir

Silindir hacmi 2.1 litre

Hava besleme iki kademe seri turbosari

Kalkis gtict 172 (+-2) HP veya 128.26 kW (1.49+- kW)
Sirekli giic @2300 propeller RPM 172 (+-2) HP

irtifa giicii@ 20000 ft (6096 metre) 170 HP veya 128.26 kW

irtifa glicii @ 30000 ft (9144 metre) 130 HP veya 96.94 kW

Ozgiil yakit tiketimi (BSFC@MSL-deniz seviyesi) 207 g/kWh (+-3)

Yakit JP-8 veya Jet-A1 jet yakiti

Motor kuru agirig 162 kg

Motor kontrolii Yedekli motor kontrol sistemi (MKS)
Takildigi ugak konfigiirasyonu itici ve cekici

Pervane kontrol(i MKS kontrollii hidromekanik governor
Elektriksel gu¢ Gretimi 2x4.5 kW

MKS yazilim ve alternatdr kontroli DO-178C DAL-C sertifiye edilebilir

turbodizel motora ait teknik bilgiler Tablo 1’de sunulmustur [18]. Motorun satis fiyati
50000 $ olup motorun revizyon bakim aralig1 3600 saat (h)’tir [19].

3. YONTEM VE ANALIZ

Bu calismada, insansiz hava araglarinda kullanilan turbodizel motor termodinamik
bir sistem olarak ele alinmis olup, kontrol hacmi Sekil 1°de gosterilmistir. Kontrol
hacminde de gosterildigi tizere; motora hava ve yakit girerken, motor pervaneyi don-
diirmek i¢in saft giicii ve elektriksel ihtiyaglart kargilamak i¢in elektriksel gii¢ tiret-
mektedir. Motordan atilan egzoz gazlar1 ve ylizeyden ¢evreye olan 1s1 transferi ile
enerji kayiplart meydana gelmektedir.

Termodinamik bilimi ¢ergevesinde motor siirekli akisli-siirekli agik (SASA) bir sis-
tem olarak ele alimmuistir. Kontrol hacmine (motora) giren toplam kiitle akisi, kontrol
hacminden ¢ikan toplam kiitle akisina esit olup, kontrol hacmindeki toplam kiitle sabit
olup zamanla degismemektedir. Bu ¢alisma i¢in asagidaki kabuller yapilmistir:
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Elektriksel

Gii¢ ¢

Kayiplar

Sekil 1. Bir Turbodizel Motorun Kontrol Hacmi ve Bilesenleri [18]

e Cevre sicakligr 298.15 Kelvin (K) ve ¢evre basinct 101.325 kPa’dur.
e Jet yakitinin alt 1s1l degeri 43124 kJ/kg olup, basit kimyasal formiilii C,,H,; diir.

*  Tim incelemeler motorun maksimum kalkis ¢alisma kosullar1 degerlerine gore
yapilmuistir.

*  Motor yillik ugus saati 900 saattir.
e Motorun servis dmrii 20 yildir.

*  Motorun yillik idame-igletme-bakim maliyeti, motor satis fiyatinin %10’u kadar
olup, motor hurdaya ayrilacagindaki hurda degeri motor satis fiyatinin %15°1 ka-
dardir.

*  Yillik faiz %14 alinmustir.
o Jet A-1 yakitinin satis fiyat1 1.245 $/kg (1245 $/metrik ton)’dir [20].

3.1 Enerji analizi

Termodinamigin enerji korunumu kanuna gore; motora giren yakit enerjisi motor-
dan ¢ikan toplam enerji miktarina esittir. Motordan ¢ikan toplam enerji; yararlt motor
isinden (saft giicli ve elektriksel gii¢) ve enerji kayiblarindan (egzoz gazlari ile atilan
enerji ve ylizeyden 1s1 ile atilan enerji) olugur. Bu tanima uygun bir sekilde;

Yakit (F)-Uriin(Pr) yaklasimina gore enerji korunumu denklemi [21-24]:
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. . i (1

Ep = Epy + Ewg

. 2

EF == ThFLHV ( )
3)

EPT = Wsaft + Wel

Bu denklemlerdeki Eg, m, LHV, Ep,, Eyg, Wsaft ve W, ; yakit enerji akisi, yakit
tiiketimi, yakitin alt 1s1l degeri, {irlin enerji akisi, enerji kaybu, saft giicli ve elektriksel
giicii ifade etmektedir.

Motorun enerji performansi asagidaki verilen performans parametrelerinden tespit
edilmektedir [21-24].

Motorun enerji verimi;
E Pr
Nen = EF 4)

Yakit enerjisi kayip orani:

FELR = twe (5)

Er

Uretim enerjisi kaybi1 orani:

PELR =2VE (6)
Epr

Bu denklemlerdeki 1,,, FELR, ve PELR; enerji verimi, yakit enerjisi kayip orani ve
iiretim enerjisi kayb1 oranidir.

3.2 Ekserji Analizi

Belirli ¢evre kosullar1 altinda bir sistemin yapabilecegi maksimum yararli ise, o siste-
min ekserji denir. Bir sistem i¢in enerji korunurken, ekserji sistem igerisindeki entropi
iretiminden ve ¢evreye olan kayiplardan dolay1 korunamaz. Yakit (F)-iiriin(Pr) yakla-
simina gore bir sistem i¢in ekserji denge denklemi [21-24]:

EXF = Expr + EXWE (7)
Exp = mper = mpLHV$ (®)
ExPr = 'saft + Wel (9)

Bu denklemlerdeki Exg, g, €g, LHV, ¢, Expy, Exyg, Wsaft ve W, ; yakit ekserji
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akisi, yakit tiiketimi, 6zgiil yakit ekserjisi, yakitin alt 1s1l degeri, yakit ekserjisi kalite
indeksi, tiriin ekserji akisi, toplam ekserji kaybi (yikimlar ve kayiplar) akisi, saft giicii
ve elektriksel giicii ifade etmektedir. Yakitin ekserji kalite indeksi (¢) asagidaki ifade-
den hesaplanabilir [21, 22, 25]:

6= 1.4224+0.011925§—°";i (10)

Jet yakit1 (Cy, Hy;) igin ¢; denklem (10)’dan 1.0616 olarak hesaplanmustir.

Motorun ekserji performansi, asagidaki verilen performans parametreleriyle belirlen-
mektedir [21-24].

Motorun ekserji verimi;

_ Expr (11)

Mex = Exp
Yakit ekserjisi kayip orani:

FEXLR = E;M (12)

XF
Uretim ekserjisi kayip orani:

ExwE
PExLR = ?Pr (13)
Bu denklemlerdeki 77,,.» FEXLR, ve PEXLR ; ekserji verimi, yakit ekserjisi kay1p ora-
ni1, tretim ekserjisi kayip oranini ifade etmektedir. Motorun verimini arttirmak i¢in
her agsamada (tasarim ve tretim asamasi, kullanim agamasi vb.) yakit tiiketimini dii-
stirmek, motor giiciinii arttirmak veya verimi arttirmak igin iyilestirmeler yapilabilir.
Motor i¢in teorik olarak ekserjetik iyilestirme potansiyeli:

ExIP = (1 —n,,)Exwg (14)

Teorik ekserji iyilestirme potansiyelinden sonra motorun iyilestirilmis ekserji verimi
ise:
E Xpr

I 15
Meximp Exp — ExIP (15

denklemlerinden bulunabilir. Bu denklemlerde verilen Ex/P ve M. ekserjetik iyi-
lestirme potansiyelini ve iyilestirilmis ekserji verimini ifade etmektedir.
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Ekserji analizi kapsaminda motorun c¢evresel etki analizi ve siirdiiriilebilirlik deger-
lendirmesi de yapilabilir. Bu kapsamda [26-32];

Cevresel etki faktorii (EEF):

77€x

Ekolojik etki faktorii (EcoEF):

EcoEF :ﬂ =L (17)

Xpr Uex

Ekolojik objektif fonksiyonu (EOF):
Ekserjetik siirdiirtilebilirlik indeksi (ExSI):

1
_ 19
ExSI = (19)

Siirdiiriilebilir verimlilik faktorti (SEF):

(20)

SEFk =

ex

denklemlerinden hesaplanir.

3.3 Ekserjiekonomik Analiz

Eksergo-ekonomik analiz ekonomik ve ekserji analizinin birlesiminden olusmakta
olup; motorun iirettigi yararl tiriiniin (saft giicii ve elektriksel giig), motorun tiikettigi
yakitin ve yararl iiriine doniistiiriilemeyen yakit ekserjisi maliyet akislarinin hesap-
lanmasina katki saglamaktadir. Bir sistem i¢in eksergo-ekonomik analiz yapilmadan
once; incelenen sistemin ekonomik degerlerinin (sistem yatirim maliyeti, hurda de-
geri, sistemin simdiki degeri, yillik maliyet akisi, saatlik maliyet akisi, sistemin ida-
me-isletme-bakim maliyeti, yatik tiiketim maliyeti vb.) hesaplanmasina ihtiyag¢ vardir.
Ekonomik veriler asagidaki baglantilardan hesaplanmaktadir [21, 26, 33-34].

Motorun satin alma maliyeti (PEC), hurda degeri (SV) ve simdiki deger faktort (PVF)
biliniyor ise motorun simdiki degeri (PW):

PW=PEC-SV*PVF(i,n) (21)

bagintisiyla hesaplanir. Bu denklemdeki simdiki deger faktorii (PVF); yillik faizin (i)
ve sistem dmiir siiresinin (n) fonksiyonudur ve:
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(22)

PVF = ——
DL

denkleminden bulunur.

Motorun hurda degeri (S¥); motorun alim fiyat1 (PEC) ve hurda deger yiizdesinin ()
fonksiyonu olup;

SV=PEC'T (23)
bagintisindan tespit edilir.

Sermayenin geri kazanim faktorii (CRF) yillik faizin (i) ve sistem Omiir siiresinin (1)
fonksiyonu olup;
i(1+i)"
1+)n-1

CRF =

(24)

bagintistyla hesaplanir.

Yillik sermaye maliyet akisi ( ACC ), sistemin simdiki degerine ve sermayenin geri
kazanim faktoriine (CRF) baglidir. Y1llik sermaye maliyet akisi ( ACC ):

ACC=PW*CRF(i,n) (25)
denkleminden elde edilir. Bu durumda motorun yillik caligma siiresi (t) belli ise:

Saatlik ana para yatirim maliyeti ( 7¢):

.o ACC

7 = (26)
T

Saatlik idame-igletme-bakim maliyeti ( Z7OM):

s0M __ OMC 2

7oM == (27)

Sistemin saatlik toplam maliyeti ( Z7¢)

Z‘TC — Z'CI + Z'OM (28)

denklemlerinden hesaplanmaktadir. Motorun saatlik yakit tilketimi ( 711z ) ve yakit sa-
ti fiyat1 (FSP) belliyse saatlik yakit maliyeti (Cy ):

Cr =y FSP (29)
bagmntisindan bulunur.

Bu ¢alisma i¢in 6zgiil ekserji maliyeti (specific exergy costing-SPECO) olarak ta-
nimlanan eksergo-ekonomik analiz yontemi secilmigtir. Motor i¢in eksergo-ekonomik
denge denklemi;
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CF + ZTC = CPT (30)

seklinde yazilabilir ve denklemdeki ¢, saatlik yakit maliyetini, Cp, saatlik iiretim
maliyetini, 77C ise sistemin toplam saatlik yatirim ve idame-isletme-bakim maliyeti-
ni ifade etmektedir. Yakit ve iiretilen iiriiniin 6zgiil ekserji maliyetleri sirasiyla:

e _

Bxp | F 31)
CPr — (32)
ExPr Cpr

bagntilarindan hesaplanmaktadir.

Bir sistemin eksergo-ekonomik degerlendirmesi i¢in izafi maliyet farki, ekserjiekono-
mik faktdr ve ekserji kaybimin maliyet akisi gibi performans parametreleri kullanil-
maktadir. Bu kapsamda;

Bagil maliyet farki (7):

y = SPr=CF (33)
CF

Eksergo-ekonomik faktor (f):

Z'TC

f= TCais (34)
Ekserji kaybiin maliyet akisi (CWE ):
Cwr = cp Exyr = cp (Exp + Ex,) (35)

denklemlerinden hesaplanir.

4. BULGULAR VE DEGERLENDIRME

4.1 Enerji Analizi Sonuclari

Turbodizel havacilik motoru deniz seviyesinde maksimum ¢alisma sartlarinda 26.550
kg/h’lik JP-8 jet yakati tiikketirken 461.745 MJ/h’lik motor saft giicii ve 32.400 MJ/h’lik
elektriksel gii¢ iiretmektedir. Motorun iirettigi toplam giic 494.145 MJ/h’tir. Motorun
bu giicti iiretebilmesi i¢in toplamda 1144.957 MJ/h’lik yakit enerjisi kullanmaktadir.
Bu sartlar altinda motorun enerji verimi %43.158, yakit enerjisi kayip oran1 %56.842
ve Uretim enerjisi kayip oran1 %131.705 olarak hesaplanmistir.

4.2 Ekserji Analizi Sonuclari
Yakit ekserjisi kalite indeksi 1.0616 oldugundan dolay1 JP-8 yakitinin alt 1s1l degeri
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Tablo 2. Turbodizel Havacilik Motorunun Ekserjetik Performans Parametreleri

Parametre Birimi Degeri
Ekserji verimi (n,,) (%) 40.655
Yakit ekserjisi kayip orani (FEXLR) (%) 59.345
Uretim ekserjisi kayip orani (PEXLR) (%) 145.973
Ekserjetik iyilestirme potansiyeli (ExIP) (MJ/h) 428.067
Iyilestirilmis ekserji verimi (Meximp) (%) 62.757
Gevresel etki faktorti (EEF) () 1.460
Ekolojik etki faktdrii (ECOEF) () 2.460
Ekolojik objektif fonksiyonu (EOF) (MJ/h) -227.173
Ekolojik objektif fonksiyon indeksi (EOFI) () -0.460
Ekserjetik surdurtlebilirlik indeksi (ExSI) () 0.685
Strdtrilebilir verimlilik faktri (SEF) () 1.685

43124 kJ/kg olmasina ragmen JP-8 yakitinin 6zgiil ekserjisi 45779.587 kJ/kg olarak
hesaplanmistir. Bu durumda motor tarafindan tiiketilen 26.550 kg/h’lik jet yakitinin
ekserji degeri 1215.463 MJ/h olarak hesaplanmistir Mekanik, kinetik ve elektrik ener-
jisinin tamamui ise doniistiiriilebildiginden dolay1, bu enerji tiirlerinin enerji ve ekserji
degerleri birbirine esittir. Bu durumda motorun iiretmis oldugu toplam giiciin ekserjisi
494.145 MJ/h’dir. Motorda meydana gelen toplam ekserji kayb1 ise 721.318 MJ/h
olarak bulunmustur. Bu degerler kullanilarak hesaplanan ekserji performans paramet-
releri Tablo 2’de verilmistir.

Tablo 2’de verilen degerler géz 6niine alindiginda;

*  Motorun ekserji verimi %40.655 ve yakit ekserjisi kayip orant %59.345 ola-
rak hesaplanmistir. Baska bir anlatim ile motora giren toplam yakit ekserjisinin
9%359.345’1 yararli ise doniistiiriilememektedir.

*  Motorun iiretim ekserjisi kayip orant %145.973 bulunmustur. Bu deger; motorun
iirettigi yararli isin yaklagsik 1.5 kati kadar yakit ekserjisi kayb1 meydana geldigini
gostermektedir.

*  Motor tizerinde gerekli iyilestirmeler ve tadilatlar yapilirsa; 721.318 MJ/h’lik ek-
serji kaybinin 428.067 MJ/h’lik kismi teorik olarak geri kazanilabilecektir. Bu du-
rumda iyilestirilmis motorun ekserji verimi %62.757ye kadar ¢ikabilecektir.

Bir sistemin enerji ve/veya ekserji verimi ne kadar diisiik ise; birim is tiretimi i¢in
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harcanan yakit tiilketimi o miktarda yiiksek olur. Bu durum istenen isi iiretmek i¢in
daha fazla yakit tiikketimine neden olur. Artan yakit tiikketimine bagl olarak daha fazla
yanma emisyonu iiretilecek olup, daha fazla gevresel etki ve kirlenme meydana ge-
lecektir. Bu bakis agisiyla ekserji terimleriyle motorun gevresel ve ekolojik etki de-
gerlendirmeleri ve siirdiirebilirlik seviyesi belirlemesi yapilabilmektedir. Bu degerler
genellikle boyutsuz olup, benzer sistemlerin kiyaslanmasinda kullanilmaktadir. Tablo
2’de verilen degerler géz 6niine alindiginda; turbodizel havacilik motorunun gevresel
etki faktorii 1.460 iken ekolojik etki faktorii 2.460 olarak hesaplanmistir. Motorun
ekolojik objektif fonksiyon degeri -227.173 MJ/h olarak bulunmustur. Bulunan de-
gerin negatif olmasi; motorda meydana gelen ekserji kaybmin motorun {iretim ek-
serjisinden daha fazla oldugunu géstermektedir. Motorun ekolojik objektif fonksiyon
indeksi ise -0.460 olarak hesaplanmuistir.

Motorun siirdiirebilirlik seviyesinin belirlenmesinde ekserjetik siirdiirebilirlik indeksi
ve siirdiirebilir verimlilik faktdrii degerlerine bakilir. incelenen motor igin siirdiirebi-
lirlik indeksi 0.685 ve siirdiirebilir verimlilik faktorii ise 1.685 olarak bulunmustur.

4.3 Ekserjiekonomik Analiz Sonuclar:

Ekserjiekonomik analizden énce motorun ekonomik verileri ve saatlik maliyet olu-
sumlar1 hesaplanmigtir. Motorun satig fiyat1 50000 $’dir. Motorun yillik idame-iglet-
me-bakim maliyeti; motorun satis fiyatinin %10’u olarak kabul edilmis olup, yillik
5000 $’dir. Motor 3600 saatte (h) bir revizyona (agir bakim ve yenileme) alinmakta-

Tablo 3. Turbodizel Havacilik Motoruna Ait Hesaplanan Ekonomik Veriler

Parametre Birimi Deger
Motor satis fiyati (PEC) 9 50000
Motorun yillik idame-isletme-bakim maliyeti (OMC) ($/y1l)y 5000
Motorun yillik ¢alisma saati (7) (h) 900
Yillik faiz orani (i) (%) 14
Motor servis dmrii (n) (yil) 20
Hurda deger orani () (%) 15
Simdiki deger faktort (PVF) (-) 0.073
Sermaye geri-don(s faktéri (CRF) () 0.151
Motorun simdiki degeri (PW) )] 49454 287
Yillik sermaye akis maliyeti (ACC) ($/yily 7466.905
Saatlik idame-isletme-bakim maliyeti (Z°™) ($/n) 5.556
Saatlik sermaye akig maliyeti (Z<") ($/h) 8.297
Saatlik toplam sistem kaynakli maliyet akisi (Z7¢) ($/h) 13.852
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dir. Motorun yillik 900 saat u¢tugundan dolay1 her 4 yilda bir revizyon edilmektedir.
Bu durumda 4 yillik revizyon maliyeti 4x5000$=20000 $’dir. Motorun hurdaya ay-
rilmasina kadar gegen siireye servis dmrii denir ve incelenen motor i¢in 20 yil kabul
edilmistir. Motorun hurdaya ayrildigindaki “motor hurda degeri” motor satis fiyatinin
%15’1 kadardir. Bu ¢alismada yillik faiz %14 olarak ele alinmistir. Bu veriler 1s1ginda
motora ait ekonomik veriler hesaplanmis ve Tablo 3’de verilmistir.

JP-8 yakitinin 1 metrik tonu 1249.8 $ oldugundan yakitin birim satis fiyat1 1.249 $/
kg olmaktadir. Bu durumda 26.550 kg/h’lik yakat tiikketimi i¢in toplam yakit maliyeti
33.183 $/h olarak hesaplanmistir. Motorun tiikettigi yakitin ekserji degeri 1215.463
MJ/h’dir. Yakit maliyet ve ekserji akist bilindiginden motorun tiikettigi yakitin 6zgiil
ekserji maliyeti 0.027 $/M1J olarak hesaplanmustir.

Sermayeden ve idame-isletme-bakimdan kaynaklanan (sistem kaynakli) saatlik mali-
yet akigi 13.852 $/h olarak bulunmustur. Motorun gii¢ tiretimi i¢in toplam maliyet aki-
st; yakit maliyet ve sistem kaynakli maliyetlerin toplamindan olusur. 33.183 $/h’lik
kismu yakit maliyeti ve 13.852 h’lik kismu sistem kaynakli maliyet akisi olmak iizere
motorun saft ve elektrik tiretimini gergeklestirebilmesi i¢in harcanan toplam maliyet
akis1 47.035 $/h’dir. Motorun trettigi 494.145 MJ/h’lik toplam motor giicii ekserjisi-
nin 6zgiil ekserji maliyeti 0.095 $/MJ olarak hesaplanmustir.

4.3 Kiyaslama

170 HP saft giicii+9 kW elektriksel gii¢ lireten turbodizel bir havacilik motoru ile
havacilik benzini (AVGAS) yakan 180 HP’lik piston-prop motorun enerji, ekserji ve
eksergo-ekonomik analiz sonuglar1 ve ikisinin degerleri arasindaki ytizdesel farklar
Tablo 4’de verilmistir. Tablo 4’deki bilgilere gore, piston-prop motoruna gore incele-
nen turbodizel havacilik motoru;

% 4.48 daha az gii¢ liretmesine ragmen %40.36 daha az yakit tilketmektedir.

% 54.58 daha az enerji kaybina sahiptir.

% 66.89 daha fazla enerji verimine sahiptir

% 92.40 daha az yakit enerjisi kayip orani sahiptir.

% 59.15 daha diisiik tiretim enerjisi kay1p oranina sahiptir.

% 40.47 oraninda daha az yakit ekserjisi tiketmektedir.

% 66.89 oraninda daha fazla ekserji verimine sahiptir.

% 22.25 oraninda daha az yakit ekserjisi kayip oranina sahiptir.

Uretim ekserjisi kay1p oran1 % 54.72 oraninda daha azdr.

Cevresel etki faktorii % 54.71 oraninda daha azdir.

Ekolojik etki faktorii % 41.76 oraninda daha azdir.

Ekolojik objektif fonksiyon degeri % 78.87 oraninda daha azdir.

YVYYVYYVYVYVYVYYVYY
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Ekolojik objektif fonksiyon indeksi % 79.32 oraninda daha azdir.
Ekserjetik stirdiiriilebilirlik indeksi % 120.97 oraninda daha iyidir.
Siirdiiriilebilir verimlilik faktorii % 28.63 oraninda daha iyidir.

Saatlik yakit tiketim maliyeti % 73.24 oraninda daha azdir.

Sistem kaynakl1 saatlik maliyet akist % 99.97 oraninda daha diistiktiir.

>
>
>
>
>
>

Uretim maliyet akis1 % 73.70 oraninda daha diisiiktiir.

Tablo 4. Turbodizel ve AVGAS Yakitli Piston-Prop Motorlarinin Verileri ve Kiyaslamasi

Parametre Birim Turbodizel motor Avgas piston-prop Fark
(170 HP+9 kW) motor (180 HP) [20] | (%)
|14 (MJ/h) 461.745 483.408 -4.48
Er (MJ/h) 1144.957 1919.376 -40.36
E, (MJ/h) 650.812 1435.968 -54.68
Nen (%) 43.158 25.186 66.89
FELR (%) 56.842 74.814 -92.40
PELR (%) 131.705 322.385 -59.15
Erp 1215.463 2041.842 -40.47
L (%) 40.655 23.675 71.72
FEXLR (%) 59.345 76.325 -22.25
PEXLR (%) 145.973 322.385 -54.72
EEF ) 1.460 3.224 -54.71
EcoEF ) 2.460 4.224 -41.76
EOF (MJ/h) -227.173 -1075.026 -78.87
EOFI ) -0.460 -2.224 -79.32
ExS ) 0.685 0.310 120.97
SEF ) 1.685 1.310 28.63
G ($/) 33.183 123.984 -73.24
z ($/h) 13.852 51.961 -99.97
- ($/h) 47.035 175.945 -73.27
s ($/M) 0.027 0.061 -55.74
o ($/M)) 0.095 0.364 -73.90
Cwex ($/h) 70.892 94.631 -25.09
r (%) 248.655 499.404 -50.21
f (%) 16.346 35.446 -53.88
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Ozgiil yakit ekserji maliyeti % 55.74 oraninda daha azdur.
Ozgiil iiriin ekserji maliyeti % 73.90 oraninda daha diisiiktiir.
Ekserji kayb1 maliyeti % 25.09 oraninda daha azdir.

Bagil maliyet farki % 50.21 oraninda daha diistiktiir.

Eksergo-ekonomik faktor degeri % 53.88 daha azdir. Bunun nedeni, turbodizel
havacilik motorunun saatlik sistem temelli toplam maliyet akisinin piston-prop
motorununkinden % 99.97 oraninda daha az olmasidur.

5. SONUC

Bu c¢alismada insansiz hava araglarinda kullanilmak tizere gelistirilen ve iiretilen bir
turbodizel havacilik motoru incelenmistir. Motor toplam 170 HP saft giicii ve 2x4.5
kW=9 kW elektriksel gii¢ liretmektedir. S6z konusu motorun enerji, ekserji, ekserji

tem

elinde ¢evresel etki ve siirdiiriilebilirlik, eksergo-ekonomik analizleri detayl bir

sekilde yapilmistir. Elde edilen sonuglar; saft giicii tiretimi 180 HP olan ve AVGAS
(havacilik benzini) tiiketen igten yanmali piston-prop motorunun performans sonugla-
riyla kiyaslanmistir. Elde edilen sonuglara gore turbodizel havacilik motorunun;

Bu

Enerji verimi % 43.158 ve ekserji verimi % 40.655 olarak bulunmustur.
Cevresel etki faktorii 1.460 ve ekolojik etki faktori 2.460 olarak hesaplanmistir.

Ekserjetik siirdiirebilirlik indeksi 0.685 ve siirdiirtilebilir verimlilik faktori 1.685
olarak elde edilmistir.

Ozgiil yakit ekserji maliyeti 0.027 $/MJ ve &zgiil motor iiretim ekserji maliyeti
0.095 $/M1J olarak bulunmustur.

Tablo 4’de de gosterildigi lizere diger tiim performans degerlendirme kriterlerinin
de piston-prop havacilik motorundan daha iyi oldugu belirlenmistir.

calismanin devami olarak, turbodizel havacilik motorunun ekserji temelli ¢evre

analizi ve yasam dongiisii dogrulamasi (LCA: life cycle assessment) analizleri yapi-
lacaktir.

KISALTMALAR VE SEMBOLLER

ACC Yillik anapara akist ($/y11)
Cr Saatlik yakit veya girenlerin maliyet akis1 ($/h)
Cr Ozgiil yakit ekserji maliyeti ($/MJ)
Cp, Saatlik tiretim/{iriinlerin maliyet akis1 ($/h)
cPr Ozgiil iiriin ekserji maliyeti ($/MJ)
Cyi Saatlik ekserji kayb1 maliyet akist ($/h)
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CRF Anapara geri kazanim faktori -)

EcoEF Ekoloji etki faktorii (-)
EEF Cevresel etki faktorii )

Ey Yakit enerji akist (MJ/h)
Ep, Uriin enerji akist (MJ/h)
EOF Ekolojik objektif fonksiyonu (MJ/h)
E WE Kayi1p enerji akist (MJ/h)
Ew Yakit ekserji akist (MJ/h)
ExIP Ekserji iyilestirme potansiyeli (MJ/h)
Exp, Uriin ekserji akisi (MJ/h)
ExSI Ekserjetik siirdiiriilebilirlik indeksi (-)
ExWE Kayip ekserji akist (MJ/h)
f Eksergo-ckonomik faktor (%)
FELR Yakit enerjisi kayip orani (%)
FEXLR Yakit ekserisi kayip orani (%)

i Yillik faiz (%)
FSP Yakat satig fiyati ($/kg)
LHV Yakat alt 1s1l degeri (kJ/kg)
Mg Yakat tiiketimi (kg/h)
n Sistemin omrii (yil)
OMC Yillik idame-isletme maliyet akigi ($/y1l)
PEC Sistem alig maliyeti %)
PELR Uriin enerjisi kay1p orani (%)
PEXLR Uriin ekserjisi kayip orani (%)
PVF Simdiki deger faktorii

PW Simdiki deger maliyeti (%)

r Bagil maliyet fark: (%)
SEF Stirdiriilebilir verimlilik faktorii ()
SPECO Ozgiil ekserji maliyeti ()

SV Hurda degeri %)

za Saatlik anapara yatirim maliyeti ($/h)
zom Saatlik idame-igletme maliyet akist ($/h)
zre Saatlik toplam maliyet akis ($/h)
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W, Elektrik giicii (MJ/h)

Wsaft Saft giicii (MJ/h)

Nen Enerji verimi (%)

Nex Ekserji verimi (%)

Neximp 1yile$tirilmi$ ekserji verimi (%)

€ Ozgiil yakit ekserjisi (kJ/kg)

¢ Yakit ekserjisi kalite indeksi )

T Hurda deger yiizdesi (%)
Sistemin yillik ¢alisma siiresi (h)
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oz

Ulkemiz, demir-gelik endiistrisi basta olmak iizere, metal hammadde ve ug iiriinlerinin iiretimi agisindan diinya
piyasasinda biiyiik bir 6neme sahiptir. Verimli ve yiiksek kaliteye sahip bir iiretim siirecinin gergeklestirilebilmesi
i¢in malzemenin, tiim tiretim siireci boyunca Karbon (C) ve Kiikiirt (S) konsantrasyonlarinin siirekli izlenmesi ge-
rekmektedir. S6z konusu iriinlerin pazarlanmasi asamasinda da, malzeme niteliklerinin uygunluk degerlendirme
kuruluslar tarafindan raporlanmasi gerekmektedir. Bu agamada tiriinlerin kalite kontrol testlerinde, 6l¢iim sonug-
larmin dogrulugunun arttirilmasi ve giivenilirliginin saglanmasi1 beklenmektedir. Bu amagla, uygunluk degerlen-
dirme kuruluglart tarafindan gerceklestirilen testlerde 6ncelikle uygulanan analiz metodunun dogrulanmasi ve
gecerli kilinmasi saglanmalidir. Ancak bu konuda ilgili uluslararas: kilavuzlarda agiklanan prosediirlerin disinda
kalan farkli uygulamalarin oldugu gozlenmektedir. Bu ¢aligmada, mevcut en iyi tekniklere 6rnek olarak, metal ve
alagimlarda toplam karbon (C) ve toplam kiikiirt (S) analizleri i¢in " TS EN ISO/IEC 17025 Deney ve Kalibrasyon
Laboratuvarlarinin Yeterliligi I¢in Genel Gereklilikler " standardinda agiklanan prosediirler izlenerek yontem dog-
rulama ve belirsizlik tahmini ¢alismalari yapilmigtir.

Anahtar Kelimeler: Akreditasyon, karbon, kiikiirt, metot validasyonu, dl¢iim belirsizligi

Determination Of Total Carbon (C) and Total Sulfur (S) In Metals
and Alloys, Method Validation and Measurement Uncertainty

ABSTRACT

Our country has a great importance in the world market in terms of the production of metal raw materials and
end products, especially in the iron and steel industry. In order to realize an efficient and high quality production
process, it is necessary to continuously monitor the Carbon (C) and Sulfur (S) concentrations of the material
throughout the entire production process. During the marketing phase of the products in question, the material
qualities must be reported by the conformity assessment bodies. At this stage, it is expected to increase the
accuracy and reliability of the measurement results in the quality control tests of the products. For this purpose, the
verification and validation of the analysis method which were employed should be carried out by the conformity
assessment bodies. However, it is observed that there are different applications that fall outside the procedures
described in the relevant international guidelines. In this study as an example to the best available techniques,
method validation and uncertainty estimation studies were carried out for the total carbon (C) and total sulfur (S)
analyses in metals and alloys following the procedures described in the standard of "General Requirements for the
Competence of Test and Calibration Laboratories".
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EXTENDED ABSTRACT

Introduction

Increasing the accuracy and reliability of the measurement results is of critical importance in terms of ensuring the
quality of the products produced in the iron and steel industry. In the analysis services performed by the conformity
assessment bodies operating in our country, it is expected to use certified reference materials and estimate the mea-
surement uncertainties in order to ensure the validity of the results. In this study, as an example of the best available
techniques, for the analysis of total carbon (C) and total sulfur (S) in metals and alloys, the procedures described in
the " TS EN ISO / IEC 17025 General Requirements for the Competence of Experiment and Calibration Laborato-
ries" standard were followed, method validation and measurement uncertainty estimation studies were carried out.

Methods

Before the analysis method is used by any laboratories, it must be proven that the method is suitable for the purpose
and shows the desired performance during the process. The proof of performance includes the stages of selection
of the analysis method, validation and verification process, selection of method performance parameters, experi-
mental design, determination of target values for parameters, experiment implementation together with evaluation
and reporting of results.

In this study as an example to the best available techniques, method validation and uncertainty estimation studies
were carried out for total carbon (C) and total sulfur (S) analyses in metals and alloys following the procedures
described in the standard of "General Requirements for the Competence of Test and Calibration Laboratories".

Results and Discussions

In the study, method validation parameters were determined as homogeneity, precision, (repeatability, reproduci-
bility), trueness, robustness, and linearity. Homogeneity studies were conducted on the same day, analysis of Eltra
92400-3050 Lot:814F certified reference material was carried out as described in the test method by 2 different
personnel. According to the results obtained, the carbon content was around 0.182% C and the sulfur content was
around 0.037%. Therefore, the results obtained showed a homogeneous structure.

The precision expression is used as a measure of the distribution of the results obtained from the analyses around
the mean value. The measurement results are expected to be as close to each other as possible. In this study, the
precision parameter is evaluated based on the data obtained from the repeatability and reproducibility studies [5].
ANOVA testing was performed after each run to verify that total carbon (C) and total (S) analysis results to verify
the consistency with the ELTRA 92400-3050 Lot:814F certified reference material values. As a result of the f-test
and t-test applied to the analysis results, it was observed that F<Fcrt and T<Tert. Accordingly, it was concluded
that the data produced by 2 different laboratory personnel were compatible with each other (Table 2 and Table
3). In addition, the result of the analyses carried out on different dates were evaluated in reproducibility studies.
The obtained results showed that the data, which was produced as a result of the analysis processes performed by
different laboratory personnel on different days, were compatible with each other (Table 4, Table 5) [6]. In trueness
(Recovery) studies, the recovery values of the results obtained from the repeatability studies to the theoretical va-
lue were calculated. It was concluded that the data were appropriate since the obtained recovery results were in the
range of 90 to 110 values [8]. In robustness studies; the effect of the amount of sample subjected to the analysis and
the amount of tungsten powder used as an accelerator in the analysis on the results were examined. The recovery
rates were calculated using the obtained data were found to be between 97.30% and 105.41%. In linearity studies,
the results obtained for the validation of the utilized method should be compatible with the assumed results. At this
stage, calibration graphics were plotted by using the actual values (default values) of the certified reference materi-
als analyzed in the Eltra CS 2000 device and the values determined as a result of the analyses (Table 9, Figure 3 and
Figure 4). When the plotted calibration charts are examined, it is seen that the difference between the certificate
values of the reference materials and the device data is within the repeatability limits specified in ASTM E1019-18
[9]. Therefore, it was concluded that linearity was achieved between the results obtained by the application of the
method used in the analysis study and the actual values of the certified reference material.

The measurement uncertainty is the definition of the distribution of the values resulting from the analysis associa-
ted with the measurement [10]. A common way of presenting the different contributions to the total measurement
uncertainty is to use a so-called fish-bone (or cause-and-effect) diagram [10]. The method is based on the principle
of showing all the parameters affecting the analysis result in the table and expressing the uncertainties arising from
them by summing. In general, k is taken as 2 because it encompasses the 95% confidence interval. In the study,
the fishbone method was applied for the estimation of measurement uncertainty [12]. The total uncertainty budget
was created by summing the results obtained from the sources of uncertainty throughout the study. As a result
of the calculations, the uncertainty value of the total carbon parameter was determined as 0.034784261, and the
uncertainty value of the total sulfur parameter was determined as 0.112479806. The expanded uncertainty values
were determined as 0.069568523 for the total carbon parameter and 0.013879155 for the total sulfur parameter,
taking into account the k=2 coefficient representing the 95% confidence interval.
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1. GIRIS

Celik malzemelerde sertlestirici ve gekme dayanimini arttirict etkisiyle bilinen karbon
(C) elementi, ayn1 zamanda diger metal alasimlarda da yogun sekilde kullanilmak-
tadir. Diger yandan, ayn1 malzemelerin cogunda istenmeyen bir safsizlik olarak ka-
bul edilen kiikiirt (S) elementinin konsantrasyonunun yiiksek olmasi ise (6rnegin; %
0,05’in lizerinde) kirilganliga neden olabilmekte ve bunun yaninda kaynak kabiliyeti-
ni de azaltmaktadir. Celiklerde kiikiirt oraninin yiikselmesi ile malzemenin gevrekle-
serek, darbe dayaniminin azaldig: bilinmektedir. Demir-¢elik endiistrisi basta olmak
tizere, metal {iretiminde siireclerin kontrolii, ug trlin satisi, metal ithalat ve ihracati,
metallerin tiretiminden satisina kadar tiim asamalarda yapilacak analizler i¢cin metal
ve alagimlarda toplam karbon ve toplam kiikiirt analizi islemlerinin dogrulanmis bir
yontem izlenerek yapilmasi bityiik 6nem tasimaktadir [1;2;3].

TS EN ISO/IEC 17025 akreditasyonu; “6l¢iim hizmeti veren laboratuvarlarin” ve
“deney, kalibrasyon, inceleme ve belgelendirme islemlerini yapan uygunluk degerlen-
dirme kuruluglarinin” ulusal yada uluslararasi kuruluslar tarafindan giivenilirliginin
tescil edilmesidir. Yapilan 6l¢iimlerin kalitesi, akreditasyon kapsaminda, uygulanan
6l¢iim metodunun gecerli kilinmasi ve dogrulanmasi, 6l¢tim belirsizliginin tahmini
ve dolayisiyla metrolojik izlenebilirligin saglanmasi sartlarina baghdir. TS EN ISO
17025:2017 standardina gore metrolojik izlenebilirlik; 6l¢iim sonuglarinin, her biri
6l¢iim belirsizligine katkida bulunan verilerin, raporlanmis kesintisiz bir kalibrasyon
zinciri vasitastyla uygun bir referansa baglanmasi olarak tanimlanmistir. ilgili stan-
dardin 6.5 maddesinde ise konu ile ilgili gereksinimler detayli olarak anlatilmistir [4].

Bu calismada, yapisinda kiikiirt ve % 0,010 — 4,5 araliginda toplam karbon igeren
metallerin analizi i¢in uygulanacak metot olarak ASTM E1019-18 standardinda tarif
edildigi sekilde ELTRA CS2000 karbon-kiikiirt tayin cihazi kullanilarak indiiksiyon
yakma ile toplam karbon ve toplam kiikiirt miktarlari tayini olarak saptanmistir. S6z
konusu yontemin dogrulama ve gegerli kilma karar stirecinden sonraki performans
parametreleri; homojenlik, dogruluk (tekrarlanabilirlik, tekrariiretilebilirlik), ger¢ek-
lik (geri kazanim) ve lineerlik olarak belirlenmistir. Toplam karbon ve toplam kii-
kiirt analitlerinin ayr1 ayr1 analizi yapilacagindan basit tekrarli deney seti tasarlanmis
ve metodun uygulanmasi esnasinda personel, ekipman, sarf malzemesi, zaman gibi
degiskenler dikkate alinarak deney plani olusturulmustur. Deneylerin tamamlanma-
sindan sonra elde edilen veriler incelenmis, yapilan degerlendirmeler sonucu her bir
parametrenin deney verileri iizerindeki etkisi ayr1 ayr1 belirlenerek dl¢iim belirsizligi
biit¢esi olusturulmustur.

2. MALZEME VE YONTEM

Metallerin igerdigi toplam karbon ve toplam kiikiirt miktarmin belirlenmesi igin kul-
lanilmasi diisiiniilen analiz metodunun uygulanmasindan 6nce, metodun amaca uygun
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Analiz Metodunun Secimi

Y

Gecerli Kilma ve Dogrulama
Karar Sureci

Y

Metot Performans
Parametrelerinin Secimi

A 4

Deney Tasarnmi

Y

Parametreler igin Hedef Dederlerin
Belirlenmesi

Y

Deney Uygulamasi

Y

Sonuclann Hesaplanmasi, Degerlendiriimesi
ve Raporlanmasi

Sekil 1. Metodun Gegerli Kilinmasi islemi Stireg Akim
Semasi [5]

oldugu ve istenilen performansi gosterdiginin kanitlanmasi gerekir. Metodun gegerli
kilinmasi ve dogrulanmasi igin gerekli akim semasi Sekil 1°de verilmistir [4].

Deneylerde, TS ISO 17025:2017 standardinin 6.5 Metrolojik izlenebilirlik maddesi-
nin gerektirdigi sekilde sertifikali referans malzeme (CRM) kullanilmistir (ELTRA
92400-3050 Lot:814F). Analiz islemlerinde hedef degerler sertifikali referans mal-
zemenin “% C” ve “% S” (% 95 giiven araliginda) alt ve {ist degerleri olarak be-
lirlenmistir. Deney siireclerinin tamami, Dokuz Eyliil Universitesi Maden Miihen-
disligi Bolimii kimya laboratuvari blinyesinde gerceklestirilmistir. Karbon ve kiikdirt
analizleri, Eltra marka CS2000 model elementel analiz cihazinda gergeklestirilmistir.
Cihazda 2 adet karbon, 2 adet kiikiirt IR sensorii bulunmaktadir. indiiksiyon yakma
sistemi ile birlikte organik malzemeler i¢in 1350 °C ‘lik tiip firin da bulunmaktadir.
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Sekil 2. Eltra CS 2000 Karbon — Kikurt Tayin Cihazi

Analizleri gerceklestirilecek numuneler ile deney c¢alismalarina baglanmadan once,
cihaz uygulamasinda ¢ok noktali kalibrasyon sekmesi agilarak, analizi gercekles-
tirilen kor ve standart numunelerin degerleri kalibrasyon sekmesine eklenmistir.
Kalibrasyon sekmesindeki verilere, kullanilan sertifikali referans malzeme degerle-
ri girilerek hesaplamasi yapilmistir. Bu islemler tiim sensorler igin tekrarlanmistir.
Kalibrasyon grafigi olusturulduktan sonra kalibrasyon kontrolii gergeklestirilmistir.
Aliimina krozeye 1,5g +-0,2g hassasiyette graniil tungsten (20-40 mesh) tartilmistir.
Daha sonra aliimina krozeye 0,5g numune 0,1mg hassasiyette tartilarak konulmus ve
cihaz uygulamasina tartim 0,5 g olacak sekilde yapilmistir. Alimina kroze indiiksiyon
firinina yerlestirilerek analiz ¢aligmasina baslanmistir. Deney metodunda agiklanmis
olan deney tasarimina uygun olarak sertifikali referans malzeme numunelerinin ana-
lizleri gergeklestirilmistir.

3. DENEYSEL CALISMALAR

3.1 Metot Validasyonu (Dogrulanmasi) Calismalari

3.1.1 Homojenite

Homojenite ¢aligmalarinda, ayni giin igerisinde, 2 farkli personel tarafindan Eltra
92400-3050 Lot:814F sertifikali referans malzemesinin, deney metodunda aciklandi-
&1 sekilde analizi gergeklestirilmistir. Elde edilen sonuglar, Cizelge 1°de sunulmustur.
Tablo 1’de goriildiigii tizere iki farkli personelin gergeklestirdigi analiz sonuglar ser-
tifikal1 referans malzeme degerleri olan % 0,182 C ve % 0,037 S etrafinda toplanmis-
tir. Bu nedenle elde edilen sonuglar homojen bir yap1 gostermektedir.

3.1.2 Kesinlik

Deneylerden elde edilen 6l¢iim sonuglarinin, ortalama deger etrafindaki dagilimimnin
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Tablo 2. Homojenite Galismasi Sonuglari

CRM' Degeri: 0,182 %C | CRM' Degeri: 0,037 %S
. Toplam (C), % Toplam (S), %
Olciim No
Personel 1 | Personel 2 | Personel 1 | Personel 2
1 0,180 0,182 0,034 0,034
2 0,181 0,184 0,037 0,038
3 0,181 0,180 0,034 0,035
4 0,181 0,184 0,039 0,040
5 0,181 0,184 0,038 0,039
6 0,181 0,184 0,040 0,037
7 0,183 0,180 0,035 0,040
8 0,181 0,180 0,041 0,037
9 0,183 0,183 0,035 0,037
10 0,183 0,180 0,038 0,040

! sertifikali referans malzeme

dlciisii olarak kesinlik ifadesi kullanilmaktadir. Ol¢iim sonuglarinin birbirine olabildi-
gince yakin olmasi beklenir. Bu ¢alismada, kesinlik parametresi; tekrarlanabilirlik ve
tekrariiretilebilirlik verileri ile degerlendirilmistir. Tekrarlanabilirlik standart sapmasi,
tekrarlanabilirlik kosullar altinda elde edilen deney sonuglarinin standart sapmasidir.
Tekrarlanabilirlik kosullar1 deney metodunun izin verdigi kadar kisa zaman aralikla-
rinda, ayn1 cihaz kullanilarak, ayni kisi tarafindan, ayni laboratuvarda, 6zdes numu-
nelere ayni metodun uygulanmasini ifade eder [5].

3.1.2.1 Tekrarlanabilirlik

Toplam Karbon (C) ve Toplam (S) analizi gerceklestirilen ELTRA 92400-3050
Lot:814F sertifikali referans malzemesi analiz sonuglart asagida Cizelge 2’de veril-
mistir. Elde edilen verilerin karsilagtirilmasi ve uyumlu oldugunu dogrulamak i¢in
her calismadan sonra ANOVA testi gerceklestirilmistir. Analiz sonuglarina uygula-
nan f-testi ve t-testi sonucunda F<Fcrt ve t<tCrt oldugu goriilmiistiir. Buradan yola
cikarak 2 farkli laboratuvar personelinin tirettigi verilerin birbiri ile uyumlu oldugu
sonucuna varilmistir (Tablo 2 ve Tablo 3).

3.1.2.2 Tekrariiretilebilirlik

Belirli bir tarih araliginda analizi yapilan Eltra 92400-3050 Lot:814F sertifikal1 refe-
rans malzemesine ait kimyasal analiz sonuglari ile tekrariiretilebilirlik verileri Cizelge
4’de sunulmustur. Elde edilen analiz verilerinin karsilastirilmasi ve uygunlugunun
incelenmesi amaciyla veriler tizerinde, ANOVA testi gergeklestirilmistir. Uygulanan
f-testi ve t-testi sonucunda F<Fcrt ve t<tcrt oldugu goriilmiistiir. Elde edilen sonuglar
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Tablo 2. Tekrarlanabilirlik Deney Sonuglari ve ANOVA Test Sonuglari

CRM' Degeri: 0,182 % C CRM' Degeri: 0,037 % S
. Toplam C, % Toplam S, %
Ol¢iim No
Personel 1 Personel 2 Personel 1 Personel 2
1 0,180 0,182 0,034 0,034
2 0,181 0,184 0,037 0,038
3 0,181 0,180 0,034 0,035
4 0,181 0,184 0,039 0,040
5 0,181 0,184 0,038 0,039
6 0,181 0,184 0,040 0,037
7 0,183 0,180 0,035 0,040
8 0,181 0,180 0,041 0,037
9 0,183 0,183 0,035 0,037
10 0,183 0,180 0,038 0,040
Olgiim Sayisi (n) 10 10 10 10
Ortalama 0,182 0,182 0,037 0,038
STDSP 0,001 0,002 0,003 0,002
RSD 0,0060 0,0105 0,0678 0,0560
Toplam C, Anova: Tek Etken
Gruplar Say Toplam Ortalama Varyans
Situn 1 10 1,815 0,1815 1,17E-06
Situn 2 10 1,821 0,1821 3,66E-06
ANOVA
Varyans Kaynagi SS df MS F P-degeri o
Gruplar Arasinda | 1,8E-06 1 1,8E-06 | 0,746544 | 0,398941 | 4,413873
Gruplar icinde | 4,34E-05 18 2,41E-06
Toplam 4 52E-05 19
Toplam S, Anova: Tek Etken
Gruplar Say Toplam Ortalama | Varyans
Sttun 1 10 0,371 0,0371 6,32E-06
Siitun 2 10 0,377 0,0377 4,46E-06
ANOVA
Varyans Kaynagi SS df MS F P-degeri -
Gruplar Arasinda 1,8E-06 1 1,8E-06 | 0,334021 | 0,57046139 | 4,413873
Gruplar icinde 9,7E-05 18 | 5,39E-06
Toplam 9,88E-05 19

! sertifikali referans malzeme
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Tablo 3. Tekrarlanabilirlik Verileri t-Test Sonuglari

t-Test: Ortalamalar icin iki Ornek
Toplam C Toplam S
Degisken 1 Degisken 2 Degisken 1 Degisken 2
Ortalama 0,1815 0,1821 0,0371 0,0377
Varyans 1,16667E-06 | 3,65556E-06 | 6,32222E-06 4,45556E-06
Goézlem 10 10 10 10
Pearson Korelasyonu -0,349720232 0,404044305
Ongriilen Ortalama Farki 0 0
df 9 9
t Stat -0,757936729 -0,7448453
P(T<=t) tek-uglu 0,233934903 0,237682372
t, tek-uclu 1,833112933 1,833112933
P(T<=t) iki-uglu 0,467869806 0,475364744
t.. iki-uclu 2,262157163 2,262157163

Tablo 4. Tekrartiretilebilirlik Deney Verileri ve ANOVA Test Sonuglari

CRM' Degeri: 0,182 % C CRM' Degeri: 0,037 % S
Olgiim Tarihi Toplam C, % Toplam S, %
Personel 1 Personel 2 Personel 1 Personel 2
25.01.2021 0,039 0,039 0,039 0,039
26.01.2021 0,036 0,040 0,036 0,040
27.01.2021 0,039 0,034 0,039 0,034
28.01.2021 0,040 0,036 0,040 0,036
29.01.2021 0,041 0,038 0,041 0,038
01.02.2021 0,038 0,036 0,038 0,036
02.02.2021 0,035 0,041 0,035 0,041
03.02.2021 0,04 0,034 0,04 0,034
04.02.2021 0,041 0,036 0,041 0,036
05.02.2021 0,038 0,039 0,038 0,039
Olgiim Saysi (n) 10 10 10 10
Ortalama (x) 0,0387 0,0373 0,0387 0,0373
STDSP 0,002003 0,002452 0,002003 0,002452
RSD 0,051751 0,065731 0,051751 0,065731
Ortalama Standart Sapma 0,002633289 0,002294157
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Toplam C, Anova: Tek Etken

Gruplar Say Toplam Ortalama Varyans

Situn 1 10 1,81 0,181 5,11E-06

Stitun 2 10 1,825 0,1825 8,28E-06

ANOVA
Varyans Kaynagi SS df MS F P-degeri F..
Gruplar Arasinda | 1,13E-05 1 1,13E-05 1,680498 | 0,211233 | 4,413873
Gruplar iginde 0,000121 18 6,69E-06
Toplam 0,000132 19
Toplam S, Anova: Tek Etken

Gruplar Say Toplam Ortalama Varyans

Sutun 1 10 0,387 0,0387 4,01E-06

Sutun 2 10 0,373 0,0373 6,01E-06

! sertifikali referans malzeme

Tablo 5. TekrarUretilebilirlik Verileri t-test Sonuglari
t-Test: Ortalamalar igin iki Ornek

Toplam C Toplam S
Degisken 1 Degisken 2 Degisken 1 Degisken 2
Ortalama 0,181 0,1825 0,0387 0,0373
Varyans 5,11111E-06 8,27778E-06 | 4,01111E-06 6,01111E-06
Gozlem 10 10 10 10
Pearson Korelasyonu -0,170821664 -0,65847722
Ongdriilen Ortalama Farki | 0 0
df 9 9
t Stat -1,200533689 1,090265676
P(T<=t) tek-uclu 0,130288031 0,151962233
t, tek-uclu 1,833112933 1,833112933
P(T<=t) iki-uglu 0,260576061 0,303924467
t_, iki-uclu 2,262157163 2,262157163

farkl giinlerde, farkli laboratuvar personelleri tarafindan gerceklestirilen kimyasal
analiz islemleri ile liretilmis olan verilerin birbiri ile uyumlu oldugunu gdstermistir
(Tablo 4, Tablo 5) [6].
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3.1.3 Gergeklik (Geri Kazanim)

Yapilan analizlerde kullanilan metodun dogrulugunun nicel bir 6l¢ii iizerinden sap-
tanmasi i¢in tekrarlanabilirlik ¢alismalarindan elde edilmis sonuglarin teorik degere
olan geri kazanim degerleri hesaplanmistir. Geri kazanim sonuglari her bir parametre
ve konsantrasyon i¢in hesaplanarak Cizelge 6’da gosterilmistir. [7]. Elde edilen geri
kazanim sonuglarinin 90 ile 110 deger arali§inda yer almasi dolayisiyla yapilan analiz
calismalari sonucu elde edilen verilerin uygun oldugu sonucuna vartlmistir [8].

Tablo 6. Geri Kazanim Deney Sonuclari

CRM1 Degeri: 0,182 % CRM' Degeri: 0,037 %
Geri Kazanim, %
Olgiim No Toplam Karbon Toplam Kiikirt
Personel 1 Personel 2 Personel 1 Personel 2
1 98,90 99,45 91,89 91,89
2 100,00 100,00 100,00 102,70
3 98,35 101,10 91,89 94,59
4 101,65 98,90 105,41 108,11
5 98,35 100,00 102,70 105,41
6 97,80 101,65 108,11 100,00
7 98,35 101,10 94,59 108,11
8 97,80 100,00 110,81 100,00
9 97,80 101,65 94,59 100,00
10 97,80 98,35 102,70 108,11

! sertifikali referans malzeme

3.1.4. Saglamhik

Analiz ¢alismalarinda kullanilan yontemin saglamliginin belirlenmesi i¢in numune-
den alinan kiitle miktar1 ve hizlandirici olarak kullanilan Tungsten tozu miktari degi-
simleri irdelenmistir. Yapilan ¢aligmalar sonucu elde edilen sonuglar, Tablo 7 ve Tablo
8’de sunulmustur.

3.1.4.1. Numuneden Alinan Kiitle Miktar:

Uygulanan analiz metodunun saglamliginin belirlenmesi i¢in ilk olarak numuneden
alman tartim miktar1 degisimlerinin analiz sonuglar1 tizerindeki etkisi aragtirilmistir.
Bu amagla, farkli miktarlarda hazirlanan numuneler tartilarak analiz iglemine tabi tu-
tulmustur. Elde edilen sonuglar Tablo 7’de sunulmustur.
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Tablo 7. Tartim Miktarinin Analiz Sonuglarina Etkisi

Tartim Miktar (mg) % Karbon o I((g)zanlm % Kiikiirt = Tg)z anim
112,3 0,183 100,55 0,036 97,30
306,4 0,182 100,00 0,039 105,41
5443 0,180 98,90 0,037 100,00
668,6 0,183 100,55 0,04 108,11
756,3 0,183 100,55 0,038 102,70

Metot saglamliginin tespitinde kullanilan parametrelerden ilki olan farkl: tartim mik-
tarlart ile yapilan analizler sonucunda, geri kazanim oranlart %97,30 ile %108,11
araliginda hesaplanmigtir. Elde edilen sonuglar tartim miktarinin 100 mg ile 800 mg
arasinda olmasinin analiz sonucuna bir etkisinin olmadigint gostermektedir.

3.1.4.2. Hizlandirici Tungsten Miktar

Caligmanin bu asamasinda, analiz ¢alismalarinda kullanilan metodun saglamliginin
tespiti i¢in hizlandirict olarak kullanilan tungsten miktart degisiminin analiz sonug-
larina etkisi aragtirilmistir. Analizler esnasinda Eltra 92400-3050 Lot:814F sertifikali
referans malzemesi farkli miktarlarda numunelere eklenerek deney metodunda belir-
tildigi sekilde islemler gergeklestirilmistir. Elde edilen sonuglar, Cizelge 8’de sunul-
mustur.

Tablo 8. Tungsten Miktarinin Analiz Sonuglarina Etkisi

Tungsten Miktar % Karbon Geri Kazanim % Kiikiirt Geri Kazanim
(mg) ©) ()
1015,6 0,182 100,00 0,037 100,00
1278,3 0,182 100,00 0,038 102,70
1522,7 0,180 98,90 0,039 105,41
1782,5 0,181 99,45 0,037 100,00
2090,1 0,180 98,90 0,036 97,30

Yapilan ¢alismada elde edilen veriler kullanilarak hesaplanan geri kazanim oranlari
%97,30 ile % % 105,41 araliginda degismektedir. Sonuglar 1000 mg ile 2100 mg ara-
sinda degisen hizlandirict miktarinin metot saglamligi {izerinde bir etkisi olmadigini
gostermektedir.

3.1.5 Lineerlik
Analiz ¢aligmalarinda kullanilan metodun validasyonu i¢in elde edilen sonuglarin,
var sayilan sonuclar ile uyumlu olmasi gerekmektedir. Bu asamada, Eltra CS 2000
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Tablo 9. Sertifika Degerlerine Karsilik Olarak Elde Edilen Analiz Sonuglari

Kalibrasyon Verileri (C) Kalibrasyon Verileri (S)
. . | % Cihazdan elde edilen - % Cihazdan elde edilen
) 1 )
% CRM' Degeri deger % CRM Degeri deger
0 0 0 0
0,055 0,054 0,0043 0,005
0,182 0,186 0,0103 0,0099
0,47 0,468 0,037 0,036
! sertifikali referans malzeme
0,5
A
0,45 y=0,9966x + 0,00
0,4 RZ= %’7‘3‘:}/‘”
s 035
’g’ 0,3
E 0,023
U ’
® 0,15 P
0,1
0,05 —
0 T T T T 1
0 0,1 0,2 0,3 0,4 0,5
% Cihazdan elde edilen deger
Sekil 3. Toplam Karbon Kalibrasyon Grafigi
0,04
0,035 y = 0,9649x + 0,0003 »
R?=0,9993
_ 003
)
g0 0,025
= 0,02
=4
© 0,015
= -
0,01 /
0,005 >
0 T T T 1
0 0,01 0,02 0,03 0,04
% Cihazdan elde edilen deger
Sekil 4. Toplam Kiikirt Kalibrasyon Grafigi ]
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cihazinda analizi yapilan sertifikali referans malzemelerin gergek degerleri (varsa-
yilan degerler) ve analiz sonucunda tespit edilen degerleri kullanilarak kalibrasyon
grafikleri olusturulmustur (Tablo 9, Sekil 3 ve Sekil 4).

Olusturulan kalibrasyon grafikleri incelendiginde referans malzemelere ait sertifika
degerleri ile cihaz verileri arasindaki farkin, ASTM E1019-18"de belirtilen tekrarlana-
bilirlik sinirlari igerisinde oldugu goriilmektedir [9]. Bu nedenle, analiz ¢alismasinda
kullanilan yontemin uygulanmasiyla elde edilen sonuglar ve sertifikali referans mal-
zeme gercek degerleri arasinda lineerlik saglandig1 sonucuna varilmistir.

3.2 Olgiim Belirsizliginin Belirlenmesi

Olgiim belirsizligi, analiz sonucu ortaya ¢ikan degerlerin, dlgiilen biiyiikliik ile ilis-
kilendirilen dagiliminin tanimidir [10]. Yapilan her dl¢iimde belirli bir hata vardir
ve Olgtim belirsizligi dl¢lim hatasinin biiylikligi hakkinda fikir vermektedir. Orta-
ya konulan dl¢iim belirsizligi tahmini, olusturulan analiz raporlarinin da 6nemli bir
pargasidir [11]. Olgiim belirsizliginin tahmin edilmesinde kullanilan en yaygin ifade
bi¢imi balik kilgig1 (sebep-sonug) ¢izelgeleridir. Yontem, analiz sonucuna etki eden
tiim parametrelerin ¢izelgede gosterilmesi ve bunlardan kaynaklanan belirsizliklerin
toplanarak ifade edilmesi prensibine dayanmaktadir. Cizelgelerde kullanilan 6lgiim
belirsizligi verileri, laboratuvarda kullanilan sertifikali referans malzemelerden, kar-
silastirma testlerinden veya kalite kontrol kartlarindan elde edilen degerlerden hazir-
lanmaktadir. Mevcut verilerin istatiksel olarak degerlendirilmesi ile ortaya konur. Ol-
clim belirsizligi, U=k.uc bagintis1 ile ifade edilmektedir. Bagintidaki k ifadesi kapsam
faktorii, u ise birlesik standart belirsizlik degeridir. Genelde k, %95 giiven araligini
kapsamasi nedeni ile 2 alinir. Yapilan ¢aligmada, 6l¢iim belirsizligi tahmini i¢in, balik
kil¢ig1 yontemi uygulanmistir [12].

‘ Referans Belirsizligi Lineerlik Numune Tartim

\
Qlgiim

Belirsizligi
CRM ile gen
kazamim

‘ Gerikazanim / Dogruluk | Tekrarlanabilirlik Tekrartiretilebilarlilc

Sekil 5. Olciim Belirsizliginin Belilenmesinde Balik Kilgigi Yontemi
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3.2.1 Tekrarlanabilirlik

Balik Kilgig1 modeli ile tahmini yapilan 6l¢iim belirsizliginin ilk girdisi, tekrarlanabi-
lirlikten kaynaklanan belirsizliktir. Bu ¢aligmada, ayni giin igerisinde iki laboratuvar
personeli tarafindan 10 tekrarli olarak gergeklestirilen analiz ¢aligmalarinin sonugla-
rindan yararlanarak belirsizlik degerleri, toplam karbon i¢in, (U) 0,000347211, top-
lam kiikiirt i¢in, (U) 0,00051908 olarak hesaplanmistir (Tablo 10).

Tablo 10. Tekrarlanabilirlik Caligmasinda Hesaplanan Olgiim Belirsizlii

Toplam Karbon, % Toplam Kiikiirt, %
Analiz Personel 1 Personel 2 Personel 1 Personel 2

1 0,180 0,182 0,034 0,034

2 0,181 0,184 0,037 0,038

3 0,181 0,180 0,034 0,035

4 0,181 0,184 0,039 0,040

5 0,181 0,184 0,038 0,039

6 0,181 0,184 0,040 0,037

7 0,183 0,180 0,035 0,040

8 0,181 0,180 0,041 0,037

9 0,183 0,183 0,035 0,037

10 0,183 0,180 0,038 0,040

Ortalama 0,182 0,182 0,037 0,038

SD 0,001 0,002 0,003 0,002
SDPool 0,001552775 0,002321398
U (X) 0,000347211 0,00051908
Rolatif Belirsizlik 0,001909852 0,013879155

3.2.2 Tekrariiretilebilirlik

Yapilan caligmada, tekrariiretilebilirlik parametresinin belirlenebilmesi i¢in iki la-
boratuvar personeli tarafindan farkli giinlerde gergeklestirilmis olan analiz islemleri
sonucunda elde edilen veriler kullanilmis ve belirsizlik degerleri toplam karbon igin
(U) 0,000578552, toplam kiikiirt i¢in ise (U) 0,000500555 olarak hesaplanmistir
(Tablo11).

3.2.3 Geri Kazanim

Caligmada, metot validasyonu hesaplanmis olan gerikazanim degerleri iizerinden ya-
pilan hesaplama sonucu belirsizlik, Toplam Karbon i¢in, (U) 0,266670692; Toplam
Kiikiirt i¢in, (U) 1,402919955 olarak tespit edilmistir.
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Tablo 11. Tekrariretilebilirlik Calismasinda Hesaplanan Olgiim Belirsizligi

R (Toplam Karbon) R (Toplam Kiikiirt)
Analiz Personel 1 Personel 2 Personel 1 Personel 2
1 98,90 99,45 91,89 91,89
2 100,00 100,00 100,00 102,70
3 98,35 101,10 91,89 94,59
4 101,65 98,90 105,41 108,11
5 98,35 100,00 102,70 105,41
6 97,80 101,65 108,11 100,00
7 98,35 101,10 94,59 108,11
8 97,80 100,00 110,81 100,00
9 97,80 101,65 94,59 100,00
10 97,80 98,35 102,70 108,11
Ortalama 98,68 100,22 100,27 101,89
SD 1,247574 1,13494 6,795684 5,704915
Sdpool 1,192587589 6,274048774
U(X) 0,266670692 1,402919955
Rolatif Belirsizlik 0,00268144 0,013879155
Tablo 12. Geri Kazanim Calismasinda Hesaplanan Olciim Belirsizligi
R (Toplam Karbon) R (Toplam Kiikiirt)
Analiz Personel 1 Personel 2 Personel 1 Personel 2
1 98,90 99,45 91,89 91,89
2 100,00 100,00 100,00 102,70
3 98,35 101,10 91,89 94,59
4 101,65 98,90 105,41 108,11
5 98,35 100,00 102,70 105,41
6 97,80 101,65 108,11 100,00
7 98,35 101,10 94,59 108,11
8 97,80 100,00 110,81 100,00
9 97,80 101,65 94,59 100,00
10 97,80 98,35 102,70 108,11
Ortalama 98,68 100,22 100,27 101,89
SD 1,247574 1,13494 6,795684 5,704915
Sdpool 1,192587589 6,274048774
U(X) 0,266670692 1,402919955
Rolatif Belirsizlik 0,00268144 0,013879155
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3.2.4 Tartim Belirsizligi
Analiz caligmalarinda kullanilan tartim cihazina ait belirsizlik degeri kalibrasyon ser-
tifikasinda belirtilen verilerden yola ¢ikarak 0,2 g i¢in 0,00008 olarak hesaplanmustir.

3.2.5 Lineerlik

Lineerlik calismasi kapsaminda, kullanilan sertifikali referans malzemelerin sertifika
degerleri ile Eltra CS 2000 cihazi kullanilarak tespit edilen malzeme analiz sonuglari
kullanilarak kalibrasyon grafigi olusturulmustur (Tablo 9, Sekil 3 ve Sekil 4). Kalib-
rasyon grafiklerinin egim degerleri hesaplanarak Tablo 13.1, 13.2, 14.1, 14.2, 15.1 ve
15.2°de verilmistir. Elde edilen egim degerleri irdelendiginde ve analiz sonuglarmin

lineer oldugu gorillmistiir.

Tablo 13.1 Toplam Karbon Kalibrasyon Dogrusunun Egim Analizi

Kalibrasyon Noktasi yi a+b.xi yi-(a+bxi) [yi-(a+bxi)]2
0 0 0,0008438 -0,0008438 7,11995E-07
0,055 0,054 0,05565902 | -0,00165902 2,75236E-06
0,182 0,186 0,18223236 | 0,003767638 1,41951E-05
0,47 0,468 | 0,46926482 | -0,00126482 1,59976E-06
Tablo 13.2 Toplam Kukrt Kalibrasyon Dogrusunun Egim Analizi
Kalibrasyon Noktasi yi a+b.xi yi-(a+bxi) [yi-(a+bxi)]2
0 0 0,00027809 | -0,00027809 7,73345E-08
0,0043 0,005 0,00442706 | 0,000572939 3,2826E-07
0,0103 0,0099 0,01021632 | -0,00031632 1,00059E-07
0,037 0,036 0,03597853 | 2,1472E-05 4,61045E-10
Tablo 14.1 Toplam Karbon Regresyon Verileri
CRM' Degerleri % Cihaz Degerleri , % x(c) (c-c,) (c-c,.)
0,055 0,054 0,053153 | -0,18251 0,033311
0,182 0,186 0,185153 | -0,05051 | 0,002552
0,47 0,468 0,467153 0,231487 0,053586
! sertifikali referans malzeme
Tablo 14.2 Toplam Kiikirt Regresyon Verileri
CRM' Degerleri, % Cihaz Degerleri, % | x(c) (cc,) (cc, )
0,0043 0,005 0,004712 -0,01249 0,000156
0,0103 0,0099 0,009612 | -0,00759 | 5,76E-05
0,037 0,036 0,035712 0,018512 | 0,000343

! sertifikali referans malzeme
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Tablo 15.1 Toplam Karbon Analizinde Lineerlik Kaynakli Belirsizlik Degerleri

Kalibrasyon Fonksiyonu igin Toplam Belirsizlik ,% U(co) 0,002897228
Kalibrasyon Fonksiyonu Icin Toplam Belirsizlik ,Relatif U(co-rel) 0,015940729
Kalibrasyon Fonksiyonu icin Toplam Belirsizlik ,% U(co-%) 1,594072948

Tablo 15.2 Toplam Karbon Analizinde Lineerlik Kaynakli Belirsizlik Degerleri

Kalibrasyon Fonksiyonu icin Toplam Belirsizlik , % U(co) 0,000662
Kalibrasyon Fonksiyonu igin Toplam Belirsizlik, Relatif U(co-rel) 0,017415
Kalibrasyon Fonksiyonu icin Toplam Belirsizlik, % U(co-%) 1,741494

3.2.6 Belirsizlik biitcesi

Tim galisma boyunca gergeklesen belirsizlik kaynaklarindan elde edilen sonuglar
toplanarak toplam belirsizlik biit¢esi olusturulmustur. Yapilan hesaplamalar sonucu
toplam karbon parametresine ait belirsizlik degeri 0,034784261, toplam kiikdirt para-
metresine ait belirsizlik degeri ise 0,112479806 olarak tespit edilmistir. % 95 gliven
araligimi temsil eden k=2 katsayis1 dikkate alinarak genisletilmis belirsizlik degerle-
ri toplam karbon parametresi i¢in 0,069568523, toplam kiikiirt parametresi igin ise,
0,013879155 olarak tespit edilmistir.

Tablo 16. Toplam Olgiim Belirsizligi

BELIRSIZLIK BUTGESI

Belirsizlik Kaynaklari Belirsizlik Degeri(C) Belirsizlik Degeri(S)
Tekrarlanabilirlik 0,001909852 0,013879155
Tekrariretilebilirlik 0,003183229 0,013172507
Geri Kazanim 0,00268144 0,013879155
Terazi Belirsizligi 0,00008 0,000080000
Lineerlik 0,015940729 0,017414936
CRM' Belirsizligi 0,010989011 0,054054054
Toplam Belirsizlik 0,034784261 0,112479806
Genigletilmis Belirsizlik 0,069568523 0,013879155

! sertifikali referans malzeme

4. SONUCLAR VE TARTISMA

Metot validasyonu ve 6l¢lim belirsizliginin tahmini ¢alismalari, tiim analiz islemlerin-

|
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de elde edilen verilerin gercek degere yakinligi ve kullanilan metodun analiz yapilan
laboratuvarlarda uygulanabilirliginin kaniti olmasindan 6tiirii biiylik 6nem tagimak-
tadir. Ulkemiz demir-gelik endiistrisi i¢in metallerin iiretiminden satisina kadar tiim
asamalarda yapilacak olan analizler i¢in TS EN ISO/IEC 17025 gergevesinde metal
ve alasimlarda toplam karbon (% C) ve toplam kiikiirt (% S) tayini metodunun geger-
liliginin saglanmasi biiyiik 6nem tasimaktadir. Bu ¢alismada yapisinda kiikiirt (S) ve
% 0,010 - 4,5 toplam karbon (C) iceren metal érneklerinin ELTRA CS2000 karbon-
kiikiirt tayin cihazinda indiiksiyon yakma ile toplam karbon (C) ve toplam kiikiirt (S)
analizleri gergeklestirilmistir. Yapilan caligmalar sonucunda toplam karbon ve top-
lam kiikiirt i¢in sirasiyla, genisletilmis 6l¢iim belirsizligi; 0,06957 ve 0,01388 olarak
hesaplanmustir. Olgiim belirsizligi katsayilari, analiz sonucu ile ¢arpilarak +/- 6lgiim
belirsizligi olarak kullanilmaktadir [13; 14;15]. Yapilan ¢calismada, ASTM E1019-18
standard1 ¢cergevesinde metal alasimlarinda toplam karbon (% C) ve toplam kiikiirt (%
S) analiz metodunun laboratuvarda uygulanabilir oldugu gériilmiistiir. Ayrica, uygu-
lanan metodun &l¢iim belirsizliginin tahmini yapilmis ve sonuglar verilmistir. Uygu-
lanan yontemin, sdz konusu laboratuvarda metrolojik izlenebilirlik agisindan da SI bi-
rim sistemleri ile kesintisiz zincir vasitastyla izlenebilir olacagi sonucuna vartlmistr.
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A Survey on Post-Weld Modification of Microstructural
and Mechanical Properties of GTAWed Aluminum Butt
Joints Through FSP and T6 Heat Treatment

Gokce Mehmet Genger!”, Coskun Yolcu?, Fatih Kahraman?

ABSTRACT

Fusion welding is a commonly applied manufacturing process in all fields of industry. Some imperfections
(formation of coarse-grained microstructure, decrease in mechanical property, etc.) can occur especially in the
fusion welding-based fabrication of aluminum alloys which have specific features, such as having high thermal
conductivity, expansion coefficient, high hydrogen solubility in the liquid state, and oxide layer on the surface.
Therefore, the enhancement of microstructure and mechanical properties in terms of the lifespan and strength of
the fusion-welded joints is crucial for most applications. In the study, the effects of friction stir processing (FSP)
and T6 heat treatment, applied as post-weld processing, on the weld zone properties of the gas tungsten arc welded
(GTAWed) AA6082 plates were investigated. The effects of the post-weld processings (FSP and T6 heat treatment)
on mechanical and microstructural features were analyzed via microstructural examination and microhardness
measurements and tensile strength testing. It was observed that the dendritic microstructure in the processed region
(stir zone) of the weld bead was destroyed and fine-grained microstructure was formed via FSP. Additionally, the
findings showed that heat input occurred during FSP led to broaden of heat affected zone (HAZ) and decrease the
hardness in a wider region. It was also determined that the mechanical characteristics of the GTAWed joint were
increased but in contrast, the toughness was decreased through T6 post-weld heat treatment.

Keywords: GTA welding, aluminum alloy, Butt welding, friction stir processing, T6 heat treatment

Tig Alin Kaynakh Aliiminyum Birlestirmelerin Mikroyapi ve
Mekanik Ozelliklerinin SKP ve T6 Isil islemi Yoluyla Kaynak
Sonras1 Modifikasyonu Uzerine Bir Arastirma

0z

Ergitme kaynagi ile birlestirme endiistrinin her alaninda yaygin olarak uygulanan imalat yontemlerindendir. Ozel-
likle yiiksek 1s1l iletim ve genlesme katsayisina sahip, sivi halde hidrojen ¢oziiniirligii yiiksek olan ve yiizeyinde
rijit oksit tabakasi bulunan aliminyum alagimlarinin ergitme kaynagiyla imalatinda iri tane olusumu, mekanik
ozelliklerde diisiis vb. olumsuzluklar gergeklesebilmektedir. Bu nedenle ergitme kaynakli birlestirmelerin omiir-
leri ve mukavemetleri agisindan kaynak sonrasi islem ile kaynak bolgesinin i¢ yapt ve mekanik 6zelliklerinin
iyilestirilmesi ¢ogu uygulama i¢in énemli rol oynamaktadir. Caliymamizda, tungsten inert gaz (TIG) kaynag ile
birlestirilen AA6082-T6 plakalarin kaynak bolgesi 6zelliklerine kaynak sonrasi islem olarak uygulanan siirtiinme
karistirma prosesi (SKP) ve T6 1s1l isleminin etkileri arastirilmistir. SKP ve T6 1s1l isleminin mekanik 6zelliklere
ve i¢ yapiya etkileri cekme testi, mikrosertlik testi ve mikroyap: incelemeleri ile arastirilmistir. SKP ile kaynak
dolgusunun islem goéren bolgesindeki (karistirma bolgesi) dendritik tanelerin pargalanarak ince taneli i¢ yapinin
elde edildigi tespit edilmistir. Bununla birlikte, SKP’nin malzemede olusturdugu 1si1l girdi ile 1sidan etkilenen
bolgenin (IEB) genislemesine ve sertligin daha genis bolgede diismesine sebep oldugu gézlemlenmistir. Kaynak
sonrast uygulanan T6 1s1l islemi ile kaynakli birlestirmenin mekanik 6zelliklerin arttirildigi ancak toklugunun
azaldig1 gézlemlenmistir.

Anahtar Kelimeler: TIG kaynagi, aliminyum alagimi, alin kaynag,siirtiinme karistirma prosesi, T6 1s1l islemi
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1. INTRODUCTION

The heat-treatable 6XXX Al alloys with their superior properties, such as high specific
strength, good deformability, and significant corrosion resistance are commonly used
engineering materials in aerospace, automotive, and shipbuilding in order to reduce
weight and fuel consumption [1-6]. By considering the application areas, gas tungsten
arc welding (GTAW) and gas metal arc welding (GMAW) are extensively employed
methods for joining aluminum alloys due to their high productivity, applicability, and
excellent versatility features [3, 7- 9]. Even though the 6XXX Al alloys have good
weldability properties, some discontinuities or defects, such as hot cracking, distorti-
on, porosity, lack of fusion, residual stress, etc. can occur in the weld zone of fusion
welded materials, by its very nature [10, 11]. Additionally, high heat input occurred
in arc welding methods [12-16] causes remarkable grain coarsening in the heat-affec-
ted zone (HAZ). Especially in the welding of precipitate hardened Al alloys such as
6XXX-T6 the formed grain growth in HAZ leads to decrease hardness, strength, and
ductility properties [17, 18]. Within this context, the quality of arc welded joints that
particularly result in high heat input to the workpiece has an important effect on the
mechanical properties of the fabricated structure.

In order to improve the mechanical and microstructural characteristics of the welded
joints mechanical deformation methods, such as ultrasonic impact treatment and shot
peening can be used. However, these types of methods cannot totally modify the mic-
rostructure of the material (shallow deformation) and prevent the defects, such as po-
rosity, microcrack, etc. formed in the weld bead. Thus, these methods are not accepted
as efficient enough by researchers due to their drawbacks. Recently, various studies
have been carried out on the application of FSP which is a commonly used solid-state
method to enhance the lifespan and properties of the welded joints [3, 5, 18-21].

In friction stir processing which is simple, clean, low cost, and environmentally fri-
endly [22], a non-consumable rotating tool with a specific pin and shoulder profiles is
plunged into the surface of the workpiece. The occurred friction-based heat between
tool and workpiece increases the deformability of the material. Severe plastic defor-
mation (also named stirring) comes true in the processed zone of the material through
the traveling of the rotating tool along a specific path in the surface of the workpiece
[23-25]. Thereby, the microstructure and mechanical properties of the locally pro-
cessed zone of material is enhanced via dynamic recrystallization (DRX) [26, 27].
Borrego et al. [28] stated remarkable findings by using this method that identified as
green energy in their study on the fatigue strength enhancement of the butt-welded
aluminum alloys. In the research, the fatigue strength of the manufactured welded
joints was significantly improved through the reduction in stress concentration and
refinement of the microstructure.

The research done in the literature emphasizes that the enhanced properties in fusion
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welded joints by employing a post-weld process are crucial in the way of performan-
ce and lifespan of the manufactured structure. In the study, the applicability of the
FSP and T6 heat treatment as post-weld processing was investigated to improve the
mechanical and microstructural properties of the weld zone of gas tungsten arc wel-
ded (GTAWed) 6082-T6 Al plates. The effects of the methods applied as post-weld
processing on the joint quality were analyzed in comparison.

2. EXPERIMENTAL DETAILS

2.1 Gas Tungsten arc Welding (GTAW)

EN AW 6082-T6 alloy with a thickness of 5 mm were used as base material. The che-
mical composition and mechanical properties of the wrought alloy are given in Tables
1 and 2, respectively. The plates were cut to obtain workpieces with the dimensions
of 200x100 mm. The edges of workpieces were prepared considering EN ISO 9692-
3:2016 standard and afterward, they were fixed on a steel table with pneumatic clamps
(Fig 1.a). Before the welding process, the V-groove was brushed to remove the oxide
layer, and then the possible contaminants such as oil were cleaned with acetone. The
EN ISO 18273:S Al 5356 filler wire (Table 1) with a diameter of 1.2 mm and as a

Table 1. The Chemical Compositions of The Base and Filler Materials

Si Mg Mn Fe Cr Cu Zn Ti Al
EN AW 6082-T6 0.9 1 0.52 0.39 | 0.04 | 0.08 | 0.08 | 0.03 | Balance
S Al 5356 <0.25 5 0.3 <0.4 - - - - | Balance

Table 2. The Mechanical Properties of The AA6082-T6 Alloy

o, (MPa) o (MPa) Strain (%) Hardness (HV)
AAB082-T6 268 326 16 106
Table 3. GTAW and FSP Parameters

Parameter

Welding current (A) 240

Welding voltage (V) 26

Welding speed (mm/min) 130
Shielding gas flow rate (L/min) 18

Wire feed rate (mm/min) 120

FSP tool rotation speed (rpm) 900

FSP tool travel speed (mm/min) 20

Tilt angle 2°
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Table 4. Sample Designations in The Study

Sample Sample ID
Welded sample GTAWed

Friction stir processed sample following welding GTAWed+FSPed
T6 heat treated sample following welding GTAWed+T6

shielding gas pure argon were used in the joining process. The GTAW parameters are
presented in Table 3. The single V-butt joints were fabricated throughout the rolling
direction of the AA6082-T6 plates with a double pass from one side of the plates.

2.2 Post-Weld Processing

Friction stir processing (FSP) and T6 heat treatment were carried out to GTAWed
samples as post-weld methods. The methods were applied separately to different
samples that are fabricated with the same welding parameters. The manufactured
samples were denoted as shown in Table 4 from now on. FSP was done by using a
vertical milling machine. A non-consumable ISO X40CrMoV5-1 steel tool (55 HRC)
was used with a cylindrical shoulder of 20 mm in processing. The conical pin, 3 mm in
length, had a 6 mm diameter at the top while 5 mm at the bottom. The weld bead was
FS processed with two overlapped passes (Fig 1.c). The overlapped ratio was 0.33 and
determined considering [29]:

Overlap Ratio = 1 — [L (1

pin

Where 1 designates the distance between pin axes in passes and d is the top diameter
of the pin (Fig 2). In FSP, the tool was plunged 0.4 mm to welded sample and initial
preheating was achieved by keeping the penetration speed constant at 1 mm/min.

T6 heat treatment that sequentially consists of solution heat treatment, quenching,
and artificial aging was carried to welded samples. Solution heat treatment was done
at 540 °C for 4 hours and then aged at 180 °C for 8 hours following water quenching.

2.3 Metallographic and Mechanical Testing

Metallographic examinations were performed via optical microscope at the cross-
sections of the samples to characterize the weld region macro and micrographically
considering the effects of the FSP and T6 heat treatment. The sample cross-sections
were ground and then polished with respect to the standard metallographic methods.
Afterward, samples were chemically etched with Keller’s reagent consisting of 190
ml distilled water, 5 ml HNO;, 3 ml HCI, and 2 ml HF. Additionally, Tucker’s reagent
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Fig 2. Schematic Cross-Section Representation of Overlapped FSP of GTAWed AA6082-T6 Joint

(45 ml HCI, 15ml HF, 15 ml HNO;, 25 ml H,0O) was used to reveal the macro images
of the weld regions.

The Vickers microhardness measurements were carried out to observe the hardness
profile of the cross-sections. The indentations were made throughout a line that was
2 mm below the upper surface of the Al alloy plate. The indentations were made with
a 0.2 kg load and a dwell time of 15 sec and the hardness profile of the samples was
precisely obtained by arranging 0.5 mm spacing between indentations.

To evaluate the effect of post-weld processings on the tensile properties of GTAWed,
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Fig 3. Metallographic Examinations of the Samples; a) GTAWed, b) GTAWed+FSPed, c)
GTAWed+T6
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GTAWed+FSPed and GTAWed+T6 samples, tensile testing was performed. The ten-
sile specimens were extracted through the water jet from the normal direction of the
joint line. Test were carried out at room temperature by using a constant testing speed
of 1 mm/min.

3. RESULTS AND DISCUSSION

3.1 Macro and Microstructural Analysis

Fig 3. illustrate the cross-section macro and micrographs of the processed distinct
zones of samples. It can be observed from the macrographs that there are no visible
macro discontinuity/defects present in the joint (porosity, lack of fusion for GTAWed
sample; tunnel defect for GTAWed+FSPed sample). However, microporosities were
found at the weld toe of the GTAWed sample (Fig 3.a4). Cerit et al. [30] emphasized
in their research that discontinuities at the weld toe result in local stress fields and
thus, increase the stress concentration in materials. Consequently, these kinds of dis-
continuities at the weld toe reduce the load-bearing capacity of the welded structures.
According to the research done, the elimination of defects in this region has a great
effect on improving the service life of welded joints. It was determined that a high
solidification rate in the weld zone increased the nucleation sites and thus, the equi-
axed dendritic microstructure was obtained in the fusion zone (FZ) of the GTAWed
sample (Fig 3.a2). This cast microstructure formed in the weld bead became elongated
and coarsened along the heat transfer direction at the fusion line during the welding
(Fig 3.a3). It can be clearly seen that the cast microstructure in the fusion zone was
modified as fine equiaxed grains in the stir zone (SZ) via FSP following GTAW (Fig
3.b4-b5). The grain refinement in the stir zone comes true as a result of dynamic
recrystallization caused by adequate heat input and severe plastic deformation formed
in the workpiece [31]. Therefore, the low ductility of the cast structure in the pro-
cessed zone was inhibited via FSP. Fig 3.b3 shows another distinct region known as
thermo-mechanically affected zone (TMAZ) where the plastically deformed and thus
elongated grains were obtained. Additionally, it was also observed that FSP removed
micro porosities at the weld toe of GTAWed sample with the effects of high pressure
and plastic deformation.

The apparent HAZ in the GTAWed sample cannot be observed after T6 post-weld
heat treatment (Fig 3.c). The macrograph of GTAWed+T6 sample demonstrated two
distinct zone consisted of weld bead and base material. In comparison with the GTA-
Wed sample, there was not any obvious difference determined in the weld bead mic-
rostructure of GTAWed+T6 sample as expected (Fig 3.c2). This finding is a result of
employing a non-heat treatable filler metal was used for joining.
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Fig 4. Tensile Test Results of the Samples; a) Stress-Strain Curves, b) Average Tensile
Property Values, ¢) Fracture Areas Occurred in The Samples

3.2 Tensile Testing

The tensile stress-strain curves and results of the samples are given in Fig 4. The
presented values are averages of the three samples for each group and curves are
representations of the average values. The tensile test findings indicate that the tensile
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strength and ductility of the GTAWed sample significantly decreased in comparison
with the base material. The reduction in ultimate tensile strength was 39.04% while it
was measured as 68.75% for the strain. It is a known phenomenon that the homogeno-
us distribution in the structure as finer-sized B precipitates of the Mg5Si6 compound
formed by alloying elements of Mg and Si existing in the 6082-T6 aluminum alloy
enhances the strength of the base metal remarkably [32]. Starink et al. [33] stated
that the most effective strength increasing mechanism for heat treatable aluminum
alloys is obtained by precipitation hardening. Therefore, the mechanical behavior of
such alloys after welding is directly related to the properties of the precipitates. The
heat input during GTAW caused over-aging in the HAZ that resulted in a decrease in
the mechanical properties of the joint. The cross-section hardness profile verifies this
weakening in HAZ. To prevent solidification cracking defects that may form in the
fusion zone of the arc welded 6XXX Al alloy, the related standards recommend using
4XXX and 5XXX Al alloys as filler materials [34]. The strength enhancement of these
aluminum series is not possible by heat treatment. Besides, the dilution in base materi-
al in the fusion zone inhibits or significantly decreases the formation of B precipitate
which consequently led to strength reduction in this zone. Thus, the mechanical pro-
perty decrease following GTAW with respect to the base material is an expected fact.

It was observed that T6 post-weld heat treatment improved the mechanical characte-
ristics of the GTAWed joint markedly however the percentage of elongation decreased
to 3.44%. The reprecipitation was ensured in HAZ and base metal of GTAWed+T6
sample via post-weld heat treatment. However, a similar trend in the strength of fu-
sion zone was not achieved through T6 due to the usage of non-heat treatable filler
wire (S Al 5356). Thus, the fracture was occurred at the fusion zone that is the most
mechanically critical point of the GTAWed+T6 sample. In GTAWed+FSPed sample,
a large part of the weld bead was locally treated via FSP. By obtaining fine equiaxed
microstructure as a result of dynamic recrystallization, FSP as a post-weld treatment
enhanced the ductility of the sample in the ratio of 82.14% in comparison with GTA-
Wed sample. It can be clearly denoted that the high heat input formed during doub-
le passed FSP (consecutively) affected the mechanical properties negatively in the
HAZ by causing over-aging. Therefore, the rupture was observed at the HAZ of the
GTAWed+FSPed samples as in GTAWed sample.

3.3 Hardness Measurements

Fig 5. illustrates the cross-section hardness profiles of the samples. The hardness pro-
file showed abrupt fluctuation in the weld zone of the GTAWed sample. While the
mean hardness value of the fusion zone was 76 HV, it was measured as 101 HV in the
HAZ side of the fusion line. It can be seen from the profile that the distinct increase
in hardness throughout the transition from FZ to HAZ then gradually decreased to a
minimum value of 63.5 HV in HAZ.

Engineer and Machinery, vol. 63, no. 708, p.511-524, July-September 2022 (519



)il Genger, 6. M., Yolcu, C., Kahraman, F.

120

100 |
(3]
g
§ oy N
@
| =
t
[1+]
E: 7

60 [ GTAWed

GTAWed+FSPed
—— GTAWed+T6
40 - ; - - ; ; -
-40 30 20 -10 0 10 20 30 40

Distance from weld center (mm)

Fig 5. Cross-Section Hardness Profiles of GTAWed, GTAWed+FSPed and GTAWed+T6
Samples

The maximum hardness value in the processed zone of the GTAWed+FSPed sample
was measured in the stir zone as 71 HV. Although the hardness profile did not change
as abruptly as the GTAWed sample, a remarkable difference was also determined bet-
ween the stir zone and HAZ of the GTAWed+FSPed sample. The hardness value has
decreased to 53 HV in HAZ due to the applied consecutive heat inputs (GTAW and
double pass FSP) to the workpiece. In parallel with the results of the study performed
by Aliakbari et al., intense heat input coarsened the precipitates in Al alloy and thus,
led to over-aging in HAZ [1]. It is obvious that the total heat input caused to widen
HAZ in this sample with respect to the GTAWed sample. The hardness profiles of
GTAWed and GTAWed+FSPed samples showed a similar tendency throughout the
transition from HAZ to base metal and gradually increased up to base material hard-
ness. Even though the cast microstructure in the fusion zone was refined via double
pass FSP, it is apparent that the hardness in the stir zone was not changed markedly.

T6 heat treatment following GTAW gave rise to reprecipitation and thus, ensured to
obtain an average hardness value of 107 HV regularly in the cross-section except for
fusion zone. Consequently, the minimum hardness value (66.4 HV) was measured in
the fusion zone of the GTAWed+T6 sample. The underlying reason is that the main
hardness increment mechanism of S Al 5356 filler metal can be achieved by plastic
deformation [28].

3.4 Fracture Surface Analysis

To get insight into the failure modes of the samples, fracture surfaces after tensile
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testing are analyzed (Fig. 6). Although relatively finer dimples were observed in the
GTAWed+FSPed sample as a slight difference, the SEM fractography showed that
similar fracture modes were occurred both in GTAWed and GTAWed+FSPed samples.
This situation can be attributed to the occurrence of fractures in HAZ for both samp-
les. It is evident from the SEM fractography that larger and shallower dimples were
determined in the fracture surface of the GTAWed+T6 sample. In compliance with the
findings, the GTAWed+T6 sample also demonstrated a ductile fracture mode in the
fusion zone. However, the observed dimples in the GTAWed+T6 sample resulted in
low elongation in comparison with the GTAWed and GTAWed+FSPed samples.

4. CONCLUSION

In the study, a comparative experimental survey was carried out to observe the effects
of FSP and T6 heat treatment as post-weld processing on the microstructural and
mechanical properties of the GTA welded AA6082-T6 butt joints. Three sample group
was taken into consideration in the research: GTAWed, FSPed following GTAW, and
T6 heat-treated following GTAW. The obtained conclusions can be summarized as:

* The dendritic microstructure was refined and equiaxed grains were successfully
obtained via overlapped friction stir processing in stir zone that increase the ducti-
lity of the GTAWed sample by 82.14%.

* Over-aging occurred in HAZ of the GTAWed sample led to decrease hardness and
thus, minimum hardness value was measured in this region of cross-section (63.5
HV).

» It was observed that consecutive heat inputs through GTAW end FSP were en-
larged the HAZ in GTAWed+FSPed sample and thereby the over-aged area. The
intense heat inputs caused to decrease in the hardness down to 53 HV.

* T6 post-weld heat treatment increased the hardness in the HAZ of the GTAWed
sample up to 107 HV. By precipitation hardening via T6 heat treatment, the mecha-
nical property of the GTAWed butt joints was enhanced but ductility was decreased.
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ABSTRACT

Gas metal arc welding is a high-speed, economical process that is also called as "metal inert gas welding" or "metal
active gas welding" which are sub-types of gas metal arc welding. This method is used for production of different
parts in many industries. In this paper, the focus will be on automotive applications of this process and the impact
of the parameters of this production method on the durability performance of the axle component of a vehicle.
Experiments have been conducted on the axles that have been produced in serial life production conditions and
have been investigated under real life road load conditions to determine their performance levels. After theoretical
calculations and physical tests, each measured improvement had been documented for every parameter of the
welding process. All this data had been analyzed in detail and these parameters’ projected impacts on the axle life
cycle had been evaluated with respect to the serial life usage condition expectations.

Keywords: Axle, durability, FEA, passenger vehicle, welding penetration, arc welding

Gaz Alt1 Ark Kaynagi Prosesinde Kaynak Sirasi ve Kaynak
Penetrasyon Seviyesinin Uriin Omriine Etkileri

oz

Gaz metal ark kaynagi, gaz alti kaynaginin alt tiirleri olan "metal inert gaz kaynag1" veya "metal aktif gaz kaynag1"
olarak da adlandirilan yiiksek hizli, ekonomik bir iglemdir. Bu yontem bir¢ok endiistride farkli parca tiretimleri i¢in
kullanilmaktadir. Bu bildiride, ilgili siirecin otomotiv uygulamalarina ve bu liretim yonteminin parametrelerinin
bir aracin aks bileseninin dayaniklilik performans: tizerindeki etkisine odaklanildi. Dayanim performans seviyesi
degisiklikleri; seri hayat imalat kosullarinda tretilen ve gergek hayat yol yiikii sartlarinda test edilen akslar tize-
rinde tespit edildi.Teorik hesaplamalar ve fiziksel testlerden sonra, kaynak isleminin her parametresi i¢in dlgiilen
her iyilestirme belgelendi. Tiim bu veriler detayli bir sekilde analiz edildi ve bu parametrelerin aks dmrii lizerinde
ongoriilen etkileri, seri dmiir kullanim kosulu beklentilerine gore degerlendirildi.

Anahtar Kelimeler: Dayanim, FEA, yolcu araci, kaynak penetrasyon seviyesi, arc kaynak
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1. INTRODUCTION

The Gas Metal Arc Welding (GMAW) is a well-known welding procedure since 20th
century. Due to its low cost, flexible adjustment ability, ease of use and ease of app-
lication, this process has been favored by the industry. This method of production
enabled the industry to utilize steel effectively and with higher performance. Recently,
robotic applications of welding have been preferred instead of manual operations es-
pecially for arc welding, e.g., the automotive industry depends, most of all, on weld
robots to keep its production line always operational. For the evaluation of the envi-
ronmental impacts of state-of-the-art welding technologies, Life Cycle Assessment
method has been applied. This study shows the differences between the manual metal
arc welding, laser arc-hybrid welding and two gas metal arc welding process perfor-
mances. Results of this study have been analyzed and improvement strategies have
been documented [1].

On another note, since gas metal arc welding is one of the arc fusion processes that
is widely used in industry due to its high efficiency, the direct influence of the correct
selection of the input parameters on the weld quality has been analyzed as well. With
this analysis, it has been shown that with the control of those parameters, it is possible
to reduce the amount of weld material, improve its properties and then increase the
productivity of the process. The selected method of optimization for this study was
Taguchi Method and the impact of the parameters has been investigated via Variance
Analysis (ANOVA). This study focused the attention on the weld voltage, weld speed
and weld torch angle. The influence levels of each parameter have been documented
extensively by observation of the geometrical and mechanical properties, transversal
tensile strength and macrography results. The selected methods were suitable to resol-
ve this kind of problem. The experiment was efficient, and the results were good [2].

In this paper, the focus will be on automotive applications of gas metal arc welding
process and the impact of the parameters of this production method on the durability
performance of the axle component of a vehicle.

Experiments have been conducted on the axles that have been produced in serial life
production conditions and have been checked under real life road load conditions to
determine their performance levels.

After the analysis of these tested parts, process improvement studies have been or-
ganized to achieve the desired performance levels of the durability tests of the rear
axles. The adjustments that have been mentioned in this paper are directly linked to
the welding parameters.

There are a lot of points that can have an impact on the durability performance, ho-
wever, to be able to limit the study in a certain area, for this paper the focus is only
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on the two of these process parameters. The other varying factors can be checked in
other studies.

2. INFORMATION ON WELDING, AXLE AND VALIDATION
TEST

2.1 Welding

2.1.1 Arc Welding
Arc welding is a method to merge workpiece metals with a consumable which is ge-
nerated by electric power.

Gas Metal Arc Welding (GMAW) is also called MAG/MIG. Metal Active Gas (MAQG):
It is a welding process with welding wire under an active gas protection (pure CO? or
Argon/CO? or Argon /CO%*Oxygen mixture), generally used for welding mild steel.

This welding process can be automatic or semi-automatic in which an electric arc is
created between the consumable wire electrode and the metals that heats the parts and
causes them to melt and join. [3]

General scheme of the CW — GMAW process can be seen in Figure 1 [4].

Contact tip

Electrode
(energized wire) Cold-wire

(non-energized)

Shielding gas

Solidified metal  welding pool  V'©

Figure 1. General Scheme of the CW - GMAW Process [4]

Metal Inert Gas (MIG): It is a welding process with welding wire under an inert gas
protection (pure Ar or Argon/Helium mixture), generally used for welding aluminum
alloys thus are out of this paper’s scope.

2.1.2 Parameters of arc Welding
Arc welding process has too many input parameters including voltage, current, travel
speed of torch, welding wire diameter and angle, wire feeding speed, welding gas, etc.
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All these parameters have different effects on the welding performance. The impacts
of these parameters on the welding bead performance are observed on the final prod-
ucts with different methods.

One of the methods to check the conformity of welding is to have a macro analysis
on the welded section. In this analysis, it is possible to determine the penetration level
of the welding on each component, to check the height of the welding, along with the
shape-smoothness of the welding bead. It is also possible to observe the gap between
the two components [5].

The second method to check the conformity of the welding is to have physical dura-
bility performance test of the final product.

For the component, rear axle, that has been analyzed for this paper, periodical visual
controls of the welding beads, macro cuts, synthetic durability tests have been perfor-
med to make sure that the performance is at the expected level.

2.1.2.1 Welding Parameters

Welding parameters impact welding bead quality which has a direct correlation with
durability performance of the component. In this paper the focus is on the variation
between results when welding parameters and welding beam characteristics are chan-
ged.

2.1.2.2 Part Features

Required part features are decided at the beginning of the project and being verified
with calculations. These features can be categorized as the material(s), thickness of
the parts, type of joints, welding position, manufacturing tolerances, dispersions to be
"absorbed", gaps between the parts, dispersion on joint position, surface conditions
(cleaning), etc.

All these features are checked at the beginning of the physical tests. In case of any
nonconform results during physical tests, first supposition is these features are correct
and conform.

2.1.2.3 Main Welding Parameters
These parameters directly come from welding process and effect welding beam qu-
ality.

Parameters are decided at the prototype production stage and will be verified with
several controls such as visual control, macro cut, bead length controls and if all the
results of these were acceptable, lastly durability test.

These parameters can be categorized as consumables (welding wire, gas), power so-
urce parameters (wire speed, voltage...), robot trajectory (travel speed, position of the
arc impact, torch angles, etc.), which can be seen in Figure 2 [6]. Welding sequence
is another parameter that cannot be shown in a diagram; however, that needs to be
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mentioned since it will be one of the parameters that will be focused on in this paper
along with welding penetration level.

Torch angle
Q Welding @
'5 direction 5
=~ |2 < S
® |88 - 88 X
®3|Tearc _@__q | / @MIGwire |n 5
= 8 length E N e| ension E 8

Hﬁ
ﬁ

Distance betwee?f e

TIG and MIG arc
Figure 2. Schematic Model TIG — MIG/ MAG Welding [6]

2.1.2.4 Principles of Welding Sequence Determination

Welding sequence to ensure that the parts are joined properly and in line with the per-
formance requirements of the final part is determined at the beginning of the project
based on the stress calculations. Aim is to maintain stable connection between the

parts throughout axle’s life cycle.

During the welding process, the parts to be joined are heated locally up to the melting
temperature of the material. However, the cooling process is slow compared to the
warming process. This phenomenon causes local shrinkage, residual stress formation,
and distortions on the parts. Residual stress, that forms on the welded parts, causes
brittle fractures [4].

The magnitude and distribution of residual stresses, general welding conditions and
analysis of their effects on the axle’s life cycle are kept out of scope of this paper. To
avoid this brittle formation and distortion on the parts, the sequence of the welding
beads is modified which is one of the focuses of this paper.

2.2 Rear Axle

An axle is a support system for the weight of the vehicle which is a central shaft for
a rotating wheel or gear. The number of the axles in the car depends on the type of
the vehicle. In this paper, the focus will be on the passenger vehicles with two axles.
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Figure 3. Schema of the Rear Axle

The axle that will be worked on is the rear axle which is highlighted in Figure 3.

The rear axles must endure the weight of the vehicle body, driving thrust, torque reac-
tion and side thrust. To achieve this, different types of axles can be utilized. In figure
4 a sample version of typical twist beam can be seen in detail. [7].

™

Twist Beam e

Figure 4. Example of a Typical Twist Beam Suspension [7]

The axle that will be worked on for the scope of this paper is a H shaped twist axle.
There are several components that need to be joined properly to be able to provide the
necessary performance for the duration of the vehicle life. The parts of the axle are
joined via GMAW.

2.2.1 Components of Rear Axle
The H shaped twist beam consists of trailing arm, cross member, axle head, spring
seat, anti-roll bar and couple of other supporting parts which are shown in Figure 5.
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Figure 5. Components of Rear Axle (1) Cross Beam, (2) Anti-Roll Bar, (3) Gusset,
(4) Arm, (5) Axle Head, (6) Support Axle Head, (7) Collar, (8) Spring Seats, (9)
Supports TRF, (10) Support Choc Absorber, (11) Support Anti-Roll Bar, (12) Cable
Supports.

All these components are being produced by stamping, machining, roll forming, for-
ging, etc. The production method has been decided at the beginning of the project for
each component based on the vehicle requirements along with the material grade and
the thickness.

During the project development phase, the performance of each component is being
checked and necessary alterations are being implemented. It is important to have a
correlation between the physical test result and calculations. Other than the confor-
mity of the components another key factor to be able to reach the desired correlation
is welding operation. Based on this information, performance improvement of the rear
axle can be achieved.

2.2.2 Rear Axle Welding Criteria

The welding beams are classified into classes regarding applied forces to beams and
product characteristics hierarchy. These classes are defined according to customer
risk analyses and to the level of stress. Each class corresponds a monitoring plan and
appropriate welding criteria. Product characteristics hierarchy determines the conse-
quence of failure for the customer. The level of stress determines the degree of risk
of the failure occurring. The constraints are evaluated by simulation computation and
validated by mechanical tests. [3]

2.2.3 Welding Criticity For Rear Axle

A certain durability performance level will be set up for the rear axle depending on
the conditions that the vehicle will be used under. Sample graph that shows the dif-
ferences of the criticity level of the welding beam can be seen in Figure 6. Based on
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this level, the criticity of the welding beads will be determined considering customer
impact.

For the security impacts, immobilization and the non-conformities that will disturb
customer without any life-threatening risks.

The performance of the welding beads will be checked throughout the life cycle of the
vehicle with periodical controls.

Failure risk due to
welding defects
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<150% g Igc ri?(;’lrailalty

U c
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> 150% “ 5 Classical Quality
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=
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Weld failure gravity for costumer

>

Control plan frequency &

Figure 6. Welding Criticity According to Renault Welding Standard

2.3 Validation Tests

The purpose of durability test is to evaluate the durability behavior of an axle on a
certified test facility by introducing synthetic stresses through the intermediary of
false wheels. Equipment of the test bench for durability performance can be seen in
Figure 7.

The test equipment simulates all the forces that the axle will be subjected to in real life
usage on vehicles in rapid form. The signals are collected via test vehicles prior to the
construction of the test sequence. These signals are stored and updated periodically.
Each type of road condition has a different type of test signal sequence. The move-
ments of the rear axle have also different type of signal sequences.

All these conditions and movement requirements are simulated during the test in x, y
and z directions to ensure the relation of the test to the real-life situations. The testing
program that is being used at the validation level of the axle is repeatedly modified
and corrected version of the initial form with the support of the crosschecks are per-
formed during the development phases of the axle. Simulations, 6-axis tests, and con-
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Figure 7. Durability Performance Test Bench With Automatic Control
For Rear Axles

centrated version of fatigue tests are continuously and closely monitored to find the
right correlation and to make sure all these tests represent the real usage conditions.

2.3.1 Expected Performance Of The Rear Axle

Axles require high level of capacity for endurance and fatigue because of the twis-
ting & untwisting during driving. At the beginning of the design period the collected
signals from the real users are transformed into theoretical loads on rear axle to de-
termine the expected performance. These expectations consist of durability, acoustic,
vibrations, hardness, corrosion, drivability, handling, etc. For this paper the focus will
be on the durability performance of the rear axle.

The durability performance needs to cover the complete vehicle life cycle for the con-
ditions of the worst driver possible. The theoretical loads, which have been calculated
from the road signals, are turned into bench test input. Once the rear axle is welded it
needs to be durable enough to pass the bench test with expected performance.

The test is carried out on a fitted axle (with wheel assembly, joints, bearings, etc.), fi-
xed to a rigid frame by train / body fixing points representative of the vehicle configu-
ration. The stresses are introduced using independent and synchronized actuators. The
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stresses are introduced at the dummy wheel. Suspension parts (springs, shock absor-
bers, stops, buffers), the rubber joints, are therefore not validated during this test but
remain under surveillance in the event of an anomaly (breakage or premature wear).

This durability performance test allows the damage seen on the axle during its serial
life cycle usage to be reproduced in an accelerated manner where the progress of the
deformations can be monitored closely. Only the welding beads’ forms and the axle
components’ performances are followed and documented during this test, not the en-
vironmental components such as bushings, springs, etc.

2.3.2 Fatigue Failure - Durability
Durability: Ability of an item to perform a required function under conditions usage
and maintenance data, until a limiting state is reached.

Reliability: Ability of an item to perform a required function, under conditions data
usage, during a given time interval.

Failure Mode: How a system may stop to perform its functions. Failure mode exp-
ressed in physical terms (rupture, fatigue, jamming, leakage, short circuit) chemical
or other, which resulted in failure. For different usage periods there are several failure
levels of gravity.

2.3.3 Fatigue Mechanism
Welding beads are natural sites for cracks to appear. In this paper the focus will be on
the welding beads of rear axle.

The welding beads create a fragile area on the parts. Thus, it is important to make sure
that the welding beads are conform. The beginning and end sections especially form
high stress concentration. The cracks can appear around these regions during the dura-
bility performance tests of rear axles. In this paper, the performance of welding beads
which are located around the trailing arm and head axles will be inspected.

3. EXPERIMENTAL STUDIES

To ensure the durability performance of the rear axle, it is mandatory to complete a
set of physical tests with components that have been produced in serial conditions.
For these series of tests, the components’ conformity levels should be documented in
detail (geometry, material, etc.) After making sure that the components are conform,
the rear axle can be welded.

The welded axle should be controlled for the geometrical conformity as a follow up
step. If the position cotes of the complete axle are within the tolerance limits, next step
is to check the conformity of the welding beads. For this check there are two steps: 1.
visual control 2. macro cuts. Once these results are documented, it is possible to test
a rear axle from the same production batch (preferably n+1 / n-1, n=macro cut part)
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Figure 8. Welding Failure on the Arm

on durability test bench where n is the part that is destroyed for macro cut procedure
thus is no longer valid for physical test, n-1 and n+1 are the before and after parts of it.

The durability test benches simulate the road and driving conditions and their impact
on the axles. The signals are gathered and designed specifically for each project. Du-
ring and after each test, every single welding bead will be closely examined for cracks
& failures. Some of the failure examples can be seen in Figure 8.

If it is necessary, improvement studies will be performed to make sure that the axles
are respecting the desired durability level. There are two specific levels for the dura-
bility tests: first one is the crack appearance and the second one is the loss of function.
To be able to successfully complete the test and respect the conditions of the validati-
on requirements, it is mandatory to pass both levels with acceptable results.

For this paper, the focus will be on the final series of physical tests and the improve-
ment studies that have been performed on the axle head-trailing arm welding beads
specifically.

For this vehicle, there are 3 different rear axle types. The specifications depend on
several vehicle criteria (engine type, brake type, tire — wheel dimensions, etc.). For
this paper, two types will be examined: light and heavy versions.

The scheduled number of tests have been listed as 8 for this rear axle. To be able to
get the validation approval from the component experts, it is mandatory to pass all the
tests with acceptable results for both levels.
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3.1 Improvement Studies

The initial test results showed early cracks around the axle head — trailing arm welding
bead.

Since the geometry of the parts have been confirmed prior to the test, the improvement
studies have been focused on the welding parameters. The first thing that have been
checked was the penetration levels of the welding beads.

To make sure that the levels are at the desired level, the depth of the penetration has
been checked with 5Smm intervals on the welding bead after the test failed. It was vi-
sible that the middle section of the welding beam did not fit the criteria. The macro cut
results of the n-1 & n+1 rear axle showed close to the limit values for those regions as
well. Thus, the first action of improvement was decided as increasing the penetration
of the welding bead in the middle section for the axle head — trailing arm assembly.
The activity has been organized as an additional welding bead on top of the current ro-
ute. After the completion of the welding beads in serial life production conditions, the
macro cuts of the same region have been compared. The results showed major imp-
rovement for the welding penetration level in the middle section of the welding bead.

In parallel, the stress levels of the same region have been checked. There are four
different welding beads in a very small region which will create extra stress for that
area. In Figure 9, the welding bead positions can be seen for arm, axle head and collar
section of the rear axle.

Figure 9. (4) Arm, (5) Axle Head, (7) Collar
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It is known that high stress can cause cracks under additional loads. Thus, the sequen-
ce of the welding beads has been recorded for this additional welding beads.

After the trial of the second sample, the attempt was once more failure. However, the
cracks appeared at a much later period, yet again felt short of the desired level. To
be able to continue with the improvements of the welding performance, the welding
beads sequence has been changed to make sure that additional stress for the afore
mentioned region will not be created. Also, the beginning and ending portions of the
welding beads have been analyzed to see the penetration level and the bonding of the
components. The results were at the acceptable level for this aspect. Thus, the positi-
oning of each component on the welding jig was also conform just as the geometry of
each component. Because of this conformity, the stress levels have been checked one
more time. To eliminate the extra stress, it was decided to leave certain gaps between
each welding bead’s beginning and ending points (gap: distance between welding
beads). The ability of this application depends solely on the equipment that is being
used in the welding cell along with the welding fixture’s movement capacity. For
these rear axle components, the gaps have been defined in simulation studies after the
completion of the prior etudes.

Then the decided values have been applied on the third rear axle with the addition of
the initial improvement studies. With all these activities in line, it was possible to pass
the initial crack limit with flying colors and focus on the loss of function level.

For the second and final level of the validation test, it was necessary to pass the de-
fined limit of the bench with all functions of axle intact which means no fractured
components and no separated-cracked welding beads. To be able to determine what
needs to be done at which level on which component or welding bead, the tested parts
are being checked within short periods with visual equipment & chemicals which al-
low the cracks & fractures to become visible for the test operator. The duration of this
test has been set as 2 complete weeks for this axle. The checks have been performed
every 4 hours by the test operator. After the passage of the no crack level, the axle is
being watched regularly till the end of the test. For this axle, after the welding beads
have been improved with the first three axles, there were no additional failures and
/ or faults for the remaining period. Thus, it was not necessary to perform additional
analysis and etudes. The initial studies were sufficient to improve the performance of
the axle and all eight tests have been completed without any problems. [3]

4. RESULTS

Each improvement action resulted with different impact level on the durability per-
formance of the axle.

For the light version of the axle, small crack formation completely disappeared in the
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time it took until half of the test was finished. The cracks that have been detected at the
beginning of the study around trailing arm and axle head welding beads shrunk down
to half of their initially measured sizes. Other cracks that have located around traverse
completely disappeared till the end of the durability test.

As for the heavy version of the rear axle, the crack ap-pearances around traverse
region have been successfully eliminated completely till the end of the test. For the
function loss level criteria that has been set for the durability checks, desired level
has been achieved and more than 70% of the tests that have been performed passed
beyond the target levels.

5. CONCLUSIONS

In serial life production of this vehicle, the macro cuts and the durability tests of this
axle are being checked with regular intervals. In case of non-conformities, the impro-
vement studies will be implemented immediately, and the parts will be blocked till the
confirmed solution is in place.

For the axle that has been mentioned in this paper, it was not necessary to continue
with the improvement studies once the results showed confirm values with respect to
the expectations. The performance of the axle has been improved via the adjustments
of the welding parameters and the sequence of the welding beads. This approach
enabled achieving the desired results faster in comparison to the component design
modifications which require tool, mold, equipment modifications. This additional ac-
tivity would have taken extra time to complete and would have created extra cost
for the project. The process adjustments were fast, cheap, and sufficient to reach the
targets. All the variables that are related to the welding parameters had been evaluated
separately and the outcomes of each adjustment had been documented, then followed
closely. This methodology showed the required performance levels can be achieved
without the design changes of the components up to certain levels.

Thus, unless there is a change with the material and / geometry of the components
of the axle, or any other modification during the production steps, equipment, para-
meters, or on the environmental components of the axle, or expectations of the axle
— vehicle performance, etc. there will be no need for adjustments and additional cal-
culations, etudes. The approved version will have the necessary performance level
throughout the vehicle life.
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ABSTRACT

This paper presents the elasto-plastic deformation of the inner bottom plate of a 10,000 tonnes capacity double
wall liquid ammonia storage tank used in a chemical fertilizer plant. It has been determined that the problem
encountered in the bottom plate of the tank where the raw material is stocked at -33°C is caused by the rapid
cooling of the tank after the internal maintenance. Mechanical tests performed on the sample cut from the bottom
plate showed that the plastic deformation occurred at a rate of 1.94%, but the toughness was at a level that did not
require a change. Therefore, it is foreseen that the use of the bottom plate can be continued by complying with the
1°C/hour heating and cooling rule in accordance with the relevant standard API-620.

Keywords: Elasto-plastic deformation, liquid ammonia tank, the Bauschinger effect, low pressure tank, rapid
heating and cooling

Bir S1ivi Amonyak Depolama Tankinin Elasto-Plastik
Deformasyonu

0z

Bu ¢alisma, bir kimyasal giibre fabrikasinda kullanilan 10.000 ton kapasiteli ¢ift cidarli sivi amonyak depolama
tankinin i¢ taban sacinin elasto-plastik deformasyonunu sunmaktadir. Hammaddenin -33°C'de stoklandigi tankin
taban sacinda karsilagilan problemin, tankin bir dnceki i¢ bakim sonrasi hizli sogumaya maruz birakilmasindan
kaynaklandig: tespit edilmistir. Taban sacindan kesilen numune iizerinde yapilan mekanik testler, plastik defor-
masyonun %1,94 oraninda ger¢eklestigini ancak toklugun degisiklik gerektirmeyen bir seviyede oldugunu goster-
mistir. Bu nedenle ilgili standart API-620'nin belirttigi 1°C/saat 1sitma ve sogutma kuralina uyularak mevcut taban
sacinin kullanimina devam edilebilecegi ongoriilmiistiir.
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Flasto-Plastic Deformation of a Liquid Ammonia Storage Tank

1. INTRODUCTION

Liquid ammonia is used as an input in many production facilities, especially in che-
mical fertilizer production facilities. The storage of the product, which performs the
liquid-gas conversion at -33°C under normal conditions, differs from hydrocarbon
storage in terms of low temperature, pressure and product emission harms to health,
safety and the environment. Therefore, some Standards have been established specifi-
cally for the material, manufacture and operation of the storage tank [1-3].

The tank is insulated to prevent intense evaporation due to heat transfer in the liquid
ammonia stored in the tank at -33 °C. Some tanks have a single wall and insulation is
formed on the outer surface of the wall. As in the tank considered in this study, some
tanks are double-walled and the insulation is between two walls (shells). In the tank,
ammonia vapor is formed on the liquid ammonia and this vapor is sucked from the
tank and sent to the cooling cycle facility and condensed again and injected into the
roof of the tank. The condensed product injected inside provides heat withdrawal from
the internal environment of the tank.

Another issue that will threaten low temperature and cryogenic tanks is the frequency
of in-tank inspections performed on hydrocarbon tanks. No matter how suitable the
materials used are, more frequent internal inspections of the tank can lead to stress
corrosion cracking. The European Fertilizer Manufacturers Association (EFMA) sta-
ted the insidious danger in its publications and emphasized that internal controls sho-
uld be carried out in a period to be determined in accordance with the risk assessment
of tanks [4].

It can be stated that the thermal cycle will be more dangerous than being constantly at
low temperature. Internal control of the tank means the incorporation of atmospheric
oxygen into the tank. The lower flammable limit of oxygen in the tank for ammonia
is 16%. In addition to stress corrosion cracking, not using inert gas (e.g., nitrogen) in
the charging and discharging of the tank also brings with it the negativities that may
result in the explosion of the tank [5].

The negative situation to be experienced in the chemical process industry brings with
it difficult questions such as where the product will be unloaded from the tank, how
it will be evacuated, what measures should be taken to prevent the production from
being interrupted, and with what budget the repair of the tank will be made. There
have been many disasters and undesirable situations caused by not paying attention to
the specified aspects of ammonia storage tanks [6-10].

In the literature, it has been determined that the plastic deformation of the storage
tank operating at low temperature due to thermal cycling or rapid filling has not been
adequately examined. A method is presented for the analysis of the base plates in
cylindrical liquid-storage tanks that are uplifted under the overturning influence of the
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hydrodynamic wall pressures induced by earthquakes [11]. It is foreseen that the study
can fill the gap in this field.

This paper presents the elasto-plastic deformation of the inner bottom plate of a
10,000 tonnes capacity double wall liquid ammonia storage tank used in a chemical
fertilizer plant. It has been determined that the problem encountered in the bottom
plate of the tank where the raw material is storoaged at -33°C is caused by the rapid
cooling of the tank after the internal maintenance. Mechanical tests was performed on
the sample cut from the bottom plate and the toughness was measured at a level that
did not require a change. Therefore, it is foreseen that the use of the bottom plate can
be continued by complying with the 1°C/hour heating and cooling rule in accordance
with the relevant standard API-620.

2. CONSTRUCTION AND HISTORY OF THE TANK UNDER
INVESTIGATION

The liquid ammonia storage tank investigated in this paper is a double-walled and bot-
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Figure 1. Schematic View Of Double-Wall Low Pressure Ammonia Tank
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tomed tank with a 10,000 tonnes capacity, constructed according to API Standard 620
and 650 [1, 12] and in which anhydrous liquid ammonia at -33°C is stored (Figure 1).
Perlite-based insulation materials are used to maintain the temperature of the product
between the two tanks.

In this construction type, both the inner and outer tanks are capable of containing
the refrigerated liquid stored independently. The inner tank contains the refrigerated
liquid under normal operating conditions. The roof is supported by the outer tank. The
outer tank is capable of containing both the refrigerated liquid and the vapor resulting
from product leakage and is located between 1-2 meters from the inner tank. In such
tanks, secondary containment in the form of dyke wall is not required. The double
containment tank design, also known as the “cup-in-tank” (double integrity) design
is widely adopted for ammonia storage tanks. The inner cup of the tank is separated
from the outside tank by a suspended deck resting on the top of the inner cup.

The present day tanks are constructed on elevated concrete foundations to avoid the
problem of ice formation and propagation in the soil below [13, 14].

The bottom plate in question is made of pressure vessel steel (ASTM A516 Gr 60)
with a thickness of 6 mm and a minimum operating temperature of -40°C. The rigidity
of the tank has been increased in accordance with the API Standard 650 by using 8
mm thick plates (annular plate) of the same material in the parts of the bottom plate
area close to the wall. The first shell plates of the inner and outer tanks are constraint
by wind beams which is anchored to the ground and press the shell plate with the
spring force (Figure 2).

A pressure vessel steel (ASTM A 516 Gr 70) with a minimum operating temperature
of -40°C is used in the shell of the inner tank. Shell plates thins out in accordance with
the API Standard 650 when the upper level is reached.

The disadvantages that may threaten the structure in such tanks operated under cryo-
genic conditions can be listed as follows [4]:

a) While the tank is in operation, the presence of oxygen to enter will cause stress
corrosion cracking,

b) The deformation that will occur in the face of sudden heating and cooling of the
tank exceeds the elastic limit.

It is recommended to sweep the ammonia tanks with a neutral gas (nitrogen gas) in
order to prevent the presence of oxygen of air in the ammonia tanks and therefore the
stress corrosion cracking, as well as to prevent the risk of explosion and the mixing of
ammonia with air at dangerous rates. When the service and maintenance history of the
ammonia tank is examined, it has been determined that there is no record of whether
neutral gas was used or not when it was first commissioned. Nitrogen gas was also not

Engineer and Machinery, vol. 63, no. 708, p. 540-559, July-September 2022 (543



wind (anchor) plate

200

P~ Inner tank shell

1025

"I outer tank shell

=
o i§d 5
7 RE
R
18!
AT €223
300 300

Figure 2. The Schematic View of Double Wall Anchorage System

used in the first inspection, but in the second inspection, it was used in the process of
scavenging the air or ammonia gas.

The second criterion that threatens the tank is the permanent elongation of the tank
material above its yield strength. This issue is not related only to the use of steel ma-
terials of appropriate structure, but also to reducing the tank to the regime temperature
or bringing it to ambient temperature at a certain speed. API Standard 620 and 653
Codes recommend heating or cooling tanks at 1°C/h [15].

The first internal control and maintenance of the tank was carried out approximately
18 years after its commissioning. In this control, no negative situation was encoun-
tered inside the tank. In accordance with the Occupational Health and Safety Law, a
Risk Based Analysis (RBI) study was carried out under the advice and assessment
drawn by the European Fertilizer Manufacturers Association (EFMA), and it was de-
cided to carry out internal inspections for 15-year periods [4]. As a result of these stu-
dies, the second internal inspection of the tank was planned and carried out 33 years
after its commissioning.

In the second inspection, unlike the first, fluctuations up to 240 mm in height were
detected in the bottom plate of the inner tank with a diameter of 29,650 mm (Figure
3 and 4a).

544 Miuhendis ve Makina, cilt 63, sayi 708, s. 540-559, Temmuz-Eyliil 2022



Flasto-Plastic Deformation of a Liquid Ammonia Storage Tank

Figure 3. Plastic Deformation Of The Bottom Plate a) Measuring The Fluctuation in the Tank
Bottom Plate, b) Appearance of Deformation From The Location Close to The Shell

Considering the API Standard 653, the values in Table 1 were encountered when the

heights of the wavy form of bottom plate were measured within a systematic as seen
in Figure 4b.

First of all, the amount of plastic deformation was evaluated of the bottom plate of the
inner tank according to Annex B-2 of the API-653 Code [15]. Accordingly, the ma-
ximum collapse value at the bottom of the tank was measured as 28 mm, the highest
bulge value as 265 mm, and it was stated that it exceeded the limit value of 62 mm
calculated according to the relevant Code.

In this case, a preliminary report was issued that the tank bottom plate cannot be used
and the tank needs to undergo a rehabilitation.

- — .
\ NN D\ T4 aximum spacing of
\'/ yd // \\\\‘\\ | 7)10 ft across diameter
Y AN

/

(b)

Figure 4. Measurement procedure of bottom plate collapses and bulges according to API 653
Std. (a) schematic view of bottom plate for measurement, (b) The Standard specification for
measurement [15]
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Table 1. Bottom Plate Collapse Depth and Bulge Height Values (all collapses and the bulges above
50 mm are colored)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
14812 | 0O 9 11 4 14 8 16 15 18 0 8 3 2 -3 -1 -11
13812 | 51 63 77 -1 104 | 119 | 105 | 141 [ 130 | 168 | 135 | 136 | 60 | 132 | 127 | 56
12812 | 34 | 56 | 147 | -15 | 163 | 174 | 155 | 198 | 189 | 214 | 240 | 210 | 171 | 214 | 213 | 122
11812 | -6 2 136 | 14 | 87 | 110 | 170 | 104 [ 202 | 124 | 164 | 246 | 246 | 265 | 229 | 171
10812 | 86 | 66 | 65 60 2 28 | 51 32 79 | 190 ] 190 | 198 | 196 | 172

w
<
=}
LS}

9812 | 151 | 149 1 0 -5 0 2 9 2 -8 7 63 83 83 | 216 | 183
8812 | 75 41 -7 15 27 18 0 1 8 8 3 14 20 23 | 177 | 210
7812 2 -11 | -10 | 27 29 15 22 5 -2 17 12 -6 -9 13 35 | 108
6812 | -6 -7 -8 -9 -4 24 11 -5 -9 6 9 6 -9 32 -8 -7
5812 | -6 | -14 | -13 -4 -3 24 6 0 -6 13 0 26 -6 21 12 | -18
4812 5 228 | -2 -6 17 -1 10 22 -4 33 22 2 21 16 | 23 -5
3812 5 -25 1 -13 4 -14 -4 5 -1 20 27 | -15 8 6 4 0
2812 | -15 | -20 | -13 -8 1 -7 -1 -10 11 -1 6 -5 28 32 25 15
1812 | -13 | -16 1 10 8 17 8 9 21 14 6 26 21 9 11 9
812 -4 -5 -6 -5 -3 -3 -3 -6 6 10 8 8 4 1 -10 | -3
0 -3 4 | -10 [ -1 -10 | -1 -7 2 6 -2 6 -1 -2 2 0 -2
| 15.9 mm
A 6 mm (bottom plate)

8 mm (annular plate)

(a) )

Figure 5. Bending of the First Shell a) Schematic View of the Deformation, b) Shell Verticality
Measurement

Another important result obtained from the field studies was that the inner tank (first)
shell lost its verticality by bending (Figure 5). In the relevant (preliminary) report, it
was reported that dishing occurred at the lowest level of 20 mm and the highest level
of 38 mm during the verticality control along the tank perimeter, and it was stated that
it was not suitable because it exceeded the limit level of 13 mm according to the API
Standard 650 [12].

3. TAKING THE PRODUCT INTO THE EMPTY TANK

The bottom plate cannot compensate itself after the product is taken into the tank or
product is withdrawn from the tank rapidly, and it undergoes plastic deformation by
exceeding the elastic limits. During the instant product intake into the tank, the shell,
which is approximately three times larger than the bottom plate in surface, cannot cool
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sufficiently. However, in this situation, the bottom plate will be wet by the product
and needs to shrink. The shell of the tank will resist this need and the bottom plate
undergoes elasto-plastic deformation by exceeding the yield stress. The biggest issue
affecting the structural strength of low temperature and cryogenic tanks is the speed
of product intake.

The inner bottom diameter of the anhydrous ammonia tank is 29,634 mm. This length
is the distance (diameter) between the inner surfaces of the first shell. In the part of
this area adjacent to the inner shell, there is an 8 mm thick annular plate around the
perimeter. Its width is 662 mm from the inner face of the first shell. The diameter of
the 6 mm thick base is 28,310 mm (Figure 6).

The technical specification of ASTM A516-60, which is the material of the bottom
plate, is presented in Table 2.

Table 2. Bottom Plate (ASTM A516-60) Material Properties [16]

Features Value Unit
Tensile strength 415 MPa
Yield strength 220 MPa
Allowable stress (-33°C) 118 MPa
Thermal expansion (o) 12.3.10 ¢ 1/°C

Modulus of elasticity ( E ) 200 GPa

Consider a strip from the bottom plate of the inner tank which has a diameter length
but 1 mm width. Since the inner tank bottom plate is 6 mm thick in the middle and
8 mm thick at annular region, this strip will also have the same geometric feature.
The cross-sectional area of this strip will be 4,=6 mm? between the annular plate and
A,=8 mm? at annular plate. Assume that the product is taken at low speed when all the
internal surface of the tank is at about 30°C in the empty condition. After being put
into service, this temperature will decrease to -33°C, creating a temperature difference
of 63°C. In such a case, the amount of contraction corresponding to this temperature
difference would be 23 mm according to Eq. 1.

S=a(AT)L (1)

The (common) force to restore this thermal contraction will be 0.0244 P as a result of
Eq. 2. The lengths of the (each) 8 mm thick part (Z;) and the length (Z,) of 6 mm thick
part of the strip are 668 mm and 28310 mm, respectively.

_PL__PL P ©)
AE  AE AE
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inner tank 1st shell 15.9 mm

annular plate 8 mm  inner tank bottom plate 6 mm

[
| /]

1
29634 662

Figure 6. The Schematic Section of Inner Tank

This imaginary strip will not be contracted due to the restraint of the first shell, despite
the temperature difference of 63°C. So, Eq. | and 2 will be equal to each other. In this
case, the force P will be 943 N. The principal stress that will occur in strip sections of
6 and 8 mm thickness will be 157 MPa and 118 MPa, respectively.

When it was desired to verify the obtained values with the non-linear analysis of finite
elements method, the close results were obtained as seen in Figure 7 if singularity
values are filtered.

As a result of this calculation, it is seen that the stresses occurring in the bottom and
the annular plate are different. These stresses are the maximum principal stresses oc-
curring at the entire circumference of the tank. These stress values are emerging when
the product-intake begins and only the bottom is wet by product and does not rise too

ANSYS

2019R1

9,2495e-5 Min

L 3
X
0,00 20,00 40,00 (mm)
T ]
10,00 30,00

Figure 7. The Reaction of the Cold Inner Tank Bottom Plate When The Shell is Warm (closer to
the shell)
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Figure 8. Determination of Residual Stress in the Bottom Plate Strip Nonlinear Analysis at the End
of One Cycle

much at the wall (shell) level. The 157 MPa principal stress encountered in the 6 mm
thick bottom plate or the 190 MPa obtained in terms of the von Mises stress is below
the level that will cause plastic deformation, considering that the yield strength is 220
MPa.

When there was no product in the tank, non-linear analysis was performed, in which
the temperature of the tank bottom plate was reduced from ambient temperature to
-33°C and then brought back to ambient temperature, it was observed that plastic de-
formation did not occur (Figure 8). In the figure, it is seen that there is no significant
residual stress in the bottom plate strip, and the stress is decreasing from the upper
(product) surface of the plate to the lower surface.

4. THE FULL CONDITION OF THE TANK

Consider that the product is taken to the tank as specified by the Code and the tank re-
aches a full state (Figure 9). In this case, besides the hydrostatic pressure at the bottom
of the tank and the first shell, the contraction movement of the shell will be completed.

The tank is operating at approximately 127 mbarg. If the pressure exerted by the
weight of the product on the tank bottom plate, the presure is found as 2.5 atm (0.25
MPa) as a result of Eq. 3:

P=F, +pgh (3)
The stress exerted by the hydrostatic pressure on the shell causes Hoop's or meridional
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expansion due
to hydrostatic
pressure

contraction due
10 -33°C product
temperature

Figure 9. The Expansion and Contraction of tThe Bottom
Plate and Shell At Full Condition

stress. The stress also causes the change in diameter. According to API Standard 653,
the pressure applied to the shell near the bottom plate is calculated as 126 MPa using
Eq. 4. Here, D is the diameter of the tank in feet, H is the height of the product in
feet, G is the specific gravity of the product (0.68), and t is the wall thickness of the
first shell in inches.

2.6 DGH
t

P (4)

The pressure found tries to expand the diameter of the tank at a height of approxima-
tely 300 mm from the bottom of the tank when the tank is full. As can be seen from the
calculation below, the nominal diameter of the tank, which is 29,650 mm, increases
by 18 mm as a result of Eq. 5:

o=¢E (5)

When the tank is full with the product at a temperature of -33°C, the thermal shrinka-
ge of the bottom plate is balanced with the shrinkage of the shell. But, the shell of the
tank is also exposed to hydrostatic pressure. The diameter of the tank will increase by
6=0.024P=18 mm. An increase of 18 mm in diameter induces a stress of 123 MPa and
92 MPa in the bottom and annular plate, respectively. In Figure 10, it can be seen that
there is little stress difference in the strip between the near shell and the center of the
tank, and it is higher in the central part.

The stresses encountered are below the yield stress when the tank is at full condition.
As a result of the non-linear analysis based on this state, it is seen that the von Mises
stress gives a result close to the calculated value as seen in Figure 10.
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Figure 10. The von-Mises Stress Distr. Of The Bottom Plate Strip Adjacent to The Shell When
the Tank is Full

5. THE HALF-FULL TANK SITUATION IN WHICH THE
PRODUCT IS TAKEN QUICKLY

The plastic deformation problem encountered originates from the stress when the tank
is at intermediate levels or full condition but the temperature regime has not been
reached. In the tank, the surface area of the inner shell is approximately three times
the inner bottom plate area. Although the shell thickness varies along the height of
the tank, it has an average thickness of 10.4 mm and is approximately 1.72 times the
thickness of the bottom plate. Considering the insulation loss, it is not easy to reduce
the surface temperature of the shell plate. The cooling of the shell is approximately six
times slower than that of the bottom plate. When the bottom plate surface temperature
drops by 60°C, the temperature of the shell surface will drop by 10°C.

Consider the situation that the 1/3 of the tank is filled quickly and the temperature of
the shell drops from 30°C to 20°C. In this case, the tank will try to adapt to the afore-
mentioned contraction of the bottom plate by cooling down of the shell by 10°C, but
the hydrostatic pressure of approximately 10 m height liquid ammonia to the bottom-
shell junction will also cause to expansion of the bottom plate. The contraction of the
shell due to temperature drop by 10°C is calculated as 11.46 mm and the diameter is
reduced by 4 mm to 29,646 mm. This will relieve the tank bottom plate and reduce
the stress value. However, the hydrostatic pressure of 63 MPa created by the liquid
ammonia at the bottom of the first shell increases the diameter by 10 mm. In this case,
there will be a total increase of 6 mm. This stress expands the bottom plate 6 mm in
diameter, which is trying to thermally shrink, now reaches the critical threshold of
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1190 N load. The maximum principal stress that this load will create on the bottom
and the annular plate will be 200 MPa and 150 MPa, respectively. As can be seen, the
resulting stress of 200 MPa is quite close to the yield strength of 220 MPa.

It is possible to reach the following intermediate results from all this analytical work:
a. When the tank is put into service at a slow level, there is no problem in the tank,

b. When the tank is put into service quickly, the yield strength can be reached in the
bottom plate. The plastic deformation of the bottom plate is due to the fact that the
tank shell cannot reach a sufficient temperature regime.

6. EVALUATION OF THE FIELD FINDINGS

The fact that the bottom plate has a wavy structure at the end of plastic deformation
can lead to some mistakes for the tank owners in the evaluation according to the Stan-
dard in the first place. The wavy structure of the bottom plate was evaluated as the
'bulges' specified in Annex B2 of the API Standard 653. Therefore, it was concluded
that the bottom plate should be renewed as it exceeds the bulge limit specified by the
Standard. But, bulge is a subject related the erosion of the insulation material under
the bottom plate. The recess or bulge is dangerous when the tank is full because there
is no contact between the floor (bottom) plate and the structure below it (Figure 11).
However, there is no erosion problem in the sub-insulation structure of the tank in
question and is related to the plastic deformation of the bottom plate.

The bottom plate consists of a number of plates that are overlap welded on each other.
A limit of plastic deformation due to thermal stress is also specified in B4.2 of the
Code. In the Code, it is stated that those that have undergone 2-3% plastic deformation
should be replaced.

Sy

Mechanically unsuitable or Depth B of bulge

eroded soil, corroded concrete
-

N

r . N N};;ee_—_‘:‘: ______ —~ B

Figure 11. Assessing Bottom Bulges: API 653 B-2.4 and B-2.5 [17]
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7. EVALUATION OF THE PLASTICALLY DEFORMED
BOTTOM PLATE

Tensile and impact analysis were carried out by cutting a piece in the form of a 200
mm square from the bottom plate where the deformation occurred at the most. The
chemical composition of the material was also determined. The yield strength of the
plate was found as 358 MPa, and the average toughness value was found to be 66.7 J
as a result of the impact test performed at -40°C. The patch plate placed on the cut is
P265GH material in the Specification of EN10028-2 [18] and the mechanical feature
of this material is presented in Table 3.

Table 3. Tank Bottom and Patch Plate Mechanical Test Results

Tensile Yield . .
Sample F...(kN) | strength | strength Elor;ga;tlon Th;:::?ss I‘;u(g_’:: ?(s;
(MPa) | (MPa) 0
Original bottom plate |  61.4 512 358 30.6 5.99 66.7
Patch plate 56.9 474 292 29.7 6 59.3

It can be seen from the table that the bottom plate sample, which has been already
undergone elasto-plastic deformation, has higher (toughness) values than P265GH
patch plate. In terms of toughness, the relevant Code requires a minimum of 20 J
impact strength of the material at -40°C. With its 66.7 J value, it is seen that there is
no problem at this point. From the point of yield strength, it can be considered that a
higher tough material than the material of the patch plate (P265GH) is used. When the
projects of the tank are examined, bottom plate was constructed from ASTM A516
Gr 60 material quality and is equivalent to P265GH. Although ASTM states the yield
strength as 220 MPa, it is determined that the yield strength is 265 MPa in the data of
many manufacturers and in the P265GH material. In any case, the 358 MPa encoun-
tered is the yield value due to the Bauschinger effect and does not reflect the original
yield value of the material.

8. THE BAUSCHINGER EFFECT

As seen in Figure 12, when a stress Y' above the yield stress Y is applied to a material
and the stress is removed, the elastic stress path of this material under the stress will
now be OYY', the new yield strength Y' and plastic deformation OO' [19].

A material that has exceeded its yield strength or has undergone plastic deformation
is not completely in an undesired condition. However, it should be noted that the area
under the stress-strain curve gradually decreases as a result of plastic deformation.
The curve follows the path O'Y', and the area OO'YY" is lost. The API-653 Code
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Figure 12. The increase in Yield Strength of The Material by the Bauschinger Effect

requires the replacement of the relevant bottom plates in the case of an average of
2.5% plastic deformation. Assume that the yield strength of the bottom plate used in
the tank is 265 MPa and a new yield strength of 358 MPa has been reached due to
strain hardening, and in this case, the percentage of plastic deformation needs to be
determined by using the Ramberg-Osgood criterion [20].

The stress-strain (strain) curve is consisting of the sum of the elastic and plastic regi-
ons. The elastic region has Hook's slope, while the plastic region can be found app-
roximately by the Ramberg-Osgood criterion. The stress-strain relationship in the
plastic region has the following exponential function (Eq.6). Here, €,, is the plastic
elongation, H is the strength coefficient, and “n” is the strain hardening coefficient.

c=He (6)

So, the total elongation is

eE=¢,+e¢, ™)

. o 1/n
& =g+[g} ®)

H and n in this equation can be found by using the Eq.9 and 10, which indicates tensile
oult and yield strength oy, respectively:
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_ log (o*u,,/ay) (€))
~log (&,/0.002)

%

H =
0.002"

(10)
In the equation,g,, shows the total elongation that occurs when the material breaks and
can be found with the Eq.11:

g =g, +2 (11)

u f E

The stress, strain and modulus values of the tank bottom plate material are given in
Table 4.

Table 4. The Stress, Strain and Modulus of The Tank Bottom Plate

Data Value
o, 512 MPa
o, 265 MPa
g, 0.3059 mm/mm
E 200 000 MPa

Based on these data, it is seen that the plastic elongation &f is 0.3034 mm/mm. The
strain hardening coefficient “n” and the coefficient of strength H are calculated as
0.1312 and 598.9 MPa, respectively. After revealing these values, it can be concluded
that the total elongation that occurs when the yield strength of 358 MPa is reached is
0.02117 mm/mm. When the elastic elongation is deducted from the total elongation,
the plastic elongation amount of 0.01938 mm/mm is encountered. This figure shows
us that if the material reaches a yield strength of 358 MPa, the plastic deformation is
about 1.938 %. To be remembered, the API-653 Code was pointing to the rate of 2-3%
to change. Considering the average of 2.5%, it shows that the encountered plastic
deformation approached the limit and that it is necessary to be very careful especially
when taking the first product (ammonia) into the tank.

Safety is very important. However, correct evaluation and economic approach are also
important concepts. It would be an economical safe way to choose the plastic defor-
mation analysis way instead of the B2 appendix of the Code in the evaluation of the
plastic deformation at the bottom of the tank.
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Figure 13. API Standard 650 Shell Constructing Steepness-Ovality Control [12]

When examining the verticality problem in the tank's shell, the steepness was thought
as not suitable because it is more than 13 mm according to the API Standard 650
(Figure 13). But, in the standard, this issue is specified for the inspection of the shell
that need to be bent according to the radius of the tank during construction. Hence,
this issue was misunderstood. If there is a problem in the radius of curvature before
the welding of the shell plates, it should be measured with the help of a gauge and if it
exceeds Y inch, the spot welding should be removed, the sheet should be straightened
and put back in place. There is no such situation in the tank, because the thermal mo-
vements of the shell and the bottom plate cannot be synchronized due to rapid product
intake into the tank, and in addition, the anchor rods and wind beams around the outer
perimeter of the shell prevent the bending.

The yield strength of A516-70 material is 37,700 Psi (260 MPa). When the tank is full
of product, the stress at the lower part of the first shell is 126 MPa. The stress caused
by the weights of the above shell plates on the first shell is at the level of 0.93 MPa.
It does not seem possible that a situation such as buckling or bending can occur in the
first shell, which is supported by anchorages from the outside, with careful use after
this point.

The Occupational Health and Safety Law states that above-ground storage tanks whe-
re dangerous substances are stored should be checked every 10 years. If the design
data of the ammonia tank is selected and maintained in accordance with the process
and its external maintenance is fully carried out, there is actually no reason to enter it.
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The more frequent internal maintenance is taken, the higher the probability of enco-
untering undesirable situations. In terms of thermal stress, being constantly at -33°C
is much better than bringing it from -33°C to ambient temperature. However, after all
these observations in this case, it would be more safe approach to act according to the
risk analysis directive published by EFMA [4] and to schedule the next maintenance
date accordingly.

9. CONCLUDING REMARKS

The plastic deformation of the bottom plate of the tank and the deformation of the
shell due to thermal shrinkage brought to mind that the tank should undergo a major
repair in the first place. The failure of such important tanks in chemical plants causes
the production of the plant to be interrupted. However, the root-cause analysis study
and the calculations have shown that the tank can be used after this stage with careful
use.

From here, it is possible to reach the following results:

a. Cooling or heating the tank at 1°C/h is important to avoid plastic deformation,

b. perties. The material, which is completely plastically deformed, cannot fulfill its
load-bearing function. This situation also showed itself in the hydrostatic pressure
test performed with water at a height of 12 m during the maintenance, and no le-
akage was encountered. At the end of the hydrostatic test, it was also determined
that the bottom plate was flattened to a large extent,

c. Slow commissioning and use of the tank in accordance with the Code will increase
the service life of the existing material,

d. The percentage of plastic deformation in the tank was determined as 1.94%. Itis a
value that is close to the limit, but does not require a change,

e. Occupational Health and Safety legislation requires that tanks where dangerous
substances are stored be subject to internal control once every 10 years. However,
importance is also attached to risk-based analysis. Instead of risk-based analysis,
the internal control to be carried out once in 10 years will decrease the life of the
tank and increase the maintenance costs. However, due to the delicate condition of
the tank in this case, it may be more robust to think of the third maintenance after
10 years of the second one.
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MUHENDIS VE MAKINA DERGISI YAZIM ESASLARI

Miihendis ve Makina dergisi, TMMOB Makina Miihendisleri Odasi tarafindan, iilke sanayisinin, toplu-

mun, Odamiza iiye meslek disiplinlerinin ve meslektaslarimizin bilimsel, teknik ve mesleki konularda bilgi

gereksinimlerini karsilamak, bilimsel ve teknik yonde gelisimlerine katkida bulunmak {izere diizenli 3

aylik periyotlarla yayimlanan mesleki teknik bir yayin organidir. "Miihendis ve Makina Dergisine" makina

miihendisligi alaninda asagida nitelikleri agiklanmis yazilar Tiirkce ve Ingilizce olarak kabul edilmektedir.

Arastirma Makalesi: Orijinal bir arastirmay1 bulgu ve sonuglariyla yansitan yazilardir. Caligmanin bilime

katkisi olmalidir.

Tarama Makalesi: Yeterli sayida bilimsel makaleyi tarayip, konuyu bugiinkii bilgi ve teknoloji diizeyinde

ozetleyen, degerlendirme yapan ve bulgulari karsilastirarak yorumlayan yazilardir.

SUNUS FORMATI

1.

10.
I1.

Yazi timiiyle (metin, ¢izelgeler, denklemler, ¢izimler) bilgisayarda diizenlenmeli ve baskiya hazir
bicimde teslim edilmelidir. Yazi, A4 (210x297 mm) boyutlu kagida, Word ortaminda, 10 punto (ana

bagslik 15 punto) Times New Roman font kullanilarak, bir aralikla yazilmalidir.

Cizimler (sekiller) ve cizelgelerle (tablolar) birlikte, makaleler 25 sayfadan, kisa bildiriler 4 sayfadan
daha uzun olmamalidir.

Yazi, Online Makale Yonetim Sistemi (OMYS) iizerinden gerekli kayitlar olusturularak génderilme-
lidir. Yiiklenen makale, “makale adinm ilk 2 ya da 3 kelimesi” seklinde adlandirilmalidir. OMYS'ye
yiiklenen makalede yazar bilgileri bulunmamali, yazar bilgileri i¢in ayrica bir kapak sayfasi olusturula-
rak sisteme ytliklenmelidir. Kapakta makale ad1 ve yazar iletisim bilgileri (ad1 soyadi, adresi, e-postasi,

yazara ait ORCID* bilgisi varsa akademik unvani) yer almalidir.

Metin yalin bir dil ve anlatimla yazilmali, Tiirk¢e yazim kurallarina uygun olmaly, tiglincii tekil sahis ve

edilgen fiiller kullanilmali, devrik ciimleler icermemelidir.

Baslik miimkiin oldugunca kisa (en ¢ok 100 harf) ve agik olmali, icerigi yansitabilmelidir. Ingilizce

basliktaki kelimeler ilk harfleri biiyiik ve gramer kurallarina uygun sekilde yazilmalidir.

Boliimler (i) 6z ve anahtar kelimeler, (ii) abstract ve keywords (Ingilizce baslik, 6z ve anahtar kelimeler),

(iii) ana metin, (iv) semboller, (v) tesekkdir (gerekliyse) ve (vi) kaynaklar siras1 iginde diizenlenmelidir.

Oz (ve abstract) calismanin amacini, kapsamini, yontemini ve ulasilan sonuglar1 kisaca tanimlamali ve
100 kelimeyi asmamalidir. En az ii¢ tane Tiirkce ve Ingilizce anahtar kelime verilmelidir. Tiirkce ve
Ingilizce Baslik, Oz (abstract) ve anahtar kelimeler (keywords) birinci sayfaya sigdirilmali ve ana metin

ikinci sayfadan bagslatilmalidir.
Boliim ve alt boliim basliklari numaralandirilmalidir (TS 1212 ISO 2145).

Semboller uluslararasi kullanima uygun secilmeli; her bir sembol ilk kullanildig: yerde tanimlanmali,
ayrica metnin sonunda (Kaynaklardan 6nce) tiim semboller alfabetik sirayla (6nce Latin alfabesi, sonra

Yunan alfabesi) listelenmelidir.
Denklemler numaralandirtlmali ve bu numaralar satir sonunda parantez icinde gosterilmelidir.

Fotograflar tarayicidan gegirilerek ¢oziiniirliigii en az 300 dpi olacak sekilde ve jpeg formatinda bilgisa-
yar ortamina aktarilmalidir. Cizelgeler, ¢izimler ve fotograflar metin igine yerlestirilmeli, her birine
numara ve baslik verilmeli, numara ve basliklar ¢izim (sekil) ve fotograflarin altina, ¢izelgelerin (tablo)

istiine yazilmalidir.



12. Yazilarda yalnizca SI birimleri kullanilmalidir.

13.

14.

15.

Etik kurallar1 geregince, alintilar tirnak i¢inde verilmeli ve bir referans numarasiyla kaynak belirtilme-
lidir.
Tesekkiir metni olabildigince kisa olmali, calismaya katkis1 ve destegi bulunan kisi ve kuruluslar belir-

tilmelidir.

Kaynaklar metinde kdseli parantez i¢cinde numaralanmali ve kaynaklar listesinde metin i¢inde verilis
sirasina uygun bigimde belirtilmelidir. Kaynaklarda su bilgiler verilmelidir:
Kaynak bir makale ise: Yazarin soyadi, adinin bag harfi., diger yazarlar. yil. “makalenin tam baslig1,”

derginin ad, cilt, say1, baglama ve bitis sayfalar1.

Ornek 1: Kacar, E. N., Erbay, L. B. 2013. "Is1 Degistiricilerin Tasarmna Bir Bakis," Miihendis ve
Makina, cilt 54, say1 644, s.14-43.

Ornek 2: Kacar, E. N., Erbay, L. B. 2013. "A Design Review For Heat Exchangers," Engineer and
Machinery, vol. 54, no. 644, p.14-43.

Kaynak bir kitap ise: Yazarin soyadi, adinin bag harfi., diger yazarlar. yaymlandig: yil. kitabin adi,
varsa cilt numarasi, varsa editori, yaym veya ISBN no, yayin evi, yayimlandig yer.

Ornek: Lazzarin, R., Nalini, L. 2013. Havanin Nemlendirilmesi, ISBN: 978-605-01-0441-7,
MMO/599, TMMOB MMO Yayini, {zmir.

Kaynak bildiri ise: Yazarin soyadi, adinin bas harfi., diger yazarlar. y1l. “bildirinin ad1,” konferansin
adi, tarihi, yapildig1 yer.

Kaynak tez ise: Yazarin soyadi, adinin bas harfi. yil. “tezin ad1,” derecesi, sunuldugu kurum, sehir.

Kaynak rapor ise: Yazarin soyadi, adinin bas harfi., diger yazarlar. yil. raporun adu, tiiri, yayin
numarast, kurulusun adi, yayimlandig yer.

Kaynak internet adresi ise: Yazarin soyadi, adinin bas harfi., diger yazarlar. yil. “yazinin ads,” inter-
net baglantisi, son erigim tarihi.

* Bilindigi lizere, aragtirmaci, bilim insan1 ve akademisyenlerin bilimsel ¢aligmalarindaki isim/kurum
benzerliklerinden kaynaklanan bazi sorunlarin Oniine gegilebilmesi amaciyla arastirmaci kimlik
numaralar1 kullanilmaktadir. TUBITAK ULAKBIM ve YOK arasindaki isbirligi ile yiiriitiilen ¢alismalar
kapsaminda, ORCID bilgisinin kullanilmasi karar verilmistir. Bu baglamda, makale yazarlarinin
uluslararasi gecerliligi de bulunan “ORCID” bilgisine makalelerde yer verilmesi gerekmektedir. ORCID,
Open Researcher ve Contributor ID’nin kisaltmasidir. ORCID, Uluslararasi1 Standart Ad Tanimlayict
(ISNI) olarak da bilinen ISO Standard: (ISO 27729) ile uyumlu 16 haneli bir numarali bir URL’dir.
http://orcid.org adresinden bireysel ORCID ig¢in {icretsiz kayit olusturabilirsiniz.




YAYIN iLKELERIi

1. Yazilarm telif hakki devri, dergi internet sayfasinda sunulan form doldurulup imzalanmak suretiyle
alinir. ImzahTelif Haklki Devir Formu’nu gdndermeyen yazarlarm yaymlari degerlendirmeye alin-

maz.

2. Yazilar, DergiPark sistemi https://dergipark.org.tr/tr/pub/muhendismakina {izerinden alinmaktadur.
Her yazi, konusuyla ilgili en az iki hakem tarafindan degerlendirilir. Hakem goriislerinde belirtilen
eksikler yazarlar tarafindan tamamlandiktan sonra, dergide yayimlanabilecek nitelikte olanlar belir-
lenir ve yazara bilgisi verilir. Dergide basildig1 haliyle makale i¢inde bulunabilecek hatalarin sorum-

lulugu yazarlara aittir.

3. Yazar isimleri hakemlere bildirilmedigi gibi, yazar/lar/a yazinin hangi hakemlere gonderildigi de
hig bir sekilde bildirilmez. Yayimlanmayan yazilar istenildiginde hakem raporlariyla birlikte hakem
isimleri belirtilmeden yazar/lar/a geri génderilir.

4. Yaym Kurulu hakemlerden gelen elestiriler dogrultusunda yazinin derginin bir baska bdliimiinde
yayimlanmasinin uygun olduguna karar verebilir ve bu karar1 yazar/lar/in onayina sunar. Yazar/lar/

m da uygun gérmesi durumunda, yazi 6nerilen boliimde yayimlanir.

5. Dergiye gonderilen yazilarin ‘Yazim Esaslari’na uygun olmasi gerekir. Esaslara uygunluk goster-
meyen yazilar degerlendirmeye alinmadan yeniden diizenlenmesi i¢in yazar/lar/a iade edilir.

6. Yayimlanan yazilar i¢in yazar/lar/a ve degerlendirme yapan hakemlere derginin o sayisindan birer
kopya gonderilir.

7. Verilen siire i¢inde kendisine gonderilen yaziy1 degerlendirmeyen ve dergi yayininda aksamaya ned-
en olan hakemin, Yazi Degerlendirme (Hakem) Kurulu iiyeligi gdzden gegirilir.

8. Yayimn Kurulu, gerekli gordiigii durumlarda yeni Yazi Degerlendirme (Hakem) Kurulu iiyeleri atay-
abilir.

9. Arastirma ve tarama makalelerindeki goriisler yazarina, ¢evirilerden dogacak sorumluluk ise ge-
virene aittir.

10. Yazilar bagka siireli yaymlarda yayinlanmamis olmalidir. Herhangi bir toplantida teblig olarak sunul-

mus veya sunulacak ise bu agik olarak belirtilmelidir.

11. Hakem degerlendirme raporuna katilmayan yazar makalesini geri gekme hakkina sahiptir. Ancak geri

cekme gerekgesini yazili olarak yayim kuruluna sunmalidir.
12. Dergideki yazilardan kaynak gostererek alint1 yapilabilir.
13. Yazilar i¢in telif ticreti 6denmemektedir.

14. Yazilar aragtirma ve yayim etigine uyumlu hazirlanmalidir. Etik kurallara aykir1 davraniglarda (uy-
durma, ¢arpitma, agirma, tekrar yayim, dilimleme, destekleyen kurulusu belirtmeme, haksiz yazarlik,
kaynak gostermeme vb.) bulunulmamalidir.

15. Makalenin konusu ile ilgili sartlar;

Makalenin konusu TMMOB Genel Kurul ve Yo6netim Kurulu kararlarryla TMMOB Makina Mithendisleri

Odasina kayith miithendislik disiplinlerinin ¢aligma alani ile ilgili olmalidir.

“Makina, Ucak, Havacilik, Uzay, Mekatronik, Sistem, Imalat, Uretim, Uretim Teknigi, Uretim Sistemleri,

Otomotiv, Endiistriyel Tasarim, Enerji Sistemleri, Makina ve Imalat ile Rayh Sistemler Miihendisligi



ABOUT ENGINEER AND MACHINERY JOURNAL AND ITS
WRITING PRINCIPLES

Engineer and Machinery Journal is a vocational and technical publication that is published on a quarterly
basis and aims at providing our country’s industry, society, and disciplines and colleagues who are members
of Chamber with their scientific, technica and vocational knowledge needs, as well as to contribute to their
scientific, and technical development. The English and Turkish articles on mechanical engineering field
with the following qualities written in the format stated below are accepted to *’Engineers and Machinery

Journal”.

Research Article: It must reflect an authentic research with its findings and results. The research must

contribute to science.

Literature Review Article: They must review an adequate number of scientific articles, summarize and
evaluate the subject according to current knowledge and technological level, and compare their findings

before interpreting them.

PRESENTATION FORMAT

1 The whole article (text, tables, equations, drawings) must be typed and arranged on computer and
delivered as ready for publication. The article must be written on an A4 (210x297 mm) paper, via Word

MS, in 10 font size (heading must be in 15 font size) of Times New Roman with single space.

2. Articles including their drawings and tables must not exceed 25 pages and short papers must not exceed
4 pages.

3. Articles must be sent via registration on Online Article Management System (OMYS). The uploaded
article must be named as “article the first 2 or 3 words of the title of article”. The articles uploaded on
OMYS should not contain any information about the author. The information about the author must be
presented in a separate cover page, which must be also uploaded on the system. The cover page must
demonstrate the name of the article and contact information of the author (name, surname, address,

e-mail, academic title if there is one).

4. The article must be written in a plain language and style. It must comply with the spelling rules of the
language used; third-person singular and deponent verbs must be used, whereas; inverted sentences

must not be employed.

5. The title of the article must be clear and as short as possible (100 characters to the maximum) and
also reflect the content. The first letters of English titles must be in capitals and titles must be written

according to grammatical rules.

6. Chapters must be arranged in the following order: (i) abstract and keywords (in Turkish), (ii) abstract
ve keywords (in English), (iii) main text, (iv) symbols, (v) acknowledgment (if necessary), and (vi)

references.

7. Abstract must briefly define the objective, scope, method, and results of the study and must not exceed
100 words. At least three English and Turkish keywords must be provided. The first page must include
the title in both Turkish and English, the abstract, and keywords; the main text must start from the
second page.

8. The titles of chapters and sub-chapters must be numbered (TS 1212 ISO 2145).

9. Symbols must be employed according to international use; each symbol must be defined at their first use



10.
I1.

12.
13.

14.

15

in the text; at the end of the article (before References), all symbols used must be listed in alphabetical
order (Latin Alphabet first, Greek alphabet second).

Equations must be numbered and these numbers must be indicated in parantheses at the end of line.
Photographs must be scanned, and transferred to computers in jpeg format with a solution of 300 dpi at
least. Drawings, tables, and photographs must be integrated into the text; eahc of them must be given
a number and title; numbers and titles must be written under drawings (figures) and photographs, and
above tables.

Only SI units must be used in articles.

As required by ethnical rules, citations must be presented in quotes and its reference must be

demonstrated via a reference number.

Acknowledgments must be as brief as possible and state the people and institutions having contributed
to the study.

. References must be numbered via brackets in the text; in the list of references, they must be indicated

according to their order in the text. The references must include the following information:

If reference is an article: Author’s surname, initial of his/her name., other authors. year. “’full title of
the article,” name of the journal, volume, issue, start and end page.

If reference is a book: Author’s surname, initial of his/her name., other authors. year of publication.
name of the book, volume number (if available), editor (if available), publication or ISBN no, publishing
house, place of publication.

If reference is an paper: Author’s surname, initial of his/her name., other authors. year. ‘’name of the
paper,” name of the conference, date, place.

If reference is a thesis: Author’s surname, initial of his/her name., other authors. year. “’name of the

thesis,” degree, presented institution, city.

If reference is a report: Author’s surname, initial of his/her name., other authors. year. name of the

report, type of the report, publication number, name of the institution, place of publication.

If reference is a website: Author’s surname, initial of his/her name., other authors. year. ‘’name of the

article,” internet address, last date of access.day.month.year



PRINCIPLES OF PUBLICATION
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10.

I1.

12.
13.
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The copyrights of articles are transferred by signing the form presented on the website of the journal.
The articles of authors, who have not signed and sent the Form for Transfer of Copyrights, will not
be taken into consideration.

Each article is sent to at least two arbitrators, who are experts in the subject of article. After authors
revise their articles based on the suggestions of arbitrators, the ones that are deemed appropriate to
be published on the journal are determined and authorts are notified. The final version of articles are
organized and sent by authors to the secretary of publication via dergipark. The errors that may be
found in the article following its publication are the responsibility of the author.

Neither arbitrators are notified of the names of the authors, nor authors are notified of the names of
arbitrators. The unpublished articles are sent back to authors with arbitration reports, upon author’s
request.

The Publication Committee may decide that the article be published in another section of the journal,
based on the suggestions of arbitrators and may present their decision for the approval of author(s).
If also deemed appropriate by author(s), the article is published on the presumed section.

The articles sent to the Journal must comply with the ‘Principles of Writing”. The articles not com-
plying with these principles will be returned to the author(s) for revision, without being evaluated.

A copy of the issue of the journal is sent to the authors of articles published in that issue and the
arbitrators who evaluated those articles.

The membership to the Article Assessment Committee of the arbitrator, who have not evaluated the
article within the due time and thereby caused delay in the publication of the journal, is reviewed.

The Publication Committee may appoint new members to the Article Assessment Committee, if/
when they deem necessary.

The views stated in the research and literature review articles are the responsibility of the author,
whereas; the consequences which may result from its translation are the responsiblity of the translator.

The articles must be not published on any other periodical publications. It should be clearly stated if
the articles were presented or are planned to be presented as a paper in any meeting.

The author(s), who do not agree with the report of the arbitrators, may withdraw his/her article. How-
ever, the author(s) must present the reason behind his/her withdrawal to the publication committee
in a written manner.

It is allowed to cite the articles published in the journal as long as the source is stated.
A royalty (a fee for copyrights) is not paid for articles.

Articles must be written according to the ethics of scientific research and publication. Conducts
against the ethical rules (fabrication, falsification, plagiorism, republication, salami slicing, exclud-
ing the supporting bodies of the work, undeserved authorship, excluding some/all references, etc.)
must be avoided.

Conditions related to the subject of the article; The subject of the article should be related to the field
of study of engineering disciplines registered in TMMOB Chamber of Mechanical Engineers with
the decisions of TMMOB General Assembly and Board of Directors.

“Machinery, Aircraft, Aviation, Space, Mechatronics, System, Manufacturing, Production, Production

Technique, Production Systems, Automotive, Industrial Design, Energy Systems, Machinery and

Manufacturing and Rail Systems Engineering”

Please send your articles via the system at https://dergipark.org.tr/tr/pub/muhendismakina, in order to
minimize the costs and time loss, which may result from the process of sending articles and evaluation by

arbitrators.



makale

Yol Kaynakli Titresimlerin Taginan Uriin Uzerindeki Etkilerinin 443
Canlandirilmast Igin Bir Test Ekipmani1 Konseptinin Gelistirilmesi o
Development of A Test Equipment Concept For Reviewing The Effects of Road Generated
Vibrations on the Transported Product

Serdar Murat DEMIREL

Insansiz Hava Araglarinda Kullanilan Turbo Dizel Bir Havacilik Motorunun 473
Enerji, Ekserji ve Ekserjiekonomik Performansinin Degerlendirilmesi I
Energy, Exergy and Exergoeconomic Performance Assessments Of A Turbo Diesel

Aviation Engine Used On Unmanned Air Vehicles

Ozgiir BALLI
Metal ve Alasimlarda Toplam Karbon (C) ve Toplam Kiikiirt (S) Tayini, 492
Metot Validasyonu ve Ol¢iim Belirsizligi .

Determination Of Total Carbon (C) and Total Sulfur (S) In Metals and Alloys, Method
Validation and Measurement Uncertainty
Fatih TURAN, Sezai SEN, Caner TULGAR, Ziya COBAN

A Survey on Post-Weld Modification of Microstructural and Mechanical 511
Properties of GTAWed Aluminum Butt Joints Through FSP and T6 L
Heat Treatment

Tig Alin Kaynakli Aliiminyum Birlestirmelerin Mikroyap: ve Mekanik Ozelliklerinin

SKP ve T6 Isil Islemi Yoluyla Kaynak Sonrast Modifikasyonu Uzerine Bir Arastirma

Gokce Mehmet GENCER, Coskun YOLCU, Fatih KAHRAMAN

Welding Order and Welding Penetration Levels’ Impact on Product Life 525
Cycle For GMAW L
Gaz Alt1 Ark Kayna$: Prosesinde Kaynak Sirasi ve Kaynak Penetrasyon Seviyesinin

Uriin Omriine Etkileri

Ceren BILGILI, Sibel UYGUN, Gizem YILMAZ

Elasto-Plastic Deformation of a Liquid Ammonia Storage Tank 540
Bir Stor Amonyak Depolama Tankinin Elasto-Plastik Deformasyonu 3
Goksel SARACOGLU

ISSN 1300-3402

.
E-ISSN 2667-7520



