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In this study, an optimal combination of cutting parameters were investigated which could be
used for optimum surface integrity properties in turning of the AISI 316L stainless steel.
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Figure A. Main effect plots of SN ratio: (a) average surface roughness, Ra; (b) circumferential
surface residual stress, oc; (c) axial surface residual stress; oa; (d) degree of strain hardening,
%PD

Purpose: In this study, it was aimed to determine the effect of the turning parameters on the
surface integrity properties in turning of AISI 316L stainless steel.

Theory and methods: In this study, the Taguchi method has been applied to evaluate the surface
integrity features of AISI 316L by using coated carbide inserts with three different tool geometry
under dry turning conditions. Analysis of variance (ANOVA) was used to determine the effects
of the machining parameters on average surface roughness, circumferential and axial surface
residual stresses and degree of strain hardening. The depth of cut, cutting tool geometry, cutting
speed and feed rate were selected as machining parameters.

Results: It was observed that the processing parameters had different effects on the quality
properties as seen in figure A. The depth of cut was a relatively efficient parameter on the average
surface roughness. Tool geometry had a greater effect on the degree of strain hardening, and the
circumferential and axial surface residual stresses, respectively. Cutting speed had a more
significant effect on the axial and circumferential surface residual stresses and the degree of strain
hardening, respectively. Feed rate was the most effective parameter on the average surface
roughness. However, feed rate also had a significant effect on the circumferential and axial
surface residual stresses and the degree of strain hardening, respectively.

Conclusion: It was determined that a combination of minimum depth of cut, minimum feed rate,
maximum cutting speed and QM tool geometry should be used for minimum surface integrity
properties. It was confirmed that the determined optimal combination condition provided an
improvement of 53.90% in degree of strain hardening, 20.39% in average surface roughness,
5.61% in axial surface residual stress and 1.89% in circumferential surface residual stress.
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In this study, the Taguchi method has been applied to evaluate the surface integrity features of
AISI 316L by using CVD TiAIN/AI20s/TiCN coated carbide inserts with three different tool
geometry under dry turning conditions. Experiments were conducted using the Lis (21x3%), an
experimental design with an orthogonal array, on a CNC turning. Analysis of variance (ANOVA)
was used to determine the effects of the machining parameters on average surface roughness,
circumferential and axial surface residual stresses and degree of strain hardening. The depth of
cut, cutting tool geometry, cutting speed and feed rate were selected as machining parameters. It
was observed that the processing parameters had different effects on the quality properties. The
depth of cut was a relatively efficient parameter on the average surface roughness and had no
significant effect on other quality properties. Tool geometry did not affect the average surface
roughness, but it had a greater effect on the degree of hardening, and the circumferential and axial
surface residual stresses, respectively. Cutting speed was found to have a more significant effect
on the axial and circumferential surface residual stresses and the degree of strain hardening,
respectively. Feed rate was the most effective parameter on the average surface roughness.
However, feed rate also had a significant effect on the circumferential and axial surface residual
stresses and the degree of strain hardening, respectively.

AISI 316L Paslanmaz Celigin Tornalanmasinda Takim Geometrisi
ve Isleme Parametrelerinin Yiizey Biitiinliigii Ozelliklerine
Etkisinin Taguchi Yontemi ile Analizi

Oz

Bu c¢aligmada, kuru tornalama kosullarinda ii¢ farkli takim geometrisine sahip CVD
TiAIN/AI203/TiCN kapli karbiir uglar kullanilarak AISIT 316L nin yiizey biitiinliik dzelliklerini
degerlendirmek i¢in Taguchi yontemi uygulanmistir. Bir CNC tornada ortogonal dizili bir
deneysel tasarim olan L18 (21x33) kullanilarak deneyler yapilmistir. Isleme parametrelerinin
ortalama ylizey piriizliligl, cevresel ve eksenel yiizey kalint1 gerilmeleri ve peklesme derecesi
{izerindeki etkilerini belirlemek igin varyans analizi (ANOVA) kullanilmigtir. Isleme
parametreleri olarak kesme derinligi, kesici takim geometrisi, kesme hizi ve ilerleme orani
secilmistir. Isleme parametrelerinin kalite 6zellikleri iizerinde farkli etkileri oldugu goriilmiistiir.
Kesme derinligi, ortalama yiizey piiriizliiliigli tizerinde nispeten etkili bir parametredir ve diger
kalite oOzellikleri iizerinde onemli bir etkisi olmamigtir. Takim geometrisi ortalama yiizey
plriizliligini etkilememistir, ancak sirasiyla sertlesme derecesi ve gevresel ve eksenel yiizey
kalint1 gerilmeleri {izerinde daha biiyiik bir etkiye sahip olmustur. Kesme hizinin sirasiyla eksenel
ve ¢evresel yiizey kalint1 gerilmeleri ve peklesme derecesi iizerinde daha 6nemli bir etkiye sahip
oldugu bulunmustur. Ortalama yiizey piiriizliiliigii tizerinde en etkili parametre ilerleme hizidir.
Bununla birlikte, besleme hiz1 sirasiyla ¢evresel ve eksenel yiizey kalint1 gerilmeleri ve sertlesme
derecesi lizerinde 6nemli bir etkiye sahip olmustur.
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1. GIRiS (INTRODUCTION)

Ostenitik paslanmaz celikler, yiiksek isleme sertlestirmeleri, yiiksek siineklikleri ve tokluklari, diisiik 1s1
iletkenlikleri ve y1g1lmaya meyilli olmalar1 nedeniyle islenmesi en zor malzemelerden biridir. Ayrica sertlik
seviyesi, karbon igerigi ve nikel icerigi gibi faktorler de isleme zorlugunu etkileyen diger faktorler olarak
kabul edilebilir[1, 2]. Bir 6stenitik paslanmaz celik islenirken, talaglart kirmak i¢in talag kirici geometrisine
sahip kesici ucun se¢imi ve kesici takimda yigma kenar olusumunu (BUE) 6nlemek i¢in kaplanmis kaliteler
gibi gesitli faktorler dikkate alinmalidir. Talas kaldirmada talas kirici geometrisi ve yliksek ilerleme orani
talagin kirilmasi i¢in 6nemlidir. Ayrica, muhtemel tirlamalarin iistesinden gelmek i¢in kesici takimin
yeterince rijit olmasi gerekir [3].

Kesme isleminde talas olusumu, talas kirici geometrisine gore degisiklikler gosteren birincil deformasyon
bolgesinde olusan 1s1 ve gerilme ile meydana geldiginden, talas kirict geometrisi talasli imalatta talas
olusumunu etkileyen 6nemli bir faktordiir. Uygun talas kirici geometrisine sahip kesici takimlar, metalin
plastik deformasyonunun daha kisa bir kesme diizleminde gerceklesmesine yardimci olur. Bu nedenle,
takim/talas temas alan1 ne kadar kisa olursa, deformasyon nedeniyle kesme alaninda olusan 1s1 ve gerilim
o kadar diisiik olur. Bu nedenle, talag kirici geometrisi plastik deformasyondan kaynaklanan kalinti
gerilmeler, mikrosertlik ve mikroyapisal degisiklikler gibi 6zellikler {izerinde 6nemli etkiye sahip olan
termal ve mekanik etkilerin azaltilmasina yardimer oldugu igin, islenen is parcalarimin yiizey biitlinligii
tizerinde olumlu bir etki saglar [4, 5]. Yiizey biitiinliigii islemeden sonra iiriine ait yiizey piriizliiligi, boyut
ve bigim dogrulugu, mikrosertlik ve mikroyapisal degisiklikler ve kalint1 gerilmeler gibi bilesenleri icerir
[6, 7]. Talas olusumu sirasinda genellikle is pargasi ile kisa etkilesim siiresi (~0,1 ms) iginde ortaya ¢ikan
yiiksek gerilmeler, yiiksek gerinim hizlart ve yiiksek sicakliklar, isleme siirecini belirgin bir sekilde
karakterize eder ve yiizey biitiinligi ile ilgili 6zellikler {izerinde 6nemli degisikliklere neden olur. Bu
etkilesimlerin bir sonucu olarak ylizey biitiinliigii, 6zellikle iiriin performansi ve iiriin kalitesi agisindan son
bitirme islemlerinde kritik bir 6neme sahiptir [8, 9].

Tornalama igleminde, bitmis bilesenin performansin ve kalitesini belirleyen yiizey biitiinliigii 6zellikleri,
isleme sirasinda dikkate alinan parametrelere (siireg, is parcasi ve takimla ilgili) biiyiik 6l¢lide baglidir.
Kesme hizi, ilerleme orani, kesme derinligi ve takim geometrisi, ylizey biitlinliigii ile ilgili performans
ozelliklerini 6nemli 6lgiide etkileyen tornalama parametreleridir [10—13]. Proses parametreleri genellikle
iireticilerin deneyimine veya Onerilen yonergelere gore secilir. Bu se¢im prosediiriinde, makinelerin optimal
ve ekonomik olarak etkin kullanimi ve iiretilen yiizeyin kalitesi dikkate alinmaz. Bu durumda Taguchi
ortogonal dizisine dayal1 bilimsel yontemlerin kullanilmasi faydali olabilir. Taguchi yontemi, belirli bir
bagimsiz parametre seti ve bir yanit degiskeni i¢cin optimum parametreleri analiz edebilir ve belirleyebilir.
Taguchi yonteminde, ayn1 bagimsiz parametre seti birden fazla yanit degiskenine sahipse, metodoloji her
bir yanit degiskeni igin ayr1 bir optimum calisma kosullar1 kombinasyonu saglar. Ornegin, yiizey kalinti
gerilmelerini en aza indirmek igin optimum kosulun, ylizey piiriizliiliiglinii en aza indirmek icin gerekli
optimum kosulla ayni olmasi gerekmez. Bu gibi durumlarda, miimkiin olan en diisiik yiizey kalinti
gerilmelerinde miimkiin olan en iyi yiizey kalitesini saglayabilecek bir ¢6ziim elde etmek gerekir.

Ostenitik paslanmaz gelik, savunma ve havacilik, niikleer gii¢, kimyasal ve petrokimya, 1s1l islem, sifir alti
ve denizcilik bilesenlerinde kullanilan nikel esash yliksek mukavemetli bir alagimdir. Daha yiiksek
peklesme egilimi, daha yiiksek tokluk ve silineklik, zayif termal yaymmm gibi ozellikler, bu alagimin
islenmesindeki zorlugun ana nedenidir. Bunlar, daha yiiksek kesme kuvvetleri, yliksek oranda peklesme,
uzun-siirekli formda talaslar ve asir1 takim asinmasi tiretir, sonug olarak da ylizeyden yiizey alt1 seviyelere
uzanan ylizey hasarlarina neden olur. Ayrica, farkli isleme operasyonlari, kesici takim ve is malzemesi ile
ilgili parametreler isleme sirasinda karmasik etkilesimlere sahiptir. Genel olarak, tiim bu etkiler bu alagimin
islenebilirligini zorlagtirir. Bu nedenle, girdi degiskenleri (isleme kosullari/parametreleri) ile cikti
degiskenleri (yanitlar/kalite 6zellikleri) arasinda karmasik bir iligki vardir ve isleme sirasinda en iyi ylizey
biitiinliiglinii saglayan en uygun isleme kosullarin1 segmek gergekten zor bir istir [3, 10-17].

Bu makale, ortalama yiizey piriizliliigiini, ¢evresel ve eksenel ylizey kalinti gerilmelerini ve peklesme
derecesini en aza indirmek i¢in Taguchi yaklasimim kullanarak AISI 316L paslanmaz ¢eligin tornalama
isleminin optimizasyonunu sunar. En iyi parametre kombinasyonunu belirlemek i¢in Taguchi ortogonal
dizisine gore olusturulan on sekiz deney yapilmistir. Parametre seviyeleri ortalama yiizey puriizlaligi,
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cevresel ve eksenel yiizey kalint1 gerilmeleri ve peklesme derecesi olmak tizere dort tepki degiskenine gore
degerlendirilmistir. Isleme parametrelerinin bu tepki degiskenleri iizerindeki etkisi degerlendirilmistir.

2. ISLEME PARAMETRELERI VE TAGUCHI ANALIZi (MACHINING PARAMETERS AND
TAGUCHI ANALYSIS)

Ortogonal dizinin tasarimi, isleme parametrelerinin en iyi seviyelerini belirlemek i¢in kullanilmistir. Yanit
degiskenlerinin se¢imi, bagimsiz degiskenlerin se¢imi ve ortogonal dizinin se¢imi, ortogonal tasarimin ana
adimlaridir. Ayrica, en énemli degiskenleri belirlemek icin varyans analizi kullanilir. isleme parametreleri,
literatiirdeki agiklayici—tamamlayici bilgilerden ve yazarlarin ge¢gmis deneyimlerine dayanarak secilmistir
[4, 5]. Mevcut ¢alismada, talas kaldirma deneyleri farkli talag kiric1 geometrilerine ve dolayisiyla farkl
talag acilaria ve kesme kenar1 6zelliklerine sahip kesici takimlar (MM, QM ve MM olarak kodlanmstir)
kullanilarak gergeklestirilmistir. Boylece, talag kirict geometrilerinin etkisini net bir sekilde belirlemek
miimkiin olur. Tornalama islemlerinde kesme islemlerinin performansi, kontrol edilebilir faktdrler olarak
kabul edilen kesme hiz1 (V), ilerleme orani (f), talas kirict geometrisi (TG) ve kesme derinligi (DOC) gibi
kesme parametreleri ile yakindan iligkilidir. Segilen ¢alisma parametreleri ve bunlarin seviye degerleri
Tablo 1’de listelenmistir.

Tablo 1. Deneysel parametreler ve seviyeleri

Seviye
Sembol  Parametre 1 2 3
DOC Kesme Derinligi (mm) 1.25" 2.5 -
TG Takim Geometrisi MR" QM MM
\Y Kesme Hiz1 (m/dak) 150" 175 200
f ilerleme Oran1 (mm/dev) 0.17 0.2 0.3

“"baslangic kesme sartlari

Secilebilecek ortogonal dizi i¢in serbestlik derecesi (DOF), ¢aligma parametrelerinin toplam DOF’sinden
biiylik veya ona esit olmalidir [18]. Bu calismada 2 seviyeli 1 parametre ve 3 seviyeli 3 parametre
bulunmaktadir. Parametreler arasindaki etkilesim ihmal edilirse toplam serbestlik derecesi 7°dir. Bu
nedenle, bu ¢aligma i¢in bir L18 (21%33) ortogonal dizi planlamasi diisiiniilmiistiir. Deneysel diizen Tablo
2’de gosterilmektedir.

Tablo 2. Deneysel calismalarin Lig (2" x3%) ortogonal dizisi

Kodlu degerler Kodsuz degerler
No DOC TG V f No DOC TG V f
1 1 1 11 1 125 MR 150 0.1
2 1 1 22 2 125 MR 175 0.2
3 1 1 33 3 125 MR 200 0.3
4 1 2 11 4 125 QM 150 0.1
5 1 2 22 5 125 QM 175 0.2
6 1 2 33 6 125 QM 200 0.3
7 1 3 12 7 125 MM 150 0.2
8 1 3 23 8 125 MM 175 0.3
9 1 3 31 9 125 MM 200 0.1
10 2 1 13 10 250 MR 150 0.3
11 2 1 21 11 250 MR 175 0.1
12 2 1 32 12 250 MR 200 0.2
13 2 2 12 13 250 QM 150 0.2
14 2 2 23 14 250 QM 175 0.3
15 2 2 31 15 250 QM 200 0.1
6 2 3 13 16 250 MM 150 0.3
17 2 3 21 17 250 MM 175 0.1
18 2 3 32 18 250 MM 200 0.2
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Bu ¢alismada, yiizey biitiinliigiiniin bir 6l¢iisii olarak birgok arastirmaci tarafindan yaygin olarak kullanilan
dort yanit degiskeni dikkate alinmistir. Bu amagcla, yanit degiskenleri olarak yiizey piiriizliligi (Ra),
gevresel ve eksenel ¢ekme ylizey kalinti gerilme bilesenleri (oc Ve ca) ve peklesme derecesi (%PD)
secilmistir. Tipik olarak, AISI 316L’nin tornalama islemlerinde tiim yanit degiskenlerinin en diisiik
degerleri arzu edilir. Bu nedenle, dikkate alinan yamit degiskenlerinin analizinde, denklem (1) ile
tanimlanan amacimiza en uygun 6zelligi ifade eden “ne kadar diisiikk—o kadar iyi” kalite karakteristik terimi
kullanilmagtir.

Parametre tasarimi ve deneysel planlama icin kullanilan Taguchi yontemi basit ve etkili ¢oziimler sunar
[18]. Minimum g¢abayla maksimum bilgiyi elde etmek icin, ortogonal dizilere dayali deneyler tasarlamak
icin Taguchi yontemi kullanilir [19]. Taguchi yonteminde kalite (performans) 6zelligini temsil eden S/N
orani etkili bir analitik aragtir ve S/N oraninin maksimum degeri, proses parametrelerinin tercih edilen
seviyesini sembolize eder [20]. Amaca bagli olarak Taguchi yonteminde S/N oranini hesaplamak igin iig
farkli yontem kullanilabilir. Bu ¢aligmada, ortalama yiizey piiriizlilligii (Ra), ¢evresel ve eksenel ¢ekme
yiizey kalint1 gerilmeleri (o¢ Ve ca) ve peklesme derecesi (%PD) gibi yiizey biitlinliigiinii karakterize eden
Ozelliklerin en aza indirilmesi amaclanmistir. Bu nedenle, dikkate alinan kalite 6zelliklerinin S/N oranini
hesaplamak i¢in asagida denklem (1)’de gosterildigi gibi daha diisilk—daha iyi kalite karakteristigi
kullanilmastir:

1 n
SN;, :_10Iog(ﬁ;y§J 1

burada yij, i. deneysel ¢alisma i¢in gézlemlenen j. kalite karakteristiginin 6lgiilen degeridir ve n, tekrarlanan
deney sayisidir [21].

3. MATERYAL VE METOT (MATERIAL AND METHOD)
3.1. Malzeme (Material)

AISI 316L ostenitik paslanmaz gelik, endiistride olduk¢a yaygin olarak kullanilan yiiksek nitelikli bir
malzemedir. AISI 316L’nin kimyasal bilesimi agirlik¢a %0.023 C, %16.17 Cr, %10.10 Ni, %2.13 Mo,
%1.27 Mn, %0.45 Cu, %0.44 Si, %0.16 Co, %0.043N, %0.021S ve %0.034 P elementlerinden olusur. AISI
316L Ostenitik paslanmaz g¢eligin akma gerilimi 509 MPa, kopma uzamasi %50 ve sertligi 202 = 3 HVys
(~190-195 BSD) tir. Deneylerde is par¢ast malzemesi olarak @ 25 x 125 mm boyutlarinda AISI 316L
Ostenitik paslanmaz gelik silindirik ¢ubuk kullanilmigtir.

3.2. Deney Tezgahi ve Kesici Takimlar (Machine Tool and Cutting Tools)

Deneysel ¢aligmalar, FANUC kontrol {initesine, 10 kW giice ve maksimum 4000 dev/dak devir hizina sahip
TC-35 JOHNFORD CNC torna tezgahinda gerceklestirilmistir. Kesici takimlar, i par¢asi malzemesine
uygun ISO M25 kalitesine esdeger, CVD kullanilarak ti¢ katmanli olarak kaplanmig (TiN-Al,Os—TiCN)
kalitesinde SNMG 120408 MR/QM/MM formunda ti¢ farkli talas kirici geometrisine sahip degistirilebilir
uc kesici takim olarak belirlenmistir. Bu kesici uglar i¢in 75° yaklasma agili PSBNR 2525 M12 kodlu takim
tutucu kullanilmistir. Bu ¢aligmada kullanilan farkl: talag kiric1 geometrisine ve takim tutucuya sahip kesici
takimlarin 6zellikleri Tablo 3°te gdsterilmistir.
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Tablo 3. Deneylerde kullanilan kesici takim ve takim tutucu. Onlarin geometrik ozellikleri

Talas Kiricr Geometrik Ozellikler

Talam Esas kesici kenarda Kesici kenar ucunda
Kesici Takim  Geometrisi @1(°)  02(°)  Li(mm) [ 02(°) @2(°) Li(mm)
MR 6 22 0.33 8 22 0.32
SNMG 120408 QM 0 15 0.23 9 15 0.20
MM 9 20 0.30 12 22 0.29
Takim Tutucu Geometrik Ozellikleri
Takim Tutucu s (©) v(©) Kr (°)
PSBNR 2525 M12 -6 -6 75

o1: Kesici ug talag acisi, ap: Talag kiric1 agisi, Ly: Talas ylizeyinin uzunlugu
As: Egim ac1si, y : Talas acisi, K : Yaklasma agist

3.3. Yiizey Biitiinliigii Ol¢iimleri (Measurements of Surface Integrity)

Islenen is parcalarinin yiizey piiriizliiliigiinii 6lgmek icin 9633 seri numarali Mahr Perthometer M1 yiizey
profilometresi kullamlmistir. Islenmis is parcasimin yiizeyinde rastgele cevresel olarak segilen farkli
noktalardan 6rnekleme uzunlugu 5.6 mm olacak sekilde ylizey piriizlilik degerleri elde edilmis ve
aritmetik ortalamalar1 alinmistir. Hem ¢evresel hem de eksenel dogrultuda yiizey kalint1 gerilmeleri sin2
yontemi kullanilarak X—1sin1 kirmim teknigi yardimiyla dlgiilmiistiir. islenen is pargalarmin yiizeyinden 5
pm derinlige kadar olusan yiizey kalint1 gerilmelerini dlgmek i¢in Cr—K, radyasyon kaynagina sahip X—
1511 kinmim 6l¢iim cihazi (SEIFERT XRD 3003 PTS) kullamilmistir. Tornalama isleminden sonra
numunelerde meydana gelen yiizey sertligindeki degisimleri belirlemek i¢in SHIMADZU HMV2 model
mikrosertlik 6l¢iim cihazi kullanilmistir. Mikrosertlik deneyleri, Vickers sertlik 6l¢lim yontemi ile 0.5 kgf
(4.903 N) yiik altinda ve 5 sn bekletilerek yapilmigtir. Talasli imalat sonrasi ¢alisma ylizeylerinde ve alt
ylizeylerde sertlesmeye neden olan siire¢ peklesme olarak bilinir ve sertlesmedeki degisimin orani ylizde
peklesme derecesi (%PD) ile tanimlanabilir [10]. %PD, is malzemesinin iglenerek sertlesme davranigini
temsil eder ve islenmis yiizeylerin nicel bir biitiinliik 6l¢iisiinii tanimlamak i¢in kullanilir ve %PD, Liu ve
Barash tarafindan su sekilde tanimlanir [22]:

MH, — MH,

b

%PD = %100 2

burada, MHs ve MHDb, sirasiyla islenmis ylizey ve ham malzemenin mikrosertligidir.

4. SONUCLAR VE TARTISMA (RESULTS AND DISCUSSION)

Taguchi deney tasarimi yoluyla elde edilen deneysel veriler iizerinde cesitli istatistiksel analizler
yapilmistir. Calisma parametrelerinin yanit degiskenleri {izerindeki etkisini belirlemek igin Varyans Analizi
(ANOVA) uygulanmistir. Bu calismanin ana odak noktasi, proses parametrelerinin her bir kalite
karakteristigi lizerindeki etkisini detayli olarak analiz etmektir.

4.1. Yiizey Biitiinliigii Icin Sinyal/Giiriiltii (S/N) Oram Yaklasim (Signal/Noise (S/N) Ratio Approach
for Surface Integrity)

Talagli imalat deneyleri yukarida Tablo 2’de verilen Taguchi Lig ortogonal dizisine gore yapilmistir. Takim
geometrisi (TG), kesme hiz1 (V), ilerleme oram (f) ve kesme derinligi (DOC) parametreleri, yiizey
biitiinliigli aragtirmasi i¢in isleme parametreleri olarak kabul edilir. Bu parametrelerin seviyeleri Tablo 1°de
listelenmistir. Taguchi yontemine gore, sinyal giiriiltii (S/N) orami hesaplanarak optimum igleme
parametreleri tahmin edilebilir [23]. Bu analizin amaci, yiizey piiriizliilligii, ylizey kalint1 gerilme bilesenleri
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ve peklesme derecesi gibi yiizey biitlinligii 6zelliklerini minimumda tutmaktir. Sonug olarak, tiim kalite
karakteristikleri i¢in sinyal—giiriiltii (S/N) oranin1 hesaplamak i¢in daha diisiik—daha iyi kalite karakteristigi
kullanilir.

Tablo 4, ortalama yiizey piriizliiligii (Ra), cevresel (oc) ve eksenel (ca) yiizey kalinti gerilmeleri ve
peklesme derecesi (%PD) ozellikleri i¢in elde edilen deneysel sonuglarin degerlerini ve hesaplanmis S/N
oranlarini listeler. AISI 316L paslanmaz ¢elik iizerinde yapilan 18 tornalama testinden Ra, oc, ca Ve %PD
icin elde edilen sonuglarinin ortalama degerleri, sirasiyla 1.565 um, 637.22 MPa, 215.13 MPa ve %15.46
olarak belirlenmistir. Bu arada, Ra, ¢, 0a ve %PD icin hesaplanan S/N oranlarmin ortalama degerleri,
sirasiyla —2.899 dB, —56.07 dB, —46.59 ve —23.16 dB olarak hesaplanmistir. Her bir isleme parametresinin
(DOC, TG, V, f) Ra, o, 6a ve %PD gibi yiizey biitiinliigii dzellikleri izerindeki etkisinin analizine ait “S/N
yanit tablosu” ise Tablo 5’te gosterilmistir.

Taguchi yaklasimina goére Ra, o¢, 6a ve %PD’yi minimize edecek isleme parametrelerinin optimal
seviyeleri Tablo 5’den ve Sekil 1°deki grafiklerden kolaylikla belirlenebilir. En biiyiik S/N oranina sahip
isleme parametresi seviyesi, ilgili isleme parametresi i¢in en iyi seviyeyi gosterir. Bu aciklamaya istinaden,
en iyi Ra degeri i¢in isleme parametrelerinin seviyeleri ve S/N oranlar1 DOC (Seviye 1, S/IN=-1.152), TG
(Seviye 2, SIN= -2.187), V (Seviye 3, SIN= -1,965) ve f (Seviye 1, S/N= 1.815) olarak belirlenmistir.
Benzer sekilde; o i¢in optimal isleme parametreleri kombinasyonu DOC (Seviye 1, S/IN= -55.96), TG
(Seviye 2, S/IN= -55.76), V (Seviye 3, SIN= -55.79) ve f (Seviye 1, S/IN= -55.76) olur, c. i¢in optimal
isleme parametreleri kombinasyonu DOC (Seviye 1, S/IN=-46.33), TG (Seviye 2, S/IN=-45.93), V (Seviye
3, SIN= —45.91) ve f (Seviye 1, S/IN= —45.95) scklinde tanimlanir, %PD i¢in ise optimal isleme
parametreleri kombinasyonu DOC (Seviye 1, SIN= —-22.37), TG (Seviye 2, S/IN= -20.22), V (Seviye 3,
S/N=-21.21) ve f (Seviye 1, SIN=-21.00) dir.

Tablo 4. Deneysel sonuglar ve S/N oranlarmmin degerleri

Deneysel Sonuclar S/N Oranlar1

No Ra O¢ ca %PD No Ra oc Ca %PD
(um) (MPa) (MPa) (%) (dB) (dB) (dB) (dB)

1 0.698 651.90 228.10 17.99 1 3.123 -56.28 -47.16 —-25.10
2 1.320 656.37 223.07 18.15 2 2411 -56.34 -46.97 -25.18
3 2.092 658.44 228.02 18.98 3 -6.411 -56.37 -47.16 -25.56
4 0.519 604.20 193.00 8.91 4 5.697 -55.62 —45.71 -19.00
5 1.202 612.66 192.14 8.91 5 1598 -55.74 -45.67 -19.00
6 1.910 603.82 190.27 9.41 6 -5.621 -55.62 -45.59 -19.47
7 1.452 644.18 223.37 17.33 7 -3.239 -56.18 -46.98 -24.77
8 2.123 645.81 218.82 17.33 8 -6.539 -56.20 —46.80 —24.77
9 0.466 581.40 176.10 8.42 9 6.632 -55.29 -44.92 -18.50
10 2.880 724.00 289.00 29.21 10 -9.188 -57.19 -49.22 -29.31
11 1.399 646.13 222.25 17.82 11 -2.916 -56.21 -46.94 -25.02
12 1.540 649.56 220.95 17.82 12 -3.750 -56.25 -46.89 -25.02
13 1.694 638.85 224.15 16.34 13 -4.578 -56.11 —47.01 -24.26
14 2.390 643.40 216.30 14.85 14 7568 -56.17 -46.70 -23.44
15 0.939 582.05 175.23 6.44 15 0.547 -55.30 -44.87 -16.17
16 2.812 683.20 249.20 24.09 16 -8.980 -56.69 -47.93 -27.64
17 1.287 620.81 201.68 12.87 17 -2.192 -55.86 —46.09 -22.19
18 1.443 623.19 200.69 13.37 18 —3.185 -55.89 -46.05 —22.52
Ortalama 1.565 637.22 215.13 15.46 -2.899 -56.07 —-46.59 -23.16

Tablo 5 ve Sekil 1°de verilen S/N yanit tablosundan ve ana etki grafiklerinden, Ra, o¢, Ga ve %PD i¢in
optimum bir degerin 1.25 mm kesme derinliginde (DOC1), QM tip takim geometrisine sahip kesici takimla
(TG2), 200 m/dak’lik kesme hizinda (V3) ve 0.1 mm/dev ilerleme oraninda (f1) elde edilebilecegi net olarak
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goriilmektedir. Ra, oc, 62 ve %PD icin sdylenen bu optimum degerler Sekil 1°de kirmizi renkle isaretlenerek

gosterilmistir.
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Tablo 5. Ra, o¢, 0a ve %PD gibi yiizey biitiinliigii 6zellikleri i¢in S/N yanit tablosu

Isleme Seviye
Parametreleri 1 2 3 Mak-Min
Ra
DOC -1.152 -4.646 3494 2
TG -3.592 -2.187 -2.917 1405 4
\Y -2.861 -3.871 -1.965 1906 3
f 1.815 -3.127 -7.385 92 1
Gc
DOC -55.96 -56.19 022 4
TG -56.44 -55.76 -56.02 068 1
\Y -56.35 -56.09 -55.79 056 3
f -55.76 -56.09 -56.37 061 2
Ca
DOC -46.33 -46.86 053 4
TG -47.39 -45.93 -46.46 146 1
\Y -47.34 -46.53 -45.91 142 2
f -4595 -46.59 -47.23 1.28 3
%PD
DOC -22.37 -23.95 158 4
TG -25.87 -20.22 -23.40 564 1
\Y -25.01 -23.27 -21.21 381 3
f -21.00 -23.46 -25.03 403 2
Koyu renk isaretlenmis degerler isleme parametrelerinin optimal
seviyelerini gésterir
50C () 16 V (st e DOC ) 16 V(s e
£ oo
1,25 5 MR QM -‘l-"(lal)SO 175 200 0.1 0.2 03 1,25 25 MR QM M-‘(lbl)-‘ﬂ 175 200 0,1 0.2 0.3
s DOC () 6 V(i) Fimiden) DoC(m) 16 V iy Franide)
E JIN |
B 35 MR ow MM s am a2 o s 3 MR o i ¢S e on oz oo
(©) (@

Sekil 1. SN orammin ana etki grafigi: (a) yiizey piiriizliiliigii, Ra; (b) ¢evresel yiizey kalinti gerilime, ox;
(c) eksenel yiizey kalinti gerilime; oa; (d) peklesme derecesi, %6PD
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4.2. Varyans Analizi (ANOVA) (Analysis of Variance (ANOVA))

Takim geometrisi, kesme hizi, kesme derinligi ve ilerleme oraninin Ra, o¢, 6a ve %PD tizerindeki etkilerini
analiz etmek icin bu ¢alismada ANOVA kullanilmistir. Bu analiz, farkli parametrelerin goreceli etkisini
aciklamak icin daha objektif bir karar yontemi saglar. Analizler %5 anlamlilik diizeyinde ve %95 giiven
araliginda gergeklestirilmistir. Tablo 6—8, sirasiyla, Ra, 6c V& oa, ve %PD igcin ANOVA sonuglarini
gostermektedir. ANOVA sonug tablolarinda yer alan katki oranlari degerlerine gore, kesme derinligi
(DOC), takim geometrisi (TG), kesme hiz1 (V) ve ilerleme oraninin (f ) tiim performans 6zelliklerini
etkileyen ana siire¢ parametreleri oldugu acgiktir. Ancak bu parametrelerin kalite 6zellikleri lizerindeki etki
dereceleri farklidir ve asagidaki ilgili alt bolimlerde ele alinmistir.

4.3. Isleme Parametrelerinin Yiizey Piiriizliiliigii Uzerine Etkileri (Effects of Machining Parameters
on Surface Roughness)

Tablo 6’ya gore, isleme parametrelerinin yiizde katki oranlari incelendiginde DOC, TG, V ve f
parametrelerinin Ra {izerine olan yiizde katki oranlariin, sirasiyla, %13.91, %1.71, %3.06 ve 9%79.60
oldugu gortilmektedir. %79.60 katki oraniyla f, Ra’y1 etkileyen en énemli parametredir ve bunu %13.91
katkiyla DOC takip eder. TG ve V’nin Ra’ya katkisi onem agisindan disiiktiir.

Tablo 6. Ortalama yiizey piiriizliiliigii, Ra, icin ANOVA sonug tablosu

Serbestlik Kareler Kareler Katka

Parametre Derecesi Toplami ortalamasi Oram
(SD) (SS) (MS) F—Oram P —Degeri (%)

DOC 1 1.177 1.177 81.42 0.0000 13.91
TG 2 0.145 0.072 5.01 0.0310 1.71
Vv 2 0.259 0.129 8.95 0.0060 3.06
f 2 6.735 3.368 233.05 0.0000 79.60
Hata 10 0.145 0.014 1.71
Toplam 17 8.461 100.00

F—Orani tablo degeri: Fo.os:1;10= 4.96, Fo.gs,2:10= 4.10

Sekil 1a’daki grafik ve Tablo 5’te Ra i¢in elde edilen sonuclar incelendiginde, kesme derinligi ve ilerleme
orani azaldik¢a yilizey piriizliiliigiiniin iyilestigi goriilmektedir. Kesme hizinin artmasinin da BUE
olusumunu azaltarak yiizey piriizliiliigiinii iyilestirdigi iyi bilinmektedir [24, 25]. Ana etki grafi§inden
(Sekil 1a) talas derinligindeki artisa bagli olarak yiizey piiriizliliigiiniin koétiilestigi goriilmektedir. Bunun
nedeni, kesme derinligindeki artiga bagli olarak artan talas kesitine baglanmaktadir. Tornalama isleminde
ilerleme orani degerlerindeki artigin yiizey piriizliliigiinii kotiilestirdigi iyi bilinmektedir. Tornalama
sirasinda, ilerleme oraninin artmastyla kesici takim aginmasina neden olan 1s1 iiretimi miktar1 artar [26, 27].
Ayrica, ilerleme oranindaki bir artig tirlama etkisini de artirir. Sonug olarak, yiiksek ilerleme orani ile artan
tirlama ve takim aginmasi olasilig1 kotii bir yiizey piiriizliiliigiine yol agar [26]. En iyi ylizey piiriizliiliik
degerleri QM formuna sahip kesici takim ile en koétii yiizey piirtizliiliigii ise MR formuna sahip kesici takim
ile elde edilmistir. QM tipi takim geometrisi, negatif bir etkin talas a¢isina ve daha kii¢iik bir talas temas
uzunluguna sahiptir (bkz. Tablo 3). Bu, QM tipi takim geometrisinin takim aginmasina kars1 daha gii¢lii bir
kenar geometrisine sahip oldugu ve tirlamaya karst daha direncli oldugu anlamina gelir. Ayrica, olusan
talaglarin kesme bolgesinden hizla uzaklastirilmasi, takim sicakligin1 ve BUE olusumunu 6nemli 6l¢tide
azaltacaktir. Sonug olarak daha iyi yiizey piriizliliik degerleri veren QM tipi kesici takim geometrisinin
daha etkin talag kirma kabiliyetine sahip oldugu sdylenebilir.

4.4. isleme Parametrelerinin Yiizey Kalnti Gerilmeleri Uzerine Etkisi (Effect of Machining
Parameters on Surface Residual Stresses)

Tablo 7, ¢evresel ve eksenel yiizey kalint1 gerilmelerine (o ve ca) ait ANOVA sonuglarini géstermektedir.
Tablo ¢evresel yiizey kalint1 gerilmeler (o¢) i¢in incelendiginde, DOC, TG, V ve f parametrelerinin gevresel
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ylizey kalint1 gerilmesine yiizde katki oranlari, sirasiyla %6.29, %37.67, %24.97 ve %30.11 olarak
belirlenmistir. % 37.67 katk:i oranina sahip TG, ¢evresel yiizey kalint1 gerilmesini etkileyen en 6nemli
parametredir ve bunu, sirasiyla f ve V parametreleri izlemektedir. Diger yandan, DOC’nin gevresel yiizey
kalint1 gerilmesi lizerinde diisiik bir etkisi vardir. DOC, TG, V ve f faktorlerinin eksenel yilizey kalinti
gerilmesi (oa.) tizerine yilizde katki oranlar ise, sirasiyla %7.17, %33.48, %31.77 ve %25.69 olarak
bulunmustur. Eksenel ytizey kalint1 gerilmeyi etkileyen en 6nemli parametre %33.48 katki orani ile TG dir
ve bunu sirasiyla V ve f parametreleri izlemektedir. Benzer sekilde, DOC’nin eksenel yilizey kalinti
gerilmesi lizerindeki etkisi diisiik seviyededir.

Sekil 1b ve c, isleme parametrelerinin, sirasiyla ¢evresel ve eksenel ylizey kalinti gerilmeleri {izerindeki
etkisini gosterir. Sekil 1b ve c’deki grafikler incelendiginde, hem ¢evresel hem de eksenel yiizey kalinti
gerilmelerindeki egilimlerin ayni1 olmasina ragmen biiyiikliik degerleri farklidir. Ayrica her iki grafikten de
cevresel ylizey kalint1 gerilme degerlerinin biiylikliigliniin eksenel yiizey kalint1 gerilme degerlerinden daha
biiyiik oldugu goriilebilir.

Tablo 7. Cevresel ve eksenel yiizey kalinti gerilmeler, o: Ve oa,icin ANOVA sonug tablosu

Serbestlik Kareler Kareler Katki

Parametre Derecesi Toplami ortalamasi Oram
(SD) (SS) (MS) F—Oram P —Degeri (%)

Cevresel viizey kalint1 gerilme, o
DOC 1 1290.49 1290.49 65.33 0.0000 6.29
TG 2 7724.10  3862.05 195.52 0.0000 37.67
\Y 2 5120.82 2560.41 129.62 0.0000 24.97
f 2 6174.05  3087.02 156.28 0.0000 30.11
Hata 10 197.53 19.75 0.96
Toplam 17 20506.99 100.00
Eksenel viizey kalinti gerilme, G,
DOC 1 889.86 889.86 38.08 0.0000 7.17
TG 2 4153.75 2076.88 88.88 0.0000 33.48
Vv 2 3940.40 1970.20 84.32 0.0000 31.77
f 2 3187.15 1593.58 68.20 0.0000 25.69
Hata 10 233.67 23.37 1.88
Toplam 17 12404.83 100.00

F—Orani tablo degeri: Fo.os:1;10= 4.96, Fogs;2:10= 4.10

Grafiklerden gozlemlenen etkiler, zayif termal iletkenlige sahip AISI 316L paslanmaz ¢eligin islenmesinde
deformasyonun karakterini belirleyen 1s1 yayilim miktarinin anlagilmasiyla agiklanabilir [10, 28]. Diisiik
kesme hizlarinda, hacimsel talas kaldirma hiz1 azalir ve talas tarafindan yayilan 1s1 oran1 da azalir. Aksine,
yliksek kesme hizlarinda, hacimsel talag kaldirma hiz1 ve talas tarafindan karsilik gelen 1s1 yayma hizi artar.
Bu nedenle, diisiik kesme hizlarinda talaslar, yiiksek kesme hizina gore nispeten daha uzun bir siire kesme
bolgesinde kalir. Bunun karsiliginda diigiik hizlar, islenmis yiizeyde ylizey ¢ekme kalinti gerilmelerinin
daha yiiksek degerlerde meydana gelmesine yol acar [28]. 150 m/dak kesme hizinda hacimsel talag
kaldirma hiz1 daha diisiik oldugundan, talasta biriken 1s1 daha fazla ve 1s1y1 dagitma yetenekleri daha azdur,
¢ekme yiizey kalint1 gerilmelerinin degeri yiikselir. Tersine, 200 m/dak kesme hizinda, talasta biriken 1s1
daha az olmakla birlikte, hacimsel talag kaldirma hiz1 yiiksek oldugu igin 1s1y1 dagitma yetenekleri de
yiiksektir ve gekme yiizey kalinti gerilme degerleri diisiiktiir. ilerleme oran1 0.1 den 0.3 mm/dev araligina
dogru arttirldiginda, gekme yiizey kalint1 gerilmelerinin biiyiikliigiinde bir artis olur. ilerleme oraninin yam
sira kesme hizindaki bir artis, hacimsel talas kaldirma hizinda bir artisa neden olur. Bu nedenle, ilerleme
oraninin ¢ekme yiizey kalinti gerilimi iizerindeki etkisi, kesme hizininkine benzerdir, ancak ilerleme
oranindaki bir azalma, talasin 1s1y1 isleme bdlgesinden uzaklastirma yetenegini arttirmada daha etkilidir.
Kesme derinligi 1.25 mm’den 2.5 mm’ye degistiginde, yiizey kalint1 gerilmelerinin biiyilikliigi ¢ekme
yoniinde degisir ve kesme derinliginin 2,50 mm’ye artmastyla artar. Kesme derinliginin en yiiksek olmasi
kosulu, talasla 1s1 dagiliminin nispeten daha yiiksek oldugunu gosterir. Talas kaldirma islemi sirasinda 1s1
olusumunu etkileyen en 6nemli faktdrlerden biri takim/talag temas uzunlugudur. Kisa takim/talag temas
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uzunlugunun siirtiinme kuvvetini ve dolayisiyla 1s1 olusumunu azalttig1 bilinmektedir. Bu nedenle, is
parcasinin yiizeyi 1sidan daha az etkilenir ve yiizeyde olusabilecek ¢ekme yiizey kalint1 gerilmelerinin
biiytikliigli azalir [29-34]. En diisiik ¢ekme yiizey kalint1 gerilmeleri, sirastyla QM—MM-MR tipi takim
geometrilerine sahip kesici takimlarla islenen is pargasinin yiizeylerinde meydana gelmistir (Sekil 1b, c).

4.5. isleme Parametrelerinin Peklesme Derecesi Uzerine Etkisi (Effect of Machining Parameters on
Degree of Strain Hardening)

Aragtirmacilar, en yiiksek sertligin islenen yiizeye en yakin bolgede olusmasinin nedeninin talasli imalat
sonrasi plastik deformasyona bagl peklesme oldugunu vurgulamislar ve iglenen yiizeydeki deformasyona
yanit olarak isleme ile peklesmis bir tabakanin kolayca olusturulabilecegini bildirilmislerdir [17, 35].
Calismada kullanilan AISI 316L &stenitik paslanmaz ¢elik malzemenin sertligi yaklasik 202 + 3 HVgs’dir
ve %PD denklem (2) kullamilarak hesaplanmistir. %PD, islem gormiis yiizeyin mikrosertliginde ana
malzemenin mikrosertligine kiyasla bir degisiklik olup olmadigini ifade eder. Tablo 8’e gore DOC, TG, V
ve f parametrelerinin %PD tizerine yiizde katkilari sirasiyla %7.27, %44.17, %22.95 ve %24.96 olarak
bulunmustur. %44.17 katki orani ile TG, %PD’ni etkileyen en dnemli parametre olup, bunu sirasiyla f ve V
parametreleri izlemektedir. Bunun yaninda, DOC’nin %PD iizerindeki etkisi diigiiktiir.

Tablo 8. Peklesme Derecesi, %PD, icin ANOVA sonug tablosu

Serbestlik Kareler Kareler Katki
Parametre Derecesi Toplami ortalamasi Oram
(SD) (SS) (MS) F—Oram P —Degeri (%)
DOC 1 41.69 41.69 112.47 0.0000 7.27
TG 2 253.25 126.63 341.64 0.0000 44.17
\ 2 131.59 65.79 177.51 0.0000 22.95
f 2 143.13 71.57 193.09 0.0000 24.96
Hata 10 3.71 0.37 0.65
Toplam 17 573.37 100.00

F— Orani tablo degeri: Fo.05.1:10= 4.96, Fo.0s;2:10= 4.10

Sekil 1d’deki grafikten genel olarak DOC ve f arttiginda %PD’nin arttig1; ancak, V’nin artigla %PD’nin
azaldig1 goriiliir. Talash imalat sirasinda 1s1 olusumunda kesme hizinin 6nemli bir etkiye sahip oldugu
bilinmektedir [35]. Kesme hizi, talagi uzaklastirmak i¢in gerekli enerjiyi tanimladigi i¢in, kesme islemi
sirasinda olusan 1s1 miktar1 ile dogrudan iliskilidir. Islemede yiiksek kesme hizlar1 kullanildiginda, is
parcasina aktarilan 1s1 miktar1 azalir [4, 5], bu da yiizey katmaninda diisiik mikrosertlik degisimlerine ve
dolayisiyla diisiik %PD’ne yol agabilir. En yiiksek %PD, MR tip takim geometrisi ile elde edilirken, en
diisiik %PD, QM tip takim geometrisi ile elde edilmistir. QM tip takim geometrisi, talas yiizeyinin en kiiglik
diizliigiine sahip oldugundan (bkz. tablo 3), QM tipi en diisiik %PD degerleriyle sonuclanmistir. Talag
yliziiniin diiz kismimin daha biiyiik uzunlugu takim/talag temas alanini arttirirken, talas yiiziiniin diiz
kismimin daha kiiciik uzunlugu takim/talas temas alanimi azaltir. Bu nedenle, takim/talas temas
uzunlugundaki bir azalma, kesme kuvvetlerinin ve 1s1 olusumunun azaltilmasina yardimci olur. Bunun bir
sonucu olarak, talas yiiziiniin diiz kisminin daha kii¢iik uzunlugu, deformasyondan etkilenen alanin ve is
parcas1 ylizeyindeki termo—mekanik etkilerin azalmasina yol acar.

Ana etki grafiklerini vee ANOVA’dan elde edilen sonuglari kalite 6zelliklerine gore genel olarak
degerlendirdigimizde, proses parametrelerinin kalite oOzellikleri {izerinde farkli seviyelerde etkileri
oldugunu agik¢a gorebiliriz. Bu agidan DOC, Ra {izerinde nispeten verimli bir parametredir ve diger kalite
Ozellikleri lizerinde 6nemli bir etkisi yoktur. TG Ra’y1 etkilemez, ancak sirasiyla %PD, c¢ Ve G, tlizerinde
daha etkilidir. V sirasiyla a, oc ve %PD fizerinde daha 6nemli bir etkiye sahiptir. f Ra lizerinde ¢ok yiiksek
bir etkiye sahipken, sirasiyla o¢, s ve %PD lizerinde de 6nemli bir etkiye sahiptir.

4.6. Dogrulama Testleri (Confirmation Tests)

Taguchi optimizasyon tekniginde optimize edilmis kosulun dogrulanmasi i¢in bir dogrulama deneyi
yapilmasi gerekmektedir [21]. Ayrica optimum kalite 6zelliklerinin tahmininde dogrulama testinden elde
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edilen degerlerin giiven araliginda olup olmadig1 da belirlenmelidir. Sistemin optimizasyonu yeterince
dogru bir sekilde gerceklestirip gergeklestirmediginin degerlendirilmesi gerekmektedir. Bu amagla,
istatistiksel yaklasimla tanimlanan referans denklemler (denklem (3) ve (4)) kullanilarak tahmini kalite
ozellikleri i¢in giiven arali§inin belirlenmesi yapilabilir [19, 36].

Yanit degiskenlerin optimum degeri, kesme derinligi (DOC), Takim Geometrisi (TG), Kesme hizi (V) ve
flerleme oram (f ) olarak halihazirda segilmis olan énemli parametrelerin optimal seviyelerinde tahmin
edilir. Optimal kosulda bir cevap karakteristiginin tahmini ortalamasi su sekilde belirlenebilir [23, 37]

K

noptznm+2(77i_77m) 3
i=1

buradanm ilgili cevap karakteristigi i¢in elde edilen degerlerin ortalamasi, k ilgili parametre,7; her bir i.

parametrenin optimal seviyedeki sonuglarinin ortalamasidir.

Sistemin optimal sartlarin yeterince dogru gerceklestirip gerceklestirmediginin degerlendirilmesi gerekir.
Bu amagla, tahmini cevap degiskeni i¢in giiven araliginin (Clce) belirlenmesinde asagidaki denklemler
kullanilmustir [19, 23, 37]:

1 1
CICE = F(a‘lvfe)Ve |:E+E:|

ve 4
- N
o 1 + TDOF

burada F, 1) %95 giivenle F— oramdir, o anlamlilik diizeyidir, fo hata serbestlik derecesidir, Ve hata
varyansidir, Nesr etkin tekrar sayisidir, R dogrulama deneyleri icin tekrar sayisi, N toplam deney sayisidir
ve Tpor toplam ana faktor serbestlik derecesidir.

Tablo 9, tiim kalite 6zellikleri igin ortalama yanit sonuclarini gostermektedir. Bu tabloya gore “DOC1,
TG2, V3, f1” kombinasyonu tiim kalite 6zelliklerinin optimum ortalama degerlerini temsil etmektedir ve
Tablo 9’da verilen ortalama tepki sonuglari, Tablo 5’te verilen S/N tepki sonuclart ile tutarhdir.

Bu ¢alismada, optimal kosullar dikkate alinarak parametre etkilerinin tekrarlanabilirligini dogrulamak igin
¢ dogrulama deneyi yapilmistir. Tablo 6-8’de verilen ANOVA sonuglar1 ve Tablo 9’da gosterilen
deneysel calismadan elde edilen degerlerin ortalama sonuglar1 dikkate alindiginda, optimal kosullar altinda
gerceklestirilen dogrulama deneylerinden beklenen degerlerin %95 giiven araliginda oldugu sdylenebilir.
Optimal kosullar altinda tahmin edilen sonuglar ile, optimal kosulun %95 giiven araligi ve dogrulama
testleri ile elde edilen sonuglar Tablo 10’da gosterilmistir. Tiim kalite karakteristikleri i¢in optimum igleme
kosullarinda dogrulama amaciyla yapilan ii¢ test sonucunda Ra, ¢, o2 ve %PD’nin ortalama degerleri,
strasiyla 0.371 um, 570.4 MPa 165.4 MPa ve %?2.970larak elde edilmistir. Dogrulama deneylerinden elde
edilen sonugclar, parametre etkilerinin giiven aralifi sinirlar iginde kaldigimi ve tekrarlanabilirlige sahip
oldugunu gostermistir. Ustelik bu sonuglar, deney sonuglarinin da giivenilmeye deger oldugu anlamma
gelir. Boylece Ra, o¢, 62 ve %PD igin sistem optimizasyonu Taguchi yontemi kullanilarak %95 giiven
araliginda gerceklestirilebilir.

Optimal kosullar i¢in yapilan dogrulama testinin sonuglari, deneysel calismada en iyi sonucu veren rastgele
bir kombinasyon ile karsilastirilmistir. Tablo 11, Taguchi yontemiyle elde edilen tahmin edilen degerlerin
dogrulama testi sonuglariyla karsilastirmasini gostermektedir. Tahmin edilen degerler ile deneysel degerler
arasindaki hatanin %10’dan az olmas1 yapilan istatistiksel analizin giivenilirliginin bir gdstergesidir ve bu
degerler kabul edilebilir sinirlar i¢indedir [37, 38]. Dolayisiyla dogrulama testi sonuglarindan basarili bir
optimizasyon yapildig1 s6ylenebilir. Optimum kosullar altinda Ra ve %PD sirastyla %20.39 ve %53.90°lik
bir iyilesmeye sahiptir. ca’daki iyilesme %5.61 iken, o i¢in elde edilen iyilesme ise sadece %1.89’dur.
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Tablo 9. Kalite ozellikleri icin ortalama yanit tablosu

isleme Seviye
Parametreleri 1 2 3 Mak-Min Sira
Ra (pm)
DOC 1.309 1.82 0.511 2
TG 1.655 1.442 1.597 0.213 4
\Y 1.676 1.62 1.398 0.278 3
f 0.885 1.442 2.368 1.483 1
oc (MPa)
DOC 628.75  645.69 16.93 4
TG 664.4 614.16 633.1 50.24 1
\ 657.72 637.53 616.41 41.31 3
f 614.42 637.47 659.78 45.36 2
c. (MPa)
DOC 208.1 222.16 14.06 4
TG 23523 19851 211.64 36.72 1
v 23447  212.38 198.54 35.93 2
f 199.39  214.06 231.94 32.54 3
%PD
DOC 13.93 16.98 3.04 4
TG 19.99 10.81 15.57 9.19 1
\Y, 18.98 14.99 124 6.57 3
f 12.07 15.32 18.98 6.9 2

Koyu renk isaretli degerler isleme parametresinin optimal seviyesidir
Nra= 1.565 um 7= 637.22 MPa 7,= 215.13 MPa nypp= 15.46%

Tablo 10. Dogrulama testinin sonuglart

Cevap degiskeni

Ra (um) o:.(MPa) oa.(MPa) %PD

Optimal sartar eggg“e‘la 034 56208 15015  2.84
Hata varyansi 0.014 19.75 23.37 0.371
% 95 giiven aralig1 +0.236 +8.73 +9.5 +1.2
% 95 gitven araliginmn alt siiri 0.104 553.349 149.658 1.645
st sinirt 0.576 570.806 168.648 4.037

1 0.409 575.11 173.23 2.99

Dogrulama test sonuglari 2 0.33 567.37 141.99 3.11

3 0.374 568.72 180.98 2.8

Dogrulama testlerinin 0.371 570.4 165.4 2.97

ortalamasi
Hata orani (% ) 8.33 1.46 3.77 3.89




404

Firat KAFKAS, Hiiseyin GURBUZ, Ulvi SEKER | GU J Sci, Part C, 10(3): 391-407 (2022)

Tablo 11. Tahmin degerleri ve dogrulama testi sonu¢larimn karsilagtiriimasi

Taguchi Metodu i¢in
Deneysel Tahmin Hata Tyilesme
Parametre ve Seviyeleri Veriler Verileri (%) (%)
Ra (pm)
DOC1TG2V3F1 (optimal) 0.371 0.340 8.33 20.39
DOCI1TG3V3f1 (deneysel)” 0.466 0.495 6.22 '
oc (Mpa)
DOC1TG2V3F1 (optimal) 570.40 562.08 1.46 1.89
DOCI1TG3V3f1 (deneysel)” 581.40 597.95 2.85 '
ca (Mpa)
DOC1TG2V3F1 (optimal) 165.40 159.15 3.78 5 61
DOC2TG2V3F1 (deneysel)” 175.23 173.22 1.15 '
%PD
DOC1TG2V3F1 (optimal) 2.97 2.84 4.24 53.90
DOC2TG2V3F1 (deneysel)” 6.44 5.89 8.48 '

“Deneylerden elde edilen en iyi sonuglarin kombinasyonu secilmistir.

5. SONUCLAR (CONCLUSIONS)

Bu makale, ylizey piiriizliilligiinii, ¢evresel ve eksenel yiizey kalint1 gerilimlerini ve peklesme derecesini en
aza indirmek i¢in Taguchi yaklagimini kullanarak AISI 316L tornalama igleminin optimizasyonunu sunar.
En iyi parametre kombinasyonunu belirlemek i¢in Taguchi ortogonal dizisine gore olusturulan deneyler
yapilmustir. isleme parametrelerinin bu tepki degiskenleri iizerindeki etkisi incelenmistir. Calismada elde
edilen bulgular 15181nda asagidaki sonuclara ulasilmis ve bazi onerilerde bulunulmustur:

1.

Varyans analizi (ANOVA), ilerleme oraninin %79.60 oraninda ortalama yiizey piiriizliiliiglini en
cok etkileyen parametredir. Diisiik ilerleme oranlar1 ortalama yiizey piriizliligiini iyilestirmistir.

Cevresel yiizey kalint1 gerilmeleri lizerinde en etkili parametreler, sirasiyla %37.67 oranla takim
geometrisi, % 30.11 oranla ilerleme orant ve %24.97 kesme hizidir. QM formlu takim, diisiik
ilerleme oran1 ve yiiksek kesme hizlar1 kombinasyonu ¢evresel yiizey kalint1 gerilmelerinin daha
diisiik olugmasini saglamistir.

Eksenel yiizey kalint1 gerilmeleri lizerinde en etkili parametreler, sirasiyla %33.48 oranla takim
geometrisi, %31.77 kesme hiz1 ve % 25.69 oranla ilerleme orani etkili olur. Eksenel yiizey kalintt
gerilmelerinin azaltilmasinda QM formlu takim, disiik ilerleme orani1 ve yiiksek kesme hizlar
kombinasyonu daha etkili olmustur.

Peklesme derecesi lizerine %44.17 oranla takim geometrisi, %24.96 oranla ilerleme orani ve
%22.95 ile kesme hiz etkilidir. QM formlu takim, diisiik ilerleme orani ve yiiksek kesme hizlar
kombinasyonu peklesme derecesinin daha diisiik elde edilmesini saglamistir.

Kesme derinligi, dikkate alinan cevap degiskenleri igin diisiik bir etkiye sahip olmasina ragmen,
daha diisiik kesme derinligi tiim cevap degiskenlerini olumlu etkilemistir.

Takim temas uzunlugunu etkileyen tiim parametreler yiizey biitiinliigiinii de etkiler. Ozellikle,
ylizey kalint1 gerilme bilesenleri ve peklesme derecesi takim temas uzunlugunu etkileyen takim
geometrisi, ilerleme ve kesme hiz1 gibi parametrelerden daha ¢ok etkilenmistir.

Calismadan elde edilen en iyi kombinasyon dikkate alinarak yapilan dogrulama test sonuglari,
calismanin giivenilirligini ortaya koymus ve %95 giiven araligi igerisinde en iyi kombinasyon
sartinin peklesme derecesinde %53.90, ortalama yiizey piiriizliiliigiinde % 20.39, eksenel yiizey
kalint1 gerilmesinde %5.61 ve ¢evresel yiizey kalint1 gerilmesinde % 1.89 iyilesme sagladigim teyit
etmistir.
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8. Daha diisiik ¢evresel ve eksenel yilizey kalinti gerilmeleri ve peklesme derecesi elde etmek igin
takim talas temas uzunlugu kisa takim geometrileri secilmeli, bununla beraber, diisiik ilerleme
oranlar ve yiiksek kesme hizlari tercih edilmelidir.

9. Isleme performansini ve yiizey biitiinliigiinii etkileyen baska faktorler dikkate alinarak ¢alismanin
devami saglanabilir.
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In this study, 7, 28 and 90 days bending and compression values of 1% PET fiber reinforced
pozzolanic cement mortar were obtained. (Figure A.)

Figure A. a. Compressive Strength b. Flexural Strength c. Pet Fiber Reinforced Sample

Purpose: In this study, mechanical and physical properties of cement mortars were investigated
by using fiber reinforcement of Fly ash, Blast Furnace Slag and Polyethylene terephthalate (PET).
In the first stage of this study, the effects of PET fiber reinforcement on the cured mortar
properties were investigated.

Theory and Methods: In this study, 0.5% 1%, 1.5% 2% and 3% PET fiber was added to the
cement in order to increase the flexural and compressive strengths of the cement mortar.
Composite samples were produced by substituting 5%, 10%, 15%, 20%, 25% and 30%, and
flexural strength, compressive strength and ultrasonic sound velocity measurements of these
sample composite samples were carried out.

Results: It was observed that the highest flexural strength was 1% PET fiber reinforced, 10% FA
and BFS substituted cement mortar mixtures. Flexural, compressive strength and ultrasonic pulse
velocity measurements were carried out on the mortar samples..

Conclusion: The use of PET fibers in the evaluation of PET bottle wastes and the use of industrial
waste UK and YFC in the cement industry will both prevent the reduction of natural resources
and provide energy savings. Therefore, wastes that will reduce costs and reduce carbon dioxide
released into the nature will benefit economically and environmentally.
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Anahtar Kelimeler

In this study, mechanical and physical properties of cement mortars were investigated by using
fiber reinforcement of Fly ash (FA), Blast Furnace Slag (BFS) and Polyethylene terephthalate
(PET). In the first stage of this study, the effects of PET fiber reinforcement on the cured mortar
properties were investigated. For this, 0.5% 1%, 1.5% 2% and 3% PET fiber were added by
weight of the binder ratio and the fiber reinforcement giving the highest strength was determined
as 1%. It was observed that flexural strength increased by 25.79% when 1% PET fiber was added.
Then, by keeping 1% PET fiber constant, composite samples were produced by substituting 0%,
5%, 10%, 15%, 20%, 25% and 30% FA and BFS into cement by weight.

At the end of the study; It was observed that the highest flexural strength was 1% PET fiber
reinforced, 10% FA and BFS substituted cement mortar mixtures. Flexural, compressive strength
and ultrasonic pulse velocity measurements were carried out on the mortar samples.

PET Lif Takviyeli Farkh Puzolanik Ikameli Cimento Harclarmin
Mekanik Ozellikleri

Oz

Ugucu Kiil

Yiiksek Furin Ciirufu
PET Lif

Egilme ve Basing
Dayanimi

Ultra Ses Gegis Hizi

Bu ¢aligmada, ¢imento harglarinda, Ugucu kiil (UK), Yiiksek Firin Ciirufu (YFC) ve Polietilen
tereftalat (PET) Iif takviyesi kullanarak mekanik ve fiziksel Ozellikler incelenmistir. Bu
caligmanin ilk asamasinda PET lif takviyesinin sertlesmis har¢ 6zeliklerine etkileri incelenmistir.
Bunun i¢in ilk olarak baglayici oran agirliginin %0.5 %1, %1.5 %2 ve %3 PET lif ilave edilmis
ve en yliksek dayanimini veren lif takviyesi %1 olarak belirlenmistir. %1 PET lif ilave edildiginde
egilme dayaniminin %25,79 oraninda arttigi gézlemlenmistir. Daha sonra %1 PET Ilif sabit
tutularak ¢imento igerisine agirlikga %0, %5, %10, %15, %20, %25 ve %30 UK ve YFC ikame
edilerek kompozit numuneler tiretilmistir.

Yapilan calisma sonucunda, en yiiksek egilme dayaniminin %1 PET lif takviyeli, %10 UK ve
YFC ikameli ¢imento har¢ karigimlarinda elde edildigi goriilmiistiir. Har¢ numuneleri iizerinde,
egilme, basing dayanimi ve ultrasonik ses hizi 6l¢iimii deneyleri gergeklestirilmistir.

1. GIRiS INTRODUCTION)

Betonun ¢ekme dayaniminin diisiik olmasi, ¢imento hamuru, agrega ve ¢imento hamuru-agrega arasinda
kalan baglanma fazi, betonu olustan bilesenlerin birbirlerine baglanma eksikligi etki eden belli baslica
faktorlerdir [1-3]. Ozellikle yiiksek dayanimli betondaki bu kusurlara ragmen, bu malzemeye olan talep
artmaya devam etmektedir. Yiiksek puzolanik aktiviteden dolayi silis dumaninin, UK ve YFC gibi
endiistriyel atiklarin, yiiksek dayanimli beton iiretiminde kagimilmaz bir malzeme oldugu yapilan
calismalarda goériilmistiir, ancak bu durum betonun kirilgan bir yapida olmasina neden olmaktadir [4-5].
Bu nedenle, stinekligi iyilestirme, beton biliminde arastirmacilar tarafindan dikkate alinmasi gereken hayati
bir konudur.

Beton ve ¢imento harglarinin igerisine lif ilave edilmesi, beton yapilarin siinekligini, darbe, yorulma ve
deprem gibi dinamik yiiklere kars1 gelistirmek i¢in olas1 bir ¢oziimdiir [6-7].
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Lif takviyeli beton iizerine yapilan caligmalarda, lifli beton ilizerine uygulan yiik etkisi ile olusan
catlaklardan sonra betonun yiik tasima 6zelliginin devam etmesi istenir. Bu durum lif tiiriine ve 6zelligine
gore degisecektir. Beton igerisindeki lif takviyelerinin en olumlu yonii, beton igerisindeki catlagin ilk
olustugu andan itibaren, ¢atlak olugsumunun bittigi ana kadar olusan gerilmeleri engellemesi ve olusan
gerilmeleri saglam bolgelere tagimalaridir [8-10].

Lifli olarak iiretilen betonlarin egilme dayanimi yaninda, asinma, oyulma (kavitasyon) direncinde iyilesme
oldugu goriilmiistiir. Buna ilaveten aderansi iyi ise, donatinin aderansini arttirdigi, ¢atlaklar: engelledigi,
siinekligi artirdigi, patlama ve kabarip dokiilmeleri iyilestirici rolii oldugu yapilan c¢alismalarda
goriilmektedir [11-14].

Sentetik, karbon, poliproplilen, polyester ve cam lifleri, beton igerisine takviye etmek betonun
durabilitesini gelistirecektir. Beton igerisine ¢elik ve sentetik liflerin, betonda kullanimi hacimce %1-2
arasinda konulmasi, egilme ve aginda dayanimini gelistirdigi yapilan ¢alismada goriilmiistiir [ 15-16]. Beton
icerisine polyester, sentetik ve polietilen lif takviyesi, ¢elik liflere oranla daha azdir [17]. Ayrica dogal
(seliiloz, karbon, pamuk, hindistan cevizi, jiit vb.) veya sentetik (¢celik, polipropilen , polietilen , polyester,
naylon, Kevlar vb.) takviye edici lifler beton igerisine literatiirde yapilan g¢aligmalara gére daha sik
kullanildig1 goriilmektedir. Plastik liflerin daha geleneksel gelik liflere gore, diisiik nakliye maliyeti, daha
yiiksek korozyon direnci, bliyikk sizdirmazlik, elyaf takviyeli betonun, katki maddeleri ile gelismis
uyumluluk, daha diisiik termal iletkenlik; daha yiiksek islenebilirlik; malzeme déseme ig¢in makine ve
techizatin daha az asinmasi ve yipranmasinda ¢esitli avantajlar sundugu goriilmektedir.

PET Ilif takviyeli betonun temel 6zelligi, islenmesinin kolay olmasidir. Ochi, T., vd. [9] yaptiklar geri
doniistlriilmiis PET elyafin gelistirilmesi ve beton takviye elyafi olarak uygulanma ¢aligsmasinda, PET lifli
betonu ilk uyguladiklar1 Hishikari Madeni'nde betonun kolay islenebilir oldugunu yaptiklar1 ¢alismada
ifade etmiglerdir. PET elyafin gelistirilmesinde en ¢ok endise duyulan konu her zaman alkali direnci
oldugunu, ancak dikkatli bir inceleme sonucunda normal betonda kullanildiginda herhangi bir sorun
olmadigi bildirmislerdir.

Yiiksek dayanimli beton iiretiminde, klinker, curuf, silis duman karigimli ¢gimento kullanimi ve 1if takviyeli
sertlesmis betonlarin, darbelere ve asmmalara karst dayanikliligini, asinma, yorulma, kimyasallara,
pargalanmaya kars1 direnglerinin arttigimi yaptiklari ¢alismada belirtmislerdir [18-19].

Farkli lif takviyeli yapilan ¢alismalarda, polipropilen lifli betonun basing dayanimini, lifsiz betona gore
%0.4- 0.5 diisiirdiigiinii, fakat egilme dayanimini ise %12 ila %14 arasinda artigin1 belirtmislerdir. Celik lif
takviyeli betonlarin basing dayanimini %1 civarinda arttirirken, ¢ekme dayanimini ise %35 kadar arttigini
belirtmislerdir [20-22].

Cam ve ¢elik lif katkili beton 6zellikleri iizerine yapilan ¢aligmada, puzolanik malzemelerin kullanim
miktarinin artirilmasi ile durabilite 6zelliklerinin iyilestigini belirtmiglerdir [23].

UK gibi puzolanik malzemelerin betonda kullanimi, kimyasal katki maddesi olarak son zamanlarda
artmistir. Endiistriyel atik olan UK’nin ¢imento endiistrisinde kullanimi dogal kaynaklarm azalmasim
Onlemede, enerji tasarrufu saglamada, dolayisiyla maliyetlerin diismesine neden olacaktir [24-25].

Bu c¢alismada, ¢imento harcinin egilme ve basing dayanimlarini arttirmak amaci ile ¢cimentonun agirlikca
9%0.5 %1, %1.5 %2 ve %3 oraninda PET lif ilave edilmis, ayrica en yiiksek dayanimi veren lif takviyesi
belirlendikten sonra PET Iif katkili UK ve YFC %0, %5, %10, %15, %20, %25 ve %30 ikame edilerek
kompozit numuneler iiretilmis ve iiretilen bu drnek kompozit numunelerin, egilme dayanimi, basing
dayanimi ve ultrasonik ses hizi 6l¢iimii deneyleri gergeklestirilmistir.

2. MATERYAL VE METOTLAR (MATERIALS AND METHODS)
2.1. Kullamlan Malzemeler (Used materials)
Yapilan bu ¢alismada; CEM 1 42.5 R tipi Portland Cimentosu, TS EN 197-1 [26] standartlara uygun

baglayici kullanilmigtir. Cayirhan termik santralinde iiretilen UK kullanilmigtir. Calismada Eregli Demir
Celik fabrikasinda tiretilen yiiksek firin ctirufu kullanilmigtir. Kullanilan malzemelerin, kimyasal ve fiziksel
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Ozellikler Tablo1’de sunulmustur. Bu ¢alisma i¢in TS EN 196-1’e uygun olarak standart kum, Trakya
bolgesinden temin edilen edilmistir. Uretilen numunelerin ¢imentonun agirlikca %0.5 %1, %1.5 %2 ve %3
oraninda PET Ilif ilave edilmistir. Biitiin numunelere PET lifin boy uzunlugu 3mm sabit olacak sekilde
numunelere ikame edilmistir.

Tablo 1.Kullanilan Malzemelerin Fiziksel Ve Kimyasal Ozellikleri

Oksitler (%) CEM1425R UK YFC
SiO, 21.01 46.59 35.2
Al2O3 5.39 12.42 17.51
Fe203 3.23 9.74 0.68
CaO 62.11 14.50 37.7
MgO 1.97 7.23 551
SO3 3.10 5.52 0.69
Na2O 0.39 1.01 0.42
K20 0.82 2.28 1.71

Fiziksel
Ozellikler
Blaine inceligi 3355 2830 3940
(cm?¥/g)
Kizdirma
Kaybi (%) 2.36 2.28 1.84
Yogunluk 3.12 247 2.89
(glcm®)

2.2. PET Lif (PET Fiber)

Molekiil yapis1 Sekil 1'de gosterilen PET, termoplastik bir eriyiktir. Isitildiginda yumusayan,
sogutuldugunda tekrar sertlesen zincir i¢cinde kovalent, zincirler arasinda wan derwaals baglarina sahiptir
[27]

PET, amorf yapiya sahiptir. PET lifler, agirlikga en az %85 dihidroksi alkol ve bir tereftalik asit esteri igeren
polimerlerden elde edilen lifler olarak tamimlanir. lyi fiziksel ve kimyasal 6zelliklere sahiptir, bakteri ve
giivelere karsi dayaniklidir, 15181n etkisiyle bozulmaz ve ayrica kaynama sicakliginda bile asitlere karsi
dayaniklidir.

a S\ c
LH . =CH ) =~ / N\ a——-—s,_
CH 3 —CH y—0 —0C0 —\\\_\ /I//——co

Sekil 1. a. PET in kimyasal yapust b. PET lif c. PET lifin orijinal SEM goriintiisii
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Giiniimiizde plastik atiklarin miktar1 oldukea artmustir. PET atiklarin yeni tiriinlere doniigebilmesi i¢in atik
polimerlerin kimyasal geri doniisimii 6nemli hale gelmistir [38]. PET lifler Kirikkale Universitesi Kimya
ve Kimyasal Isleme Teknolojileri Boliimii laboratuvarindan temin edilmistir [39].

2.3. Karisim Oram (Mixing Ratio)

Uretilen ¢imento harglart TS EN 196-1 [28] standardindaki deney metoduna goére yapilmistir. Egilme ve
basing dayanimi deneyi i¢in kullanilacak malzeme karisim oranlar1 Tablo 2°de verilmistir.

Tablo 2. Pet Lif Takviyeli YFC ve UK esasli ¢imento esasli kompozit numunelerin kodlar: ve karisim

oranlari

Karisim Kodlar: Cimento YFC UK PET Lif |Kum Su
(9) (9) (9) (%) (9) (9)

Kontrol (KO0) 450 - - - 1350 225
P0.5 450 - - 0.5 1350 225
P1 450 - - 1 1350 225
P15 450 - - 15 1350 225
P2 450 - - 2 1350 225
P3 450 - - 3 1350 225
P1C5 422.5 22,5 - 1 1350 225
P1C10 405 45 - 1 1350 225
P1C15 382,5 67,5 - 1 1350 225
P1C20 360 90 - 1 1350 225
P1C25 337,5 1125 - 1 1350 225
P1C30 315 135 - 1 1350 225
P1F5 422.5 - 22,5 1 1350 225
P1F10 405 - 45 1 1350 225
P1F15 382,5 - 67,5 1 1350 225
P1F20 360 - 90 1 1350 225
P1F25 337,5 - 1125 1 1350 225
P1F30 315 - 135 1 1350 225

2.4. PET Lif Takviyeli UK ve YFC ikameli Cimento Harcinin Egilme ve Basing Dayamminin
Belirlenmesi (Determination of Flexural and Compressive Strength of PET Fiber Reinforced UK and
YFC Substituted Cement Mortar)

7, 28 ve 90 giin normal suda bekletilen ¢imento harglart kiir havuzundan ¢ikarilarak, TS 196-1’e [28]
uygun egilme ve basing deneyine (Sekil 2) tabi tutulmustur. 40x40x 160 mm prizmatik numune 6nce deney
presinde egilme deneyi yapilarak 2 ayri pargaya ayrilir. Boylece 3 prizma numunesinden 6 adet basing
numunesi elde edilir. Her yarim numunenin alt ve {ist ylizeylerine 4 x 4 cm boyutlarinda metal kirma bagligi
yerlestirilerek deney presinde basing deneyine tabi tutulmustur.
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Sekil 2. a. Basing Dayammi b. Egilme Dayammu c. Pet Lif Takviyeli Ornek Numune

2.5. Ultrases Geg¢is Hiz1 Deneyi (Ultrasonic Pulse Velocity Experiment)

PET lif takviyeli UK ve YFC ikameli ¢imento har¢ numuneleri 0,1 ps duyarlikli ultrases aleti ile t, pus ses
gecis sireleri ASTM C 597 [29] uygun bir sekilde 6l¢iilmiistiir. Hesaplanan ses dalga hizi Tablo 3’de
goriildiigii gibi ultrases gecis hizlarinin pratik degerlendirilmesine gore degerlendirilmistir.

Tablo 3. Ultrases gegis hizlarmmin pratik degerlendirilmesi[40]

Hiz (km/s) >4.5 3.5-4.5 3.0-3.5 2.0-3.0 <2.0

Beton kalitesi Cok lyi Iyi Orta Zayif Cok Zayif

3. ARASTIRMA BULGULARI VE TARTISMA (RESEARCH FINDINGS AND DISCUSSION)

PET lif takviyeli, UK ve YFC ikameli ¢gimento harglar1 arasindaki iliski, 7,28 ve 90 giinliik egilme ve basing
dayanim testleri ve ultrases gecis hizi deneyi verileri degerlendirilmistir.

3.1. PET Lif Orammmn Belirlenmesi (Determination of PET Fiber Ratio)

En uygun lif oranini belirleyebilmek amaci ile puzolanik katkisiz baglayici oranin agirligint %0.5 %1, %1.5
%2 ve %3 PET lif ilave edilmis Sekil 3 ve Sekil 4’te gosterilmigtir.
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Sekil 3. PET lif takviyeli ¢cimento har¢ numunelerinin egilme dayanimi

Sekil 3°de PET lif takviyelerinin ¢imento har¢ numune drneklerinin egilme dayanimlar1 incelendiginde,
PET lif ylizdesinin artmasiyla egilme dayaniminda 6nemli derecede bir artis gerceklesmistir. 7 glinliik PET
lif ilaveli ¢cimento har¢ numunelerinin egilme dayanimlarinin; kontrol numunesi (K0) ile karsilastirildiginda
P0.5 numunesinde %17,60, P1 numune 6rneginde %24,73, P1.5 numunesinde %9,56 ve P2 numunesinde
%3,64 egilme dayaniminda artis meydana gelmistir. P3 numune 6rneginde ise %1,06 egilme dayaniminda
diisiis gozlemlenmistir. 28 giinliik PET lif ilaveli ¢imento har¢ numunelerinin egilme dayanimlarinin;
katkisiz kontrol numunesi ile karsilastirildiginda P0.5 numunesinde %15,29 P1 numune 6rneginde %25,79,
P1.5 numunesinde %9,77 ve P2 numunesinde %5,20 egilme dayaniminda artis meydana gelmistir. P3
numune orneginde ise %0,85 egilme dayaniminda diisiis gézlemlenmistir. Yapilan bir ¢alismada PET
liflerin, %1 ve %1,5 lif katkisinin egilme dayanimi arttigini ifade etmislerdir[9]. Bunun sebebi lif dozajinin
artmasi sonucu egilme dayanimini ve toklugunun arttirmasidir.
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Sekil 4.PET lif takviyeli ¢imento har¢ numunelerinin basing dayanimi

Sekil 4’de PET lif takviyelerinin ¢imento har¢ numune 6rneklerinin basing dayanimlari incelendiginde, 7
giinliik PET [if ilaveli ¢imento har¢ numunelerinin basing dayamimlarinin; kontrol numunesi ile
karsilastirildiginda P0.5 numunesinde %1,73, P1 numune &rneginde %2,03 basing dayaniminda artig
meydana gelmistir. 28 giinliik PET lif ilaveli ¢imento har¢ numunelerinin basing dayanimlarinin; kontrol
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numunesi ile karsilastirildiginda P0.5 numunesinde %0,38, P1 numune o6rneginde ise %]1,63basing
dayaniminda artis meydana gelmistir. Kim vd. [24], %0, 0,5, 1, 1,5 oraninda har¢ karisimina PET liflerin
takviyesinin basing dayanimlarina etkisini incelemislerdir. Calismanin sonucunda PET lifli 6rnekler %0,75
PET Iif takviyesine kadar basing dayaniminda belirgin bir degisime neden olmadigini, %1 lif PET lif
takviyesinde ise bir miktar diistiiglinii gozlemlemislerdir. Ochi vd., [9] betona %! lif PET lif ilavesinin
basing dayanimi artarken %1 den sonra basmm¢ PET lif ilevesinin beton dayaniminda azaldigi
sOylemislerdir. Lif dozaji arttikca taze betonun yerlesebilirliginin azalmasi ve sikigtirmadaki zorluklar
nedeniyle basing dayaniminda diigsiis meydana gelmektedir[9]. %1 PET lif ikamesinden sonra basing
dayaniminda olumsuz etkiler yaratmistir. Bunun nedeni numunelere ilave edilen PET liflerin harcin
kivamini diisiirdiigli ve ¢imento harci igerisinde bosluklara neden oldugundan olumsuz etkide bulunmustur
[30-32]. Ayrica lif miktarinin artmasi ile toplasmanin fazlalasmasi ve g¢imento harglarini olusturan
bilesenlerin harekat kabiliyetlerinin azalarak islenebilirligin azalmasi ve numuneler icerisinde bir miktar
bosluklarin olusturmasidir [9,24]. Yapilan ¢alismada sonuglarin literatiirle uyumlu oldugu gézlemlenmistir.
Tiim numunelere %1 PET lif ikamesi yapilarak, PET lif katkilili UK ve YFC ikameli kompozit ¢imento
harg¢larinin dékiimii yapilmustir.

3.2. Basin¢ Dayanim Sonuglar1 (Compressive Strength Results)

En uygun PET lif %1 oran1 bulunduktan sonra, endiistriyel atiklar1 kullanmak ve daha ekonomik katkili
¢imento Uretmek amaci puzolanik malzeme olarak, UK ve YFC %0, %5, %10, %15, %20, %25 ve %30
ikame oranlarinda ¢imento igerisine ikame edildi. %1 PET Ilif takviyeli puzolanik ¢imento harcinin 7, 28
ve 90 giinliik egilme ve basing degerleri elde edildi.
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Sekil 5. %1 Lif katkili, YFC ikameli ¢imento harglarmmin 7,28 ve 90 giinliik ortalama basing ve egilme
dayammlar

Sekil 5’de goriildiigii gibi 7 giinliik YFC ikameli ¢imento harglarinin basing ve egilme dayanimlart lif
katkisiz kontrol numuneyi gegememistir. YFC’nin ilk gilinlerde puzolanik aktivitelerinin diisiik olmasidir.
YFC ikame orani artik¢a egilme ve basing dayanim degerlerinde azalma goriilmiistiir. 28 giinliik basing ve
egilme dayanimlar incelendiginde YFCnin %5 ve %10 ikame oranlarinda kontrol numuneyi gegtigi
goriilmiistiir. 28 giinliik basing dayanim degisimleri incelendiginde, %5 ikame oraninda %3.1 artarken,
%10 ikame oraninda %1.2 artis gézlemlenmistir. 90 giinliik basing dayanim degisimlerine baktigimiz
zaman %5 ikame oraninda %6.7 artarken, %10 ikame oraninda %9.8, %15 ikame oraninda %5.5, %20
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ikame oraninda %2.7 ve %25 ikame oraninda ise %0.1 basing dayanimi artig1 gézlemlenmistir. Biitlin ikame
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oranlarindaki basing dayanim artislari ve azalmalari Sekil 6’da goriilmektedir.
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Sekil 6. 7,28 ve 90 giinliik lif katkili, YFC ikameli ¢cimento har¢larimin basing dayanimlarinin yiizde
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Sekil 7. 7,28 ve 90 giinliik lif katkili, YFC ikameli ¢imento har¢larimin egilme dayamimlarinin yiizde
degisimi
28 giinliik egilme dayanim degisimleri, kontrol numuneye gore %5 ikame oraninda %3.2, %10 ikame
oraninda %1.8 arttig1 gdzlemlenmistir. 90 giinliik egilme dayanim degisimleri ise %5 ikame oraninda %38.1
artarken, %10 ikame oraninda %10.2, %15 ikame oraninda %8.9 %20 ikame oraninda %4.6 ve %25 ikame

oraninda ise %1 egilme dayanimimin artis1 gdzlemlenmistir. Biitiin ikame oranlarindaki egilme dayanim
artiglar1 ve azalmalan Sekil 7°de goriilmektedir.
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Sekil 8. %1 Lif katkili UK ikameli ¢imento har¢larimin 7,28 ve 90 giinliik ortalama basing ve egilme
dayanimlar

Sekil 8’de goriildiigii gibi 7 glinliikk UK ikameli farkli tip ¢imento harglarinin basing ve egilme dayanimlari
kontrol numuneyi gegememistir. Bunun sebebi, UK’lin erken yaslarda puzolanik aktivitesinin diigiik
olmasidir. UK orani artikca, egilme ve basing dayanmim degerinde azalmalar goriilmektedir. 28 gilinliik
basing ve egilme dayanmimlari, kontrol numuneyle karsilastirildiginda, UK‘nin %5 ve %10 ikame
oranlarinda kontrol numunesine gore yiiksek c¢iktig1 gozlemlenmistir. 28 giinliikk basing dayanim
degisimleri ise, %5 ikame oraninda %1.2 artarken, %10 ikame oraninda %0.2 artis gézlemlenmistir. 90
giinliik basing dayaniminda ise, %5 ikame oraninda %4.8 artarken, %10 ikame oraninda %7.9, %15 ikame
oraninda %3.6, %20 ikame oraninda %0.8 basing dayanimi artist gozlemlenmistir. Biitiin ikame
oranlarindaki artis ve azalmalar Sekil 9’de goriilmektedir.
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Sekil 9. 7,28 ve 90 giinliik lif Katkili, UK ikameli ¢imento harcinin basing dayanimlarinin yiizde degigimi
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Sekil 10. 7,28 ve 90 giinliik lif katkili, UK ikameli Cimento harcinin egilme dayanimlarinin yiizde
degisimi
28 giinliik egilme dayanim degisimleri kontrol numuneyle karsilastirildiginda; %5 ikame oraninda %1.4
artarken, %10 ikame oraninda %0.6 arttig1 gézlemlenmistir. 90 giinliik egilme dayanim degisimlerinde ise,
%35 ikame oraninda %5.3 artarken, %10 ikame oraninda %8.8, %15 ikame oraninda %3.9 ve %20 ikame

oraninda %1.2 egilme dayaniminin arttig1 gozlemlenmistir. Biitiin ikame oranlarindaki artis ve azalmalar
Sekil 10°da goriilmektedir.

3.3. Ultrases Gegis Hiz1 Deneyi Sonuclar1 (Ultrasonic Pulse Velocity Experiment Results)

Cimento har¢ numunelerinde 6l¢iim esnasinda sismik dalga hizlar1 har¢ numunesinin kompasitesi hakkinda
bilgi verir. Ses gegis hizinin diisiik degerde olmasi ¢cimento har¢ numunelerinde bir miktar bosluk igerdigini,
ses gecis hizimi yiiksek oldugu c¢imento harglarinda ise kompasitenin yiiksek oldugunu gosterir. PET lif
katkili ¢cimento harglarinin ses gegis hizlar1 UK ve YFC ikame miktarinin artmasi ile birlikte kontrol harcina
gore dahayiiksek degerler almugtir.

%1 PET lif takviyeli UK ve YFC ikameli har¢ numunelerin 28 ve 90 giinliik ultrases gecis hizlari sirasiyla,
Sekil 11 ve Sekil 12° de verilmistir. 28 ve 90 giinliik {iretilen 6rnek numunelerin ultrases gecis siireleri
sirastyla, kontrol numunesinde 4.38 km/sn ve 5,23 km/sn olarak 6lgiilmiistiir.
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Sekil 11. 28 ve 90 giinliik lif katkili, YFC ikameli ¢cimento harcinin ultrases gegis hizi
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Sekil 11 incelendiginde; YFC ikameli ¢imentolarin Ultrases gecis hizlar farkli olsa da 28. giinde %5 ve
%10 ikame oranlarinda ultrases gecis hizlari, kontrol numuneye gore daha hizli olmustur. 90 giinde ise,
%20 ikame oranina kadar ultrases gecis hizlarmin daha ytiksek oldugu gozlemlenmistir.
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Sekil 12. 28 ve 90 giinliik lif katkili, UK ikameli ¢cimento harcinin ultrases gecis hizi

Sekil 12 incelendiginde; UK ikameli ¢cimentolarin Ultrases gegis hizlari farkli olsa da 28. giinde %5 ve %10
ikame oranlarinda ultrases gecis hizlari, kontrol numuneye gore daha hizli olmustur. 90 giinde ise, %20
ikame oranina kadar ultrases gegis hizlarinin daha yiiksek oldugu gézlemlenmistir.

90 giinliik, Lif katkili puzolanik numunelerin ultrases gegis hizlari ise en fazla %1 lif takviyeli, %10 YFC
ikameli iiretilen kompozit har¢ numunelerinde 5.78 km/sn dlgiiliirken, %1 lif takviyeli, %10 UK ikameli
iiretilen kompozit har¢ numunelerinde ise 5.62 km/sn olarak ol¢lilmiistiir. Ayrica, olgiilen ultrases gecis
hizlar1 4 km/sn degerinden daha biiyiik oldugundan biitiin lif takviyeli kompozit har¢ numune 6rnekleri,
kaliteli har¢ sinifinda yer almaktadirlar [33] Bunun sebebi; UK ve YFC ikameli ¢imento harglarinin ileriki
yaglarda basing dayanimlarinin daha da artmasidir [36,37]. UK ve YFC ikameli ¢imento harglarinin,
¢imento ile su arasindaki reaksiyonlar sonucu dayanim kazandiran C-S-H jellerini olusturarak, ultrases
hizlarinin da yiiksek ¢ikmasina sebep olur.

4. SONUCLAR (CONCLUSION)

PET lif katkili, UK ve YFC ikameli ¢imento harglar1 i¢in elde edilen sonuglar asagidaki gibi 6zetlenebilir:

o Agirlik¢a baglayici oranin %0.5 %1, %1.5 %2 ve %3 PET lifin en yiliksek dayanimi veren %1 PET
lif olarak o6l¢iilmiistiir.

e %1 PET lif takviyeli ¢cimento harcinin, lifsiz kontrol numunesine goére egilme dayaniminda %25,79
oraninda artis gergeklesmistir.

e Pet lif ikamesini kontrol numuneye gore karsilastirildiginda, basing dayaniminda %1, egilme
dayanimda ise %2’den sonra bir diislis gorilmiistiir.

e 7 giinlik %1 PET Iif takviyeli UK ve YFC ikameli ¢imento harglarinin basing ve egilme
degerlerinin ilk giinlerde kontrol numuneye gore diisiik oldugu gézlemlenmistir. Bunun sebebin
puzolanik reaksiyonlarin ilk giinlerde yavas oldugundan kaynaklanmaktadir.

e 28 giinliik PET lif takviyeli UK ve YFC ikameli ¢imento har¢larinin egilme ve basing dayanimlar
incelendiginde, UK ve YFC’nin %5 ve %10 ikame oranlarinda kontrol numuneye gore yiiksek
cikmustir. En yliksek ikame oran1 %5 olarak tespit edilmistir.
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e 90 gilinlik PET Ilif takviyeli UK ve YFC ikameli ¢imento harclarinin basing dayanimlari
incelendiginde, %20 ikame oranina kadar kontrol numuneyi gectigi ve en iyi ikame oraninin UK
ve YFC i¢in %10 ikameli ¢imentolarda oldugu 6l¢iilmiistiir.

e 90 gilinliik PET lif takviyeli UK ve YFC ikameli ¢imento har¢larinin egilme dayanim verileri
incelendiginde; %20 ikame oranina kadar kontrol numuneyi gegtigi ve en iyi ikame oraninim UK
ve YFC i¢in %10 ikameli ¢gimentolarda oldugu goriilmiistiir.

o 28 giinlik PET lif takviyeli UK ve YFC ikameli ¢imento har¢ numunelerin ultrases gegis hizi
verileri kontrol numuneye gore degerlendirildiginde %5 ikameli numunenin en yiiksek oldugu ve
%35 ve %10 UK ve YFC ikameli ¢imento harclarimin yiiksek oldugu ve beton kalitesi “cok iyi”
oldugu goriilmektedir.

e Basing dayanim degerleri ile ultrases gec¢is hizi veri sonuclarinin birbiriyle oOrtiistigi
goriilmektedir. Lif Katkili gimento har¢larinda, UK ve YFC gibi puzolanik malzemelerin kullanimi
liften kaynaklanan bosluklar1 dolgu etkisi yaratarak daha siki bir yap1 olusturmasidir.

e UK ve YFC ikameli ¢imento harglari incelendiginde YFC ikameli ¢cimento harglarinin UK ikameli
¢imento harclarinin mekanik dayanimlarindan daha yiiksek c¢iktigi yapilan c¢alismada
goriilmektedir. Buda YFC ikameli ¢imento harg¢larinin UK ikameli ¢imento harglarina gore ayni
ikame oraninda ¢imento harglari i¢indeki bosluklari daha iyi doldurdugu yani YFC ikameli
numunelerin kompasitesinin daha yiiksek oldugunu gostermektedir.

Sonug olarak; PET sise atiklarin degerlendirilmesinde PET liflerin kullanilmasi, endiistriyel atik olan
UK ve YFC’nin ¢imento endiistrisinde kullanimi ile hem dogal kaynaklarin azalmasini 6nlemede, hem de
enerji tasarrufu saglamis olacaktir. Dolayisiyla maliyetlerin diismesine ve dogaya salinan karbondioksit
azalmasina neden olacak atiklarin ekonomik ve gevresel agidan fayda saglanacaktir.

KAYNAKLAR (REFERENCES)

[1] Yan, H., Sun, W., & Chen, H. (1999). The effect of silica fume and steel fiber on the dynamic
mechanical performance of high-strength concrete. Cement and Concrete Research, 29(3), 423-426.

[2] Kayali, O., Haque, M. N., & Zhu, B. (2003). Some characteristics of high strength fiber reinforced
lightweight aggregate concrete. Cement and Concrete Composites, 25(2), 207-213.

[3] Brandt, A. M. (2008). Fibre reinforced cement-based (FRC) composites after over 40 years of
development in building and civil engineering. Composite Structures, 86(1-3), 3-9.

[4] Koksal, F., Altun, F., Yigit, I., & Sahin, Y. (2008). Combined effect of silica fume and steel fiber on
the mechanical properties of high strength concretes. Construction and Building Materials, 22(8),
1874-1880.

[5] Shannag, M. J. (2000). High strength concrete containing natural pozzolan and silica fume. Cement
and Concrete Composites, 22(6), 399-406. https://doi.org/10.1016/S0958-9465(00)00037-8

[6] Banthia, N., Yan, C., & Sakai, K. (1998). Impact resistance of fiber reinforced concrete at subnorma
temperatures. Cement and Concrete Composites, 20(5), 393-404. https://doi.org/10.1016/S0958-
9465(98)00015-8

[7] Toutanji, H., McNeil, S., & Bayasi, Z. (1998). Chloride permeability and impact resistance of
polypropylene-fiber-reinforced silica fume concrete. Cement and Concrete Research, 28(7), 961-968.
https://doi.org/10.1016/S0008-8846(98)00073-8

[8] Borg, R. P., Baldacchino, O., & Ferrara, L. (2016). Early age performance and mechanical
characteristics of recycled PET fibre reinforced concrete. Construction and Building Materials, 108,
29-47.


https://doi.org/10.1016/S0958-9465(00)00037-8
https://doi.org/10.1016/S0958-9465(98)00015-8
https://doi.org/10.1016/S0958-9465(98)00015-8
https://doi.org/10.1016/S0008-8846(98)00073-8

Ahmet FILAZI | GU J Sci, Part C, 10(3): 408-422 (2022) 421

[9] Ochi, T., Okubo, S., & Fukui, K. (2007). Development of recycled PET fiber and its application as
concrete-reinforcing fiber. Cement and Concrete Composites, 29(6), 448-455.

[10] Fraternali, F., Spadea, S., & Berardi, V. P. (2014). Effects of recycled PET fibres on the mechanical
properties and seawater curing of Portland cement-based concretes. Construction and Building
Materials, 61, 293-302. https://doi.org/10.1016/J.CONBUILDMAT.2014.03.019

[11] Nili, M., & Afroughsabet, V. (2010). The effects of silica fume and polypropylene fibers on the impact
resistance and mechanical properties of concrete. Construction and Building Materials, 24(6), 927—
933. https://doi.org/10.1016/J.CONBUILDMAT.2009.11.025

[12] Alani, A. M., & Beckett, D. (2013). Mechanical properties of a large scale synthetic fibre reinforced
concrete ground slab. Construction and Building Materials, 41, 335-344.

[13] Hsie, M., Tu, C., & Song, P. S. (2008). Mechanical properties of polypropylene hybrid fiber-reinforced
concrete. Materials Science and Engineering: A, 494(1-2), 153-157.

[14] Bosnjak, J., Ozbolt, J., & Hahn, R. (2013). Permeability measurement on high strength concrete
without and with polypropylene fibers at elevated temperatures using a new test setup. Cement and
Concrete Research, 53, 104-111. https://doi.org/10.1016/J.CEMCONRES.2013.06.005

[15] Rostami, M., & Behfarnia, K. (2017). The effect of silica fume on durability of alkali activated slag
concrete. Construction and Building Materials, 134, 262—-268.

[16] Afroughsabet, V., & Ozbakkaloglu, T. (2015). Mechanical and durability properties of high-strength
concrete containing steel and polypropylene fibers. Construction and Building Materials, 94, 73-82.

[17] Richardson, A.E., Coventry, K., Landless, S. Synthetic and steel fibers in concrete with regard to
equal toughness. Structural Survey, (2010), 28: p. 355-369.

[18] Siimer, M. Ugucu kiil atiklarmin beton iiretiminde degerlendirilmesi, I. Ulusal Insaat & Cevre
Sempozyumu, Salihli, Bildiriler Kitabi, (1994), p. 179-185.

[19] Koca, C. Yiiksek performansli beton tiretiminde mikrosilis, curuf, klinker karigimi ¢imento kullanimu.
4. Ulusal Beton Kongresi Beton Teknolojisinde Mineral ve Kimyasal Katkilar Bildiri Kitabi, TMMOB
Ingaat Miihendisleri Odasi, Istanbul, (1996), p.381-394.

[20] Sengiil, U. Ugucu kiil ve gevresel etkileri. Afyon Kocatepe Universitesi Fen Bilimleri Dergisi, (2001),
7(1): p. 89-104.

[21] Zhang, P., Li, Q. Effect of polypropylene fiber on durability of concrete composite containing fly ash
and silica fume. Composites: Part B, (2013), 45(1): p. 1587—-1594.

[22] Ramezanianpour, A.A., Esmaeili M., Ghahari S.A., Najafi M.H. Laboratory study on the effect of
polypropylene fiber on durability, and physical and mechanical characteristic of concrete for
application in sleepers. Construction and Building Materials, (2013), 44: p. 411-418.

[23] Yaprak, H., Simsek, O., Ones, A. Cam ve ¢elik liflerin baz1 beton dzelliklerine etkisi. Politeknik
Dergisi, (2004), 7(4): p. 353-358.

[24] Kim, S.B., Yi, N.H., Kim, H.Y., Kim, J.HJ., Song, Y.C. Material and structural performance
evaluation of recycled PET fiber reinforced concrete. Cement and Concrete Composites, (2010), 32(3):
p. 232-240.

[25] Foti, D. Preliminary analysis of concrete reinforced with waste bottles PET fibers. Construction and
Building Materials, (2011), 25(4): p. 1906-1915.


https://doi.org/10.1016/J.CONBUILDMAT.2014.03.019
https://doi.org/10.1016/J.CONBUILDMAT.2009.11.025
https://doi.org/10.1016/J.CEMCONRES.2013.06.005

422 Ahmet FILAZI / GU J Sci, Part C, 10(3): 408-422 (2022)

[26] TS EN 197-1: Cement—Part 1: Composition, specification sand conformity criteria for common
cements. Turkish Standard Institution, Ankara, (2012).

[27] Tayyar A. E. & Ustiin S. Geri Kazamlmis Pet'in Kullanimi. Pamukkale Universitesi Miihendislik
Bilimleri Dergisi, 2010; 16(1): 53-62.

[28] TS EN 196-1: Methods of testing cement—Part 1: Determination of strength. Turkish Standard
Institution, Ankara, (2016).

[29] ASTM C 597: Standard Test Method for Pulse Velocity Through Concrete, Annual Book of ASTM
Standard, (Febuary 2003).

[30] Fanella D.A. and Naaman A.E., "Stress-Strain Properties of Fiber Reinforced Concrete in
Compression”, Journal of ACI Materials, 82 (4): 475 — 483, (1985)

[31] Khaloo A.R. and Afshari M., "Flexural Behavior of Small Steel Fiber Reinforced Concrete Slabs”,
Cement and Concrete Composites 27: 141-149, (2005).

[32] Uygunoglu, T., "Investigation of microstructure and flexural behavior of steel-fiber reinforced
concrete", Materials and Structures, 41(8): 1441-1449, (2008).

[33] Erdogan T.Y., "Beton", ODTU Gelistirme Vakfi Yayn. ve Iletisim Sti, 130-160, Ankara, Mays,
(2003).

[34] Felekoglu, B. (2009). Yiiksek performansl beton tasarimi, Doktora Tezi, Dokuz Eyliil Universitesi
Insaat Fakiiltesi, Izmir

[35] Atahan N.A., Pekmezci B.Y., Tuncel E.Y. ‘Behavior of PVA fiber-reinforced cementitious composites
under static and impact flexural effects’, Journal of Materials in Civil Engineering, 25(10): 1438-1445,
(2013).

[36] Liu J., Qiu Q., Xing F., Pan D. Permeation Properties and Pore Structure of Surface Layer of Fly Ash
Concrete. Materials, 7, 4282-4296, 2014.

[37] Ikram M., 2016. High volume fly ashstrength development in concrete: a review. International Journal
of Advanced Structures and Geotechnical Engineering, 5 (2), 52-57.

[38] Kim J.H., Lee J.J., Yoon J.Y., Lyoo W.S., Kotek R., (2001), “Alkaline Depolymerization of
Poly(trimethylene terephthalate)”, Journal of Applied Polymer Science, Vol. 82, 99-107

[39] Giinay, K. (2018). Antibakteriyel Ozellige Sahip Modifiye Edilmis Poli(Etilen Teraftalat) Liflerin
Sentezi ve Karakterizasyonu

[40] Indian Standard IS 13311-1, Method of Non-destructive testing of concrete, Part 1: Ultrasonic pulse
velocity [CED 2: Cement and Concrete], Bureau of Indian Standards Manak Bhavan, 9 Bahadur Shah
Zafar Maro New Delhi 110002, (1992).



GU J Sci, Part C, 10(3): 423-438 (2022)

Gazi University

Journal of Science
PART C: DESIGN AND TECHNOLOGY

http://dergipark.gov.tr/gujsc

The Investigation of Bi-Ga Partial Replacement Effect on Magnetic,
Mechanical and Microstructural Properties of Biug- xPbo2GaxSr.CaCu,Oy

Superconductor

Siikrii CAVDAR™ "

Neslihan TURAN? () Selguk IZMIRLI? {2 Haluk KORALAY*

! Gazi University, Faculty of Science, Department of Physics, 06500, Ankara, Turkiye

2 Gazi University, Graduate School of Natural and Applied Sciences, Department of Advanced Technologies, 06500, Ankara, Turkiye

Article Info:

Graphical/Tabular Abstract

Research article
Received: 8.06. 2022
Revision: 5.07.2022
Accepted: 12.08.2022

Highlights

« Vickers Microhardness.

» AC susceptibility

Keywords

Superconductivity,
Bi-2212,
BSCCO,
Bi-Ga

This article presents the change in the structural, mechanical and magnetic properties of Bi-Ga
partial displacement on the crystal structure of the BSCCO 2212 superconducting system. First,
the production steps of the BSCCO crystal structure are explained. Then, samples with different
Bi-Ga partial displacement ratios were produced. The morphological properties of the materials
were examined with SEM images, and the structural properties of the materials were examined
with the XRD method. In addition, mechanical properties were determined by Vickers
microhardness measurements and magnetic properties were determined by susceptibility
measurements.
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Figure A. Process steps used to produce the Bi1 sxGaxPbo,12Sr.CaCu20y superconducting
system

Purpose: The main purpose of this study is to examine the effect of Bi-Ga partial displacement
on the morphological, structural, mechanical and magnetic properties of the BSCCO
superconductor structure.

Theory and Methods: In this study, samples with basic formula Biys-xGaxPbo,12Sr.CaCu20y,
x=0, 0,3 and 0,8, were prepared using the melt casting method, and were named as FGa0, FGa03,
FGa08, respectively. In order to investigate the effect of Bi-Ga partial displacement; structural
properties with XRD, morphological properties with SEM, mechanical properties with Vickers
microhardness measurements, and superconductivity properties with magnetic measurements
were investigated.
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Results:  In XRD measurements, impurity peaks were observed in XRD diffractoms with the
increase of Ga ratio. When the SEM images were examined, amorphous structures were formed
and the porosity increased with the increase in the Ga ratio. In the susceptibility measurement
results depending on the temperature; Tc values of the samples; It was measured as 84,5 K for
FGa0, 76,4K for FGa03 and 69,5K for FGa08. In the microhardness measurements of the
materials, it was determined that the hardness of the materials decreased due to the increase in
the Ga ratio. It was concluded that as the load increased, the hardness values also increased and
all samples showed RISE effect.

Conclusion: It was observed that with the partial displacement of Bi-Ga in the Bi-2212 phase,
impurities appeared in the crystal structure. The decrease in the critical temperature value with
the increase of the partial displacement ratio shows that the superconductivity property decreases
with the Ga effect. The most suitable models for materials hardness analysis are Hays Kendall
and 11C models. However, since the RISE effect was observed in the samples, it was seen that the
11C model was the most successful method in understanding the hardness of the samples.
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Abstract

Since the BSCCO 2212 superconducting system has an open structure due to the addition and

Makale Bilgisi partial replacement methods, many studies have been carried out and the articles have been
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published. In this study, the effect of Ga on the superconductivity of the structure was investigated
by measuring the susceptibility on the samples obtained by increasing the Ga ratio by performing
Bi-Ga partial replacement at a certain ratio in the BSCCO 2212 superconductor. Vickers micro
hardness measurements were used to examine the mechanical properties of each sample. x-ray
diffraction (XRD) analysis results were evaluated in order to determine the structural properties
of the samples and crystal structure formations were observed by scanning electron microscope
(SEM) images.

Biqs-xPbo2GaxSr.CaCu20y Siiperiletken Yapida Bi-Ga Kismi
Degisiminin Manyetik, Mekanik ve Mikroyapisal Ozellikleri
Uzerindeki Etkisinin Incelenmesi

Oz

BSCCO 2212 siiperiletken sistemi, ekleme ve kismi degistirme yontemlerine agik bir yapiya sahip
oldugundan, bir¢ok ¢alisma yapilmis ve makaleler yayinlanmistir. Bu ¢aligmada, BSCCO 2212
stiperiletkeninde belirli bir oranda Bi-Ga kismi yer degisimi yapilarak Ga oraninin arttirilmast ile

elde edilen numuneler tizerindeki duyarliligin dlgiilmesi ile Ga'nin siiperiletken yap lizerindeki
etkisi arastirilmistir. Her numunenin mekanik 6zelliklerini incelemek i¢in Vickers mikro sertlik
dlgiimleri kullanilmustir. Orneklerin yapisal &zelliklerini belirlemek amacryla x-1511 kirmim
(XRD) analiz sonuglar1 degerlendirilmis ve taramali elektron mikroskobu (SEM) goriintiileri ile
kristal yap1 olusumlar1 gézlenmistir.

1. GIRiS INTRODUCTION)

1986 yilinda Cu-O tabakali siiperiletken malzemelerin kesfi, 1987 yilinda T. degeri 110 K’e kadar
ulasabilen Cu-O tabakali Tl-Ba-Ca-Cu-O, Hg-Ba-Ca-Cu-O ve Bi-Sr-Ca-Cu-O (BSCCO) gibi yiiksek
sicaklik stiperiletkenlerin (HTS) bulunmasi, ayni zamanda bunlarin sivi azotla sogutulabilmeleri,
calismalarin bu alanda yogunlasmasina sebep olmustur [1]. i¢erisinde nadir element bulunmayan bizmut
tabanli BSCCO siiperiletkenleri tizerinde pek ¢ok ¢alisma yaymlanmistir [2,3]. Bizmut tabanh
stiperiletkenlerin Bi-2201, Bi-2212 ve Bi-2223 gibi farkli fazlarimin bulunmasi ve bunlarin katkilama ve
kismi yer degisimi uygulamalarina elverisli olmasi ile genis bir ¢alisma yelpazesi olusturmaktadir [4-8].

Siiperiletken yapilarin kesfi ve gelisimi deneysel calismalar iizerine temellendirilmistir. Ozellikle Cu-O
tabakali yiiksek sicaklik siiperiletkenlere katkilama veya kismi yer degistirme yontemleriyle birgok yeni
yiiksek sicaklik stiperiletken (HTS) form gelistirilmistir [9-14]. BSCCO malzemelere molibden, vanadyum,
selenyum, sodyum, potasyum, kobalt, tungsten, seryum, neodimyum, gadolinyum gibi metal, yar1 metal ve
agir metal katkilamalar1 yapilarak bir¢ok ara form olusturulmus bunlarin elektriksel ve manyetik 6zellikleri
incelenerek kritik sicaklik veya kritik akim yogunluklarinin degisimleri incelenmistir [15,16]. Onceki
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yillarda BSCCO yapilara farkli deneysel yontemlerle Ga katkilamasi yapilmig ve malzeme iizerindeki etkisi
incelenmistir [17].

Bu calismada, Pb katkili BSCCO 2212 siiperiletkeni; x=0, 0,3 ve 0,8 olacak sekilde galyum-bizmut kismi
yer degisimi ile Bi,g.xPbo2GaxSr.CaCu,0y stokiyometrik oranina sahip tozlar ile eritme-dokiim yontemi
kullanilarak cam malzemeler tiretildi. Manyetik alinganlik Slgtimleri yapilarak, kritik sicaklik degerleri
belirlenmis, galyum-bizmut kismi yer degisiminin siiperiletkenlik ve mekanik 6zelligi lizerindeki etkisi
arastirlldi. Vickers mikrosertlik 6l¢iim sonuglarindan elde edilen verilerle birlikte Meyer, Hays-Kendall ve
IIC modeli kullanilarak her bir 6rnegin mekanik ozellikleri incelenmis, malzemeye en uygun model
belirlenmistir. Orneklerin yapisal &zelliklerinin belirlenmesi amaciyla XRD dl¢iimleri yapilarak
malzemelerde olusan bilesik tilirleri ve kristal yapilarin 6zellikleri ile SEM goriintiileriyle de yilizey
morfolojisi lizerindeki etkisi incelenmistir

2. MATERYAL VE METOTLAR (MATERIALS AND METHODS)

Bu g¢alismada malzeme iretimi igin eritme-dokiim teknigi kullanilmistir [18-23]. Bi-Ga kismi yer
degisiminin siiperiletkenlik {izerindeki etkisinin belirlenebilmesi amaciyla, temel formiili Biig
«Pbo2GaxSr.CaCu,Oy olacak sekilde, x=0; 0,3 ve 0,8 degerleri verilerek iiretilen numuneler sirasiyla FGa0,
FGa03, FGa08 olarak adlandirilmistir.

Bi,03, SrCO3, CaCO3, CuO, PbO ve Ga,Osbilesiklerinin %99,9 saflikta tozlar1 kullanilarak mol kiitlelerine
gore hesaplamalar yapilarak 10’ar gramlik tozlar hazirlanmistir. Tozlar Fritsch Pulverise TTE7 marka
otomatik karistirma cihazinda 400 rpm hizinda 120 dakika saat yoniinde, 120 dakika ters yonde olmak
iizere toplam dort saat karigtirilmistir. Cihazin igerisindeki agatlarin her birine 10 gramlik numune 14 adet
bilye ile konularak karistirilip homojen bir hal almasi saglanmustir. Ornekler, kapakli kaplara alinarak
eritme islemi i¢in hazir hale getirilmistir. Yiiksek sicaklik firininda 1423 K’de 60 dakika bekletilen
numuneler, firindan ¢ikarilarak 6nceden sogutulmus (255 K) bakir levhalarin arasinda sikistirilarak, siyah
renkli amorf yapida 0,6-0,8 mm kalinliginda cam malzemeler elde edilmistir. Hazirlanan cam numuneler
Protherm marka {i¢ bolgeli yatay tiip firina konularak 1118 K’de 120 saat boyunca sinterlenmistir.

3. BULGULAR VE TARTISMA (RESULTS & DISCUSSION)
3.1. Yapisal Analiz (Structural Analysis)

Bu ¢alismada hazirlanan numunelerin XRD 6l¢iimleri Bruker D8 Advance Difraktometre cihazinda, Cu-
Ko 1g1tmast kullanilarak, 2°dk ! tarama hiziyla 20=4-70° agilar1 arasinda yapilmstir. Elde edilen veriler EVA
Bruker 14.0.0.0 programi yardimiyla ICDD PDF2-2002 kiitiiphanesinde bulunan kayitlarla eslestirilerek
kristallerin analizleri yapilmistir [24].

Sekil 1’de FGa0, FGa03 ve FGa08 numunelerine ait XRD desenleri bir arada verilmistir. Burada eslesen
piklerden ana yapinin Bi-2212 (046-4545-ICDD) faz1 oldugu, (*) ile belirtilen safsizlik pikleri olarak,
CasSryCuz4041 (048-1501-ICDD) ve PhbgaSr17Bi1gCuQg:+x (047-0737-ICDD) yapi igerisinde olustugu
analiz edilmistir [25].
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Sekil 1. FGa0, FGa03 ve FGa08 numunelerine ait XRD desenleri

3.2. Micro Yapisal Ozellikler (Micro Structural Properties)

Sekil 2°de verilen SEM goriintiilerinde malzemelerin yilizey morfolojileri incelenerek Ga katkisinin yap1
tizerindeki etkisi incelenmistir. Sekil 2(a)’da FGa0 numunesinin SEM goriintiilerinde parlak yapraksi
kiimeler malzemeye siiperiletkenlik 6zelligi veren kristal yapilardir [27]. Yapinin ince ve genis yiizeyli
kristallerden olustugu, etrafinda ise kiimelenmis koyu renkli amorf kisimlarin varlig1 gériilmektedir. Sekil
2(b)’de FGa03 yapraksi kristal yapilarla birlikte, amorf yapilarin da kristal yapilarin {izerini kaplamaya
basladiklar1 goriilmektedir. Sekil 2(c)’de Ga oraninin en fazla oldugu FGa08 numunesinde oldukca
diizensiz bir sekilde ortaya ¢iktig1, amorf yapilarin iist iiste birikerek malzeme ylizeyinde oldukga fazla yer
kapladig1 goriilmektedir. Belirli bir kurala uymayan, farkli biiyiikliiklere sahip kristaller, birbiri iizerinde
biiyiimiis amorf yapilart Sekil 2(c)’de goriilmektedir.

Sekil 2. (a) FGaO, (b) FGa03, (c) FGa08 numunelerinin 2000 biiytitmeli SEM goriintiileri
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3.3. Magnetik Karakterizasyon (Magnetic Characterization)

Malzemelerin siiperiletken 6zelliklerinin belirlenebilmesi i¢in “Lake Shore 7300 AC Susceptometer” cihazi
ile 125 Hz, AC:160 A/m manyetik alan altinda alinganlik Slgtimleri yapilmis ve sonuglar Sekil 3’de
verilmistir. Burada, FGa0 numunesinin siiperiletkenlige gecisinin 85 K’de basladig1 goriilmektedir. Bu, Bi-
2212 fazi igin literatiire uyumlu bir kritik sicaklik degeridir [28,29]. SEM sonuglar1 ile birlikte
degerlendirildiginde, Bi1,gPbo2Sr.CaCu.Oy formiiliine gore elde edilen katkisiz malzemede amorf yapilar
bulunmasina ragmen, malzeme genel olarak ideal bir Bi-2212 fazi olarak degerlendirilebilir. Yine sicakliga
bagli manyetik karakterizasyon grafiginde FGa03 ve FGa08 numunelerinin kritik sicaklik degerleri
sirastyla 76,4 K ve 69,5 K olarak belirlenmistir. Kritik sicaklik degerindeki bu azalma, kismi yer degisimi
oraninin artmasina bagli olarak, amorf yapilarin ortaya ¢ikmasi ve taneciklerin arasindaki porozite artiginin
kritik sicaklik degerine olumsuz yonde etkiledigi sonucunu ortaya ¢ikmaktadir. Ayni nedenlerden dolay1
Ga oraninin artmasina bagli olarak FGa08 numunesinde, diger orneklere nispetle, sicakliga bagl olarak
manyetik alinganlikta belirgin bir artig goriilmektedir.

1,0x1072
0,0 4
-1,0x1072 1
>
8
< -2,0x107% ~
-3,0x1072 1
= FGa0
—8—FGa03
-4,0x1072 —&— FGa08
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50 60 70 80 90 100

T(K)

Sekil 3. Manyetik alinganlik 6l¢iim sonuglar

3.4 Mekanik Ozellikler (Mechanical Properties)

Bu calismada, eritme-dokiim yontemi kullanilarak elde edilen cam malzemelerde, Bi-Ga kismi yer degisimi
ile mekanik 6zelliklerinde meydana gelen degisimler incelenmistir. Her bir numuneye, oda sicakliginda
0,245 N; 0,490 N; 0,980 N; 1,960 N ve 2,940 N’luk yiikler uygulanarak yiizeyde olusan ¢entik boyutuna
gore;

Y ~— (1)

E = 81.9635H, @)
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K;c = V2Ea (a, yiizey enerjisi) (3)

esitlikleri kullanilarak farkli yiikler altindaki Vickers mikrosertlik (Hy), elastik modiilii (E), gerilme (Y) ve
kirllma dayanimi (K,.) degerleri hesaplanip Cizelge 1’de verilmistir [30].

Cizelge 1. Numunelere uygulanan yiike bagli olarak Hy, E, Y ve K. degerleri

Numune F d Hy E \ Kie
(N) (um) (GPa) (GPa) (GPa) (Pa/m*?)
FGa0 0,245 13,392 2,533 207,614 0,844 -176,236
0,490 17,183 3,077 252,202 1,026 -194,241
0,980 23,042 3,423 280,561 1,141 -204,871
1,960 32,705 3,398 278,512 1,133 -204,121
2,940 39,785 3,444 282,282 1,148 -205,498
FGa03 0,245 15,580 1,872 153,436 0,624 -308,432
0,490 20,928 2,075 170,074 0,692 -324,725
0,980 22,055 3,736 306,216 1,245 -435,722
1,960 29,998 4,039 331,051 1,346 -453,047
2,940 37,153 3,95 323,756 1,317 -448,027
FGa08 0,245 17,747 1,443 118,273 0,481 -217,507
0,490 20,563 2,149 176,140 0,716 -265,435
0,980 26,105 2,667 218,597 0,889 -295,700
1,960 35,095 2,951 241,874 0,984 -311,046
2,940 42,980 2,951 241,874 0,984 -311,046

Cizelge 1°de 6rnekler ayri ayr1 degerlendirildiginde; mikrosertlik degerleri, uygulanan yiik ile birlikte artis
gostermektedir. Kuvvetin artmasiyla sekil degisiminin 6l¢iisii olan elastik modiilii degerlerinin, gerilme ve
kirilma dayanim degerlerinin artmasi beklenen bir sonugtur. Elastik modiil degerleri incelendiginde yiike
bagl olarak arttigi, benzer olarak gerilme degerlerinde de goriilmektedir. Mikrosertlige bagli olarak
hesaplanan bu iki degerin, uygulanan kuvvete gore fit edilen grafikleri, H.-F grafigi ile 6rtiismektedir. Bu
nedenle, biitiin numunelerde gerilim ve elastik modiilii, sertlik ile orantili olarak uygulanan kuvvetle birlikte
artig gostermistir. Ga oraninin artmast ile E ve Y degerlerindeki azalmalar dikkate alindiginda, esneklik ve
elastikiyetin azalmasi, numunelerin giderek daha yumusak oldugunu gostermektedir.
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Sekil 4. Uygulanan yiike baglh numunelerdeki mikrosertlik degisimi

Biitiin numunelerde uygulanan yiike bagli olarak mikrosertlik degerinin artmasi, ters ¢entik boyutu etkisi
(RISE) davranisinin bir gostergesidir [31-33]. Sekil 4’de malzemelerin tamaminin yaklasik 2 N’da doyum
bolgesi olan platoya yani yilikten bagimsiz bolge ulastigi goriilmektedir. Elde edilen bu mekanik 6zellikler
farkli teorik yaklagimlar kullanilarak malzemelerin bu teorilere uygunluklari incelenmistir.

Mikrosertlik 6l¢iim sonuglar1 degerlendirilirken “gentik boyutu etkisi” (ISE) ad1 verilen ¢entici boyutunun
malzeme tizerindeki etkisi dikkate alinmigtir. Yiikiin uygulanmasi ile malzemede ¢entik olusumu sirasinda
ylizeyde bir miktar gevseme olmakta ve sertligi azaltmaktadir. ISE davranisinda, uygulanan yiikiin
artmasiyla beraber, sertlikte bir azalma beklenmektedir. Ayn1 zamanda ISE, ¢centme sirasinda esneme,
bolgede yigilma ile sertlesme, g¢entici ile siirtiinme gibi bir¢ok etkenden de etkilenebilmektedir. Eger
malzeme sertligi, uygulanan yiikiin artmasiyla birlikte artiyorsa, “ters ¢entik boyutu etkisi” (RISE)
davranisi gosteriyor demektir. Sekil 5’de “ISE” ve “RISE” davranisi gdsteren malzemelerin yiike bagl
sertlik grafikleri verilmistir. Malzemelerin uygulanan yiike bagli gosterdikleri bu tepkiler Meyer, Hays-
Kendall, IIC teorik modelleri kullanilarak incelenmistir.

= === Ters gentik boyu etkisi (RISE) (n>2)
= Centik boyu etkisi (ISE) (n<2)
_ - - - - o —
-
”
e
7
7/

v /
o} #Yiike bagimh mikrosertlik Yiikten bagimsiz
E bolgesi mikrosertlik (Plato) bolgesi
w
@ /
€ /

UYGULANAN TEST YUK ———

Sekil 5. ISE ve RISE davranmislarimin yiik-sertlik iliskisi
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Meyer Modeli (Meyer Model)

Temelde ¢entik boyutu etkisi (ISE) 6zelligi gosteren malzemelerin davraniglarin1 anlatmada kullanilan bu
yontem, ters ¢entik boyutu etkisi (RISE) davranisinin anlasilmasinda da fikir verebilmektedir. Meyer iissii
olarak adlandirilan n, ISE/RISE davranigi hakkinda fikir veren bir deger olup “Es.4” kullanilarak ¢izilen
mikrosertlik grafiginde fit edilen egrilerin egiminden hesaplanmaktadir.

F = Ad™ (4)

Dogrularin diisey ekseni kestigi nokta ise A degerini verir. Sekil 6°da biitiin numunelerin InF-Ind grafikleri
fit edilerek nxve Aik degerleri hesaplanmistir.
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Sekil 6. Numunelerin Meyer modeline gore InF-Ind grafigi

Olgiimii yapilan numuneler igin Meyer iissiiniin 2’den kiigiik ¢ikmasi, yiike bagh karakterinin ISE davranis:
gosterdigini, 2°den biiyiik ¢ikmasi ise sertligin uygulanan yiikle arttigin1 yani numunenin RISE davranis
egiliminde oldugunu agiklamaktadir. Cizelge 2’de hesaplanan veriler degerlendirildiginde, Meyer iissii
olarak nitelendirilen nx degeri tiim numuneler igin 2’ den biiyiik ¢ikmistir. Bu verilere gére numunelerin
tamam RISE davranis1 gostermektedir [34,35].

Cizelge 2. Meyer modeline gore deneysel verilerden elde edilen ni, InAy ve Hy degerleri

Numuneler Egim ni InAik (GPa) Hv (GPa)
FGa0 2,250 -7,164 3,423 - 3,444
FGa03 2,932 -9,399 3,950 - 4,039
FGa08 2,671 -8,518 2,667 - 2,951

Ayrica ni-1,6 olan malzemeler yumusak olarak adlandirilmaktadir. FGa0, FGa03 ve FGa08 numunelerinin
Nk degerleri 2,250-2,671 arasinda hesaplanmistir. BSCCO malzemelerinin genel 6zelligi olan tel ve serit
halinde kullanilabilmelerini saglayan yumusaklik bu malzemelerde goriilmektedir.
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Hays-Kendall Modeli (Hays-Kendall Model)

Hays ve Kendall tarafindan gelistirilen bu modele gore, kalici deformasyonun olabilmesi icin “W”
minimum bir ylik degerinin olmasi gerekmektedir. Modele gore bu “W” degerinin altinda malzemede elastik
deformasyon, iizerinde ise plastik deformasyonun gozlenebilecegi savunulmustur [36]. Gane ve Bowden
degisik malzemelerle yaptiklar1 deneylerde kritik yiik degerine ulasana kadar g¢entigin malzemede iz
birakmadig1, bu degerin iizerinde ise ¢entik biiyiikliigiinde artig gézlendigini fark etmislerdir [37].

Bu modele gore, uygulanan yiikiin yiizeyde biraktig1 ¢entik biiyiikliigiiniin, numunelere uygulanan yiik
olan “F” ile degil;

Fotkin = F — Wyg (5)

esitligiyle hesaplanan etkin yiik “Fgepi," i1le orantili oldugu anlasilmistir. “Esitlik 6” bu etkiyi
gostermektedir.

F—Wyg = AlHKdZ (6)

Burada A,y uygulanan yiikten bagimsiz bir sabittir. Wy Ve A,y degerleri F-d? grafiginden hesaplanir.
Bu modelde yiikten bagimsiz sertlik degeri (Hyg):

ile hesaplanmaktadir. Wy degerinin pozitif ¢cikmasi durumunda, malzemeye uygulanan yiikiin hem plastik
hem de elastik deformasyon olusturabildigini géstermektedir [38].

Bu yaklasimda, malzemelerin sertlik 6zelliklerinin anlasilabilmesi icin F-d? grafigi kullamlarak Aiqk Ve
yiikten bagimsiz sertlik degeri Wik hesaplanmaktadir.
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Sekil 7 Hays ve Kendall modeline gére numunelerin F-d* grafigi

Sekil 7°de verilen grafikten yola ¢ikarak, hazirlanan numunelerin tamaminin Wk degerleri hesaplanmus,
Cizelge 3’te gorildiigii gibi negatif ¢ikmustir. Bu da plastik deformasyonun olustugunu, elastik
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deformasyonun olugsmadigini belirtmektedir. Hesaplanan Huk degerleri, plato bolgesi igerisinde olmasa da,
bu degerlere yakin ¢ikmistir

Cizelge 3. Numunelerin Hays ve Kendall modeline gore elde edilen sonuglar

Numuneler Al(HeKl)D(al)o ’ m)K (252) (GI—ILYa)
FGa0 101 0,071 3,542 3,398 - 3,444
FGa03 244 0,357 4524 3,95 - 4,039
FGa08 1,75 0,252 3,245 2667 - 2,951

I11C Modeli (11C Model)

Malzemelerin RISE davranisini agiklamada etkili olan IIC modeli, Li ve Bradt tarafindan gelistirilmistir
[39]. Bu modelde, maksimum derinlikte uygulanan test yiikiinii dengeleyen toplam numune direnci, dort
ana unsurdan olusur. Bunlar; Elastik deformasyon, plastik deformasyon, numune yariklar1 ve ara
yiizeylerde u¢ ya da numune kaymasidir.

Bu teoriye gore ISE davranisina, elastik etkiler ve siirtiinme neden olurken, RISE davranisina ise ¢entik
yariklari neden olmaktadir. Bradt, PSR modelinde de siirtiinme ve elastikiyetin numune iizerindeki etkisine
deginmistir. IIC modelinde sertlik degeri;

5
F F3
H, = 1K, () + K, (E) ®)
esitligiyle hesaplanir.

Esitlikte gosterilen d izin gap1, A1, K1 ve K; sabitlerdir. Ki ¢entici sekline bagl bir degerken, K> uygulanan
yiike baglidir.

Plastik malzemelerin ideal formunda Hy=K1(F/d?), A=1 ve Ko(F**/d*=0 iken, kirilgan katilar icin H,= K,
(F*®/d) ve A=0" dir. Burada d=7h olarak almabilir. Bu esitlikte, h, genticinin yiizeyde olusturdugu izin
derinligidir. Eger numune kirilgan bir malzeme ise Esitlik 9’da belirtildigi gibi esitligin ikinci kismi
kullanilarak sertlik degeri hesaplanir.

Y
H,=K <5> (9)

“Es. 9” da K ve m degerleri yiikten bagimsiz sabitlerdir ve In(H)-In(F**/d*)grafigi cizilerek elde edilir.
Grafikteki her bir numune igin ¢izilen dogrunun egimi olan m degeri, m>0,6 iken numune normal ISE
davranisi gosterirken, m<0,6 oldugunda ise RISE davranisi gosterir. Bu davranisi gésteren malzemelerin
sertliklerini agiklamada kullanilan en uyumlu sonuglar1 veren bu yontemde, In(H.)-In(F**/d®) grafiginin
egim ve kesim noktalarindan yararlanarak yiikten bagimsiz m ve K sabitleri hesaplanmustir.
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Sekil 8. Numunelerin IIC modeline gore In(Hy)-In(F>*/d°) grafigi

IIC modeline gore ¢izilen grafigin egimi olan m degeri, 0,6’dan biiyiik oldugu durumlarda iken numuneler
ISE davranigi gosterirken, m<0,6 olmasi durumunda ise RISE davramisi gostermektedir. Sekil 8’deki
grafige gore yapilan Sl¢limler sonucunda biitiin numuneler i¢cin m {issii 0,6’dan kii¢iik ¢ikmistir. Bu da
malzemelerin RISE davranist gosterdiklerini ifade etmektedir. Yapilan hesaplamalarla elde edilen sonuglar
Cizelge 4.de verilmistir.

Cizelge 4. 1IC modeline gére numunelerin en uygun sonuglari

Numuneler m Kx10* Hic(GPa) Hv(GPa)
FGa0 0,361 9,995 3,174 3,398 - 3,444
FGa03 0,519 4,470 3,133 3,736 - 4,039
FGa08 0,490 3,182 2,432 2,667 - 2,951

IIC modeline gore hesaplanan sertlik degerleri, plato bolgesi igerisinde olmasa da, bu degerlere ¢cok yakin
cikmustir.

Vickers mikrosertlik 6l¢iim sonuglari ile birlikte, biitiin modellere gore hesaplanan sertlik degerleri, Cizelge
5’de beraber verilmistir. Yapilan mikrosertlik hesaplamalarinin tamaminda numunelerin RISE davranis
gosterdigi sonucu cikmaktadir. Fakat PSR modelinde hesaplanan sertlik degerleri plato bdlgesinden
oldukg¢a uzaktir. Bu nedenle bu modeller numuneler i¢in uygun degildir. Hays-Kendall ve 11C modellerinde
ise elde edilen sertlik degerleri plato bolgesine c¢ok yakin c¢ikmustir. IIC, RISE davranigi gosteren
malzemeler i¢in daha ¢ok tercih edildiginden, numuneler i¢in en uygun model oldugu sdylenebilir.
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Cizelge 5. PSR, Hays-Kendall ve IIC modelleri ile hesaplanan yiikten bagimsiz sertlik degerleri

Numuneler  Hpsr (GPa) Heuk (GPa) Hiic(GPa) Hv(GPa)
FGa0 3,900 3,542 3,174 3,398 - 3,444
FGa03 5,711 4,524 3,133 3,736 - 4,039
FGa08 3,949 3,245 2,432 2,667 - 2,951

4. SONUC (CONCLUSION)

Bu ¢alismada Bi-2212 fazinin Bi(1,8.Pbo,2GaxSr.CaCu,0y formiiliinde, x=0; 0,3; ve 0,8 degerlerine gore
hazirlanmig 6rneklerin manyetik, mekanik ve mikroyapisal 6zellikleri incelenmistir. XRD 6l¢itimlerinde
Ga oranmin artmasiyla Bi-2212 fazinin kristallerin degisimi ve malzeme igerisinde safsizlik pikleri
incelenmistir.

Yapilan sicakliga bagh alinganlik 6l¢iim sonuglarinda; numunelerin T¢ degerleri; FGa0 icin 84,5 K, FGa03
icin 76,4 K, FGa08 i¢in 69,5K olarak olciilmiistiir. Bi-Ga kismi yer degisiminde Bi’nin azalarak Ga’nin
yapt icerisindeki oraninin artmasi Bi-2212 fazinda T¢ degerinin giderek azalmasina ve yapinin bozulmasina
neden olmustur. Bu degisimler SEM goriintiileri incelendiginde de, Ga’nin yapidaki artisi, amorf yapilarin
ortaya ¢ikmasi ve poroziteyi arttirmasi ile malzemelerin yapisinda goriilmiistiir.

Malzemelerin mikrosertlik dl¢limlerinde Ga oraninin artmasina bagli olarak malzemelerin sertliklerinin
azaldig1 belirlenmistir. Yiik arttikca sertlik degerlerinin de arttigi ve biitlin numunelerin RISE etkisi
gosterdikleri sonucuna ulagilmustir.

Deneysel dl¢tim sonuglari, Meyer, Hays-Kendall ve I11C modellerine gore degerlendirilmistir. Hazirlanan
cam seramik malzemeler icin en kullanish analiz modellerinin Hays Kendall ve IIC modelleri oldugu,
hesaplanan sertlik degerleri plato bdlgesi ile olduk¢a uyumlu ¢ikmustir. Ancak RISE etkisini anlamada en
yaygin olarak kullanilan IIC modeli biitiin numunelerde, plato bolgesine, Hays Kendall’dan daha yakin
sonugclar verdigi i¢in, bu modelin, drneklerin sertliklerini anlamada en basarili yontem oldugu goriilmiistiir.

TESEKKUR (ACKNOWLEDGMENTS)

Bu calisma 05/2016-05 no’lu proje ile Gazi Universitesi Bilimsel Arastirmalar Birimi tarafindan
desteklenmistir.



436 Siikrii CAVDAR, Neslihan TURAN, Sel¢uk IZMIRLI, Haluk KORALAYIGU J Sci, Part C, 10(3):423-438(2022)

5. KAYNAKLAR (REFERENCEYS)

1. Bednorz, J. G., Miiller, K. A.: Possible high Tc superconductivity in the Ba-La-Cu-O system. Condensed
Matter. 64, 189-193 (1986)

2. Maeda, H., Tanaka, Y., Fukutomi, M., Asano, T.: A new high-Tc oxide superconductor without a rare
earth element. Jpn. J. Appl. Phys. 27(2), 209-210 (1988)

3. Michel, C., Hervieu, M., Borel, M. M., Grandin, A., Deslands, F., Provost, J., Ravenau, B.:
Superconductivity in the Bi-Sr-Cu-O system. Zeitschrift Physik B. (68), 421 (1987)

4. Saritekin, N. K., Uzumcu, A. T.: Improving Superconductivity, Microstructure, and Mechanical
Properties by Substituting Different lonic Pb Elements to Bi and Ca Elements in Bi-2223 Superconductors.
Journal of Superconductivity and Novel Magnetism (2022)

5. Sedky, A., Salah, A.: Comparative Study of the Efects of La-Substituted Ca in (Bi, Pb):2212 and (Bi,
Pb):2223 Superconductors. Journal of Electronic Materials (2022) 51:3042-3058 (2022)

6. Ummarino, G. A.: Standard Behaviour of Bi2Sr2CaCu208+3 Overdoped. Condens. Matter 2021, 6, 13
(2021)

7. Gayathri V., Santanu, B., Amaladass, E. P., Kumary, G. T., Pandian, R., Mani, A.: Effects of Pb assisted
cation chemistry on the superconductivity of BSCCO thin films. Phys. Chem. Chem. Phys., 2021, 23,
12822-12833 (2021)

8. Zhao, X., Wang, D., Wang, T. Hong, S., Jiang, L., Dai, Y., Qi, Y. Preparation of
Bi2Sr2CaCu208+d(Bi2212) superconductor by Pechini sol-gel method: thermal decomposition and phase
formation Kkinetics of the precursors. J Mater Sci: Mater Electron (2020)

9. Kur, E., Ozkurt, B., Aytekin, M., The effect of K-Na Co-doping on the formation and particle size of Bi-
2212 phase Physica B. 490, 79-85 (2016)

10. Asghari, R., Colakerol Arslan, L., Sedghi, H., Naghshara, H.: Synthesis and Characterization of Nb
Substitution on (Bi-Pb)-2223 Superconductors. J Low Temp Phys.189:15-26 (2017)

11. Asghari, R., Naghshara, H., Arsalan, L., Sedghi, H.: Comparing the Effects of Nb, Pb, Y, and La
Replacement on the Structural, Electrical, and Magnetic Characteristics of Bi-Based Superconductors.
Journal of Superconductivity and Novel Magnetism. 31:3889-3898 (2018)

12. Boussouf, N.,- Mosbah, M. F.,- Kalkoul, N., - Benhamideche, C.:. Effect of Zr Addition on
Bi18Pbo.4Sr20Ca1.1Cu2.10y Superconductor. J Supercond. Nov. Magn. 30:365-370 (2017)

13. Giil, E., Ozkurt, B., Aytekin, M. E., Ocakoglu, K.: Structural, electrical and magnetic properties of Au
doped Bi-2212 superconductors. Pamukkale Uni. Muh. Bilim Derg. 27(1), 70-77 (2021)

14. Ozkurt, B.: Structural, Electric and Magnetic Properties of Bi2Sr2Ag0.03CalCu20y

Ceramics Modified by Post-annealing” Journal of Superconductivity and Novel Magnetism (2018)
31:2459-2464

15. Khaled, J., Sato, R., Komatsu, T.: Effect of addition on the glass forming abiltiy and superconducting
properties ob Bi-Sr-Ca-Cu-O System. Journal of the Ceramic Society of Japan. 105 [3], 265-268 (1997)

16. Kazin, P. E., Poltavets, V. V., Poltavets, O. N., Kovalevsky, A. A., Tretyakov, Y.D., Jansen, M.:
Formation of Bi-2212 phase and phase assemblage in Ga-doped BSCCO system. Physica C, 324, 30-38
(1999)


https://www.sciencedirect.com/science/article/pii/S0921452616300850?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0921452616300850?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0921452616300850?via%3Dihub#!

Siikrii CAVDAR, Neslihan TURAN, Selguk IZMIRLI, Haluk KORALAY/GU J Sci, Part C, 10(3):423-438(2022) 437

17. Kannan, Y., Bansal, C., Rajaram, G. “Effect Of Ga203 Substitution in Bi-2212 Superconductor” Solid
State Communications. 81, 1, 109-113, 1992.

18. Cavdar S., Bulut D.,izmirli S., Turan N., Koralay H., GU J Sci, Part C, 10(1): 86-102(2022)

19. Donggqi, L., Hui, Z., Xiang, G., Shengan, Y., Qingming, C.,: “Effect of the fabrication process on the
electrical properties of polycrystalline Biy7PbgsSr.Ca,Cus01. Ceramics International. 42 1728-1732
(2016)

20. Bock, J., Bestgen, H., Elscbner, S., Preisler, E.:Large shaped parts of melt cast BSCCO for applications
in electrical engineering. Transactions on applied superconductivity. 3-1 (1993)

21. Z. Ozhanli, E., Yakinci, M. E., Balci, Y., Aksan, M. A.: Crystallization activation energy and hole
concentration properties of the Bi,Sr.CaxCdxCu208+y Glass-Ceramic Superconductor Rods. Journal of
Superconductivity: Incorporating Novel Magnetism. 15, 6 (2002)

22. Yanmaz, E., Harris, I. R., Abell, J. S.: Direct current zoning (DCZ) and direct current annealing (DCA)
of melt-cast Bi-Pb-Sr-Ca-Cu-O rods. Journal of AUoys and Compounds. 185, 311-320 (1992)

23. Tsukamoto, T., Inada, R., Inagaki, N., Andoh, H., Sugiura, T., Oota, .. Alternating-current transport
losses of melt-cast processed Bi-2212 bulk superconductor bars. Supercond. Sci. Technol. 16 1246-1251
(2003)

24. Dongqi, L., Hui, Z., Xiang, G., Shengan, Y., Qingming, C.: Effect of the fabrication process
ontheelectricalpropertiesofpolycrystalline Bil.7Pb0.3Sr2Ca2Cu3010” Ceramics
International42(2016)1728-1732

25. Kayed, T. S., Calinli, N., Aksu, E., Koralay, H., Giinen, A., Ercan, 1., Aktiirk, S., Cavdar, S.:
Microstructural, thermal, and electrical properties of Bi17V03Sr.Ca>CusOx glass-ceramic superconductor.
Cryst. Res. Technol. 39, 12, 1063 — 1069 (2004)

26. Hanjin, L., Byrne, J. G.: Effect of precursor history on synthesis of high-T BPSCCO superconductor
Journal of Materials Science 31, 234.9-2352 (1996)

27. Koralay, H., Cavdar, S., Arslan, A., Ozturk, O., Tasci, A.T., Tugluoglu, N.: Experimental and
theoretical approaches for magnetic, superconducting and structural characterization of
Bi1.75Pbo 25Sr2Ca,Cus«SnxO10+y glass ceramics. Cryogenics. 88 17-21(2017)

28. Semenenkol, B., Camargol, B. C., Setzer, A., -Bohlmann, W., Kopelevich, Y., Esquinazi, P. D.:
Magnetization of Bi,Sr,CaCu,0ss micrometer thin ring and 1ts depinning line. Journal of
Superconductivity and Novel Magnetism.33:2669-2678 (2020)

29. Francesca, I.V., Hannah, B.,-Carlo, A., - Roland, S.: Effect of In,O3 on the grain connectivity and
superconducting behavior of Bi>Sr, «InxCaCu»Os:4. SN Applied Sciences 1:96 (2019)

30. Ozturk, O., Asikuzun, E., Tasci, A.T., Gokcen, T., Ada, H., Koralay, H. Cavdar, S.: Comparison of
Vickers microhardness of undoped and Ru doped BSCCO glass ceramic materials. Journal of Materials
Science: Materials in Electronics 29:3957-3966 (2018)

31. Ozturk, O., Gokcen, T., Cavdar, S., Koralay, H., Tasci, A. T.: A study on nucleation, crystallization
kinetics, microstructure and mechanical properties of Ru-Bi partial substituted BSCCO glass ceramics. J
Therm Anal Calorim 123:1073-1082 (2016)

32. Awad, R., Abou-Aly, A.l., Kamal, M., Anas, M.: Mechanical properties of (Cu0.5TI0.5)-1223.
Supercond Nov Magn. 24:1947-56 (2011)



438 Siikrii CAVDAR, Neslihan TURAN, Sel¢uk IZMIRLI, Haluk KORALAYIGU J Sci, Part C, 10(3):423-438(2022)

33. Sangwal K.: On the reverse indentation size effect and microhardness measurement of solids. Mater
Chem Phys. 63:145-52 (2000)

34. Khalil, S. M.: Influence of isothermal hot pressing-doping treatment on the electrical and mechanical
properties of bulk Bi-Sr-Ca-Cu-O” AIP Advances 2, 042183 (2012)

35. Sangwal, K., Surowska, B.: Study of indentation size effect and microhardness of SrLaAlO4 and
SrLaGaOs single crystals. Materials Research Innovations, 7:2, 91-104 (2003)

36. Hays, C., Kendall, E. G.: An Analysis of Knoop Microhardness. Metallography, 6, 275-282 ( 1973).

37. Gane, N., Bowden, F. P.: Microdeformation of Solids. Journal of Applied Physics, 39, 1432-1435
(1968)

38 Awad, R., Abou-Aly, A. I., Kamal, M., Anas, M.: Mechanical Properties of (CugsTlos)-1223 Substituted
by Pr. J. Supercond. Nov. Magn., 24: 1947-1956 (2011).

39. Li, H., R. Bradt, C.: The Microhardness indentation load/size effect in rutile and cassiterite single
crystals. Journal of Materials Science, 28, 917-926 (1993)



GU J Sci, Part C, 10(3): 439-454 (2022)

Gazi University R
Journal of Science ::';:[:; ~,33_:5‘.='=='==
PART C: DESIGN AND TECHNOLOGY unnnu%‘fmvg!!”gf

http://dergipark.gov.tr/gujsc

Impactor Diameter and Ply Number Effects on the Impact Behavior of
Carbon Fiber Composite Laminates

Mehmet Iskender OZSOY?*

Sakarya University, Faculty of Engineering, Mechanical Engineering Department, Sakarya, Turkey

Article Info

Abstract

Research article
Received: 27.05.2022
Revision: 5.07.2022
Accepted: 21.07.2022

Keywords

Carbon fiber laminated
composites

Composite thickness
Dop weight impact test
Impactor shape

As it is known, impact damage is a major mechanical phenomena for composite materials
especially used in the aerospace structures. The factors affecting the impact behaviour of the
composites depend on the impactor systems as well as the target material. In this study ply number
and impactor geometry effects of carbon fiber reinforced epoxy composites were investigated by
low velocity impact tests. In this context, drop weight impact tests were carried out at 6J, 12J and
24J energy levels by using hemispherical impactors with 10 mm and 20 mm diameters. Laminated
composites were manufactured in 6, 10 and 14 plies with vacuum infusion method. The effects
of laminate thickness, impactor diameter and impact energy on the contact force, velocity,
absorbed energy and damage surfaces were investigated and evaluated. It is observed that
impactor geometries and velocities caused the different damage mechanisms in composites and
impactors played an important role in determining the penetration and perforation behaviours of
composites. Increasing impactor diameter increased the penetration and perforation thresholds.

Impact behavior
Penetration
Perforation

1. INTRODUCTION

Composite materials are widely used in the automotive and aerospace industries [1,2]. However, damage
caused by parts, tool falls on the components during maintenance, bird strikes on the landings and takeoffs
of aircrafts, hail often result in delamination, matrix cracking and fiber breakage damage to the internal
surfaces of composite materials.[3, 4-8]. These damages generally occur as a result of low velocity impacts
which defined in the velocity range between 1 m/s and 10 m/s [9]. Drop weight impact tests are a type of
low velocity impact tests and based on the principle that a mass hits the specimen as a result of vertical free
fall from a certain height. [10,11]. The damage resistance, impact behavior, threshold values for penetration
and perforation, impact resistance, absorbed energy, contact forces and damage areas of composite
materials are determined with the drop weight impact tests [9, 11-14].

The parameters studied for the low-velocity impact tests are generally consist of the target material related
factors such as material thickness/number of layers, material type, specimen geometry and impact test
systems factors such as impactor geometry and specimen fixation [2,16]. In this context, Liu et al. [17],
investigated the maximum load, maximum displacement, contact time and damage area for one energy
level on the impactor geometry. They used the hemispherical and flat tip same diameter impactors. The flat
impactor has a higher maximum force, whereas the hemispherical impactor has a larger damage area, longer
contact time and greater maximum displacement. They also supported the study with the finite element
method. Evci and Uyanan [18] studied the damage behavior of the carbon fiber composites with
hemispherical tip impactor at different temperature ranges. The maximum force and delamination area
increased with the increase of the impactor diameter. Zhou et al. [19] studied the effects of impact angle,
impactor geometry and diameter, and layer arrangement of unidirectional carbon fiber composites. Seifoori
et al. [20] studied the low velocity impact behavior of unidirectional glass fiber and carbon fiber composites
with spherical, hemispherical and cylinder impactors at two different energy levels. They observed that the
largest damage area was caused by spherical impactors, and the damage area increased with increasing
impact energy. Guerrero et al. [21] investigated the impactor weight effect on the damage behavior of the
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carbon fiber woven epoxy composites. I¢ten et al. [22] studied the glass fiber woven epoxy composites at
different impactor diameters and different energy levels. The maximum force, and penetration threshold
values increased with the increase of the impactor diameter. Reddy et al. [23] studied the effect of different
composite thicknesses and different energy levels on low velocity impact behavior of glass fiber laminated
composites. As the impact energy and thickness increased, the maximum force and contact time increased.
Liao et al. [24] investigated the effects of laminate thickness and different impact energy levels on the
impact behavior of z-pinned composites. Fiber breakage turned into the delamination with the increase of
laminate thickness. Belingardi et al. [25] investigated the effects of fiber arrangement, composite ply
number and different energy levels on the impact behavior of unidirecional carbon fiber composites. Li et
all [26] studied the effect of impact energy levels on the pultruded glass fiber rove polyester composites.
Qiu et al. [27] investigated the effects of carbon-graphite epoxy composites at different energy levels on
the fiber arrangement, sample geometry, ply numbers and impactor geometry such as flat and hemispherical
by experimental and finite element method. The maximum force is greater with the flat impactor and the
contact time is shorter. The damage of the hemispherical impactor is more than the flat type. Riccio et al.
[28] investigated the effect of fiber sequence at different energy levels according to the finite element
method. Quaresimin et all [29] investiated the effects of different layer numbers and different fiber
sequences of carbon fiber woven epoxy composites on the contact load, absorbed energy and delamination.
They stated that the onset damage of delamination and maximum load depended on the laminate thickness.
Minak and Ghelli [30] tested unidirectional carbon fiber composites according to the quasi-isotropic fiber
sequence at three different energy levels, using two different diameters of circular impactors by
experimental and finite element method. The maximum force was estimated by the finite element method
and compared with the delamination threshold. The delamination area increased with energy and it has a
significant effect on impact behaviour because diameter and boundary conditions affect the stiffness of the
target material. Farooq and Myler [31] modeled the effect of 8, 16 and 24 layers of unidirectional carbon
fiber composites on the impactor geometry by finite element method. Soto et al. [32] studied the fiber
composites at two different impact energies (20J, 30J) by experimentally and finite element method. Wang
et al. [33] modeled the delamination behavior of unidirectional carbon fiber composites according to
different fiber sequence and different energy levels by finite element method. Gliszczynski et al. [34]
carried out impact tests of glass fiber composites according to fiber sequence and different energy levels.
Caminero et al. [35] studied the effects of laminate thickness and fiber sequence on different impact
energies of unidirectional carbon fiber composites. As the impact energy increased, the damage resistance
decreased. Zhou et al. [36] studied the impact behavior of carbon fiber composites at different energy levels
by experimental and finite element method. Maximum force, displacement, absorbed energy, delamination
area were investigated in simulation. Rio et al. [37] studied the low-velocity impact behavior of
unidirectional and woven carbon fiber composites with different fiber sequences and composite
thicknesses. Kursun et al. [38] investigated the low-velocity impact behavior at different energy levels by
experimental and finite element method using conical, ogival, hemispherical and flat impactors with a
diameter of 12 mm.

Lamina thicknesses which used in aircraft generally vary between 2 and 6 mm, and even their main
structures can be under 2 mm thickness [39]. Therefore, in this study different thicknesses carbon fiber
laminated composites were manufactured in 6, 10 and 14 plies with vacuum infusion method. It is seen in
the literature that impactor geometry played a determining role in the damage mechanisms of the composite
materials. For this purpose, effects of ply number and impactor geometry on the low velocity impact
behavior of composites were studied and test results investigated with the macroscopic failure images. 6,
12 and 24J energy levels were carried out by using hemispherical impactor tips with 10 mm and 20 mm
diameters. Impact energy and impactor shape effects were evaluated together with laminate thickness on
the energy abilities of the composites.

2.EXPERIMENTAL STUDIES
2.1. Materials and Manufacturing of the Composites
Plain weave type carbon fiber reinforcements (200gr/m2) supplied by Dost Kimya Company in Turkey and

Biresin Sika CR80 epoxy were used as the materials. The epoxy and Sika CH 80-2 hardener mixing ratio
was 100:30 by weight. Laminate composites were manufactured in 6, 10 and 14 plies by vacuum infusion
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method. After the vacuum infusion process, the composites were kept in vacuum for 24 hours. Then the
composites were kept in the oven for post-curing at 60 0C for 4 hours. Composite plates were cut according
the specimen size. Figure 1 shows the vacuum infusion process setup of composites.

o

Figure 1. Vacuum infusion process setup
2.2 Impact Tests

Drop weight impact tests were carried out with an Instron Ceast 9350 testing machine as the specimen
dimensions were 100 mm X 100 mm. The fixture inner diameter is 40 mm and outer diamater is 60 mm.
Force, displacement, energy and velocity datas are obtained respect to time at the end of the tests. Acording
to the the ASTM 7136 standard [40], the level of impact energy that should be applied to the specimen is
E = CE.h, where the CE is 6.7 J/Jmm and h is the specimen thickness.The impact energies corresponding to
6 ply (1.2 mm), 10 ply (2.17 mm) and 14 ply (3.07 mm) used in this study are 8.04J, 14.54J) and 20.57 J
respectively. In this purpose, 6J, 12J and 24 J impact energies were applied to each composite sample using
the 10 mm and 20 mm diameter hemispherical impactors. Impactors masses are 5.5 kg for both of the
impactors. Anti-rebounding system was activated in the tests. Figure 2 illustrates the drop weight test
system, impactors and clamping fixture.

Figure 2. Drop weight test system: (a) Testing machine, (b) Impactors, (¢) Clamping fixture
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3. RESULTS AND DISCUSSIONS

Figure 3-5 show the force-displacement, force-time, energy-time, velocity-time and displacement- time
graphics of composites with 10 mm impactor diameter at impact energy levels 6, 12 and 24J, respectively.
In the low velocity impact, three situations occur: rebound, penetration and perforation. In the case of
rebound, the sample cannot absorb all of the impact energy and this energy spent by the rebound of the
impactor from the sample surface. In the case of penetration, all of the impact energy is transferred to the
sample when the penetration level is reached and the impactor is stuck in such a way as to cause damage
to the sample. In the case of perforation or complete penetration, the impactor pierces the sample through
its thickness and exits from the back surface of the sample. The absorbed energy remains constant although
the impact energy increases at the perforation level [41-44]. In Figure 3a, the force-displacement curves
increase linearly to their maximum value up to the onset of damage with layer thickness which depending
on stiffness. Closed curves in the force-displacement graphics show that the composite is not completely
penetrated, while open curves have complete penetration of the impactor tip into the specimen [45]. As it
is seen from the force-displacement curves in Figure 3a, [C]6 composite is open-ended at 10 mm impactor
tip diameter and 6J impact energy. This indicates that the impactor has perforateded the composite. In the
[C]6 composite, the load carrying capacity of the composite is lost and the sample is perforated. [C]10 and
[C]14 composites show a closed curve. In other words, the damage on the composite that will not cause a
penetration by the impactor. As the ply numbers increases, the slope of the curves increases depending on
the increase in bending stiffness as it is seen from the force-displacement curves.
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d) displacement vs. time graphics of composites with 10 mm impactor diameter at 6J impact energy

In full penetration mode when the 10 mm diameter impactor tip is used, the force decreases in minimum
level and then increases again with a (Figures 4a and 5a). In the literature, it has been stated that this
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situation is caused by the friction between the impactor tip and the composite sample [46]. This friction
effect is also reflected in the velocity-time graphs (Figures 4c and Sc¢). It is seen that the [C]10 composite’s
energy level goes forward parallel to the horizontal axis (Figure 4b). This shows that the impactor
penetrated into the composite. Therefore, the rebound elastic energy of the composite is very low. A closed
curve is formed in the force displacement curve of the [C]14 composite, and the impact energy can be
absorbed by the composite. By increasing the impact energy to 24J, complete penetration occured in all
samples (Figure 5).

Increasing the composite thickness and impact energy increases the contact time. This is also consistent
with the literature [17,23].
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Figure 4. a) Force vs. displacement, b) Force vs. time and energy vs. time, c) velocity vs. time
d)displacement vs. time graphics of composites with 10 mm impactor diameter at 12J impact energy

When the energy-time graphics of the composites are examined, [C]6 composite shows an increasing trend
depending on the time (Figure 3b-5b). The impact energy is equal to the sum of the elastic energy which
the sample is not damaged and the energy absorption level when it is damaged. [47]. As a result of the
fibers breaking, the energy absorption capacity of the composite is lost. Kinetic energy increases linearly
until the impactor completely penetrates (perforation) the specimen and then energy curve continues with
a lower trend of increasement after the impactor perforates the sample. If the impactor perforates the
specimen, the curve is directed upwards because the region between the impactor and the specimen is
subject to friction [48,49]. If the impactor could not complete penetrate the composites, the curves increased
to a maximum level up to the impact energy level and then decreased to a constant level by absorbing a
certain amount of energy which depending on the rigidity of the composites. As the impact energy
increases, the impact duration, maximum force and energy absorption rate increased. This situation is also
suitable with the literature. [50]. The perforation energy in composite materials is taken as the energy value
when it corresponds to the perforation point where the force values decrease to the minimum level in the
open type curves of force-time graph. Then, the energy value continues to increase with the effect of friction
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between the impactor and the composite [51,52]. In the perforation mode, the energy of the impactor is
sufficient to complete penetrate the composite, and some energy is lost due to friction between the
composite and the impactor [53]. In other words, perforation occurs in the composites if the impact energy
exceeds the penetration threshold [54].

At the velocity-time and displacement-time graphics (Figure 3-5), the velocity approaches the constant
value after a certain time due to the perforation of the sample. And also, the displacement increasement
continues depending on the time. Since there is a rebound at 6J impact energy in [C]10 and [C]14
composites, most of the applied energy is absorbed. As the number of carbon fiber layers increased, their
stiffness increased and the amount of absorbed energy decreased. This shows that thinner composites suffer
most of the damage under the same impact energy. Besides, it is seen from the damage photographs that
(Figure 9), perforation occurred in the [C]6 composite. As the impact energy increases, the oscillations in
the force-displacement curves increase. These oscillations indicate damage formation and propagation,
matrix cracking, fiber breakage and delamination [55,56]. In case of rebound of the impactor hitting the
composite sample, the velocity of the impactor takes a negative value because it’s direction is opposite to
the direction of the impact. If the impactor does not rebound, it indicates that the impactor is stuck in the
sample, and after hitting the sample, its speed decreases and continues at a constant horizontal velocity for
a certain period of time. Once the maximum displacement is reached, the impactor velocity becomes zero
[57]. In Figure 5, it is shown that all the curves continue at the horizontal axis and then they reached to the
negative values as the conical part of the impactor.
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Figure 5. a) Force vs. displacement, b) Force vs. time and energy vs. time, c) velocity vs. time
d)displacement vs. time graphics of composites with 10 mm impactor diameter at 24J impact energy

In Figures 3d-5d, displacement curves increase to maximum values due to the ability of the composites to
absorb energy in rebound situations and move in the negative direction during the rebound of impactor
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from the specimen. With the increase of impact energy, the curves become steeper from rebound to
penetration and perforation modes, respectively. In addition, displacement increases with the increase of

impact energy.

As it is seen from the force-displacement and force-time curves (Figure 5), the impactor tip perforated all
the composites at 24J impact energy with 10 mm impactor diameter. Because of the12J impact energy level
was over the penetration threshold of the [C]6 composite, maximum strength of the [C]6 composite
decreased at the 24J impact energy as the load carrying ability of the fibers was lost. Depending on the
thickness of the composite, impactor tip continued to perforate the composite in the conical part of the
impactor tip at high energy value. When the force dropped to minimum level, 10 mm diameter region of
the impactor penetrated the composite. Then there was a force increasement again as the second stage and
the conical region of the impactor continued the perforation process. (Figure 5). In the literature, it has been
stated that this second force rise is due to the friction between the impactor and broken fibers [58].
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Figure 6. a) Force vs. displacement, b) Force vs. time and energy vs. time, ¢) velocity vs. time
d)displacement vs. time graphics of composites with 20 mm impactor diameter at 6J impact energy

Figure 6-8 show the force-displacement, force-time, impact energy-time, velocity-time and displacement-
time graphics of carbon fiber composites with 20 mm impactor diameter at impact energy levels 6, 12 and
24), respectively. The maximum force values increase with the increasement of the impactor diameter. It
is consistent with the literatur [18,22,23]. Therefore, as can be seen from the graphics, the energy absorbing
ability of the composites is higher with of 20 mm diameter as the 10 mm diameter impactor exposed to
perforation modes at the low energy levels. All the composites showed the rebound behaviour at 6J impact

energy.

In Figure 7a, the force-displacement curve in the [C]e composite shows an open curve and the energy curve
tends to increase. It is seen in the energy curve in figure 7b that, [C]s is in the penetration threshold. Closed
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curve formation and rebound elastic energy are observed in the force-displacement curves of [C]io and [C]14
composites. Increasing of impactor diameter decreased the displacement.
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Figure 7. a) Force vs. displacement, b) Force vs. time and energy vs. time, c) velocity vs. time
d)displacement vs. time graphics of composites with 20 mm impactor diameter at 12J impact energy

In Figure 8, contact force increased with increasing impact energy. Besides in the energy curves, [C]s was
in the perforation mode and [C]1o was in the penetration mode. Rebound elastic energy is observed in the
[C]1a. These results consistent with the literatur. Topkaya and Solmaz [59], stated that composite thickness
determined the impact performance of carbon fiber composites. Increasing composite sheet thickness
increased the contact force and impact strength by decreasing the deformation of composites and so
decreased the absorbed energy.

Increasing impact energy increased the displacement. The geometry of the impactor also affects the residual
velocity. Rebound velocity of the larger impactor is higher because of the showing less penetration effect
than the smaller impactor in rebound modes.

In the [C]s composite, the impactor displacement goes on linearly due to the perforation. In [C]io and [C]aa
composites, impactor reaches the maximum displacement at the impact time and then moves to the opposite
direction because of rebounding.



Mehmet Iskender OZSOY / GU J Sci, Part C, 10(3):439-454(2022 447

8000 8000 48
(a) —I[Cle b) —ICls

7000 - i —[Chol} 42

6000 - 7[C]14

5000 -

4000 A

3000

Force (N)
Energy (J)

2000 -
1000 -

-1000 T T T T T T \
-10 -5 0 5 10 15 20 25 30

0 2 4 6 8 10 12 14 16 18 20
Displacement (mm) Time (ms)

Velocity (m/s)
Displacement (m)

-2 T T T T T T T T T _ +
0 2 4 6 8 10 12 14 16 18 20 6 2 4 6 8 10 12 14 16 18 20
Time (ms) Time (ms)

Figure 8. a) Force vs. displacement, b) Force vs. time and energy vs. time, ¢) velocity vs. time
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Impact damage photographs of the samples according to 10 and 20 mm impactor diameter are given in
Figures 9 and 10 respectively. The damage area on the impacted front surfaces is smaller than the back
surfaces. As the number of composite layer increases, the damage formation on the composite surfaces also
decreases. As can be seen from Figure 9 and 10, the hole width enlarged in the [C]e composite with the
increase of the impact energy. In [C]io composites indented area occured on the front surfaces and fiber
breaks occured, a dome-shaped bulge formation occured on the back surface of the [C].4 composite. The
bulges formed on this back surface are the result of matrix cracking and pull out of the fibers [60].
Increasing composite thickness decreased the fiber breaks. Matrix cracking occured in thermoset
composites due to the brittle matrix structure [61]. As the impact energy increased, the penetration damage
areas in the composites also increased. Due to the brittle structure of the matrix and fiber, matrix cracking
is followed by fiber fractures in the face of impact load with penetration and perforation. It is seen that the
interlayers separating increases with increasing impact energies. When compared in terms of impactor
diameters, the damage on the composite is greater at small-diameter impactors, because the impact load is
concentrated in a smaller area in [56]. On the other hand,_the fibers form an outward bulge in the 20 mm
diameter impactor, and the splittings which occured between the fibers are less in the composites where the
20 mm diameter impactor is applied. In the literature, it is stated that this splitting was caused by the brittle
fracture of carbon fibers [60]. As it is seen in the damage photographs that the penetration effect of the
impactor tip is greater due to the local effect of the low-diameter impactor on the impact area at the same
energy levels and this situation made the destructive damage to the fibers.
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Figure 9. Impact damage photographs of the composites with 10 mm impactor diameter
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Figure 10. Impact damage photographs of the composites with 20 mm impactor diameter
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The perforation and absorbed energy values of composites and the residual velocities of the impactors are
given in Figures 11 and 12 respectively. When the energy values are examined, the effect of the damage
caused by the 10 mm diameter-impactor is seen. Depending on the increase in composite thickness and
impact energy, the energies absorbed in the composites also increased. As can be seen from the graphics,
different impactor geometry could increase the damage leading to penetration and perforation modes. It is
seen in the Figure 9 that, above the penetration energy thresholds, the energy absorbtion of the composites
remains at the same level and perforation energies were lower than impact energies as in the literature [18].
When the impact energies increase, the residual velocities of the impactor also increased. As the composite
thickness increased, the residual velocity decreased. In other words, higher the residual velocity, higher the
damage to the composite.
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Figure 11. Absorbed energy values of composites at 10 mm and 20 mm impactor diameters
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Figure 12. Residual velocities of impactors at 10 mm and 20 mm diameters
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4.CONCLUSIONS

Effects of the ply number and impactor geometry on the low-velocity impact behavior of carbon fiber
laminated composites were investigated in this study and following results are obtained: Increasing brittle
fiber ply made the composites more rigid against to energy absorbtion capabilities. Increasing impactor
diameter decreased the displacaments. Maximum forces increased with increasing composite thickness and
increasing impactor diameter. Increasing impact energy increased the damage areas. Due to the increase in
the diameter of the impactor, the damage sizes of the composites decreased and increasing impactor
diameter increased the damage threshold of the composites. It has been seen that impactor geometries
determine the failure mechanisms. In future studies, the effect of temperature and the effects of layer
thickness and impactor geometry on pure or hybrid composites would be investigate with using more
ductile fibers than carbon fiber.
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Graphene platelets (GPLs) are frequently preferred as reinforcement material to improve the
Research article mechanical properties of many advanced technology ceramics, thanks to their superior properties.
Received: 12.05.2022 However, their reinforcement levels vary depending on whether they are homogeneously
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Accepted: 29.06.2022 distributed in the matrix microstructure. This is generally controlled by the thickness (number of

layers) of the GPLs. In general, single- or few-layer GPLs show high performance as
reinforcement but are commercially expensive. This limits their large-scale use. This study aims

Keywords to achieve the performance of the GPLs (GPLRref), which is determined to have a high mechanical
reinforcement level but is quite expensive, by economically thinning other GPLs (C0-GPL) with
Graphene platelets (GPLs) similar platelet size but thicker structure and cheaper. For this purpose, the microfluidization

Microfluidization
Thickness of GPLs
Fracture toughness

technique, a new approach to the dispersion of GPLs, was applied. CO-GPL was exposed to 1, 2,
4 and 8 cycles of microfluidization process. Microfluidized GPLs were added to the SiAION
matrix at a ratio of 1.5 wt %, and the GPLs-SiAION composites were sintered using the spark
plasma sintering (SPS) technique. The platelet size of CO-GPL decreased as the number of applied
microfluidization cycles increased. However, while this reduction in platelet size was not
significant up to 2 cycles, it was very pronounced at 4 and 8 cycles. Raman analyses revealed that
GPLs could be dispersed effectively for up to 4 cycles. After this point, the GPLs fragmented
rather than thin as the number of cycles increased. GPLs, slightly thinner than GPLref could be
obtained with 2 cycles of microfluidization (C2-GPL). Therefore, C2-GPL were more
homogeneously dispersed in SIAION matrix microstructure compared to GPLRrer. As a result, both
the through-plane and in-plane direction fracture toughness values of SIAION matrix containing
C2-GPL, which partially preserved the platelet size, were higher than those of GPLRe-SiAION.
The fracture toughness of SiIAION matrix composites containing 4 and 8 cycles of microfluidized
GPLs were lower than that of GPLre-SiAION as an adverse effect of decreasing platelet size. It
has been determined that the mechanical reinforcement performance of commercially expensive
GPLref can be achieved economically by applying 2 cycles of microfluidization to cost-effective
CO-GPL.

1. INTRODUCTION

GPLs are frequently used as reinforcement material in recent years due to their high surface area and
superior mechanical properties (high fracture strength (~125 GPa) and Young's modulus (~1TPa)) [1-3]. It
has been determined that the mechanical properties of many advanced technology ceramics, such as fracture
toughness and flexural strength, are improved with the addition of GPLs. Study [4] in which 0.2, 0.5, 1, 2,
5 and 10 wt % GPLs were added to SizN4, the fracture toughness and strength of the matrix increased by
approximately 9 and 3 %, respectively, at 0.2 wt % GPLs content. In another study [5], the fracture
toughness of zirconia increased by about 30 % with the addition of 4 vol % graphene oxide. The fracture
toughness and flexural strength of Al,Oz matrix improved by 27 and 30 %, respectively, at 0.38 vol % GPLs
content in a study conducted on GPLs-Al,O3 composites [6]. SIAION, an alloy of silicon nitride (SisN4), is
included in the advanced technology ceramics group. It has industrial applications such as metal forming
tools, milling media, blast nozzles, cutting tools, thermocouple protection tubes, riser, and heater tubes [7-
9]. On the other hand, when its mechanical properties improve, its usage areas will increase and diversify.

*Corresponding author, e-mail: skayhan@eskisehir.edu.tr DOI:10.29109/gujsc.1115494
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For this purpose, the addition of GPLs to SiAION as a reinforcement material is one of the appropriate
strategies.

This study is a continuation of the study [10] investigating the effects of adding four GPLs with different
properties such as size, thickness, and aspect ratio on the mechanical and tribological properties of the
SiAION matrix. In that study, the largest and thinnest GPLs (called GPL4) among the added GPLs provided
the highest fracture toughness and tribological properties to SIAION. However, the fact that the commercial
price of these GPLs (GPL4) with good exfoliation is quite high compared to the others has limited its high-
scale use. In that study, GPLs (called GPL3) with almost the same platelet size as GPL4 but thicker and
cheaper exhibited a second higher mechanical reinforcement effect following the GPL4. The reason for the
higher mechanical and tribological contribution of GPL4 to SiAION compared to GPL3 was their more
homogeneously dispersion in the matrix microstructure caused by their thinner structure. Therefore, the
motivation of this study was to investigate whether the reinforcement level of GPL4 could be reached in
economical ways by making GPL3 thinner/few-layered. The literature survey revealed that sonication, ball
milling and centrifuge techniques are generally applied alone or in combination for the dispersing or
thinning the GPL agglomerates [11-14]. However, the implementation of these techniques requires time.

In this study, the microfluidization technique, a new approach for the dispersing or thinning GPLs, was
applied as an alternative to traditional techniques. Microfluidization is a technique that provides
homogenization of particles under the influence of cavitation, shear and impact forces [15]. In the
microfluidization process, the product loaded into the inlet reservoir is pumped into the interaction chamber,
including fixed or different geometry microchannels, with the help of constant high pressure [16]. Particles
exposed to processing in microchannels under the influence of various forces are collected in the outlet
reservoir. The exfoliation process with microfluidization takes place faster than the sonication, ball milling
and centrifuge techniques [17]. For the purpose of this study, commercially cheap GPL3 used in the
previous study [10] were exposed to 1, 2, 4 and 8 cycles of microfluidization processes. All GPLs were
added to the SIAION matrix in the same amount and GPLs-SiAION composites were produced using the
SPS technique. Scanning electron microscopy (SEM), Raman analyses and the density, hardness, and
fracture toughness measurements were performed.

2. MATERIALS AND METHODS

2.1. PRODUCTION OF THE MATERIALS

The GPLs (called GPL4 in the previous study) whose few-layered structure is desired to be reached in the
study are called as GPLger (Graph. Chem. Ind. Comp.), and the cheap GPLs (called GPL3 in the previous
study) to be microfluidized are named as CO-GPL (Graph. Chem. Ind. Comp.) during the study. Table 1
shows the properties of these two GPLs. CO-GPL was firstly dispersed for 1 h using the probe-sonication
technique (Sonics, 750 Vef). Then, they were exposed to 1, 2, 4 and 8 cycles of microfluidization
(Microfluidics Corp.) under constant pressure (1590 bar). GPLs prepared in 1, 2, 4 and 8 cycles are named
as C1-GPL, C2-GPL, C4-GPL and C8-GPL, respectively. Platelet sizes and surface areas of the CO-GPL
and microfluidized GPLs were measured. Isopropanol was removed from the microfluidized GPLs using a
rotary evaporator (Heidolph).

Table 1. The properties of the GPLges and CO-GPL [18, 19, 25].

Average Size

GPLs (um) Thickness (nm)  Aspect Ratios Purity (%)
GPLgef 12.62 (5.40-30.45) 0.8-1.2 6,550-25,000 99.8
CO0-GPL 12.22 (5.40-30.15) 5-8 675-3,770 99.9

The a-SizNs (UBE Industries Ltd., Japan), AIN (Tokuyama, H type, d50: 2-2.4 um, Japan), Al,Os (Alcoa-
Al16SG), Y205 (99,9 % purity, H.C. Starck Berlin, Germany), CaCO; (Reidel-de Haen, Germany), Sm,0s
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(99.9 % purity, Stanford Materials Corp., USA), were the powders forming the SIAION matrix. SIAION
matrix composition was composed of 91 % SisN4 powder and 9 % sintering additives. GPLger, CO-GPL and
microfluidized GPLs were added to SiIAION matrix powder at a ratio of 1.5 wt %. Powder mixtures were
blended with 3 h probe-sonication in an isopropanol medium followed by planetary ball milling (Fritsch,
Pulverisette) for 1.5 h at 300 rpm. The isopropanol removed from the slurries in a rotary evaporator. The
SiAION matrix and GPLs-SiAlION's powders were sintered using SPS (HP 25D, FCT GmbH) at 1800 °C
with a uniaxial pressure of 50 MPa for 15 min under a vacuum atmosphere following the sieving process
[18]. The produced samples had a diameter of 20 mm and a thickness of 6 mm.

2.2. CHARACTERIZATION OF THE MATERIALS

Due to the uniaxial pressure applied in the SPS causing the most of GPLs to be oriented in the matrix
microstructure, samples were cut in the direction parallel and perpendicular to the SPS pressing axis.
Measurements were carried out in the directions through-plane (//, parallel to the SPS pressing axis) and
in-plane (L, perpendicular to the SPS pressing axis). Figure 1 explains measurement directions.

SPS Pressing Direction

Through-plane
direction (//)

In-plane
direction (1) @ ’

Figure 1. Measurement directions depending on the SPS pressing axis.

The samples were molded with Bakelite and mechanically polished for investigations. The morphological
secondary electron (SE-SEM) images of GPLger, CO-GPL and microfluidized GPLs, in-plane direction
backscatter electron (BSE-SEM) images of the produced samples were obtained in the SEM (Zeiss, SUPRA
50 VP). In addition, the Raman (WITec, alpha 300) analyses were performed on GPLger, CO-, C1-, C2, C4-
and C8-GPLs.

The bulk density values were measured by using the Archimedes method. Additionally, relative density
values were calculated based on the volume-based rule of mixtures. For this, the bulk density of SIAION
and GPLs used as 3.23 and 2.26 gcm™, respectively.

At least ten hardness measurements (Emco-Test) were made on the mechanically polished samples in the
through-plane and in-plane directions under the conditions of 3 kg load for 10 s dwell time, and their
average values were used in the study. The fracture toughness values were calculated using the Niihara
equation [20].
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3. RESULTS AND DISCUSSION
3.1. MICROSTRUCTURE AND DENSITY INVESTIGATIONS

Figure 2 presents morphological SE-SEM images of GPLger, non-microfluidized CO-GPL and 1, 2, 4 and 8
cycles of microfluidized GPLs. Platelet size measurements given elsewhere [19] and morphological images
were compatible with each other. It was determined that the platelet sizes of GPLges (Fig. 2 a) and CO-GPL
(Fig. 2 b) were close to each other, and the platelet size of CO-GPL decreased in the range of ~13-65 % as
the number of microfluidization cycles increased [19]. This revealed that cavitation, shear and impact forces
in the interaction chamber led to the fragmentation of the GPLs. On the other hand, the surface area values
of the CO-GPL increased as the applied microfluidization cycles increased (Table 2). Surface area values

ORI Co-GPL
. 8o

10 um ‘

‘ 10 pm '

)

Figure 2. Morphological SE-SEM images of the (a) GPLger, (b) non-microfluidized CO-GPL and (c) 1,
(d) 2, (e) 4 and (f) 8 cycle of microfluidized GPLs [18].
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Table 2. The surface area values of the GPLrer ,CO-GPL and microfluidized GPLs [18].

GPLs Surface Area (m?g?)
GPLRer 141.20

CO0-GPL 90.15

C1-GPL 120.30

C2-GPL 180.95

C4-GPL 230.25

C8-GPL 260.67

higher than that of the GPLger Were obtained after 2 cycles of microfluidization (Table 2). Moreover, it has
been observed that the microfluidized GPLs have a more uniform size distribution compared to GPLrer and
CO0-GPLs, which have significant size differences.

Figure 3 and Table 3 present the Raman spectra and the Ip/lg ratios of the GPLs, respectively. I/l ratios
were calculated based on the D- and G-band intensities in Raman spectra. In this study, at least ten Raman
analyses were performed on each GPL, and the average values are used in Table 3. As the number of
microfluidization cycles increased, the increasing Ip/lg ratio (Table 3) showed that the microfluidization
process led to degradation in the structure of the GPLs [21, 22]. This pointed out that it would be ideal for
applying a small number of microfluidization cycles to the CO-GPL to achieve the reinforcement level of
GPLgef.

The average lp/lg ratio of the GPLger (0.950), as well as the lowest (0.840) and highest (1.000) ratio
indicated that it contains both multi-layered and few-layered structures [18]. The I.p/l¢ ratios obtained using
the Raman spectra of the GPLs were presented in the previous study [19]. According to the average I/l

C8-GPL
C4-GPL
C2-GPL
CI1-GPL

C0-GPL
GPLg¢

Intensity (a.u.)

(.

—7T r - 1 - T T T T T T 17
1500 1800 2100 2400 2700
Raman Shift (cm™!)

Figure 3. Raman spectra of the GPLger, Nnon-microfluidized CO-GPL and C1-, C2-, C4- and C8-GPLs
[18].
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Table 3. Average Ip/lc values calculated by using at least ten Raman measurements from GPLget, non-
microfluidized GPLs and GPLs microfluidized at 1, 2, 4 and 8 cycles. The values in brackets are
for the measurements range [18].

GPLs Average Ip/lc

GPLget 0.820 (0.590-0.970)
C0-GPL 0.840 (0.730-0.950)
C1-GPL 0.850 (0.800-0.955)
C2-GPL 0.870 (0.820-0.960)
C4-GPL 0.920 (0.880-0.980)
C8-GPL 0.960 (0.890-0.987)

value (0.870) of the CO-GPL and its lower (0.770) and upper (0.980) ratio limits, it consists of GPLs that
are thicker than the GPLgrer [21,22]. As the number of microfluidization cycles applied to CO-GPL
increased, the increase in the average lap/lc ratio showed that the GPL agglomerates dispersed, and a part
of them became thinner (few-layered) structures. However, it was determined that the average ratio value
of C1-GPL was still lower than the GPLger [18,19]. This showed that applying 1 cycle of microfluidization
to CO-GPL was insufficient to achieve the GPLrers thickness distribution. When 2 cycles of
microfluidization were applied to CO-GPL, the l2p/ls ratio value (0.960) exceeded that of GPLger. While
this increase in lzp/lg ratio value was rapid up to 4 cycles of microfluidization, there was no significant
difference between the ratios of 4 (0.990) and 8 (0.992) cycles of microfluidized GPLs. When the I/l
ratios [19] and morphological images (Fig. 2) of the GPLs are evaluated together, it is concluded that the
microfluidization applied in more than 4 cycles breaks down the GPLs in x- and y- directions rather than
thinning or dispersing.

Since the through-plane and in-plane directions microstructures presented in the previous study [10]
explained the distribution and orientation of SIAION grains and GPLs, only in-plane direction BSE-SEM
images of the samples were taken in this study. BSE-SEM images of the SIAION matrix (a) and SiAION
matrix composites containing 1.5 wt % GPLges (b), CO-GPL (c) and GPLs microfluidized at different cycles
(d-g) are given in Figure 4. The predominantly distribution of the a-SiAION and basal planes of B-SiAION
grains in the in-plane direction microstructures indicated that some of the elongated surfaces of the j-
SiAION grains were oriented perpendicular to the SPS pressing axis (Fig. 4 a). In addition, it has been
observed that a-, B-SIAIONs and liquid phase are homogeneously dispersed without porosity in the
microstructure of SIAION matrix. Microstructures of composites containing GPLges and CO-GPL also
showed that CO-GPL was thicker than GPLg.s, which supported the Raman analysis. As a result, CO-GPLs
(Fig. 4 ¢) have formed GPL clusters and GPL-poor regions in the matrix microstructure, resulting in less
homogeneous distribution than GPLger (Fig. 4 b).

While the platelet size reduction of CO-GPL with the microfluidization process was slightly evident up to
2 cycles, it became very pronounced after 4 cycles. It has been observed that the distribution of C1-GPL in
the matrix microstructure was more homogeneous than that of CO-GPL, and became almost similar to the
distribution of GPLsger. However, microstructures also showed that C1-GPLs still contained thicker GPLs
than GPLger, as noted in Raman analyses [19]. The size distributions of C2-GPLs were more uniform than
GPLger, CO-GPL, and C1-GPL. Additionally, C2-GPL's distribution in the matrix microstructure was also
more homogeneous than those of GPLg.r, CO-GPL, and C1-GPL. The reduction in the size of the C4-GPL
and C8-GPLs was quite distinct when compared to the C2-GPL. However, there was no significant
difference between the distributions of the C2-GPL, C4-GPL and C8-GPL in the matrix microstructure. In
addition to all these, there was no porosity in the microstructures of all GPL-SiAION composites as in
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Figure 4. In-plane direction () BSE-SEM images of the (a) SIAION matrix and SiAION matrix
composites containing 1.5 wt % (b) GPLger, (€) CO-, (d) C1-, (e) C2-, (f) C4- and (g) C8-GPLs [10,18].
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SiAION matrix. BSE-SEM images taken in the in-plane direction indicated that the most of GPLs oriented
in the SIAION matrix microstructure with their basal planes perpendicular to the SPS pressing axis.

Table 4 shows the bulk and relative density values of the SIAION matrix and GPLs-SiAION composites.
The relative density of the SIAION matrix was accepted as 100 % as no porosity was found in its
microstructure (Fig. 4 a). However, the bulk density of the SIAION matrix decreased slightly by ~ 1 % with
the addition of 1.5 wt % GPLs. The porosities caused by elastic modulus/thermal expansion coefficient
mismatches between GPLs and SIAION and the lower density of GPLs compared to the SIAION matrix
may be the reason for this decline. However, the relative densities higher than 99 % and microstructures of
GPL-SiAION composites indicated that they are highly dense materials.

Table 4. Bulk and relative density values of the SIAION matrix and SIAION matrix composites containing
1.5wt % GPLger, CO-, C1-, C2-, C4- and C8-GPLs [18].

Materials Z]lélrﬁ_gensity (I?)/eolftive Density
SIAION 3.240 100.00

GPLRei/S 3.200 99.50

CO-GPL/S 3.210 99.50

C1-GPL/S 3.215 99.70

C2-GPL/S 3.218 99.80

C4-GPL/S 3.211 99.56

C8-GPL/S 3.195 99.10

3.2. MECHANICAL PROPERTIES

Figure 5 shows the (a) hardness and (b) fracture toughness values of SIAION matrix and SiAION matrix
composites containing GPLger, CO-, C1-, C2-, C4- and C8-GPL in the through-plane and in-plane directions.
The hardness value of SIAION matrix in the through-plane direction was ~ 8 % higher than the in-plane
direction hardness value. This result is consistent with the results obtained by Santos et al. [23], who
measured the hardness values of hot pressed SisNs ceramics. The authors [23], who achieved weak
orientation in their studies, found the hardness value of 16.30 GPa on the surface (c-axis) parallel to the
elongated surfaces of the B-SisN4 grains, while it has found 15.90 GPa on the perpendicular surface (a, b
axis). On the other hand, the fact that the hardness value in the through-plane direction of GPLs-SiAION
composites was slightly higher than the values in the in-plane direction and this difference was lower than
that of the SIAION matrix indicated almost isotropic hardness behavior.

The hardness of the SIAION matrix decreased by about 15 % with the addition of 1.5 wt % GPLs. One of
the main reasons for this decrease in hardness is that GPLs have a lower hardness value than SiAION. In
addition, the tendency of GPLs to agglomerate and, in this case, the weak interfacial bonds with SIAION
grains are the parameters that negatively affect the hardness values.

The fracture toughness of the SIAION matrix in the through-plane direction was ~ 5 % higher than in the
in-plane direction. This can be attributed to the lying of the elongated surfaces of B-SiAION grains in this
plane perpendicular to the through-plane direction. On the other hand, with the addition of GPLge, the
fracture toughness values of the SIAION matrix in the in-plane and through-plane directions improved by
about 24 and 6 %, respectively. Further, the addition of CO-GPL improved the fracture toughness values of
the SIAION matrix by ~20 and 4 % in the in-plane and through-plane directions, respectively. It was
observed that the in-plane and through-plane directions toughness values of SIAION matrix increased by ~
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22, 28, 14 and 6 %, and by ~ 6, 14, 7 and 0.7 % with the addition of C1-, C2-, C4- and C8-GPLs,
respectively. Among the microfluidized GPLs, C2-GPL increased the fracture toughness of the SiIAION
matrix the most in both directions. In the composites containing microfluidized GPLs, the fracture
toughness increased up to 2 cycles and decreased as cycle numbers increased (Fig. 5 b). Since C2-GPL is
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Figure 5. (a) Hardness and (b) fracture toughness values of the SIAION matrix and SIAION matrix
composites containing 1.5 wt % GPLger, CO-, C1-, C2-, C4-, C8-GPLs in the through-plane (//) and in-

plane (L) directions [18].

thinner than CO-GPL and C1-GPL, their more homogeneous distribution in the matrix microstructure
ensures that the fracture toughness of the composite containing C2-GPL is higher than the others. When
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GPLs are homogeneously dispersed in the matrix, the crack encounters more GPLs as it progresses. The
realization of more toughening mechanisms such as crack deflection and bridging (Fig. 6) positively affects
fracture toughness [14]. On the other hand, although the dispersion levels of C2-GPL, C4-GPL, and C8-
GPL were almost similar in the SIAION matrix, C2-GPL had the highest fracture toughness performance,
indicating the positive effect of large platelet size. Larger GPLs delay crack propagation more than smaller
ones [10, 24].

It was also observed that the fracture toughness of the composite containing C2-GPL was higher than those
containing GPLger in both directions. The most obvious reason for this was that C2-GPLs were more
homogeneously dispersed in the matrix microstructure, due to the fact that they contained thinner GPLs
than GPLger. Although the size of C2-GPL is ~ 25 % smaller than GPLger, this difference in platelet size
did not adversely affect the fracture toughness performance it provides to SIAION. Another reason why the
fracture toughness of SIAION containing C2-GPL was higher than that containing GPLg.s Was that it had a
more uniform platelet size distribution.

Figure 6. Toughening mechanisms took place along a portion of a representative crack in the SIAION
matrix composite containing C2-GPL in the in-plane (£) direction.

Following the determination that SIAION containing 1.5 wt % C2-GPL has the highest fracture toughness,
SIAION matrix composites containing 0.5 and 1 wt % C2-GPL were produced to investigate whether the
fracture toughness could be further increased without affecting the hardness of SIAION. Figure 7 shows the
fracture toughness behavior of SIAION composites containing 0.5, 1 and 1.5 wt % C2-GPL. The fracture
toughness values of SiAION in the in-plane and through-plane directions increased by ~13, 36 % and ~ 5,
25 %, with the addition of 0.5 and 1 wt % C2-GPLs, respectively. C2-GPL/SiAION composites had the
highest fracture toughness value among themselves at 1 wt % C2-GPL content. In the previous study [10],
when 1 wt % GPLges Was added to SIAION, the highest toughness value was reached, and a toughness
increase of ~33 and 21 % in the in-plane and through-plane directions, respectively. The addition of C2-
GPL increased the toughness value of SIAION more than GPLger in both directions.

The fracture toughness values of all GPL-SiAION composites were higher in the in-plane direction than in
the through-plane direction due to the orientation of the GPLs in the matrix microstructuresf (Fig. 5 b).
However, this difference has decreased as the platelet sizes of the GPLs have decreased. This can be
explained by the decreasing tendency of the GPLs to orient in the matrix microstructure as the platelet sizes
get smaller [10].
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Figure 7. Through-plane and in-plane directions fracture toughness values of SIAION matrix composites
containing 0.5, 1 and 1.5 wt % C2-GPL [18].

4. CONCLUSION

In this study, it was investigated whether the mechanical reinforcement performance of GPLret, Which is
commercially expensive as a result of its good exfoliation and has been found to improve the fracture
toughness of SIAION significantly, can be achieved economically. For this, it was aimed to thin the CO-
GPL, which has the same platelet size as GPLger but is thicker and cheaper, to provide homogeneous
dispersion at the same level as GPLg.r in the matrix microstructure. A new approach, the microfluidization
technique, was used for the thinning/dispersion of CO-GPL. Among the SiAION matrix composites
containing 1 (C1-GPL), 2 (C2-GPL), 4 (C4-GPL) and 8 (C8-GPL) cycles of microfluidized GPLs, the
fracture toughness values of the SiAION containing C2-GPL were found to be higher than those containing
GPLkget. This was because, by applying 2 cycles of microfluidization to CO-GPL, GPLs thinner than GPLger
could be obtained, resulting in a more homogeneous distribution in the matrix microstructure. Another
reason for this was partially preserving the platelet size of the CO-GPL with 2 cycles of microfluidization.
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Figure A. Schematical infrastructure of designed system

Purpose: In this theoretical study, a heat pump system that works with R290 refrigerant and has
heat recovery is designed. In the designed system, it is considered to use the waste heat for the
defrosting process. Thus, no additional energy will be used for defrosting. In this case, it is aimed
to increase the performance coefficient of the system.

Theory and Methods: In the designed heat pump system; gathering waste heat with heat
exchangers and by storing that heat with the help of a hot water tank, it is aimed to melting the
ice formed in the outdoor unit with the stored hot water when necessary. In addition, the efficiency
of the system has been increased by pumping the cold water in the tank to the heat exchanger at
the condenser outlet in the system and performing sub-cooling.

Results: In the designed system coefficient of performance of heat pump calculated as 2.75. By
using this model, the energy consumed for defrost is reduced by 63.6% (1/COP) compared to the
electric heater defrost method.

Conclusion: By adding different waste heat sources or solar energy to this system, the
performance can be increased further and positive contributions can be made to the energy
systems. Thus, the designed system includes heating, drying, greenhouse heating and preheating
etc. can be used in processes with high performance.

*Corresponding author, e-mail: fatmanurerdogmus@nurdil.com.tr DOI: 10.29109/gujsc.1108537
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Climate change and environmental pollution are among the most important issues facing
humanity nowadays. The importance of the selection of refrigerants used in energy systems and
the use of eco-friendly refrigerants are increasing day by day. The selection of refrigerants with
low global warming potential (GWP) and ozone depletion potential (ODP) imposes an important
mission on researchers in terms of environmental awareness.

In this study, efficiency analysis of a heat pump system designed by using hydrocarbon refrigerant
propane (R290) was carried out. In this system, which is designed differently from traditional
heat pumps; heat of the refrigerant at compressor outlet and evaporator outlet is recovered with
the help of sub-cooling and coaxial heat exchangers and stored at the accumulation tank. The
efficiency analysis is made for the optimum working case of the system. In the analyzes made,
the coefficient of performance (COP) value of the heat pump was calculated as 2.75. In the
developed model, the amount of energy consumed during the defrost process has been reduced
by 63.6% as compared to the electric heater defrost method. It has been assessed that the
efficiency of system can be even more by utilizing solar energy.

Hava Kaynakh Atik Is1 Defrost Yontemli ve Dogal Sogutucu
Akiskanh Bir Is1 Pompasi Sisteminin Tasarimi

Oz

iklim degisikligi ve ¢evre kirliligi giiniimiizde insanligin karsilastig1 en énemli sorunlar arasinda
yer almaktadir. Enerji sistemlerinde kullanilan sogutucu akigkanlarm segimi ve g¢evre dostu
sogutucu akigkanlarin kullanimmin 6nemi giin gegtikge artmaktadir. Diisiik kiiresel 1sinma
potansiyeline (KIP) ve ozon delme potansiyeline (ODP) sahip sogutucu akiskan se¢imi ¢evre
duyarlilig1 agisindan arastirmacilara 6nemli bir misyon yiiklemektedir.

Bu calismada, hidrokarbon sogutucu akiskan olan Propan (R290) kullanilarak tasarlanmis bir 1s1
pompast sisteminin verimlilik analizi gergeklestirilmistir. Geleneksel 1s1 pompalarindan farkl
olarak tasarlanan bu sistemde; asir1 sogutma ve koaksiyel esanjor elemanlari yardimiyla
kompresér ve kondenser ¢ikiglarindaki sogutucu akigskanin isilari akiimiilasyon tankinda
depolanmistir. Sistemin optimum calisma durumu i¢in verimlilik analizleri yapilmistir. Yapilan
analizlerde, 1s1 pompasinin performans katsayisi (COP) degeri 2,75 olarak hesaplanmustir.
Gelistirilen modelde, defrost siiresince harcanan enerji miktar1 elektrikli 1siticili defrost
yontemine gore %63,6 oraninda azaltilabilecegi tespit edilmistir. Giines enerjisi kullanilarak
sistemin verimliliginin daha da artirilabilecegi 6ngorilmiistiir.

1. GiRiS INTRODUCTION)

I¢inde bulundugumuz yiizyilda, yapilan arastirmalara gore iklim degisikligi ile yer kiirede 1,3°C ile 4,3°C
arasinda sicaklik artis1 olacagi ortaya koyulmaktadir [1]. Kiiresel 1sinmanin giin gegtikge arttig1 bu donemde
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1sitma ve sogutma sistemlerinin bu siiregteki pay1 onemli dl¢iilerdedir. Sogutma sistemlerinde sogutucu
akiskan olarak Freon, Kloroflorokarbonlar (CFC), Hidrofloroolefin (HFO), Hidrokloroflorokarbonlar
(HCFC), Hidroflorokarbonlar (HFC) gibi kiiresel 1sinma potansiyeli ve ozon delme potansiyeli yiiksek
sogutucu akigkanlar kullanilmaktaydi. Bahsedilen sogutucu akiskanlarin ¢evreye olan zararlari tespit
edildikten sonra Diinyada ve Tiirkiye’de sogutucu akiskan kullanimina siirlamalar getirilmistir. Bu
sinirlamalardan bazilar1 ise 1990 yilinda imzalanan Uluslararast Montreal Protokolii, 1998 yilinda
imzalanan Kyoto protokolii, 2006 yilinda Avrupa Birligi tarafindan yayimnlanip 1 Ocak 2015 tarihinde
yiirtirliige giren Florlu Gazlar Y6netmeligi ve son olarak Tiirkiye’de ise 4 Ocak 2018’de yayinlanan Florlu
Sera Gazlar (F-Gaz) Yonetmeligi olarak siralanabilir [2, 3]. Yirirliige giren yonetmelik ve protokoller
sayesinde sogutucu akiskan kullanimi ve enerji tiiketimi kontrol altina alinmistir. Yapilan diizenlemeler
neticesinde dogal sogutucu akigkanlara (CO2, Amonyak, hidrokarbonlar vb.) ydnelim artmistir. Bu durum
1s1 pompast sistemleri icin de gecerlidir. Is1 pompasi sistemleri mesken ve ticarethanelerde mevsimsel
degisimlere gore 1sitma ve sogutma amaciyla kullanilmaktadir. Son kullanici icin 1s1 pompalarinin enerji
tilketimi ve Performans Katsayist (COP) 6nem arz etmektedir. Enerji verimliligi ¢alismalarinda atik 1s1
depolama teknigine sikga rastlanmaktadir.

Mengjie ve ark. (2018), hava kaynakli 1s1 pompalarindaki defrost metotlarini incelemislerdir. 5 adet defrost
yontemini bildirmislerdir. Bildirilen defrost yontemleri sirasiyla; sicak hava akimi ile defrost, elektrik
rezistansli defrost, sicak su piiskiirtmeli defrost, hotgas (sicak gaz) bypass defrost ve ters ¢evrime sahip
defrost yontemidir. Ters ¢evrime sahip defrost yontemi aralarinda en verimli oldugu bildirilmis ve bu
defrost yontemine 6 farkli iyilestirme yontemi sunulmustur [4]. Park ve Jung (2007), yilinda yapmis
olduklar1 g¢aligmada; etan ve propan (R170/R290) karisimi ile ¢alisan sudan suya 1s1 pompasinin
performansint analiz etmislerdir. Kompresor ¢ikis sicakligindaki azalmanin daha az termal stres
olusturdugunu ve kompresor dmriinii artirdigini belirtmislerdir [5].

Shen ve ark. (2019), yapmuis olduklar1 ¢calismada faz degistiren malzeme (FDM) igeren hava kaynakli 1s1
pompalarindaki defrost yontemini arastirmiglardir. Hotgas bypass defrost ve ters ¢evrimli defrost yontemi
son zamanlarda yaygin olarak uygulandigini belirtmislerdir. Faz degistiren malzeme iceren 1s1
pompasindaki defrost yontemi; ters ¢evrimli ve hotgas bypass defrost yontemleri ile kiyaslandiginda uzun
siiren defrost islemi kisaltilmistir [6].

Moallem vd. (2014) 1s1 esanjorleri lizerine yapmis olduklar1 bir ¢alismada evaporatdr yiizeyleri iizerine
uygulanan kaplamalarin olusabilecek donma etkilerini arastirmiglardir. Buna gore uygulanan hidrofilik ve
hidrofobik kaplamalarin etkileri goézlemlenmistir. Yiiritilen ¢alisgmanin sonuglarina gore; hidrofobik
yiizeylerin uygulanan kaplama sonrasinda 13 dakikada buzlanma gosterdigi, hidrofilik yiizeylerin ise daha
uzun siirede buzlanma gostererek 20 dakikada buz ile kaplandigi belirtilmistir. Hidrofilik ylizeylerin
donmay1 geciktirme performanslarinin hidrofobik ylizeylere oranla %4,5 daha iyi sonug¢ verdigini
belirtmislerdir [7].

Erten ve Uludag (2019), sogutma sistemlerinde R404a ve R290 sogutucu akiskan kullanimini analiz etmis
ve sogutkan performanslarini karsilagtirmislardir. Yapilan analiz sonuglarinda R290 kullanilan sistemin
R404a kullanilan sisteme gore %12 daha az enerji tiikettigi, ayrica gaz sarj miktarinin ise %67,5 daha az
oldugunu tespit etmiglerdir [8].

Arslan ve ark (2021), R290 ve R449a sogutucu akiskanlar kullanilan endiistriyel sogutma sisteminin enerji,
ekserji ve ¢evre analizleri yapmiglardir. Yapilan deney sonuglarinda R290 sogutucu akiskani kullanilan
sistemin COP’ si R449a kullanilan sisteme gore %24,12 oraninda artmistir. Cevre analizi sonuglarinda ise
R290 kullanilan sistemin atmosfere %26,22 daha az CO; yaydigi tespit edilmistir [9].

Yapilan bu teorik ¢alismada, R290 sogutucu akiskanti ile ¢alisan ve 1s1 geri kazanimina sahip bir 1s1 pompasi
sistemi tasarlanmistir. Tasarlanan sistemde defrost islemi igin atik 1s1 kaynagindan faydalanilmasi
diistiniilmektedir. Boylelikle defrost i¢in ek bir enerji kullanilmayacaktir. Bu durumda sistemin performans
katsayisinda artis hedeflenmektedir.

2. MATERYAL VE METOTLAR (MATERIALS AND METHODS)
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Hava kaynakli 1s1 pompalarinin en biiyiik problemlerinden bir tanesi soguk iklim boélgelerinde dis {initenin
1s1 degistiricisi lizerinde fazlaca buz olusmasidir ve bu durumun da 1s1 transferini yavaslatarak sistem
performansini diigmekte ve dolayisiyla enerji maliyetleri de artmaktadir.

Yukarida bahsedilen problemin ¢6ziimii i¢in geleneksel 1s1 pompalarinda literatiirde bilinen farkli defrost
metotlart vardir. Evaporatorde olusan buzun ¢oziilmesi i¢in sicak gaz, elektrikli rezistans ve az da olsa
wsiticisiz dis hava (dis havanin evaporatorde sirkiilasyonu ile) kullanilarak defrost yapilmaktadir. Bu
metotlarda defrost siirecinde 1sitma durmakta, yani i¢ {inite bu siirecte caligmamakta ve bu durum konfor
seviyesinin diigmesine sebep olmaktadir.

Defrost metotlarindan birisi de dis iiniteye yerlestirilen elektrikli rezistans yardimiyla dis {initedeki buzun
¢Oziilmesinin saglanmasidir. Bu uygulamada rezistans gii¢ tiiketimi yiiksek olmasi sebebiyle sistem
gereginden fazla enerji tiiketir ve defrost siiresi uzun olabilmektedir. Ayrica, sistemde kullanilan sogutucu
akiskanin yanict ve patlayici 6zelligi bulunmasi halinde sistem tehlike arz etmekte ve ek tedbirler
gerektirmektedir.

Yukarida bahsedilen yontemlerden farkli olarak tasarimi yapilmis 1s1 pompasinda; 1s1 bir sicak su tanki
yardimiyla depolanarak ve gerektiginde dis iinitede olusan buzun depolanmis sicak su ile ¢oziilmesi
amaglanmaktadir. Ayrica tank igerisindeki soguk su sistemdeki kondenser c¢ikisindaki esanjore
gonderilerek asir1 sogutma (sub-cooling) yapilarak sistemin veriminin artirilmasi hedeflenmistir.
Tasarlanan sistem Sekil 1’de ve ag¢iklamalar1 Tablo 1’de verilmistir.

—— Sogutucu akiskan buhar hatti

% Kondenser T Sogutucu akiskan likit hatti
Sivi-bubar karigimi hatt

——— Suhatti

P
Al Akiimiilasyon Tanki

2-yollu

motorlu vana Y Kosks'l:\_'?l
Cek Valf Esanjér 2
4 ®

AtikIst Kayna@

Agiri Sogutma
Esanjorii Pompa 1 l
AtikIst
T ) ) S1
3@ 4 L5 2-yollu
motorlu vana
[ W]
Su + Antifriz
Genlesme X
Valf @ Kompresor
Evaporator
. sir1 Isitma + 2-yollu
4 Esanjorii 1 motorlu vana
Pompa-2
83
4 ¢ )

)
|4
S4

Sekil 1. Atk 151 geri kazamimina sahip 1s1 pompasi sistemi

Tablo 1. Sekil 1’deki sistemde bulunan kisaltma ve numaralarin aciklamalart

Kisaltma ve Numaralar Aciklama

1 Sogutucu akiskan kompresor giris
Sogutucu akiskan koaksiyel esanjor giris

2’ Sogutucu akigkan kondenser giris

Sogutucu akigkan asir1 sogutma esanjorii giris
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3’ Sogutucu akiskan genlesme valfi giris

4 Sogutucu akiskan evaporator giris

S1 Akiimiilasyon tankindan koaksiyel ya da asir1 sogutma esanjoriine
soguk su girisi

S2 Akiimiilasyon tankina sicak su girisi

S3 Akiimiilasyon tankindan asir1 1sitma esanjoriine sicak su girisi

S4 Asir1 1s1tma esanjoriinden akiimiilasyon tankina soguk su girisi

M1-2-3 2 yollu motorlu vana

2.1. Yeni Tasarlanan Sistemin Termodinamik Analizi
Sistemin termodinamik analizlerinde kullanilan parametreler Tablo 2’de verilmistir:

Tablo 2. Sistemin Termodinamik Analizinde Kullanilan Parametreler

Parametre Deger Birim
Cevre Sicakligi, To, 0 °C
Buharlagsma Sicakligt, Ty -10 °C
Yogusma Sicakligi, Ty 50 °C
Asirt Kizdirma Sicakligi, T 8 °C
Asirt Sogutma Sicakligi,, Tsp 8 °C
Buharlasma Basinct, Py 3425 kPa
Yogusma Basinci, Py 17114 kPa
Sogutucu Akiskanin Kiitlesel Debisi, 1, 0,0151 kgl/s
Sogutucu Akiskanin Ozgiil Isist, Cpr 2,015 kJ/kgK
Kullanilan Sogutucu Akiskan R290 -
Kompresor Izantropik Verimi 75 %
Sirkiilasyon Pompasi-1 Giicii, Wp_l 0,10 kw
Sirkiilasyon Pompasi-2 Giicii, Wp_z 0,10 kwW
Sirkiilasyon Pompasi-2 Giicii, Wp_3 0,05 kw
Sistem Esanjorlerinin Verimi, e 85 %

Analizlerde kullanilan esitlikler asagida verilmigtir [10,11].

Evaporator, kompresor ve kondenser kapasiteleri asagida verilen esitlikler ile hesaplanmistir.

Qevap =m;(h; —hy) (1)
V.vkomp = m(h; —hy) 2
Qkond =t (hy — h3) 3)

Sistemde kullanilan koaksiyel esanjor ve asir1 sogutma esanjorii kapasiteleri asagidaki esitlikler yardimi ile
hesaplanmistir.

Qkoaks = rhr(hz’ —hy) (4)
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qub = m(hy —hy) ®)

Tasarlanan sistem kapali ¢evrim olarak calismaktadir. Buna gore sisteme disaridan herhangi bir kiitle girisi
olmadig gibi, sistemden digar1 ¢ikan herhangi bir kiitle ¢ikisi da olmayacaktir. Buna gore sistemdeki kiitle
degisimi Amg;ger, = O olacaktir. Esitlikler asagidaki denklemler ile hesaplanmustir.

% r'ngiren -2 rh;lkan = Amgjstem (6)
) r'ngiren =2 rh;lkan (7

AEsistem

Termodinamigin birinci yasasi geregi sistemdeki toplam enerji degisimi = 0 olacaktir. Buna gore

sisteme giren enerji ¢ikan enerjiye esittir. Sistemdeki zamana bagli degisen enerji denklikleri asagidaki
esitlikler ile hesaplanmistir [10,11].

Y Egiren — X Eqkan = AES&% =0 ®)

Egiren = Eptan ©
Sistemdeki enerji esitligi asagidaki denklem ile hesaplanmistir:

Qevap + Qkomp = Qrond * Qkoaks + Qsub (10)
Is1 pompasinin performans katsayisi asagidaki esitlik kullanilarak hesaplanmistir:

COP = v%t—ni (11)

Elektrik rezistansli ve hotgas defrost verimini hesaplamak i¢in kullanilan denklemler sirasi ile verilmistir
[12].

Qeriyen (12)
Ngdrezistansh = ~
Qrezistans
Qeriyen (13)
Nd,hotgas =
Qhotgas

Qeriyen 1fadesi buzu eritmek i¢in gereken 1s1 enerjisini belirtirken, Qrezistans V€ Qnotgas sirastyla elektrik

rezistansli ve hotgas defrost yonteminde tiiketilen enerjinin hesab1 agagidaki esitlikler yardimi ile hesaplanir
[12].

Qeriyen = Mpy; * Lg (14)
Qrezistans = Wrezistans * trezistans (15)
Qhotgas = V'Vkomp. * tkomp.,hotgas (16)

Sistem 1s1tma modu ve defrost modu olmak iizere iki farkli modda kullanilabilecektir. Isitma modunda M1
ve M2 motorlu vanalarinin agik konumda oldugu durumlarda asir1 sogutma ve koaksiyel esanjorlerde alinan
atik 1silar tankta depolanacaktir. Burada depolanan 1s1 Denklem (4) ve Denklem (5) ile hesaplanabilir.
Defrost modunda ise tankta depolanan 1s1 evaporator iizerinde olusan buzun ¢oziilebilmesi igin
kullanilacaktir. Buzu ¢6zmek i¢in verilmesi gereken 1s1 miktar1 Denklem (14) ile hesaplanmustir.

2.2. ISITMA MODU

Isitma modunda 1s1 pompasi sistem rejime girene kadar ¢alisacaktir. Evaporatorde buharlagsan sogutucu
akiskan kompresorde sikistirildiktan sonra kondensere gelerek burada yogusacak ve sistem dongiisii devam
edecektir. Normal ¢aligma modu sistem gereksinimine gore igerisinde lice ayrilmaktadir.

2.2.1. MOD-1 (M1 motorlu vanasi acik konumda, M2 ve M3 kapali konumda)

Bu ¢alisma modunda; dis mahalde bulunan su tanki igerisindeki su 0 °C derece iken sistem calismaya
basladig1 kabul edilecektir. Bu asamada sistemdeki M1 motorlu vanasi agik konumda, M2 vanasi kapali
konumda bulunacaktir. M3 vanasi asir1 1sitma sicaklik ayarlamasina gore oransal olarak acilip kapanacaktir.
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Pompa-1 yardimiyla soguk su kondenser ¢ikisindaki asir1 sogutma esanjoriine gonderilerek, kondenserden
cikan sogutucu akigkanin 8 °C daha sogutulmasi saglanacaktir. Daha sonra asir1 sogutma esanjoriinden
cikan su koaksiyel esanjore ve oradan tanka gidecektir. Bu dongii devam ederek, 0 °C baslangic
sicakligindaki tankin suyu zamanla 1sitilarak, enerji depolanacaktir.

2.2.2. MOD-2 (M2 motorlu vanasi acik konumda, M1 ve M3 kapali konumda)

Sistem calismaya devam ettikce tank igerisindeki su sicakligl kondenser ¢ikis sicakligin1 gececektir. Bu
durumda artik asir1 sogutma esanjoriine suyun gonderilmesine gerek kalmayacak ve bu asamadan sonra M1
motorlu vanasi kapatilarak, M2 motorlu vanasi agik konuma getirilecektir. Buradaki amag yaklasik 75 °C
sicakligindaki asirt kizdirilmis sogutkanin enerjisini depolamak olacaktir. Normal g¢alisma modu bu
dongiide devam edecektir. Bu durumda M3 vanast MOD-1" deki gibi calisacaktir.

2.2.3. MOD-3 (M2 ve M3 motorlu vanasi a¢gik konumda, M1 konumda)

Evaporator yilizeyinde buzlanma olmadig1 durumlarda tanktaki sicak suyun 1sisi ile, sistem asir1 kizdirma
modunda ¢alisacaktir. Bu ¢alisma modunda, M2 ve M3 kodlu motorlu vanalar agik konumda bulunacak ve
sistemdeki su Pompa-1 ve Pompa-2 yardimiyla sirkiile edecektir.

Kullanilacak ¢ift sirali (6n sira sicak sulu, arka sira sogutucu akigkan) esanjor yardimiyla asir1 kizdirma ve
gerektiginde defrost 1sisinin saglanmasi gerceklestirilecektir. Cift sira borulu esanjoriin, 6n sirasindan
tankta 1sitilmig su, arka sirasindan ise sistemdeki R290 sogutucu akigkani dolasacaktir. Bu sayede elde
edilmis olan sicak su ile defrost islemi yapilarak enerji verimliligi saglanabilecektir. Bu yapidaki 1st
degistirici ile gerektiginde sistem giines enerjisi ya da atik 1s1 destekli 1s1 pompasi gibi de calisabilecektir.
Boylece ¢ok diisiik dis hava sicaklilarinda sistemde 151 ¢cekiminde devamlilikta saglanabilecektir.

2.2.4. DEFROST MODU

Is1 pompasi belirli bir siire ¢aligtiktan sonra nemli dis havanin etkisiyle evaporator yiizeylerinde buzlanma
olusacaktir. Evaporator iizerindeki buzlanmanin artmasi ile birlikte 1s1 transferi diiserek ve sistemin
performansi azalmaktadir. Bu problemin ¢oziimii ig¢in evaporatdre yerlestirilecek fark basing ya da buz
kalinlik sensoriinden bilgi alinacaktir.

Buzlanmanin arttig1 sirada fark basing ya da bu kalinlig1 artacak ve sisteme bilgi gonderecek ve sistemden
alman bilgiye gére M3 motorlu vanasi agik konuma getirilerek pompa-2 yardimiyla evaporatore tankta
depolanan sicak su gonderilecektir. Bu sayede sistem hicbir sekilde kesintiye ugramadan evaporator
ylizeyindeki buzlanma ¢06ziilmiis olacaktir. Bu proses tanktaki su sicakligi 0 °C olana kadar devam
edecektir. Buzlanma tamamen giderildikten sonra 2-yollu motorlu vana kapatilacak ve pompa-2 ¢aligmay1
durduracaktir.

3. BULGULAR VE TARTISMA (FINDING AND CONLCUSION)

Bu ¢aligmada, hidrokarbon sogutucu akigskan propan (R290) kullanilarak tasarlanmis kondenser giicii 4,32
kW olan bir 1s1 pompast sisteminin verimlilik analizi gerceklestirilmistir. Sisteme 151 geri kazanimm
yapilabilmesi i¢in asirt sogutma ve koaksiyel esanjorler eklenmistir. Atik 1sinin depolanabilmesi i¢in
akiimiilasyon tanki kullanilmistir.

Sistemde yapilan termodinamik analizler neticesinde koaksiyel esanjoriinden elde edilen 1s1, agir1 sogutma
esanjoriinden elde edilen 1s1 miktarlar1 hesaplanmistir. Tasarlanan sistemde 1s1 pompasi etkinlik katsayist
2,75 olarak hesaplanmistir.

Analiz sonuglar1 Tablo 3’te verilmistir.

Tablo 3. Analiz Sonuclar

Parametre Deger Birim
Evaporator Cikis Entalpisi, hy ‘ 563,04 kJ/kg
Aswrt Kizdirma Entalpisi, hy’ ‘ 577,19 kJ/kg
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Kompresor Cikis Entalpisi, h, 681,12 kJ/kg
Koaksiyel Esanjor Cikis Entalpisi, hy’ 620,53 kJ/kg
Kondenser Cikig Entalpisi, hs 334,38 kJ/kg
Asirt Sogutma Cikis Entalpisi, hs’ 310,50 kJ/kg
Buharlastiricidan Cekilen Isi, Q, 3,81 kW
Yogusturucuda Atilan Ist, Qyona 4,32 kw
Kompresor Giictii, Wkomp. 1,57 kW
Koaksiyel Esanjériinde Kazanilan Enerji, Qoaks 0,91 kwW
Asirt Sogutma Esanjoriinde Kazanilan Enerji, Qsyp 0,36 kw
Is1 Pompas: Etkinlik Katsayis:, COPhp 2,75 -
Defrost Isist Icin Harcanan Giic, 0,33 kwW
Sistem Esanjorlerinin Verimi 85 %

Tablo 4. Literatiir ¢calismalarinin karsilastiriimast

Kaynak Is1 Kullanilan Cop Sonug
Pompasi Sogutucu Degeri
Tipi Akiskan

Aktas ve ark. Su R-134a 3,83 Portakal kabugu kurutulmasi igin 1s1
(2014) [13] Kaynakli pompasi sistemi gelistirilmistir. Portakal
kabuklar1 8 saat 45 dakikada 3 gsu/Qkuru
madde Nem miktarindan 0,09 gsu/Qkuru madde

nem miktari degerine kadar
kurutulmustur.
Cavus ve ark. Hava R404a 2,19 Giines kollektorii kullanilan 1s1 pompast
(2015) [14] kaynakl sisteminde kis sartlarindaki durumu test

edilmistir. Testler sonucunda kullanilan
sogutucu akiskanin kis sartlar1 i¢in uygun,
yaz sartlarinda ise dezavantajli oldugu
sonucuna vartlmigtir.

Biiyiikzeren ve Hava - 45-25  Giines enerjisi destekli hava kaynakli 1s1
ark. (2021) [15] | kaynakli pompast modellenmis ve test edilmistir.
Testler toplam 42 dk siirmiis olup COP
4,5’lerden baslayarak 2,5 degerine kadar
diisiis gozlemlenmistir.

Bu ¢alisma Hava R290 2,75 Tasarlanan ~ yeni  sistemde  defrost

kaynakli stiresince  harcanan  enerji  miktar1
elektrikli 1siticili defrost yontemine gore
%63,6 oraninda azaltilabilecegi tespit
edilmigtir.
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Tablo 4’te verilen literatiir karsilastirma tablosu incelendiginde bu caligmada elde edilen bulgularn
calismalar ile uyumlu oldugu goriilmiistiir.

5. SONUC VE ONERILER (RESULT AND RECOMMENDATIONS)

Geleneksel 1s1 pompalarindan farkli olarak tasarlanan bu sistemde; asir1 sogutma ve koaksiyel esanjor
elemanlar1 yardimiyla kompresér ve kondenser cikislarindaki sogutucu akigskanin 1silar1 akiimiilasyon
tankinda depolanmistir. Sistemin optimum ¢alisma durumu igin verimlilik analizleri yapilmigtir.

Tasarlanan yeni sistem ile birlikte defrost esnasinda gerekli olan 1sinin kompresdr basma hatt1 ve asir1
sogutma ile saglandigi ve bu 1silar ile ayn1 zamanda asir1 1sitma yapildigi defrost esnasinda kesintiye
ugramayacagi yeni bir model gelistirilmistir.

Bu modelde, defrost i¢in harcanan enerji elektrikli 1siticili defrost yontemine gore %63,6 (1/COP) oraninda
azaltilmigtir. Atik 1sinin geri kazanimu ile hava kaynakli 1s1 pompalarinda verimli olabilecek bir model
ortaya konmustur. Bu sisteme farkli atik 1s1 kaynaklari ya da giines enerjinin eklenmesi ile performans daha
da yiikseltilerek enerji sistemlerine olumlu katkilar saglanabilir. Boylece tasarlanan sistem 1sitma, kurutma,
sera 1sitma ve On 1sitma vb. proseslerde yiiksek performans saglanarak kullanilabilecektir.

SIMGELER VE KISALTMALAR (NOMENCLATURE AND ABBREVIATION)

Simgeler
E Enerji (kJ)
h Entalpi (kJ/kg)
L Uzunluk (m)
Mpyy Buzun kiitlesi (kg)
m Kiitlesel debi (kg/s)

tiompresorhotgas ~ Kompresoriin hotgas defrost ydnteminde ¢aligtigi stire (h)

trezistans Rezistansin ¢alistigi siire (h)

Q. Evaporator giicii (kW)

Qeriyen Defrost sirasinda buzu eritmek i¢in gerekli enerji (kJ)
Qhotgas Hotgas defrost islemi sirasinda gerekli enerji (kJ)
Qoaks Koaksiyel esanjoriin giicii (kW)

Qkond Kondenser giicii (kW)
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Qsub Asirt sogutma islemi sirasinda birim zamanda kazanilan enerji (kW)
Qrezistans Rezistansin defrost islemi sirasinda harcanan enerji (kJ)

Wkomp. Kompresor giicii (kW)

Wiezistans Rezistans giicii (kW)

g hotgas Hotgas defrost yonteminin verimi (%)

Nd rezistansh Elektrik rezistansli defrost yonteminin verimi (%)

Kisaltmalar
CFC Kloroflorokarbonlar
COPs Sogutma performans katsayist
CO; Karbondioksit
FDM Faz Degistiren Malzeme
HCFC Hidrokloroflorokarbonlar
HFC Hidroflorokarbonlar
HFO Hidrofloroolefin
KIP Kiiresel Isinma Potansiyeli

ODP Ozon Delme Potansiyeli



478 Mustafa GULMEZ, Mustafa AKTAS, Siileyman ERTEN, Fatma Nur ERDOGMUS, Melis ODER / GU J Sci, Part C,
10(3):468-478 (2022)

KAYNAKLAR (REFERENCES)
[1] P. Maison, D. Tapero, Rational Use of Energy in Buildings, ADEME Janvier (2009).

[2] Tiirkiye Cumhuriyeti Cevre, Sehircilik ve Iklim Degisikligi Bakanligi, https://www.csb.gov.tr/

[3] Florlu Sera Gazlarma Iliskin Yonetmelik Birinci Boliim (2018, 4 Ocak). Resmi Gazete (Say1: 30291).
Erigim Adresi: https://www.resmigazete.gov.tr/eskiler/2018/01/20180104-2.htm

[4] Mengjie S., Shiming D., Chaobin D., Ning M., Zhihua W., Review on Improvement for Air Source
Heat Pump Units During Frosting and Defrosting, Applied Energy, 211 (2018), 1150-1170.

[5] Park, K.J., Jung, D., Thermodynamic Performance of R502 Alternative Refrigerant Mixtures for Low
Temperature and Transport Applications, Energy Conversion and Management, 48 No. 12 (2007), 3084—
3089.

[6] Shen J., Qian Z., Xing Z., Yu Y., Ge M., A Review of the Defrosting Methods of Air Source Heat
Pumps Using Heat Exchanger with Phase Change Material, Energy Procedia, 160 (2019), 491-498.

[7] Moallem, E., Hong, T., Cremaschi, L., Fisher, D.E., Effects of Surface Coating and Water Retention
on Frost Formation in Microchannel Evaporators (ASHRAE RP-1589), HVAC&R Research, 19 (2014),
347-362.

[8] Erten, S., Uludag, K. Sogutma Sistemlerinde R404a ve R290 Sogutucu Akigkan Kullaniminin
Termodinamik Analizi: Deneysel Karsilastirma. VII. Uluslararasi Fen, Miihendislik ve Mimarlik
Bilimlerinde Akademik Calismalar Sempozyumu, (2019), 254-267.

[9] Arslan E., Kosan M., Aktas M., Erten S., Experimental Assessment of Comparative R290 vs. R449a
Refrigerants by Using 3E (Energy, Exergy and Environment) Analysis: A Supermarket Application,
Journal of Thermal Engineering, 7 No. 3 (2021), 595-607.

[10] Cengel, Y. A., Boles, M. A. (2008). Termodinamik, Miihendislik Yaklasimiyla (Besinci Baski). Izmir:
Giiven Kitabevi, 946.

[11] Hepbasli, A., Kalinc1 Y., A Review of Heat Pump Water Heating Systems, Renewable and Sustainable
Energy Reviews, 13 No. 6-7 (2009), 1211-1229.

[12] Liang, J., Sun, L., Li, T., A Novel Defrosting Method in Gasoline Vapor Recovery Application,
Energy, 163 (2018), 751-765.

[13] Aktas M., Menlik T., Boran K., Aktekeli B., Aktekeli Z., Is1 Pompali1 Bir Kurutucuda Portakal Kabugu
Kurutulmasi, Gazi Universitesi Fen Bilimleri Dergisi Part C: Tasarim ve Teknoloji, 2 No. 2 (2014), 229-
238.

[14] Cavus D., Usta H., Evaporatérii Direkt Giines Destekli Is1 Pompasinin Tasarimi, Imalat1 ve Performans
Deneyleri, Gazi Universitesi Fen Bilimleri Dergisi Part C: Tasarim ve Teknoloji, 3 No. 3 (2015), 535-544.

[15] Biiyiikzeren R., Kahraman A., Kaya M. N., Dag H. i., Hava Kaynakli Bir Is1 Pompast Modelinin
Performans Parametrelerinin Deneysel Validasyonu, Gazi Universitesi Fen Bilimleri Dergisi Part C:
Tasarim ve Teknoloji, 9 No. 4 (2021), 739-748.


https://www.csb.gov.tr/
https://www.resmigazete.gov.tr/eskiler/2018/01/20180104-2.htm

GU J Sci, Part C, 10(3): 479-494 (2022)

Gazi University R
Journal of Science ::';:[:; ~,33_:5‘.='=='==
PART C: DESIGN AND TECHNOLOGY unnnu%‘fmvg!!”gf

http://dergipark.gov.tr/gujsc

The Effect of Some Managerial Motivators on Employee Motivation in
Furniture Enterprises

Eray KAMISLI* 2 Kivang YILMAZ? 3" ¥ Yasemin OZTURK! ' Erol BURDURLU?

'Gazi University, Faculty of Technology, Wood Products Industrial Engineering Department, 06560, Ankara/Turkey

2Gazi University, Graduate School of Natural and Applied Sciences, Department of Wood Products and Industrial Engineering, 06560,
Ankara/Turkey

SHacettepe University, School of Vocational Technology, Department of Wood Products and Industrial Engineering, 06532, Ankara/Turkey

Abstract

Article Info

This study determines the effects of some economic, psychological and sociological motivators
Research article on the motivation levels of employees in furniture industry companies depending on some socio-
Received: 23.04.2022 demographic characteristics. To measure their motivation levels, a questionnaire was applied to
i’é‘c’:fp:?e':j',llé%%zz%zzzz 100 people working in enterprises that employ 10 or more people, which are thought to apply a
. motivation system in the Furniture Manufacturers Site in Ankara. The obtained data were
processed using package programs for statistical analysis and the data were evaluated. According
Keywords to the results: The type of production was not effective on employee motivation. While increasing
occupational health and safety and giving more responsibility provided more motivation for male
employees, the openness of career paths was more effective for female employees. The effect of
both factors that "job assurance” and "independent work and performance feedback" effects on
employee performance increased as the working time of employees in the current workplace
increased.

Employee Motivation
Furniture Industry
Human Performance
Productivity

1. INTRODUCTION

The execution is one of the five important tasks of business management along with planning, organizing,
coordination and control. The execution process of activities includes mobilizing, guiding and motivating
employees in line with business goals. Leadership, command and motivation are the main variables in this
process. The motivation within these three pillars is the systematic effort made to ensure that the business
can achieve its projected goals by managing employees' working behavior and performance. These
systematic efforts reveal motivation management. Economic, psychological and sociological factors
influence employees' working behavior and performance, and studies on motivation focus on these stimuli.

Financial conditions are more motivating for younger age groups. For single employees, it places more
emphasis on financial factors and training and development opportunities. For employees, in the first
workplace, the motivational effect of job guarantee stands out as an important factor. As the working time
increases, the importance of psychological factors such as the sense of achievement and motivation levels
increase. Generally, the motivation of the employees decreases due to the increase in working time [1].

In businesses that produce goods and services; organizational-managerial motivation factors such as the
characteristics of the work done, satisfaction with group relations, spatial satisfaction and satisfaction from
participatory practices are effective on productivity but not on performance [2].

Differences exist in the motivation perception of employees according to occupational classes, e.g.
manager, white-collar and blue-collar. While there are significant differences in motivation perception
between genders among blue-collar workers, there is no significant difference between the motivation
perceptions of other occupational classes [3].

*Corresponding author, e-mail: kivancyilmaz@gazi.edu.tr DOI:10.29109/gujsc.1107789
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In the case of Slovakia, attention should be paid to factors such as age, gender, and job position as workers'
motivations differ depending on socio-demographic factors. It is recommended that enterprises focus their
motivation programs on supporting motivation factors related to financing, mutual relationships, and
working conditions [4].

Significant differences exist in the factors such as atmosphere in the workplace, good work team, basic
salary and a fair appraisal system affecting the level of motivation of managers, white-collar and blue-collar
workers. Blue-collar workers emphasize motivation factors such as the basic salary, supervisor's approach,
and a fair appraisal system. Unlike blue-collar workers, managers and white-collar workers prefer similar
motivation factors such as an atmosphere in the workplace and a good work team [5].

According to the results of a study conducted on 493 senior managers, base salary, job security and a fair
appraisal system are the first, second and third most important motivational factors among 36 factors,
respectively [6].

The fairness of the managers among the employees, the good relations of the employees with their
colleagues in the workplace, the level of wages(salary and bonuses) they receive, the managers' being with
their employees on special days(wedding ceremonies, birthdays, etc.) are listed as factors that affect the
motivation of the university staff at a high level [7].

A strong relationship is observed between job satisfaction and dissatisfaction of the employees and their
performance. While there are significant differences in job satisfaction and job performances according to
some demographic characteristics such as gender, age, education level and seniority, there is no relation
with marital status [8].

Work environmental factors such as building design and age, workplace layout, workstation set-up,
furniture and equipment design and quality, ergonomically suitable working environment(space,
temperature, ventilation, lighting, noise, vibration, radiation and air quality) positively affect job
satisfaction [9,10].

Workers’ heart rate and body mass index(BMI) harms the feeling of safety and proactive work behavior
among older workers, but there is no significant relationship among young workers. However, regardless
of the workers’ age, the feeling of safety affects job satisfaction, and that work skills and proactive work
behaviors affect perceptions regarding team performance [11].

Intrinsic motivation tools are more effective than extrinsic motivation tools on employees' work motivation.
The effect of motivator on motivation does not differ according to the age, education level, marital status,
average income, and status in the business and work experience of the employees [12].

Employee empowerment, employee training and teamwork applications have significant effects positive
on the motivation of employees in the higher education sector [13].

Physical work demands, “interestingness” of work, the usefulness of one‘s qualification work
independence, the content of work, working hours, work safety, company‘s reputation job security,
variability of work are the top 10 factors affecting employee job satisfaction in furniture manufacturing
companies in the Slovak Republic [14].

According to a study that analyzed the level of motivation of employees working in a wood products
enterprise before and after the world economic crisis in 2012, the world economic crisis does not affect
employee motivation [15].

In another study conducted to determine the current situation of motivation of the employees in Croatian
wood processing and furniture manufacturing companies in the period of the deepest crisis in Croatian
industry in the year 2010, it has been found that the company’s management pays the greatest attention to
assuring employees’ security and their reciprocal relations. Salary and subsequent safety have been
identified as the two most important motivating factors [16].

The factors that affect the motivation of employees differ before and after the economic crisis. During the
crisis, employees mostly prioritize their psychological needs, and after the crisis, they prioritize their social
needs [17].
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With this research, it is aimed to determine the effects of some economic, psychological and sociological
motivators on motivation levels of employees in furniture industry companies depending on some socio-
demographic characteristics.

2. MATERIALS AND METHODS
2.1. Sample Number

The universe of the research included employees in businesses that employ 10+ people, who are thought to
apply a motivation system in the Furniture Manufacturer Site in Ankara. Approximately 12000 people work
in the Ankara Furniture Manufacturer Site, and it is estimated that approximately 20% of them work in
enterprises employing 10+ people included in the sample [18,19]. Based on these data, the sample size was
calculated as 93 under the conditions of 2400 sampling universe, 5% Type 1 error level(a) and 0.1 sampling
error(d).

2.2. Questionnaire and Data Collection

To measure the economic, psychological and sociological motivation levels of employees in furniture
industry enterprises according to their socio-demographic characteristics, a questionnaire consisting of 24
guestions was prepared with a five-point Likert scale, and this questionnaire was applied to 100 people
between Jan.10 and Dec.10 in 2020 by face-to-face interview method. In practice, attention was paid to the
balanced distribution of the number in terms of independent variables such as age, gender and education
level. The selected socio-demographic characteristics of the individuals subject to the questionnaire are
given in Table 1.

Table 1. Selected socio-demographic characteristics of the individuals subjected to the questionnaire

Socio-demographic Characteristics Frequency (%)
Gender Man 78 78.0
Woman 22 220
Age (years) 18-25 15 15.0
26-35 34 34.0
36-45 31 31.0
46-55 16 16.0
56+ 4 4.0
Education Level Primary education 7 7.0
High School 43 43.0
Associate Degree 25 25.0
Undergraduate 20 20.0
Graduate 5 5.0
Income Level ($) Up to 375 6 6.0
376-750 31 31.0
751-1250 40 40.0
1251-2500 20 20.0
2501 and Above 3 3.0
Status Unskilled Worker 17 17.0
Skilled Worker 30 30.0
Foreman/Section Chief 21 21.0
Department Chief 17 17.0
Manager/Assistant Manager 15 15.0
Working Time Upto3 34 34.0
At The Current Workplace (Years) 4-10 43 43.0
11-20 19 19.0
21-30 3 3.0
Total Working Time (Years) Upto3 12 12.0
4-10 31 31.0
11-20 36 36.0
21-30 15 15.0

31 and above 6 6.0




482 Eray KAMISLI, Kivang YILMAZ, Yasemin OZTURK, Erol BURDURLU | GU J Sci, Part C, 10(3):479-494(2022)

2.3. Data Analysis

The data collected through questionnaires were analyzed in SPSS 22 program. Independent group t-test and
one-way analysis of variance(ANOVA) were used to determine whether some economic, psychological
and sociological motivators were effective on motivation levels, depending on the socio-demographic
characteristics of employees, such as age, gender, income level, and education level. In testing the reliability
of the scales, Cronbach's Alpha Coefficient, which is the most appropriate technique for Likert type scales,
was used. According to this method, if 0.7 < a < 8, the questionnaire is acceptable, if 0.8 < a < 0.9, the
reliability is considered good, and if 0.9 < q, the reliability is considered perfect. The Cronbach's alpha
coefficient of the study was calculated as 0.877, and this value showed that the results of the study were
“good” reliable.

3. RESULTS

Table 2 shows some statistical data on the motivation levels of employees depending on the economic,
psychological and sociological factors without considering any socio-demographic characteristics.

As shown in the table, the most motivating factor for furniture industry employees, regardless of any socio-
demographic factor, was “Granting economic and financial awards” with a motivation level of 3.09. These
were followed by "Communicating with everyone whenever desired" with 3.05, "High occupational health
and safety" with 3.04, "Higher wages than other businesses in the sector" with 3.01. The three factors that
motivate employees the least were "Bonus fee application” with a motivation level of 2.36, "Organizing
regular and systematic social and cultural activities within the business"” with 2.50 and "Job assurance" with
2.62.

Table 2. Some statistical data on the motivation levels of employees depending on the economic,
psychological and sociological factors (Selected motivators)

Motivators Freq. Min. Max. Mean Std.

Dev.
Higher wages than those of other businesses in the sector 100 0.00 5.00 3.01 112
Bonus fee applications 100 0.00 5.00 236 148
Job assurance 100 0.00 5.00 262 151

Social benefits (insurance, transportation support, discounted product, lunch and tea 100 0.00 5.00 295 1.43
and coffee service, etc.)

Granting economic and financial awards 99 0.00 500 3.09 141
Giving authority and responsibility for the work done 100 0.00 5.00 295 145
Educational opportunities (external and in-service) 100 0.00 5.00 264 162
Openness of the promotion routes 100 0.00 5.00 290 1.39
Indirect work control (independent work) and performance feedback 100 0.00 5.00 281 145
Business support for solving individual problems 100 0.00 5.00 2.84 1.39
Participating in management 100 0.00 5.00 298 147
Working in different jobs within the business 100 0.00 5.00 285 1.35
Taking more responsibility 100 0.00 5.00 297 1.40
Communicating with everyone whenever desired 100 0.00 5.00 3.05 1.33
High occupational health and safety 100 0.00 5.00 3.04 146
Managers' compliance with the rules of rights, law and justice 100 0.00 5.00 2.88 1.29
Organizing regular and systematic social and cultural activities within a business 100 0.00 5.00 250 155

(Freq.: Frequency, Std. Dev.:. Standard Deviation)



Eray KAMISLI, Kivang YILMAZ, Yasemin OZTURK, Erol BURDURLU / GU J Sci, Part C, 10(3):479-494(2022) 483

3.1. Effect of Gender on Motivation Level

Motivation levels based on gender for different motivators are given in Table 3. "Independent group t-test"
was applied to determine whether the difference between the motivation levels of male and female
employees belonging to each motivator was significant.

Since p < 0.05, the differences between the motivation levels of male and female employees belonging to
“Openness of the promotion routes”, “Taking more responsibility” and “Organizing regular and systematic
social and cultural activities within the business” were found to be significant, while other motivators were
found to be insignificant.

While increasing occupational health and safety and giving more responsibility provided more motivation
for male employees, the openness of career paths was more effective for female employees. Other
motivators were equally effective in the motivation of male and female employees(Table 3).

Table 3. Independent group t-test for the motivators to determine the effect of gender on motivation level

Motivators Gender Freg. Mean Std. Dev. t p

Higher wages than those of other businesses in the sector Male 78 297 1.06 -0.595 0.55
Female 22 314 136

Bonus fee applications Male 78 240 145 0.474 0.63
Female 22 223 1.60

Job assurance Male 78 271 144 1.063 0.29
Female 22 232 173

Social benefits (insurance, transportation support, discounted product, Male 78 288 145 -0.859 0.39

lunch and tea and coffee service, etc.) Female 22 3.18 1.37

Granting economic and financial awards Male 77 3.01 144 -1.025 0.30
Female 22 336 1.33

Giving authority and responsibility for the work done Male 78 3.08 1.34 1.660 0.10
Female 22 250 1.77

Educational opportunities (external and in-service) Male 78 260 157 -0.432 0.66
Female 22 277 185

The openness of the promotion routes Male 78 276 1.35 -1.975 0.05
Female 22 341 144

Indirect work control (independent work) and performance feedback Male 78 279 151 -0.195 0.84
Female 22 286 1.25

Business support for solving individual problems Male 78 273 1.35 -1.488 0.14
Female 22 323 148

Participating in management Male 78 295 145 -0.399 0.69
Female 22 3.09 157

Working in different jobs within the business Male 78 296 1.24 1.566 0.12
Female 22 245 1.65

Taking more responsibility Male 78 322 135 3.513 0.001
Female 22 209 1.23

Communicating with everyone whenever desired Male 78 3.09 125 0.561 0.57
Female 22 291 1.60

High occupational health and safety Male 78 285 147 -2.819 0.008
Female 22 3.73 124

Managers' compliance with the rules of rights, law and justice Male 78 287 1.25 -0.119 0.90
Female 22 291 144

Organizing regular and systematic social and cultural activities withina Male 78 250 1.48 0.000 1.00

business Female 22 250 1.79

GENERAL Male 78 285 0.78 -0.085 0.933

Female 22 286 1.01
(t: t-test value, p: probability, Freq.: Frequency, Std. Dev.: Standard Deviation)
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3.2. Effect of Age on Motivation Level

The results of the ANOVA test was used to compare the differences between motivation levels depending
on age groups for different motivators are given in Table 4.

Table 4. ANOVA test to compare the differences between motivation levels depending on age groups

Motivators F p

Higher wages than those of other businesses in the sector 1.186 0.322
Bonus fee applications 1.235 0.301
Job assurance 1.180 0.325
Social benefits (insurance, transportation support, discounted product, lunch and tea and coffee service, etc.) 0.480 0.750
Granting economic and financial awards 1.483 0.214
Giving authority and responsibility for the work done 1.520 0.203
Educational opportunities (external and in-service) 0.517 0.723
Openness of the promotion routes 0.654 0.625
Indirect work control (independent work) and performance feedback 3.050 0.021
Business support for solving individual problems 0.065 0.992
Participating in management 1.114 0.354
Working in different jobs within the business 1.126 0.349
Taking more responsibility 1.765 0.142
Communicating with everyone whenever desired 2.098 0.087
High occupational health and safety 0.392 0.814
Managers' compliance with the rules of rights, law and justice 2.653 0.038
Organizing regular and systematic social and cultural activities within a business 1.676 0.162
GENERAL 2.242 0.070

(F: Fisher test value, p: Probability)

Since P < 0.05, age group was found to be effective on motivation levels for the motivators of “Indirect
work control(independent work) and performance feedback” and “Managers' compliance with the rules of
rights, law and justice” and ineffective for all other motivators. The motivation levels for the effective
motivators are given in Table 5 depending on the age groups.

Table 5. Motivation levels for effective motivators depending on age groups

Motivators Age Group Freq. Mean Std. Dev. Std. Err.
Indirect work control (independent work) and performance feedback 18-25 15 233 145 0.37
26-35 34 235 1.35 0.23
36-45 31 310 1.49 0.27
46-55 16 3.62 1.36 0.34
56+ 4 3.00 0.82 0.41
Total 100 281 145 0.14
Managers' compliance with the rules of rights, law and justice 18-25 15 287 1.36 0.35
26-35 34 235 1.25 0.22
36-45 31 332 119 0.21
46-55 16 312 131 0.33
56+ 4 3.00 0.82 0.41
Total 100 288 1.29 0.13
GENERAL 18-25 15 270 094 0.24
26-35 34 257 0.86 0.15
36-45 31 3.05 0.73 0.13
46-55 16 3.16 0.78 0.19
56+ 4 296 049 0.25
Total 100 285 0.83 0.08

(Freq.: Frequency, Std. Dev.: Standard Deviation, Std. Err.: Standard Error)

The motivation effect of both “the indirect work control(independent work)” and “performance feedback"
motivator and "Managers' compliance with the rules of rights, law and justice™ motivator was higher in the
age range of 36-55 compared to the 18-35 age range. After the age of 56, the motivation effect of both
motivators decreased.

Regardless of motivators, according to the general averages depending on the age group, the motivation
level of employees in the 26-35 age group was higher than those in the 18-25 age group. A decrease was
seen in the motivation levels of employees aged 56 and over.
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3.3. Effect of Income Level on Motivation
The results of the ANOVA test performed to compare the differences between motivation levels depending
on income groups for different motivators are given in Table 6.

Table 6. ANOVA test was used to compare the differences between motivation levels depending on income
groups

Motivators F p

Higher wages than those of other businesses in the sector 2.33 0.06
Bonus fee applications 191 0.11
Job assurance 1.21 031
Social benefits (insurance, transportation support, discounted product, lunch and tea and coffee service, etc.) 1.81 0.13
Granting economic and financial awards 2.55 0.04
Giving authority and responsibility for the work done 1.53 0.20
Educational opportunities (external and in-service) 1.88 0.12
Openness of the promotion routes 1.05 0.38
Indirect work control (independent work) and performance feedback 2.26 0.07
Business support for solving individual problems 0.70 0.60
Participating in management 1.80 0.13
Working in different jobs within the business 1.87 0.12
Taking more responsibility 0.76 0.55
Communicating with everyone whenever desired 0.26 0.90
High occupational health and safety 0.23 0.92
Managers' compliance with the rules of rights, law and justice 0.66 0.62
Organizing regular and systematic social and cultural activities within a business 2.61 0.04

(F: Fisher test value, p: Probability)

Since p < 0.05, age group was found to be effective on motivation levels for the motivators of “Granting
economic and financial awards” and “Organizing regular and systematic social and cultural activities within
the business” and ineffective for all other motivators.

Motivation levels for effective motivators depending on income groups are given in Table 7.

Table 7. Motivation levels for effective motivators depending on income groups

Motivators Income Group  Freq. Mean Std. Std.
Dev. Error

Granting economic and financial awards Up to 375 5 180 1.30 0.58
376-750 31 284 155 0.28

751-1250 40 313 131 0.21

1251-2500 20 355 123 0.28

2501 and Above 3 433 116 0.67

Total 99 3.09 142 0.14

Organizing regular and systematic social and cultural _Up to 375 6 283 1.72 0.70
activities within the business 376-750 31 207 163 0.29
751-1250 40 273 149 0.24

1251-2500 20 230 1.30 0.29

2501 and Above 3 467 058 0.33

Total 100 250 155 0.16

GENERAL Up to 375 6 281 0.93 0.38
376-750 31 2.65 0.90 0.16

751-1250 40 279 0.78 0.12

1251-2500 20 319 0.73 0.16

2501 and Above 3 351 0.90 0.52

Total 100 285 0.83 0.08

(Freq.: Frequency, Std. Dev.: Standard Deviation, Std. Err.: Standard Error)

As the income level increased, the influence level of the "Granting economic and financial awards"
motivator increased. While the effect level was 1.8 for employees with a monthly income of up to 375 $,
this value increased to 4.33 for employees with a monthly income of 2500 $ or more.

The level of influence of the "Organizing regular and systematic social and cultural activities within the
business" motivator was 2.83 for employees with a monthly income of up to $ 375 and was higher than
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employees with an income of $ 376-2500. The influence level of this motivator was 4.67 for employees
with an income of $ 2 501 and above, and it was the highest.

Regardless of motivators, according to the general averages depending on the income group, the higher the
income level, the higher the average effect levels of all motivators. The average effect of the motivators,
which was 2.81 in the lowest income group, increased to 3.51 in the highest income group.

3.4. Effects of Education Degrees on Motivation
The results of the ANOVA test performed to compare the differences between motivation levels depending
on education degree for different motivators are given in Table 8.

Table 8. ANOVA test to compare the differences between motivation levels depending on an education
degree

Motivators F p
Higher wages than those of other businesses in the sector 3.27 0.01
Bonus fee applications 4.19 0.004
Job assurance 2.32 0.06
Social benefits (insurance, transportation support, discounted product, lunch and tea and coffee service, etc.) 2.37 0.06
Granting economic and financial awards 4.18 0.004
Giving authority and responsibility for the work done 0.25 0.91
Educational opportunities (external and in-service) 4,55 0.002
Openness of the promotion routes 3.74 0.007
Indirect work control (independent work) and performance feedback 1.96 0.11
Business support for solving individual problems 1.39 0.24
Participate in administrative decisions 2.67 0.04
Working in different jobs within the business 1.64 0.17
Taking more responsibility 0.17 0.95
Communicating with everyone whenever desired 2.65 0.04
High occupational health and safety 3.35 0.01
Managers' compliance with the rules of rights, law and justice 3.65 0.008
Organizing regular and systematic social and cultural activities within a business 1.06 0.38

(F: Fisher test value, p: Probability)

Since p < 0.05, education degree has been found as effective on motivation level for the motivators of
“Higher wages than those of other businesses in the sector”, “Bonus fee application”, “Granting economic
and financial awards”, “Educational opportunities(external and in-service)”, “Openness of the promotion
routes”, “Participate in administrative decisions”, “Communicating with everyone whenever desired”,
“High occupational health and safety", and “Managers' compliance with the rules of rights, law and justice”
and not for other motivators.

Motivation levels for the effective motivators depending on the education levels are given in Table 9.
Table 9. Motivation levels depend on the education level for the effective motivators

Motivators Education Degree  Freq. Mean Std. Dev.  Std. Err.
Higher wages than those of other businesses in _Primary education 7 3.286 1.380 0.522
the sector High School 43 2,767 1.172 0.179
Associate Degree 25 2.840 0.898 0.180
Undergraduate 20 3.300 1.031 0.231
Graduate 5 4.400 0.548 0.245
Total 100 3.010 1.124 0.112
Bonus fee applications Primary education 7 2.000 1.528 0.577
High School 43 2.093 1.493 0.228
Associate Degree 25 2.080 1.222 0.244
Undergraduate 20 2.900 1.447 0.324
Graduate 5 4.400 0.548 0.245

Total 100  2.360 1.481 0.148
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Table 9 continuous...

Motivators Education Degree Freg. Mean Std. Dev. Std. Err.
Granting economic and financial awards Primary education 6 2.500 1.378 0.563
High School 43 2.744 1432 0.218

Associate Degree 25 2920 1.470 0.294
Undergraduate 20 3.900 0.968 0.216

Graduate 5 4,400 0.548 0.245
Total 99 3.091 1.415 0.142
Educational opportunities Primary education 7 2429 1718 0.649
(external and in-service) High School 43 2.279 1.608 0.245

Associate Degree 25 2.240 1535 0.307
Undergraduate 20 3.550 1.356 0.303

Graduate 5 4.400 0.548 0.245
Total 100 2.640 1.624 0.162
Openness of the promotion routes Primary education 7 2571 1512 0.571
High School 43 2.512 1.369 0.209

Associate Degree 25 2.800 1.190 0.238
Undergraduate 20 3.750 1.333 0.298

Graduate 5 3.800 1.095 0.490
Total 100 2.900 1.389 0.139
Participate in administrative decisions Primary education 7 3571 1.134 0.429
High School 43 2.651 1.646 0.251

Associate Degree 25 2.720 1.429 0.286
Undergraduate 20 3.500 0.946 0.212

Graduate 5 4200 1.095 0.490
Total 100 2980 1.470 0.147
Communicating with everyone whenever desired Primary education 7 3.429 1512 0.571
High School 43 3.000 1.397 0.213

Associate Degree 25 2.640 1.350 0.270
Undergraduate 20 3.150 0.933 0.209

Graduate 5 4.600 0.548 0.245
Total 100 3.050 1.329 0.133
High occupational health and safety Primary education 7 3.714 0.951 0.360
High School 43 2.837 1.396 0.213

Associate Degree 25 2520 1.558 0.312
Undergraduate 20 3.550 1.432 0.320

Graduate 5 4.400 0.548 0.245
Total 100 3.040 1.463 0.146
Organizing regular and systematic social and Primary education 7 3.857 0.690 0.261
cultural activities within a business High School 43 2.837 1.194 0.182

Associate Degree 25 2.640 1221 0.244
Undergraduate 20 2.550 1.504 0.336

Graduate 5 4,400 0.548 0.245
Total 100 2.880 1.289 0.129
GENERAL Primary education 7 3.155 0.961 0.363
High School 43 2.666 0.871 0.133

Associate Degree 25 2.649 0.502 0.100
Undergraduate 20 3.106 0.806 0.180
Graduate 5 3.988 0.706 0.316
Total 100 2.850 0.833 0.083

(Freq.: Frequency, Std. Dev.: Standard Deviation, Std. Err.: Standard Error)

As the degree of education increased, the effect of the motivators of “Bonus fee applications”, “Granting
economic and financial awards” and “Openness of the promotion routes” on employee motivation
increased. The effect of “Higher wages than those of other businesses in the sector”, “Educational
opportunities(external and in-service)”, “Participate in administrative decisions”, “Communicating with
everyone whenever desired”, “High occupational health and safety” and “Organizing regular and
systematic social and cultural activities within the business” motivators in the motivation level of primarily
educated employees were higher compared to high school and associate degree-educated employees.

The group in which all motivators were most effective in motivation increase were graduate educated
employees with an average effect level of 3.99 and this group had the highest motivation level among all
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motivators. The second group with the highest level of motivation excluding the motivators of “Participate
in administrative decisions”, “Communicating with everyone whenever desired”, “High occupational
health and safety” and “Organizing regular and systematic social and cultural activities within the business”
were the undergraduate educated employees.

Regardless of motivators, according to the general averages depending on the education degree, graduate
educated employees had the highest motivation level with 3.99; primarily educated employees with 3.16
followed this group. High school, associate degree and undergraduate educated employees had lower
motivation levels compared to primarily educated employees (Table 9).

3.5. Effect of Employees’ Status in Their Workplace on Their Motivation Level
The results of the ANOVA test performed to compare the differences between motivation levels depending
on employees' status in their workplace for different motivators are given in Table 10.

Table 10. ANOVA test was used to compare the differences between motivation levels depending on
employees' status in their workplace

Motivators F p
Higher wages than those of other businesses in the sector 6.626  0.000
Bonus fee applications 4.867 0.001
Job assurance 2.466 0.05
Social benefits (insurance, transportation support, discounted product, lunch and tea and coffee service, etc.) 4.576  0.002
Granting economic and financial awards 5.459 0.001
Giving authority and responsibility for the work done 2533 0.05
Educational opportunities (external and in-service) 6.356 0.000
Openness of the promotion routes 10.291 0.000
Indirect work control (independent work) and performance feedback 6.822 0.000
Business support for solving individual problems 0.763 0.60
Participate in administrative decisions 2.869 0.03
Working in different jobs within the business 3.204 0.02
Taking more responsibility 0.932 0.45
Communicating with everyone whenever desired 3.137 0.02
High occupational health and safety 2210 0.07
Managers' compliance with the rules of rights, law and justice 2.055 0.09
Organizing regular and systematic social and cultural activities within a business 1.630 0.17
GENERAL 9.203 0.000

(F: Fisher test value, p: Probability)

Since P < 0.05, the status of employees in the workplace has been found as effective on the level of
motivation for all motivators other than the motivators of “Business support for solving individual
problems”, “Taking more responsibility”, “High occupational health and safety”, “Managers' compliance
with the rules of rights, law and justice” and “Organizing regular and systematic social and cultural

activities within a business motivators”.
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Motivation levels for the effective motivators depending on the “employees' status in their workplace” are
given in Table 11.

Table 11. Motivation levels for the effective motivators depending on the “Employees’ status in their
workplace”

Motivators Status in Workplace Freg. Mean Std. Std.
Dev. Err.
Higher wages than those of other businesses in the sector Unskilled Worker 17 2.706 1.047 0.254
Skilled Worker 30 2.367 1.129  0.206
Foreman/Section Chief 21 3.476 0.602 0.131
Department Chief 17 3.235 1.251 0.304
Manager/Assistant 15 3.733 0.884 0.228
Manager
Total 100 3.010 1124 0.112
Bonus fee applications Unskilled Worker 17 1.706 1.047 0.254
Skilled Worker 30 1.800 1.400 0.256
Foreman/Section Chief 21 2.667 0.913 0.199
Department Chief 17 2.706 1.687  0.409
Manager/Assistant 15 3.400 1.765 0.456
Manager
Total 100 2360 1481 0.148
Job assurance Unskilled Worker 17 2.118 1.269 0.308
Skilled Worker 30 2200 1.448 0.264
Foreman/Section Chief 21 2.810 1.721 0.376
Department Chief 17 2941 1478 0.358
Manager/Assistant 15 3.400 1.298 0.335
Manager
Total 100 2620 1509 0.151
Social benefits (insurance, transportation support, discounted Unskilled Worker 17 2.706 1.490 0.361
product, lunch and tea and coffee service, etc.) Skilled Worker 30 2.367 1.402 0.256
Foreman/Section Chief 21 3.000 1.183 0.258
Department Chief 17 3.118 1.495 0.363
Manager/Assistant 15 4133 0.990 0.256
Manager
Total 100 2950 1431 0.143
Granting economic and financial awards Unskilled Worker 17 2.882 1453 0.352
Skilled Worker 29 2.310 1491 0.277
Foreman/Section Chief 21 3.524 1.167 0.255
Department Chief 17 3.235 1.200 0.291
Manager/Assistant 15 4.067 0.961 0.248
Manager
Total 99 3.091 1415 0.142
Giving authority and responsibility for the work done Unskilled Worker 17 2294 1572 0.381
Skilled Worker 30 2.700 1.442 0.263
Foreman/Section Chief 21 2952 1.499 0.327
Department Chief 17 3.588 1.004 0.243
Manager/Assistant 15 3.467 1.407 0.363
Manager
Total 100 2950 1.452 0.145
Educational opportunities (external and in-service) Unskilled Worker 17 2.000 1.541 0.374
Skilled Worker 30 1.900 1561 0.285
Foreman/Section Chief 21 3.190 1.327 0.290
Department Chief 17 2.765 1.715 0.416
Manager/Assistant 15 3.933 1.033 0.267
Manager
Total 100 2.640 1.624 0.162
The openness of the promotion routes Unskilled Worker 17 2471 1.328 0.322
Skilled Worker 30 2.067 1172 0.214
Foreman/Section Chief 21 4.048 0.805 0.176
Department Chief 17 2.824 1510 0.366
Manager/Assistant 15 3.533 1.060 0.274
Manager

Total 100 2.900 1.389 0.139
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Table 11 continuous...

Motivators Status in Workplace Freg. Mean Std. Std.
Dev. Err.
Indirect work control (independent work) and performance Unskilled Worker 17 2.118 1.269 0.308
feedback Skilled Worker 30 2.167 1.416 0.259
Foreman/Section Chief 21 3.476 1.167 0.255
Department Chief 17 2.882 1.616 0.392
Manager/Assistant 15 3.867 0.834 0.215
Manager
Total 100 2.810 1.454 0.145
Participate in administrative decisions Unskilled Worker 17 2941 1.391 0.337
Skilled Worker 30 2.300 1.705 0.311
Foreman/Section Chief 21 3.238 1.179 0.257
Department Chief 17 3412 1.121 0.272
Manager/Assistant 15 3.5633 1.407 0.363
Manager
Total 100 2.980 1.470 0.147
Working in different jobs within the business Unskilled Worker 17 2.706 1.490 0.361
Skilled Worker 30 2.767 1.305 0.238
Foreman/Section Chief 21 2190 1.436 0.313
Department Chief 17 3.294 1.105 0.268
Manager/Assistant 15 3.600 0.986 0.254
Manager
Total 100 2.850 1.351 0.135
Communicating with everyone whenever desired Unskilled Worker 17 2.765 1.033 0.250
Skilled Worker 30 2.633 1.474 0.269
Foreman/Section Chief 21 3.143 1424 0.311
Department Chief 17 3.118 1.111 0.270
Manager/Assistant 15 4.000 1.000 0.258
Manager
Total 100 3.050 1.329 0.133
GENERAL Unskilled Worker 17 2,512 0.532 0.129
Skilled Worker 30 2.379 0.744 0.136
Foreman/Section Chief 21 3.053 0.664 0.145
Department Chief 17 3.097 0.832 0.202
Manager/Assistant 15 3.612 0.806 0.208
Manager
Total 100 2.850 0.833 0.083

(Freq.: Frequency, Std. Dev.: Standard Deviation, Std. Err.: Standard Error)

As the status level increased, the effect of “Bonus fee applications” and “Job assurance” motivators on
employee motivation increased.

The effect of the motivators of “Higher wages than those of other businesses in the sector”, “Social
benefits(insurance, transportation support, discounted product, lunch and tea and coffee service, etc.)”,
“Granting economic and financial awards”, “Educational opportunities(external and in-service) The level
of influence of the motivators “Openness of the promotion routes”, ‘“Participate in administrative
decisions”, and “Communicating with everyone whenever desired” on the skilled workers was lower
compared to the unskilled workers.

The effect of the motivators of “Higher wages than those of other businesses in the sector”, “Granting
economic and financial awards”, “Educational opportunities(external and in-service) Openness of the
promotion routes”, “Indirect work control(independent work) and performance feedback”, and
“Communicating with everyone whenever desired” on employees with a status of department chief was
lower compared to employees with status of Foreman/Section Chiefs.

Unlike other motivators, the group most influenced by the “Openness of the promotion routes” motivator
was the employees with the status of Foreman/Section Chief. Apart from that, the group most affected by
all motivators was the employees with the status of Manager/Assistant Manager.

Regardless of motivators, according to the general averages depending on “employees' status in their
workplace”, employees with skilled worker status had the lowest motivation level with 2.38, followed by
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employees with unskilled worker status with 2.51. Except for those working in these two states, the higher
the status level, the higher the level of motivation. The highest motivation level of 3.61 was seen in
employees with “Manager/Assistant Manager” status.

3.6. Effect of Production Type on Motivation Level
The results of the ANOVA test performed to compare the differences between motivation levels depending
on the type of production for different motivators are given in Table 12.

Table 12. ANOVA test was used to compare the differences between motivation levels depending on the
type of production

Motivators F p

Higher wages than those of other businesses in the sector 0.582 0.628
Bonus fee applications 1.548 0.207
Job assurance 0.524 0.667
Social benefits (insurance, transportation support, discounted product, lunch and tea and coffee service, etc.) 1.857 0.142
Granting economic and financial awards 0.405 0.750
Giving authority and responsibility for the work done 1.094 0.355
Educational opportunities (external and in-service) 0.377 0.769
Openness of the promotion routes 2.546 0.061
Indirect work control (independent work) and performance feedback 1.156 0.331
Business support for solving individual problems 1.475 0.226
Participate in administrative decisions 0.876 0.456
Working in different jobs within the business 1.606 0.193
Taking more responsibility 0.102 0.959
Communicating with everyone whenever desired 0.279 0.840
High occupational health and safety 0.780 0.508
Managers' compliance with the rules of rights, law and justice 1.668 0.179
Organizing regular and systematic social and cultural activities within a business 1.496 0.221
GENERAL 1.474 0.226

(F: Fisher test value, p: Probability)

Since p > 0.05 for all motivators, the type of production(furniture, decoration, project works and building
elements) was not effective on employee motivation and the differences between motivation levels
depending on the type of production were statistically insignificant.

3.7. Effects of Working Time at Current Workplace on Motivation Levels

The results of the ANOVA test performed to compare the differences between motivation levels depending
on “Working Time at the Current Workplace” for different motivators are given in Table 13.

Table 13. ANOVA test was used to compare the differences between motivation levels depending on
Working Time at the Current Workplace

Motivators F p

Higher wages than those of other businesses in the sector 0.313 0.816
Bonus fee applications 0.337 0.798
Job assurance 3.274 0.024
Social benefits (insurance, transportation support, discounted product, lunch and tea and coffee service, etc.) 1.258 0.293
Granting economic and financial awards 1511 0.217
Giving authority and responsibility for the work done 1.556 0.205
Educational opportunities (external and in-service) 1.420 0.242
Openness of the promotion routes 0.345 0.793
Indirect work control (independent work) and performance feedback 2.853 0.041
Business support for solving individual problems 1.729 0.166
Participate in administrative decisions 1521 0.214
Working in different jobs within the business 1.289 0.283
Taking more responsibility 1.240 0.300
Communicating with everyone whenever desired 0.445 0.721
High occupational health and safety 0.835 0.478
Managers' compliance with the rules of rights, law and justice 0.146 0.932
Organizing regular and systematic social and cultural activities within a business 1.528 0.212

(F: Fisher test value, p: Probability)
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Since P < 0.05, the working time in the current workplace is effective on employee motivation for the
motivators of “Job assurance” and “Indirect work control(independent work) and performance feedback”.

The motivation levels for the effective motivators are given in Table 14 depending on the “Working time
in the current workplace”.

Table 14. Motivation levels depending on working time in the current workplace for effective motivators

Motivators Working Time (Years) Freq. Mean Std. Dev. Std. Err.
Job assurance Upto3 34 2.029 1.605 0.275
4-10 43 2.837 1.430 0.218
11-20 19 3.158 1.259 0.289
21-30 3 3.333 1.155 0.667
Total 99 2.636 1.508 0.152
Indirect work control (independent work) and Up to 3 34 2471 1.581 0.271
performance feedback 4-10 43 2.651 1.378 0.210
11-20 19 3.526 1.172 0.269
21-30 3 3.667 0.577 0.333
Total 99 2.788 1.445 0.145
GENERAL Upto3 34 2.688 0.993 0.170
4-10 43 2.799 0.704 0.107
11-20 19 3.220 0.712 0.163
21-30 3 3.353 0.778 0.449
Total 99 2.858 0.834 0.084

(Freq.: Frequency, Std. Dev.: Standard Deviation, Std. Err.: Standard Error)

The effect of both factors “Job assurance” and “Indirect work control(independent work) and performance
feedback” whose effects on employee performance increased as the working time of employees in the
current workplace increased.

Regardless of motivators, according to the general averages depending on working time in the current
workplace, as the working time of the employees increased in their current workplaces, their motivation
levels also increased(Table 14).

4. CONCLUSIONS

This study was aimed to determine the effects of some economic, psychological and sociological motivators
on the motivation levels of employees in furniture industry companies depending on some socio-
demographic characteristics.

The type of production(furniture, decoration, project works and building elements) was not effective on
employee motivation.

While increasing occupational health and safety and giving more responsibility provided more motivation
for male employees, the openness of career paths was more effective for female employees. Other
motivators were equally effective in the motivation of male and female employees.

The motivation effect of both motivators “Indirect work control(independent work) and performance
feedback” and “Managers' compliance with the rules of rights, law and justice” are higher in the age range
of 36-55 compared to the 18-35 age range. After the age of 56, the motivation effect of both motivators
decreased. The other motivators were equally effective in all age groups.

Regardless of motivators, according to the general averages depending on the income group, the higher the
income level, the higher the average effect levels of all motivators. Motivation levels of the employees
with a monthly income of up to $ 375 for the motivators of “Organizing regular and systematic social and
cultural activities within a business” were higher than that of employees with an income of $ 376-2500
and it was the highest for employees with an income of $ 2 501 and above.

The group in which all motivators were most effective in motivation increase were graduate educated
employees with an average effect level of 3.99 and this group had the highest motivation level among all
motivators.
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According to the general averages depending the employees' status in their workplace, employees with
skilled worker status had the lowest motivation level with 2.38, followed by those with unskilled worker
status with 2.51. Except for those working in these two states, the higher the status level, the higher the
level of motivation. The highest motivation level of 3.61 was seen in employees with “Manager/Assistant
Manager” status.

The effect of both factors “Job assurance” and “Indirect work control(independent work) and performance
feedback” effects on employee performance increased as the working time of employees in the current
workplace increased. Regardless of motivators, according to the general averages depending on working
time in the current workplace, as the working time of the employees increased in their current workplaces,
their motivation levels also increased.
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Abstract

In this study, composite materials are produced, placing unidirectional carbon fiber
reinforcements with 12 filament numbers in a polyester matrix to form one, two, and three layers
at room temperature through the hand lay-up method. The samples are prepared from composite
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plates with the help of a mold in line with the fiber direction angle by the standards. Tensile,
bending, and falling weight low-speed impact tests are conducted to determine the mechanical
properties of the samples. As a result of the tensile test, the highest tensile strength value among
layers is obtained in the two-layer unidirectional fiber-reinforced composite materials. In bending
tests, the highest elasticity values of unidirectional carbon fiber reinforcements are observed in
three-layer composite materials with a fiber direction angle of 0° 0° unidirectional fiber-
reinforced one-layer composite materials are observed in composite materials with the highest
deformation values in the falling weight low-velocity impact tests.

Giiclendirilmis Polyester Recine Matrisli Kompozit Malzemelerin
Tek Yonlii Karbon Fiberler Uzerinde Katmanlarin Etkisi

Oz

Karbon lifler
Kompozit Malzemeler
Mekanik Ozellikler
Polyester Regine

Bu ¢alismada, 12 filament numarali tek yonlii karbon fiber takviyelerin polyester matris igerisine
bir, iki ve ii¢ katman olusturacak sekilde oda sicakliginda elle yatirma yontemiyle
yerlestirilmesiyle kompozit malzemeler iiretilmistir. Numuneler, standartlara uygun olarak elyaf
yon agist dogrultusunda bir kalip yardimiyla kompozit plakalardan hazirlanir. Numunelerin
mekanik 6zelliklerini belirlemek igin ¢ekme, egilme ve diisen agirlik diisiik hizli darbe testleri

yapilir. Cekme testi sonucunda katmanlar arasinda en yiiksek gekme dayanimi degeri iki katmanl
tek yonlii elyaf takviyeli kompozit malzemelerde elde edilmistir. Egilme testlerinde tek yonlii
karbon elyaf takviyelerin en yiiksek elastisite degerleri 0° dogrultusunda ii¢ katmanli kompozit
malzemelerde gozlenmektedir. 0° tek yonmlii giiglendirilmis kompozit malzemelerin diisen
agirlikta diigiik hiz darbe testlerinin en yiiksek deformasyon degerlerine sahip kompozit
malzemelerde goriilmektedir.

1. INTRODUCTION

Materials formed by combining two or more materials with several methods are called composite materials.
Composite materials exhibit different properties from the materials that make them up. The most important
purpose of using composite materials is to improve the properties of composite materials such as strength,
flexibility, and lightness, which are insufficient when used alone [1-3]. In this context, with the developing
technologies, especially in the defense industry, automotive, space, and aviation sectors, composite are
frequently used [4]. In addition, recent research on biomedical applications (bone plate, external fixtures,
etc.) continues. Hence, composite materials with different reinforcements and matrices are used in today's
industry.
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The most commonly used reinforcement materials among fiber-reinforced polymer composites are glass,
carbon, and (aramid) Kevlar-type fibers [5]. Carbon fiber reinforced polymer composites are widely
preferred because of the superior mechanical, environmental stability and a lightness of carbon fibers [6].

The compressive, tensile, and interlayer shear properties of different carbon-reinforced/polyamide
composite materials obtained by interface polymerization and hot compression molding techniques are
compared. With the increase of carbon fiber content, a slight increase in the composite material's elastic
modulus, tensile and compressive strengths are detected [7]. The tensile strengths of composite materials
consisting of carbon fiber, hybrid carbon/glass fiber, and hybrid carbon/basalt layers are investigated at
different temperatures. The tensile strength values of hybrid composites decreased with increasing
temperature values [8]. Composite materials were reinforced with glass fiber in different fiber ratios and
their mechanical properties were investigated. Tensile, impact and three-point bending tests were carried
out by cutting samples from the obtained plate composite materials in accordance with ASTM standards.
Consequence of all these studies, it was observed that the maximum stress, tensile elongation, elastic
modulus and impact resistance properties of the composite material increased with the increase in the glass
fiber ratio [9]. Higher-strength is determined in the glass fiber layers of carbon fiber layers with a high
modulus of epoxy-based glass/carbon fiber layered hybrid composites [10]. Impact tests have been carried
out by producing layered composites using carbon and glass fiber. Epoxy and unsaturated polyester are
used as the resin. As a result of impact tests, it has been revealed that if the resin is epoxy, its energy
absorption is lower than that of unsaturated polyester resin [11]. In another study, it is observed that the
impact and strength resistance of composites increased with the addition of nano reinforcement to epoxy
matrix [12]. Consequently the tensile tests of biaxial fiber direction -+45° composite samples, the best
ductility, and the best impact strength value are obtained in the low-speed impact tests of the falling weight
[13]. Unidirectional basalt fiberglass fiber-reinforced composites and hybrid composite materials are
produced by vacuum bagging technique, then tensile and three-point bending tests are performed to
evaluate samples mechanical properties. It has been concluded that the mechanical properties of composites
with basalt fiber out layer are better [14]. Buckling and tensile test are performed on carbon fiber reinforced
epoxy resin composites, revealing that the mechanical properties mainly depend on the fiber orientation of
the laminated composites [15]. In the study conducted by Koésedag and Ekici [16], aramid reinforced
polymer matrix composite materials were produced in equal thicknesses by hot press method. Impact tests
were carried out at 15, 30, 45J energy values. The energy absorption capabilities of these materials were
examined. As a result, they observed that as the impact energy increased, there was an increase in the
maximum contact forces of the composite samples and a decrease in the contact times. Subasi et al.
investigated the n the deep drawing of thermoplastic composite laminates the effects of different holding
pressure, punch speed, specimen temperature and piece depth parameters on the molding force.
Bidirectional woven glass fiber reinforced 3 mm polypropylene composite materials were used in the
experiments. As a result of the experiments, as the specimen temperature increased the molding force
decreased. The molding force increased as the holding pressure increased. Increasing punch speed caused
an increase in required molding force [17].

As mentioned so far, the mechanical properties of composite materials with different layers and
reinforcement materials have been investigated. In this study, the mechanical properties of the composites
produced by hand lay-up method using polyester resin matrix and reinforcement materials consisting of
unidirectional 0° carbon fiber with different layers types have been investigated. Tensile, three-point
bending, and impact tests are performed on the composite specimens. The mechanical properties obtained
from the experimental results are explained in detail.

2. MATERIALS AND METHODS
2.1. Materials

In the studies, the composite material is produced at room temperature using the hand lay-up method in the
Atelier of Bandirma Onyedi Eyliil University. Carbon fiber fabric with two different weaves is used as a
reinforcement element, polyester as matrix material. The carbon fiber fabrics we are used supplied ready-
to-use, unidirectional woven CW400 B-Carbon 12K plain weave fabric from Teletext Company. The
matrix materials we are used supplied by the company Yiicel Kompozit A.S. (Turkey). Camelyaf brand
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92 N8 general purpose polyester resin is used as one of the most preferred polyester types in matrix material
hand lay-up methods. Additives Methyl ethyl ketone peroxide (MEK-P) is used to freeze the matrix
material, and cobalt is used for fast freezing. Also, two separators are used to remove the product from the
mold easily. First, the solid separator Polivaks SV-6 is used, then the liquid separator Polivaks PVA is used.

Tensile and three-point compression tests are carried out in the test training laboratory of Zwick Avrasya
company. The falling weight low-speed impact test is carried out in Dumlupinar University Mechanical
Engineering Department Laboratory. Drop height of 1 meter, impact energy of 30.41 J, and velocity of 4.43
is accepted as experiment parameters. For the tensile test, the Zwick/Roell brand Allround Line Z250 SrR
test device is used to test the samples produced according to the ISO 527-1 standard. Four samples are
tested for each sample group. The Zwick/Roell brand ProLine table-top testing machines Z005 up to Z100
testing devices are used to test the samples produced following the 1SO 178 standard for the three-point
compression test.

3. RESULTS

Samples are produced from unidirectional carbon fiber with 0° fiber directions. According to the
experiments, T for the tensile test, B for the bending test, D for the drop test, and 1, 2, 3 for the number of
layers, respectively. For this reason, composite samples are prepared and named differently. In total, 12
samples were tested for the tensile and bending test, and 15 samples were tested for the drop test.

3.1. Tensile Tests

Fig. 1. shows the tensile strength and elasticity values of one, two, and three-layer composite materials. The
values of the tensile test results of the samples formed from one layer with a unidirectional carbon 0° fiber
orientation angle are close to each other. It is seen that a difference of 10,31% between the highest and
lowest values in elasticity value and 23.51% difference in breaking strength value is obtained. After the
experiment, the carbon fibers of samples occur a large deformation. From the tensile test results of the
samples consisting of two layers with unidirectional carbon 0° fiber orientation angle, it is seen that there is
a 12.98% difference between the highest and lowest values in elasticity value and a 7.82% difference in
breaking strength value. When comparing the one-layered and two-layered specimens, it was determined
that the difference between the elasticity values was greater, and the difference between the breaking
strength values was less. After the tensile test, it was observed that the carbon fibers in the samples broke
in the direction of orientation.

On the other hand, it was observed that there is no fragmentation in the two-layered specimens as in the
one-layered specimens. When the tensile test results of the unidirectional carbon 0° fiber orientation angle
three-layer composite group are examined, it is seen that there is a 3.77% difference between the highest
and lowest values in elasticity value and a 13.99% difference in breaking strength value. It has been
determined that the ratio between the ductility of the three-layered samples is lower than that of one and
two layers, and the ratio between the breaking strength values is less than one layer and higher than two
layers. When the samples were examined after the test, it was seen that there was little deformation in the
three layers; also, parts were broken from some samples. The images of unidirectional carbon 0° fiber-
oriented one-layer, two-layer, and three-layer samples before and after the tensile test are shown in Fig 2.

When the results of the tensile tests of the samples are compared, It was determined that the composite
material with the best elasticity according to the average and highest values belongs to the unidirectional
0°three-layer Materials. It was observed that the highest breaking strength value is the two-layer composite
material with a unidirectional 0° fiber orientation angle. The tensile test results showed that the best
composite material in the tensile direction belonged to the three-layer composite materials produced
according to the unidirectional 0° fiber orientation angle.
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two and three layers changes

@ (b)



500 Levent URTEKIN, Deniz GUNES, Faik YILAN, Murat CANLI / GU J Sci, Part C, 10(3):495-503(2022)

Figure 2. Tensile test images of unidirectional 0° carbon fiber samples; (a) TI group’s status before the
test, (b) T1 group’s status after the test, (c) T2 group’s status before the test, (d) T2 group’s status before
the test, (€) T3 group’s status before the test, (f) T3 group’s status after the test

3.2. Three Point Bend Test

Three point bending test results of the samples are given in Fig 3. The bending test results of the
unidirectional carbon 0° fiber orientation angle one layer composite group differ. After the test, it was
observed that there were fractures in the orientation of the carbon fibers in the samples, but there was no
complete rupture. When the three bending test results of the two-layer composite group with unidirectional
carbon 0° fiber orientation angle are examined, the values of the samples are different from each other. It
was concluded that the ratio between flexural strength values of two-layered specimens increased more
when compared to one-layered specimens. The three-point bending test results of the three-layer composite
group with a unidirectional carbon 0° fiber orientation angle showed that the sample values are closer to
each other than the other layers. A continuous increase in elasticity and flexural strength values are detected.
When the three-point bending test values of the samples consisting of one layer are examined, the best
elasticity and flexural strength values are obtained in the one layer composite group samples with
unidirectional carbon 0° fiber orientation angle. At the same time, with the increase in elasticity and
breaking strength values, it was observed that the most brittle material belonged to the same group,
unidirectional carbon 0° one-layer composite material. The B3-3 samples have 427.32% higher elasticity
value, while 330.30% higher values for flexural strength have been obtained. When the average three-point
bending test values of the samples consisting of two layers are examined, it is seen that the best elasticity
values belong to the two-layer composite group (B2-3) with a unidirectional carbon 0° fiber orientation
angle, showing similar properties to the samples consisting of one layer. It has been determined that the
best average result belongs to the one layer (B1) composite group due to the difference in bending strength
values compared to the samples consisting of one layer. Higher elasticity values have been determined in
the (B3) group. Likewise, higher values of three-layer composite material with unidirectional 0° fiber
orientation angle have been obtained in bending strengths.
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3.3. Dropped Weight Impact Test at Low Speed

The experiments are carried out as one, two, and three layers. The low-weight, low-speed impact test images
of one, two, and three-layer composite materials with unidirectional 0° fiber orientation angles are shown
in Fig 4.
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Figure 4. Drop weight low-velocity impact images of unidirectional 0° carbon fiber samples; (a) D1 sample
condition before the test, (b) D1 sample condition after the test, (c) D2 sample condition before the test,
(d) D2 sample condition before the test, (e) D3 sample condition before the test, (f) D3 sample condition
after the test

Herewith the weight applied to all samples, a break occurred at the contact point parallel to the orientation
angles of the fibers. For this reason, two fragmentation occurred in the samples. When we examine the
results of the falling weight low-velocity impact test, all sample groups have been deformed, and values
are tabulated in Table 1. All samples showed good strength resistance to impact energy of 30.41J. It has
been determined that the deformation on the bottom surface of the sample is caused by the fiber orientation
and due to the separation of the fibers.
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Table 1. Drop weight low speed impact test results of all samples with unidirectional carbon 0° fiber
orientation angle

Samples | Average Thickness (mm) | Dimension (mm-mm)
D1-1 0,82 100,32x99,87
D 1-2 0,87 100,48x100,23
D 1-3 0,88 100,16x100,23
D14 0,77 100,49%x99,87
D 1-5 0,83 100,12x99,75
D21 1,33 99,63x99,53
D 2-2 1,37 99,65x%99,58
D 2-3 1,32 100,09%99,76
D 2-4 1,28 99,95x99,98
D 2-5 1,26 100,28x99,68
D 3-1 1,68 99,38x99,82
D 3-2 1,84 100,29x99,79
D 3-3 1,75 99,72x99,98
D 3-4 1,64 99,68x99,82
D 3-5 1,73 99,54x99,72

4. CONCLUSIONS

The mechanical test results have shown that the reinforcement element, number of layers, fiber orientation
direction, angle, matrix material, and production method of the composite materials are greatly important
according to their use and purpose. In the production of carbon fiber composites, the expensiveness of
carbon fiber materials has generally led to the selection of matrices with higher mechanical values and the
use of more technological methods. However, in this study, we reported that composites with high
mechanical values would be produced with polyester resin, the most widely used matrix material of carbon
fibers, and the hand lay-up method, which is the simplest method in terms of workmanships. While
increasing the number of layers, the most dangerous situation in composite products obtained by the hand
lay-up method should be done very carefully. According to the results obtained,

e As aresult of the tensile test of unidirectional carbon fiber reinforcements, the tensile strength and
modulus of elasticity values increased depending on the number of glass fiber layers. The highest
tensile strength value among layers is obtained in the two-layer unidirectional fiber-reinforced
composite materials.

e As a result of three-point bending tests of unidirectional carbon fiber reinforcements, flexural
strength and breaking force values also increased depending on the number of fiber layers. The
highest elasticity values of unidirectional carbon fiber reinforcements are observed in three-layer
composite materials with a fiber direction angle of 0°.

e It was observed that the mechanical properties of composite materials improved as the number of
fiber layers increased. Since the region between the layers causes the composite strength to be lower
than it should be, the desired increase cannot be achieved after a certain number of fiber layers
depending on the increase in the number of fiber layers.
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e It was observed that the composites with unidirectional carbon fiber reinforced 0° fiber orientation,
which had the best elasticity values in the tensile and bending tests, were the composite materials
that underwent the most deformation in the falling weight low velocity impact test.

REFERENCES

[1] Clyne, Trevor William, and Derek Hull. An introduction to composite materials. Cambridge university
press, 2019.

[2] Jones, Robert M. Mechanics of composite materials. CRC press, 2018.

[3] Kollar, Laszlo P., and George S. Springer. Mechanics of composite structures. Cambridge university
press, 2003.

[4] Mallick, P. K. "Fiber Reinforced Composites, Materials, Manufacturing, and Design, Marcel
Decker." Inc., New York (1993).

[5] Zhang, Xiaoging, et al. "Interfacial microstructure and properties of carbon fiber composites modified
with graphene oxide." ACS applied materials & interfaces 4.3 (2012): 1543-1552.

[6] Karnati, Sidharth Reddy, Philip Agbo, and Lifeng Zhang. "Applications of silica nanoparticles in
glass/carbon fiber-reinforced epoxy nanocomposite.” Composites Communications 17 (2020): 32-41.

[7] Botelho, E. C., M. C. Rezende, and B. Lauke. "Mechanical behavior of carbon fiber reinforced
polyamide composites." Composites Science and Technology 63.13 (2003): 1843-1855.

[8] Cao, Shenghu, W. U. Zhis, and Xin Wang. "Tensile properties of CFRP and hybrid FRP composites at
elevated temperatures.” Journal of composite materials 43.4 (2009): 315-330.

[9] Cakir, Mustafa, and Boran Berberoglu. "E-cam elyaf takviyeli epoksi matrisli kompozit malzemelerin
elyaf oranindaki artis ile mekanik 6zelliklerindeki degisimlerin incelenmesi.” EI-Cezeri Journal of Science
and Engineering 5.3 (2018): 734-740.

[10] Murugan, Ramasamy, R. Ramesh, and Krishan Padmanabhan. "Investigation on static and dynamic
mechanical properties of epoxy based woven fabric glass/carbon hybrid composite laminates." Procedia
Engineering 97 (2014): 459-468.

[11] Sugie, Tomohiko, Asami Nakai, and Hiroyuki Hamada. "Effect of CF/GF fibre hybrid on impact
properties of multi-axial warp knitted fabric composite materials." Composites Part A: Applied Science
and Manufacturing 40.12 (2009): 1982-1990.

[12] Boumbimba, R. Matadi, et al. "Preparation and mechanical characterisation of laminate composites
made of glass fibre/epoxy resin filled with tri bloc copolymers.” Composite structures 116 (2014): 414-
422.

[13] Giines, D., Canli, M, and Urtekin, L. "Investigation of Mechanical Properties of Carbon Fibre
Reinforced Polyester Matrix Composite.” Journal of Scientific Reports-A 047: 68-78.

[14] Fiore, V. I. N. C. E. N. Z. O., G. Di Bella, and A. Valenza. "Glass—basalt/epoxy hybrid composites
for marine applications." Materials & Design 32.4 (2011): 2091-2099.

[15] Banakar, Prashanth, and H. K. Shivananda. "Preparation and characterization of the carbon fiber
reinforced epoxy resin composites.” Department of Mechanical Engineering, Atria Institute of Technology,
Visvesvaraya University, Bangalore-24, India. Department Of Mechanical Engineering, University
Visvesvaraya College of Engineering, Bangalore University Bangalore-01, India ISSN (2012): 2278-1684.

[16] Kosedag, Ertan, and Recep Ekici. "Impact Behavior of Aramid Reinforced Polymer Matrix
Composites Produced By Hot Press-Prepreg Method." Avrupa Bilim ve Teknoloji Dergisi 28 (2021): 84-
90.

[17] Ozdemir, Abdullah Onur, Mehmet Subasi, and Cetin Karatas. "Investigating the Effects of Forming
Parameters on Molding Force and Springback in Deep Drawing Process of Thermoplastic Composite
Laminates." Gazi University Journal of Science (2021): 1-1.



GU J Sci, Part C, 10(3): 504-518 (2022)

Gazi University

Journal of Science
PART C: DESIGN AND TECHNOLOGY

http://dergipark.gov.tr/gujsc

Numerical Analysis of Artificially Square Section Roughened Solar Air

Heater Design

Abdiilkadir KOCER "

Akdeniz University, Vocational School of Technical Sciences, Department of Electricity and Energy, 07070, KampiissANTALYA

Article Info:

Graphical/Tabular Abstract

Research article

Received: 17.03.2022
Revision: 08.05.2022
Accepted: 22.05.2022

Highlights

« Solar air heater
* Heat transfer
» CFD analysis

Keywords

Solar energy
Air heater
Heat transfer
CFD analysis

In this study, a numerical analysis of a solar air heater was designed by creating a square section
of artificial roughness on the absorber plate. Numerical simulation has been performed using the
finite volume method with the widely used computational fluid dynamics software ANSYS
Fluent.
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Figure A. The main steps of this computational study

Purpose: Numerical analysis of square section artificial rough solar air heater and flat air heater
with different dimensions was carried out to examine the effect of different design parameters.
Analyzes were performed in 2D in ANSYS Fluent 2019R3, a widely used computational fluid
dynamics (CFD) software. The results produced were compared with the literature values.

Theory and Methods: For numerical study, geometry with variable pitch distances P = 8, 16,
and 24 mm is designed. The relative roughness values are 5.33, 10.67, and 16. Incompressible,
No-slip conditions and steady and turbulent flow are designed. The inlet temperature is 300 K
and inlet velocity changes depending on Reynolds Number. The constant heat flux (1000 W/m?)
was applied to the top surface. The other walls of the air heater are assumed to be adiabatic. RNG
k-¢ turbulent model is employed for the numerical study. A SIMPLE algorithm is chosen for the
simulation.

Results: The designed artificial roughness heat transfer has been increased and the air outlet
temperature has reached around 314 K was reached under Re=4000 and P/e=5.33 conditions. The
thermal enhancement ratio approaches a maximum value of 1.20 for a relative roughness pitch of
16 at a Reynolds number of 8000.

Conclusion: Atrtificial roughness applied to increase heat transfer causes friction losses. this
results in additional pumping costs. In such applications made to increase heat transfer, pump
costs should also be considered.
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It is known that solar air heaters have low heat transfer efficiencies, with widespread use. Various
studies are carried out on this subject. In this study, numerical analysis of a solar air heater
designed by creating a square section artificial roughness on the absorber plate. Numerical
simulation of the continuity, momentum and energy equations has been performed in 2-
dimensional for fully developed flow subject to turbulent, forced convection heat transfer using
the finite volume method with the widely used computational fluid dynamics software ANSYS
Fluent. By applying a constant heat flux of 1000 W.m-2 on the absorber plate, flow was created
at 4 different Reynolds numbers (4000, 8000, 12000 and 16000) and at 3 different roughness rates
(5.33, 10.67 and 16.00). Depending on the Reynolds number, the Nusselt number, friction factor
change and fluid outlet temperature were examined. In addition, the effect of Reynolds number
and roughness ratio on the heat increase rate was investigated. The maximum thermal
enhancement ratio (at Re=800 and P/e=16) was calculated as 1.20. By creating artificial
roughness on the absorber plate, turbulence was provided in the sub-laminar layer and it was
observed that the heat transfer was increased. The fluid inlet and outlet temperature difference
were found to be around 4 K.

Kare Kesit Yapay Piiriizlii Giines Destekli Hava Isitic1 Tasariminin
Sayisal Analizi

Oz

Giines destekli hava 1siticilarin ¢ok yaygin kullanim ile birlikte 1s1 transferi verimlerinin diisiik
oldugu bilinmektedir. Bu konuda ¢esitli galigmalar yiiriitiillmektedir. Yapilan bu ¢alismada yutucu
plaka tizerine kare kesit yapay piiriizliilik olusturularak tasarlanan bir giines destekli hava
wsiticisinin sayisal analizi yapilmistir. Kiitle, momentum ve enerji korunumu denklemlerinin
sayisal simiilasyonu, yaygin kullanilan hesaplamali akigkanlar dinamigi yazilimi olan ANSYS
Fluent ile sonlu hacimler metodunu kullanarak tiirbiilansli, zorlanmis konveksiyon 1s1 transferine
maruz kalan tam gelismis akis i¢in 2-boyutlu olarak yapilmistir. Yutucu plaka {izerine 1000 W.m-
2 sabit 1s1 akis1 uygulanarak 4 farkli Reynolds sayisinda (4000, 8000, 12000 ve 16000) ve 3 farkl
plirtizliiliik oraninda (5,33, 10,67 ve 16,00) akis olusturulmustur. Reynolds sayisina bagl olarak
Nusselt sayisi, siirtinme faktorii degisimi ve akiskan cikis sicakligi irdelenmistir. Ayrica,
Reynolds sayisinin ve piiriizliiliik oraninin 1s1 arttirma oranina etkisi incelenmistir. Maksimum 1s1
arttirma orani (Re=800 ve P/e=16’de) 1,20 olarak hesaplanmistir. Yutucu plaka {izerinde yapay
plrizliliikler olusturularak laminer alt tabakada tiirbiilans saglanmasi ile 1s1 transferinin
arttirildign goriilmiistiir. Akigkan giris ve ¢ikis sicaklik farki 4 K civarinda bulunmustur.

1. GIRiS (INTRODUCTION)

Gelisen teknoloji ile enerjiye olan ihtiyac her gecen giin artmaktadir. Bu siirecte enerji tasarrufu ve mevcut
enerjinin verimli kullanilmas1 6nemli bir unsurdur. Halen {iretilen enerjinin biiyiik bir kismi fosil yakitlarn
yakilmasi, dogalgaz ve niikleer enerji gibi geleneksel enerji kaynaklarindan saglanmaktadir. Bu yakitlarin
kullanimi da sera gazlarinin artmasina neden olmaktadir. Kiiresel 1snmanin neden oldugu iklim degisikligi;
ekosistemi tehdit etmekte, kuragi, orman yangimlarimi artirmakta, su ve gida tedarikini bozmaktadir. Ayrica
artan niifus ile birlikte, 2040 y1lina kadar enerji talebinin %28 artacagi 6n goriilmektedir [1].

Giines destekli hava 1siticilar evsel 1sitma uygulamalarinda, tarimsal {irlinlerin kurutulmasinda yaygin
olarak kullanilmaktadir. Bu tiir 1siticilarin tasarimi basit ve tiretim maliyetleri diisiiktiir. Yutucu plaka, 1s1
enerjisini dogrudan giinesten alir ve akiskana aktarir. Ancak diiz yiizeyli bir plakada temas ylizeyi minimum
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oldugu i¢in 1s1l verimi distiktiir. Is1 transferini arttirmak i¢in aktif ve pasif olmak iizere iki farkli yontem
kullanilir. Aktif sistemler ek bir enerji uygulanan sistemlerdir. Pasif sistemler ise akis yiizeyinin arttirtlmasi
ve akisin karmasiklastirilmasi olarak ifade edilir. Plaka iizerinde kanal benzeri pasif tekniklerin
uygulanmasiyla yapay piriizliiliikler olusturularak laminer alt tabakada tiirblilans saglanir ve termal
verimlilik artirilir.

Yapilan calismalarda; yutucu plaka ile akiskan arasindaki 1s1 transfer oranini iyilestirmek icin oluklu,
kanatlh, gézenekli ve yapay piiriizlendirilmis plakalar gibi farkl teknikler nerilmistir. Yapay piiriizliliigiin
kullanilmasi, konvektif 1s1 transfer oranini iyilestirmek igin en ekonomik ve etkili yontem oldugu
belirtilmistir [2].

Shetty ve ark. [1] tarafindan delikli dairesel yutucu plakali bir giines destekli hava 1siticisinin sayisal analizi
yapilmistir. 3000 ile 21000 arasinda degisen Reynolds sayilarinda yapilan analiz sonucunda %72,8 ile en
yiiksek termohidrolik verim elde edilmistir. Isiticinin termohidrolik veriminin, plaka tizerindeki delik
capindaki artigla dogru orantili oldugu ifade edilmistir.

Gill ve ark. [2] tarafindan yapilan ¢aligmada; sasirtmali yapay piriizliligtin akiskan tizerindeki etkisini,
sonlu hacim ydntemine dayali sayisal yaklasim kullanilarak gozlemlenmistir. Onerilen tasarim ile, diiz bir
kanala kiyasla siirtiinme faktoriiniin 2,57 ve Nusselt sayisinin 3,16 kat arttig1 belirtilmistir.

Yadav ve ark. [3] 1s1 transfer katsayisini1 artirmak amaciyla diiz ylizeyli glines destekli 1sitic1 {izerine yari
dairesel yapay piiriizliiliikler olusturularak 2D sayisal analizi yapilmistir. Engel adimi P = 15 mm olan yari
dairesel piiriizliiliigiin en iyi Nusselt sayisina ulasildigi ve siirtiinme faktoriiniin kademeli olarak azaldig
belirtilmistir.

Yadav ve Bhagoria [4] tarafindan yar1 dairesel kesitli enine yapay piiriizlendirilmis bir giines destekli hava
wsiticisinin tiirbiilanslt akiglari lizerine sayisal bir inceleme gergeklestirilmistir. Yapilan ¢alismada Nusselt
sayist ve sirtiinme faktoriiniin, bagil piiriizliiliik yiiksekligine biiylik 6l¢iide bagli oldugu belirtilmistir.
Bagil piiriizliilik yiiksekliginin 0,042 oldugunda maksimum termo-hidrolik performans elde edildigi ifade
edilmistir. Yazarlarin diger bir calismasinda [5] kare kesit enine yapay piiriizlendirilmis bir yutucu plaka
iizerindeki akis sayisal olarak incelenmistir. En iyi termo-hidrolik performansin 10,71 piiriizliikk oraninda
ve 0,042 bagil piirtizliiliik yiiksekliginde oldugu ifade edilmistir.

Mahanand ve Senapati [6] tarafindan yapilan galismada geyrek dairesel kesitli enine yapay piirtizlendirilmis
bir giines destekli hava 1siticisinin termo-hidrolik 6zellikleri sayisal olarak incelenmistir. Calismada ¢eyrek
dairesel piiriizler ii¢ farkli sekilde konumlandirilarak karsilagtirilmistir. Piiriizliiliik oran1 7,14 olan ¢eyrek
dairesel piiriize sahip giines destekli hava 1siticisinin, 1,88'lik bir maksimum 1s1 arttirma orani sagladigi
ifade edilmistir.

Sharma ve ark. [7] kare Kesit piriizlii yutucu plaka bulunan giines enerjili hava isiticisinin termal
verimliligini arastirmak igin sayisal bir ¢aligma yiirlitmiistiir. Calismada 16 farkli geometrik piriizliiliik
diizeni i¢in, 4000 ile 20000 arasinda degisen Reynolds sayisi altinda RNG k-epsilon yontemi ile sayisal
analiz yapilmstir. Kare Kkesit piiriizliilik parametrelerindeki degisimin, diiz kanala kiyasla Nusselt sayisi
ve siirtiinme faktorii iizerinde biiyiik etkiye sahip oldugu rapor edilmistir. Ayrica Reynolds sayisinin
artmasiyla Nusselt sayisinin da arttig1 belirtilmistir.

Hans ve ark. [8] yapmis oldugu literatiir caligmasinda 11 farkli piiriizliilik igin 1s1 arttirma oranlarini
karsilagtirmigtir. Calismada 1s1 arttirma oranlarinin Reynolds sayis1 ve piiriizliiliik parametrelerine baglh

olarak 0,4 ile 2,4 arasinda degistigi raporlanmistir. Ayrica 1sitict verimini arttirmak igin yapilan
piirtizliliiklerin siirtiinme kayiplarina neden oldugunu vurgulamustir.

Yadav ve Bhagoria [9], hesaplamali akiskanlar dinamigi kullanarak yutucu plaka tizerinde enine dairesel
yapay olarak piiriizlendirilmis bir glines enerjili hava 1siticisindaki 1s1 transferi ve sivi akisinin 2-boyutlu
sayisal analizini yapmiglardir. Calismada RNG k-g& modelinin en uygun model oldugu vurgulanmustir.
Sonuglarin mevcut deneysel sonuglarla karsilastirilarak dogrulandig ifade edilmistir. Incelenen parametre
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araligl i¢in termal iyilestirme faktOriiniin maksimum degeri 1,65 olarak bulunmustur. Yapay olarak
piiriizlendirilmis giines enerjili hava 1siticisina iliskin farkli CFD arastirmalarinda termal iyilestirme
faktoriiniin maksimum degeri; 10,71 bagil pirizlilik adimma karsilik gelen 1,82 olarak bulundugu
yazarlarin yayinlanmig baska bir inceleme makalesinde tespit edilmistir [10].

Sing ve Sing [11] tarafindan piiriizliilik elemanlari olarak kare dalga profilli enine kirislere sahip giines
enerjili hava isitici kanalinin CFD analizini yapilmistir. Caligma sonucunda maksimum termohidrolik
performans parametresinin 12000 Reynolds sayist ve 10 mm bagil piiriizlillik adimi igin 1,43 olarak
gbzlemlenmistir.

Yadav ve Bhagoria [12] tarafindan kare kesitli enine nerviir piriizliligi ile piirizlendirilmis bir giines
enerjili hava 1siticisindan gecen tiirbiilanslt akisin CFD tabanli bir aragtirmasi gergeklestirilmigtir. Yapilan
calismada; ortalama 1s1 transferi, ortalama akis siirtlinmesi ve termohidrolik performans parametrelerinin,
bagil piiriizliiliik yiiksekligine giiclii bir sekilde bagli oldugu ifade edilmistir. Ayrica arastirilan parametre
aralig1 i¢in maksimum termohidrolik performans parametre degeri 1,8 olarak rapor edilmistir.

3-boyutlu model (3D) yerine 2-botutlu (2D) model segimi farkli faktorlere baglidir, geometrinin
karmagikligina gore tercih yapilabilir. 2D ve 3D modeller arasindaki bir karsilastirma sonucunda ortalama
%4’ ten daha az bir farkla her iki sonug arasinda ¢ok iyi bir uyum gosterildigi literatiirde vurgulanmistir
[13].

Giines destekli hava isiticilar i¢in tasarim sekli ve parametrelerinin degismesi, 1siticinin veriminde artisa ya
da azalmaya neden olmaktadir. Bu yilizden literatiirde benzer geometrik 6zelliklere sahip birgok ¢alisma
mevcuttur ancak bu ¢aligmalarin tasarim parametreleri farklidir. Parametrelere bagl olarak elde edilen
sonuglar farklilik géstermektedir. Yapilan bu ¢alismada, farkli tasarim parametrelerinin etkisi incelenmek
iizere farkli dlciilere sahip kare kesitli yapay piiriizlii giines destekli hava 1sitic1 ile diiz hava 1siticinin sayisal
analizi yapilmistir. Analizler yaygin olarak kullanilan hesaplamali akiskanlar dinamigi (CFD) yazilimi olan
ANSYS Fluent 2019R3 siiriimiinde 2D olarak yapilmustir. Uretilen sonuclar literatiir degerleri ile
karsilagtirilmastir.

2. MATERYAL VE METOT (MATERIALS AND METHODS)

Bu ¢alismada; akiskan olarak 300 K giris sicakliginda hava kullanilmigtir. Zamandan bagimsiz, tiirbiilansh
akis gz Oniline alinmis olup havanin kanala sabit hizda girdigi varsayilmistir. Calismada dort farkl
Reynolds sayist (4000, 8000, 12000 ve 16000) kullanilmistir. Akiskan hizlari, Denklem 1’e gore
hesaplanmistir. Gupta ve ark. [14] yaptiklar1 ¢alismada; 3800 ile18000 araligindaki Reynolds sayisinda
calisan giines enerjili hava 1sitict sistemlerin daha iyi termo-hidrolik performans gosterdigini bildirmistir.

__ Rep

TR @

Yutucu plaka olarak, 0,8 mm kalinliginda 1000 W.m™ sabit 1s1 akisina maruz kalan aliiminyum plaka
secilmistir. Cevresel etkilesim kaynakli 1s1 kayiplari ihmal edilmistir. Calismada kullanilan hava ve yutucu
plakanin termofiziksel dzellikleri Tablo 1°de verilmistir.

Calismada kullanilan giines destekli hava 1sitict; giris (L), test (L2) ve ¢ikis (Ls) olmak {izere kanal seklinde
3 boliim olarak tasarlanmugtir (Sekil 1). Girig boliimiiniin amaci, akisin test boliime girmeden 6nce tamamen
gelismesine izin vermektir. ASHRAE Standard 93 GA30329'a gore giris ve ¢ikis uzunluklarinin olmasi
gereken minimum degerler Denklem 2 ve 3 yardimiyla hesaplanmistir [15]. Kanalin hidrolik ¢ap1 ise
Denklem 4 yardimiyla hesaplanmistir.
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Tablo 1. Hava ve yutucu plakanin termofiziksel ozellikleri

Hava Yutucu plaka (Aliiminyum)
Yogunluk (kg.m) 1,225 2719
Ozgiil 1s1 (J.kg*.K?) 1006,43 871
Isil iletkenlik (W.m1.K?) 0,0242 202.4
Vizkozite (kg.m?.s?) 1,7894 10° -
Prandtl Sayisi 0,7291 -

Is1 transferinin arttirilmasi amaciyla kanal iizerinde 8, 16 ve 24 mm araliklarla kare kesit piiriizliiliik
olusturulmustur. Bagil pirizlilik yiiksekligi i¢in €/Dy=0,045 degeri sabit tutularak piiriizliiliik oranlar
5,33, 10,67 ve 16,00 mm olarak belirlenmigtir. Calismada kullanilan giines destekli hava isiticinin
geometrik degerleri Tablo 2’de verilmistir.

L, = SVHW (2
Ly = 2.5VHW ©)

_%4 4)
Dh - PW

Dz yiizey yulucu plaka

R b 2 3

Kare kesit yapay pirlzli yutucu plaka

et P J
U U 7 L I .
e

L1 ~- L2 e L3 —

e T —+

—=

T

Sekil 1. Sayisal analizi yapilan hava isiticinin geometrik modeli

Sayisal analizde Nusselt sayisinin ve siirtlinme faktoriiniin belirlenmesi, 1s1 artirma oranimin (thermal
enhancement rate) degerlendirilmesinde 6nemli bir rol oynamaktadir. Kare kesit piiriizlii hava 1sitici igin
ortalama Nusselt sayisi ve ortalama siirtlinme faktorii Denklem 5 ve 6 yardimiyla hesaplanir. Is1 artirma
orani, esit bir pompalama giiclinde piiriizlii bir yiizeyin 1s1 transfer katsayisinin piiriizsiiz bir ylizeye orani
olarak tanimlanir [4]. Nusselt iyilestirme orani, siirtiinme faktorii iyilestirme orani ve 1s1 artirma orani
strasiyla Denklem 7, 8 ve 9 yardimiyla hesaplanir.

Tablo 2. Calismada kullanilan giines hava isiticimin geometrik degerleri

Parametre Sembolii Degeri
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Girig uzunlugu (mm) L, 230
Test uzunlugu (mm) L, 450
Cikis uzunlugu (mm) La 120
Kanal genisgligi (mm) w 100
Kanal derinligi (mm) H 20
Hidrolik ¢ap (mm) Dn 33,33
Engel adim1 (mm) P 8:16; 24
Engel yiiksekligi (mm) e 1,5
Piirtizlilik orant Ple 5,33; 10,67; 16
Bagil puiriizliilik yiiksekligi (mm) e/Dp 0,045
Dy,
Nur = h? (5)
_ (AP/Ly)Dy,
r vaz (6)
NER = 7
= N, (7)
FFER =1 (8)
fs
(NER)
TER = —— (9)
(FFER)s3

Diiz yiizey yutucu plakaya sahip giines destekli hava 1sitici i¢in yapilan sayisal analiz sonuglari; yaygin
olarak kullanilan ampirik korelasyonlar ile dogrulanmistir. Karsilastirmada Nusselt sayist igin Denklem
10°de verilen Dittus-Boelter esitligi ve siirtinme faktorii i¢in Denklem 11 ‘de verilen Blasius esitligi
kullanilmistir [16].

Nu = 0,024 Re%8 pro4 (10)
f = 0,085 Re™025 (11)

Sayisal analizin en 6nemli bilesenlerinden birisi olan ag yapisi (mesh) ANSYS yazilimi ile olusturulmustur
(Sekil 2). Ag yapisimin optimizasyonu sistem verimliligi agisindan dnemlidir. Optimum hiicre sayisim
belirlemek i¢in; artan ag sayisi ile arka arkaya analizler yapilmigtir. Nusselt sayisindaki degisimin %1 ve
stirtiinme faktoriiniin %2 den az oldugu durumdaki hiicre sayis1 optimum olarak belirlenmistir. Optimum
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degerden fazla ag sayisinin arttirilmasi ¢6ziim dogrulugunu arttirmayip hesaplama yiikiinii arttiracaktir. Ag
yapist analizi PO8 ve Re=16000 i¢in yapilmis olup analiz sonucunda belirlenen optimum hiicre boyutu 0,22
mm’dir. Ayrica ag yapisi kalitesini belirleyen carpiklik (skewness) ve diklik (orthogonal) gibi baslica

parametre degerleri Tablo 3’ de verilmisgtir.

Tablo 3. Ag yapisi kalitesini belirleyen parametre degerleri

Abdiilkadir KOCER | GU J Sci, Part C, 10(3):504-518 (2022)

Carpiklik (maksimum) Diklik (minimum)

Sayisal sonuglar

Diiz yiizey 0,398 0,889
P/e=5,33 0,568 0,698
P/e=10,67 0,419 0,899
P/e=16 0,452 0,847
Referans degerler [17]

Miikemmel 0,00-0,25 0,95-1,00
Cok lyi 0,25-0,50 0,70-0,95
Iyi 0,50-0,80 0,20-0,69
Kabul edilebilir 0,80-0,94 0,15-0,20
Kotii 0,95-0,97 0,001-0,14
Kabul edilemez 0,98-1,00 0-0,001

Yapilan bu ¢alismada, akiskan (hava) sabit sicaklikta (300 K) ve 1,75 m.s ile 7,01 m.s® hiz degerleri
araliginda tiniform olarak kanala girisi (velocity-inlet) saglanmistir. Cikista 1,013 10° Pa (P¢=0) sabit
basingla bir akiskan ¢ikisi (pressure-outlet) sinir kosulu uygulanmistir. Sabit hidrolik ¢ap ve Denklem 12
yardimiyla hesaplanan tiirbiilans yogunlugu giris ve ¢ikista tanimlanmistir. Yutucu plaka duvarina sabit 1s1
akis1 (@=1000 W.m2) uygulanmistir. Diger duvarlar adyabatik (q=0) olarak tasarlanmistir. Tiim duvarlarda

kaymaz akis (no-slip) sart1 dikkate alinmistir.

) (@ 8 5]

Sekil 2. Kare kesit piiriizlii hava isiticimin ag yapist
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1
I=016Re’s (12)

Sayisal ¢alismada sonlu hacimler metodunu kullanarak tiirbiilansli, zorlanmis konveksiyon 1s1 transferine
maruz kalan tam geligmis akis i¢cin Denklem 13, 14 ve 15°de verilen kiitle, momentum ve enerji denklemleri
hesaplamali akigkanlar dinamigi (CFD) yazilimi olan ANSYS Fluent 2019R3 siiriimiinde ¢oziimlenmistir.
Denklem ¢6ziimlerinde SIMPLE (Semi Implicit Method for Pressure-Linked Equations) algoritmasi
kullanilmagtir.

0 13
5 (pu) =0 (13)
Xi
] o a [ (aui auj>] ] . (14)
—(puuj) = ——+—|ul=—+])| + =— (—puu
axi( ' j) O, Ox; Ox; Oy ax]-( ' J)
% oul) = - @+ 1) (15)
0, T T T\ T,
burada t ve t; sirastyla molekiiler termal yayilim ve tiirbiilansh termal yayilim olup asagidaki
sekilde ifade edilir;
o
Pr
(16)
.
t Pry

Kanal igerisindeki tiirbiilansli akigin simiilasyonunda yaygin kullanilan Renormalization-group (RNG) k-¢
Tiirbiilans modeli kullanilmigtir. Yadav ve Bhagoria yaptiklar1 ¢alismada giines destekli hava 1siticisinin
sayisal analizi igin kullanilabilecek gesitli tiirbiilans modellerini kapsamli bir sekilde inceleyerek, RNG k-
¢ modelinin glines hava 1siticist simiilasyonu i¢in en uygun model oldugu sonucuna varmislardir [10].
Ayrica bu modelin dogru sonug verdigi birgok ¢alismada vurgulanmistir [5,11,13]. Coziimlemede 2. Derece
ayriklastirma semasi kullamlmistir. Tiim bagml degiskenlerin yakinsama kriterleri 102 olarak
belirlenmistir. Enerji denkleminde ise hassasiyet arttirilarak 10 tercih edilmistir. Ayriklagtirma
kalintilariin (residuals) gosterildigi 6rnek ¢ikt1 Sekil 3°de verilmistir.
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Sekil 3. Ayriklastirma kalimtilarinin (residuals) gosterildigi ornek ¢ikti

3. BULGULAR VE TARTISMA (RESULTS AND DISCUSSION)

Bu ¢alismada, 1s1 transferini arttirmak amaciyla tasarlanan kare kesitli yapay piiriizli giines destekli hava
wsitict ile diiz hava isiticinin CFD yaklasimi kullanilarak sayisal analizi yapilmistir. Yapilan analizde
Reynolds sayisinin, bagil piiriizliilik adimi (P/e) ve bagil piiriizliiliik yiiksekliginin (e/D) ortalama 1s1
transferi ve akiskan siirtiinmesi tizerindeki etkileri tartisilmistir. Analiz sonuglari, 1s1 transferindeki ve
sirtiinme faktoriindeki artisi tartismak icin benzer ¢alisma kosullarindaki diiz kanallardan elde edilen ve
literatiirde yaygin kullanilan ampirik sonuglarla karsilagtirilmistir. Sekil 4 ve Sekil 5 *de diiz kanal tizerinde
siirtiinme faktorii ve Nusselt sayisinin, Reynolds sayisina gore degisimi verilmistir. Siirtiinme faktorii
degerlerinin Blasius esitligi ile, Nusselt sayilarinin ise, Dittus-Boelter ampirik korelasyonu sonuglari ile
uyumlu oldugu goriilmektedir.

0,012
£ 001 '\1\4\!
£
= 0,008
&
] 0,006
£ 0.004 ——Blasius Esitligi
E ® Sayisal Analiz
w 0,002
0
4000 8000 12000 16000
Reynolds sayisi

Sekil 4. Siirtiinme faktoriiniin Reynolds sayisina gore degisimi

60 °

50
240
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Sekil 5. Nusselt sayisimin Reynolds sayisina gére degisimi
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Tasarlanan kare kesit yapay piiriizliiliik ile birlikte 1siticidaki ¢ikis sicakliklar: da artmistir. Sekil 6 ‘da diiz
ylizey ve piiriizlil ylizeyler i¢in, kanal ¢ikis sicakliklarinin Reynolds sayisina gore degisimi verilmistir. En
yiiksek cikis sicakliklar1 P/e oranini 5,33 oldugu durumda elde edilmistir. 314,43 K degerindeki maksimum
cikis sicakligina Re=4000 ve P/e=5,33 sartlarinda ulasilmigtir. Reynolds sayisinin artmasi ile tiim
kosullarda ¢ikis sicakliklar diigmektedir.

316
——Diiz yiizey

@ 314 —-P_{e=5.33q
\_': 312 P/e=10,67
20 ——P/e=16
?: 310
= 308
A
= 306
g 304
o
M 302

300

4000 8000 12000 16000
Reynolds sayisi

Sekil 6. Kanal ¢ikis sicakliklarinin Reynolds sayilarina gore degisimi

Sekil 7 ‘de diiz ylizey ve piiriizli ylizeyler i¢in, siirtiinme faktoriiniin Reynolds sayisina gore degisimi
verilmigtir. Siirtiinme faktoriindeki artisla birlikte kare kesit piiriizliiliikten kaynaklanan girdaplarin
dokiilmesiyle ek bir enerji kayb1 goriiliir. Viskoz alt tabakanin bastirilmasiyla Reynolds sayist arttikga
siirtiinme faktorii azalir. Istisnai durumlar olmakla birlikte P/e oranmin artmasi siirtiinme faktdriinii
azaltmistir. Bu durum Yadav vd. [3] yaptig1 ¢alismada vurgulanmustir.
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Sekil 7. Siirtiinme faktoriiniin Reynolds sayilarina gore degisimi

Yutucu plaka iizerindeki piiriizliiliiklerin bulunmasi 1s1 transferini énemli 6lgiide iyilestirir. Iletimle 1s1
transferi azalir ve yiizey alaninin artmastyla konveksiyonla 1s1 transferi artar. Sekil 8 ‘de diiz yiizey ve
plirlizlii yiizeyler i¢in, Nusselt sayisinin, Reynolds sayisina gore degisimi verilmistir. Reynolds sayisinin
artmasi ile tim kogsullarda Nusselt sayist artmistir. Kare kesit piiriizlii yiizeyde, diiz yiizeye gore dnemli
Olciide Nusselt satisinda artig olmustur. Ayrica P/e oraninin artmasi az da olsa Nusselt sayisinin artmasina
neden olmustur.
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Sekil 8. Nusselt sayisinin Reynolds sayilarina gore degisimi

Hava 1sitict akig alaninda olusturulan piiriizliiliikkler 1s1 transferinin arttirmakla birlikte basing diisiislerine
de neden olurlar. Siirtiinme kaybi olarak ifade edilen bu diisiis diiz yiizey kanala gore daha fazladir. Bu
kaybin normalden fazla olmasi ek pompalama maliyetlerine neden olmaktadir. Sekil 9° da Re=12000 degeri
icin basing dagilimlar1 verilmistir.

Re=12000 degeri i¢in 3 farkli kare kesit piiriizlii yilizey tasarimi i¢in, hiz dagilimi Sekil 10°de verilmistir.
Yapay piiriizliklerden dolay1 anlik hiz dagilimlari olduk¢a diizensizdir. Kare kesit piiriizliliigin alt
kisminda bir ayirma alani olusturan hava akisinda ani bir genisleme goriilmektedir. Piirtizliiliigiin arkasinda
biiyiik bir ayrilma olduktan sonra, bir sonraki adimda tekrar baglanma meydana gelmektedir. Ayrica engel
adimina bagl olarak hava, akis yoniinde hizlanmaktadir. Hava ¢ikis hizinin giris hizindan yiiksek oldugu
ilgili sekilde goriilmektedir. Diigsiik Reynolds sayisinda, tiim yiizey tiirleri i¢in Nusselt sayis1 hemen hemen
ayni degere yaklasir. Bunun nedeni 1s1 transferine karsi direng olusturan laminer alt tabakanin daha az
bozulmasidir [5].

Preasure [Pa)
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Sekil 9. Re=12000 degeri i¢in basing dagilimi
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Sekil 10. Re=12000 degeri icin hiz dagilimi

Reynolds sayisindaki artig, tiirbiilans kinetik enerjisini ve dagilma oranini arttirmistir. Reynolds sayisi
12000 degerinde sabit tutularak 3 farkli kare kesit piiriizlii ylizey tasarimu i¢in, tlirbiilans kinetik enerji
dagilim1 Sekil 11°de verilmistir. Ozellikle piiriizliiliigiin basladig1 ilk alanda en yiiksek degerine ulastig
goriilmektedir. Tirbiilans kinetik enerji degeri akis yoniinde, kare kesit piiriizliikler arasindaki bolgede
kademeli olarak azalmaktadir.

P/e=10,67

Sekil 11. Re=12000 degeri icin tiirbiilans kinetik enerji dagilimi

Termal-hidrolik performans, siirtinme kaybina ragmen 1s1 transferindeki artisin degerini ifade eder,
maksimum siirtiinme faktori iyilestirme oram FFER=1,98 degeri Re=12000 ve P/e=10,67 sartlarinda
gbzlemlenmistir. Nusselt sayisi iyilestirme orani ise Re=8000 ve P/e=10,67 sartlarinda NER=1,43 ile
maksimum degerine ulagsmistir. Tim c¢alisma kosullar1 icin NER, FFER ve Denklem 9 yardimiyla
hesaplanan 1s1 arttirma oranlar1 Tablo 4’te verilmistir. Maksimum 1s1 arttirma oranina Re=8000 ve P/e=16
sartlarinda TER=1,20 degerine ulasilmistir. Bu degerin 1’den biiylik olmas1 ilgi hava 1siticinin pratik
kullanimi agisindan uygun oldugunu ifade etmektedir [16]. Sayisal ¢alismadaki tiim sartlar i¢in bu kural
saglanmigtir. Literatiirde farkli piiriizliiliik parametrelerine gére bu degerin 0,4 ile 2,4 arasinda oldugu
belirtilmistir [8]. Siirtiinme kayiplarinin azaltilmasi bu degerin artmasina neden olmaktadir.
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Tablo 4. NER, FFER ve TER degerlerini karsilastiriimast

P/e=5,33 P/e=10,67 P/e=16
Re NER FFER TER NER FFER TER NER FFER TER
4000 1,10 1,43 0,98 1,19 1,54 1,03 1,22 1,37 1,10
8000 1,37 1,69 1,15 1,43 1,86 1,16 1,40 1,60 1,20
12000 1,36 1,85 1,10 1,39 1,98 1,11 1,38 1,64 1,17
16000 1,24 1,81 1,01 1,27 1,94 1,02 1,27 1,61 1,08

4. SONUC (CONCLUSION)

Bu ¢aligmada giines destekli hava 1sitici igin 3 farkli oranda kare kesit piiriizliiliikk olusturularak tasarimi
yapilmistir. 3 farkli akiskan hizinda yapilan analizler sonucunda; piiriizliiliikk oraninin azalmasi basing
kayiplarin arttirmistir. P/e oran1 ve Reynolds sayisina gore belirlenen hava hizinin 6nemi bir kez daha
anlagilmigtir. 1,20 olarak hesaplanan maksimum 1s1 arttirma oranina 8000 Reynolds sayisinda ve P/e=16
piirtizliiliik oraninda ulasilmistir. Tasarlanan yapay piiriizliiliik ile birlikte 1s1 transferinde artis saglanmig
ve hava c¢ikis sicakligl 314 K civarma kadar ulagsmistir. Is1 transferinin arttirilmasi i¢in uygulanan yapay
piriizliiliikler stirtinme kayiplarini neden olmaktadir. Bunun sonucunda da ek pompalama maliyetleri
ortaya ¢ikmaktadir. Is1 transferini arttirmak igin yapilan bu tiir uygulamalarda pompa maliyetleri de dikkate
almarak degerlendirilmelidir.

KISALTMALAR (NOMENCLATURE)

Re Reynolds sayisi q Is1 akisi

Pw Kanal ¢evresi h Konveksiyon 1s1 transfer katsayisi
Nu Nusselt sayisi k Isil iletkenlik

Pr Prandtl sayis1 AP Basing farki

Dn Hidrolik ¢ap v Akigkan hizi

f Siirttinme faktori NER  Nusselt sayisi iyilestirme orant

u Vizkozite FFER Siirtinme faktorii iyilestirme orani
Py Gosterge basinci TER  Is1 arttirma orani

I Tiirbiilans yogunlugu
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The use of ultra-high performance concretes (UHPC) in the modern construction industry is
increasingly widespread. UHPCs are a type of concrete that provides advantages in solving many
engineering problems. UHPCs have superior properties compared to conventional concretes in
terms of workability, self-settling, as well as high strength and durability. However, although
UHPCs have many advantages, achieving the desired workability is one of the biggest challenges
of the production procedure, since they contain high amounts of powder materials. Therefore, the
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workability and strength by using different SP additives in UHPC mixtures. In this study,
workability and strength parameters were tested on UHPC mixtures using 8 different SP
additives. The SPs used were named A, B, C, D, E, F, G, H. First of all, the spreading diameters
of the obtained mixtures were measured. For each mixture, compressive strength, unit weight,
ultrasound velocity, Schmidt hammer rebound and Leeb hardness measurements were performed

on 70x140 mm sized cylindrical samples taken on days 2, 7 and 28. Since SPs have a working
principle at the interfaces of particles in the internal structure of concrete, different behaviors
were observed on workability, even if a little. All the results obtained have been compared with
the literature and it has been proven that they meet the UHPC specifications. As a result of the
study, the best compressive strength value (127.83 MPa) was achieved with the G
superplasticizer, and the flow diameter value was determined as 230 mm.

1. INTRODUCTION

High strength and modulus of elasticity, continuity and long life, low creep, low permeability and long-
term cost reduction are most important of the features of ultra-high performance concretes (UHPCs). The
most important usage areas of UHPCs can be modern building facades, shell structural elements and bridge
elements. In the last two decades, with significant developments in concrete technology, significant efforts
have been made for UHPCs that can be used in modern bridge engineering [1, 2]. According to EN 206:
2013 standard, the compressive strength of the UHPC should be above 100 MPa [3]. Also, ASTM C1856
[4] has specified the compressive strength of UHPC at least 120 MPa and the amount of slump flow between
20-25 mm. In order to produce such a concrete, fine aggregate (< 5 mm), micro silica fume, high
performance cements and other powder additives must be included in the mixture [3, 5]. To significantly
reduce the water need, select SP additives must be used. Also, the flexural, tensile and shear strength of the
UHPC to be produced can be increased by adding an amount of fibers that do not adversely affect the
compressive strength. Considering the number of articles published on UHPCs related since 2015, a
significant increase is observed. This shows how much application potential UHPCs have in the
construction industry [3]. In addition, the durability of UHPCs against chemical and physical factors has
been examined by many researchers and it has been confirmed that they have superior performance
compared to conventional concretes [6-9].
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Many factors affect the compressive strength of UHPCs, such as the type of material used, its quantity,
property and the water/cement ratio [10]. Pourbaba et al. [11] examined age effect on UHPCs containing
different proportions of steel fiber. The results revealed that the compressive strength increases with the
increase of steel fiber. In addition, the 18-day compressive strength of all mixtures reached 90% of the
finally compressive strength. 10% silica fume may not affect the processability of UHPCs much. In
addition, the dosage and type of SP is also important. The SP dosage depends on the properties of the
cement (C3A and alkali sulphate content). In low water / cement based materials, slump loss is observed
over time and increases with higher rates. The use of silica fume up to 20% increases the compressive
strength but does not exceed 15% [12]. The flexural strength of UHPCs has been reported around 30 MPa
on average [13]. This value can be managed with different fiber types and ratios.

Due to its many advantages, the non-destructive method has attracted great attention from engineers for
field applications. The continuous measurability of microstructural change in concrete and the strong
relationship between ultrasonic pulse velocity (UPV) and cement hydration is a known theory for the UPV
test method [14]. One of the other non-destructive test methods, the Schmidt rebound hammer test was first
developed by a Swiss engineer in the late 1940s [15]. Estimated compressive strength is obtained based on
the values obtained as a result of the Schmidt hammer test result. Also, the Leeb hardness test, provides
information about the hardness and estimated strength of construction materials such as stone and concrete
[16].

Micro-sized fillers are used to fill the gaps between aggregate particles and cement in UHPCs with very
low water / cement ratios and high strength. As such, silica fume is widely used, having an average particle
size of about 1/10 of the cement. Therefore, these powder materials, which are necessary to increase the
strength, cause low workability of concrete. Consequently, in order to avoid this problem in UHPC
production, a select SP additive material should definitely be used in the mixture. SPs are generally based
on polycarboxylate chemistry and work mainly by creating a steric barrier between particles. However,
polycarboxylates based on methacrylic acid ester (MPEG) have been confirmed to be effective dispersants
for UHPC [17]. The developments in the field of chemistry and the advancement of polymer technology
have led to the discovery of highly effective plasticizers since the mid-1980s. These plasticizers, which
have high water reducing ability, also increase the workability of fresh concrete. This effect, provided by
the new generation of plasticizers, has led scientists to investigate to eliminate the compression process
required during the placement of fresh concrete. The new generation superplasticizers, which have long
polymer chains, accumulate on the surface of fine particles (as adsorbed) and provide dispersal of cement
particles by means of electrical impulse and steric effect. While traditional superplasticizers are based on
sulfone naphthalene formaldehyde or sulfonated melamine formaldehyde, new generation superplasticizers
are copolymers with a carboxylic group in the main chain and a polyethylene glycol group in which the
polyethylene glycol group is attached as a side chain [18].

Chryso Premia based SPs have been used in many studies and their positive effects on the workability and
strength of concrete have been reported. The amount of Chryso Premia SP varies according to factors such
as water/cement ratio and powder material content. For example, Babatunde et al. [19] used 1-3.4% in the
UHPC mixture, Boshoff et al. [20] 0.4% in the cement composite mixture, and Kruger et al. [21] 0.7% by
weight of binder in the 3D concrete mixture. Stearic acid is an additive that reduces the surface contact of
fine particles and improves the stability of magneto-rheological liquids thanks to its long carbon chains.
Chryso Optima 100 is often used in the cement industry as a surfactant polymer additive material that
reduces the proportion of particles to volume [22]. Voit et al. [23] have used 1-2.5 wt% a BASF ACE type
SP, while Rios et al. [24] have used 5.5%. While Kalkan et al. [25] examined the effect of shrinkage-
reducing admixtures on the mechanical properties of self-compacting concrete, they used 0.7-0.9% BASF
Master Glenium 51 as SP. SPs such as Sika [26, 27] and Iksa Polycar [28] preferred by other researchers
are also available as water reducing additives.

Due to the use of too many fine materials and the low water/binder ratio in UHPC mix designs, problems
are experienced in the consistency of fresh concrete and during pouring, and accordingly, factors with high
permeability and adversely affecting the strength and durability parameters emerge. By using new
generation superplasticizers, UHPC productions with improved workability are provided in the fresh
concrete phase. Since the SPs used in UHPC mixture designs have a great effect on the consistency of fresh
concrete, a study was conducted with the SP supplied from different suppliers and the best SP recommended
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to be used in UHPC mixtures was determined. In this study, 8 different SP: A, B, C, D, E, F, G and H
additives it is aimed to examine the effects on UHPC properties. For this, UHPC with 8 different SP added
mixtures was produced and workability, compressive strength, UPV, Schmidt and Leeb hardness tests were
carried out on the obtained 70 x 140 mm cylinder specimens. In terms of competition in the product market
for chemical additives, and accordingly, in order to avoid conflicts and ethical values, the brand and
company names of the SPs are not shared, and therefore their names are indicated with letters.

2. MATERIALS AND METHODS
2.1. Materials

CEM 1/ 52.5 R Portland cement has been used as a binder in the mixtures. White Portland Cement is a
product, that has been used for more than 100 years around the world, preferred for obtaining aesthetical
appearances and high strength levels. Particle size range of the cement used is given in Figure 1. Silica
sand with a grain size range of 90-850 um and quartz powder with a grain size range of 2-850 um were
used as filling material. The SiO, content of the quartz sand used is 96% (minimum), its specific gravity
and specific surface area are 2.2 g/cm® and 15m?/g (minimum), respectively. Microwhite silica fume (SF)
was added to the mixtures as pozzolanic material. Microwhite silica fume is a dry silica fume powder. This
silica fume is often used to improve the properties and performance of high performance concrete and
specialty mortar formulations. This SF, which is also reactive, is often used to improve the properties and
performance of high performance concrete and special mortar formulations. Stainless micro steel fiber
(MSF) with a length of 12.5 mm and a diameter of 0.175 mm was preferred as the fiber. The tensile strength
and modulus of elasticity of the fiber used are 2800 MPa and 210 GPa, respectively. For the suitable
selection of SP, which is the main purpose of this study, 8 different types of plasticizers were used in the
mixtures. The properties of plasticizers named from A to H are given in Table 1. Company information of
SPs used due to ethical rules is not provided.
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Figure 1. The particle size range and volume density of the cement used.
Table 1. Technical characteristics of 8 different superplasticizers.

SP type Based on Color Density (g/cm®) | PH Chloride Alkali
Content Content

A polycarboxylate Brown 1.08 4 <%l -
B Polycarboxylate Dark yellow 1.075 4 <%l -
C Polycarboxylate ether Yellow 1.072-1.112 5-7 <%l <%3.0
D Polycarboxylate ether Brown 1.082-1.142 6-7 <%l <%3.0
E Polycarboxylate Light brown 1.09 3-7 <%l -
F Polycarboxylate Light brown 1.06-1.1 3-7 <%l -
G Polycarboxylate Light brown 1.07 5 - <%10
H Polycarboxylate Light yellow 1.08 4.4 - -
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2.2. Mix Design

In the production of UHPCs in the experiments, firstly, aggregate ratios were determined by using the
modified Andreassan model, which is one of the particle packaging model types to ensure maximum
occupancy. Amounts of 90-850 pm silica sand and 2-850 um quartz powder were determined in
granulometry in accordance with the curve shown by the model. The amount of cement in the mixture was
determined as 800 kg/m? by examining the literature studies conducted for UHPC production. According
to the cement amount, SF ratio was determined as 25 wt%.The amount of SD used in UHPC production
has been calculated according to the literature and company recommendations. All dry mixes used in
concrete were mixed for 2 minutes. The SP ratio in all mixtures was chosen as 4% of the total binder. By
adding 70% of the water and SP to the mixture, the mixing process continued for about 5 minutes. Then,
the remaining water is added to the mixture and the mortar was mixed until it reaches the consistency. The
water/binder ratio was determined as 0.20 in all mixtures. The average water temperature used in the
mixtures was 7.5 °C. Then, 4% of the total weight MSF was added and the mixture was continued for the
last 2 minutes and then poured into cardboard cylinder molds. The amounts of materials used in the UHPC
mix are given in Table 2.

Table 2. Mixture content (kg/m®) for 1 m® volume.

Cement  Silica sand Quartz Silica fume Superplasticizer  Water  Micro Steel fiber
800 800 200 200 40 200 93

2.3. Test Methods

After the mixtures were prepared, Slump test has been performed according to ASTM-C 1611/ C 1611M
- 05 standard [29] to control their workability. 2-7-28-day 70 X 140 mm cylindrical samples produced for
the determination of compressive strength were tested according to TS EN 12390-3 standard [30].
Ultrasonic pulse velocity (UPV), Schmidt and Leeb hardness tests were performed as non-destructive
methods before subjecting them to compressive strength on the same specimens. Both sides of the samples
were tested with a Schmidt hammer according to the ASTM C805 standard [31] and average values were
obtained after 12 tests. UPV tests were performed according to ASTM C597 [32]. The ASTM A956
standard [33] was used to determine the Leeb hardness of the produced UHPC samples. In addition, unit
weights were calculated by measuring the dry weight and dimensions of all 28-day samples. Schematic
images representing test methods are shown in Figure 2.

Path length
L

Schmidt Hammer Leeb Compressive Strength

Figure 2. Schematic images of test methods.
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3. RESULTS AND DISCUSSION
3.1. SP Effects on the Fresh State Test Results

Although different SP additives were used in the same ratio (4 wt%) in all 8 mixtures, the Slump flow
diameters varied between 222-260 mm. The comparison of slump flow diameters is given in Figure 3.
Considering the results, it is observed that A-D, F-G and B-C-E values are equal to each other. The mixtures
with the lowest workability were B-C-E added mixtures. Slump flow diameters of A and D added mixtures
were higher than these mixtures by 8%. The slump flow value of F and G added mixtures 3.6%, and the
value of the H added mixture 17% were higher than the B-C-E added mixtures. It is thought that the changes
between the flow diameters are due to the PH value and chloride content. Also, considering all the results,
G presented the maximum compressive strength of the mixture containing SP. This may be due to the fact
that the alkali content is higher than the others.

The high specific surface area of the materials used in concretes such as UHPC containing high dosages of
powder materials causes the water used to be inadequate. This leads to workability problems. Therefore, in
order to avoid this problem, generally 12-25% water-reducing super plasticizer additives are used. SP
additives wrap around the cement particles, charge the particles with a negative electric charge, allowing
the cement particles to repel each other and prevent agglomeration. The resulting Slump flow diameters
have been confirmed to be a suitable workability level for UHPCs. This proves the purity of the aggregates
used. In the [34] study, it was stated that the low workability was due to impurities such as clay in
aggregates. Optimizing the workability level is important as it affects the strength and rheological
properties. Excessive workability prevents sufficient C-S-H gel production and leads to a decrease in
compressive strength [35]. Therefore, it is beneficial to examine not only the workability behavior but also
the mechanical properties for the selection of a SP as a water reducing admixture in concrete production.
Previous research implies that the slump flow loss involves chemical and physical processes. This is mainly
attributed to the w/binder ratio, type and dosage of SP, as well as SO3 content, alkali content, C-S-H
formation, load characteristic, C3S/C2S ratio [34].
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Figure 3. Comparison of slump flow diameters.

3.2. SP Effects on the Hardened Properties

The unit weights of the samples obtained from 8 different mixtures are shown in Figure 4 and the effects
of different SP additives are compared. No serious differences have been observed between results. The
unit weights of UHPCs produced with A, B, C and E additives have been obtained equal. However, unit
weight of D added composite was slightly lower with a difference of 0.4% compared to this group.
Compared to the unit weights of these mixtures, the maximum unit weight value was obtained for the F
added mixture with a difference of 0.9%. Also, the minimum unit weight value was obtained for the G
added mixture with a difference of 2.2%. The unit weight of H added mixture was 0.9% less than the unit
weight of these four mixtures. Since the binder, filler and water / cement ratios used in UHPC mixtures are
the same, it is normal for unit weight values to be similar to each other. However, the difference observed
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in samples such as the G added mixture may be due to air bubbles or test errors during mixing. When the
slump flow and unit weight results were compared, no significant relationship was found between them.

The unit weight values of 2.22-2.29 g / cm? obtained in this study have been confirmed by the literature,
and the reason why UHPCs are denser than conventional concretes is that large aggregates are not used,
prefer fine aggregates using special packing unit weight, and the addition of fibers. The reason why UHPCs
are heavy in mass is the use of heavy aggregates such as quartz and silica sand. Meeting the requirement
for optimum classification of quartz sand for uniformity of the UHPC matrix and optimum packing unit
weight is one of the challenges in UHPC manufacturing [36].
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Figure. 4. Unit weights of the samples obtained from 8 different mixtures.

Considering the compressive strength results (Figure 5), it is understood that SP types do not have a
significant effect. In fact, the 28-day compressive strengths of C-D-F added mixtures are almost equal, and
the strengths of the A-E added mixtures are also equal. However, according to the early strength results,
the minimum compressive strength was obtained as 75.39 MPa for the H added mixture and the maximum
compressive strength as 85.58 MPa for the E added mixture. Also, according to the 28-day compressive
strength results, the minimum compressive strength was obtained as 115.26 MPa for the H added mixture
and the maximum compressive strength as 127.83 MPa for the G added mixture. Maximum strength
difference due to SP effects was approximately 10% for 28-day while maximum strength difference was
approximately 13% for 2-day. This situation, in which the SP effect is more pronounced at an early age,
has been confirmed by the literature [34]. When the compressive strengths were examined according to the
age of the samples, the average strength of the 7-day and 28-day samples increased by 26% and 46%,
respectively. When the strength results are compared with the unit weight results, it is observed that there
is a parallel relationship between them.

Compressive strengths of 120 and above obtained for 28-day UHPCs prove that the trapped air content in
the concrete is low. The chemical additives used may swell in the mixture and cause the formation of air
gaps, which directly leads to a decrease in the compressive strength [37, 38]. The 0.2 water / binder ratio
in this study was obtained as a result of many preliminary experiments. If the water / binder ratio falls below
this level, more SP will be needed. This will cause the particles to separate from each other, the formation
of air gaps and thus a decrease in the compressive strength [37]. The change in the strength of UHPCs is
not limited to chemical additives, there are many other factors such as the curing temperature. Steam curing
of UHPC at high temperatures is also a factor affecting strength. Microstructure develops due to pozzolanic
reactions between C-H resulting from hydration of cement and complementary materials such as silica fume
and nanosilica. Exposure to high temperature affects the reaction of the pores in the composite tissue and
causes an increase in compressive strength compared to samples cured under ambient conditions [39].
Therefore, if the samples in this study were cured with steam at high temperatures, their compressive
strength would probably have increased much more. Well-chosen steel fiber dosage can increase ductility
and reduce autogenous shrinkage of UHPC. However, the increase in the amount of steel fiber may reduce
the workability of the concrete and lead to a decrease in its strength.
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Figure 5. 2, 7 and 28-days compressive strength results.

Conventional test methods that examine the properties of concrete cannot provide information about its
microstructural and physicochemical properties. The UPV test method has been suggested by many
researchers to examine the microstructural changes and strength of concrete. According to the results of
many studies, it has been confirmed that there is a strong relationship between UPV values and cement
hydration [40].

The 2, 7, and 28 days UPV values are shown by comparison in Figure 6. When the UPV results were
examined, a significant difference was observed between the 28-day UPV values, while the effects of the
SP types at early age were insignificant. The 2, 7 and 28 days UPV values were measured as 4.16-4.25,
4.27-4.43, and 4.39-4.55 km/s, respectively. UPV values of UHPCs produced with all additives increased
according to the sample age. This situation is also valid in conventional concretes and while it is more
evident in the first days, the rise rate decreases after 28 days [41]. Although different additives do not have
a significant effect on the UPV values, the small amount of change observed is due to the hydration rate
and the porosity ratio in the microstructure. The increase in the number and ratio of pores causes a decrease
in the ultrasonic pulse velocity. Also, the increase and concentration of hydration products in older ages
create a more intense structure and exhibit higher UPV results. This situation is more effective in the first
ages due to the high hydration rate. When UHPC values containing C additive are examined, there is a 5%
difference between 2 and 7, while a difference between 7 and 28 is 0.7%. For example, there is a 5%
difference between 2 and 7 and a 3% difference between 7 and 28 in D added UHPC values. This difference
between C and D is related to the working principle of SPs. It can be concluded that the hydration rate in
D is faster in older ages compared to C. A similar situation can be observed for other contributions. The
UPV levels obtained were compared with the literature, and confirmed by the results of UHPCs studied in
many studies [14, 42, 43]. Fodil et al [43] measured 4-5 km/s UPV values for concretes with compressive
strength above 80 MPa.
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Figure 6. 2, 7 and 28-days ultrasonic pulse velocity test results.
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The measured Schmidt hammer results for UHPCs are compared in Figure. 7. Comparing the Schmidt
hammer test results with the compressive strength results, it is observed that they are more similar to the
UPV test results in terms of sample age effect. Comparing the Schmidt hammer test results with the
compressive strength results, it is observed that they are more parallel to each other than the UPV test
results in terms of age effect. In other words, while a significant difference was observed between 2 and 7
days results, the difference was considerably reduced between 7 and 28 days. According to the SP type, the
2, 7 and 28 days Schmidt hammer test results were obtained as 18-20, 31-39 and 42-47 R, respectively.
There was an 84% difference between the average results of 2 and 7 days and a 27% difference between 7
and 28 days. Considering the Schmidt numbers of the 7-day samples according to the SP type, a 10%
difference was observed between the minimum value (D) and the maximum value (A, B, C and E). This
difference was calculated as 25% and 12% for 7 and 28-day samples, respectively.

Schmidt values are mostly affected by the aggregate type in the concrete. For example, it is known that the
Schmidt numbers of concrete containing coarse limestone aggregate are 7 points lower than concrete
containing coarse aggregate, resulting in a 7 MPa difference in the compressive strength of concrete.
Schmidt numbers of lightweight concretes also vary compared to normal concretes. There is difference in
the rebound numbers of two concrete samples containing the same aggregate from different sources [15].
However, according to the results reported by Xu and Li [44], it was found that the Schmidt hammer
numbers at different positions of a single piece of concrete were close to each other. When the rebound
results obtained are compared with the literature, it is concluded that the values are suitable for high strength
concrete. In concretes with low strength, microstructural aggregate roughness and gaps caused by the weak
bond between aggregate-cement cause a decrease in Schmidt values [15]. In this study, in samples with low
Schmidt numbers, the SP used probably caused an increase in the porosity ratio in the concrete by reducing
the contact surface between particles. Therefore, the use of these SPs in high dosages in UHPC mixtures
may lead to deterioration of other properties along with the compressive strength.
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Figure 7. 2, 7 and 28-days Schmidt hammer test results.

The Leeb hardness test, which is a non-destructive method, provides information about the hardness and
estimated strength of materials [16, 45]. In the present study, the hardness of cylindrical samples produced
from UHPC mixtures was measured at different ages and compared in Figure. 8. The measurement was
taken from a total of 6 points, namely the back front surfaces of the sample, and the average hardness value
was calculated. When the hardness values obtained are compared with the other non-destructive test results,
it can be concluded that there is a parallel relationship between them. An average of 16% difference between
2 and 7 day Leeb hardness results and 9% difference between 7 and 28 day results were observed. This
situation is directly related to the cement hydration rate as in other test results. According to the 28-day
Leeb hardness results, the maximum and minimum values were measured for A and G added UHPCs,
respectively. 8% Difference has been observed between these values.

There are a few Leeb hardness studies on normal concretes, although limited. Song et al. [46] investigated
the Leeb hardness of sodium silicate based concrete and normal C30 concrete and concluded that the
average hardness value of normal concrete was 362 HL and that of sodium silicate based concrete was 405
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HL. The hardness values of the 28-day GRC specimens produced in this study were measured between 509
and 548 HL. Therefore, the results prove to be compatible when compared to normal concrete. The 2 and
7 day Leeb hardness results were measured as 396-438 and 456-510, respectively. Gomez-Heras et al. [47]
stated that the finer the grain size, the higher the Leeb hardness. This situation is directly related to the
filling of fine-grained minerals into micro and macro pores [48].

4. CONCLUSION

In this study, using 8 different superplasticizer additives, their effects on UHPCs with the same mixture
content were investigated. Workability, compressive strength determination and non-destructive test
methods were carried out on the cylindrical samples obtained from the mixtures. The results obtained can
be summarized as follows;

A 17% difference was observed between the slump flow diameters. This may be due to the difference in
behavior of SPs on C-S-H. All the slump flow results obtained for all 8 mixtures have been compared with
the literature and confirmed that they are at an appropriate level.

No significant difference was observed between the unit weight of UHPCs. Minor differences may be
related to the working principle of SPs. This proves that the ratio of the 8 different SPs used are suitable
and compatible with powder materials.

The fact that 28-day compressive strengths are generally above 120 MPa proves that all used SPs are
suitable for UHPCs. Some of the SPs have shown their effects on UHPC characteristics at an early age,
some in later ages. However, in older ages, the strength and other properties of the samples have reached a
similar level. This is all about the hydration rate of the cement and the proportion of C-S-H products
produced over time. Therefore, in the selection of SP, it is important to consider factors such as the intended
use of the UHPC and the expected durability time.

A parallelism was observed between nondestructive test results considering the sample age and SP type.
While the effect of SP type was more pronounced in early ages, it decreased in later ages. UPV, Schmidt
hammer and Leeb hardness tests provide information about the internal structure of concrete, porosity,
capillary voids and C-S-H formation. Since the type and ratio of SP also has a significant effect on the
formation of C-S-H, the slight differences that occur between nondestructive test results may be related to
the working principle of different SPs.

As a result, all test results show that 8 different SPs can be used in UHPCs. However, if it is necessary to
make a selection according to the compressive strength, which is important among the UHPC properties, it
is recommended to produce the mixture containing G additive. The compressive strength of the sample
obtained from this mixture was slightly higher than the others as 127.83 MPa. The slump flow diameter for
this mixture was also measured as 230 mm, which is consistent with the literature.
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In this study, it was aimed to cool the panel and increase electricity production by placing the
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Figure A. PV panel and PV/PCM integration schematics

Purpose: In this study, it was aimed to cool the PV panel by adding PCM and a mixture of
nanoparticles at different rates under the PV panel. The nanoparticle ratio in the PCM was chosen
as 0.1, 0.3 and 0.5. These additions to the PV panel, under different radiation values; PV panel
efficiency was evaluated by parameters of electricity production, PV panel temperature and PCM
melting rate.

Theory and Methods: In the study, 1-D thermal resistance networks were used for modeling the
PV panel. Also, a 1-D heat conduction equation was used for modeling the PCM container. The
joint solution of these two models gave us the working outputs.

Results: As a result of the study, it was observed that the panel temperature and electricity
production increased significantly due to the increase in the nanoparticle ratio. In addition, it was
determined that the use of nanoparticles at high radiation values significantly increased the
performance of the panel.

Conclusion: With this study, it has been proven that the use of nanoparticles in PV panel cooling
in addition to PCM increases PV panel performance. In addition, it has been seen that the use of
nanoparticles with higher thermal conductivity coefficients can give better results as an
alternative. These results may solve the disadvantages of PV/PCM integration highlighted in the
literature.

*Corresponding author, e-mail: korhan.okten@amasya.edu.tr

DOI: 10.29109/gujsc.1068074


http://dergipark.gov.tr/gujsc
https://orcid.org/0000-0003-4128-2625

Korhan OKTEN | GU J Sci, Part C, 10(3):532-546 (2022) 533

GU J Sci, Part C, 10(3): 532-546 (2022)

FEN BiLIMUERI ENSTITOSE)
C—

Gazi Universitesi &
_apg- - - . g 3 '.,\ N > PSP
Fen Bilimleri Dergisi | w4223 e
PART C: TASARIM VE TEKNOLOJI sy YL e

http://dergipark.gov.tr/gujsc

Investigation of PV Panel Integrated PCM-Nanoparticle Mixture Using 1-D
Mathematical Model

Korhan OKTENY"

tAmasya University, Faculty of Engineering, Department of Mechanical Engineering, 05000, Merkez/AMASYA

Makale Bilgisi

Abstract

Aragtirma makalesi
Basvuru: 04.02.2022
Diizeltme: 05.05.2022
Kabul: 27.06.2022

Keywords

PV panel
PCM
Nanoparticle
Efficiency

Anahtar Kelimeler

PV panel
FDM
Nanopartikiil
Verim

It is a well-known fact that PV panels heat up and decrease in efficiency depending on the amount
of radiation and there are many studies on it. Adding PCM to the panel base for cooling PV panels
is a passive cooling method commonly seen in the literature. In this study, PV panel temperature,
panel efficiency, electricity generation, and melting rates in the FDM container were investigated
using a 1-D mathematical model when PCM and PCM nanoparticle mixture were added to the
PV panel base in different volumes ratios. The study was carried out for radiation values of 800,
1000, 1200 W/m2When the results were examined, the highest efficiency and electricity
production values were obtained for 0.5 nanoparticle PCM mixture by volume. Efficiency
expression was obtained as 18.3%, 17.7%, and 17.2% for 800, 1000, and 1200 W/m? by volume
for 0.5 nanoparticle mixture, which is approximately 1% higher than the conventional PV panel.
The electrical production was obtained as 112.5, 128, and 153 W, respectively, for the 0.5
nanoparticle PCM mixture, which are 5, 7, and 8 W more, respectively, than the conventional PV
panel.

PV Panel ile Biitiinlestirilmis FDM-Nanopartikiil Karisiminn 1-D
Matematiksel Model Kullanilarak incelenmesi

Oz

PV panellerin radyasyon miktarina bagli olarak 1sinmasi ve veriminin diismesi bilinen ve lizerinde
bir¢ok calisma yapilan bir olgudur. PV panellerin sogutulmasi i¢in panel tabanina FDM
eklenmesi ise literatiirde yaygin olarak goriilen pasif sogutma yontemlerinden biridir. Bu
caligmada ise PV panel tabanina FDM eklenmesi ve farkli hacim oranlarinda FDM nanopartikiil
karisimi eklenmesi durumunda PV panel sicakligi, panel verimi, elektrik iiretimi ve FDM
konteynerindeki erime orani, 1-B matematiksel model kullanilarak incelenmistir. Caligma 800,
1000, 1200 W/m? radyasyon degerleri i¢in gergeklestirilmistir. Sonuglar incelendiginde en
yiiksek verim ve elektrik tiretimi degerlerinin hacimce 0.5 nanopartikiil FDM karigimi i¢in elde
edildigi goriilmistir. Verim ifadesi hacimce 0.5 nanopartikiil karisimi i¢in 800, 1000 ve 1200
W/m? igin sirasiyla % 18.3, %17.7 ve %17.2 olarak elde edilmistir ki bu degerler geleneksel PV
panelinden yaklagik %1 fazladir. Elektrik iiretimi ise yine 0.5 nanopartikiil FDM karisimi igin
sirastyla 112.5, 128 ve 158 W olarak elde edilmistir ve bu degerler geleneksel PV panelden
sirasiyla 5, 7 ve 8 W daha fazladir.

1. GIRiS (INTRODUCTION)

PV paneller, yenilenebilir enerji kaynagi olan giines enerjisinden faydalanarak karbon emisyonunu
diisiirmesi ve ucuz olmasi sebebi ile yaygin olarak kullanilan elektrik iiretim sistemleridir [1,2]. Ancak PV
paneller, diger yenilenebilir enerji kaynagindan elektrik enerjisi iireten sistemler (riizgar panelleri, hidro
elektrik santraller) ile kiyaslandiginda oldukga diisiik verime sahiptirler. Bu sebeple PV panellerin verimini
artirmak olduk¢a 6nemlidir. [3,4].

PV panel performansini etkileyen birgok parametre vardir. Bunlar; ortam sicakligi, riizgar hizi ve radyasyon
miktaridir. Bu parametrelere bagli olarak PV panel sicakligi arttiginda, panel verimi onemli Olglide
diismektedir. Dolayis1 ile panel sicakliginin disiiriilmesi amaciyla literatiirde aktif ve pasif sogutma
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teknikleri kullanilarak yapilan bir¢ok ¢aligma mevcuttur [5]. Literatiirde panel tabanina, PV hiicrelerinde
olusan 1s1y1 gekmek amaci ile FDM yerlestirilmesi yaygin olarak kullanilan pasif sogutma yontemlerinden
biridir.

Literatiirde yer alan PV/FDM entegrasyonu ile ilgili ¢alismalar incelenecek olunursa; Smith ve ark. [6] PV
panel sicakligini diisiirmek amaci ile panel tabanina FDM (Faz degistiren malzeme) yerlestirmis ve panel
performasini geleneksel PV panel performansi ile karsilagtirmislardir. Sonuglar diinyanin farkl
kitalarindaki ¢evresel kosullar kullanilarak elde edilmistir. Buna gére FDM kullanimi, incelenen tiim kitalar
icin PV panel performansini artirmis olmakla beraber baz1 bolgelerde verim artisi %6’y1 asmistir. Strpnik
ve Stritih [7] farkli radyasyon degerleri ve ortam kosullari i¢in PV/FDM integrasyonunu elektrik tiretimi
ve panel sicakliklar1 parametreleri ile deneysel ve niimerik olarak giinliik ve yillik olarak incelemislerdir.
Calisma sonucunda FDM kullanimi ile panel sicakliginin 35.5 °C distiigli ve elektrik {iretiminin %7.3
arttig1 goriilmiistiir. Savvakis ve Tsoutsos [8] yaptiklar1 calismada, PV/FDM entegrasyonu ¢iktilarin
gercek Akdeniz iklimi kosullari altinda incelemislerdir. PV/FDM kullanimi ile panel sicakligi 26.6 °C
derece diiserken elektrik tiretimi %5.7 artig géstermistir. Emam ve Ahmed [9] PV/FDM entegrasyonunda,
FDM’ nin igerisinde bulundugu konteyneri bélmelere ayirmis ve bu bolmelere farkli 6zelliklerde FDM” ler
yerlestirerek PV panel sicakliklarini incelemislerdir. 5 paralel boliime ayrilmis ve panel sicakligina baglh
olarak 5 farkli FDM kullanilmis konteynerin, panel sicakligini en ¢ok azaltan ve elektrik iiretimini en ¢ok
artiran konfigiirasyon oldugu saptanmistir. Abdulmunem ve ark. [1] farkli PV panel agilarinda FDM
malzemesinin erime karakteristigini ve buna bagli olarak PV panel sicakligini incelmislerdir. PV panel
acisiin 0°°den 90°ye artisina bagl olarak panel sicakligi %0.4 ile %1.2 arasinda diigiis gostermistir.
Ahmad ve ark. [10], PV panelin sogutulmasi amact ile 6 farkli konfigiirasyon denemislerdir. Bu
konfigiirasyonlar; geleneksel PV panel, PV panelin su ile sogutulmasi, PV/FDM entegrasyonu, PV/FDM
entegrasyonuna ek olarak su sogutmasi, PV/kompozit FDM entegrasyonu ve PV/kompozit FDM
entegrasyonuna ek olarak su sogutmasidir. Aktif sogutmali PV/kompozit FDM birlesimi tiim
konfigiirasyonlar igerisinde en iyi sogutmanin goriildiigli durum olmustur. Sonuglar bu durumda %66,8-
82.6 arasinda elektrik iiretiminde artig oldugunu gostermistir. Dual ve ark. [11] PV panel tabaninda bulunan
FDM’ nin erimesi sirasinda, konveksiyon akimlarina bagli 1s1 transferini engellemek ve panelin homojen
sogumasini saglamak amaci ile FDM malzemesini gozenekli bir ortama entegre etmislerdir. Sonuglar
gbzenekli ortam kullaniminin FDM’ nin erimesi iizerine negatif etki ettigi belirlenmesine ragmen PV panel
soguma hizim artirdigin1 géstermistir. Son olarak, Akshayver ve ark. [2] 3 farkli PV/FDM entegrasyonu
incelemislerdir. {1k olarak PV panel tabanina FDM konteyneri entegre edilmis bir sistem, ikinci olarak {ist
ve alt tarafit PV hiicresi ve ortasinda FDM bulunan bir sistem ve son olarak {iist ve alt tarafi PV hiicresi ve
ortasinda FDM bulunan sistemde FDM konteynerinin ortasina yatay sekilde tii¢cgensel yalitim
konumlandirilmig bir sistem modellemisler ve PV panel sicakliklarini karsilagtirmiglardir. En iyi sonuglar
karsilikli PV panel arasia iiggensel yalitim yerlestirilmis durum igin elde edilmistir. Bu durum igin
sonucglar PV/FDM entegrasyonuna gore %77 fazla elektrik tretildigini gostermistir.

Yukarida bahsedildigi gibi PV panel sicakliginin diisiiriilmesi PV panel verimini ve elektrik iiretimini
artirmaktadir. Bu calismadaki temel motivasyon ise 1s1 iletim katsayisini artirdigi bilinen nanopartikiil FDM
karigimlarimin (Tablo 3) 6zelliklerini kullanarak radyasyon degeri ve nanopartikiil oran1 degisimine bagh

olarak PV panel verimi (n,,), PV panel sicakligi (T, ), FDM erime orani ( X; I Loy ) ve elektrik tiretimi

(W, ) parametrelerini iyilestirmektir. Radyasyon degeri olarak 800, 1000 ve 1200 W/m? nanopartikiil
orani olarak ise 0.1, 0.3 ve 0.5 degerleri segilmistir.

2. SISTEM TANITIMI (SYSTEM DESCRIPTION)

PV ve PV/FDM sistemlerinin ¢6ziimlenmesi i¢in 1-B matematiksel model olusturulmustur. Matematiksel
model icin iki farkli kontrol hacmi segilmistir. Ilk olarak PV panel kontrol hacmi secilerek termal direng
ag1 yontemi ile ¢dziimlenmistir. Ikinci olarak ise FDM konteyneri kontrol hacmi olarak secilmis ve analitik
yontem kullanilarak ¢éziimlenmistir. Sekil 1° de goriilen sematikte PV ve PV/FDM entegrasyonu igin 1si
transferi ve termal direng ag1 modelleri goriilmektedir.
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Sekil 1. PV ve PV/FDM konfigiirasyonu sematik goriiniimii

Oncelikle radyasyon ve konveksiyonla gergeklesen 1s1 transferinin hesaplanabilmesi icin 1s1 transfer
katsayilar1 hesaplanmistir. Hesaplamanin kolaylastirilabilmesi i¢in gevre sicakligi (Tg ) gokyiizi sicakligina

(Tg ) esit alinmig ve bu kabul ile agagida goriilen esitlik yazilabilmistir [12].

hlop = hkonv + hrad

1)
Es. 17 de goriilen h,,, ve h,, asagidaki gibi hesaplanmistir [12].
hkonv = 28 + 3VrUz (2)
hrad = Ava'&‘(Ty2 +ng)(Ty +Tg) (3)

Es. 2 ve Es. 3’ te goriilen V,, riizgar hizini, Ty yilizey sicakligini, Tg gokylizii sicakligini, o Stefan

boltzman sabitini, ¢ emicilik katsayisim ve A, PV panel alanini temsil etmekte olup PV panel alam 1 m?

olarak almmistir. Isil diren¢ modelinin olusturulabilmesi i¢cin Sekil 1’ de goriilen her birlesenin 1sil
direncleri asagidaki gibi hesaplanmistir.

R —_ 1
* htop APV (4)

Es. 4’ te goriilen Rmp, ylizeyden konveksiyon ve radyasyonla gerceklesen 1s1 kayiplarmi temsil eden

birlesik 1s1l direngtir. Asagida ise cam, EVA ve Aliiminyum katmanlarinda gergeklesen iletim ile olusan
1s1l direngler gorilmektedir.

Lcam

Rcam =17 A
kcam APV (5)
L
R —_ EvA
- KevaPey (6)
L
R Al

__ A
Kar Aoy 7)
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Es. 5, Es. 6 ve Es. 7° de goriilen, R

11l direnglerini; L

cam !

cam+ Reva V& R, sirasiyla cam, EVA ve aliiminyum katmanlarinin

Leyave L, sirasiyla cam, EVA ve aliiminyum katmanlarinin kalinhiklaring, K,

K, Ve Kgy, ise sirastyla cam, EVA ve aliiminyum katmanlarinin 1s1l iletkenliklerini gostermektedir.

Ik olarak geleneksel PV panel ¢oziimlenmesi, termal diren¢ ag1 kullanilarak yapilmistir. Es. 8° de iist
ylizeyden gerceklesen 1s1 kaybi; PV panel, gokyiizii ve iist ylizey sicakliklari arasindaki diren¢ aglarindan

yararlanilarak tanimlanmigtir. Es 9 da ise alt yilizeyden ¢evreye olan 1s1 kaybi; PV panel, ¢evre (Tg =T,)

ve alt ylizey sicakliklar1 arasindaki direng aglarindan yararlanilarak asagidaki gibi tanimlanmustir.

Q _ Ty — Ty _ To Ty
atik iist
Rtop,i]st REVA,Ust + Rcam + Rtop,Ust (8)
Q _ Tyar =Ty _ To T
atik ,alt
Rtop,alt REVA,aIt + Ral + Rtop,alt (9)

Es. 8’ de goriilen Q'atlkyﬁst iist yiizeyden gevreye olan 1s1 kaybini, T, .. PV panel iist ylizey sicakhigini ve

y,ust

Rmpvl.Jst iist yiizeyden ¢evreye gerceklesen 1sil direnci gostermektedir. Es. 9° da goriilen Q alt ylizeyden

atik,alt
cevreye olan 1s1 kaybini, Tyy a alt ytiizey sicakligini ve Rmp, a alt ylizeyden cevreye gerceklesen 1s1l direnci

gostermektedir. Es. 8 ve Es. 9° da goriilen iist ve alt yiizeyden gerceklesen 1s1 kayiplarinin toplami bize
toplam 1s1 kaybini verecektir.

Qatzk = Qatzk,alt + Qatzk,iist (10)

PV-FDM entegrasyonu i¢in ise dncelikle PV panel kontrol hacmi olarak se¢ilmis ve Sekil 1’ de goriilen 1s1l
direng ag1 modeli olusturulmustur. Geleneksel PV paneline benzer sekilde PV panel st yiizeyinden
gokyltiziine olan 1s1 kayb1 Es. 11” de goriildiigi gibi olacaktir.

o) _ Ty — T _ To T
atik iist
Rtop,l'.lst REVA,'ust + Rcam + Rtop,'L]st (11)

PV panelin alt yiizeyinde ise PV/FDM entegrasyonunda geleneksel PV panelden farkli olarak 1s1 ¢cevreye

degil FDM’ ye gegecektir. Dolayist ile Q. ., (QFDM ) Es. 12 de goriildiigii gibi tanimlanmaistir.

Q‘ _ {Tpv _Ty,FDM ]
atik ,alt
REVA,aIt (12)

Es. 12’ de goriilen TnyDM ifadesi FDM konteynerinin iist yiizey sicakligimni temsil etmektedir. Benzer

sekilde PV/FDM entegrasyonunda da toplam 1s1 kaybi, alt ve st ylizeyden gerceklesen 1s1 kaybinin
toplamina esit olacaktir.

Qatlk = Qatzk,alt + Qatzk,iist (13)

FDM konteynerinin ¢éziimii i¢in ikinci olarak konteyner sinirlari kontrol hacmi olarak se¢ilmis ve analitik
¢Oziim gergeklestirilmistir. C6ziim i¢in zamana bagl 1-B 1s1 iletim denklemi kullanilmastir.

o°T_1a1
x>  «a ot (14)

Es. 14’ iin non-homojen sinir kosullari ile ¢6ziimii miimkiin degildir. Dolayist ile Jiji ve Gaye [ 13] yaptiklari
calismada boyutsuzlagtirma parametrelerini kullanarak denklemi doniistiirmiisler ve Ste<0.1 oldugu durum
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icin yar1 kararli durum kabulii yapilabilecegini ortaya koymuslardir. Bir bagka deyisle Ste<0.1 oldugunda
OT /ot ifadesi oldukga kiigiik olacagindan ihmal edilebilir oldugunu géstermislerdir. Bu kabulde hareket

ile Es. 14 asagidaki gibi yazilabilmistir.
2
0T, _0
2
OX (15)

Es. 15 te goriilen T, ifadesi, siv1 faz i¢in sicaklik degeridir. Oncelikle s1v1 faz i¢in ¢oziim elde edilmis ve
Es. 15’ in ¢Oziimii i¢in asagida goriilen sinir kosullar1 kullanilmistir. Sinir kosullarina gore Sekil 1° de
goriilen koordinat sistemine gére x” in sifir degerinde sabit 1s1 akist girdisi oldugu ( Q. . = Qppy, ) Ve

sivi-kat1 ara yiizeyinde sicakligin sabit ve T, (erime sicakligr) sicakliginda oldugu kabulii yapilmustir.

X = 0 _ k @ — QFDM
OX A (15a)

X=X, T, =T,

(15b)

Es. 15a’ da goriilen K, ifadesi sivi faz 1s1 iletkenligini, QFDM ise FDM’ ye gecen 1s1 miktarini gostermekte

ve QFDM = Qank'ah dir. Kat1 faz i¢in 1-B 1s1 iletim denklemi ise agagidaki gibidir.

T,
ox* (16)

Es. 16’ da goriilen 1s1 denkleminin ¢6ziimii igin agsagida goriilen sinir kosullart kullanilmistir. Sinir kosulu
olarak kati-sivi ara yilizeyinde sicakligin erime sicakliginda oldugu ve konteyner tabanindan g¢evreye
konveksiyon ve radyasyonla 1s1 kayb1 oldugu diistiniilmiistiir.

X=X, T, =T, (16a)

oT, h,,
X=Lkom’ a_xkz_ kp (TP _Tg)
k

(16b)

Esitliklerde goriilen T, kat1 faz sicakligim, L, konteyner uzunlugunu, K, Kati faz 1sil iletkenligini ve T

konteyner taban sicakligini gostermektedir. Es. 15 ve Es. 16 siir kosullari kullanilarak ¢ézliimlenir ise Es.
17 ve Es. 18 elde edilir.

T (0 =2 (x —x) 4T,
V'S (17)
h
T.() = %Up —T)(6 = X)+T,
k (18)
FDM konteynerinin taban sicakligi ise Es. 19° da goriildiigii gibidir.

[_hmp . (Xi - Iizkont )Tg J +-|-m
T =

S

p
X — L
1 [htop : k kont]

S

(19)
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Ara ylizeyin zamana bagl ilerlemesini incelemek igin Es. 20’ de ara faz esitligi ve simr kosulu
goriilmektedir [13]. Bu esitlige gore panel tabanindan gelen 1s1 akisi sivi fazdaki FDM’ den iletim ile
transfer olmaktadir. Bu 1sinin bir kismi faz doniisiim enerjisine doniisecek, bir kismi kat1 fazdan iletim ile

aktarilacaktir.
ot (x,t) dx

RABLILE p L% x(@=0
OX OX dt (20)

k

Es. 17 ve Es. 18, Es. 20’ de yerine yazilirsa ara fazin x yoniinde zamana bagli degisimi Es.21° de goriildiigii
gibi elde edilir.

X (0= {((((—h«m (To =T (Quen / Ap“)))'LD

Analitik ¢dziimiin ardindan sistem ¢iktilar1 asagidaki gibi hesaplanmistir. Oncelikle Es. 22’ de PV panel
verimi hesaplanmasi goriilmektedir [12].

Ny = Nigs (1_Br6f (TPV Tt )) (22)

Es. 22° de gorillen N, referans verim, [, giines hiicresi sicaklik katsayisi ve T, ifadesi referans

ref

sicakliktir. Es. 23” te ise PV panel iizerine, giines kaynakli gelen net 1s1l giig ifade edilmektedir [12].

QnetPV = Gnop ApV (23)

Es. 23’ te goriilen G ifadesi radyasyon miktarini ve n,, ifadesi optik verimi ifade etmektedir. Es. 24° te PV

panelinin Urettigi net elektriksel gii¢ goriillmektedir.

WeIPV = QnetPV n pv ninv (24)

Es. 24’ te goriilen N, ifadesi invertdr verimini ifade etmektedir. Es. 25° te panelden kaybedilen atik 1s1

miktar1 hesaplanmustir.

Qatzk = QnetPV (1_ npv) (25)
Yukarida sistemin ¢éziimlenmesi i¢in olusturulan bir boyutlu matematiksel model ve sistem ¢iktilarinin
hesaplanmasindan bahsedilmistir. Geleneksel PV panel ¢6ziimlemesi igin Es. 8, 9, 10, 22, 23, 24 ve 25’ in
coziimlenmesi ve PV/FDM entegrasyonu i¢in ise Es. 11, 12, 13, 17, 18, 19, 21, 22, 23, 24 ve 25’ in
cOziimlenmesi ile sistem c¢iktilar elde edilmistir. Céztim EES (Engineering Equation Solver) ticari yazilimi
kullanilarak gerceklestirilmistir.

Olusturulan matematiksel modelden sistem ¢iktilarinin elde edilebilmesi i¢in PV panel ve FDM’ nin termal
ve fiziksel ozelliklerinin bilinmesi gerekmektedir. Tablo 1’ de PV panelin termal ve fiziksel 6zellikleri
goriilmektedir.
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Tablo 1. PV panel termal ve fiziksel ozellikleri

Isil Sicaklik Referans
Kalinhk . . 1cakl
iletkenlik ‘k{’(l_);mh Katsayisi verim et Alinti
(m) (W/mK) (1K) )
Cam Tip _ 0.003 0.8 0.9 - i [12]
PV Katmam 0.0002 148 - 0.0045 0.2 [9]
EVA 1.27 x10® 0.37 - - - [12]
katmam
Aleminyum  0.004 211 0095 - i [12]

PV panel tabanina yerlestirilen FDM konteyneri igerisine ham FDM ve nanopartikiill FDM karisimi ile
doldurulmustur. Sistemde kullanilan ham FDM’ nin termofiziksel 6zellikleri Tablo 2’ de goriilmektedir.

Tablo 2. Ham FDM 'nin termofiziksel ozellikleri

FDM Deger
Erime sicakligi (°C) 35-36
Kati hal yogunlugu(g/cm?®) 0.969
Sivi hal Yogunlugu(g/cm®) 0.87
Kat1 hal s1v1 iletkenligi (W/mK) 0.2
S1v1 hal s1vi iletkenligi (W/mK) 0.16
Gizli 1s1 (kJ/kg) 171
Kat1 hal 6zgiil 1s1s1 (K/kgK) 2.57
S1v1 hal 6zgiil 1s181 (Kj/kgK) 2.78

FDM’ ye nanopartikiil olarak grafen nano plakalar eklenmistir. Tablo 3’ te sicakliga bagli olarak hacimce
0.1, 0.3 ve 0.5 oraninda nanopartikiil olmasi durumundaki FDM’ nin 1s1 iletim katsayilar1 goriilmektedir.
Buna gore nanopartikiil oraninin her 0.2 oraninda artisina bagl olarak 1s1 iletim katsayisi, 25-30 °C’ de
yaklasik %25, 40-50 °C’ de yaklasik %20 ve 60-70 °C’ de yaklasik % 18 artmistir.

Tablo 3. Sicakliga bagl olarak hacimce 0.1, 0.3 ve 0.5 oraminda nanopartikiil olmast durumundaki
FDM ’nin 1s1 iletim katsayilary [14]

25 °C K 30 °C K« 40 °C ks 50°C ks 60 °C ks 70 °C ks

0.1 NA

(W/mK) 0.24 0.24 0,208 0.2 0.19 0.18
0.3 NA

(W/mK) 0.3 0.3 0.249 0.239 0.229 0.219
0.5 NA 0.38 0.38 0.29 0.28 0.27 0.26

(W/mK)
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Tablo 4’ te yine hacimce 0.1, 0.3 ve 0.5 nanopartikiil bulunan FDM’ nin 6zgiil 1s1 degerleri goriilmektedir.
Gortildiigii gibi sicakliga ve nanopartikiil oranina bagl 6zgiil 1s1 degisimleri oldukc¢a diisiiktiir.

Tablo 4. Hacimce 0.1, 0.3 ve 0.5 nanopartikiil bulunan FDM’ nin ozgiil 1s1 degerleri [14]
25 °C ¢ 30 °C cx 60°C cs 70°C cs

01 NA
gy 22 2.38 2.08 2.15
03 NA
(Kkgk) 2265 2.35 2.05 2.13
05 NA
(kgk) 217 2.26 2 2.06

Tablo 5’ te hacimce 0.1, 0.3 ve 0.5 nanoakiskan bulunan FDM’ nin termal yayicilik katsayisi goriilmektedir.
Degerler kat1 faz i¢in nanopartikiil oraninin artigina bagl olarak termal yayiciligin ortalama %28 arttigini,
stv1 faz i¢in ise ortalama %15 arttigini gostermektedir.

Tablo 5. Hacimce 0.1, 0.3 ve 0.5 nanoakiskan bulunan FDM’ nin termal yayicilik katsayisi [14]

o (Termal

Yayicilik Kat1 S1vi
katsayisi)

0.1 NA 1.145 0.94
0.3 NA 1.45 1.04
0.5 NA 1.89 1.25

Son olarak Tablo 6’da bu ¢alismada kullanilan monokristal PV panel sabitleri goriilmektedir.

Tablo 6. PV panel sabitleri [12]

Sabitler Degerler
N, 90
Nop 85
N, 25
Pres 9.03x10™
Tet 25
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3. SONUCLAR (CONCLUSION)

Bu boliimde hacimce 0,1, 0,3 ve 0,5 nanopartikiil karistirilmis FDM panel tabanina yerlestirilmis, elde
edilen sonuglar geleneksel PV panel ve PV/FDM entegrasyonu ile yukarida ayrintilar1 verilen 1-D

matematiksel model kullanilarak kiyaslanmistir. Sistem ¢iktilar1 olarak Tpv, X; / Leont » Moy s WeIPV

kullanilmis ve radyasyon degerinin 800, 1000 ve 1200 W/m? oldugu durum i¢in asagida verilmistir.

Oncelikle 1-B matematiksel model olusturularak elde edilen ¢oziim literatiir calismasi ile Sekil 2° de
goriildiigii gibi kiyaslanmistir. Abdulmunem ve ark. [5] tarafindan gerceklestirilen niimerik ve deneysel
calisma sonuglart incelendiginde, PV panel i¢cin mevcut model ile literatiir ¢aligmasi arasindaki farkin
maksimum 2°C oldugu goriilmistiir. PV/FDM entegrasyonuna bakildiginda ise bu farkin 5°C” ye ¢iktigi
gorlilmistir. Bu sicaklik farklarmin kabul edilebilir oldugu goriilmiis ve parametrik calisma
gercgeklestirilmistir.

90 T T T T T T 75
85 - L 70
80
65
75 A
70 4 - 60
& 65 F55 9
= S
= 4 =<
2% 505
<
S 55 g
=2} 45 @5
50 - i
45 40
40 — - = Abdulmunem ve ark.(PV/PCM) |- 35
= Mevcut Model (PV/PCM)
354 = Abdulmunem ve ark. (PV) I 30
—— Mevcut Model (PV)
30 T T T T T T
0 50 100 150 200 250 300

Zaman(dak.)

Sekil 2. PV panel ve PV/FDM entegrasyonunun literatiir ¢calismasi ile kiyaslanmasi

Parametrik ¢alisma igin riizgar hizi 1 m/s, ¢evre sicakligi 20 °C, panel alan1 1 m? ve giineslenme siiresi
20000 s olarak almmustir. Sekil 3” te 800 W/m? radyasyon degeri i¢in T, , X; / L

cont !

o n,, ve W, degerleri
kiyaslanmistir. Sekil 3a incelendiginde, maksimum sicakligin geleneksel PV paneli i¢in elde edilmis ve
maksimum 56°C olarak gézlemlenmistir. PV/FDM entegrasyonunda ise hacimce nanopartikiil oram
arttikga panel sicakliklarinin diigtiigli gézlemlenmistir. Buna gére maksimum PV panel sicakligi PV/FDM

icin 55°C elde edilmis ve hacimce nanopartikiil oranmin artigina bagli olarak yaklasik 1°C diisiis
gostermistir. X; / L, oranlar1 incelendiginde ise tim PV/FDM entegrasyonlarinda yakin erime oranlar

con
gorililmekle birlikte maksimum erime miktar1, hacimce 0.5 oraninda nanopartikiil igeren karisimda yaklasik
0.82 olarak elde edilmistir. We|PV ve N, degerleri incelendiginde ise maksimum degerler sirasiyla %18.3
ve 112.5 kW olarak hacimce 0.5 nanopartikiil-FDM karigimi i¢in elde edilmistir. Bu degerler geleneksel
PV panelden sirastyla %1 ve 5.5 kW yiiksektir. Ayrica hacimce nanopartikiil miktarinin artiginin, WeIPV ve

N, degerlerini artirdig1 gozlemlenen bagska bir olgudur.
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a) b)
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Sekil 3. 800 W/m* radyasyon degeriigin T, X I Ly, Ny, s Wyp, degerleri

Sekil 4 te radyasyon degeri 1000 W/m? degeri igin sistem giktilar1 goriilmektedir. Sonuglar incelendiginde
geleneksel PV panelin zamana bagli olarak 64 °C degerine ulastigi ve bu degerde sabit kaldigi
goriilmektedir. FDM ve nanopartikiil katkili FDM eklenmis PV panellerde ise sicaklik siire¢ boyunca
giderek artis gostermis ancak geleneksel PV panel sicakliginin altinda kalmistir. FDM ve nanopartikiil
katkili FDM eklenmis PV panellerinde ise panel sicakligi nanopartikiil oraninin artigina bagl olarak

yaklagik 2 °C diisiis gostermistir. X; / L, degerleri incelendiginde ise erime oranlari birbirine yakin

olmakla birlikte en yiiksek erime orani hacimce 0.5 nanopartikiil karisimi i¢in yaklasik 0.9 olarak elde
edilmistir. Sekil 4c de ise PV panel verimi ve elektriksel gii¢ tiretimi goriilmektedir. FDM kullanimi verimi
yaklagik olarak %1 artirirken, FDM/nanopartikiil karisimi kullanimi yalnizca %0.2 ek bir artig saglamistir.
Benzer sekilde FDM kullanimu elektrik iiretimini yaklagik 5 kW artirirken FDM/nanopartikiil karigimi
elektrik iiretimini yaklasik 3 kW ek bir artig saglamistir. En yliksel panel verimi ve elektrik iiretimi 0.5
nanopartikiil karisimi i¢in yaklasik %17.7 ve 136 kW olarak elde edilmistir.
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Son olarak Sekil 5’ te 1200 W/m? radyasyon degeri igin PV panel sicakligi, erime oranlari, PV panel verimi
ve elektrik tiretimi incelenmistir. Sekil 5a’ da PV panel sicakliklari incelendiginde hacimce %0.3 ve %0.5
FDM nanopartikiil karisimi i¢in giineslenme siiresi boyunca geleneksel PV panelden daha diisiik sicakliklar
elde edilmistir. FDM ve 0.1 nanopartikiil igeren FDM karisimli PV panellerinin panel sicakliinin ise
giineslenme siiresinin sonuna dogru geleneksel PV panel sicakliginin iizerine ¢iktigi goriilmiistiir.
Maksimum erime miktar1 yine hacimce 0.5 nanopartikiil igeren FDM karigimu i¢in elde edilmis ve FDM
katmaninin tamami erimistir. Panel verimleri incelendiginde ise FDM kullanim1 PV panel verimini yaklagik
9%0.8 oraninda artirmistir. En yiiksek PV panel verimi 0.5 nanopartikiil iceren FDM karigimi i¢in yaklasik
%17.2 olarak elde edilmistir. Benzer sekilde FDM kullanimi elektrik iiretimini 7.5 kW artirirken, en yiiksek

elektrik iiretimi yine 0.5 nanopartikiil iceren FDM karigimi i¢in 158 kW olarak elde edilmistir.

543
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Yukarida goriildiigii gibi FDM igerisine nanopartikiil eklenmesiyle 1s1l iletkenlik arttigindan panelden
cekilen 1s1 miktar1 artmistir. Buna bagli olarak FDM erime orani da artmaktadir. Panelde daha fazla 1s1
cekilmesi panel sicakligim diisiirmekte, panel verimi ve elektrik iiretimi artmaktadir. Bu sebeple
calismadaki en iyi sonuglar 0.5 nanopartikiil FDM karigimi i¢in elde edilmistir.

5. BULGULAR VE TARTISMA (RESULTS AND DISCUSSION)

Bu calismada PV panelin sogutulmasi amaci ile FDM ve nanopartikiil-FDM kullanim1 1-B matematiksel
model gelistirilerek incelenmistir. Nanopartikiil FDM karisimi termofiziksel 6zellikleri igin literatiir
calismasindan faydalanilmis ve hacimce 0.1, 0.3 ve 0.5 nanopartikiil iceren FDM-nanopatikiil karisiminin
PV panel sogutulmas: iizerindeki etkileri farkli radyasyon degerleri i¢in belirlenmistir. Olusturulan
matematiksel model literatiir ¢aligmasi ile kiyaslanmis ve modelin kabul edilebilir oldugu saptanmuistir.
Yapilan incelemeler sonucunda asagida belirtilen bulgular saptanmstir.

e Tiim radyasyon degerleri igin PV panel tabanina FDM ve nanopartikiill FDM karigimi tabakasi
yerlestirilmesi panel sicakligini diigiiriirken PV panel verimini ve elektrik {iretimini artirmaktadir.
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e Panel tabanina FDM katmani yerlestirilmesi ile panel sicakligi radyasyona bagli olarak 2-5 °C
azalmus, elektrik iiretimi 4-6.5 kW, panel verimi ise yaklasik %1 seviyesinde artmistir.

e FDM igerisinde nanopartikiil oraninin artmasi panel verimini artirmaktadir. Buna gore en yiiksek
panel performansi nanopartikiil orani 0.5 oldugu durum igin elde edilmistir.

e FDM igerisindeki nanopartikiil orani 0.5 oldugu durum i¢in panel sicaklig1 geleneksel PV paneline
kiyasla radyasyon degerine bagh olarak 8-12 °C diigsmis, elektrik iretimi 6.5-10 kW ve panel
verimi %1- 1.5 seviyesinde artmustir.

e FDM-nanopartikiil karisimi igerisindeki hacimce nanopartikiil oraninin artist FDM konteyneri
icerisindeki erime miktarini artirmistir.

Bu sonuglar 1s18inda PV panel tabanina FDM malzemesi yerlestirilmesi panel sicakligini bir miktar
diistirtirken, ek olarak FDM igerisine nanopartikiil eklenmesi geleneksel PV panele kiyasla panel sicakligini
onemli dlciide diislirmiistiir. Boylece elektrik tiretimi ve panel verimi artmistir.
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Two-wheeled robots are popular in transportation applications because of their high
Rese{irCh article manoeuvrability. In this research, the oscillation attenuation performance of the control moment
Received: 24.01.2022 gyroscope (CMG) for the two-wheeled robot was studied. This CMG is also more reactionless
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Accepted: 13.06.2022 than other conventional absorbers by transforming the impact of angular momentum to

unidirectional thrust along the center of gravity. The gimbals can precess while providing the
angular momentum under the gravitational force. The CMG to be used for balancing the robot

Keywords can maintain its stability in the desired frequency band. Because increasing the flywheel speed
can produce the thrust force much more easily against the undesired oscillation forces that
gzsrgg?:é disrupt the balance of the robot. There is a relation between the gimbal amplitude and the

flywheel speed of CMG, in which the required flywheel speed can be reduced if the higher

ggp(t)rsrélog/leoment gimbal amplitude is chosen. It can be also concluded from the study that the oscillation
Inverted Pendulum amplitudes at the target frequency can decrease as much as flywheel speed increases. There
Self-Balancing Robot was also a mathematical model using ANSYS software. The simulation results using ANSYS
Two-Wheeled Robot matched well with the theoretical results of the Lagrangian model.

1. INTRODUCTION

Due to their high maneuverability, two-wheeled robots are popular in transportation applications
(http://segway.com) despite the stability problem of an inverted pendulum [1]. The stability of the
inverted pendulum-like robot has attracted significant interest over the past years [2,3]. There are
apparent techniques for both the dynamics and control of these robots. An inverted pendulum-like robot
is an unstable nonlinear vehicle that strongly depends on the center of gravity. [4,5]. However, two-
wheeled robots can be balanced with appropriate control despite their being naturally unstable. For the
sake of example, moving the wheel(s) of the robot [6,7], exerting a gyroscopic moment (CMG) [1], and
riding a reaction wheel [8]. A common control strategy is to turn the wheels of the robot to move the
center of a body mass forward and rear respectively. A two-wheeled robot requires a roll angle to be able
to control the robot’s balance under certain conditions such as the inertia forces of gravity, which
significantly reduces its mobility in the upright position. Therefore, maintaining the equilibrium of forces
brings interesting challenges to the researchers discussing different more realistic dynamical models to
stabilize robots [4-8].

A reaction wheel is a simple and low-cost momentum actuator that can produce torque to balance the
robot in the absence of ground reaction [8]. However, a primary challenge in conventional reaction
wheels is that they have to change flywheel velocity to generate angular momentum to compensate the
robot against constant falling-down force, which results in low momentum storage capacity. This is the
main problem of reaction wheels that limits their application when the body mass is subject to continuous
roll disturbances. However, compared with reaction wheels, a CMG is able to produce large amounts of
torque per unit mass against continuous moments using a constant flywheel velocity. In recent years,

*Corresponding author, e-mail: farukunker@gumushane.edu.tr DOI:10.29109/gujsc.1062497
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various studies have shown that the inertial forces of a structure can be controlled reactionless by using
the gyroscopic torque produced by a rotating flywheel [9-11].

In this paper, the vibration attenuation performance of a CMG for a two-wheeled robot (an inverted
pendulum problem) is investigated under the harmonic excitation torque of wheels. The angular
momentum of a gyroscope stabilizer can provide weight and volume savings and ground-independent
damping compared to conventional vibration absorbers [9-11]. Conventional vibration dampers generally
operate on the principle of energy transfer from the main structure to the damper in the low frequency
band [12]. However, the gyroscope can oscillate and precess while converting the angular momentum to
linear along the center of body mass under the gravitational force within a wide range of excitation
frequencies [9-11].

2.0VERVIEW OF ROBOT

Sinusoidal driving torque of t=tocos(wt) is applied to the robot wheels using forcing amplitudes (to) and
different forcing frequencies (w). Table 1 gives the technical parameters of the robot model. Gyroscopes
consist of a flywheel, which is assumed to have a certain rotational speed €, inside a gimbal that can
rotate (0) freely around its geometric axis in the body of the robot, as shown in Figures 1 and 2.

Figure 1. The two-wheeled robot with gyroscopes
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Figure 2. Two-wheeled robot with the length of the centroid (G) and head (pitch) displacement (¢) at the

free end

Table 1. Physical descriptions of the two-wheeled robot

Symbol Numerical properties Definition

g 9.80665 m/s? Acceleration due to gravity
r 0.15m Radius of the wheel

L 0.47693741m Length of the centroid
Mp 169.216910 kg Body mass

My 1.10344600 kg Gimbal mass

My 14.2471463 kg Wheel mass

My 2.52182131 kg Flywheel mass

lo 0.00849 kg.m? Inertia of each flywheel
lo 0.00432 kg.m? Inertia of each flywheel
lgx 0.00402 kg.m? Inertia of each gimbal
lgy 0.00410 kg.m? Inertia of each gimbal
lg: 0.00049 kg.m? Inertia of each gimbal
I 4.90519 kg.m? Inertia of body

lw 0.20413 kg.m? Inertia of the wheel
0 0-3000 rad/s Flywheel speed

T 1N.m Torque for each wheel
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2.1. Equations of Motion

The equations describing the robot motion can be derived by the Lagrange formula. Fortunately, the
fundamental equations of the two-wheeled robot using CMG are obtained by Unker [1] as

2T

(Mt +%")Z+mbL¢ cosp — myL@?sing = = (1)
(Iy +1,,)0 + (I, = I, + Iy — 15, )9? cos O sin 6 — [,Q¢ cos§ = 0 ; (2)
(21, cos? 6 + 21, sin? 6 + 21y, cos® 6 + 21y, sin% 0 + Iy, + mpL?)§ + 4(1, — I, + Igy —
ng)q')é sinf cos 8 + ZIPQQ cos 8 + ZmyL cos ¢ — my gL sin p = —21; 3)
In which

My = 2mg + 2my + 2m,, + my,. 4)

2.2. Balance Locations for Small Oscillations

Let’s assume that the acceleration of the head motion of the robot is negligible (¢ =~0) for a low
frequency with a small amplitude of the pitch vibrations (p=0, sing = ¢ and cose = 1). Also, if we
make another assumption for the balanced position of the gimbal body, it has zero kinetic energy at a very
small precession. (6~0, sin® = 6,and cos® = 1). Thus, the equations of the mathematical model of
motion can be simplified using 6 ~0 and ¢ ~0 assumptions in Equations (1), (2), and (3). Hence,
ignoring the terms of a higher power of angular velocities at the equilibrium position for a very small
amplitude of precession (6~0 sin® = 6,and cos® = 1), the differential equations of motion can be
simplified to;

2L\ .. 2T,
(M + %) 2 = ©)
(I +1,,)0 — 1,Q¢ = 0; (6)
21,00 + zm,L — mpgLe = —21. (7)

2.3. Required Flywheel Speeds corresponding to the Operating Frequencies

Let the wheels of the robot be stimulated with a harmonic distortion torque as T = t,e/“. The
displacements of the robot body and gimbal can then be written in terms of angular frequency (®):

z=2yel,0 = 0,e/” and @ = pye/t. (8)
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Thus, using Equation (8) in Equations (5-7) to solve these reduced equations of motion simultaneously,
the following matrix can be written in the form:

(9)

a)Z(Mt ZrI‘ZN) 0 0 Zy ATYA
0 —a? (I, + 1y;) ]a)IQ{ }={ 0 }

—wPmyL 2jol,0  —mygL] P 17270

From the determinant of the coefficients (zo, 60, and o), the characteristic equation is as follow;

[(1o + Ig)mpgL — 2(1,0)°] = 0. (10)

Therefore, Equation (10) can be rearranged into the following flywheel speed resonance;

— 1 [(lo+Igz)mpgL
Qresonance = +E,’gfb- (11)

Furthermore, the amplitudes of vibrations can be found from Equation (9) as follows, respectively;

29 = == (12)

2 ZI_W) ’
r T(Mt-+ 72

mpL
270lp 0 1+7(Mt+2:—¥") s
160] = 0| (lo+1gz)gmpL—2(1,2)"| (13)
mpL
2r0(10+1g2)[1+ (Mt+2:—§”)}
Po = (14)
(10+Igz)gmbL—2(IpQ)
Thus, the required flywheel speed can be obtained from Equation (13) such as;
—-b+vVbZ-4ac
Q2= 2a = (15)
in which:

a=2w|0|,°%;
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b = —21l, [1 + r(ﬂ;’:—”i,w)] ; (16)

7
c= —a)IHOIgmbL(IO + Igz) .

The lowest flywheel speed that can be used versus a required precession amplitude 6o can be determined
by the equations obtained above. Equations (13 and 14) illustrate that the amplitudes increase when the
wheel’s torque increases, which means more inertia force for the body of the robot in the horizontal axis.
The curves in Figure 3 are plotted with the help of these equations derived above. As the frequency
increases, the amplitude of the body vibration increases. It is necessary to increase the flywheel speed at
low-frequency values as seen in Figure 3. Therefore, low angular momentum is needed at high roll
amplitudes of gyro, according to the relationship between the flywheel speed and the roll amplitude.

91 (rad/s)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
w (radls)

0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
w (rad/s)

Figure 3. The frequency influence on the flywheel speed, Q and the pitch amplitude, ¢ for o =1Nm

3.RESULTS AND DISCUSSION

In this study, Lagrangian equations are solved with the help of MATLAB. The physical parameters to be
used in solving the equations of motion of the model are given in Table 1. Numerical solutions of model
equations were run for 0.05 s step intervals. The theoretical simulations of equations of motion were
confirmed with the simulations obtained by ANSYS for different speeds of flywheels. The displacements
are obtained by the Rigid Dynamics tool of ANSYS Workbench.

3.1. Influence of the Angular Frequencies

The oscillation amplitudes obtained from the flywheel speed scanning are shown in Figure 4. In which,
the flywheel speed of the CMG saves the robot from instability as soon as it reaches a certain speed. For
example, for this model, the required speed is Q=1000 rad/s, after which the robot moves stably and
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protects itself with gradually decreasing vibration amplitude. In addition, by increasing the flywheel
speed of the gyro, the amplitudes for each frequency can be reduced to desired levels.

In Figure 5, the optimum flywheel speed calculated using Equation (15) to minimize the oscillation
amplitude of the target frequency at values of 1o = 1 Nm and 6o = 0.3 rad is 2688 rad/s. As can be seen
from Figure 5, significant decreases were observed in the amplitudes of the vibrations, as the required
flywheel speed would decrease as the frequency increased. Consequently, for the same angular
momentum, the vibration amplitudes gradually increase as the frequency decreases.
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Figure 4. Influence of the flywheel speed Q for . = 1 Nm and »=0.5 rad/s
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Figure 5. Influence of the angular frequency wfor = = I Nm and Q = 2688 rad/s
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3.2. Comparisons of Ansys and the Theoretical Results

It can be seen from the comparisons that the results of the displacements agreed well and the simulations
of ANSYS and the theoretical results are almost the same as provided in Figures 6 - 8. By increasing the
gimbal amplitude, the required flywheel speed can be reduced. This means less angular momentum is
needed for the robot's balance. The damping performance of the CMG was achieved by using low
flywheel speed at large gimbal amplitude. However, in this case, it caused the oscillation amplitude of the
robot body to increase. The oscillation amplitudes in Figure (3), plotted with the aid of Equation (15),
contain minor errors due to the linearized equations. While a gyro’s flywheel is rotating at a certain
constant speed, the gimbal and body oscillate for the stability of the robot. That is, for the same
preventing rollover performance, the required flywheel speed can be reduced if a higher roll amplitude of
the gyro is used, taking into account the stability of the robot.

ANSYS
Theoretical

Time, t (s)

Figure 6. Comparison of ANSYS software and the theoretical results with the frequency w=0.5 rad/s, Q
= 2688 rad/s, and = 1 Nm for &4=0.3 rad
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Figure 7. Comparison of ANSYS software and the theoretical results with the frequency @w=0.5 rad/s, Q
= 2022 rad/s, and o = 1 Nm for &=0.4 rad
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Figure 8. Comparison of ANSYS software and the theoretical results with the frequency w=0.5 rad/s, Q
= 1623 rad/s, and p = 1 Nm for &=0.5 rad

4.CONCLUSIONS

In this study, the nonlinear dynamic equations of the robot with CMG were obtained using the
Lagrangian approach. In addition, a CAE software (ANSYS) model was tested to check the damping
capability of the GMG. As a result, it is seen that Lagrange model and ANSYS simulations are similar.
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CMG can convert the angular momentum to unidirectional thrust at the center of body mass along the
forcing excitation axis, which has considerably attenuated the vibration at the target frequency. However,
the system becomes unstable when descending to low excitation frequencies at a constant speed of the
flywheel. Since stability is dependent on angular momentum, damping performance improved as the
flywheel speed of the gyroscope increased. This article demonstrates that there is a correlation between
the flywheel speed and the gimbal’s precession amplitude. Namely, when a high roll amplitude is used,
the required angular momentum can be reduced for damping.
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CNC tel erozyon
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Elliptical gears are a specific type of gear used in situations where tooth profiles are arranged
with equal steps on an ellipse and the driven shaft speed is desired to be changed within the same
turn. The studies that covered elliptical gears focused on the design of tooth profiles, and the
research increased on prototype manufacturing of elliptical gears. The elliptical gear tooth profile
is developed based on the fact that the tooth profiles of elliptical gears are not identical to
cylindrical gears and are obtained by shaping tooth flanks with involute curves by the rolling
method on the section ellipse with a rack or cylindrical spur gear cutter. It has been determined
that the use of CNC electrical discharge machining (EDM) in the manufacture of elliptical gears
has preferably become the manufacturability of elliptical gears in standard modules by developing
electronic gearboxes for hobbing machines. Elliptical gear pairs are used in different machines,
mechanisms and equipment, especially flow meters, and pumps with elliptical gear pairs are
widespread.In today's world, where energy efficiency is of utmost importance, it is necessary to
measure the flow rates of high volumes of fluids accurately and precisely, as well as to eliminate
the losses in fluid transfer. In this compilation study, the design of elliptical gears, traditional and
non-traditional manufacturing methods, strength and vibration analyzes, and various industrial
applications in the literature were evaluated, and the common result of the literary works was
obtained. It is predicted that elliptical gears will be an indispensable part of many smart products
that contain mechanical parts soon.

Eliptik Disli Tasarimi, Imalati, Analizi ve Eliptik Disli Esash
Endiistriyel Uygulamalar

Oz

Eliptik digliler, bir elips iizerine esit adimlarla dis profillerinin dizildigi ve tahrik edilen mil
hizinin ayn1 doniis igerisinde degistirilmesi istenen durumlarda kullanilan 6zel bir digli tiirdiir.
Eliptik disliler iizerine yapilan ¢aligmalarin dis profillerinin tasarimi {izerine yogunlastig1 ve
prototip imalatlarina yoOnelik aragtirmalarin arttigi goriilmektedir. Eliptik dislilerin dis
profillerinin silindirik digliler gibi 6zdes olmayacagindan hareketle gelistirilen eliptik dislinin dis
profili; kramayer veya silindirik diiz disli formlu kesicinin béliim elipsi lizerinde yuvarlanma
yontemine uygun olarak evolvent egriye sahip dis yanaklarmin sekillendirilmesiyle elde
edilmektedir. Eliptik dislilerin imalatinda CNC tel erozyon tezgahlarindan faydalanmanin
yayginlastig1, bununla birlikte azdirma tezgahlari i¢in elektronik disli kutular gelistirilerek eliptik
dislilerin standart modiilde imalatinin da miimkiin oldugu tespit edilmistir. Eliptik disli ¢iftleri
farkli makine ve teghizatta kullanilmakta, 6zellikle eliptik digli ¢iftine sahip debimetre ve
pompalarin yayginlastigi goriilmektedir. Enerji verimliliginin son derece 6nem kazandigi
giliniimiizde, yiiksek miktardaki akigkanlarin debilerinin dogru ve hassas 6l¢iilmesi, ayni zamanda
akigkan transferindeki kayiplarin da giderilmesi de gerekmektedir. Bu derleme ¢alismasinda
eliptik dislilerin tasarimi, geleneksel ve geleneksel olmayan imal usulleri ile imalati, dayanim ve
titresim analizleri ve literatiirde yer alan muhtelif endiistriyel uygulamalar1 gézen gecirilmis ve
¢alismanin ortak bulgular elde edilmistir. Eliptik dislilerin yakin gelecekte biinyesinde mekanik
kisim barindiran birgok akilli iiriiniin vazgegilmez bir organi olacagi 6ngoriilmektedir.
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1. GIRiS INTRODUCTION)

Eliptik disli, bir elips iizerine esit adimlarla dis profillerinin dizildigi ve sabit bir hizla tahrik edilen mil
hizinin ayn1 déniis icerisinde degistirilmesi istenen durumlarda kullanilan 6zel bir disli tiirdiir. Bu disli tiirii
otomatik makinelerde, degisken ¢evrim orani istenen mekanizmalarda, tekstil ve baski makineleri gibi bir
¢ok endiistriyel uygulamalarda tercih edilmektedir.

Eliptik dislilerin ilk 6rnegi, italyan saatci Giovanni Dondi’nin (1330 — 1388) el yazmasi Tractus Astarii’
de Merkiir ve Ay’in hareketlerini takip eden bir saat mekanizmasinda kullanilmistir [1]. Bununla birlikte
Leonardo da Vinci tarafindan 17. yy’ da anahtar agma tezgahlari, geneva mekanizmalari, miizik kutulari,
otomatik oyun aletleri ve pompa gibi mekanik sistemlerde de yer aldig1 tespit edilmistir [2]. Ayrica eliptik
disliler; paketleme, etiketleme, debimetre ve tekstil makinelerinde de kullanilmaktadir [3]. Diizlemsel
cubuk mekanizmalarinda, dairesel olmayan disliler tarafindan tahrik edilen donanimlarin artan dogruluk ve
yiiksek verimlilige, 6zellikle dinamik yiiklemelerde daha uygun dengeye sahip oldugu goriilmektedir [4].
Eliptik digli carklarla ilgili ¢ok sayida teorik ve deneysel calisma literatiirde yer almaktadir. Bu
calismalarda, kramayer bicimli kesici takimlarla eliptik dislilerin dis profillerinin elde edilmesinde
bilgisayar programlarindan faydalanilmis, dis profilinin alttan kesimi incelenmis, tel erozyon tezgahinda
imalat1 yapilmis ve evolvent egrisi ile iiretilen disliler birbiriyle karsilagtirilmistir. Eliptik dislilerin dis
profillerinin dizildigi béliim elipsinin geometrik denklemlerinin literatiirde ayrintili bir sekilde yer aldig1
goriilmiistlir [5]. Evolvent yonteminde, eliptik dislinin boliim elipsi iizerinde yuvarlanma hareketi yapan
bir kesici takim ile diglinin dis yanak profilleri olusturulmakta ve bu yontem i¢in matematiksel modeller
onerilmektedir [6].

Eliptik disliler iizerine yapilan calismalar {iilkemizde olduk¢a sinirlidir. Yapilan bu derleme calismasinda
eliptik digliler hakkinda genel bilgilerin yanm sira, literatiirdeki calismalar hakkinda bilgi verilmis olup,
arastirmacilarin ilgisini eliptik digliler lizerine ¢ekmek ve iilkemizde eliptik disli ciftlerine sahip katma
degerli iirlinlerin iiretilmesine dnciililk edilmesi amaglanmuistir.

2. ELIPTiK DISLILERIN TASARIMI

Eliptik disliler, degisken hiz oranlarina sahip hareketler icin tasarlanabilmekte ve odak noktalar: etrafinda
dondiiriildiigiinde diizglin bir sekilde disler birbirini kavramaktadir. Eliptik dislilerin adim egrisi elips
bi¢imli oldugundan tasarim ve imalatlart zordur [7]. Dairesel olmayan dislilerin adim egrisi denklemi;
sirastyla, tahrik diglisi adim egrisi denklemi, merkezler arasi uzaklik ve ¢ikis fonksiyonu olmak iizere iic
veri ile belirlenmektedir [8]. Eliptik dislilerin bir doniisii sirasinda disli oranindaki siirekli degisim igin bir
adim ana hatti sekli tasarimi1 sunulmus, dairesel olmayan dislilerin bazi kinematik 6zellikleri gosterilmis ve
verilen parametreler i¢in dairesel olmayan diglilerin adim egrilerinin tasariminin nasil optimize edilecegini
aciklanmistir. Calisilan digli tertibatinin kinematik 6zelliklerinin, silindirik diiz disliler gibi standart dairesel
dislilere nazaran farkli oldugu ortaya koyulmustur. Dairesel olmayan dislilerin, dairesel dislilerin ve kam
mekanizmalarinin avantajlarinin sentezlendigi ve siirekli degisken oran ile yiiksek ¢ikis giicii ve miikemmel
dogrulugun bir kombinasyonunu sundugu goriilmektedir [9]. Bazi ¢alismalar, eliptik adim elipslerinin
kinematik analizi ve bilgisayar destekli tasarimma odaklanmistir [10]. Eliptik dislilerin tasarim ve
imalatlarinda, standart modiillerin kullanilmasi i¢in boliim elipsinin ¢evre uzunlugunun dogru olarak
hesaplanmas1 gerekmekte ve buna yonelik farkl esitliklerin ve revizyonlarinin literatiirde yer aldig tespit
edilmistir [11]. Bolim elipsinin ¢evre uzunlugunun hesaplanmasi yaklasik ¢oziimler igermekte ve en
yaygin karsilasilan yaklasik hesap Ramanujan denklemi olarak bilinmektedir [12]. B6liim elipsinin ¢evre
uzunlugunun hesaplanmasinin bir diger yontemi analitik hesaplama yontemidir. Yontem, elipsin odak
noktasindan anlik yarigaplarin hesaplanmasina ve eliptik egri tizerinde olugan noktalar arasindaki sonsuz
kiigiikliikkteki dogrularin toplanmasi esasina dayanmaktadir. Eliptik diglilerde boliim elipsinin analitik
olarak hesaplandigi bir ¢alismada [13], analitik yontem ile boliim elipsinin ¢evre uzunlugunun, MATLAB
ve CATIA V5 paket programindan elde edilen ¢evre uzunluklari ile uyumlu oldugu goriilmiistiir.

Eliptik diglilerin tasariminda karsilasilan problemlerden birisi, ayni dislinin tiim disleri degil, ayn1 disin iki
yanak profilleri arasinda dahi fark olusmasidir. Bu, karmagsik matematiksel denklemlerin dikkate alinmasini
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ve ¢oziimlemede bilgisayar destekli tasarim programlarindan faydalanmayi gerektirmektedir [14]. Dis
profillerinin olusturulmasi ile ilgili literatiirde muhtelif ¢alismalar bulunmakta ve disli modellerinin elde
edilmesinde ¢cogunlukla kramayer veya silindirik disli formlu kesiciler tercih edilmektedir. Bu kesicilerle
boliim elipsi lizerinde yuvarlanma ve dogrusal kesme hareketi esnasinda dis formlari elde edilmektedir. Dig
profillerinin olusturulmasi amaciyla MATLAB paket programinda bir algoritma gelistirilmis ve dis
profillerini elde edilmistir [15]. Diger bir ¢alismada, merkezleri birbirine bagl yaylar ile olusturulan bir
boliim elipsi modeli 6nerilmis, diiz disli formunda bir kesici takimla yuvarlanma yontemine dayali olarak
eliptik disli modellemesi gergeklestirilmistir. Bu model, eliptik dislilerde sadece dis profilini degil aym
zamanda digin alttan kesme unsurunu da belirlemede kullanilmistir. Bu model esas alinarak {iretilen eliptik
diglilerin yag, fuel-0il ve su iletiminde yer alan hidromakinelerde tercih edilebilecegi beyan edilmistir [16].

Standart diiz disli dis profili disindaki farkli tip dis profiline sahip eliptik dislilerin dis profillerini elde
etmenin bir baska yolu, farkli dis profillerine sahip kramayer kesiciyi boliim elipsi iizerinde yuvarlama
yontemi olarak Onerilmistir. Dis profili ¢ift dairesel yay olan helisel dislilerin matematiksel modeli
gelistirilmig, kinematik hatalar1 dikkate alinmig ve anlik temas elipsleri analiz edilmistir [6]. Benzer sekilde
disbiikey-i¢biikey dis profili temas yiizeyine sahip dairesel yayl dis profilli eliptik dislilerin matematiksel
modeli gelistirilmis ve bir bilgisayar program1 yazilmistir. Dis profili kramayer bir kesiciye doniistiiriilerek,
yuvarlanma yontemi ile eliptik disli olusturulmustur. Dairesel yayl1 dis profilli eliptik dislinin tahrik ytik
kapasitesinin, evolvent dis profilli eliptik dislinin tahrik kapasitesinden daha biiyiik oldugu goriilmiistiir.
Yag pompasinda dairesel yayl dis profilli eliptik disli tahriki kullanildiginda, dis sayis1 az olan diglilerin
secilmesi halinde, eliptik adim egrilerinin eksantrikligini artirabilecegi ve pompalama hacminin artmasina
neden olabilecegi tespit edilmistir [17]. Eliptik dislilerin dis profillerinin elde edilmesine yonelik
calismalarda, bilgisayar destekli modelleme ortaminda, makro program yazilarak istenilen modiil ve disg
sayilarinda tasarlamak daha kolay hale gelmistir. Bir elipsin evolvent egrisi ve elipsin ¢evresini eliptik
integral ve Fourier serisi ile yaklasik bir ¢oziimiinii MAPLE paket programinda modellenmis ve drnek
uygulama yapilarak ortaya koyulmustur [18]. Diger bir ¢alismada, dairesel olmayan disli, ¢ift basing agisina
sahip simetrik olmayan dis profilli olacak sekilde tasarlanmistir. Dairesel olmayan disli i¢cin adim egrisi
boyunca simetrik olmayan dis profili merkez hattinin ve yuvarlanma durumunun matematiksel modeli elde
edilmis ve dairesel olmayan disli c¢ifti olusturulmus, dislilerin hareketleri, mekanik ve kinematik
simiilasyon yoluyla dogrulanmistir. Cift basing a¢ili dairesel olmayan dislinin, tek basing acili dairesel
olmayan dislilere gore tercih edilebilir mekanik 6zelliklere sahip oldugu beyan edilmistir [19]. Bilgisayar
destekli 2B’lu ¢izim ortaminda; eliptik diiz dislilerin literatiirdeki denklemleri kullanilarak istenilen modiil
ve dis sayisina gore eliptik disli olusturacak bir LISP programi [20] gelistirilmistir. Program ile 5 farkli
eliptik disli modellenmis, CNC tel erozyon tezgahinda disliler iiretilmis ve eliptik disliler bir hidrolik
pompa diizeneginde ¢alistirilmigtir. Pompanin rotor dislisinin devir sayisindaki artigin, eliptik diiz dislilerin
cevresel hizlarinda artisa yol agtigi, bu durumunda giiriiltii seviyesinin dislilerin modiillerinin artmasiyla
birlikte 100 dev/dk’ da 50 — 65 desibel (dB) araliginda, 1000 dev/dk’ da 85 — 95 dB araliginda oldugu tespit
edilmis ve dis profilinin asginmasinda artisa neden oldugu beyan edilmistir. Devir sayisinin artmasiyla
birlikte pompalama basincinin da arttig1 tespit edilmistir. Eliptik dislinin rotor dislisinin 40 dev/dk’ da
olusturdugu basing 4 bar, 175 dev/dk’ da 10 bar oldugu goriilmiistiir [20].

Eliptik disliler, degisken ¢evrim orani istenen sanzimanlarda da tercih edilmektedir. Bu dislilerin iletim
yapilmustir [21,22]. Cevrim oranlari sirasi ile 0,5; 1 ve 2 olan stirekli degisken ¢evrim oranli bir sanziman
gelistirildigi, bu sanziman i¢in bir ¢ift 6zdes eliptik disli ve uygun bolim elipsi tasarim prosedirii
Onerilmistir. Dislilerin her birinin doniis merkezinin, elips odaklar1 ile gakigsmasi icin disliler eksantrik
olarak yerlestirilmis ve eliptik disli ¢iftlerinin dis profilleri asimetrik olarak elde edilmistir (Sekil 1). Ayrica
degisken g¢evrim oranli sanzimanin, sabit ¢evrim oranli dairesel dislilerden olusan sanziman ile olan
farkliliklar1 ve kinematik 6zellikleri tartisilmistir [23].
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(@) (b)
Sekil 1. a) Eliptik dislinin dis profil egrisinin olusturulmasi. b) Imal edilen eliptik disli ¢ifti [23].

Bir diger ¢alismada, boliim elipsinin ¢izim yontemi agiklanmis ve ProE ortaminda farkli eksantriklige sahip
birden fazla eliptik disli modellenmistir [24]. Eliptik dislilerin hareketleri ADAMS paket programinda
simiile edilmis ve eliptik dislilerin hareket iletim 6zellikleri tartisilmistir. Ayrica gergek ve sanal ortamdan
elde edilen hareket verilerinin uyumlu oldugu tespit edilmistir. Eliptik dislilerin bir debimetrede
kullanilabilecegini, farkli eksantriklige sahip eliptik dislilerin sliplirdiigli hacmin hesaplanabilecegi ve
eksantriklik araligina gére en uygun eliptik disli ¢ifti seciminin 6nceden yapilabilecegi ortaya koyulmustur
[24]. Eliptik dislilerin tasarim parametreleri ile ilgili literatiirden elde edilen bilgiler Tablo 1’de verilmistir.

Tablo 1. Literatiirdeki tasarimi yapilmus eliptik disliler.

EJ%‘LS:: ;rlr)]’;l Tasarim Bilgileri Yontem | Kaynak
pis | Bibvik | Kiigiik
Modiil savisy | YATI6ap | yaricap a/b | Basing
(m) ()Z,) (a), (b), orani | acis1
(mm) (mm)
Dairesel yayli
dis profilli ) o
eliptik disli 5 35-49 125 20 Tasarim [17]
tasarimi
IEhP“k disli 20337 | 17,644 | 1,152
Elsr?gm“;t:’; 200 | 19 20° | Tasarim [24]
analizi 21,045 16,836 | 1,250
Elt‘f:;lr‘lr‘ﬁfh 07 | 62 | 27,067 | 14,574 30° | Tasarm | [77]

3. ELIPTIK DiSLILERIN IMALATI

Eliptik dislilerin imalati {izerine yapilan ¢aligmalarda, {iretim yontemleri tartisilmis ve modern endiistride
dairesel olmayan disliler iyi bir sekilde imal edilebilmistir [25]. Farkli imalat yontemleri arasinda hem dig
hem de i¢ disliler i¢in kullanilabilen, kesici yarigap ayariyla adim ayarlanabilmektedir ve alttan kesme
unsurunu Onleyebilen disli sekillendirmenin, eliptik disli imalat1 i¢cin uygun oldugu kabul edilmektedir
[26,27]. Dairesel olmayan disli sekillendirme ile ilgili, bilgisayarli dis profili hesaplanmasi ve alttan kesme
unsurunun analizi dahil olmak iizere dairesel olmayan disli liretiminin matematiksel modeli agiklanmistir
[28]. Dairesel olmayan dislilerin imalat isleminin grafik algoritmasi belirlenmis ve sayisal bir hesaplama
yontemiyle de gosterilmistir [29]. Diiz dairesel olmayan dislinin teorik baglanti modeli ve pratik siireci
tartisilmig, dairesel olmayan i¢ ve helis dislilerin islenme siireci genellestirilmis ve her tiirli dairesel
olmayan dislinin 3 eksenli bir takim tezgahinda imalati gergeklestirilmistir [30,31]. Daha yakin zamanlarda,
ayn Ozelliklere sahip olmayan bir yuvarlanma yontemi 6nerilmis ve dairesel olmayan dislilerin seri iiretimi
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i¢in bir makine gelistirilmistir [32]. Eliptik disliler geleneksel ve geleneksel olmayan imalat yontemleriyle
iiretilebilmektedir.

Eliptik dislilerin geleneksel imalat yontemleri ile iiretilmesi i¢in digli {iretim tezgahlarinin yapilandirilmasi
gerekmektedir, diger taraftan geleneksel olmayan imalat yontemi olarak CNC tel erezyon tezgédhi tercih
edilmektedir.

3.1. Geleneksel imal Usulleri ile imalat

Diglilerin geleneksel imal usulleriyle iiretilmesinde, azdirma, Fellow ve Maag yontemlerinden birisi
kullanilmaktadir. Bu yontemlerden birisini kullanan takim tezgahlari, uyguladigi yontem ile
adlandirilmaktadir. Ornegin azdirma tezgah, fellow tezgahi gibi isimlendirilmektedir. Literatiirde azdirma
ve Fellow yontemi ile iiretilmis eliptik dislilere rastlanilmigtir. Fellow yontemi, silindirik digli formlu bir
kesicinin, yukari, asag1 ve kendi ekseni etrafinda donme hareketiyle birlikte, is pargasinin kendi ekseni
etrafinda donmesiyle, yuvarlanma esasina dayanan disli sekillendirme islemidir. Dairesel olmayan
dislilerin adim egrisi normalleri isleme sirasinda siirekli degistiginden, adim egrisi normalleri ile kesici
takimin arasinda a¢1 olugmaktadir. Bu durum kesici takimin geri kagmasina neden olmaktadir. Kesici
takimin geri kagmasin1 dnlemeye yonelik bir Fellow tezgahi icin 4 eksenli, programlanabilir bir tezgah
modeli gelistirilmis (Sekil 2), matematiksel modelin ardindan dairesel olmayan dislinin imalati
gergeklestirilmistir. [33]. Spiral konik disli imalatinda yaygin olarak kullanilan yiizey frezeleme yontemi
ile bir disli tezgahi (Sekil 3), dairesel olmayan digli imalatina uyarlanmis ve yeni tip dairesel olmayan bir
disli tiirti imal edilmistir. Yeni tip dairesel olmayan dislinin disleri, diger dairesel olamayan dislilerin disleri
gibi dogrusal formlu degil, yay parcas1 seklinde olusturulmustur (Sekil 4). Bu yay bicimli dis formu daha
yiiksek temas oranina sahip ve helisel dairesel olmayan dislilere kiyasla daha kiigiik eksenel kuvvet
olusturdugunu tespit edilmistir. Bununla birlikte, yeni tip dairesel olmayan disli ciftlerinin calisma
esnasinda, dis profillerinin i¢ biikey kisminda yag: tutabilme 6zelligi ile daha fazla yaglama yaptig
calismada vurgulanmistir [34].

s

SP: Makine ekseni
A: s pargasi ekseni |
SN,

B: Kesici ekseni

X: Kayar eksen

(@ (b)

Sekil 2. A) 4 eksenli takam tezgahinin sematik gériintiisii. B) Yapulandirilmis tezgah ile iiretilmis dairesel
olmayan disli [33].
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X -~ A: Is mili ekseni.
-~ B: Taban ag1 ekseni.
/ \ C: Kesici ekseni.
1 C YA — X: Yatay kayar eksen.
‘T h * Y: Dikey kayar eksen.

Z: Talas derinligi

ekseni.
B -~ .
— X ve Y: Sanal besik
e/ eksenleri.

Sekil 3. Spiral konik disli tezgahi [34].

f
{
X

(a) (b)

Sekil 4. a) Yeni tip dairesel dis formlu dairesel olmayan disli. b) Dogrusal dis formlu dairesel olmayan
disli [34] [20].

Literatiirde eliptik disglilerin azdirma tezgahinda imalatlan ile ilgili yapilan galigmalar yer almaktadir.
Eliptik dislilerin azdirma tezgdhinda imalat1 sirasinda meydana gelen baglanti modelleri ve azdirma
frezesinin talas derinligine dogru hareketi tarafindan iiretilen ek hareketi lizerine arastirmalara
rastlanilmistir. Dairesel olmayan dislileri azdirma tezgahinda iiretebilmenin yolu, birden fazla eksen
arasinda zamanla degisen hiz oraninin korunabilmesidir. Elektronik disli kutusu, dairesel olmayan dislilerin
tiretilmesinde etkili bir ¢oziim oldugu tespit edilmistir [35,36]. Dairesel olmayan dislilerin imalatinda,
kesici takim ile ig parcasi arasinda siirekli temas saglamak amaciyla isleme enterpolasyonu gelistirilmistir.
Enterpolasyon yontemi, CNC tezgahmin donanim yapisina dayali olarak bir azdirma tezgahina
uygulanilarak deneysel olarak dogrulanmistir. Dogrulama islemi i¢in, bir ¢ift eliptik disli imal edilmis ve
disli ¢iftinin performansini degerlendirmek i¢in imal edilen bir pompada deneyler yapilmistir. Gelistirilen
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yonteme gore boliim elipsinin, hizi ve ivmesinin igleme siirecinde siirekli oldugu ve hatalarin %90’dan daha
fazla azaldig1 sonucuna varilmistir [37]. Jiang Han ve arkadaslari tarafindan, dairesel olmayan bir helisel
dislinin azdirma tezgahinda imalati incelenmis, gelistirilmis bir azdirma baglanti modeli {izerine ¢alisilmus,
kinematik simiilasyon testi gerceklestirilmis, enterpolasyon prosesi analiz edilmis ve azdirma deneyi
yapilmustir. Iki elektronik disli kutusu semasiyla enterpolasyon hatalar iyilestirilmis, hiz oram baglant:
modeline gore tasarlanan semayla ve her baglanti ekseninin yer degistirme fonksiyonuna dayali olarak
azdirma semasi da ortaya koyulmustur. Azdirma ve dis formu olusturma deneyleri, azdirma baglant:
modelinin kesinligi ve enterpolasyon hesaplama hatalarinin iyilestigi dogrulanmustir [38].

Eliptik dislilerin imalatinda gerekli olan dis iistii elipsinin de hassas bir sekilde islenmesi gerekmektedir.
Dairesel olmayan CNC tornalama, kamlar, eksantrik milleri ve dis biikey elips pistonlar gibi elemanlari
tiretmek olduk¢a yaygindir [39,40]. Dairesel olmayan tornalamada, tornalama islemi sirasinda egrilik ve
kesme yarigap1 anlik olarak degisir. Bu nedenle, is mili geleneksel tornalama igleminde oldugu gibi sabit
devir sayisinda donerse, kesici ucun ve is pargasinin bagil hareketi ile olusan kesme agisi ve ilerleme hizi
periyodik olarak degisir. Bu durum biiyiik kesme kuvveti dalgalanmalarina ve diisiik yiizey kalitesine sebep
olur [41]. Form sekil tamligi ve mevcut dairesel olmayan tornalamayi esas alarak, konumlandirma
dogrulugu iizerine ¢alisilmis ve hizli radyal servo siiriiciiler ile eksenleri kontrol edilen yeni tip torna tezgahi
iiretilmistir. Bu torna tezgahi, bigim hatasin1 dogrudan bir amag olarak ele alan yeni bir kontrol yapisina
sahip oldugu goriilmiigtiir. Prototip torna tezgahiyla yapilan deneyler sonucunda, Onerilen yontemin
yalnizca motor siirliciilerinin hata kontroliinii izlemeye odaklanan geleneksel kontroldrlere kiyasla form
hatalarini yaklasik %30 azalttigin1 saptanmistir [42].

Dairesel olmayan dislilerin iletim dogrulugu ve kararliligin1 artirmak amaciyla, bir konik silindirik disli
tasarim yontemine benzer sekilde, konik dairesel olmayan disli ¢ifti tasarlanmistir. Bu disli, C eksenli bir
CNC torna tezgahinda, kiiresel uglu kesici takimla eliptik konik digli tiretilmis ve dislilerden bir tanesi
izerine Sekil 5°te gosterildigi gibi kursun tel yerlestirilmistir. Dislilerin ¢alisma esnasinda diizlesen kursun
tellerin toplam kalinlig1, normal ¢alisma boslugu olarak kabul edilmistir. Deneylerden elde edilen bulgular;
konik helisel dairesel olmayan diglilerle, eksenel yer degistirme yontemi kullanilmasi dis boslugu igin
uygun olmadigi ve konik diiz dairesel olmayan dislilerde bosluk ayar1 yapilabildigi sonucuna varilmistir.
Konik dairesel olmayan disli ¢iftinin dis yiizeylerinin anlik temasi, diiz bir ¢izgi olusturmus, dis yiizeyi
tipinin ¢izgili bir yiizey oldugu ve dislilerin dis yiizeyi, birbirine ge¢me etkisini azaltabilen bir helisel
dairesel olmayan dislinin 6zelliklerini sergiledigi tespit edilmistir. Normal boslugun sayisal degisiminin
orantil iliskisi, eksenel yer degistirmenin orantili iligkisine esit oldugu belirlenmistir. Kesme prensibine
dayali olarak elde edilen dis yiizeyinin geometrik modelinin, gerekli iletim gereksinimlerini
karsilayabilmistir. Bogluk ayarinin, bilgisayarli sayisal kontrol isleme deneyleriyle birlikte kursun telin
ezilme analiziyle de dogrulanabilir oldugunu gosterilmistir [43].

(b)

Sekil 5. a)Dis bosluklarina yerlestirilen kursun tel. b) Calisma sonrasi diizlesen kursun tel [43].

Modern endiistride, mekanik tahrikin yiiksek dogrulugunun istenmesi nedeniyle eliptik dislilerin taglanmas1
da gereklidir. Dislilerin 6zellikle 1s1l islem sonrasi dis formlarinin ve yiizey piiriizliiliiklerinin giderilmesi
gereksiniminden dolay1 disli taslama islemi yapilmaktadir. Disli taslama tezgahi ve disli tipi, taslama taginin
bicim ve oOzelliklerini belirlemektedir. Disli taglamada dis profillerinin yan yiizeyleri taslanmaktadir ve
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azdirma freze gakisi yerine, tag baglanarak yapilmaktadir. Teknolojinin ilerlemesiyle birlikte CNC taglama
tezgahlarindan faydalanilmaktadir. Disli taslama, sonsuz vida, konik disli ve profil taslama islemlerinde
siklikla kullanilmaktadir ve eliptik disliler iizerinde de uygulanabilir durumdadir. Ozellikle sertlestirilmis
eliptik digliler i¢in taglama ana yontemdir. Ancak, eliptik dislilerin taslanmasi hakkinda simirhi bilgi
mevcuttur. Eliptik dislilerin, disleri birbirinden farkli oldugundan dolay1 eliptik dislilerin taslanabilmesine
yonelik matematiksel model olusturulmustur. Matematiksel modeller; hareket olusturma, dis profiline gore
pozisyonlanma analizine gore, her bir dis i¢in uzunluk formiilii gelistirilmis ve CNC konik disli taglama
tezgahi ile eliptik dislilerin taglanmasinin miimkiin oldugunu gosterilmistir [44].

Dairesel olmayan disliler, dairesel disliler gibi azdirma ve fellow disli agma yontemleriyle agilabilmektedir.
Dairesel olmayan dislileri, geleneksel yontemlerle imal edebilmek icin, mekanik disli agma tezgahlarina
elektronik sistemler eklenerek veya CNC disli agma tezgahlarinda iiretilebilmektedir. Ancak geleneksel
imalat yontemiyle standart modiildeki dairesel olmayan digliler agilabildigi goriilmiistiir. Eliptik dislilerin
geleneksel imal usulleriyle tiretim parametreleri literatiirden elde edilen bilgiler dogrultusunda Tablo 2’de
verilmistir.

Tablo 2. Literatiirdeki geleneksel imal usulleri ile imalati yapilms eliptik digliler.

EJ;Elet;rlz;l Tasarim Bilgileri Yontem | Kaynak
pis | Buvik | Kiiciik
Modiil yaricap | yaricap | a/b | Basing
sayisi
(m) @) (a), (b), orani | acis1
(mm) (mm)
Freze
Eliptik disli tezgahinda
tasarimi ve 2,00 42 20° | vargelleme [32]
imalati usulii
imalat
Eliptik disli Fellow
tasarimi ve 2,00 33 20° tezgahi ile [33]
imalat1 imalat
Eliptik disli 32 frz{zﬁ%e
tasarimi ve 2,00 Sntemivl [34]
imalati 48 yontemiyle
imalat
Eliptik disli Azdirma
tasarimi ve 1,00 54 67,355 36,268 20° tezgahi ile [37]
imalat1 imalat
Eliptik disli Azdirma
tasarimi ve 4,00 21 tezgahi ile [38]
imalati imalat

3.2. Geleneksel Olmayan imal Usulleri ile imalat

Eliptik dislilerin bir diger iiretim yontemi CNC tel erozyon tezgahinda (CNC tel EDM) kesilmesidir. Bu
yontemin avantaji standart modiile bagimli olunmamasidir. Tel erozyon tezgahinda isleme (WEDM)
yontemi kullanmlarak dairesel olmayan dislilerin islenmesinde yenilik¢i bir yontem ortaya koyulmustur
[45]. CNC tel EDM yoénteminin kullanilabilmesi igin bilgisayar destekli modelleme ve imalat
programlarindan faydalanilmaktadir. Eliptik dislilerin imalatina yonelik, AutoCAD biinyesinde yer alan
AutoLISP ortaminda paket program yazilmis, paket programla 5 farkli modiil ve dis sayisina sahip eliptik
disli ¢ifti olusturulmus ve CNC tel EDM ydéntemi ile imal edilmistir. Diglilerin ANSYS paket programinda
dogal frekanslar1 bulunmus, eksen kagikliklar1 bir deney diizenegi ile belirlenmis ve eksen kagikliklarinin
dogrusal oldugu, sapmanin 5,6 um olarak saptanmis ve modiildeki artisa bagli olarak hesaplanabildigi
ortaya koyulmustur [46]. WEDM yonteminin; eliptik dislilerin imalati performans bakimindan diger
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yontemlere gore daha kotii olmadigi vurgulanmis, bu yontemle yiizey kalitesinde bozulma ve malzemede
faz degisimi olmadan disli ¢ark imal edilebilecegi beyan edilmistir [47]. Eliptik disli prototiplerinin
imalatinda eklemeli imalat (3D yazici) ile {iretimin tercih edildigi literatiirde goriilmiistiir. 0,01 mm kose
keskinligine, yiizey piriizliiligi Ra = 1,6um’ ye sahip eliptik digli eklemeli imalat yontemi ile {iretilmis ve
SolidWorks ortaminda dondiiren eliptik dislinin agisal hizi 100 rad/s ile hareket analizi yapilmigstir.
Déondiiriilen eliptik dislinin en kiigiik agisal hizi 50 rad/s ile 12. diste oldugu tespit edilmistir [23].

Eliptik dislilerin her bir diginin hatta aym disin, iki yan profilindeki farkliliklarindan dolay1 geleneksel
olmayan imal usulleri imalati daha uygundur. Bu yontemler arasinda 6ne ¢ikan WEDM yoéntemidir. Bunun
nedeni, WEDM tezgahlar1 icin bilgisayar destekli imalat programlari ile G kodlarmin rahatlikla
iiretilebilmesi ve tasarima en yakin sonucun bu yontemle alinabilmektedir. Ayrica WEDM yontemi ile
istenilen sertlikteki eliptik disliler metal malzemelerden kesilebilmektedir. Su jeti ve CNC lazer
tezgahlarinda eliptik dislilerin kesilmesi ile ilgili literatiirde bir bilgiye rastlanilmamistir. Bunun nedeni, su
jeti ve CNC lazer kesimlerinde, malzemenin kesilmesi esnasinda suyun veya lazerin giris noktast ile ¢ikis
noktast arasinda agi olusmasidir, oOzellikle genisligi biliylik dislilerde bu durum net bir sekilde
goriilmektedir. Bu sebepten dolay: su jeti gibi diger geleneksel olmayan imal usulleri tercih edilmemistir.

Eliptik dislilerin diger disli tiirlerinde oldugu gibi toz metaliirjisi ile tiretimi bir kalip yardimiyla
gerceklestirilebilir. Bu yontem ile WEDM yo6ntemine gore eliptik dislilerin cok daha seri bir sekilde tiretimi
mimkiindiir. Ancak literatiirde eliptik dislilerin toz metaliirjisiyle iiretimi hakkinda yayimlanmig bir esere
ulagtlamamustir. Eliptik dislilerin tasarim ve imalat parametreleri ile ilgili literatiirden elde edilen bilgiler
Tablo 3’de verilmistir.

Tablo 3. Literatiirdeki geleneksel olmayan imal usulleri ile imalati yapilmus eliptik disliler.

EJ;ELSIt ;r?]’;l Tasarim Bilgileri [IJISI::;L Kaynak
pis | Bivik | Kiiik
Modiil yaricap | yaricap | a/b | Basing
sayisi
(m) @) (a), (b), orani | acis1
(mm) | (mm)

150 | 36 | 32,770 | 19,630 | 1,669
Eliptik disli | 175 | 33 | 35040 | 21,025 | 1,521 (e:rl\elzi/g;l
tasarmive | 2,00 | 32 | 38850 | 23,300 |1667| 20° |- e | [78]
imalatt 225 | 31 | 42,330 | 25,400 | 1,666 imalat

250 | 30 | 45510 | 27,310 [ 1,666

1,50 | 36 | 33,491 | 19,596 | 1,709
Eliptik disli | 1,75 | 33 | 35444 | 21441 | 1653 gr';‘glg‘;'
tasarimi ve 200 | 32 | 39649 | 23300 |1700| 20° | O pn | [20]
imalatt 225 | 31 | 43199 | 25399 | 1,700 imalat

250 | 30 | 46451 | 27,302 [1,701
Eliptik disli Ekégge“
tasarimi ve 24 45 42,426 20° [23]
imalati }_/azwl)

imalat

4. ELIPTIK DISLILERIN DAYANIM VE TiTRESIM ANALIZi

Bilgisayar teknolojisinin ilerlemesiyle birlikte bir¢cok sektérde oldugu gibi miihendislik alaninda da
bilgisayar sistemlerinin kullanimi artmistir. Mithendislik alaninda 6zellikle bilgisayar destekli tasarim,
imalat ve analizleri (CAD/CAM/CAE sistemler) ile ilgili birgok yazilim gelistirilmistir. Gelistirilen bu
yazilimlar sayesinde, gelistirilen mekanik donanimlarin sonlu elemanlar analizi ile ¢alisma esnasindaki
davranis1 6nceden tespit edilebilmektedir. Bununla birlikte, bu donanimlarin hem teoriye dayali hem de
deneysel yontemlerle de davranislari tespit edilmektedir. Literatiirde yapilan ¢caligmalari biiyilik cogunlugu
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deneysel yontemlerle elde edilen analiz sonuglarinin, sonlu elemanlar yontemiyle elde edilen sonuglarla
karsilastirilmis ve elde edilen verilerin uyumlu oldugu goriilmiistiir.

Bu boliimde, eliptik digli ¢arklar {izerinde yapilmis ¢alismalar analitik, deneysel ve bilgisayar destekli
mithendislik olarak ii¢ baglikta toplanmis ve literatiirde bulunan bazi calismalar hakkinda bilgiler
verilmistir.

4.1. Analitik Yontem ile Analiz

Son yillarda eliptik dislilerin dinamik davraniglar1 da incelenmis ve disli dislerinin temas noktalarindaki
deformasyon, dinamik davranig ve titresim odakli yapilan ¢aligmalar literatiirde yerini almistir. Eliptik
dislilerin eksantriklik ve degisken aktarim orani dikkate alinarak dinamik davraniglarini incelemek
amaciyla bir eliptik disli ¢ifti modellenmistir [48]. Diger bir ¢aligmada, dogrusal olmayan dinamik bir
model kurulmus ve frekans degisimi incelenmistir [49]. Planet dislilerin dogrusal olmayan dinamik
ozelliklerinin ele alindig1 ve analitik yontemlerle ¢Oziimlerin Onerildigi c¢alismalar da literatiirde
bulunmaktadir [50]. Eliptik dislilerin zamanla degisen, eksantrikligi ve dis torka maruz kalan eliptik disli
ciftinin parametrik titresimleri ve kararsizliklar arastirilmig, boliim elipsinin degisen yarigapi, kinematik
teoriye dayali formiile edilmis, dogal frekanslar ve titresim modlar1 hesaplanmistir [50]. Eliptik dislilerin
dogal frekanslari, titresim modlar1 ve parametrik kararsizliklari sistematik olarak arastirilmistir [51]. Disli
mekanizmalarindaki rezonanslart 6nlemek icin, dairesel olmayan dislilerin uygulanabilirligi {izerine
yogunlagilmigtir [52].

4.2. Deneysel Yontem ile Analiz

Eliptik dislilerin titresim ve dayanimlarini ele alan deneysel ¢alismalar literatiirde yer almaktadir. Eliptik
dislilerin titresim 6zellikleri lizerine bir simiilasyon yontemi dnerilmis, burulma titresim simiilasyon modeli
kurulmus ve bir simiilasyon programi gelistirilmistir. Bu model ile eliptik dislilerin tork degisimleri, doniis
hiz1 degisimleri, cevresel titresim ve ivme analizleri gerceklestirilmistir. Ayrica, eliptik disli tahriklerinin
dis ayriminin kritik doniis hizlar elde edilmis (Sekil 6) ve bunlarin yiik torklar: ile iliskileri de ortaya
konmustur. [53].

Torkmetre |

Sekil 6. Titregim deney diizenegi [53].

Eliptik dislilerin tork, doniis hizi, dis dibi geriliminin arastirildigi, deneysel dogrulamasinin
gergeklestirildigi, bir tek eliptik disli ve bir ¢ift eliptik disli olan iki eliptik diglinin hesabinin yapildigi tespit
edilmistir [54]. Eliptik dislinin dinamik giris tork degisiminin, tahrik diglisi doniis hizinin artmasiyla birlikte
daha biiytidiigii ve deneysel olan Dig Ayrimimin Kritik Dontlis Hizi (DAKDH) {izerinden hesaplanandan
¢ok daha hizli artmakta oldugunu gorilmiistiir. Tahrik edilen dislinin giris doniis hiz1 ve giris torku
degisimi, ¢ikis doniis hiziyla istenen ¢ikis hiz1 arasinda farka yol actigi tespit edilmistir. DAKDH” nin
hesaplama sonuglarinin, eliptik disliler lizerinde deneysel olanlara neredeyse esit oldugunu belirlenmis,
hesaplama ve deneysel sonuglarin uyumlu oldugu sonucuna varilmistir [54].
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4.3. Bilgisayar Destekli Miihendislik ile Analiz

Glnlimiizde bilgisayar teknolojisinin ilerlemesi ile birlikte makine elemanlarmin statik ve dinamik
analizlerinin paket programlar araciligi ile yapildig1 bilinmektedir. Eliptik dislilerin de yapisal analizleri
bilgisayar destekli paket programlar aracilifiyla gergeklestirilebilmektedir. Dairesel olmayan dislilerin
temas noktalarindaki deformasyonunun belirlenmesine yonelik, sonlu elemanlar yonteminin kullanildig: ve
sonuglarinin, diiz dislilerin sonuglari ile kiyaslandigi tespit edilmistir [55]. Dairesel olmayan dislilerin diiz
disliler ile kiyaslanma nedeni, literatiirde diiz disliler ile ilgili verilerin detayl bir sekilde bulunmasi ve
dairesel olmayan dislilerin, diiz disliler yerine kullanilip kullanilmayacag: hakkinda bilgi sahibi olunmak
istenmesidir. Yapilan bir diger ¢alismada, dairesel olmayan dislilerin degisken ¢evrim oranindan dolay1
disli 3 bolgeye ayrilmis, dairesel olmayan dislinin deformasyonunun, her bir diste tegetsel kuvvetin
degismesi ve kavrama hattinin uzunluklarinin, dolayisiyla kavrama siiresinin farkligindan kaynakli olarak,
standart diiz disliye gore farkli oldugunu gériilmiistiir [55]. B6liim elipsini sonlu mikro dilimlere boliinerek
dinamik bir model olusturulan ¢alismada, modelleme dogrulugunu artirmak i¢cin zamana bagli sonlu
elemanlar yontemini esas almislardir [56]. Sonlu elemanlarla analiz yontemine dayal olarak, bir eliptik
disli tahrikli dort gubuk mekanizmasinin kinematik analizinin ¢alisildigi, Solidworks paket programinin
Cosmosworks modiilityle dis gerilme dagilimlarinin incelendigi ve ANSYS paket programi ile eliptik
dislilerin modal analizlerinin yapildig1 tespit edilmistir [46].

Bir diger bilgisayar destekli analiz paket programi olan ABAQUS ile farkli eksantriklige sahip eliptik
dislilerin modal analizlerini yaparak dogal frekanslarmi bulmuslar, her titresim modunda tiim dislilerin
benzer 6zellik gosterdigini ancak, dogal frekanslar arasinda biiyiik farklarin olustugunu beyan etmislerdir.
Bunun sebebinin her dislinin farkli yapiya sahip olmasina, tek tarafli biikiilme titresiminin, dairesel
titresimin ve burulma titresiminin, dairesel olmayan dislinin ana modlar1 olmasindan dolay1 neredeyse hig
radyal titresimin olusmadigina atfedildigi goriilmistir [57]. Kiigiik saft ivmeleri elde etmek amaciyla
eliptik dislinin boliim elips egrilerinin, bdliim elipslerinin gereken en yiiksek hizlanmasina ve
diizgiinliigiine bagl olarak kontrol edildigi, siniisoidal ve eliptik digliler arasinda bir karsilastirma yapildigi
tespit edilmistir [58]. En yiiksek agisal ivme, tegetsel ivme ve basing agisinda 6nemli farkliliklar meydana
geldigi, eliptik dislilerin, yalnizca kiigiik saft ivmeleri degil, ayn1 zamanda kiigiik tegetsel ivmeler ve basing
acilar1 da sagladig1 sonucuna varilmis, acisal hiz degisken bileseninin biiyiik degerleri icin daha diisiik
tegetsel ivmeler ve basing agilari sergileyebilecegi sonucu elde edilmistir. Ayrica, eliptik disliler i¢in mil,
dis yiikleri ve gerilmelerin daha diisiik ¢iktig1 tespit edilmistir [58]. Eliptik dislilerin bir baska ¢esidi olan
oval dislilere sahip sanzimanin kinematik analizlerini ADAMS ortaminda yapilmis, oval dislilerin acisal
hizinin zamana gore degisimini incelemis ve teorik sonuglar ile deneysel sonuglarin birbiri ile uyumlu
oldugunu tespit edilmistir [59].

5. ELIPTiK DiSLILERIN ENDUSTRIYEL UYGULAMALARI

Dairesel veya silindirik digli ¢iftleri, otomotiv ve madencilik makineleri gibi farkli uygulamalarda, ¢cogu
digli sanzimaninda hareket ve gii¢ iletimi amaglh gorev yapan rutin makine elemanlaridir [60]. Bu disli
sanzimanlari, istenilen ¢evrim oranina gore belirli sayida disli ¢iftiyle, sabit hiz oranlariyla hareket ve giicii
iletmek iizere tasarlanmistir. Sabit hiz oranlarina sahip disli ¢iftleri, disli sanzimanlarinin hiz oranlarinin
araliklarin1 sinirlamakta ve diisiik yakit verimliligine yol agmaktadir [61]. Gii¢ aktarimi igin siirekli
degisken hiz oranlarina sahip diger disli sanzimanlar, yani siirekli degisken sanzimanlar (CVT’ler); hiz
kutularinin siirekli degisen girdi-¢ikt1 hiz oranlari sifir ile belirlenen hiz oraninda saglayacak sekilde sonsuz
degisken sanzimanlar (IVT’ler) gelistirilmistir [62]. Eliptik disliler, istenilen hareket doniisiimii sayesinde,
degisken hiz oranlariyla tasarlanabilen, dairesel olmayan dislilerin yaygin bir tiirtidiir [63]; CVT ve IVT tip
sanzimanlarda ve hiz kutularinda tercih edilmektedir. [IVT sanziman i¢in modifiye edilmis yiiksek dereceli
eliptik adim egrisine dayanan dairesel olmayan disli tasarlanmig ve dairesel olmayan disli ¢iftinin gii¢ kaybi
incelenmigtir [7]. Sekil 7°de ¢alisilan ve prototipi iiretilen sanzimanin kisimlart; giris mili 1, ikinci giris
mili 2, kontrol mili 3, ¢ikis mili 4, birinci planet disli sistemi 5, ikinci planet disli sistemi 6, birinci Scotch
Yoke mekanizmasi 7, ikinci Scotch Yoke mekanizmasi 8 numara ile gosterilmistir [7]. Eliptik disli ¢arklarin
da yer aldig1 bir mekanik sistem kurgulanmig; donmeyi, karsilikli donme hareketine doniistiirmek igin
planet mekanizmas: kurulmus ve kinematik analizini yapilmistir [64]. Mekanizmanin diiz ve eliptik
dislilerden olustugu ve klasik planet dislilerden dolay1 kompakt ve giivenilir oldugunu beyan edilmistir.
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Mekanizmanin ¢esitli takim tezgahlarinda, karigtirmali tanklarda, alternatif i¢ten yanmali motorlarda,
sondaj kulelerinde ve donme hareketini karsilikli donme hareketine doniistiirmenin gerekli oldugu diger
cihaz ve makinelerde uygulanabilecegi degerlendirilmistir [64].

@ Girig glicl
“~= Kontrol gici

Hareket ¢evrim
Modulu

Girig-kontrol

Sekil 7. Sonsuz degisken sanzimanin sematik goriiniimii [7].

Eliptik dislilerin kullanim alanindan bir digeri ise debimetre ve pompa rotorlaridir. Eliptik rotorlu
debimetrede i¢ akis alan1 karakteristikleri hakkinda ayrintil1 bilgi gerekliligine ragmen, ¢ok az sayida yayin
bulunmaktadir. Akis analizinin sonucunu dogrulamak maksadiyla akis gorsellestirmesi yapilan bir
calismada, eliptik disliye sahip debimetrenin, akis hizinin esas olarak rotor devrine bagli oldugu, rotor ve
govde arasindaki boslugun hassas bir sekilde ayar gerektirdigi tartisilmistir. Bir eliptik disliye sahip
debimetrenin akis alaninin FSI (Fluid Structure Interaction) analizi, rotorun bir noktasindaki agisal hiz ve
basingta periyodik degisimler oldugunu gostermis ve gercek debimetrenin, akis gorsellestirmesinde, benzer
akig alanin oldugu goriilmustiir [65].

Debimetre ve pompalarda olusan akis dalgalanmalarini azaltmaya yonelik, harici dairesel olmayan disli
tahrik seti kullanan yeni bir yaklagim tizerine ¢alisma yapildig1 goriilmiistiir [66]. Dairesel olmayan disliler
motor ve eliptik disli pompa arasina takilarak, eliptik digli pompanin diisiik frekansli ve biiyiik genlikli akis
siddetini teoride tamamen ortadan kaldirilabilir oldugu tespit edilmistir. Diisiik maliyetli ve basit yapisiyla,
akis dalgalanmasini azaltmaya yonelik bu yontem, daha biiyiik deplasmanli ve kii¢lik akis dalgalanmalarina
sahip yiiksek performansli eliptik disli pompa tasarimiyla yiiksek uygulama degeri gostermistir [66].

Diger taraftan; eliptik disli ¢iftine sahip debimetreler, petrol, dogalgaz gibi enerji kaynaklarinin ve enerji
tiilketiminin Olgiimiinde yaygin olarak tercih edilmektedir. Mekanize tarimda makine performansinin
tyilestirilmesi ve az enerji tiiketimi biiylik 6nem tagimaktadir. Mekanize tarimda kullanilan bir traktdriin
yakit sistemi {lizerinde yapilan ¢alismada, arkadan ¢ekisli (RWD), dort ¢ekisli (4WD) ve onden gekisli
(FWD) traktor siiriis sisteminin, toprak isleme ¢aligmasi sirasinda traktor performansi ve yakit tiiketimi
tizerindeki etkisini degerlendirilmistir [67]. Daha sonra siiriis sistemi tipinin etkisini aragtirmaya yonelik
arazi deneyleri yapilmistir. Deneyler yakat tiiketim 6l¢iimiinii 0,01 1/dk hassasiyetli iki eliptik disli ¢iftine
sahip debimetre kullanarak gergeklestirilmistir. Ayrica, dizel motorlarda enjektdr pompasinin fazla yakiti
depoya geri dondiigiinden dolay1, enjektor pompasina giden yakit yoluna takilan debimetreye ek olarak,
yakit deposuna dogru olan yakit doniis yoluna da baska bir debimetre yerlestirilmis ve motorun tiiketim
akis hizi, iki debimetrenin farklilasan akis miktarina gore belirlenmistir [67]. Denizcilik sektoriinde yiizer
donanimlarin yakit tiiketiminin dl¢iilmesi ve gemi yoneticilerinin, bilimsel olarak bir gemi enerji harcama
yonetim sisteminin kurgulanmasi son derece onemlidir. Enerji tasarrufu, rutin motor bakim programi
yapmak i¢in geminin operasyonda oldugu siirede yakit tiiketimini dogru bir sekilde dlgen, kapsamli ve
iyilestirebilir bir sisteme gerek duyulmaktadir [68]. Diger bir ¢calismada, Deforme Helis Ferroelektrik Sivi
Kristalin (DHFLC) 6zelliginden faydalanilarak bir eliptik disli ¢iftine sahip debimetre agina kiiciik voltaj
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sinyallerini optik alana dogrusal ve pasif olarak iletmek amaciyla uygulanmistir [69]. Birden fazla
sensorden gelen sinyaller tek bir optik fiberde ¢ogaltilmis ve galisma icin pozitif deplasmanli oval disli
ciftine sahip debimetreyi, kisa aralikli darbe iiretmek amaciyla manyetik anahtar olabilme yoniiyle tercih
edilmistir. Cok kiigiik akislar dahil tiim akig hizlarinda hatasiz akis iletimi saglanmistir [69]. Konsantre
giines enerjisi (CSP) santralleri, genellikle su kaynaklar1 kit olan boélgelerde veya sistemin genel
verimliligini etkileyen kuru sogutmali sogutma sistemleri gerektirmektedir. Giines enerjisi tesislerinin
stirdiiriilebilirligini saglamaya yonelik hibrit bir sogutma sistemi ile daha diisiik su tiiketimi, daha yiiksek
verimlilik i¢in bir ¢6ziim bulundugu literatiirde tespit edilmistir [70].

Diinyadaki fosil yakitlar ile elektrik {iretimi ¢ok yaygindir. Komiiriin yanmas1 sonucu olusan baca gazinda
cok fazla 1s1 ve su buhart bulunmaktadir [71]. Bu nedenle baca gazindaki 1s1 ve suyun geri kazanimi, su
kithgma ve yiiksek enerji talebine karst ¢6ziim olabilir. Son zamanlarda, bir¢ok arastirmaci tarafindan
tasima membran kondansatoriiniin (TMC) olusturdugu baca gazindan 1s1 ve su geri kazanimi {izerine bir
dizi deneysel ¢alisma ve sayisal simiilasyonlar gergeklestirilmistir [72]. Is1 ve kiitle transfer modeline dayali
olarak, tastma TMC durum-uzay modeli gelistirilmis ve deneysel olarak dogrulanmigtir. Baca gaz1 fanla
tahrik edilmis, gaz kiitle akis 6lcer (0-40 1/dak, dogruluk: +%1) ve bir eliptik disli ¢iftli debimetreyle (90-
900 ml/dak, dogruluk: £0.5%), sirasiyla baca gazi ve su akislarinin akis hizlar1 6l¢iilmistiir [73].

Petrol sahalarinda, ¢ok fazli debimetreler (MPFM), petrol-gaz iiretim verimini en iist diizeye ¢ikarmak i¢in
onemli veriler elde edilmesini saglar. Cok fazli akis 6l¢limiindeki en son bulgular1 ve karsilasilan zorluklari,
pozitif deplasmanli (PD) debimetrelerin, giinlimiizde petrol akisi Olciim uygulamalarinda tiirbin
debimetrelerin yerini alabilecegi tartistlmistir [74]. Cok fazli debimetreler ile ilgili diger bir ¢alismada, yag-
su iki fazli akis1 6l¢meye yonelik bir venturi 6lger ve bir oval disli akis debimetreyi birlestiren hibrit akis
olger dikkate alinmustir [75]. Hibrit akis 6lgerin, toplam hacim akis hizi, toplam kiitle akis hiz1 ve yogunluk
acisindan petrol-su iki fazli akismnin dlgiimii i¢in uygun oldugu sonucuna varilmstir. ilave arastirmalar
yapilmast halinde, hibrit akis 6l¢erlerin, Coriolis sayaglarina gore diisiik maliyetli bir alternatif sunabilecegi
goriilmistir [75].

Insan niifusunun artistyla beraber iiretim sektdrlerinin gesitlenmesi, enerji tiikketiminde biiyiik bir artisa yol
acmustir. Bu enerji tiiketim artisina drnek olarak, tropikal bolgelerde kullanilan bir frigorifik kamyonuna
sogutma sistemi gelistirilmig, iklimlendirme, dondurma o&zellikleri {izerine CFD (Computational Fluid
Dynamics) simiilasyonlar1 gergeklestirilmis ve sogutma sisteminin, hava debisi 6lgmek amaciyla yiiksek
hassasiyete sahip eliptik disli ¢iftli debimetreler, hava debisini 6l¢ebilecek konumlara monte edilmistir [76].

Eliptik disli ¢iftine sahip debimetre iiretimini yerli imkanlarla gelistirmek istenmektedir ve calismalar ulusal
diizeyde artmaktadir. Gliney Kore’de disa bagimli olunan eliptik disli ¢iftine sahip debimetre iiretimini,
yerli teknoloji gelistirmek ve teknik becerinin disa bagimliligini ortadan kaldirmak amaciyla yapmiglardir.
Calismada 30° basing agisina sahip eliptik diglilerde dis cakismasi oldugunu, daha biiylik basing ag¢ilarinda
ise dis kokiiniin genis, disin {ist kisminin sivri oldugu tespit etmisler ve eliptik disli tasarimlarin1 2D ve 3D
simiilasyon araciligiyla dogrulamislardir [77].

6. SONUCLAR VE ONERILER

Gilintimiizde eliptik disli ¢arklarin; sadece mekanik iiriinlerin tasarim ve imalatinda degil, ayn1 zamanda s1v1
ve gaz nakli yapilan tesislerde gerek pompa gerekse debimetre donanimlarinda yaygin olarak tercih edildigi
goriilmektedir. Bununla birlikte tasarim ve imalatlarinin giigliiglinden dolayi, tasarim ve imalat siireglerini
iyilestirmek ve hizlandirmak i¢in imalat teknolojilerini gelistirmeye yonelik arastirmalar yapilmaktadir.
Yapilan ¢alismalar genel olarak degerlendirildiginde asagida belirtilen sonuglar elde edilmektedir.

- Eliptik disli carklarin tasarimlarinda kramayer veya diiz disli formlu kesici, boliim elipsi lizerinde
yuvarlanma yaparak dis formlarini ortaya ¢ikarmaktadir. Dis formlar1 bilgisayar destekli tasarim
ortaminda makro programlama ile etkilesimli olarak hazirlanabilmektedir.

- Bolim elipsinin eksantrikligi ve basing agis1 dig profillerinin sivriligini etkileyen en 6nemli
parametredir.

- Eliptik diglilerin standart modiilde tasarlayabilmek, boliim elipsinin ¢evre uzunlugunun tam
hesaplanmasi gerektirmektedir. Analitik yaklagimlarin tercih edilebildigi tespit edilmistir.
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Eliptik diglilerin imalatlar1 icin CNC tel erozyon veya azdirma tezgdhinda isleme
yayginlagmaktadir.

Azdirma tezgahlarinda eliptik disli imalati igin, tezgaha Ozel aparatlarin veya elektronik disli
kutularinin kullanilmasi gerekmektedir.

Eliptik disli ¢iftleri ile degisken ¢evrim oranina sahip disli kutusu tasarim ve imalatlarinin yapildig
tespit edilmistir.

Eliptik dislilerin calisma sartlar1 altindaki davranislarini belirlemek amaciyla hem deneysel hem de
bilgisayar destekli analizleri ile ilgili yapilan ¢alismalar literatiirde yerini aldig1 gortilmiistiir.
Eliptik digli ¢iftine sahip debimetreler, pervaneli tip debimetreler gére ¢ok daha hassas 6l¢lim
yapabilmektedir. Bununla birlikte eliptik disliye sahip debimetrelerde rotor dislisinin agisal
konumu hassas olarak kontrol edilebilmektedir.

Eliptik disliye sahip debimetreler petrol ve dogalgaz sahalarinda, ¢ikarilan kaynagin miktarini
hassas olarak Olgebilmektedir.

Cin 6rneginde oldugu gibi iilkemizde, termik santrallerin bacalarinda olusan su ve baca gazinin
geri kazanimi i¢in debimetre ile yapilacak Olciimlere dayali sistem uygulanmasi su kithiginm
hafifletilebilecek ve artan enerji talebini azaltilabilecektir.

Ulkemizin genis tarimsal arazilerinin is makinasi olan traktor, bicerddver gibi tarrm makinelerinin
yakit Ol¢iimleri ve tasarruflari icin eliptik disliye sahip debimetrelerden faydalanilmalidir.
Sogutma sistemlerinde, hava sirkiilasyonu hassas bir sekilde Olciilmesinde eliptik disliye sahip
debimetreler meyve ve sebze buz hanelerinde de kullanilabilmektedir.

Beyaz esya sektoriinde, ozellikle camasir ve bulagik makinelerinde su ve elektrik tasarrufu igin
eliptik disliye sahip pompa ve debimetreler tercih edilmelidir.

Farkli akigkanlarin belirli oranlarda karigtirildigi mikser donanimlarinda karigimin kalitesini
etkileyen akis davranislar eliptik disliye sahip debimetreler ile belirlenebilir.

Kore 6rneginde oldugu gibi, eliptik disliye sahip debimetre tasariminin ve tretiminin ulusal
diizeyde gerceklestirilmesi, teknolojik gelismislik diizeyimize katki saglayacaktir.
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In this study, first law (energy conservation) and second law (exergy) analyzes of
thermodynamics were performed for a thermal power plant. It is very important to perform energy
and exergy analyzes in industrial plants. These analyzes can provide guidance on improving
energy efficiency and recycling waste energy. In this study, energy and exergy analyzes were
made for coals with different chemical contents in nine different countries. According to the
results of the analysis, the highest first-law efficiency was found in Serbian coal (second type),
as 53.61%. The second highest law efficiency was determined as 46.67% in Bangladesh coal
(sixth type). Environmental Destruction Index (EDI) and Sustainability Index (SI) values were
determined for all coal types. According to the results of the analysis, the highest EDI value was
obtained as 4.00 at the temperature of 305 K for the 2nd coal type, and the highest SI value was
obtained as 1.91 at the temperature of 293 K for the 6th coal type, according to the changing
reference temperature values. According to this study, the highest second law efficiency was

obtained from Bangladesh coal with a carbon (C) content of 77.84%.

Subscripts
i inlet
0 outlet

1. INTRODUCTION

The limits of efficient use of energy resources are determined by the first and second laws of
thermodynamics. The first law of thermodynamics emphasizes that energy cannot be created out of nothing
and existing energy cannot be destroyed. Since the total energy does not change, it has been important to
determine what is consumed in energy systems [1]. As a common result of the first and second laws of
thermodynamics, it was determined that the exergy is consumed in the energy systems. Thus, while
designing energy systems, it became important to design using first and second laws of thermodynamics.
And exergy analysis method was developed for systematic performance analysis of these systems [2].

Exergy analysis has been done for many systems and there are many examples in the literature [3- 11]. In
one of these studies, exergy and energy analysis was made for a power plant in Serbia. The main purpose
of this article is to determine the individual energy and exergy losses of the system components. Energy
and exergy efficiency were determined under different loading conditions. Load variation was tested at 100
% and 60 % full load. The energy and exergy losses for the examined plant are presented as a result of the
analysis. The results show that energy losses have mainly occurred in the condenser where 421 MW is lost
to the environment while only 105.78 MW has been lost from the boiler. Still, the irreversibility rate of the
boiler is higher than the irreversibility rates of other components. Finally, the exergy destruction rates of

*Corresponding author, e-mail: sinemuzun@erzincan.edu.tr DOI: 10.29109/gujsc.1100086
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the components were determined [12]. In another study, in a coal fueled thermal power plant (TPP), a flue
gas with a high CO; content can be obtained and this provides CO; sequestration in an efficient and energy-
efficient manner. Exergy analysis of the power plant is made for detailed analysis. The power plant is
divided into four sections: boiler, turbines and feedwater heaters (FWHS), air separation unit (ASU) and
flue gas treatment unit (FGU). The exergy of each model (including physical exergy and chemical exergy)
has been achieved. Exergy efficiency was achieved for two models of boilers. The exergy efficiencies of
the oxy combustion system used in the study and the conventional system were compared [13]. First and
second laws analyzes of thermal power plants were compared based on some parameters in Indian
conditions. In the study, thermal power plants using subcritical, supercritical and ultra supercritical steam
conditions are discussed. The study covers the effect of condenser pressure on plant and exergy efficiency.
The effect of high grade coal on performance parameters compared to typical Indian low grade coal was
also investigated. The greatest exergy loss occurred in coal combustion and steam generator. The maximum
possible plant efficiency was found to be approximately 41% for the supercritical steam plant and
approximately 44.4% for the ultrasupercritical steam plant [14]. In the study of Rudra et al.[15], versions
are being studied to improve the efficiency of coal-fired steam power plants with some steam
parameters.For exergy analysis, a version of a process simulation computer code (ASPEN Plus) is used.
The overall exergy efficiency for the coal-fired process is 36%. The study also describes the effects of
condenser pressure on plant and exergy efficiency. As a result of the study, the maximum possible plant
efficiency was found to be approximately 40.2% for the supercritical steam plant and approximately 44.8%
for the ultra-supercritical steam plant. Both conventional and advanced exergy analysis methods were
applied for a supercritical power plant which uses coal as fuel in othr study. As a result of the study, it was
found that the boiler subsystem still has the largest preventable exergy destruction. Much of the avoidability
is exergy destruction in feedwater preheaters; the components are mostly internal while there are leftovers,
indicating that the improvements mainly depend on the following. improvements in the design and
operation of the component [16]. In a study of qualitative analyzes of coals in Bosnia and Herzegovina, the
study includes some features: ash (A), moisture (W), combustible matter (\V?9) etc. In this paper, arithmetic
mean, absolute range, standard deviation and variations coefficient values were determined using statistical
parameters. The analysis showed significant deviations in the ash properties and some values were found
like moisture is 36.23 %. Bosnia do not deviate much from the characteristics of the coal in the surrounding
countries. It is foreseen that the results obtained will be used in problems such as coal combustion analysis
in thermal power plants, optimization of electricity filter, decrease of SO, in flue gas [17]. A study was
conducted to investigate the effects of steam parameters (pressure, temperature) on energy and exergy
efficiency of the power plant under different load conditions for five different TPPs. The Soma TPP, which
operates under subcritical conditions, has a single intermediate superheat and has six feedwater preheaters,
has been taken as the reference power plant. For the other four cases, the Simulations were made using the
Ebsilon program and the analysis results found were compared with the reference plant. When the energy
and exergy efficiencies of Case 4 and the Reference Power Plant are compared, the energy efficiency
increased by 9.24 % and the exergy efficiency increased by 8.06% under 100% loading conditions. As a
result of this study, it has been shown that steam conditions under different loadings have a significant
effect on the first and second laws efficiency of the systems [18]. Acir and others [19], first and second law
analyses were made for a 160 MW TPP. Irreversibility and energy- exergy efficiencies were determined.
The energy efficiency was determined as 42-76% for the total plant. It was observed that dead state
temperatures directly effect the exergy efficiency of the TPP.

In this study, first and second law analysis of thermodynamics are performed and irreversibility is
investigated. Coal chemical data of nine different countries and operating data of a thermal power plant in
Turkey are used. According to the mines they are extracted from, coal compounds vary. First of all, coal
chemical data of nine different countries to be analyzed are obtained. Then, based on the energy
conservation and exergy principles of thermodynamics, thermodynamic analyzes of these coals are made.
According to the results of the analysis, the first and second law efficiencies are determined for the total
power plant for each coal type.
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2. SYSTEM DESCRIPTION

A coal-fired power system consists of many basic elements. The coal-fired power system is mainly based
on a regenerative Rankine cycle consisting of a boiler, turbines, a generator, a condenser, feedwater heaters,
a deaerator and several pumps. In the boiler, the steam is heated to the designed pressure and temperature
with the thermal energy released by the coal. The steam then expands in the turbine to generate power and
the steam from the turbine is condensed into the feed water in the condenser [20]. Figure 1 shows the
schematic diagram of the coal- fired power plant system [21].

Thermal power plants are facilities that first convert the chemical energy in the fuels into heat energy and
then into electrical energy. In generally natural gas, coal, diesel, fuel-oil, hard coal are used as fuel in
thermal power plants. Within the scope of this study, it is aimed to make an energy and exergy analysis of
a TPP with the use of different coal and in this study and a 210 MW thermal power plant using different
coals is examined.
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Figure 1. Schematic diagram of the coal- fired power plant system
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3.COAL DATA

Coal is a type of fuel that is often used in thermal power plants. In each region, the coal content shows
different characteristics. Table 1 shows the content values of coals in some regions. The data in Table 1 and
Table 2 are taken from References [12- 16], [22- 24].

The data presented in Table 1 show, respectively, the carbon, sulfur, hydrogen, nitrogen (azote), oxygen,
moisture, ash and lower calorific value of the coal. Chemical exergy and total exergy values for different
coal are also shown in Table 2.
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Table 1. Chemical properties of different coal

Country C S H N @) W JAN LHV

(kcal/kg)
Turkey 41.5 35 2.25 0.66 9.0 14.73 28.6 2300
Serbia 20.38 0.65 1.83 7.98 0.6 23.56 - 1637
China 60.51 0.43 3.62 0.7 9.94 13.8 11 5446
India 38.9 0.6 2.6 0.7 6.7 5.7 43.1 3421
S.Africa 68.1 0.5 3.5 1.7 7.5 2.4 - 6148
rE]ianglades 77.84 0.6 5.4 1.68 1120 3.28 215 5430
Greece 34.43 0.84 2.77 0.96 16.26 12 2793 1259
Bosnia 39.32 3.46 3.78 0.8 11.05  32.20 9.21 3758
Canada 52.1 0.9 4 0.5 1525 - 215 -

Table 2. Chemical Exergy and total exergy for different coal

Energy (kW) Chemical Total Exergy B
Exergy (kW) (kW)
Turkey 389456 10190 412823 1.060
Serbia 277191 7403 299897 1.082
China 922164 24338 985919 1.069
India 579273 15318 620520 1.071
S.Africa 1041033 27364 1108477 1.065
Bangladesh 919455 24288 983906 1.070
Greece 213185 5749 232898 1.092
Bosnia 636337 17019 689445 1.083
Canada 841902 22447 909327 1.080

The exergy B factor based on LHV is calculated [25]. [26] as in Equation 1.

B =1.0437+0.1882 (DJ+O.O610(BJ+O.O4O4(EJ
C C C (1)

The type of coal for each country is named in Table 3.
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Table 3. Coal types by country

Country Coal type

Turkey Coal 1
Serbia Coal 2
China Coal 3
India Coal 4
S.Africa Coal 5
Bangladesh Coal 6
Greece Coal 7
Bosnia Coal 8
Canada Coal 9

4 NUMERICAL ANALYSIS

In this study. analyzes for nine different coals were made for six different system temperatures. As a result
of the energy and exergy analysis made for each case, the second law efficiency was obtained for the basic
components of the system; such as boiler, condenser, heaters and pumps. However due to the excess of the
coal type and the wide range in the system temperature, the total efficiency of the system was examined
instead of examining the efficiency of all components.

4.1. Energy and Exergy

Energy cannot be created or completely destroyed. However it can transform into different forms of energy
during the process. The upper limits of the transformation are determined by the second law of
thermodynamics. The ability of energy to do work is called exergy. Exergy analysis of thermal systems
helps to determine the nature of the energy's ability to do work and its location and amount in the system.

To evaluate the performance of thermal power plants energy and exergy efficiencies or specific heat
consumption values are checked.

According to the principle of conservation of mass, the amount of material entering and leaving a control
volume must be equal and is given by the following equations [27-28].

2m=2m, @)

In a continuous flow open system, the total energy entering and leaving the control volume as heat, work,
kinetic, potential or mass flow is equal.

Qi+V\/i+Zmi(h+£+gzj :QO+WO+ZmO(h+£+ng
S S ©

If the kinetic and potential energy changes are neglected, the equation takes the Eq. 4.

Qi+Wi+Zmihi =Q0+Wo+2moho (4)
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In this equation, M = mass flow, h = enthalpy, Q = heat and W= work. The exergy values entering and
leaving the control volume are obtained in the following equations. The exergy destruction rate equation is
derived from the exergy balance for the control volume of the equilibrium component of any power plant
as follows [1].

Ex. —3(EX) —Z(Ex)o+[Z(Q[1—T—°D —Z(Q(l—T—OD }w
T , T . 5)

In this equation, Exin is incoming exergy streams and EXout is 0utgoing exergy streams, To is surrounding
temperature, Q is heat transfer rate, T is fixed temperature and W is work transfer rate.

Equation 6 is used to calculate the physical exergy through the control volume.

Ex=m[(h=hy)-Ty(s—5,)]

(6)
In this equation, h is specific enthalpy and s is specific entropy.
The exergy efficiency [29] is calculated as in Equation 7.
Wlnet
h=—"-
E fuel (7)

The Environmental Destruction Index (EDI) of the system can be defined as the inverse of the exergy
efficiency [30].

EDI :i

T (8)

The Sustainability Index (SI) concept which ensures the efficient use of resources is also dependent on
exergy efficiency [31].

Sl=_t

- 1-n, 9)

In this study different country coals are numbered; Turkish coal is coal type 1, Serbia; coal type 2, China;
coal type 3, India; coal type 4, S.Africa; coal type 5, Bangladesh; coal type 6, Greece; coal type 7, Bosnia;
coal type 8 and Canada; coal type 9 and these mappings are shown in Table 3.

3. RESULTS AND DISCUSSION

The results obtained first law efficiency analysis applied to the thermal power plant using operational data
are given Figure 2. According to the results in Figure 2, the highest 1st law efficiency is obtained in the 2nd
coal type and this value is 53.61%. The lowest efficiency value was determined as 6.1% in the coal type
6.
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Figure 2. Total first law efficiency for coal types

The second law efficiency datas obtained as a result of the analyzes made for nine different coal values are
given in Table 4. While the first law total efficiency remained constant with the changing ambient
temperature, the second law total efficiency took different values according to the changing temperature.

Table 4. Total second law efficiency for coal types

Second law efficiency (%)

Temperature (K) 278 283 288 293 298 303
Coal type 1 32.64 32.54 32.21 31.88 31.68 31.24
Coal type 2 26.01 25.98 26.25 26.02 25.33 24.96
Coal type 3 39.50 39.32 39.25 39.50 38.24 37.73
Coal type 4 31.72 31.63 31.31 31.72 30.79 30.37
Coal type 5 42.64 42.43 41.99 42.22 41.25 40.71
Coal type 6 46.67 46.42 45.94 47.67 45.11 44.52
Coal type 7 28.79 28.73 28.44 28.79 27.99 27.59
Coal type 8 32.66 32.55 32.22 32.66 31.69 31.25
Coal type 9 36.29 36.15 35.78 36.10 35.17 34.70

The second law efficiency datas obtained as a result of the analyzes made for nine different coal values are
given in Table 4.

According to the results in Table 4, with the increasing temperature value, the total second-law efficiency
tended to decrease in all coal types. While the total second law efficiency was 46.67 % for the 6th coal type
at 278 K. The total efficiency decreased to 44.52 % at 303 K. Type 2 coal has the second-lowest law
efficiency compared to other coals. While its second law efficiency was 26.01 % at 278 K, it decreased to
24.96 % at 303 K.

In Figure 3. for different types of coal. the change in entropy with temperature is shown. According to the
graph. the highest entropy production was observed in the 2nd coal type. while the lowest entropy
production was observed in the 6th coal type.
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Irreversibility describes the amount of exergy destroyed or wasted work potential in a closed system. When
examined according to varying coal types, the highest irreversibility value was obtained in coal type 2 and
the lowest irreversibility value was obtained in the 6th coal type.
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Figure 3. Entropy generation change in the boiler according to temperature
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Figure 4. Irreversibility change in the boiler according to temperature

The change in temperature changes the irreversibility and second law efficiency, especially in the boiler.
The irreversibility change in the boiler according to the changing temperature in all coal types is shown in
Figure 4.

The Environmental Destruction Index (EDI) measures system’s overall progress towards environmental
sustainability [32]. Exergy creates a relationship between environmental impact and sustainability by
making maximum use of resources, so that energy can be used more efficiently. The variation of this effect
is shown in Figures 5 and 6.

As seen in Figures 5 and 6, SI decreases with increasing reference temperatures while EDI values increases.
The results show that SI and exergy efficiencies decrease with increasing reference temperature in the
system. Similar results have been obtained in the literature [21], [31].
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4.CONCLUSIONS

In this study, first and second law analysis of thermodynamics were performed and irreversibility was
investigated. Coal chemical data of nine different countries and operating data of a thermal power plant in
Turkey were used. According to the results obtained, total first law and total second law efficiency values
were determined for 9 different coals. According to these values, the highest first law efficiency was
determined as 53.61 % in the second type of coal. The highest second law efficiency was determined as
46.67 % in the 6th coal type.

The lowest entropy production was seen in the 6th coal type, which is the type of coal with the highest
exergy efficiency. According to the irreversibility values examined, it was observed that the irreversibility
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value of the second type of coal was higher with increasing temperature compared to the others and at 303
K, the irreversibility value reached approximately 300000 kW.

The results show that while the first law efficiency did not change with increasing reference temperature,
the second law efficiency decreased in all coal types. The fact that the second law efficiency is the 6th
highest coal type can be explained by the fact that this coal contains more carbon in its chemical content
compared to the others.
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In this study, unrelated parallel machine scheduling problem with unavailable time periods and
sequence dependent setup times is discussed. A mathematical model and a genetic algorithm have
been developed for the considered problem.

Purpose: In many factories, the production process may be interrupted periodically due to
planned maintenance, lunch and rest breaks. It is important to consider these unavailable time
periods when scheduling machines. For that reason, unrelated parallel machine scheduling
problem with unavailable time periods and sequence dependent setup times is discussed in this
study.

Theory and Methods: A mathematical model and a genetic algorithm have been developed for
the considered problem.

Results: The performance of the proposed solution methods is demonstrated using randomly
generated test problems. As can be seen from Table A, the optimum solutions to all 10 job
problems are obtained within the time limit with the proposed model. Feasible solutions to 20 and
30 job problems are obtained except for two problems within the time limit. With the developed
GA, the optimal solutions of the problems that their optimum is known are reached, and the
solutions to other problems are improved. The greatest improvement rate is 58.2%.

Table A. Test Results

problem GAMS GA Improvement
ZipM—KMZ t(s) ZGaA t(s) %
10-2-1-1 269 4395 269 1 0,00
10-2-1-2 321 3900 321 1 0,00
10-2-1-3 283 3670 283 1 0,00
10-2-2-1 323 2173 323 1 0,00
10-2-2-2 383 5636 383 1 0,00
10-2-2-3 271 1754 271 1 0,00
20-3-1-1 388 7200 372 1 4,12
20-3-1-2 340 7200 295 1 13,24
20-3-1-3 439 7200 416 1 5,24
20-3-2-1 538 7200 416 1 22,68
20-3-2-2 470 7200 424 1 9,79
20-3-2-3 412 7200 374 1 9,22
30-4-1-1 - 7200 386 1 -
30-4-1-2 760 7200 329 1 56,71
30-4-1-3 694 7200 361 1 47,98
30-4-2-1 - 7200 372 1 -
30-4-2-2 645 7200 418 2 35,19
30-4-2-3 933 7200 390 2 58,20

Conclusion: By taking into account the unavailable time periods, an average of 5.29% reduction
is achieved in the makespan. In addition, 26% on average more successful results are obtained in
shorter times with the developed genetic algorithm than GAMS/Cplex.

*Corresponding author, e-mail: fdurmaz@ogu.edu.tr

DOI: 10.29109/gujsc.1086402
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Anahtar Kelimeler

In many factories, the production process may be interrupted periodically due to planned
maintenance, lunch and rest breaks. It is important to consider these unavailable time periods
when scheduling machines. For that reason, unrelated parallel machine scheduling problem with
unavailable time periods and sequence dependent setup times is discussed in this study. A
mathematical model and a genetic algorithm have been developed for the considered problem.
The performance of the proposed solution methods is demonstrated using randomly generated
test problems. By taking into account the unavailable time periods, an average of 5.29% reduction
is achieved in the makespan. In addition, 26% on average more successful results are obtained in
shorter times with the developed genetic algorithm than GAMS/Cplex.

Kullamlamayan Zaman Dilimlerinin ve Sira Bagimh Hazirhk
Siirelerinin Oldugu Paralel Makina Cizelgeleme Problemi

Oz

[liskisiz Paralel Makine
Cizelgeleme Problemi
Kullanilamayan Zaman
Dilimleri

Swra Bagimli Hazirlik
Stireleri

Genetik Algoritma

Pek ¢ok fabrikada iiretim siireci, planli bakim, 6gle yemegi ve dinlenme molalar1 gibi nedenlerle
periyodik olarak kesintiye ugrayabilmektedir. Makineleri ¢izelgelerken kullanilamayan zaman
dilimlerinin g6z 6niinde bulundurulmas: 6nemlidir. Bu nedenle, bu ¢alismada kullanilamayan
zaman dilimlerinin ve sira bagimli hazirlik siirelerinin oldugu iliskisiz paralel makine gizelgeleme
problemi ele alinmistir. Ele alinan problem igin bir matematiksel model ve bir genetik algoritma
gelistirilmistir. Onerilen ¢oziim yontemlerinin performansi rassal tiiretilen test problemleri
kullanilarak gdsterilmistir. Kullanilamayan zaman dilimlerinin dikkate alinmasiyla son isin
tamamlanma zamaninda ortalama %5,29’luk bir azalma saglanmistir. Ayrica, gelistirilen genetik
algoritma ile GAMS/Cplex’den ortalama %26 daha basaril1 ¢oziimler daha kisa siirelerde elde
edilmistir.

1. GIRIS INTRODUCTION)

Cizelgeleme literatiiriinde calismalarin 6nemli bir kisminda makinalarin siirekli olarak kullanilabilir
durumda oldugu varsayilir. Oysa, pek ¢ok sektorde iiretim planli bakim, 6gle yemegi ve dinlenme molalari
gibi nedenlerle periyodik olarak kesintilere ugramaktadir. Cizelgeleme yapilirken periyodik
kullanilamayan zaman dilimlerinin dikkate alinmamasi, islerin tamamlanma zamanlarini uzatabilir.
Literatiirde kullanilamayan zaman dilimlerini dikkate alan tek makine ¢izelgeleme konulu ¢aligmalardan
erisilebilenler Tablo 1’de verilmistir.

Tablo 1’den de goriilebilecegi gibi en c¢ok ele alinan amag¢ fonksiyonlarindan birisi
Conp tir ([1]-[7]). Ve ¢6ziim yOntemi olarak genellikle metasezgisel ya da sezgisel algoritmalar ([1]-[7],
[9]-[10], [12], [15]-[17]) kullanilmistir.
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Tablo 1. Kullanilamayan zaman dilimlerinin dikkate alindigi tek makine ¢izelgeleme ¢alismalari

Kaynak SBHS Amag Coziim Yontemi

Low vd. [1] Cenp HA

Perez-Gonzalez ve Framinan [2] Conb HA

Ji ve Cheng [3] Conb PTA

Rapine vd. [4] Cenp PTA

Shabtay ve Zofi [5] Conb PTA

Shabtay [6] Conp» toplam kaynak tiiketim maliyeti PTA

Mor ve Mosheiov [7] Cenp» toplam tamamlanma zamani ve HA
geciken is sayisi

Kacem vd. [8] agirlikli toplam tamamlanma zamani DP, B&B

Khoudi ve Berrichi [9] toplam gecikme ve makinenin GA, B&B
kullanilamadig: siire

Laalaoui ve M’Hallah [10] agirlikli toplam geciken is sayist VNS

Low vd. [11] toplam erkenlik ve gecikme MIP, DP

Mashkani ve Moslehi [12] toplam tamamlanma zamani HA, B&B

Mor ve Shapira [13] agirlikli toplam tamamlanma zamani DP

Mosheiov vd. [14] toplam ig gecikmesi DP

Su ve Wang [15] tamamlanma zamanlarimin toplam mutlak HA

sapmaslt
Yazdani vd. [16]
Yinvd. [17] toplam is gecikmesi DP, PTA

Biilbiil vd. [18]

SBHS: Sira Bagimli Hazirlik Siireleri, GA: Genetik Algoritma, B&B: Dal-Simir, PTA: Polinom Zamanli Algoritma, DP: Dinamik Programlama,
VNS: Degisken Komsuluk Arama, HA: Sezgisel Algoritma, MIP: Karma Tamsayil1 Programlama

toplam erkenlik ve gecikme VNS

tamamlanma zamanlarmin toplam sapmas1 DP

Tek makine ¢izelgeleme disindaki paralel makine, akis tipi ve atdlye tipi gibi farkli ortamlara sahip makine
cizelgeleme problemleri incelendiginde kullanilamayan zaman dilimini dikkate alan ¢alismalarin sadece
paralel makine ¢izelgelemeyle sinirh kaldigi1 goriilmektedir. Bu kapsamda erigilen ¢aligmalar Tablo 2°de
verilmistir.

Tablo 2’den de goriilebilecegi gibi ¢alismalarin 6nemli bir kisminda tiim makinalarin ayni 6zelliklere sahip
oldugunun varsayildig1 6zdes paralel makine cizelgeleme problemi ([19]-[25]) ele almmustir. Ustelik Al-
Shayea vd. [19] problemin sadece iki makinanin oldugu basit versiyonunu incelemislerdir. liskisiz paralel
makinalar1 dikkate alan sadece bir ¢alismaya [27] erisilmistir. Ancak dikkat edilecegi iizere, Tablo 1 ve
Tablo 2’de yer alan ¢alismalarin higbirisinde sira bagimli hazirlik siireleri (SBHS) ele alinmamigtir. Oysa
eger hazirlik siireleri sira bagimli ise basarisiz bir is sirast C,,j; degerinin kontrolsiizce artmasina yol
acabilir. Bu tiir hazirlik siirelerinin pek ¢ok sektdrde oldugu da g6z 6niinde bulunduruldugunda SBHS nin
dikkate alinmasinin 6nemi ortaya ¢ikmaktadir. Bu nedenle bu ¢alismada SBHS’lerin ve kullanilamayan
zaman dilimlerinin oldugu iligkisiz paralel makine ¢izelgeleme problemi literatiirde ilk kez ele alinmistir.

Izleyen béliimde ele alinan problem tanimlanmis ve gelistirilen matematiksel model sunulmustur. Ugiincii
boliimde onerilen genetik algoritma agiklanmig, dordiincii boliimde deneysel sonuglar verilmistir. Son
boliimde ise elde edilen sonuglar ve gelecege dair 6neriler tartisilmstir.
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Tablo 2. Kullanilamayan zaman dilimlerinin dikkate alindigi paralel makine ¢izelgeleme ¢alismalar

Kaynak MO SBHS Amac Coziim Yontemi
Al-Shayea vd. [19] P, Conp GA
Berrichi ve Yalaoui [20] P, toplam gecikme AC

Dong [21] B, toplam maliyet CG, B&B
Fu vd. [22] Py toplam agirlikli tamamlanma zamani PTA

Huo [23] B, Conp PTA
Moradi ve Zandieh [24] B, Cenp» sistemin kullanilamadig siire GA
Nessah ve Chu [25] P, toplam agirlikli tamamlanma zamani LB

Kaabi ve Harrath [26] Qm Cenp PTA
Wang ve Liu [27] R, Conp, sistemin kullanilamadigi siire NSGA-II
Bu ¢aligma R, v Comp VNS

MO: Makine Ortami, SBHS: Sira Bagimli Hazirlik Siireleri, P,,: m 6zdes paralel makine, Q,,,: m farkli hizlara sahip (uniform) paralel makine, R,,:
m iliskisiz paralel makine, GA: Genetik Algoritma, AC: Karinca Kolonisi, CG: Siitun Tiiretme, B&B: Dal-Sinir, PTA: Polinom Zamanli Algoritma,
LB: Alt Siir, VNS: Degisken Komsuluk Arama

2. PROBLEM TANIMI VE ONERILEN MATEMATIKSEL MODEL (PROBLEM DEFINITION
AND THE PROPOSED MATHEMATICAL MODEL)

Ele alinan problemde, n is, m paralel makinede islem gdrmektedir. j isinin her makinedeki islem siresi (pj;)
farklidir. Islerin hazirlik siireleri sira ve makine bagimlidir. Isler sifir zamaninda hazirdir. Her makine ayni
anda sadece bir is gerceklestirebilmektedir. Her makinada kullanilabilen ve kullanilamayan zaman dilimleri
(KMZ) mevcuttur. Bir is kullanilamayan zaman dilime atanamaz ve bdliinemez. Bu nedenle ya
kullanilamayan zaman diliminden once tamamlanmalidir ya da kullanilamayan zaman dilimden sonra
baglamalidir. Amag fonksiyonu, son isin tamamlanma zamaninin enkiigiiklenmesidir.

Onerilen matematiksel model (IPM-KMZ) ve bu modele ait kiimeler, indisler, parametreler, karar
degiskenleri, kisitlar ve amag fonksiyonu asagida verilmistir;

Kiimeler ve Indisler:

N: is kiimesi, N= {1, 2, ..., n}

M: makine kiimesi, M= {1, 2,..., m}

Q={1, 2,...,enb d;} KMZ kiimesi. Burada §; makine i'nin KMZ sayis1
l

i,j €N isindisi

k € N sira indisi

| € M makine indisi
f € Q KMZ indisi

Parametreler:

pji- . isin |. makinedeki islem siresi

hj;: j. isin |. makinede ilk siraya atanmasi durumunda hazirlik siiresi

Siji- 1isi j isinden 6nce |. makinede gizelgelenmisse sira ve makine bagiml hazirhik siiresi
0 : yeterince biiyiik bir pozitif say1

b;: makine I’deki kullanilamayan zaman diliminin siiresi

o;: makine I’deki kullanilabilir zaman diliminin siiresi
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Karar Degiskenleri:

Xjii: eger J. is |. makinenin k. sirasina atandiysa 1, diger durumda 0

ej: ] isinin baglama zamani

C;: ] isinin tamamlanma zamani

Cenp: enbliyiik tamamlanma zamam Cep,p, = enb {C;}

erlP: makine I’deki f. KMZ’nin baglama zamani

Cfl{P : makine I’deki f. KMZ’nin tamamlanma zamani

wir: ¢akisma kisitlart igin kullanilan 0-1 degisken. (1, eger C; < e]ylp ; 0, eger CfUlP <e¢).

(IPM-KMZ)
Amag fonksiyonu:
enk zipy-gmz = Cenb 1)
Kisitlar:
ijkz =1 vk, 2
J
Z z xjkl =1 V] (3)
k1
ijkl - in(k—l)l <0 v k,l k>1 (4)
j i
C; = hjy+pji —M(1—xj) Vikl k=1 (5)
CjZ Ci+pﬂ+Sijl—M(2—xjkl—xi(k_1)l) Vi,j,k,l i?':j,k>1 (6)
e = —M(1—x;) Vikl k=1 ()
e < M(1—xy) Vikl k=1 (8)
ej = Cj_pjl_sijl_M(Z_xjkl_xi(k—l)l) Vi,j,k,l l'#:j,k> 1 (9)
e < Cj—pji — Siji + M(2 = Xjy — Xie-1)1) Vijkl i#j,k>1 (10)
Cenp = C vj (11)
eﬁp=al f=1LvIeM (12)
CHl = CE + b+ oy f>1vIieM (13)
e}fp:(]flfp—bl VfEQVIEM (14)
upP . (15)
CHr < e +0( 1= x| + 0wy ViENYfEQVIEM
k
(16)
Ci<eqs”+6 Z—ijkl—wjf VjENVfEQVIEM
k

Xjk € {0,1} VjkeNVIEM @an
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e,C; =20 VjEN (18)
Cenp 2 0 (19)
eﬁP,CfL{PZO VfEQVIEM (20)
wjr € {0,1} ViENVfEQ (21)

Amag (1) son igin tamamlanma zamaninin enkiigiiklenmesidir. Denklem (2) her makinanin her sirasina en
fazla bir igin atanmasini saglamaktadir. Denklem (3) her isin mutlaka bir makinanin bir sirasina atanmasini
garanti etmektedir. Denklem (4) islerin sira atlamadan islenmesini saglamaktadir. Denklem (5) ve (6) islerin
tamamlanma zamanini hesaplama kisitlaridir. Denklem (7)-(8) ilk siradaki, Denklem (9)-(10) sonraki
siralardaki islerin baglama zamanlarini hesaplayan kisitlardir. Denklem (11) son igin tamamlanma zamanin
belirlemektedir. Denklem (12)-(14) kullanilamayan zaman dilimlerinin baglama ve bitis zamanlarimi
hesaplamaktadir. Denklem (15) ve (16) her makinada isler ile kullanilamayan zamanlarin ¢akigmalarini
onleyen kisitlardir. Denklem (17)-(21) karar degiskenlerine ait isaret kisitlaridir.

3. ONERILEN GENETIK ALGORITMA (THE PROPOSED GENETIC ALGORITHM)

Genetik algoritma (GA), evrim teorisinden gelen ilkelere dayanan giiclii ve genis capta uygulanabilir
stokastik arama ve eniyileme teknigidir [28]. GA’da, her ¢6ziim kromozom adi verilen bir sembol dizisi ile
ifade edilir. Birden ¢ok kromozomdan olugan ve popiilasyon adi verilen yap1 kullanilarak ayni anda ¢ok
noktada eszamanli arama yapilir. GA, her nesil igin se¢im, ¢aprazlama ve mutasyon operatdrlerini
kullanarak daha basarili ¢oztimleri aragtirir. Gelistirilen genetik algoritmanin adimlar asagida verilmistir:

Adim 1: Rastgele bir baslangi¢ popiilasyonu olustur.
Adim 2: Mevcut popiilasyondaki her kromozom i¢in uyum degerini hesapla.

Adim 3: Mevcut nesile ikili turnuva se¢im, OX c¢aprazlama ve rastgele tasi, ikili yer degistirme, tek
makinada ikili yer degistirme mutasyon operatorlerinden rassal segilen birisini uygulayarak yeni
nesili tiiret.

Adim 4: Durdurma kriteri saglandiysa DUR, saglanmadiysa Adim 2'ye git.

Bu caligmada ¢oziimlerin gosteriminde permiitasyon kodlama yapisi kullanilmistir. Kromozom (n + m —
1) adet genden olugsmaktadir. Kromozomun (m — 1) geni “*’dir ve farkli bir makinaya gecildigini gosterir.
Ug paralel makinede ¢izelgelenecek on is icin 6rnek bir kromozom Sekil 1°de verilmistir.

[2][7[3[*]9]1]6]10[*[5[4]8]
Sekil 1: Ornek bir kromozom

Sekil 1°deki 6rnek kromozumun kars1 geldigi ¢oziimde; 2, 7 ve 3 numarali isler 1. makinaya, 9, 1, 6 ve 10
numarali igler 2. makinaya ve 5, 4 ve 8 numarali isler 3. makinaya verilen sirada atanmigtir.

Caprazlama operatorii olarak ise OX kullanilmigtir. Bu operatoriin ¢alisma mekanizmasi Sekil 2’de
gosterilmisgtir.

Ebeveynl | 2 | 7|3 | *]9]1]6]10]*[5]4]8]|

Ebeveyn2 [ 10 [3 [ 7 ]9 *]4]6][8]5]*[1]2]

Cocuk | 3 |7 ]9]*]a]1]e6]10]8]5]*]2]
Sekil 2: OX ¢aprazlama operatorii
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Sekil 2’de rassal olarak segilen iki ebeveyn kromozomun ilkinden rassal bir parca secilir. Sekilde secilen
parga gri ile isaretlenmistir. Bu parga konumu korunarak dogrudan ¢ocuk kromozoma aktarilir. fkinci
ebeveyn kromozomdan mavi ile isaretli genler silinir ve kalan genler ¢ocuk kromozomun bos genlerine
sirast korunarak aktarilir.

Bu calismada ti¢ farkli mutasyon operatorii kullanilmistir. Bu operatorler; rastgele tast, ikili yer degistirme,
tek makinada ikili yer degistirmedir. Rastgele tagi operatoriinde rassal olarak segilen bir gen kromozomun
rassal olarak segilen bir noktasina tasinmaktadir. Ikili yer degistirme operatoriinde kromozomun rassal
olarak segilen iki geni karsilikli yer degistirmektedir. Tek makinada ikili yer degistirme operatoriinde ise
karsilikli yer degistirecek genler aym1 makinadan secilmektedir. Bu ¢alismada rastgele tasi, ikili yer
degistirme, tek makinada ikili yer degigtirme mutasyon operatorleri sirastyla %20, %40 ve %40 olasilikla
rassal secgilerek uygulanmistir.

Gelistirilen GA’nin uyum fonksiyonu, Onerilen matematiksel modelin ama¢ fonksiyonudur. Segim
operatorii olarak ikili turnuva kullanilmistir. GA, 10000 nesil boyunca ¢oziimii iyilestirememisse
sonlandirilir. Popiilasyon biiyiikliigii 50, ¢aprazlama orani 0,75 ve mutasyon orani 0,01 olarak alinmustir.

4. DENEYSEL SONUCLAR (COMPUTATIONAL RESULTS)

Tiim testler Intel (R) Core (TM) i7- 5700HQ CPU@2.70 GHz islemcisi, 8 GB bellegi ve Windows 10
isletim sistemine sahip bir bilgisayarda ¢oziilmiistiir. Onerilen matematiksel modelin ¢éziimiinde GAMS
24.0.2 Cplex c¢oziiciisii kullanilmistir. Gelistirilen GA ise Delphi’de kodlanmistir. Bolim 4.1°de, test
problemlerinin tiiretilme mekanizmasi, boliim 4.2°de 6rnek problem ve bdliim 4.3’de ise elde edilen test
sonuglart ayrintili bir sekilde verilmistir.

4.1. Test Problemleri (Test Problems)

Onerilen yontemlerin performansini test etmek icin rassal olarak tiiretilen test problemleri kullanilmistir.
Tiiretilen test problemlerinin 6zellikleri Tablo 3’de verilmistir.

Tablo 3. Test Problemlerinin Ozellikleri

n-m 10-2, 20-3, 30-4, 100-5, 150-6, 200-7

P U[20,100]

hji, sj - U[5,20]

b, U[20,30]

g S A burada §~U[120,150], A€ {1,1}
m 4" 3

Alt1 adet ig-makina (n-m) kombinasyonu ve iki tip A degerine sahip olmak iizere 12 problem tipi
olusturulmustur. Her bir problem tipi i¢in {iger 6rnek olacak sekilde toplamda 36 adet test problemi
tiiretilmigtir. Test problemleri n-m-A tipi-ornek no seklinde isimlendirilmistir. A tipi 1 ya da 2 degerini

almaktadir. 1, A’nin § , 2 ise A’nin % oldugu durumu temsil etmektedir.
4.2. Ornek Problem (Sample Problem)

Ornek problem 10 is, 2 makine icermektedir. Islerin makine bazl iiretim siireleri ve ilk hazirlik siireleri
Tablo 4’te, sira bagimli hazirlik siireleri Tablo 5’te, kullanilabilir ve kullanilamayan zaman dilimlerinin
stireleri ise Tablo 6’da verilmistir.
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Tablo 4. p;; ve hj; parametreleri

P hj
i1 2 1 2
1 92 57 1 14 13
2 66 41 2 12 15
3 84 46 3 11 8
4 57 45 4 5 13
5 76 76 5 11 14
6 48 95 6 6 13
7 42 90 7 10 10
8 51 56 8 8 16
9 32 44 9 9 19
10 40 69 10 13 13

Tablo 5. sj,; parametresi

=1 1=2

ij 1 2 3 4 5 6 7 8 910 ij 1 2 3 4 5 6 7 8 910
1 013 9 14 17 13 8 9 14 6 1 011 51517 9 16 17 6 13
2 11 0 18 1519 16 6 8 11 17 2 17 010 19 9 13 13 13 19 9
3 11 8 0 6 7 15 9 18 10 7 3 1418 0 8 7 20 15 13 16 10
4 8 16 20 0 7 14 18 13 6 12 4 510 14 0 11 10 20 20 9 19
5 19 51118 0 17 12 8 14 15 5 16 11 19 8 013 6 5 17 20
6 17 15 8 13 6 018 10 9 11 6 8§ 18 7 6 7 0 7 10 12 10
7 1516 6 17 18 18 0 14 8 12 7 19 20 8 14 11 11 0 19 12 16
8 16 18 18 15 7 7 11 0 13 8 8 11 13 141019 6 9 0 6 6
9 14 716 7 18 12 10 7 0 8 9 16 14 19 13 8 12 18 12 0 19
10 13 1815 9 8 516 1716 O 10 910 7 18 1412 6 811 O

Tablo 6. a; ve b; parametreleri

1

2

| o b
152 25
175 28

595

Ele alinan problemde KMZ’leri ele almanin son isin tamamlanma zamanina etkisini gosterebilmek
amactyla, iki farkli durum incelenmistir. Ilk durumda is siralar1 belirlenirken KMZ dikkate alinmamaktadir.
Bu nedenle 6rnek problem 6ncelikle dnerilen matematiksel modelin (7)-(10) ve (12)-(18) kisitlar1 olmadan
klasik iliskisiz paralel makine cizelgeleme problemi (IPM) olarak ¢dziilmiis ve birinci makine igin is siras
5,7, 9, 10 ve 6 ikinci makine i¢in ise is sirast 3, 4, 1, 2, 8 olarak elde edilmistir. Elde edilen is siralar1
sabitlenerek problem onerilen modelle ¢6ziilmiis ve son isin tamamlanma zamani 324 olarak elde edilmistir.
Durum 1°e ait Gantt semas1 Sekil 3’de verilmistir.

Sekil 3. Durum 1: Is siralarimin IPM ile elde edildigi ¢oziim icin Gantt Semast

M2

M1

0

50

00

10

150

200

250

300

350
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Sekil 3’ten de goriilebilecegi gibi, Makine 1 (M1)’de KMZ’den 6nceki son is olan 7 numarali igin
tamamlanma zamani 141 olup KMZ’nin baglangici ise 152°dir. 11 birimlik bir bekleme olusmustur. Makine
2 (M2)’de KMZ’den 6nceki son is olan 1 numarali isin tamamlanma zamani 169 olup KMZ’nin baslangici
ise 175°dir. 6 birimlik bir bekleme olusmustur.

Ikinci durumda, 6rnek problem onerilen matematiksel model ile 1682 saniyede ¢oziilmiis ve eniyi amag
fonksiyonu degeri 323 olarak elde edilmistir. Elde edilen ¢ozlime ait Gantt Semas1 Sekil 4’de verilmistir.
M1’de KMZ’den 6nceki son is olan 9 numarali igin tamamlanma zamani 151 olup KMZ’nin baglangici ise
152’dir. Sadece 1 birimlik bir bekleme olusmustur. Benzer sekilde M2’de KMZ’den 6nceki son is olan 4
numaral1 isin tamamlanma zamani 174 olup KMZ’nin baslangici ise 175’dir. Yine sadece 1 birimlik bir
bekleme olusmustur.

Durum 1 ve Durum 2 birlikte degerlendirildiginde KMZ’lerin dikkate alimmasiyla hem KMZ’lerden 6nceki
makinalarin bos bekleme siirelerinde 6nemli bir diisiis hem de son isin tamamlanma zamaninda azalma
saglanmigtir.

M2 1 3 a . 2 8

Sekil 4. Durum 2: Ornek Problemin IPM-KMZ ile ¢éziilmesiyle elde edilen Gantt Semasi

4.2. Test Sonuclar1 (Test Results)

Oncelikle 10 is 2 makinali problemler i¢in KMZ’leri ele almanin son isin tamamlanma zamanina etkisi
incelenmistir. Bu amagla ilgili problemler hem IPM-KMZ modeli ile ¢6ziilmiis hem de IPM ile elde edilen
is siralari sabitlenerek IPM-KMZ modelinin amag fonksiyonu degerleri (zjpy,) hesaplanmistir. Siire limiti
icinde tiim problemlerin eniyi ¢6ziimlerine ulasilmistir. Elde edilen sonuglar Tablo 7°de verilmistir. Burada
son siitunda yer alan %fark degerleri (22) numarali formiil kullanilarak hesaplanmustir.

Zipy — Zipp—
%fark = iPM — iPM—KMZ 100 (22)
iPM

Tablo 7’den de goriilebilecegi gibi KMZ’lerin dikkate almmasiyla C,,; degeri en fazla %11,84, ortalama
%5,29 oraninda azaltilmistir.

Tablo 7. KMZ ' leri dikkate almanin etkisi

oroblem IPM-KMZ GAMS IPM GAMS %
ZipM-KkMZ t(sn.) Zipm t(sn.) fark
10-2-1-1 269 4395 284 1104 5,28
10-2-1-2 321 3900 331 2477 3,02
10-2-1-3 283 3670 321 1399 11,84
10-2-2-1 323 2173 324 1602 0,31
10-2-2-2 383 5636 432 2351 11,34

10-2-2-3 271 1754 271 1649 0,00
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Daha sonran < 30 ve n > 100 problemleri 6nerilen IPM-KMZ modeli ve gelistirilen GA ile ¢dziilmiis ve
elde edilen sonugclar sirasiyla Tablo 8 ve Tablo 9’da verilmistir. Tablo 8’de son siitunda yer alan %iyilesme
degerleri (23) numarali formiil kullanilarak hesaplanmaistir.
Zipy— -z
%iyilesme = IPM-KMZ "G4 100 (23)
ZipM-KMZ

Tablo 8. n < 30 problemlerinin test sonuglar

problem GAMS GA %
ZipM—KMZ t(sn.) Zga t(sn.) iyilesme
10-2-1-1 269 4395 269 1 0,00
10-2-1-2 321 3900 321 1 0,00
10-2-1-3 283 3670 283 1 0,00
10-2-2-1 323 2173 323 1 0,00
10-2-2-2 383 5636 383 1 0,00
10-2-2-3 271 1754 271 1 0,00
20-3-1-1 388 7200 372 1 4,12
20-3-1-2 340 7200 295 1 13,24
20-3-1-3 439 7200 416 1 5,24
20-3-2-1 538 7200 416 1 22,68
20-3-2-2 470 7200 424 1 9,79
20-3-2-3 412 7200 374 1 9,22
30-4-1-1 - 7200 386 1 -
30-4-1-2 760 7200 329 1 56,71
30-4-1-3 694 7200 361 1 47,98
30-4-2-1 - 7200 372 1 -
30-4-2-2 645 7200 418 2 35,19
30-4-2-3 933 7200 390 2 58,20

Tablo 9. n > 100 problemlerinin test sonuglar:

problem GAMS GA
Zipy-kmz _ t(SN.) Zga  t(sn)
100-5-1-1 - 7200 909 80
100-5-1-2 - 7200 922 50
100-5-1-3 - 7200 877 85
100-5-2-1 - 7200 927 144
100-5-2-2 - 7200 932 58
100-5-2-3 - 7200 905 80
150-6-1-1 - 7200 1126 142
150-6-1-2 - 7200 1114 164
150-6-1-3 - 7200 1187 104
150-6-2-1 - 7200 1175 147
150-6-2-2 - 7200 1162 197
150-6-2-3 - 7200 1158 177
200-7-1-1 - 7200 1365 158
200-7-1-2 - 7200 1373 199
200-7-1-3 - 7200 1376 271
200-7-2-1 - 7200 1335 343
200-7-2-2 - 7200 1359 311
200-7-2-3 - 7200 1347 363

Tablo 8’den de goriilebilecegi gibi, problemler énerilen IPM-KMZ modeli ile ¢oziildiigiinde, tim 10
boyutlu problemlerin siire limiti iginde eniyi ¢6ziimlerine ulagilmistir. 30-4-1-1 ve 30-4-2-1 problemlerine
siire limiti i¢inde uygun ¢6ziim bulunamazken diger problemler i¢in uygun ¢oziimler elde edilmistir.
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Gelistirilen GA ile eniyi ¢ozlimleri bilinen tiim problemlerin eniyi ¢6ziimlerine ulagilmistir. Matematiksel
model ile ¢oziilemeyen problemlere uygun ¢oziim bulunmus ve modelle uygun ¢oziimleri elde edilen tiim
problemlerin C,,; degerleri de iyilestirilmistir. Enbiiyiik iyilesme orani 30-4-2-3 problemi i¢in %58,2
olarak gerceklesmistir.

Tablo 9°dan da gériilebilecegi gibi, n > 100 problemlerinin higbirisine dnerilen IPM-KMZ modeli ile siire
limiti iginde uygun ¢6ziim bulunamamustir. Gelistirilen GA ile ise tiim problemler i¢cin uygun ¢oziimler elde
edilmistir.

5. SONUC VE ONERILER (CONCLUSION AND RECOMMENDATIONS)

Bu ¢alismada sira bagimli hazirlik siirelerinin ve kullanilamayan zaman dilimlerinin oldugu iliskisiz paralel
makine ¢izelgeleme problemi ele alinmistir. Ele alinan problem i¢in bir matematiksel model ve bir genetik
algoritma gelistirilmistir. Onerilen ¢dziim yontemlerinin performans: rassal tiiretilen test problemleri
kullanilarak gosterilmistir. Kullanilamayan zaman dilimlerinin dikkate alinmasiyla son isin tamamlanma
zamaninda ortalama %35,29°luk bir azalma saglanmistir. Onerilen matematiksel model ve GAMS/Cplex
ile siire limiti iginde 10 boyutlu problemlerin en iyi ¢oziimleri elde edilmistir. 20 ve 30 boyutlu problemler
i¢cin uygun ¢oziimlere ulasilirken, 100 ve daha biiyiik boyutlu problemler ¢oziilememistir. Biiylik boyutlu
problemlerin ¢6ziimii icin gelistirilen GA ile bu problemlerin uygun ¢éziimlerine erisilmistir. Ayrica
gelistirilen GA, 10 boyutlu problemlerin en iyi ¢oziimlerine ulagmistir. 20 ve 30 boyutlu problemlerin
GAMS/Cplex ile elde edilmis ¢oziimleri ise ortalama %26 iyilestirilmistir. Gelecekte, gelistirilen
matematiksel model ve genetik algoritma, kullanilamayan zaman dilimlerinin daha 6nce hi¢ dikkate
alimmadig1 akis tipi ve atolye tipi ¢izelgeleme problemlerine uyarlanabilir.
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In this study, a lower spray arm mechanism was designed to increase the washing efficiency of
dishwashers and to reduce the noise level during operation.

Figure A. planet spray arm mechanism design

Purpose: The parameters affecting the cleaning performance of dishwashers can be listed as
temperature, time, mechanical and chemical effect [4]. The mechanical effect used in the cleaning
process is created by the water jet. The pressure of the sprayed water increases after passing
through the nozzle. Water pressure, rotational speed of spray arm and the area swept by the spray
arm can be listed as parameters that directly affect the washing performance. In this study, it is
aimed to improve the mechanical effect by increasing the area swept by the spray arm.

Theory and Methods: The washing performance of the dishwasher, in which this planet spray
arm mechanism is used, has been experimentally investigated in accordance with the EN 50242
Standard. Washing performance tests were carried out on a 14-person dinner set. The
contaminants, minced meat, eggs, oats, spinach, margarine, milk and tea, were applied to the parts
of the dinnerware as specified in the standard. Afterwards, all of the parts that make up the set
were evaluated according to the dirt-area scoring and the washing score value was obtained.

Results: In this study, the parameters affecting the washing performance of the dishwasher were
examined and a lower spray arm was designed to increase the washing performance. With the
proposed planet spray arm design, 82% of the interior volume can be swept. The nozzles on the
spray arms are placed at the angle and position where the best performance can be obtained. Thus,
both the washing performance is increased and the noise level is reduced.

Conclusion: The washing performance of the prototype planetary spray arm mechanism was
evaluated according to EN50242 "Measurement of Washing Performance in Household
Dishwashers™ standards. The tests were performed under the same conditions for the proposed
and existing design. As a result of the tests, an increase of 6.14% was observed in the washing
performance. The sound levels of the existing lower spray arm and the planetary spray arm design
were also compared. An improvement of 3 dBA was observed in the sound level.
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Today, with the advancement of technology, studies on machines that make human life easier
have also increased. While the companies in the sector compete with each other, they work hard
to design machines that make a difference and to improve customer perception. In present study,
a lower spray arm mechanism was designed to increase the washing efficiency of dishwashers
and to reduce the noise level during operation. The washing performance of dishwashers could
be increased with long washing times and the use of chemicals. However it causes increasing

water and energy consumption, as well as environmental effect. For this reason, it has been aimed
to improve the cleaning performance with the help of water jet, which is defined as the mechanical
effect. For this purpose, a new mechanism design with planet spray arm, which allows sweep
more area in the interior volume of the dishwasher, has been realized. The washing performance
of the dishwasher, in which this planet spray arm mechanism is used, has been experimentally

Keywords

Washing performance

Dishwasher investigated in accordance with the EN 50242 Standard. The washing performance has been
Sound level improved by 6.14% and dramatic decreases in sound level were observed.
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Bulasik Makinasi Yikama Performansinin Deneysel Olarak

Anahtar Kelimeler Incelenmesi

Yikama performanst Oz

Bulagsik makinas e . . . . I
S:S ;; cii dﬁzl eyil Gilinlimiizde teknolojinin ilerlemesiyle beraber insan hayatini kolaylastiran makineler {izerinde

Uydu pervane yapilan ¢aligmalar da artmustir. Sektdrde yer alan firmalar birbirleri ile rekabet ederken fark

Su jeti yaratan makinalar tasarlamak ve miisteri algisini gelistirmek igin yogun bir caligma
icerisindedirler. Sunulan ¢alismada bulasik makinalarinin, yikama etkinligini artirma ve ¢alisma
sirasinda meydana gelen ses diizeyini diigiirmeye yonelik bir pervane mekanizmasi tasarlanmustir.
Bulagik makinelerinin yikama performansinin uzun yikama siireleri ve kimyasal kullanimi ile
arttirilmasi hem su ve enerji tiiketimini arttirdigi hem de gevresel nedenlerle istenmemektedir. Bu
nedenle mekanik etki olarak tanimlanan su jeti yardimiyla temizleme performansinin
iyilestirilmesine yonelinmistir. Bu amagla bulasik makinasi i¢ hacminde daha fazla alan taramaya
imkan veren uydu pervaneli yeni bir mekanizma tasarimu gergeklestirilmistir. EN 50242 Bulagik
Makinalar1 Yikama Performansmin Olgiilmesi standardina uygun olarak bu pervane
mekanizmasinin  kullanildigi bulasik makinasinin yikama performansi deneysel olarak
incelenmistir. Hali hazirda kullanilan pervane sistemine gore ytkama performansi %6.14 oraninda
iyilestirilmistir. Bunun yaninda noziil tasarimindaki degisiklikle ses diizeyinde de ciddi diisiiler
gozlenmistir.

1. GIRiS INTRODUCTION)

Modern sehir yasantisinda giderek ¢aligma hayatina katilan kisi say1sinin artmasi insanlarin evde gegirdigi
vaktin azalmasina neden olmaktadir. Bu baglamda 6zellikle geng niifusun evdeki giinliik islere ayirdiklar
zamani azaltmak istemeleri elektrikli ev aletlerine olan ihtiyaci arttirmaktadir. Sunulan ¢aligmada elektrikli
ev aletlerinden bulasik makineleri ele alinacaktir. Bulasik makineleri kirli bulasiklari otomatik olarak
yikama ve durulama islemini yaparak kullanicilara zaman ve enerji tasarrufu saglamakta, giinden giine
kullanim oranmi artmaktadir [1]. Tiketicilerin Richter’in yaptigi arastirmaya gore bulasik makinesi satin
alirken en ¢ok yikama performansi, su ve enerji tilketimini dikkate aldiklar1 gériilmektedir. Ayrica disiik
ses seviyesi ve satis fiyat1 da tercih nedenleri arasinda yer almaktadir [2]. Berkholz ve digerlerinin yaptig
calismaya gore zaman tasarrufu sagladig1 ve daha saglikli oldugu igin tiiketiciler bulagik makinesi almay1
tercih etmektedirler [3].
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Bulasik makineleri temizleme islemini otomatik olarak yapan ve kir ile ylizey arasindaki bagi koparmaya
yarayan makineler olarak tanimlanabilir. Genel olarak yikama, durulama ve kurutma adimlarindan olusan
bir cevrimde ¢aligmaktadir. Bu makinelerin temizleme performansini etkileyen parametreler sicaklik
(suyun 1sitilmas1), zaman (yikama siiresi), mekanik (su jeti ile kirin yiizeyden uzaklastirilmasi) ve kimyasal
(deterjan yardimiyla temizleme) etki olarak siralanabilir [4].

Kimyasal (deterjan) kullanim1 ve uzun yikama siireleri ile en etkili temizlemeyi elde etmek miimkiindiir.
Ancak gliniimiiz insanlar1 kimyasal yollarla temizleme islemini saglikli bulmadigindan bunun yerine
mekanik etkiyle temizle yontemi gibi alternatifler aramaktadir. Amerika’da % 80’i bulasik makinesi
kullanicist olan 500 kisiyle kullanici davraniglarmi incelemek iizere yapilan anket c¢aligmasinda,
kullanicilarin %54’ uzun siiren yikama islemlerine ragmen bulagik makinesinin iyi temizlemedigini
diistinmektedir. Kullanicilarin %75°1 ise kirlerin daha iyi ¢ikarilmasi igin, kirli bulasiklart makineye
dizmeden 6nce 6n durulama iglemi yapmaktadir [5].

Temizleme siirecinde kullanilan mekanik etki su jetiyle olusturulmaktadir. Pervane igerisindeki suyun
noziillere ulastig1 sirada ani kesit daralmasiyla birlikte hizinin yiikselmesi sonucunda olusan etki su jeti
olarak tanimlanmaktadir. Piiskiirtiilen su, pervane noziiliinden gegtikten sonra basinci yiikselmektedir. Bu
yiiksek basing yardimryla kirin yiizeyle arasindaki bagin daha kolay kopmas1 saglanmaktadir [6].

Tsouknidas ve Zhang yaptiklari calismada, mekanik etkinin iyilestirilmesinin iki ana faktore bagli oldugunu
ve bunlarin pervane doniis hizi ve pervane noziillerinin ¢ikisindaki su basinct oldugunu ifade etmislerdir.
Yiiksek basing ve diisiik doniis hizinda yikama performansinin en iyi sonucu verdigini, yiiksek doniis hizi
ve diisiik basingta ise azaldig1 tespit edilmistir. Ayrica makinanin toplam ses seviyesinin bu parametrelere
bagl oldugunu ve bu parametrelerdeki degisimlerin ses seviyesini nasil etkiledigi ¢aligma kapsaminda
incelenmistir [7].

Tutkak yaptig1 calismada yikama adimlarinin enerji tiiketimi lizerindeki etkisini incelemislerdir. Yikama
performansinda en yiiksek etkiye sahip parametrenin yikama suyu sicakligi oldugu ifade edilmistir [8].
Sertore ve digerleri tarafindan yapilan ¢calismada bir noziilden farkli uzakliklardaki yiizeylere yonlendirilen
su jetinin yiizeylerdeki yayilma profili incelenmistir. Noziil ve noziiliin etki ettigi yiizey arasindaki
mesafenin artmasiyla beraber yiizeyde olusan etki kuvvetinin azaldig1 goriilmiistiir [9]. Ayni arastirmacilar
tarafindan yapilan diger bir caligmada ise etki yiizeyi agisi ile kuvvet arasindaki iligki incelenmistir. Jetleme
acisinin artmasiyla etkiyen kuvvetin azaldigi gézlemlenmistir [10].

Nomura ve digerleri tarafindan yapilan caligmada, geleneksel bulasik makinelerinde kullanilan tek
pervaneli sistemde suyun erisebildigi alanlarin kisitli oldugu ve bu sebeple yikama veriminin artmasinin
zorlastig1 iddia edilmektedir. Bu problemi ¢6zebilmek adina tasarlanan sistem, normal pervane iizerine
kiigiik bir pervane daha konularak ve noziil acilar1 ayarlanarak saglanmistir. Boylece geleneksel pervane
sistemlerindeki periyodik hareketin kaotik bir harekete c¢evrildigi ve yikama performansinin artirildig
sOylenmektedir [11].

Su ve enerji kaynaklar1 talebin glinden giine artmas1 bu kaynaklarin daha dikkatli kullanilmasimi tesvik
etmektedir. Su ve enerji tiikketiminin azaltilarak yikama performansinin iyilestirilmesi bulagik makinelerinin
kullanimin1 arttirmaktadir. Bu c¢aligmada bulasik makinelerinin, yikama performansimi iyilestirmek
amaciyla mekanik etkiyi arttirmak iizere bir uydu pervane mekanizmasi Onerilmis, ayn1 zamanda noziil
acilar1 degistirilerek ses diizeyini diislirmek hedeflenmistir.

2. YIKAMA PERFORMANSINI ARTTIRMAYA YONELIK PERVANE TASARIMI (SPRAY
ARM DESIGN TO INCREASE WASHING PERFORMANCE)

Gilintimiizde kullanilan bulasik makinelerinin yikama sistemleri genellikle bir alt pervane ve bir iist pervane
olmak tizere toplamda iki adet pervaneden olusmaktadir. Bu ¢alismada Argelik firmasina ait bir bulagik
makinesi kullanilmis ve alt pervane ele alimmustir. Yikama sepetinin alt kisminda ve yikama alaninin tam
ortasinda bulunan alt pervane plastik pargaya yataklanmis olup, kendi ekseni etrafinda serbestce
donebilmektedir. Ortalama olarak bulasik makinalarinda bulagiklara etkiyen su basmcinin 15 kPA
civarinda oldugu sdylenebilir. Pervanenin doniis hiz1 40+5 d/dk olup suyun pervane kollarinda yaratmis
oldugu moment ile birlikte herhangi bir motorize sistem olmadan yikama yapmaktadir.
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Su basinci, pervane doniis hizi ve pervane tarafindan taranan alan pervane tasariminda yikama
performansina dogrudan etki eden parametreler olarak siralanabilir. Sunulan bu calismada pervane
tarafindan taranan alan arttirilarak mekanik etkinin iyilestirilmesi hedeflenmistir. Bu amagla alt pervanenin
iizerinde ve kose noktalara ulasabilen ek bir pervane daha yerlestirilmesi disiiniilmiistiir. Bu ek pervane
uydu pervane olarak adlandirilacaktir. Sekil 1 de uydu pervanenin kenar ve koselerdeki konumu
goriilmektedir.

Uydu
Pervane
-

-—I} Alt

| | Pervane [~
\

Sekil 1. Uydu pervanenin kenar ve késelerdeki konumu

Uydu pervanenin alt pervane ile senkron hareket etmesi, kdse ve yan duvarlardaki konumunun kontrol
edilebilmesi i¢in gereklidir. Bu amagla, uydu pervanenin ana pervane dénme ekseni etrafinda bir uydu
hareketi yapabilmesi icin bir disli mekanizmasi tasarlanmistir. Bu disli mekanizmasi, ana pervanenin
donme eksenine bagli bir kilavuz disli ve kilavuz dislinin etrafinda belirlenen ¢evrim oraninda dénen disli
carklardan olusmaktadir. Uydu pervane ana pervane iizerine yataklanmig olup yikama i¢in gerekli suyu ana
pervane icgerisinde kalan delikli yap1 sayesinde almaktadir. Alt pervanenin hareketiyle tahrik edilen disli
cark sistemi, kendisine bagli olan uydu pervanenin dénmesi saglanmaktadir. Mevcut ve uydu pervane
sisteminin bulagik makinasi yikama tabaninda siipiirdiikleri alan Sekil 2 de goriilmektedir. Dairesel
stiplirme ile bulasik makinasinin tabaninin %67’si, ek pervane yerlesimiyle %82’si taranmaktadir.

2) b)L
Sekil 2. a) Alt pervanenin mevcut durumda taradigi alan, b) Uydu pervane sisteminin taradigi alan

Noziillerin konumlarinin ve agilarinin belirlenmesi su jetinin olusturulabilmesi i¢in gerekmektedir. Mevcut
durumda pervane koselerinde bulunan noziiller, pervanenin kose noktalarindaki yikama etkinligini artirmak
icin acilt bir sekilde tasarlanmistir. Fakat pervane kdse noktalarda olmadiginda noziillerden ¢ikan suyun
kazan yan duvarina ¢arpmasi nedeniyle giiriiltii meydana gelmektedir. Bu durumu iyilestirmek icin uydu
pervane iizerinde kdse noktalarda bulunan noziiller diiz olarak tasarlanmis olup, diger noziiller suyun
pervanenin doniisiine yardim edebilmesi i¢in agili olarak tasarlanmistir. Ana pervanenin alt tarafina donme
momentini artirmak iizere ayrica noziiller eklenmistir. Sekil 3 de uydu pervanedeki noziil yerlesimi ve alt
pervane ile birlikte bulagik makinasina montaj durumu goriilmektedir.

Agilh
noziiller
|

Dik noziller

Sekil 3. a) Uydu pervane noziil tasarimi ve prototipi, b) Tasarlanan yeni alt pervane montaj hali
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Uydu pervane sistemi mevcut pervanenin kullanildigi ayni ozellikteki bulagik makinasina montaj
edilmistir. Bu nedenle her iki durumda da kullanilan su pompalar1 aynidir. Bulasik makinesinin hangi
fonksiyonda calistigina gore sistem basinct 25-50 kPa araliginda degiskenlik gostermektedir. En yiiksek
basing pompa ¢ikisinda 50 kPa olarak Ol¢iilmiistiir. Bu durumda iist pervane 10-15 kPa araliginda
calisirken, alt pervane 30-35 kPa araliginda ¢alismaktadir. Uydu pervane sisteminde disli cark grubu alt
pervane igerisine yerlestirilmis oldugundan akis alani daha dar hala gelmis ve bunun sonucunda alt
pervanedeki basing degeri 28-29 kPa araligina diigmiistiir. Mevcut sistemde alt pervane 40+£5 d/dk ile
donerken, yeni tasarlanan uydu pervane sistemde disli ¢ark mekanizmasinda meydana gelen kayiplar
nedeniyle donme hiz1 33+3 d/dk olarak Sl¢iilmiistiir.

3. MALZEME VE METOT (MATERIAL AND METHOD)
3.1. Yikama Performansimin Belirlenmesi (Determination of Washing Performance)

Bulagik makinalarinda yikama performansinin belirlenmesinde EN50242 “Ev Tipi Bulasik Makinelerinin
Performansinin Olgiilmesi” standardi uygulanmaktadir [12]. Bu standarda gére 14 kisilik yemek takimi;
kiyma, yumurta, yulaf, 1spanak, margarin, siit ve ¢ay ile kirletilmektedir. Daha sonra kirletilmis yemek
takimi, yikama performansi tespit edilecek makina ve referans makinada ayni kosullarda teste tabi
tutulmalidir. Yikama sonrasi kirletilmis yemek takiminin temizlik durumuna bagli olarak bir yikama puani
hesaplanmaktadir. Test edilen makinanin yikama performansi P,

Test edilen makinenin yitkama puant

Referans makinenin ytkama puani

seklinde hesaplanabilir. Bu degere karsilik gelen yikama performansi sinifi Tablo 1’de goriildiigi gibi tespit
edilir [8].

Tablo 1. Yikama performansi siniflart [8].

Yikama Performans Yikama Endeksi
Sinifi (%)
A P>1.12
B 1.12>P>1.00
C 1.00>P>0.88
D 0.88>P>0.76
E 0.76>P>0.64
F 0.64>P>0.52
G 0.52>

3.2. Deney Sartlarn (Experimental Parameter)

Yikama testlerinde istenen ortam kosullari; oda sicakligi 23 + 2°C, bagil nem %55 £ %5, su besleme
sicakligr 15 + 2°C, su besleme basinci 240 + 20 kPa, su sertlik degeri 2.5 £ 0.5 mmol/l olarak standartta
tanimlanmigtir. Tablo 2’°de yikama performansi degerlendirilecek yeni pervane sisteminin montaj edildigi
makina A ve standartta tariflenen referans makine B’ye ait teknik 6zellikler goriilmektedir.

Tablo 2. 4 ve B bulasik makinalarinin teknik ozellikleri.

Ozellik Makina A | Makina B
Su tiiketimi (1) 9.5 14.4+0.4
Enerji titketimi (kwh) 0.83 1.33+0.08
Kapasite (kisi) 14 12
Alt pervane doniis hizi(d/dk) 40+5 3545
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Yikama performans testlerine baglanilmadan 6nce, bulasik makinesi standartta yer alan referans deterjanla
durulama maddesi olmaksizin ii¢ kez ¢alistirilmistir. Yikama performans: testlerinde standart deterjan ve
durulama maddesi bilesimi kullanilmistir [12].

3.3. Deney Numunelerinin Hazirlanmasi (Preparation of Experimental Samples)

Yikama performans: testleri 14 kisilik yemek takimi iizerinde gerceklestirilmistir. Takimi olugturan
parcalarin hepsi testten oncesi kir-alan1 puanlamasina gore 5 skorunu (hi¢ kir olmama) alacak sekilde
temizlenmistir. Deney makinesi A ve referans makina B i¢in hazirlanan tiim kirletme maddeleri ayni
partiden se¢ilmistir. Deney i¢in gerekli her bir kirletme madde miktarinin tamami 0,001 gr hassasiyetli bir
tart1 kullanilarak tartilmis, gerekli porsiyonlara ayrilmis ve takimin pargalarina uygulanmistir. Deneylerde
kullanilan yemek takimina ait pargalarin boyutlar1 Tablo 3’te goriilmektedir.

Tablo 3. Yemek Takimi par¢a boyutlar

Yemek takimi parcas1 | Cap/Hacim/Uzunluk
Corba tabagi 230 mm
Diiz tabak 260 mm
Tatl tabagi 190 mm
Fincan 0.211
Fincan tabagi 140 mm
Bardak 250 ml
Catal 184 mm
Corba kasig1 195 mm
Bigak 203 mm
Cay kasig1 126 mm
Tath kasig1 156 mm
Oval diiz tabak 320 mm
Biiyiik servis késesi 200 mm
Orta servis késesi 160 mm
Kiic¢iik servis kasesi 130 mm

Kirletme maddeleri olan kiyma, yumurta, yulaf, 1spanak, margarin, siit ve ¢ay standartta belirtildigi sekilde
yemek takiminin pargalarina uygulanmistir.

Kiyma kiri: Domuz ve sigir kiymasindan 1:1 oraninda homojen karistirilarak hazirlanmistir. 150 gram
kiyilmis ete ¢irpilmig 50 gramlik yumurta karistirilmis ve sonrasinda 60 gramlik porsiyonlara ayrilmistir.
60 gramlik porsiyonlara ayrilan kiyilmig etten 50 grami 8 gram su ile homojen duruma gelene kadar
karigtirllmigtir. Hazirlanan kiyma 7 adet diiz tabaga ve bir adet en biiylik servis kasesine uygulanilmistir.
Standartta tariflenen bir plastik ¢atal yardimiyla tabaklarin st tarafina ve kenar kisimlarda 20 mm bosluk
temiz kalacak sekilde esit olarak dagitilmistir.

Yumurta kiri: Ug adet yumurtanin beyaz1 sarisindan ayristirilmis ve yumurta saris1 bir kisede ¢irpilmistir.
Daha sonrasinda diiz tabak ve tatli tabaklarinin sayica yarisina ve iist kismina kenar kisimlardan 20 mm
bosluk temiz kalacak sekilde standartta tanimlanan genisligi 25 mm olan fir¢a yardimiyla esit olarak
stiriilmiistiir. Tiim catallara ise yumurta kirinden ince diizgiin bir tabaka seklinde uygulanmis ve catallar
ayr1 bir tabakta ug kisimlar1 agagi gelecek sekilde kurumaya birakilmustir.

Yulaf kiri: Yulaf kiri hazirlanmasinda, 50 gramlik yulaf ezmesi 750 ml soguk su ve 250 ml siit ile iyice
karigtirilmistir. Karisim kaynama noktasina getirilene kadar 1sitilmig ve bir tahta kasik yardimiyla siirekli
karistirilmigtir. Corba tabaklarinin ve ¢orba kasiklarinin tamamina yulaf lapasi uygulanilmistir. Corba
kasiklar1 hazirlanan yulaf lapasina daldirilmis ve kasigin sirt kismi yukariya gelecek sekilde deney yiikiine
ait olmayan bir tabak iizerinde kurumaya birakilmigtir. Corba tabaklarina ise tabagin iist yiizeyine ve
kenardan 20 mm bosluk temiz kalacak sekilde standartta tanimlanan 25 mm genigligindeki fir¢a yardimiyla
esit olarak uygulanilmistir.

Ispanak kiri: Dondurulmus ve igerisinde hi¢cbir katki maddesi olmayan ispanak oda sicakliginda
¢oziildiikten sonra standartta yer alan kevgire konulmustur. Ispanak kevgir lizerinde ezilerek ufak pargalara
ayrilmig, yemek takimi parcast basmma 3 gram uygulanacak sekilde standartta tanimlanan 25 mm
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genigligindeki firga yardimiyla tatli tabaklarinin yarisi, kiigiik ve orta boy servis kaselerine kenar
kisimlardan 20 mm bosluk temiz kalacak sekilde siiriilmiistiir.

Margarin Kiri: Evlerde kullanilan margarin oda sicakligina gelene kadar bekletilmis, oval diiz bir tabaga
bir bigak yardimiyla kenarlardan 20 mm bosluk temiz kalacak bicimde uygulanilmustir.

Siit kiri: Kirletme malzemelerinden siit 250 ml kapasiteli, yiiksekligi 115 mm ve ¢ap1 60 mm olan
laboratuvar cam bardaklarinda hazirlanmigtir. Hazirlama islemine gegilmeden 6nce mikrodalga firinda bir
on 1sitma islemi gergeklestirilmistir. Her biri 50 ml su ile doldurulan cam bardaklar, mikrodalga firinin
doner tablasina simetrik bir sekilde yerlestirilmis ve 780 W’ta 4 dakika ve 150 W’ta 10 dakika 1sitilmustir.
Daha sonrasinda mikrodalgadan ¢ikarilan su dolu bardaklar bosaltilmustir. Siit her bir bardaga 10 ml olacak
sekilde bir pipet yardimiyla dokiildiikten sonra, mikrodalga firinda 780 W’ta 4 dakika ve 150 W’ta 10
dakika olmak iizere pisirilmistir.

Cay kiri: Cay kiri hazirlanmasinda standartta yer alan firmadan temin edilen siyah ¢ay kullanilmigtir. 1 litre
kaynamis su 6 gram cay iizerine dokiilmiis ve 5 dakika siireyle kapali bir kapta bekletilmistir. Fincan ve
fincan tabaklar1 yariya kadar gay ile doldurulduktan sonra 80°C’ye 1sitilan 1s1 dolabina konulmus ve 1 saat
siireyle 1s1 dolabinda bekletilmistir. Is1 dolabindan ¢ikarilan fincan ve tabaklar iizerinde kalan cay
bosaltilmis, ¢ay kiri hazir hale getirilmistir.

Kirletilmis yemek takimi pargalari birbirine ¢ok yakin olmayacak sekilde 1s1 dolabina yerlestirilerek 80°C
de iki saat bekletilmistir. Is1 dolabindan ¢ikarilan kirli yemek takimi pargalar1 40 dk siire ile ortam
sicakliginda sogutulmustur. Is1 dolabindan ¢ikan kirlere ait gorseller Sekil 4’de goriilmektedir.

Sekil 4. Yikama igin hazirlanan kirletilmis yemek takimi parcalart
4. DENEYSEL BULGULAR VE TARTISMA (EXPERIMENTAL RESULTS AND DISCUSION)
4.1. Deneylerin yapihsi (Experimental Procedure)
Kirletilmis yemek takimi pargalar1 A ve B makinasini iireten firmalarin talimatlarina uygun olarak iist ve
alt sepetlere Sekil 5°de goriildiigii gibi yerlestirilmistir.

Yikama performans: testleri, deney makinesi ile referans makinasinin ayni anda c¢aligtirilmasi ile
baslatilmistir. Makina A i¢in ekonomi programi, Makina B i¢in iiniversal programi verilmistir. Testler bes
kez tekrarlanmistir. Her yikama i¢in B6liim 3.3 de anlatildigt sekilde yemek takimi parcalart kirletilmistir.
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Sekil 5. Kirletilmis yemek takimi parcalarimin alt ve iist sepete yerlesimi

4.2. Yikama Sonrasi Degerlendirme (Evaluation after washing)

Her bir kirletilmis yemek takimi pargasi yikama periyodu sonrasi ayni egitimli deney personeli tarafindan
gorsel olarak degerlendirilmistir. Degerlendirmenin yapildigi ortamin aydinlik seviyesi 1500 lux’tur. Tablo
4’te gorildiigli iizere kiiclik nokta bicimli kir pargaciklarinin sayisina veya toplam kirletilmis alan
biiyiikliigline gore yapilmaktadir. Birden fazla skor icin kurallar karsilaniyorsa, en diisiik uygulanabilen
skor verilmigtir (EN 50242 2016). Nokta bigimli kir pargaciklarinin sayisi veya kirletilmis alan biiytikliigii
matematiksel olarak ifade edilebilen biiyiikliikler oldugundan degerlendirme islemi giivenilirdir ve kisiden
kisiye gore degismemektedir.

Tablo4. Kir alani-ytkama puani

Kiiciik nokta bicimli
kir parc¢aciklarinin Toplam Kirletilmis alan (mm?) | Puan
sayisi (n)

Uygulanmaz Kir alan1 >200 0
Uygulanma 50<Kir alan1<200 1
n>10 4<Kir alan1<50 2

4<n<10 Kir alan1 <4 veya 5-10 pargacik 3
0<n=<4 Kir alan1 <4 veya 1-4 parcacik 4

n=0 Temiz 5

Degerlendirmeler sirasinda puanlanan yemek takimina ait fincan iizerinde Tablo 4 dikkate alinarak yapilan
puanlama o6rnek olarak sekil 6 da gdsterilmistir.

Gl

Sekil 6. Yemek takiminmin kirlilik durumunun degerlendirilmesi
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Yemek takimimin biitiin parcalar1 goz Oniinde bulundurularak Makina A da mevcut alt pervanenin
bulunmas: durumu i¢in yikama performansi degerlendirmesi Tablo 5’te goriilmektedir. Degerler 5
yikamanin ortalamasi alinarak verilmistir. Yemek takiminin géz oniine alinan pargasi igin yikama puani
(ypi) 3. ypi =puan degeri x par¢a adedi seklinde hesaplanmigtir.

Tablo 5. Mevcut pervane sisteminin yikama performansinin degerlendirilmesi

Yemek Takim R Toplam Kir Parca Puan Degerlendirmesi
Parcasi Kir Tiri Miktar Adedi | 5 | 4 | 3 [2/1]0] ypi
Corba tabagi Yulaf 42 ¢ 14 316[5 26
Diiz tabak Yumurta l4¢g 7 6 | 1 27
Diiz tabak Kiyma 2l g 7 4 13 25
Tatl1 tabag1 Yumurta l4g 7 2 141 29
Tatl1 tabagi Ispanak 35¢g 7 1|4 ]2 27
Oval diiz tabak Margarin 12¢g 1 1 4
Fincan Cay Yariya kadar 14 81214 46
Fincan Tabagi Cay Yariya kadar 14 2 10| 12 50
Biiyiik servis késesi Kiyma 4g 1 1 4
Orta servis kasesi Ispanak 35¢g 1 1 4
Kiigiik servis kasesi Ispanak 25¢g 1 1 3
Bardak Siit 10 ml 14 3 15|16 25
Catal Yumurta Firga siiriilerek 14 131 69
Corba kasig1 Yulaf Daldirarak 14 9 |5 65
Bigak Yok Yok 14 12| 2 68
Cay kasig1 Yok Yok 14 11] 3 67
Tatl1 kagig1 Yok Yok 14 13| 1 69
Servis takimi Yok Yok 4 4 20
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Yemek takiminin biitiin pargalart g6z 6niinde bulundurularak yeni tasarlanan uydu pervanenin oldugu hal
icin Makina A’nin yikama performansi degerlendirmesi Tablo 6’da goriilmektedir. Degerler 5 yikamanin
ortalamasi alinarak verilmistir.

Tablo 6. Uydu pervane sisteminin yikama performansinin degerlendirilmesi

Yemek Takim R Toplam Kir Parca Puan Degerlendirmesi
Parcasi Kir Tiri Miktar Adedi | 5 | 4 | 3 [2/1]0] ypi
Corba tabagi Yulaf 42 ¢ 14 1 1 |4 3]|5 32
Diiz tabak Yumurta l4¢g 7 2 13 1|1 27
Diiz tabak Kiyma 2l g 7 5 1 |1 25
Tatl1 tabag1 Yumurta l4g 7 313 27
Tath tabag: Ispanak 35g 7 4 12 |1 31
Oval diiz tabak Margarin 12¢g 1 1 5
Fincan Cay Yariya kadar 14 3 4 55
Fincan Tabagi Cay Yariya kadar 14 4 1 59
Biiyiik servis késesi Kiyma 4g 1 1
Orta servis kasesi Ispanak 35¢g 1 1
Kiigiik servis kasesi Ispanak 25¢g 1 1
Bardak Siit 10 ml 14 414 15]1 39
Catal Yumurta Firga siiriilerek 14 10 | 4 69
Corba kasig1 Yulaf Daldirarak 14 131 66
Bigak Yok Yok 14 12| 2 68
Cay kasig1 Yok Yok 14 11] 3 67
Tatl1 kagig1 Yok Yok 14 13| 1 69
Servis takimi Yok Yok 4 4 20

Bulagik makinasinin yikama puani (YP) ise Zyp; degerinin toplam parga sayisini bdliinmesi ile elde
edilmektedir. Buna gore mevcut pervanenin kullanildigi bulagik makinasi i¢in yikama puani 3.91, uydu
pervanenin kullanildig1 bulasik makinasinin yikama puani 4.15 olarak hesaplanmistir. Bu degerler dikkate
alindiginda uydu pervane kullanimi ile yikama performansinin %6.14 oraninda arttig1 sdylenebilir.

Referans B makinasinin yikama puani benzer sekil de 3.64 olarak hesaplanmistir. Mevcut pervane
sisteminin bulundugu Makine A’nin yikama endeksi hesaplandiginda Pamevcut=1.08 olarak Tablo 1 g6z
Oniine alindiginda B yikama smifina karsilik geldigi goriilmektedir. Benzer sekilde uydu pervane
tasariminin oldugu bulagik makinesi yikama endeksi hesaplandiginda Pauwd=1.14 olarak A yikama sinifina
karsilik geldigi goriilmektedir.

4.3. Ses Giicii Diizeyi Ol¢iimleri (Measurement of Sound power level)

Ses giicli diizeyini iyilestirmek amaciyla uydu pervane sisteminde noziil acilart degistirilmistir. Bulasik
makinas1 dis ortam seslerinden yalitilmis bir odaya yerlestirilmis, bir metre uzagina yerlestirilen bir
mikrofon yardimiyla ses giicii diizeyi 6lciimleri gergeklestirilmistir. Olgiimler soguk yikama esnasindaki
ilk alt yikama periyodunda yapilmistir. Sonuglar dogrudan mevcut alt pervane ile uydu pervane ses giicii
degerlerini karsilastirma firsati vermektedir. Ancak bulasik makinasinin toplam ses giicii diizeyi
iyilesmesini gormek i¢in sicak yikama dahil tiim yikama ¢evriminde 6l¢iim yapmak gerekmektedir. Yapilan
testlerde elde edilen sonuglar Sekil 7°da goériilmektedir.
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Sonuglara gore alt pervane giiriiltiisiinde yaklagik olarak 3.5 dBA iyilesme saglanmaktadir. Bulasik
makinesindeki toplam iyilesme etkisi iist pervane giiriiltiisii de dikkate alinarak degerlendirilmesi
gerekmektedir. Uydu pervane iizerinde yer alan noziiller orijinal durumdaki kadar yiiksek aciliyla
yerlestirilmemis olmamasi yan duvarlara suyun ¢arpmasiyla olusan giiriiltiiniin azalmasina sebep oldugu
diistintilmektedir.

5. SONUC (CONCLUSION)

Sunulan galigmada bulasik makinesi yikama performansina etki eden parametreler incelenerek performansi
artiracak yonde bir alt pervane tasarimi gergeklestirilmistir. Performansa etki eden faktorler; mekanik etki,
kimyasal etki, sicaklik ve zaman olarak dort ana baglik altinda toplanmigtir. Bu faktorlerin her biri yikama
performansi lizerinde farkli etkilere sahiptir. Caligma kapsaminda mekanik etki faktoriiniin iyilestirilerek
yikama performansinin artirtlmasi amaglanmstir.

Yikama performansinin mekanik etki ile attirilmasi i¢in pervanenin taradigi alanin attirilmasi
gerekmektedir. Mekanik etki olusturulan su jetine ve noziil ¢ikigindaki su basincina baglidir. Bu
parametreler dikkate alinarak yeni bir pervane tasarimi gelistirilmigtir.

Prototip imalat1 gerc¢eklestirilen uydu pervane mekanizmasinin EN50242 “Ev Tipi Bulasik Makinelerinin
Yikama Performansinin Olgiilmesi” standartlarina uygun olarak yikama performansi degerlendirilmistir.
Testler gelistirilen tasarim ve mevcut tasarim i¢in ayni sartlar altinda gergeklestirilmistir. Testler sonucu
elde edilen verilere gore, makina yikama performansinda %6.14’1ik bir artig goriilmiistiir.

Yikama performansinin iyilestirilmesinin yani sira miisteri konforunu artiracak yénde makinenin ¢aligma
esnasindaki ses diizeyini diisiirmekte ¢alismanin amaglarindan biridir. Mevcut durumda alt pervane kose
noktalarindaki noziillerin kdse noktalara suyu gotiirebilmek adina agili tasarlandigi bilinmektedir. Bu agili
noziiller yitkama alaninin kdse noktalarindan gegmedigi durumlarda kazan yan duvarlarina ¢arparak giiriiltii
olusturmaktadir. Uydu pervane tasarimu ile kdse noktalara su ulasilabildiginden dolay1 pervane tlizerindeki
noziillerin a¢ili tasarimi degistirilmistir. Kdse noktalardaki bulasiklara dik olarak vuran yeni noziiller
boylelikle kose noktalar disindaki konumlarda yan duvarlara ¢arpmayacagi igin ekstra bir ses
olugturmamaktadir. Bu yonde yapilan ses 0l¢iim c¢alismalarinda mevcut alt pervane ile uydu pervane
tasariminin ses diizeyleri karsilastirilmistir. Yapilan testler sonucu elde edilen sonuglara gére 3 dBA’lik bir
ses diizeyi iyilesmesi gorilmiistir.
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In this study, a diesel engine was converted to a spark-ignition engine utilizing natural gas to
examine the impact of various engine speed values on performance and combustion
characteristics.
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Purpose: In the study, engine performance and in-cylinder combustion characteristics were
investigated at high loads and speeds after conversion from a diesel engine with a high
compression ratio to a spark ignition engine using natural gas.

Theory and Methods: G-equation combustion model, reduced methane chemical Kinetic
mechanism that represents natural gas with 29 species and 171 equations, and RANS k-e
turbulence model were used in the numerical analysis. Full load, 17.5:1 compression ratio,
constant ignition timing, and 6 different engine speeds were used in the analyses. In order to
examine only the effect of speed, the initial value, boundary conditions, and spark plug ignition
time were considered constant.

Results: Engine efficiency decreased as engine speed increased, while engine power and fuel
consumption increased. Furthermore, increasing engine speed increased the ignition delay time,
causing the flame front to arrive at the squish zone later.

Conclusion: Increased engine speed increased engine power and fuel consumption while
decreasing average effective pressure and thermal efficiency. Due to the late spark ignition time,
two peak formations were seen in the in-cylinder pressure diagram. The maximum in-cylinder
pressure value decreased as engine speed increased. The maximum in-cylinder heat release value
decreased and occurred later as engine speed increased, but the total amount of heat released in
the cylinder increased. The flame thickness did not change significantly.
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Anahtar Kelimeler

In this study, the effects of different engine speed values on performance and combustion
characteristics were investigated by converting a diesel engine to a spark-ignition engine using
natural gas. In numerical analysis, G-equation combustion model, reduced methane chemical
kinetic mechanism that represent natural gas consisting of 29 species and 171 equations, and
RANS k-e turbulence model were used. Analyzes were performed at full load, 17.5:1
compression ratio, constant ignition timing, and 6 different engine speeds. In order to examine
only the effect of speed, the initial value, boundary conditions, and spark plug ignition time were
considered constant. While engine power and fuel consumption increased with increasing engine
speed, engine efficiency decreased. In addition, increasing engine speed also increased the
ignition delay time, and the flame front reached the squish zone later.

Déniistiiriilmiis Bir Kivilerm Ateslemeli Dogal Gaz Motorunda
Motor Hizinin Performans ve Yanma Ozellikleri Uzerindeki
Etkilerinin Sayisal Olarak Incelenmesi

Oz

Dogalgaz
Performans

Yanma karakteristigi
Buji atesleme

Bu caligmada dizel bir motor dogalgaz kullanan buji ateslemeli motora doniistiiriilerek farkli
motor hiz degerlerinin performans ve yanma karakteristigi iizerindeki etkileri incelenmistir.
Sayisal analizlerde G-equation yanma modeli, 29 tiir ve 171 denklemden olusan, dogalgazi temsil
eden indirgenmis metan kimyasal kinetik mekanizmasi ve RANS k-e tiirbiilans modeli
kullanilmigtir. Analizler tam yiikte, 17,5:1 sikistirma oraninda, sabit atesleme zamaninda ve 6
farklt motor hiz degerinde gergeklestirilmistir. Sadece hizin etkisini inceleyebilmek igin ilk deger,
sinir sartlari ve buji atesleme zamani ise sabit olarak kabul edilmistir. Artan motor hiz1 ile motor
giicii ve yakat tiikketimi artarken motor verimi azalmistir. Ayrica artan motor hizi tutusma gecikme
zamanini da arttirmis ve alev cephesi sikigma bolgesine daha geg ulagmustir.

1. GiRiS INTRODUCTION)

Yapilan arastirmalar ulagim, tasima, ziraat ve gii¢c aktarma islemlerinde igten yanmali motorlarin gegmiste
oldugu gibi yakin gelecekte de ana gii¢ kaynagi olarak kullaniminin devam edecegini 6ngdrmektedir [1,2].
fgten yanmali motor kullaniminin devanm ise fosil yakit tiikketimi ve emisyon salimminin da artmasi
anlamina gelmektedir. Ancak igten yanmali motorlarda gelisen kontrol ve doniisiim teknolojileri sayesinde
dogalgaz, singaz, hidrojen vb. alternatif gaz yakitlarin kullanimu ile petrol kokenli yakitlara olan bagimlilik
azaltilabilir [3]. Gaz yakitlarin kullaniminin arttirilmasinda en etkili yollardan biri ise belirli bir kilometreyi
asmis motorlarin daha ¢evreci motorlara doniisiimiiniin saglanmasidir [4].

Gaz yakitlarin buji ateslemeli motorlarda yakilmasi oldukga kolaydir. Ancak bu motorlar genelde dogal
emislidir ve sikistirma oranlari dizel motorlara gore daha disiiktiir. Emme portundan da gaz yakit
gonderilmesi ile hacimsel verim diismekte ve buna bagli olarak da motor performansi azalmaktadir. Ancak
dizel motorlarin genelde turboya sahip olmasi, yiiksek sikistirma oranlarinda iiretimi ve sahip olduklari 6zel
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yanma odas1 geometrilerinden dolay1 bu déniisiimde 6ne ¢ikabilmektedir. Ozellikle dizel motorlara yapilan
doniisiim ve alternatif yakit ¢alismalari ile beraber 6n karisim dolgulu sikistirma ateslemeli (PCCI),
homojen dolgulu sikistirma ateslemeli (HCCI) ve reaktivite kontrollii sikistirma ateslemeli (RCCI) gibi
alternatif ¢evrimler ortaya ¢ikmistir [5-7]. Bu yanma teknolojilerinde ise diislik yiikte tekleme, yiiksek
yiikte vuruntu ve iki tane yakit deposu bulundurulmasi gibi farkli problemler ortaya ¢ikmaktadir. Tiim bu
problemlerin iistesinden ise dizel motorlarda emme manifolduna diisiik basingli dogalgaz enjektorii ve dizel
enjektdr yerine ise buji montaji ile dogalgazin dizel ¢evrim yerine otto ¢evrimde calismasi saglanarak
gelinmektedir. Yakit olarak ise dogalgaz tercih edilmesinin baslica sebepleri ise ¢cevresel zararinin daha az
olmasi, ¢ikarma teknolojilerinin gelismesine bagli olarak bol bulunmasi, 6zellikle ABD’de ulasilabilir ve
ucuz olmasi gosterilebilirken Tiirkiye’de dagitim hattinin arttirilmast ile ilgili ¢alismalar bulunmaktadir [8].
Ayrica ABD’de agir hizmet dizel araclarin dogalgaz ile calisan araglara 2025 yilina kadar %20 oraninda
bir doniistim olacagi 6ngoriilmektedir [9].

Dizel motorlarin dogalgaz motorlarina doniisiim teknolojisi ile ilgili yapilan ¢alismalar ise 90’1 yillarin
baslarina dayanmakla birlikte gelisen kontrol teknolojisi ile son zamanlarda caligmalar yeniden hiz
kazanmistir. Meyer vd. [10] yaptiklar1 ¢alismada agir hizmet tasit motorunu dogalgaz ile calisacak sekilde
doniistiirmiislerdir. Tam yiik ve yiiksek hizda yapilan calismalarda gii¢ artarken 1s1l verimin diistiigii
sonucuna ulagmislardir. Ayrica artan yakit esdegerlik orani ile NOx emisyonu artarken, buji atesleme
zamaninin 6ne alimmasiyla da NOx degeri diismiistiir. Konu ile ilgili giincel olarak ise Liu vd [11-17] nin
bircok deneysel ve sayisal caligmalar1 bulunmaktadir. Yapilan deneysel ve sayisal ¢aligmalar genel olarak
13,1:1 sikistirma oranli dizel bir motorun dogalgaz enjektdrii ve buji sistemi entegrasyonu ile otto ¢evrimle
calisan bir motora doniisiimiinii icermektedir. Testler genellikle diisiik-orta yiiklerde ve diisiik hiz
araliklarinda (900-1300 devir/dakika) ger¢eklesmistir. Yanma odasi sekli, yakit-hava orani, buji atesleme
zamani, dogalgaz metan sayis1 vb. birgok parametrenin etkisi incelenmistir. Yapilan doniisiim sonrasinda
gevrimler arasi degisimlerin az oldugu, istikrarli yanma kosullarinin gergeklestigi ve vuruntunun sinir
degerleri agmadig1 sonucuna ulasmiglardir. Genel olarak yakit esdegerlik orami 1 ile 0,71 arasinda
calisilmistir. Yakit esdegerlik oraninin diismesi ile silindir i¢i 1s1 salinimi buna bagli olarak da elde edilen
indike gii¢ ve 1s1l verim de azalmistir. Bununla beraber tutugma gecikme zamani artarken yanma zamani
bir yere kadar artmig daha sonra ise azalmistir. Sikigtirma ateslemeli motorlarin buji ateslemeli motorlara
doniisiimii ile ilgili caligmalar literatiirde de goriildiigii tizere 13:1 gibi diisiik sikistirma oraninda diigiik ve
orta yiikler icin gergeklestirildigi goriilmektedir. Ancak son zamanlarda agir hizmet dizel motorlarin, cok
fazla yapisal degisiklik yapmadan dogal gaz kullanan buji ateslemeli motorlara doniistiirmeye yonelik artan
yenilenmis bir ilgi meydana gelmistir.

Motor hizi, silindir i¢i gaz hareketini, siirtinme isini, silindir i¢i kalan artik gaz oranini, hacimsel
verimliligi, alev yayilma hizini, yanmanin tamamlanmasi i¢in gerekli olan siireyi ve 1s1 transfer oranlarini
etkiler [18]. Yapilan bu galismada 17,5:1 gibi yiiksek sikigtirma oraninda, 0zel tasarim geometrisine
(kademeli girisli) sahip yanma odali dizel bir motor, dizel enjektor yerine buji montaji ve hava-dogalgaz
karisiminin - 6n  karigimli  olarak gdnderilmesi ile farkli motor hizlarinda sayisal analizleri
gerceklestirilmistir.  Gergeklestirilen bu c¢alismada ise motor hizi 1800 devir/dakika’dan 2300
devir/dakika’ya 100’er devir/dakika aralikla arttirilarak, sabit buji atesleme zamaninda (719,5 KMA) ve
yakit esdegerlik oraninda (phi=0,63) ger¢eklestirilmistir. Caligmada yiiksek hizlar i¢in buji atesleme zamant
optimizasyon ¢alismasi yapilmamig ve sabit alinmistir. Ayrica her devir igin sinir sartlari ve ilk degerler de
sabit alinarak sadece hizdaki degisimin performansa ve yanma karakteristiklerine etkileri incelenmistir.

2. MATEMATIKSEL VE SAYISAL MODEL (MATHEMATICAL AND NUMERICAL MODEL)

Yapilan 3-B sayisal ¢alisma, agir hizmet dizel bir motorda dizel enjektor yerine buji montaji ve yakit hava
karisiminin da emme manifoldundan 6n karisimli olarak tamimlanarak tek silindir modellenmesi ile
gerceklestirilmistir. Caligmada kullanilan silindirin sahip oldugu 6zel (kademeli girisli) yanma odas1 ve
genel goriintiisii, herhangi bir agidaki kartezyen adaptif ag goriintiisii ve alev ilerleme hiz1 gériintii 6rnekleri
Sekil 1°de, motor ozellikleri ise Tablo 1°de verilmistir. Kullanilan dogalgaz yakitin dizel yakit ile
karsilastirmali 6zellikleri ise Tablo 2’de verilmistir.
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Sekil 1. (a) Akis hacmi, isimlendirilmesi ve piston goriintiisii, (b) adaptif ag gériintiisii, (c) tirbiilans alev
hizi goriintii 6rnegi

Smir ve baslangi¢ sartlarini elde edebilmek igin 1-B AVL Boost programi kullanilirken, 3-B yanma
analizleri icin ANSYS Forte, 2020 R2 kullanilmistir. Emme-egzoz valflerinin oturma yiizeyleri ve yanma
odasinin sahip oldugu 6zel sekil tam geometri (360°) ile modellenerek sikistirma ve genisleme strogu
boyunca bu geometrilerin akis karakteristigine olan etkileri de goézlenebilmistir. Silindir i¢i akis ve yanma
fenomenlerini etkileyen en 6nemli unsurlardan biri de sikisma (squish) yiiksekligidir. Bu yiikseklik
motorun sahip oldugu 17,5:1 sikistirma oranini elde edebilecek sekilde gercek motordaki yiikseklige yakin
tutulmustur. Silindir hacmi ayarlanmas1 ve uygun olarak isim tanimlanmasi yapildiktan sonra ise uygun
eleman boyutunun segimine ge¢ilmistir. Ilk olarak global mesh size tanimlamasi gergeklestirilmistir. Global
mesh size, deneysel verilerle yapilan dogrulama ¢alismalari, bagimsizlik caligmalar1 ve literatiirden elde
edilen bilgiler dogrultusunda 2,25 mm olarak alinmistir [19-24]. Global mesh size ayarlanmasindan sonra
ise lokal eleman iyilestirmeleri gerceklestirilmistir. Bu iyilestirmeler daha ¢ok hassas ¢oziim gerektiren
bolgeler olmustur. Ornegin; valf cevrelerinde, pistonun UON’dan 20 KMA 6ncesi ve sonrasinda, buji
etrafinda (10 mm’lik bir top olusturulmasi) ve yapilan tiim duvar tanimlamalarinin c¢evresinde
olusturulmustur. Sonrasinda ise belirli krank agilari icin sicaklik ve hiz ¢éziimlemelerin daha hassas
yapilabilmesi igin de UON’dan &nce ve sonra Y4 orami kadar daha fazla eleman iyilestirilmis ag yapisi
kullanilmistir. Sekil 1(b)’de 6rnegi verildigi iizere ¢oziimlemede adaptif ag yapisi kullanilmistir. Yani
program buji ateslemesinden sonra alev ilerlemesi boyunca Sekil 1(c¢)’de goriildiigii gibi konuma ve zamana
gore eleman sayisini arttirip-azaltarak ¢oziimiin daha hassas gerceklesmesini saglamistir.

Tablo 1. Motor ozellikleri

Ozellik Deger
Toplam motor hacmi (cm3) 2930
Toplam silindir say1s1 3
Cap / Strok (mm) 104 /115
Sikistirma orant (-) 17,5:1
Kompresor basing orant 2,68
Kompresor Verimi 0,78

Yanma odasi

Valf zamanlar1 (KMA)

Piston igerisinde 6zel kase yapisi ve diiz
silindir kafasi

IVO: 28° UONS/IVC: 60° AONs
EVO: 65° AONS/EVC: 33° UONs
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Tablo 2. Dizel ve dogalgaz yakit 6zellikleri [25,26]

Ozellikler Dizel Dogal Gaz
Ana bilesen CveH Metan (CHa)
Alt 1s1l deger (MJ/kg) 42,5 50
Kendiliginden tutusma sicakligi (K) 553 923

Oktan sayisi 30 120

Setan sayisi 40-60 -

Havada yanicilik sinirlart (% hacim)  0,7-5 5-15

Alev hiz1 (m/s) 0,3 0,45
Yogunluk (kg/m®) 833-881 692
Molekiiler agirlik (g/mol) 170 16,043
Spesifik yer ¢ekimi 0,83 0,55
Kaynama noktas1 (K) 453-653 1115

CO; emisyonu (%) 134 9,5

Yapilan geometri, isim ve eleman tanimlamalar1 sonrasinda ise kullanilacak denklem ve modellerin
olusturulmasina gegilmistir. Yanma denkleminde, 29 tiir ve 171 denkleme indirgenmis, dogalgazi temsil
eden metan yanma mekanizmasi kullanilmigtir. Bu mekanizma yaklasik 4000 tiirden meydana gelen, gesitli
esdegerlik oranlari (0,4-2), basing (10—100 bar), sicakliklar (1000 K ve iizeri) ve EGR (0-20 %) oranlari
icin dogrulanmustir [27,28].

Tiir ve denklem sayisinin daha az olmasi, basit karbonlu olmasi, diger CyHm bilesiklerinden gelecek
kararsizliklarin 6nlenmesi ve dogalgazin da biiyiikk gogunlugunun metandan olusmasindan dolay1 dogalgaz
yerine metan tercih edilmistir. Programin yanma analizini gergeklestirmesi sirasinda ¢6zdiigii tlirbiilansh
reaktif akis i¢in korunum denklemleri (tiir korunum denklemi, siireklilik denklemi, momentumun
korunumu denklemi, enerjinin korunumu denklemi ve gaz fazi karigim hal denklemi), tiirbiilans modeli ve
kullanilan denklemler ayrintilari ile birlikte daha 6nce yapilan ¢alismalarda verilmistir [20, 21, 23, 27, 28].

Alev yayilimini tahmin etmek i¢in kullanilan en 6nemli parametrelerden biri, motor yanma modelinde alev
yiizeyidir. Alev cephesi G (X, t) ile tanimlanms ve alev yayilimmi analiz etmek i¢in G-denklem modeli
kullanilmagtir [27, 29, 30].

ANSYS Forte'de kullanilan denklem seti denklem (1) ve (2)'deki gibidir:
aG

T (U — Uyertex)- VG = Z—ZS$|VG| — DK |VG| 1
0" = = (Pup o e £
-+ wVG” =V (iDTW G) +2D,(VG)* - cs%G"z (2)

burada Vv | tegetsel gradyan operatorii, 1 akiskan hiz1, Uy, ¢, hareketli tepe noktasindaki verteks hizi, p,, ve

pp yanmis ve yanmamis karisimlarin ortalama yogunluklari, Dy tiirbiilansli yayilmadir, K ortalama alev 6n
egriligini, c; model sabiti, k ve & RNG k-& modelindeki ortalama tiirbiilansh kinetik enerjiyi ve yitim hizini
temsil eder.

Tirbiilansli yanma siirecini simule etmek i¢in Reynolds Ortalamali Navier Stokes (RANS) ve G-
denklemleri, kivilcim baglangici igin discrete particle ignition kernel (DPIK) modeli ve tiirbiilans
denklemleri ¢6ziimii i¢in ise yeniden normallestirilmis grup (RNG) k- modeli kullanilmistir [30-34]. Ayrik
pargacik atesleme ¢ekirdegi (DPIK) modeli, Lagrangian yaklasimi kullanarak alevin baslangicini 6ngoriir
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ve kars1 gradyan diflizyonu ile iligkili olarak, ince ve burusuk alev rejimleri i¢in alevin 6n konumunu hassas
bir sekilde belirler, bu da alev yayilimi ilerleme analizi i¢in faydalidir [35].

Ayrica DPIK modeli ag boyutundan daha kiigiik bir alev ¢ekirdegi dikkate alinarak c¢ekirdek baslangicim
simiile etmektedir. Cekirdekte esit dagilmis sicaklik varsayildiginda, alev ¢ekirdegi biiyiime hizi denklem
(3)'te asagidaki gibi verilir:

ary _

de % (Splasma + ST) (3)

burada ri kernel yarigapi, px kernel bolgesindeli gaz yogunlugu ve py is yerel yanmamis gaz yogunlugudur.
Plazma hiz1 olan Spiasma denklem (4)’teki gibidir:

QspkNeff (4)

S =
PLASE ™ 4mr? [py (we—ha)+PEY]

burada py Ve hy yanmamis karigimin yogunlugu ve entalpisidir. px Ve Uk ¢ekirdegin i¢indeki karigimin
yogunlugu ve i¢ enerjisidir. Qspk elektrik enerjisi desarj oramidir, n.rr bujiye olan 1s1 kaybindan
kaynaklanan elektrik enerjisi aktarim verimliligidir. Ortaya ¢ikan alev cephesi bilgilerine gore silindir i¢i
1s1 salinimi, gaz kinetigi ve emisyon olusumu hesaplanmaktadir. Yapilan analiz ¢alismalarinda ayrica duvar
1s1 transferi [36] ve alev sénme modellerini [28] de ¢oziilmektedir.

Yanma analizleri emme valfi kapandig1 krank agisinda (60° AONs) baslatilip egzoz valfi agildig1 krank
acisinda (65° UONG) tamamlanmistir. Emme valfinin kapandigi krank agisindaki ilk degerler (basing,
sicaklik ve tiir kiitle oranlar1) ve sinir sartlart 1-B AVL Boost programi kullanilarak saglanmistir. Elde
edilen bu degerler tiim motor hizlari i¢in sabit tutularak sadece motor hizinin performansa ve yanma
karakteristigine olan etkileri incelenebilmistir. Emme ve egzoz akiglari ¢6ziime dahil edilmemis ve ¢6ziim
araligmin da sinirh tutulmasi ile hesaplama maliyeti azaltilmigtir. Duvarlara sabit sinir sicakliklar1 esit
dagitilmis bir sekilde uygulanmistir. Piston, silindir gomlegi, silindir kafasi, emme ve egzoz valf sicakliklar
sirastyla 500 K, 540 K, 590 K, 345 K ve 700 K olarak kabul edilmistir. ilk deger olarak ise yakit esdegerlik
orani ®=0,63 olarak kabul edilmistir. Bu deger dizel yanma rejiminde deneysel ve sayisal ¢caligmalarda 0,56
olarak elde edilmistir [23]. Sicaklik= 448,443 K, basing =2,932 bar, tiirbiilans kinetik enerji ve tiirbiilans
uzunluk 6lgegi ise 10 000 cm?/sec? ve 1 ¢cm olarak ayarlanmustr.

Yapilan ¢alismanin deneysel verilerle dogrulugu dizel yanma rejiminde yapilan ¢alismalarla saglanmistir.
Bu dogrulama ¢alismasi sonucuna gore, briit indike gii¢ (BIG), briit indike dzgiil yakat tiiketimi (BIOYT),
indike ortalama efektif basing (IOEB), indike 1s1] verim (IIV), maksimum silindir ici basing, maksimum
silindir i¢i 1s1 salinimi ve is emisyonu degerleri deneysel verilerden sirasiyla %0,75, %0,33, %1,06, %0,47,
%1,44, %7,48 ve %18,5 oraninda farklilik gdstermistir [19, 23, 25]. Dizel motordan buji ateslemeli
dogalgaz kullanan motora yapilan doniisiim sonrasinda ise eleman sayisindan bagimsizlik caligmalar
gercgeklestirilerek en uygun eleman sayisinin piston tst 6lii nokta iken 851 653 oldugu saptanmustir [26].

Analizler yiiksek hiz olarak tanimlanabilecek 1800-2300 devir/dakika araliginda, tam yiik altinda dogalgaz
kullanim i¢in gerceklestirilmistir. Buji atesleme zamani ise doniisiim 6ncesi dizel enjeksiyon zamani olan
719,5 KMA olarak alinmistir. Kimyasal ¢oziicii islemcisi buji ateslemesinden sonra aktif hale getirilerek
¢Oziim kolayligi saglanmistir. Modelde en verimli ¢6ziime ulasabilmek igin uyarlanabilir zaman adimi
kontrolii uygulamistir. Baslangi¢ ve maksimum simiilasyon zaman adimlar sirasiyla 5,0e-7 sn ve 5,0e-6 sn
olarak alinmugtir.

3. BULGULAR VE TARTISMA (RESULTS and DISCUSSION)

Yapilan c¢alismada dizel bir motordan buji ateslemeli dogalgaz ile ¢alisan doniistiiriilmiis bir motorda
performans ve silindir i¢i yanma karakteristikleri yiiksek hiz olarak tanimlanabilecek 1800
devir/dakika’dan 2300 devir/dakika’ya kadar 100’er devir/dakika artirimla tam yiik altinda 6 farkli hizin
performansa ve yanma karakteristigine olan etkileri arastirilmistir. Sekil 2(a)’de farkli motor hizlarinin briit
indike gii¢ (BIG) ve briit indike 6zgiil yakit tiiketimi (BIOYT) degerlerine etkileri verilmistir. Artan devir
sayisi ile silindir i¢i siirtinme ve hacimsel verim azalmaktadir [18]. Ancak gilic hesabindaki devir
sayisindaki artig stirtinme ve hacimsel verimden kaynakli azalmaya baskin gelerek giiciin artmasim
saglamistir. Diger yandan artan siirtiinme kuvveti ile de silindir i¢i yakit tiiketiminin arttig1 gériilmektedir.
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Sekil 2(b)’de ise indike ortalama efektif basing (IOEB), indike 151l verim (1IV) ve maksimum basing artis
orani (MBAO) verilmistir. MBAO degeri genelde vuruntu ve giiriiltii ile iliskilendirilerek motor tasarim ve
optimizasyonunda bakilan 6nemli parametrelerden biridir. Bu oran literatiirde genel olarak 1,5-1.0
MPa/derece [23] olmakta ve kritik vuruntu smirt olarak tanimlanmaktadir. Sekil 2(b)’de de MBAO
degerlerinin tiim hiz degerlerinde sinir degerin (1 MPa/derece) altinda kaldig1 gériilmektedir. Siirtiinmedeki
artis, hacimsel verimdeki diisiis ve optimize edilmemis buji atesleme zamanindan kaynakli, artan hiz ile
IOEB ve 11V degerleri azalmistir. Motor hizindaki artisin 6zellikle buji atesleme zamaninin da ge¢ olmasi
ile vuruntu sinirimin altinda kaldigi goriilmistiir. Bu nedenle, alev yayilimimin yanma olayina egemen
oldugu hipotezini desteklemektedir [15].
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Sekil 2. Farkli hizlar igin (a) briit indike gii¢, briit indike 6zgiil yakit tiiketimi, (b) indike ortalama efektif
basing, 1s1l verim ve maksimum basing artis orani

Sekil 3(a) ve (b)’de farkli hiz degerleri i¢in silindir i¢i basing ve 1s1 salinim grafikleri krank agisina baglh
olarak verilmistir. Sekil 3(a)’da tiim hiz degerleri icin {ist 6lii nokta (UON)’da ve yanma baslangici sonrasi
olmak tizere iki tane tepe formasyonu olusumu goriilmiistiir. Sikistirma oraninm 17,5:1 gibi yiiksek bir
deger olmasina ragmen buji atesleme zamani (BAZ) 1n goreceli olarak ge¢ (BAZ: 719,5 KMA) olmasi ve
dogalgazin oktan sayisinin yiiksekliginden dolay:r tutusma en erken (1800 devir/dakika’da) yaklagik 731
KMA’da baslayabilmistir. UON’da tiim hiz degerleri i¢in heniiz yanma baslamadigindan birinci tepe
formasyonunda ayni maksimum basing degerleri (yaklasik 100 bar) elde edilmistir. Sonrasinda ise
yanmanin baglamasi ile ikinci tepe formasyonunun olustugu noktada ise farkli maksimum basing degerleri
farkli krank agilarinda elde edilmistir. Ayrica yanmanin ve maksimum basincin olustugu nokta UON’dan
cok sonra olmasindan dolay1 atesleme zamani igin parametrik ¢alismasinin gerekliligi goriilmektedir.
Ciinkii BAZ'nin geciktirilmesi, tepe silindir basincinin genlesme strokunda meydana gelmesine neden
olarak tepe basmcini diigiiriir ve piston {izerine yapilan isi azaltir. Artan motor devri ile birlikte diigen
hacimsel verim ve motor hizina gére optimize edilmemis buji atesleme zamani sebebiyle silindir i¢i basing
degerleri motor devrinin artmasi ile azalmstir.

Sekil 3(b)’de, maksimum 1s1 saliiminin 1800 devir/dak’da oldugu ve bu hiz degeri i¢in maksimum 1sil
verime sahip oldugu goriilmektedir. Sekil 3'teki daha diisiik tepe basinci ve 1s1 salinim orani, motor gii¢
cikisii etkileyen ¢evrim basina daha az is oldugunu gosterir. Dolayisiyla, artan hiz ile Sekil 2(b)’de de
goriildiigii iizere IOEB ve IV lineer olarak azalmistir. Maksimum 1s1 salinim oram 1800 devir/dakika motor
hizinda 750 KMA agisinda 238 J/derece olarak ger¢eklesmistir.

Silindir i¢i 1s1 salinim oranm1 ve yanma hizi, motor devri arttik¢a alev yanma hizinin diistiiglinli gosterir.
Sekil 3(a)'te artan motor hizinin, muhtemelen sabit BAZ ayarlarinda yanmay1 tamamlamak icin daha az
stire olmasi nedeniyle, maksimum basinci azalttigini ve geciktirdigini gostermektedir.
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Sekil 3. Farkli hizlar icin (a) silindir i¢i basing ve (b) st salinim degerleri

Sekil 4’te silindir i¢i toplam 1s1 salinim miktar1 verilmistir. Artan hiz ile agiga ¢ikan toplam 1s1 salinim
miktarinin arttig1 goriilmektedir. Normal sartlarda 64 mg/strok yakit miktar1 ve metanin alt 1s1l degerinin
de yaklasik 50 MJ/kg oldugu diisiiniildiigiinde 3200 J’liikk toplam enerji salinimi beklenebilir. Ancak duvara
gecen 1s1 transferi miktan ¢ikarildiginda Sekil 4°te de goriildiigii iizere yaklagik 3000 J toplam 1s1 salinim
degeri elde edilmistir.
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Sekil 4. Farkli hizlar igin silindir i¢i toplam 1st salinim miktar

Tablo 3’de silindir i¢i yanma karakteristigi degerleri verilmistir. Burada KAx, x% kiimiilatif 1s1 salinimi ile
iligkili krank acis1 olarak tanimlanmistir. KA 10 yanma baslangi¢c zamani, KAS50 enerji salinim merkezi ve
KA90 ise yanma bitis zaman1 olarak kabul edilmistir. KA10 ile KA90 arasinda gegen zaman ise yanma
stiresi olarak tanimlanmustir. Burada verilen tutusma gecikme zamani, yakitin ateslenmesinden 6nceki
fiziksel ve kimyasal hazirlik siirecini degerlendirmek i¢in 6nemli bir parametredir. Genel olarak optimize
edilmemis buji atesleme zamani ve ilk degerlerle beraber artan motor devrinin tiim yanma evrelerini (KA2,
10, 50 ve 90) geciktirdigini gdostermektedir. Buna bagli olarak da alev g¢ekirdegi olusumu ve yanma
baslangi¢c zamani da gecikmistir. Bu etkilere bagli olarak da tutusma gecikme zamani artmustir.
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Tablo 3. Farkli hiz degerleri i¢in silindir i¢i yanma karakteristigi degerleri

Hiz ggﬁiﬁ‘gﬂ gjr”e’:la KA2 KAL0  KA30 KA50  KAQ0
(devir/dakika) (KMA) (KMA) (UONs) (UONs) (UONs) (UONs) (UONs)
2300 20,06 16,98 1303 20,06 26,07 30 37,04
2200 20,06 15,97 12,00 20,06 26,06 29,03 36,03
2100 20,00 16,00 12,00 20,00 2504 28,00 36,00
2000 19,04 16,02 12,02 1904 2402 27,02 3506
1900 19,05 14,99 12,04 1905 2400 27,03 34,04
1800 18,05 14,96 11,03 1805 2302 26,04 33,01

Tiirbiilans alev hiz1 (St) akis alaninin, kimyasal ve fiziksel 6zelliklerin bir fonksiyonu olarak yanmamis
karigima gore ortalama alev cephesinin yayilma hizi olarak tanimlanir. Tirbiilans alev kalinlig1 (Ly) ise
dalgal1 ve gerilmis alevin 6n 1sitma ve reaksiyon bolgelerinin kalinlig1 olarak tanimlanmaktadir [12]. Sekil
5’te farkli motor devirleri i¢in silindir i¢i tiirbiilans alev hiz1 ve alev kalinlig1 grafikleri verilmistir. Sekil
5(a) incelendiginde tiim motor devirlerinde alev ¢ekirdegi olusumu baglamasiyla alev hizinin aniden
sifirdan artmaya bagladigi, sonrasinda ise tam gelismis tlirbiilansli alev formun yakalanmasiyla daha da
hizli arttig1 goriilmektedir. Alevin sikisma bolgesine ulagmasi ve artan yiizey alani etkisiyle alev hizinda
genel olarak bir diisiis gerceklestigi goriilmekle beraber 1800 devir/dakika’da alevin sikisma hacmine erken
ulagmasi, silindir i¢i dongii miktarinin yeterli kalmamasi1 ya da fakir yanma sonucunda alev sénmesi
meydana geldigi goriilmektedir [24]. Ancak bu sorunlar gelisen kontrol teknolojisi ile emme egzoz valf
zamani kontrolii, atesleme zamani, yakit ya da dongii orami kontrolii ile asilabilir [36]. Sekil 5(b)
incelendiginde ise, motor hizindaki degisikliklerin ¢anak i¢indeki veya sikisma hacmi igindeki alev
kalinlig1 tizerinde ihmal edilebilir bir etkisi oldugu sdylenebilir. Ayrica alev kalinliginin sikisma bolgesine
girdiginde aniden diigmesinin de disiik tiirbiilans seviyesinden kaynaklandigi diistiniilmektedir [13]. Sekil
5(a)’da oldugu gibi 1800 devir/dakika’da ani alev sonmesine bagli olarak alev kalinlig1 da sifira diismiistiir.
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Sekil 5. Farkli motor devirleri igin (a) silindir i¢i tirbiilans alev hizi ve (b) alev kalinlig

Sekil 6’da farkli motor devirleri igin silindir i¢i kimyasal 1s1 salinim orani1 konturu verilirken, Sekil 7 ve
8’de tiirbiilans alev hiz1 ve alev kalinlig1 goriintiileri ise adaptif ag yapisinin anlasilabilmesi icin ag
goriintiisii izerinde verilmistir. Buji atesleme zamaninin sabit tutulmasindan dolayr yiliksek motor
devirlerinde alevin baglama zamani ve dolayisiyla da bu asama igin gerekli siire gecikmistir. Yiiksek motor
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devrinde caligilmas1 sonucunda tiirbiilanshi alev hizin1 artiran daha yiiksek tiirbiilans degerleri elde
edilmesine ragmen, daha hizli hareket eden piston, kimyasal reaksiyonlar i¢cin mevcut siireyi azaltarak alev
yayllma hizin1 yavaslatmistir. Bu ayni zamanda alev cephesinin yiiksek motor devrinde c¢alismasinda
toroidal girintiye ulastigi zamani da geciktirmistir. Bu nedenle, hizli yanma periyodunun siiresi daha uzamig
ve yliksek hizli ¢alisma icin yanma performansi azalmistir.

| 1800 dev/dak 1900 dev/dak 2000 dev/dak 2100 dev/dak 2200 dev/dak 2300 dev/dak
' ' ' !zo
25
e EaES ~ ¥y
30 KM

wwn&ﬁww

ChemHea ReleaseRate [m*kg/ s’]

0.00e+00 125e+07 2505+07 375e+07 5.00e+07

Sekil 6. Farkli motor devirleri igin silindir ici kimyasal 1s1 salinim oraninin kontur gériintuisii

2300d

. o
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0.0 1.5 3.0 4.5 6.0

Sekil 7. Farkli motor devirleri igin silindir i¢i tiirbiilans alev hizi kontur goriintiisii
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1800 dev/dak 1900 dev/dak 2000 dev/dak 2100 dev/dak 2200 dev/dak 230 dev/dak

60 KM
FlameBrushThickness [m]
i

0.00e+00 7.50e-04 1.50e-03 2.25e-03 3.00e-03

Sekil 8. Farkli motor devirleri igin silindir i¢i alev kalinligi kontur goriintiisii

5. SONUC VE ONERILER (CONCLUSION AND RECOMMENDATIONS)

Yapilan ¢alismada geleneksel 3 silindirli agir hizmet dizel motorunun buji ateslemeli dogalgaz ile ¢alisan
bir motora doniigiimii sonrasi 6 farkli hiz degerinde motor performansi ve silindir i¢i yanma karakteristikleri
sayisal olarak incelenmistir. Genel olarak elde edilen sonuglar ise agsagidaki gibidir:

1. Motor hizindaki artis motor giiciinii, yakit tiilketimini arttirirken ortalama efektif basinci ve 1s1l verimi
azaltmustir.

2. Buji atesleme zamaninin ge¢ olmasindan dolay: silindir i¢i basing diyagraminda iki adet tepe olusum
formasyonu goriilmiistiir. Artan motor hizi ile silindir i¢i maksimum basing degeri azalmustir.

3. Artan motor hiz1 ile birlikte silindir i¢i maksimum 1s1 salinim degeri azalmis ve daha ge¢ olusmustur
ancak silindir i¢i agiga ¢ikan toplam 1s1 salinim miktar1 artmistir.

4. 11k deger, sinir sartlar1 ve buji atesleme zamaninin sabit olarak kabul edilmesinden dolay1 motor hizinin
artmasi ile tutugma gecikme zamani artmistir.

5. Artan motor hiz1 ile ulasilan maksimum alev hizi artmis ancak tutusma ve yanma gecikmesinden kaynakli
daha ge¢ maksimum degere ulasmistir. Alev kalinliginda ise fazla bir degisim gézlenmemistir.
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Purpose: The importance of design in the daily life has become significant in recent years. Thus,
the value of the product in which design is used has become increased. Design valuation allows
this value to be calculated in monetary terms. The calculated monetary value provides
convenience in financial transactions for companies. The value of the design can be calculated
using different methods according to the data of the design.

Theory and Methods: There are three main methods and related approaches of the methods that
are frequently used in design valuation. The three common methods are; the cost-based, the
market-based and the income-based valuation methods. These methods and related approaches
are explained in detail. The Design Valuation Report consists of five main sections. The valuation
of the design in this report is explained in detailed with the methods and the data.

Results: Design valuation is carried out by choosing the most appropriate method according to
the state of the design and the available data. The selected methods, approaches and the accuracy
of the data used are important for a healthy calculation of the value of the design. The data and
methods used in the design evaluation report are explained in the evaluation and valuation
sections. The calculated design value is included in the conclusion section.

Conclusion: This study is a compilation study of my thesis. Although brand and patent valuation
is frequently applied in global literature, design valuation and its importance among the world
has been recently noticed. Likewise, design valuation studies in our country is also scarce.
Because of that, the applied methods are generally adapted versions of industrial property
valuation methods. Design valuation is important in terms of clarifying the financial values of
designs. These design valuation reports are among the elements that strengthen the hand of the
design owner in financial transactions. Therefore, making the valuation with correct data and
methods will positively affect the accuracy of the report result.
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Anahtar Kelimeler

Today, a small design change in product design makes that product different from other similar
products. The design, which increases the preferability of the product day by day, adds value to
the product. It is inevitable that the design should be protected because of the value it adds to the
product. Design valuation is carried out in order to materially determine the value of the design
protected by registration. An example of design valuation studies is not yet seen in our country,
and it is considered as the subject of recent years in the world. Studies on the subject are very
recent studies. Design valuation gains importance as the design gains value. In this study, by
explaining what design and design valuation are in general and which methods are used, it has
been revealed which sections the design valuation report should consist of basically.

Tasarim Kavram ve Tasarim Degerleme
Oz

Tasarim
Tasarim Degerleme
Tasarim Degerleme

Glinlimiizde, iirlin tasariminda meydana gelen ufak bir tasarimsal degisiklik o {irlinii benzer diger
iiriinlerden farkli kilmaktadir. Uriiniin tercih edilebilirligini giinden giine artiran tasarim, iiriine
bir deger katmaktadir. Tasarimin iirline kattig1 degerden dolay1 koruma altina alinmasi kaginilmaz
olmaktadir. Tescil ile korunan tasarimin degerinin maddi olarak belirlenebilmesi amaciyla

Yontemleri tasarim degerleme gergeklestirilmektedir. Tasarim degerleme calismalarinin 6rnegi iilkemizde

Tasarim Degerleme heniiz goriilmemekte, diinyada ise son yillarin konusu olarak ele alinmaktadir. Konu ile ilgili

Raporu calismalar ¢ok yeni c¢alismalardir. Tasarim degerleme, tasarim deger kazandik¢a Onem
kazanmaktadir. Bu ¢alismada genel olarak tasarimin ve tasarim degerlemenin ne oldugu ve hangi
yontemlerin kullanildig1 agiklanarak tasarim degerleme raporunun temel olarak hangi
boliimlerden olusmasi gerektigi ortaya konulmustur.

1. GIRIS (INTRODUCTION)

Tasarim ilk bakista yalnizca estetik bir unsur olarak diisiiniilse de giliniimiizde ticari amaglar igin sik¢a
kullanilmaktadir. Tescilli bir tasarim, tescili elinde tutan firmaya pek ¢ok fayda saglamaktadir. Marka ve
patentin firmalara finansal getirileri daha alisildik bir durum olsa da tasarim da marka ve patent gibi bir
degerdir. Hazirlanan tasarim degerleme raporlari tasarimi estetik bir kaygidan ticari bir degere

donistiirmektedir.

Ulkemizde ve diinyada bu durum hali hazirda yeni yeni sekillenmeye baslamus olup literatiirde konu ile
ilgili yeterli sayida ¢alismalar tam anlamiyla olusmamustir. Literatiirde yer alan kaynaklarin pek ¢ogu ise
yalnizca tasarim degerlemeye odakli ¢alismalar olmayip genellikle fikri ve sinai miilkiyet degerleme
alanindaki genel ¢alismalardir. Bu durum bu ¢alismay1 daha énemli kilmaktadir.

Bu caligmada, tasarim kavrami, tasarim degerlemede kullanilan yaygin yontemler, tasarim degerleme
raporu icerisinde olmasi gereken boliimler ve igerikleri de ele alinmistir.

2. TASARIM (DESING)
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Onerilen sistem fakli teknolojilerinin bir arada kullanilmasini gerektirmektedir. Bu nedenle 6nerilen
sistemin gelistirilmesinde kullanilan materyal ve metotlar farkli basliklar altinda detayli olarak
aciklanmustir.

2.1. Fikri ve Sinai Haklar (Intellectual Property Rights)

Fikri miilkiyet haklari, bir diislince Uriiniiniin korunmasi i¢in fikir sahiplerine verilen haklar olarak
tanimlanmakta olup, Fikir ve Sanat Eserleri Kanunu m. 1/B(a) uyarica “Sahibinin hususiyetini tasiyan ve
ilim ve edebiyat, musiki, giizel sanatlar veya sinema eserleri olarak sayilan her nevi fikir ve sanat mahsulleri
eser olarak kabul edilmektedir.”[1] [2]. Bu haklar eserin izinsiz kullaniminin 6niine gegmekte ve eserin
ortaya ¢ikmasiyla birlikte baglamaktadir [3]. S6z konusu eser oyun, film veya miizik alanlarindan birinde
ise eser sahibinin bilinmesi i¢in zorunlu kayit ve tescil gereklidir [4]. Bu alanlar disinda ortaya konulan
eserler i¢in kayit ve tescil eser sahibinin istegine baglidir [5]. Eser sahibi ger¢ek kisi ise koruma siiresi eser
sabinin hayati boyunca ve oliimiinden itibaren 70 yildir. Eser sahibinin tiizel kisi oldugu ya da bilinmedigi
durumlarda eserin ortaya ¢ikisindan itibaren 70 yildir. Koruma siiresi sona erdiginde ise eser herhangi bir
izin s6z konusu olmaksizin kullanilabilir [6].

Sinai miilkiyet haklari ise piyasaya sunulan iiriin ve hizmetlerin iiretici ve/veya saticilarinin digerlerinden
ayrilmasini saglayan, iiriin sahibine tekel hakki veren haklardir [7].

2.2. Tasarim Kavram (Design Concept)

Tasarim, {iriinlerin dis goriiniislerindeki renk, desen, doku, sekil gibi farklilar olup, sinai miilkiyet haklari
icerisinde yer almaktadir [8]. En ufak bir farklilikla iiriiniin tercih edilebilirligini artirmasi sebebiyle
tasarimin korunmasi bir ihtiyag haline gelmektedir. Ulkemizde tasarimlar tescilli ve tescilsiz tasarim olmak
iizere iki sekilde korunmaktadir [9]. Koruma siiresi tescilsiz tasarimlar i¢in 3 yildir. Tasarim tescilli ise 5
yil stire ile korunmakta, 5 yilda bir yapilan yenilemeler ile toplamda 25 yila kadar korunabilmektedir [10].
Koruma siiresinin sonunda ise, s6z konusu tasarim kamuya mal olmaktadir.

Tasarim simiflandirmak i¢in kullanilan Locarno siniflandirilmasi iilkemizin de kullanmis oldugu
siniflandirmadir [11].

Tasarim tescili bolgesel bir hak olup tasarim, bagvuru yapilan iilkenin yasalan ile korunmaktadir. S6z
konusu koruma hakki yalnizca bagvuru yapilan iilke ile sinirlidir. [12]

Tasarimlarin pek ¢ok iilkede korunmasi amaciyla kurulmus olan Lahey sistemi, tek bir licret sistemi ve tek
bir bagvuru yapilmasi yoluyla uluslararasi tescili saglamaktadir [13]. Uluslara arasi tescilde ise bagvuru
sahibi, koruma talep ettigi iilkeleri tek tek kendisi segcmektedir [14].

Bunlarin yani sira, bolgesel tasarim tescili olarak Hollanda, Belgika ve Liiksemburg iilkelerinde tek bir
basvuru ile ortak koruma saglayan Benelux Tescil Tasarim Sistemi ve de Avrupa Birligi Fikri Haklar
Ofisine yapilan tek bir bagvuru ile Avrupa birligi tilkelerinde koruma saglayan bir topluluk tasarim tescili
de mevcuttur [14] [15].

Tasarim arastirmalar1 {ilkemiz Tiirk Patent ve Marka Kurumu’nun veri tabani iizerinden yapilirken,
uluslararasi arastirmalar Lahey sistemine kayitli tiim tasarimlara erigebilmek i¢in Hague Express veri tabani
kullanilmaktadir [16][17]. Global veri tabani ise Lahey sistemine kayithi tiim uluslararasi tasarimlar ile
birlikte ulusal koleksiyonlarin simultane bir sekilde taranmasini miimkiin kilmaktadir [18].

3. TASARIM DEGERLEME (VALUATION OF DESING)

Deger, ticari amagla kullanilan bir varligin gelecekteki getirisi géz oniinde bulundurularak bu getiririnin
giiniimiizdeki karsiligidir [19]. Degerleme ise, faydali bir sey i¢in ekonomik bir deger belirleme islemleri
biitiiniidiir [20].

Mali, maddi ve maddi olmayan duran varliklarin tamami degerlemeye konu olabilir. Tasarim ise, Tiirkiye
Muhasebe Standardi (TMS 38) Hakkinda Teblig’de “Fiziksel niteligi olmayan tanimlanabilir parasal
olmayan varlik” olarak tanimlanan maddi olmayan duran varliklar sinifina girdiginden degerlemeye konu
olmaktadir [21].
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Tasarimin degerlemesinin yapilmasi; tasarimi, tasarima dair finansal islemlerde daha giiclii kilmaktadir.
Devir, lisanslama, satis, haciz, birlesme ve devralma, bagis, sermaye artirimi gibi durumlarda, taraflardan
birinin magduriyetinin 6niine gegilmekte olup, tescilli tasarimin kopyalanmasi durumunda ortaya ¢ikacak
tecaviiz davalarinda ise zararin belirlenmesini kolaylagtiracaktir. Tasarim degerlemenin kullanim alanlar
Sekil 3.1 ile verilmistir.

Transfer 1 Ll

DEGERLEME

Birlesme
& Satin

Finansal
Raporlama

Yaptirim
(icra)

Sekil 1. Tasarim Degerlemenin Kullanim alanlar

3.1. Degerlemenin Onemi (Importance of Valuation)

Son 10 yilin istatiksel bilgilerine bakildiginda yillik ortalama 40.000-50.000 arasinda tasarim basvurusu
yapilmaktadir [22]. Bu tasarimlarin tescillenmesi firmalarin maddi olmayan varliklar1 arasinda
degerlendirilmektedir. S6z konusu varliklar, yapilan arastirmalara gore Amerika’daki en biiyiik 500 sirketin
toplam varliginin %80’ini, Avrupa Birligi tiyesi iilkeler ve Cin Halk Cumhuriyeti sirketlerinin de toplam
varligiin %70’ini olusturmaktadir [23].

Istatistiklere bakildiginda sirketlerin mal varliklarinin biiyiik bir ¢ogunlugunu maddi olmayan varliklarin
olusturdugu g6z oniinde bulunduruldugunda bu mal varliginin daha verimli bir sekilde yonetilmesi 6nem
arz etmektedir. Bu sebeple, degerleme raporlari hazirlanmasi esnasinda muhtemel rakipler, kritik pazarlar
gibi kritik pazar verilerinin toplanmasi vesilesiyle sirketlerin bu verileri degerlendirerek hangi pazarlara
girip hangilerine girmeyeceginin kararmi vermesi, stratejik planlarim1 yapmasi, gereksiz maliyetlerden
kurtulmasi ve IP portfoyiinii en dogru yonetmesi kolaylagsmaktadir [24].

Ulkemizde ise bu tarz calismalarin artirlmasim tesvik amactyla Cumhurbaskanhig: ikinci 100 giinliik
ekonomik plani dahilinde 2018 yili Nisan aymnda Tirk Patent ve Marka Kurumu’nun istiraki olarak
TURKSMD A.S. kurulmustur [25].

3.2. Tasarim Degerlemeye Etki Eden Faktorler (Factors Affecting Design Valuation)

Tasarimin degerlenmesi esnasinda tasarimin degerine dogrudan ya da dolayli olarak etkisi bulunan pek ¢ok
faktor bulunmaktadir.

Bunlardan en 6nemlisi zaman faktorii olup, tasarim degerlenmesinin yapildigi tarih kullanilacak yontem ve
verilerin tercihini dogrudan etkileyecektir [26]. Zaman faktdriiniin bir diger etkisi ize tasarimin kullanim
Omriidiir. Giinlimiizde aktif bir sekilde rolii olan moda kavramm sebebiyle her giin yeni tasarimlar ortaya
cikmakta olup, bu durum mevcut tasarimlarin dmriinii kisaltmaktadir. Gelir tabanli degerle metodunun
kullanildig1 deger hesaplarinda bu unsurun etkisi dzellikle goz oniinde bulundurulur. Istisnai olarak
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zamansiz tasarim olarak adlandirilan her daim zarafet, siklik ve tarzlarim koruyan tasarimlar her zaman
zamana ve modaya uygundurlar [27].

Secilen degerleme metodolojisi degerleme sonucunu dogrudan etkileyen en 6nemli faktdrlerden biridir.
Metodolojisinin se¢iminde ise en 6nemli unsur eldeki verilerdir. Maliyet metodu daha ¢ok eldeki verilerin
yetersizligi durumunda kullanilirken eldeki veriler yeterli olmasi ise gelir veya pazar metodunun
kullanimint miimkiin kilmaktadir. [28].

Pazara iliskin veriler, segilen degerleme metodolojisini etkileyeceginden degerleme sonucunda biiyiik
oranda etkisi vardir. Tasarim sahibi ile {i¢iincii kisiler arasinda imzalanan bir lisans s6zlesmesi s6z konusu
tasarimun {iciincii kisiler tarafindan kullanimin1 miimkiin kilacaktir [29]. Ugiincii kisilerin tasarimin
kullanimindan dolay1 elde edecekleri gelir i¢in lisans verene belirli bir oranda yaptiklar1 6demeye ise telif
oran1 denmektedir. Telif oran1 sabit bir {icret olabilecegi gibi elde edilen gelirden belirli bir yiizde seklinde
de anlagilabilir [30].

Yiizde 25 kurali (Rule of Thumb), lisans alan tarafin lisans veren tarafa tasarimin kullanilmasindan dolay1
elde ettigi gelirin %25’ini telif olarak verdigi sistem olup, telif oraninin belirlenmesi i¢in kullanilan en basit
yontem oldugundan siklikla tercih edilmektedir [31].

Telif oranlar1 dogrudan sektdrlerin briit marjlarina bagli oldugundan farkli sektorler farkl telif oranlarina
sahip olabilirler. Geleneksel sektorler diisiik kar marj1 ile galisirken teknoloji agirlikli calisan sektorlerin
briit kar marj1 daha yiiksektir. Bu durum lisansa sézlesmelerinde telif oranlarini dogrudan etkilemekte, briit
kar marj1 yiiksek olan sektdrler daha biiyiik telif oranlari ile ¢alisabilmektedirler [32].

Gelir tabanli degerleme metodu kullanildigi durumlarda degerlemeye etki eden bir diger faktor yillik
biiyiime oranidir. Gelecek yillarin tahmini biiyiime oranlar1 belirlenirken yillik biiylime orami kullanir.
Yillik biiylime orani ise, yillik bazda satislardaki degisim oranidir ve bir takvim yili i¢in yapilan bir
hesaplamadir [33].

Yasal diizenlemeler ve yasaklamalar da tasarimin degerini ani bir sekilde degistirebilecek bir faktordiir.
Yapilan bir yasal diizenleme ile tasarim deger kazanabilecegi gibi deger de kaybedebilir. 2015 yilinda
yapilan Ozel Kres ve Giindiiz Bakimevi ve Cocuk Kuliipleri Giivenlik Onlemlerinde yapilan yasal
diizenleme ile oyuncaklarin dncelikli olarak ahsap ya da plastik malzemeden olmasi bahge oyuncaklarinin
ise sivri uglu kirik ya da pasli olmamasi uygun goriilmiistiir [42]. Bu durum ahsap ya da plastik
malzemelerden iretilen oyuncaklarin degerini artirirken diger malzemelerden iiretilen oyuncaklarin deger
kaybina sebep olmustur. Bir diger 6rnek olarak, elektronik sigaralarin satig ve ithalatinin yasaklanmasi da
tasarimin degerini bir anda kaybettiren bir diizenleme olarak ele alinabilir [35].

Tasarimin, pazara sunuldugunda herhangi bir ihlale sebep olup olmayacaginin anlagilmasi amaciyla faaliyet
serbestligi arastirmasi yapilmaktadir [36]. Herhangi bir ihlalin s6z konusu oldugu durumlarda uygulanan
yasal islemler olduk¢a maliyetli oldugundan faaliyet serbestligi raporunun diizenlenmesi iiriin piyasaya
sunulmadan 6nce alinacak tedbirler agisindan 6nem arz etmektedir [37]. Bu sebeple, faaliyet serbestligi
raporunun hazirlanip hazirlanmamasi da degerlemeye etki eden bir faktordiir.

Tasarimin gercek degerine en yakin degerin elde edilmesi icin tiim faktorler dengeli bir sekilde
kullanilmalidir [28].

3.3. Degerleme Metotlar1 (Methods of VValuation)

Degerleme yapilirken kullanilabilecek pek ¢cok metot mevcuttur. Degerleme, nicel ve nitel metotlar olarak
iki genel metot kullanilarak gerceklestirilmekte olup, her iki yontemin de kullanim amaglar1 farkli olup
kendi iglerinde avantaj ve dezavantajlari mevcuttur [38]. Nitel metotlar genel bir skorlama ile ilgilenirken
nicel metotlar genellikle ii¢ ana metottan olusur. Bu ii¢ ana metot kendi i¢inde icerisinde alt yaklagimlar
icerebilmektedir [39]. Yaygin kullanilan metot ve yaklagimlar Sekil 3.2 ile gdsterilmistir.

Bu metotlarin se¢imi yapilirken s6z konusu tasarima gore eldeki veriler dikkate alinmalidir, bu veriler s6z
konusu degerleme metodu igin pek ¢ok degiskeni olusturmaktadir. Bu verilerin gesitliligi yontemin giliciinii
belirmektedir [40]. Bu verilerin disinda segilecek metodun belirlenmesi degerleme yapan uzmana,
degerleme sebebine baglidir. Her yontemin kisith oldugu alanlar ve zayifliklar s6z konusudur. Segilen
yontem biitiin bu kriterler géz oniinde bulundurularak yapilmadir, zira saglikli bir sonug¢ alinmasi igin bu
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unsurlar énemli unsurlardir [41]. Degerleme yapilirken tercih edilecek metot, eldeki veriler ve pazarlama
stratejisine gore belirlendiginden se¢im metodolojisi degerleme sonucunu dogrudan etkiyecektir [42].

[ Degerleme ]
‘ Nitel Deéérleme ) ‘ Nicel bééerleme ‘
Metotlari )

Met_o__tlarl

[ Maliyet.f;;nll N Pazar Tabanh M Geﬁ;l"l'abanll ]

Sekil 2. Degerleme metotlar: gemasi

3.3.1 Nitel Degerleme Metotlar1 (Qualitative Valuation Methods)

Genel olarak bir skor tablosu yapilarak tasarimin diger tasarimlar ile kiyaslanmasini temel alan yontemdir.
Kontrol listesi yapilmasi suretiyle yapilan skorlamalar ile gegeklestirilir. Bu yontem ile tasarimin potansiyel
getirisi ve yahut rakiplerin oniiniin kesilme ihtimali 6ngoriilebilmektedir [43].

Yontemin bir diger avantaji ise s6z konusu tasarim sahibinin portfoyiinii yonetmeyi kolaylastirmasidir.
Gerekli durumlarda yonelmesi gereken tasarimlarin belirlenmesi ya da uygun durumlarda dnemi az
tasarimlarin terk edilmesi konusunda yardimci olmaktadir [44]. Bu sayede gereksiz ekonomik giderler
azaltilabilmektedir [45].

Nitel degerleme metotlari, tasarim degerleme raporlari igerisinde genel olarak degerleme kontrol listesi
seklinde yer almakta olup, bu kisimda herhangi bir hesaplama bulunmamaktadir. Tasarima ait ve/veya
tasarimin ¢ikacag pazara ait verilerin degerlendirilmesi puanlamalar yoluyla yapilmaktadir. S6z konusu
skorlamalar igin 1-5, 1-10 ya da 1-100 arasinda puanlamalar tercih edilebilmektedir.

3.3.2 Nicel Degerleme Metotlar1 (Quantitative Valuation Methods)

Nicel Degerleme metotlar ise skorlamalarin aksine hesaplamalarin yer aldig1 parasal degerin belirlendigi
yontemlerdir [39]. Nicel degerleme metotlar1 arasinda 3 temel yontem bulunmakla birlikte bu yontemlere
ait alt yaklagimlar da bulunmaktadir [39]. Bu yaklasimlarin birlikte kullanildigi, yeni karma yaklasimlar da
s0z konusudur.

Her yontemin kullanilan verilere gére saglamis oldugu kolayliklar ve kisitliliklar mevcuttur. Bu sebeple
kullanilacak yontemin seciminde eldeki, verilerin ¢ok iyi degerlendirilmesi gerekmektedir. Bunun yaninda
degerlemeyi yapacak uzmanin deneyimi ve bu deneyimin eldeki veriler ile uyumlu bir sekilde
birlestirilmesi de degerleme sonucunun saglikli bir sonug olmasi agisindan 6nem arz etmektedir [22].

3.3.2.1 Maliyet Tabanh Degerleme Metodu (Cost Based Valuation Method)
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Tasarimin olusturulabilmesi i¢in katlanilmas1 gereken masraflar baz alindig: tasarim degerleme yontemi
olup tasarimin gerceklestirilmesi i¢in yapilmis olan harcamalar ve giderlerin bir araya getirilmesi ve s6z
konusu tasarimin eskime payinin da hesaba katilmasi ile s6z konusu deger elde edilir [46]. Kendi igerisinde
Tarihsel Maliyet Yaklasimi, Yeniden Uretme Yaklasimi ve Yerine Koyma Yaklasimi olmak iizere 3 temel
yaklasima ayrilmaktadir. Maliyet tabanli degerleme metoduna ait yaklasgimlar, kisaca Tablo 3.1°de

gosterilmistir.

Tablo 1. Maliyet Tabanli Degerleme Yaklasimlar

Tarihsel Maliyet Yaklasim

Yeniden Uretme Yaklasim

Yerine Koyma Yaklasimi

Minimum deger amaglar. Tiim
harcamalar goz oniinde
bulundurulur.

Fiili maliyeti olcer [45].
Boylece zarar edilmesinin

Tasarimin, bugiin yeniden
yapilmas1 halindeki maliyetini
ifade eden bir yaklagimdir.

Yeniden tretilen tasarim, birebir
ayni1 tasarim olmalidir [43].

Tasarimin esdegerinin
yapilmas1 halindeki maliyeti
ifade eden bir yaklagimdir.

Amac1 tasarimin degerini
Olemektir [9].

oOntine gegilir.

Maliyet tabanli degerleme metodu, tasarimin degerinin hesaplanmasi yalnizca maliyetler toplamina
dayandigindan hesaplamasi nispeten daha kolay degerleme metottur [47]. Bu sebeple hesaplama oraninda
hata yapilma ihtimali azdir. Hesaplamalar esnasinda pazar verisi kullanilmadigindan, pazar verisine
ulagilamayan durumlarda ve satisa hi¢ ¢ikmamis yeni iiriinler i¢in gelir verisine ihtiya¢ olmadigindan en
uygun degerleme metodudur [26][46]. Ayrica maliyet verileri toplanmasi en kolay veri tipi oldugundan,
hesaplama ig¢in verilerin toplanma siireci daha kisa olacaktir. Fakat hesaplamalar esnasinda yalnizca
maliyetler kullanildigindan ve tasarim maliyetinin diger isletme maliyetlerinden ayrilmasi zor oldugundan
tasarimin degeri gergek degerinden farkl ¢ikabilmektedir [26].

3.3.2.2 Pazar Tabanh Degerleme Metodu (Market Based Valuation Method)

Pazar tabanli degerleme metodunda ise tasarim ile ayni degerdeki baska bir tasarimin piyasadaki satig
degerine dayanan degerleme metodudur. Tescilli bir tasarima es degerde baska bir tasarimin bulunma
ihtimali diisiik olacagindan diger yaklagimlara oranla daha az tercih edilen bir yaklagimdir. Bu yontemin
uygulanabilmesi i¢in es bir tasarimin var olup, satisinin yapilmasi gerekliliginin yani sira bu es tasarima
dair lisanslama, satis devir gibi finansal islemlerin biitiin detaylari ile bilinmesi gerekmektedir. Bu
islemlerde kullanilan sézlesmelerin ise gogunlukla gizli olmasi da bu yontemin kullanilmasini zorlagtiran
faktorlerdendir [45].

Pazar tabanli degerleme metodunda hesaplamalar yapilirken kullanilan biitiin veriler objektif verilerdir.
Varsayimlar s6z konusu degildir [48]. Ayrica benzer bir tasarimin daha 6nce degerinin hesaplanmis oldugu
durumlarda en kullanigli degerleme yontemi bu yontem olacaktir [48]. Pazar tabanli degerleme metodu
diger metotlar ile gerceklestirilen degerleme sonucunun teyit edilmesi kullanilabilmektedir [26]. Tasarimin
mevcut pazardaki fiyatlar baz alinarak hesaplama yapildigindan dolayi elde edilen deger sapmasi en az olan
deger olacaktir. [49].

Tasarim tescilli oldugundan piyasada benzer tasarimin bulunma ihtimali diisiiktiir; esdeger tasarim bulunsa
dahi, pazar verileri gibi veriler sirketlerin 6zel verileri oldugundan ulasilmasi zordur. Bu durumun bu
metodun kullanimini zorlastirmakta, kullanim olasiligin1 disiirmektedir [26] [48]. Bunlarin yaninda,
tasarimin degeri belirlenirken kullanilacak veriler tasarima sahip olan sirketin mevcut durumundan
etkilenebilmektedir. iflas etmis bir sirketin elinde tuttugu bir tasarimin gergek degerinden daha farkli
cikabilmektedir [50]. Ayrica, tasarimlarin degerleri, iilkelerin gelismiglik diizeyleriyle orantilidir. Bu



634 Reyyan Pimar SOZBILEN, Hiidayim BASAK | GU J Sci, Part C, 10(3):627-640(2022)

sebeple, tasarimin korundugu iilkenin gelismislik diizeyine yakin gelismislikte bir tilkedeki satig verilerinin
elde edilmesi zor olmaktadir [51].

3.3.2.3 Gelir Tabanh Degerleme Metodu (Income Based Valuation Method)

Bu yontem, tasarimin girmek istedigi pazarda getirecegi gelir lizerinden gelecekte elde edecegi degere ve
bunun icin gerekli maliyete odaklanan degerleme yontemidir [47]. Genel anlamda ii¢ gelir tabanl
degerleme metodu kullanilmakta olup bunlar; net bugiinkii deger yaklasimu, artan gelir yaklagimi ve teliften
kurtulma yaklagimdir.

Net bugiinkii deger yaklasiminin en ¢ok tercih edilen yaklagim olmasinin sebebi, gelir odakli degerleme
yapilirken giderlerin de dikkate alinmasidir. Bu sayede daha saglikli bir degerleme sonucu elde edilmis
olmaktadir.

Net bugiinkii deger; yatirimin getirdigi bugiinkii deger ile yatirma yapilan maliyetlerin bugiinkii degerinin
arasindaki farkin bulunmasi ile elde edilir. Net Bugiinkii Degerin formiilii, Es. 1.1 ile verilmistir [52].

NNA,
a+k)n

NBD=Y4_, (1.1)

NNA: Doéneme ait net nakit akis1

k: Isletmenin bekledigi kazang orani
d: Yatirimin gider ve gelirlerinin gerceklestigi toplam donem sayisi
n: Donem sira numarasi

Artan gelir yaklasim ise, tasarimin kullanildigi durumda elde edilecek getirinin tasarin kullanilmadigi
durum ile karsilastirilma yapilarak elde edildigi deger yaklasimidir. Bu hesaplama sonucunda elde edilen
getiriler lizerinden belirli bir iskonto faktorii kullanilarak tasarimin bugiinkii degerine ulagilir [45].

Artan gelir yaklagimi i¢in gerekli veriler;

= Tasarim yaratacagi tahmini donemsel kar, nakit akisi ya da maliyet tasarrufu
=  Tasarim kullanilmaksizin elde edilecek tahmini donemsel kar, nakit akis1 ya da maliyet tasarrufu
=  Uygun bir iskonto oran1 [45].

Artan gelir yaklasimi ile deger hesabi yapilirken tasarimdan elde edilen kardan vergiler ve tasarima bagh
diger faaliyetlerin kar1 ¢ikarilarak bir yillik kar bulunur. Ardindan bu bir yillik kar iizerinden; tasarimin
tahmini dmriine gore hesaplanan kara iskonto degeri uygulanir. Bdylece, tasarimin gelecekteki karmin
bugiinkii esdegeri hesaplanmis olur. [53].

Teliften kurtulma yaklasim, tescilli tasarimin tescilinin elde bulundurulmasi sebebiyle telif iicretinden
elde edilecek kara odaklanan yaklagim olup; telif orani ve tasarimin Omrii boyunca getirecegi getiri
izerinden hesaplanir. Elde edilen bu deger, belirli bir iskonto degeri ile ¢arpilarak tasarimin bugiinkii degeri
elde edilir [54]. Fikri miilkiyetten elde edilen kazang ve bu kazancin lisans sahibi ve tasarim sahibi arasinda
nasil paylasildig telif oranini etkileyen en 6nemli iki etkendir. [55] Bir diger deyisle, telif oran1 hak sahi
ile lisans sahibinin kar paylasimi olarak tanimlanabilir. [56] Telif orani, farkli &lgiitler kullanilarak
hesaplanabilir;

gelirin bir ylizdesi olarak telif orani

karin bir ylizdesi olarak telif orani

satilan iirlin basina parasal olarak 6denen telif
iiretilen {lirlin bagina parasal olarak 6denen telif

bir zaman i¢indeki parasal olarak 6denen telif [50].
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Degerlemenin hesaplanmasi sirasinda pek ¢ok veri kullanilmakta ve bu veriler teker teker agiklanmaktadir.
Bu durum degerlemeyi daha seffaf ve daha saglikli yapmaktadir. Bu sebeple diger metotlar arasinda en
tercih edilen degerleme metodu gelir tabanli degerleme metodudur [46]. Ayni zamanda, gelir tabanl
degerleme metodu, degerlemede kullanilan ydntemler icerisinde gelecekteki risklerin géz Oniinde
bulundurulmasi sebebiyle daha diger metotlara oranlara saglikli sonuglar sunmaktadir [57].

Gelecekte tasarim sayesinde elde edilecek gelirler tizerinden hesaplama yapildigindan kullanilacak
verilerin tahmini ve hesaplanmasi kolay olmamaktadir. [49]. Bu durum gelir tabanli degerleme metodunun
dezavantaj1 olarak ele alinabilir. Ayrica diger degerleme metotlarina oranla daha fazla veri kullanilmasi
hesaplamay1 karmasiklagtirmaktadir. Bundan dolay1 hesaplamalarda yapilacak hata, degerleme sonucunun
hatali olmasina neden olabilmektedir [57]. Bunlarin yan sira, tasarimin tahmini ekonomik omriiniin net
belirlenememesi elde edilen degerleme sonucunun sagliksiz olmasina sebep olmaktadir [47].

4. TASARIM DEGERLEME RAPORU (DESING VALUATION REPORT)

Tescillenmis ya da tescil asamasinda bir tasarimin parasal degerinin belirlendigi, bu degerin belirlenmesi
esnasinda kullanilan verilerin ve yontemlerin agiklandigi raporlara tasarim degerleme raporu adi
verilmektedir. Genel olarak bes ana boliimden olusmaktadir:

1- Ozet

2- Degerlendirme Boliimii
3- Degerleme Boliimii

4- Ekler

5- Sonug¢ Boliimii

Degerleme raporlarinin en basinda bulunan bu 6zet kismi, yonetici 6zeti olarak da gegmek olup; raporun
kisa zamanda degerleme raporu ile ilgili 6nemli noktalar1 konusunda bilgi veren kismidir. Kisaca
degerlemeye konu olan tasarimin degerine, hangi veriler calisilip hangi yontemin hangi yaklagimin
kullanildigin1 deginmektedir.

Degerlendirme boliimii raporun 6nemli bir bolimiini olusturmakta, hesaplama esnasinda kullanilmasi
disiiniilen degiskenlerin belirlendigi, bu degiskenlere ait kullanilacak verilerin, varsa varsayimsal
degerlerin aciklandigi; bu varsayimlarin nasil yapildigina dair bilgi verildigi boliimdiir. Kullanilan tiim
degiskenlerin neden tercih edildigi sorusunun da yanitlandigi kisim, degerlendirme boliimiidiir [45] [58].

Kullanilan bu degiskenler, tasarima dair siireler, yasal kisitliliklar, yasal diizenlemeler, tasarim degerleme
metodolojisi, faaliyet serbestisi, cografi koruma kapsami, pazar verileri... gibi 6rneklendirilebilir.

Raporun asil iginin yapildigi, hesaplamalarin oldugu boliim ise degerleme boliimiidiir. Bir 6nceki boliimle
belirlenen degiskenler bu boliimde gerekli hesaplamalarda kullanilarak tasarimin parasal degeri
hesaplanmaktadir. Bu boliimde oncelikle hangi yontemin kullanildigi konusunda bilgi verilmekte, daha
sonra grafikler/tablolar kullanilarak kullanilacak yontem detaylandirilmaktadir.

Ekler boliimii ise degerleme i¢in gerekli verilerin elde edilmesi igin yapilan aragtirmalar sonucunda elde
edilen kaynaklarin bulundugu boliimdiir. Bu boliim, kaynaklarin disinda kaynaklara ulasilabilmesi igin
gerekli sorgulamalari da i¢erebilmektedir.

Degerleme raporunun sonug boliimii, tasarimin degerini igeren kisimdir.

Elde edilen degerin gergek degerden farkli ¢ikmasi da muhtemeldir. Bu durum raporu hazirlan uzmana,
kullanilan verilere, tercih edilen yonteme baglidir. Bu sebeple, degerleme raporu incelenirken sonug
boliimiine odaklanilmamasi, raporun tamaminin degerlendirilmesi gerekmektedir [46].

5. SONUC (CONCLUSION)

Bu ¢alisma, ayni1 adli tez ¢aligmama dair bir derleme ¢alismasidir. Tasarim degerlemesi; patent degerlemesi
ve marka degerlemesi gibi sinai miilkiyet degerlemesinin alt dali olarak incelenmektedir. Ancak Patent ve
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marka degerlemenin aksine literatiirde yeni yeni yer edinmeye baglamis, diinyada uygulamasi son yillarda
baslamustir. Ulkemizde ise 6rnegi heniiz bulunmamaktadir. Bu sebeple, uygulanan metotlar, genel olarak
sinai miilkiyet degerleme metotlarinin tasarima uyarlanmis versiyonlaridir. Bu c¢alismanin, ilerleyen
siireclerde gergeklestirilmesi muhtemel tasarim degerleme islemleri igin bir 6rnek, bir referans teskil
edebilmesi amaclanmaistir.

Ozetle tasarimin  degerlemesi, tasarimi elinde bulunduran ticari isletmenin mevcut degerini
dogrulamaktadir. Tasarimin degerinin belirlenmis olmasi ter tiirli birlesme, devralma, lisanslama, satin
alma, satis gibi finansal islemlerde kolaylik saglamakta, hak kaybinin ve de zararin Oniine gegilmesine
yardime1 olmaktadir. Tasarim degerleme, tasarimin degerinin s6z konusu bu islemler esnasinda net bir
sekilde ele alinmasini saglamaktadir. Tasarim degerleme igin mevcut metotlar arasindan tasarima ve piyasa
kosullarina en uygun degerleme metodunun segilerek uygulanmasi, tasarimin degerinin en dogru sekilde
elde edilmesini saglayacaktir. Tasarim sahibi ise, bu sayede, sahip oldugu tasarimi en verimli sekilde
kullanabilecektir.
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Figure A. Effect of design parameters on effective power

Purpose: In this study, a thermodynamic model was created for a two-stroke spark ignition
engine and connecting rod (conrod) length-crank radius ratio, geometric compression ratio and
exhaust opening angle were chosen as variable parameters. Depending on the change of these
parameters, graphs were obtained for the change of engine performance.

Theory and Methods: For this study, a PV diagram of a two-stroke engine was created and then
thermodynamic equations were derived. Port timing for crank exhaust and transfer is also used in
the modeling. In addition, the kinematic relations between the crank and connecting rod are also
included in the modeling. The specific heats were accepted as a constant value.

Results: A numerical example is presented to evaluate the results obtained. Ternary graphs are
used to display the results. The effects of exhaust opening angle, conrod length/crank radius and
geometric compression ratio are shown in a single graph and their effects on performance
parameters are examined. Accordingly, it has been seen that the conrod length/crank radius value
should be around 3.25-3.50, the exhaust opening angle should be around 70 degrees and the
geometric compression ratio should be around 10 in order for the engine power to be high.

Conclusion: In this study, a simple model for a two-stroke spark ignition engine is presented and
a numerical example is made and the effects of exhaust opening angle, connecting rod length-
crank radius and geometric compression ratio parameters on engine performance are investigated.
In the analysis of these effects, ternary graphs were used. Triple charts have been quite effective
for examining the effect of such three parameters. Effective compression ratio, maximum
temperature, maximum pressure and effective power values were investigated as engine
performance. In the model presented here, a simple comparison method is presented by ignoring
the effects of parameters such as the variation of specific heats depending on temperature, heat
transfer loss, friction loss, isentropic efficiencies, combustion efficiency. However, this model is
stable enough to clearly reveal the effect of design parameters on engine performance. Therefore,
the results presented here are particularly useful to engine designers.
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Two-stroke engines, which are frequently preferred especially in small agricultural machines,
small transportation vehicles and low-capacity power generators, have been used since the 19th
century. In this study, a simple thermodynamic model was created and the effects of geometric
compression ratio, exhaust opening angle and connecting rod length-crank length ratio
parameters, which are design parameters affecting engine performance, were numerically
investigated for the performance of an engine with 50 cc stroke volume. Accordingly, the effects
of these three parameters on the effective compression ratio, maximum temperature, maximum
pressure and effective power parameters were examined with triple graphs. Thus, the effects of
all three design parameters were examined with a single graphic. As a result of the numerical
analysis, it has been seen that the design parameter that most affects the engine performance is
the geometric compression ratio. In addition, increasing the connecting rod length-crank length
ratio significantly improves engine performance. It has been observed that choosing a low exhaust
opening angle improves engine performance. The results presented here are particularly useful to
engine designers.

ki Zamanh Benzinli Motorlarin Teorik Cevrimlerinin Parametrik
Incelenmesi

Oz

Ozellikle kiigiik tarim makinelerinde, kii¢iik ulasim araglarinda ve diisiik kapasiteli gii¢
jeneratorlerinde siklikla tercih edilen iki zamanli motorlar 19. yilizyildan bu yana
kullanilmaktadir. Bu ¢alisgmada basit bir termodinamik model olusturulmus ve motor
performansini etkileyici tasarim parametrelerinden geometrik sikistirma orani, egzoz agtlma agist
ve biyel uzunlugu-krank yarigapi orani parametrelerinin etkileri 50 cc kurs hacmine sahip bir
motorun performansi i¢in sayisal olarak incelenmistir. Buna gbre bu ii¢ parametrenin efektif
stkigtirma orani, maksimum sicaklik, maksimum basing ve efektif gii¢ parametrelerine etkileri
iclii grafiklerle incelenmistir. Boylelikle her ii¢ tasarim parametresinin etkisi tek bir grafikle
incelenmistir. Yapilan sayisal inceleme neticesinde motor performansini en etkileyen tasarim
parametresinin geometrik sikistirma orani oldugu goriilmiistiir. Bununla birlikte biyel uzunlugu-
krank yarigap1 oraninin artirilmasi da motor performansini belirgin bir bi¢gimde iyilestirmektedir.
Egzoz acgilma agisinin diisiik tercih edilmesinin motor performansini iyilestirdigi gériilmiistiir.
Burada sunulan sonuglar 6zellikle motor tasarimcilarinin kullanabilecegi niteliktedir.

1. GiRiS INTRODUCTION)

Gunimiizde yaygin olarak kullanilan dort zamanli motorlar kadar eski bir tarihi olmasina ragmen iki
zamanl motorlar dort zamanli motorlar kadar yaygin olarak kullanilamamstir. ki zamanli g¢evrimli
motorun 19. yiizyilin sonunda Ingiltere’de Sir Dugald Clerk tarafindan icat edildigi genel olarak kabul
edilmektedir. Egzozun zamanlamasinin ve alaninin, piston tarafindan transfer ve giris portlarinin kontrolii
de dahil olmak {izere, indiiksiyon islemi igin karter sikistirmasi kullanan motorun formu, 1891'de
Ingiltere’de Joseph Day tarafindan patentlenmistir [1]. Iki zamanli motorlarin hafiflik ve yiiksek 6zgiil gii
performansi goz oniine alinarak motorlu testereler, motorlu tirpanlar, ¢cim bigme makineleri, zirai ilaglama
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makineleri, mobiletler ve jeneratorlerde siklikla tercih edilmektedir. Bununla birlikte ¢ok biiyiik hacimlere
sahip gemi motorlarinda da iki zamanli motorlar1 gormek miimkiindiir [2].

Iki zamanli motorlar bilindigi gibi her krank turunda gevrimi tamamlayan motorlardir. Genel yapr itibariyle
iki zamanli motorlarda gaz degisim siireci portlar vasitasiyla yapilmaktadir [2]. Bununla birlikte ¢ok
yayigin olmasa da gaz degisim siirecinin valfler yardimiyla yapildigi iki zamanli motorlar da
bulunmaktadir. Giiniimiizde yaygin olarak kullanilan iki zamanli motorlarda piston iist 6lii noktaya dogru
hareket ederken dolgu (hava veya hava-yakit karisimi) dncelikle kartere emilir ve piston alt 6lii noktaya
dogru hareket ederken karterdeki dolgu bir miktar (1.3-15 atm) sikistirilir. Sikigtirilan dolgu transfer portu
yardimiyla silindir icerisine alinarak sikistirilir ve yanma meydana gelir. Piston alt 6lii noktaya dogru
yaklasirken egzoz portu agilarak blowdown siireci meydana gelerek silindir basinci disiiriiliir ve ardindan
egzoz portu ac¢ik haldeyken transfer portu agilarak dolgu igeriye alinir ve kalan egzoz gazlarinin ¢ikmasi
saglanir. 1ki zamanli motorlarda gergek sikistirma (veya genisleme) oram geometrik sikistirma oranidan
yaklasik %30 daha diisiiktiir. Bununla birlikte gaz degisim siirecinde dort zamanli motorlara kiyasla daha
fazla hacimsel verim kayb1 yasanmaktadir [3]. Ayrica iki zamanli motorlarda herhangi bir yaglama sistemi
bulunmadigindan dolay1 yaglama yagi yakit ile karistirilarak motorda kullanilir. Bu da egzoz
emisyonlarinin kétiilesmesine neden olmaktadir. Bu nedenlerden dolay1 iki zamanli motorlar her ne kadar
tasarimsal olarak yapisal basitligi ve yliksek glic yogunluguna sahip olsalar da dort zamanli motorlarin
kullanildig1 yerler i¢in iyi bir alternatif olarak goriillmemektedir.

Iki zamanli motorlarin gevrimleri ile ilgili bircok ¢aligma bulunmaktadir. Zhu ve ark. yapmus olduklart
calismada iki zamanli motorlarda siipiirme havasi kontrolii ile ilgili detay1 bir ¢aligma yapnuslardir. iki
zamanli motorlarda Miller kaybinin azaltilabilmesi i¢in egzoz zamanlamasinin optimize edilmesi
gerektigini vurgulamuslardir [4]. Ji ve ark. diisiik hizdaki iki zamanli dizel bir motor igin yapmis olduklari
calismada EGR, emme havasi nemlendirmesi ve enjeksiyon stratejisi Miller cevrimi iizerinden
modellenmistir [5]. Theotokatos ve ark. iki zamanli marine motorlar1 i¢in yapmis olduklar1 ¢alismada
degisken enjeksiyon zamanlamasi ve tiirbin alanina gore sifir-boyutlu bir model gelistirmislerdir. Elde
edilen sonuglar analiz edilerek, incelenen motor parametreleri arasindaki iliskiler kurulmustur [6]. Xu ve
ark. iki popet valfli iki zamanli dizel bir motor i¢in siipiirme verimliligi i¢in yapmis olduklar1 ¢alismada
girdap dongiisii siipiirme konfigiirasyonu o6nerisi modellenmistir [7]. Choe ve ark. iki zamanli karter
stipiirmeli buji ateslemeli motor ¢alisma siirecinin matematiksel modellemesini yaparak transfer portlarinin
acilma agisinin degisimine gére motor performans degisimi detayli bir 6rnekle anlatilmistir [8]. Zhu ve ark.
iki zamanli dizel motorunda uygulanan yeni bir buhar enjeksiyonlu turbo-bilesik sisteminin enerji ve ekserji
analizi yapmislar ve bu yeni sistem ile yakit tiiketimi nominal hizda %S5,1 oraninda azaltilmistir [9].Icten
yanmali motorlarin modellenmesi ile ilgili literatiirde bir¢ok ¢alisma bulmak miimkiindiir. Ancak 6zellikle
parametrik ¢alismalar i¢in ideal veya ideallestirilmis ¢evrimlerin kullanimi oldukga pratiktir. Arabaci,
yapmis oldugu ¢alismada dort zamanli buji ateslemeli bir motor i¢in benzin ve LPG kullaniminin motor
performansina etkisini igten tersinmezliklerin oldugu bir otto ¢evrimi modelini kullanmustir [10]. Chen ve
ark. yapmis olduklar1 ¢aligmada tersinmez ikili ¢evrim igin optimum performans parametrelerini detayli
olarak incelemislerdir [11]. Arabaci, yapmis oldugu ¢alismada artik gaz kesri ve kurs oraninin tersinmez
Otto ¢evriminin performansina ve entropi iiretimine etkilerini incelemistir [12]. Ding ve ark. yapmuis
olduklar ¢alismada alt1 farkli tersinmez 1s1 motoru ¢evrimi i¢in sonlu zaman ekserji analizi yapmislardir

[13].

Ozellikle parametrik g¢aligmalarda herhangi bir motor parametresi degisiminin motor performansina
etkisinin gdzlenmesi i¢in basit bir termodinamik kullanmak literatiirde de her zaman tercih edilmistir. Bu
calismada iki zamanli buji ateslemeli bir motor i¢in basit bir termodinamik model olusturulmus ve biyel
uzunlugu-krank yari¢ap1 orani, geometrik sikistirma orani ve egzoz agilma agisi degisken parametre olarak
secilmistir. Bu parametrelerin degisimine bagli olarak motor performansimin degisimi i¢in grafikler elde
edilmistir.

2. MATERYAL VE METOTLAR (MATERIALS AND METHODS)

Buji ateslemeli iki zamanli motorlar i¢in Sekil 1°de gosterilen basing-hacim diyagrami kullanilabilir. Egzoz
portunun kapanmasindan {ist 6lii noktaya (UON) ulasincaya kadar (4’ten 5’e) sikistirma siireci meydana
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gelir. Sikistirma siirecinin ardindan 1s1 girisi ile sabit hacimde basing artis1 (5’ten 6’ya) meydana gelir. Is1
girisinin ardindan egzoz portunun agilmasina kadar gerceklesen siirecte (6’dan 7’ye) genisleme siireci
meydana gelir. Genisleme siirecinin ardindan egzoz portu agik oldugundan dolay1 egzoz blowdown (7’den
1’e) meydana gelir. Ardindan transfer portu agilir ve karterdeki dolgu silindire transfer edilir (1’den 2’ye
ve 2’den 3’e). Ardindan transfer portu kapanir ve egzoz portu kapanincaya kadar (3’ten 4’e) egzoz
temizleme siireci gerceklesir. Bu diyagramda emme kartere dolgunun alinmasindan dolgunun basincinin
artirilarak silindire transfer edilmesi baglangicina kadar olan siire¢ gosterilmemistir.

Bo|-emee Pmax

Basing, p

Egzoz
_-¥ blowdown

_---»Transfer

Pre

A\

UON Hacim, V¥ Eg Tr AON

Sekil 1. Iki zamanli bir buji ateslemeli motorun ideal ¢evrimi

Modellemenin yapilabilmesi i¢in Sekil 2’deki sematik kullanilmistir. Bu sematikte krank hareketinin
iizerinde egzoz ve transfer i¢in port zamanlamasi da Sekil 1’e uygun olarak gdsterilmistir. Transfer
portunun ve egzoz portunun sirastyla piston alt 6lii noktaya gelmeden 87, ve 8g, agisinda agilmakta ve
piston alt 6lii noktay1 gegtikten 67, ve 64 acisinda kapanmaktadir.

Biyel uzunlugu L ile krank yaricap1 r arasindaki iliski krank-biyel mekanizmasi1 kinematigi nedeniyle
efektif sikistirma oranim da etkilemektedir. Burada efektif sikistirma asagidaki gibi tanimlanabilir [3]:

. =14+ 0.507ge, — 1) %—!— 1 — cos(a) — \](é) — sin? (a) €

Burada a = m — 6, olmaktadir. Ayrica gergek sikistirma orani, 7geo, L/T V€ Ogg’ye bagh olarak
degismektedir. Bu ¢alismada da bu ii¢ parametrenin degisiminin motor performansina etkisi incelenmistir.
Buna gore Sekil 1 ve Sekil 2 referans alinarak iki zamanli buji ateslemeli motor ¢evrimi basit olarak
modellenebilir.

Geometrik sikistirma orani 74, asagidaki gibi tanimlanir:

v 14
TGeo = 2= 2
Vg Vg
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Sekil 2. Iki zamanli bir buji ateslemeli motorun élceklendirilmemis sematik goriiniimii

Izentropik sikistirma ve izentropik genisleme siireci igin termodinamigin birinci ve ikinci yasasi esitlikleri
kullanilarak ve 6zgiil 1silarin sicakliga bagli degismedigi (y = sabit) kabul edilerek asagidaki esitlikler
yazilabilir.

Ty = Tyrd ™ (3)
T, = Terd ™" @
Ds = par, ©
D7 = DeTs ©

Is1 girisi i¢in agagidaki esitlik yazilabilir.

Qin = 1cy(Ts —Ts) = Qf — Qne (7)

Burada Qy,; 1s1 transferi nedeniyle kaybedilen giigtiir. Literatiirde Qp,;’nin hesaplanmast igin bircok yontem
bulunmakla birlikte basit amprik ifadeler de kullanilabilir. Bunun i¢in asagidaki esitlik kullanilmustir.

. T, — Te
Qnt = hneAne ( ¢ > Tw) (8)

Burada hy,; 1s1 transfer katsayisidir ve bu ¢alisma i¢in 70 W/m?K olarak kabul edilebilir. Ay, ise 1s1 transferi
alamidir ve asagidaki gibi tanimlanabilir:

Ay = nB? mBhiye, )
2 Tgeo — 1

m ise silindire transfer edilen toplam dolgu miktaridir ve asagidaki gibi tanimlanir:
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iy P VsN (10)
60RT:

Genel olarak buradaki 7 degeri hava, yakit ve artik gaz karisimidir. Buradaki yakit miktar1 Q 5 degerini
etkilemektedir. Bagka bir ifade ile Ty degeri direkt olarak belirlenebilen bir deger degildir ve iterasyonla
bulunabilir. Ancak bu ¢aligmay1 basitlestirmek amaciyla Tg = 3Ts iliskisi verilmistir.

Motor efektif giiciiniin belirlenmesi i¢in asagidaki esitlik kullanilmistir:

Pe = Pillmek (11)

(12)

P; = m(we; — Wys)
Burada 71, amprik esitliklerden de hesaplanabilecegi gibi iki zamanli motorlar i¢in ortalama bir deger
olarak 0,75 olarak kabul edilebilir. Efektif verim ise asagidaki gibi ifade edilir:
— Pe
K%

Burada sunulan iki zamanli motor modeli sabit olarak sunulan degerler igin amprik ifadeler kullanilarak

gelistirilebilir. Ancak bu ¢aligma kapsaminda incelenen parametreler i¢in daha karmasik bir modele ihtiyag
duyulmamustir.

(13)

Ne

3. SONUCLAR VE TARTISMA (RESULTS AND DISCUSSION)

Bu ¢alismada 50 cc kurs hacmine sahip 2 zamanli bir motorda, 7., i¢in 10, 12 ve 14, L /r igin 3,0-3,5-4,0
ve Og4 igin 50°, 60° ve 70° (UON’den o6nce) olmak iizere hesaplamalar yapilmistir. P, = 140 kPa,
2r/B =1,0, N = 3000 rpm, c, = 0,717 kJ/kg, y = 1.4 olarak kabul edilmistir. Ayrica sikistirma ve
genisleme siirecleri igin izentropik verimlerin %100 oldugu kabul edilmistir.

Bu ¢alisma igin incelene egzoz agilma agisi (6gg), geometrik sikigtirma orani (7g.,) ve biyel uzunlugu-
krank yarigapt (L/r) parametrelerinin degisiminin efektif sikistirma oranina, maksimum sicakliga,
maksimum basinca ve efektif giice etkileri ticlii (ternary) grafiklerle gosterilmistir.

Sekil 3’te efektif sikigtirma orammnin degisimi goriilmektedir. Burada g, degerinin artmasi efektif
sikistirma oranini azaltmaktadir. Bununla birlikte L /7’ nin artmasi efektif sikistirma oranini artirmaktadir.

Ancak efektif sikistirma oranini en ¢ok etkileyen parametre 7g¢0 oldugu goriilmektedir. Efektif sikistirma
oraninin yiiksek olmasi istendiginde yiiksek rge, ve diisiik 6, secilmelidir. Boyle bir durumda efektif
sikistirma orani i¢in maksimim degerler elde edilebilmektedir. Bilindigi gibi efektif sikistirma oran1 motor
performansini etkileyen dnemli parametrelerden biridir. 75, nun 13 civarinda olmast, 84 nin 50 civarinda
olmasi ve L/r’nin 4 civarinda olmasi efektif sikistirma oraninin 11,94 kontur ¢izgisi ile sinirlandirilmis
turuncu-kirmizi bélgede olmasini saglamaktadir.

Sekil 4’te maksimum sicakligin degisimi Sekil 5°te ise maksimum basincin degisimi goriilmektedir.
Yiiksek efektif sikistirma oranin etkisiyle maksimum sicaklikta da bir artis meydana gelmektedir. Bu
nedenle ti¢lii grafikteki renk dagilimi efektif sikistirma orani grafigiyle benzerlik gostermektedir. Motor
govde ve kapak malzemelerinin aliiminyum alagimlarindan imal edildigi gbz Oniine alindiginda
aliminyumun erime sicaklig1 yaklagik 950 K’dir ve burada hesaplanan degerlerden ¢ok daha diisiiktiir. Her
ne kadar burada hesaplanan degerler anlik sicakliklar olsa da bu sicakligin ¢ok yiiksek olmasi istenmez. Bu
grafige gore anlik sicaklik erime sicakligin 2,5 kati bir deger (2150 K) civarinda se¢ilmek istendiginde
diisiik L/r’nin igin 64 nin 60 civarinda, yiiksek L/r’nin i¢in ise Oz, nin 65 civarinda tercih edilmesi
gerekmektedir. Bununla birlikte 7., degerinin 12°den daha diisiik olmasi tercih edilmelidir.
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Efektif Sikistirma Orani
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Biyel uzunlugu-Krank yarigapi orani

Sekil 3. Efektif stkistirma oraninin parametrelere gore degisimi

Maksimum Sicaklik, K
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— 2095

— 2040
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Biyel uzunlugu-Krank yarigapi orani

Sekil 4. Maksimum sicakligin parametrelere gore degigimi

Sekil 5 degerlendirildiginde maksimum sicakligin 2150 K civari segildigi durumda maksimum basincin
9370 kPa civarinda (8488-10253 kontur ¢izgileri araliginda oldugu goriilmektedir. Yiiksek basing her ne
kadar motor performansini etkileyen bir parametre olsa da malzeme dayanimi gz oniine alindiginda
maksimum basing parametresinin de maksimum sicaklik parametresinde oldugu gibi optimize edilmesi
gerekmektedir.

Sekil 6°da efektif giiciin degisimi goriilmektedir. L /r’nin 3,25-3,50 araliginda, 8, nin 70 civarinda ve 7yeo
nun 10 civarinda oldugu durumda efektif giiciin ¢ok diisiik oldugu goériilmektedir. L/r’nin yiiksek olmasi
efektif giicii artirmaktadir. Bununla birlikte efektif gii¢ 0, nin veya 7., nun yiiksek oldugu durumda da
artmaktadir. Ancak maksimum sicaklik ve maksimum basing igin optimizasyon yapilmak istendiginde
L /r’nin 3,75-4,0 araliginda tercih edilmesi efektif giiciin de optimize edilmesini saglamaktadir. Literatiirde
L/r degerinin 3-4 araliginda oldugu ve genel olarak 3,2-3,5 araliginda secildigi goriilmektedir. Ancak
yapilan bu ¢alismada daha yiiksek L/r degerlerinde daha yiiksek efektif giic eldesinin meydana geldigi
goriilmektedir. Ancak L/r parametresi motorun fiziksel boyutlarimi degistireceginden dolayr L/r
yiikseldik¢e motorun boyu da kurs hareketi dogrultusunda uzayacaktir. Daha kompakt bir motor tasarim
icin efektif gilicten feragat edilerek L/r degerinin biraz diisiik secilmesi daha uygun olabilir. Bununla
birlikte 6zellikle yiliksek hizda ¢alisan motorlar icin L/r degeri genellikle daha diisiik tercih edilir.
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Maksimum Basing, kPa
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Sekil 5. Maksimum basincin parametrelere gére degisimi

Efektif Gug, kW
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Sekil 6. Efektif giiciin parametrelere gére degisimi

4. SONUC (CONCLUSION)

Yapilan bu ¢alismada iki zamanli buji ateslemeli bir motor igin basit bir model sunulmus ve sayisal bir
Ornegi yapilarak egzoz agilma agisi, biyel uzunlugu-krank yarigapt ve geometrik sikistirma orani
parametrelerinin motor performansina etkileri incelenmistir. Bu etkilerin incelenmesinde {iglii (ternary)
grafikler kullamilmustir. Uclii grafikler bu tiir ii¢ parametrenin etkisinin incelenmesi icin oldukea etkili
olmustur. Motor performansi olarak efektif sikistirma orani, maksimum sicaklik, maksimum basing ve
efektif giic degerleri incelenmistir. Buna gore asagidaki sonuglar elde edilmistir.

Motor performans parametrelerinde en etkili parametre 7., dur. 4., nun yiiksek tercih edilmesi motor
performans parametrelerini iyilestirdigi belirgin olarak goériilebilmektedir.

L /r’nin artirilmasi motor performansini artirmaktadir. Ancak yiiksek L /r degerlerinde motor boyutlarinda
problem olabilme ihtimali ytiksektir.

0 g nin miimkiin oldugunca diisiik se¢ilmesi motor performans parametrelerini iyilestirmektedir. 654 nin

yiiksek olmasi yanma sonrasinda elde edilen faydali enerjinin daha biiylik bir kisminin egzoz yoluyla
disartya atilmasi anlamina gelmektedir.

Burada sunulan modelde 6zgiil 1silarin sicakliga bagli degisimi, 1s1 transferi kaybi, siirtinme kayb,
izentropik verimler, yanma verimi gibi parametrelerin etkileri goéz ardi edilerek basit bir karsilastirma
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metodu sunulmustur. Ancak bu model tasarim parametrelerinin motor performansina etkisini net olarak
ortaya koyabilecek kadar kararlidir. Bu nedenle burada sunulan sonuclar 6zellikle motor tasarimcilarinin
kullanabilecegi niteliktedir.
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Abstract

Article Info

_ Deploying convolutional neural networks to mobile or embedded devices is often prohibited by
Research_amCle limited memory and computational resources. This is particularly problematic for the most
Eec?'yed;gggg-zzgzzzz successful networks, which tend to be very large and require long inference times. Many
evision. 29.9¢. alternative approaches have been developed for compressing neural networks based on pruning,
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regularization, quantization or distillation. In this paper, we propose the “Knowledge Distillation
with Dynamic Pruning” (KDDP), which trains a dynamically pruned compact student network
Keywords under the guidance of a large teacher network. In KDDP, we train the student network with
supervision from the teacher network, while applying L1 regularization on the neuron activations
in a fully-connected layer. Subsequently, we prune inactive neurons. Our method automatically
C 8 determines the final size of the student model. We evaluate the compression rate and accuracy of
ompression . . g . i
Image Classification the resulting networks on an image classification dataset, and compare them to results obtained
Deep Neural Networks by Knowledge Distillation (KD). Compared to KD, our method produces better accuracy and
more compact models.

Knowledge Distillation
Neural Network

1. INTRODUCTION

Deep neural networks have enabled many applications in a diverse set of domains including vision,
language, medicine and robotics. However, these models require large amounts of processing power and
memory, which severely limits their deployability in limited-resource computers. New possibilities would
emerge if such models can be deployed in embedded platforms, mobile and edge devices. Therefore,
research on “neural network compression”, that is reducing the processing and memory requirements of
neural networks, is important.

Early work on neural network compression aimed to make a large network smaller by removing redundant
structures. These can be weights, neurons, blocks, etc. LeCun et al. proposed one of the pioneering network
compression methods, the Optimal Brain Damage method [1], which was followed by many magnitude-
based network pruning methods [2, 3]. These approaches work by removing weights that are close to zero.
To prune more structures and make the models smaller, regularization can be used to enforce sparsity. Han
et al. proposed one of the first regularization-based model compression methods. Following this work, some
other methods [5-7] that use regularization on different structures were also proposed. For convolutional
networks, researchers have designed novel convolutional filters to save parameters which decrease
redundancy [8-10]. Research on low-rank factorization methods [11-13] tries to find informative
parameters by using matrix or tensor decomposition. Another major body of work [14-16] reduces the
number of bits that represent each weight.

A prominent approach to network compression is the “knowledge distillation” (KD) method [17], where a
large, cumbersome model called the teacher guides the training of a much smaller model called the student
(Figure 1). The student network is trained with two losses: (i) the usual cross-entropy loss coming from the
training set, (ii) the “softened” class probabilities output by the teacher, computed via a hyper-parameter
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called temperature. The aim of “softened” probabilities is to increase the information about the target class
by introducing uncertainty into the probability distribution. Softened probabilities contain similarity
information on different classes, which is absent in the one-hot labels coming from the training set.

I A

Layer 1 1 !

v ! :

" 1

Layer 2 I ‘ Layer 2 1

v - '

I 1

! !
! -

1

Layer m 1 ‘ Layer n |
| t

- - -

Softmax (T=1) Softmax (T=t) Softmax (T-t)

| |

hard soft
predictions predictions

=3
Lo

[ ]]

Figure 1. lllustration of the standard Knowledge Distillation method [17]. In KD, student model is trained
with a linear combination of two losses. One loss comes from the one-hot (or hard) labels and the other
from the “softened” labels. The architecture of the student model in KD is pre-determined and does not
change during or after training. However, in our method, we prune fully-connected layers in the student
network based on neuron activations to get a more compact model whose size is determined dynamically
and automatically.
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KD based methods [18, 19] yield good performance on computer vision tasks and have had a significant
impact on model compression. However, a major disadvantage of KD is that the user has to specify the
student newtork architecture and this architecture do not change during or after training. While KD can
succesfully distil the knowledge of the teacher into the student, we do not know whether the student model
is unnecessarily large or smaller than it should be. In this paper, we address this disadvantage by
dynamically pruning the student network based on neuron activations, to obtain a more compact student
model. For pruning, we target the largest fully-connected layer of the student model, which typically contain
the largest percentage of neurons in the student model. Specifically, during the KD training, we apply L1
regularization on the activations of the neurons in a selected fully-connected layer of the student model to
impose sparsity. Then, we calculate the average activation over training examples, of each neuron in this
layer. We prune those neurons having an average activation below a certain threshold by directly removing
them from the network. To the best of our knowledge, our compression technique is the first method that
combines KD and L1 regularization in this way. We name our method as Knowledge Distillation with
Dynamic Pruning, or KDDP for short. Since our method can only prune fully-connected layers, its typical
targets are Multilayer Perceptrons (MLP) or CNNs with large fully-connected (fc) layers.

We extensively analyze and compare standard training from scratch, knowledge distillation and our
proposed method, KDDP, on the CIFAR10 dataset [20]. Experiments show that our method performs better
than the baselines (standard training and KD), while also sigfinicantly compressing the student model.
Furthermore, we find that setting hyper-parameters is crucial for KD based methods. Temperature, T,
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distillation weight, a, and L1 regularization penalty should be tuned to find a good balance between the
model size and the classification performance. In summary, when the hyper-parameters are chosen
carefully, our method works well.

Our contributions in this paper can be summarized as follows.

o We propose a new dynamic compression method based on KD. It dynamically prunes inactive
neurons in selected fully-connected layers from the student network. Unlike KD, our method does
not require the final size of the compressed model as input; it is determined dynamically.

e We experimentally analyze our method and compare against standard training from scractch and
KD. We make extensive experiments on our hyper-parameters to find meaningful relations with
the accuracy of the compressed model.

e We test our method on the CIFAR10 dataset. We get better accuracies than both standard training
and KD methods with much fewer parameters.

In the rest of the paper, we first summarize the neural network model compression literature in Section 2.
We describe our proposed method and its implementation details in Section 3. Then, we analyze the
effectiveness of our approach with experiments performed on the CIFAR10 dataset in Section 4, and finally
conclude in Section 5.

2. BACKGROUND AND RELATED WORK

Here we review the literature on model compression in deep neural networks in two main categories: (i)
parameter pruning and sharing, (ii) knowledge distillation. We give more detailed information about the
parameter pruning and sharing due to its direct relation to our method.

2.1.Parameter Pruning And Sharing

Parameter pruning attracted many researchers since the early development of neural networks due to its
effectiveness on reducing model complexity and over-fitting. It is also shown that pruning redundant
parameters from the network improves generalization, which is an important side-effect.

Early works to prune parameters are Optimal Brain Damage [1] (OBD) and Optimal Brain Surgeon [2]. In
their work, the authors remove redundant paramaters after sorting them by their saliencies. Saliency is
measured based on the Hessian of the objective function. Recently, Srinivas and Babu also showed how
similar neurons, which have similar weight sets, are redundant [3]. Since Hessian computation is heavy,
they propose a more systematic way than OBD and data-free method to remove them.

Most of the follow-up works use sparsity constraints (L0, L1-norm, etc.) in the optimization problems to
obtain redundancy. Researchers use these constraints on different elements (e.g. weights, blocks, etc.). Han
et al. are one of the first to propose a regularization-based method on model compression [4]. They apply
L2 regularization during the training phase in order to have near zero-valued parameters. Then they prune
all lowweight connections from the network. The deep compression method [15] uses the same procedure
as [4] for removing redundant connections. The authors also add quantization and Huffman coding on top
of the pruned network to have a more compact one.

Recently, redundancy in convolutional networks also has been explored. Lebedev and Lempitsky [21] apply
the idea of Optimal Brain Damage [1] to convolutional filters. They remove entries of L2,1-norm
regularization applied convolution filters, which are below a threshold, in a group-wise fashion. Similarly,
work by Zhou et al. [5] enforce low-rank constraints on tensors and L2,1-norm regularization on the
objective function during the training stage to achieve compact CNNs with reduced neurons. Another study
which uses L2,1-norm is Wen et al.’s work [6]. They apply regularization to big baseline models to learn
more compact CNNs. With their structured sparsity method, they regularize filters, channels, filter shapes
and layer depth of CNNs. Huang and Wang [22] improve the method of Wen et al. [6] and propose a more
general end-to-end method for network pruning. Their method contains a factor to scale the output of a
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specific neurons, groups or blocks. They apply L1-norm sparsity regularization to the scaling factors.
Structures having scaling factors below a threshold are removed from the network while training. Unlike
the previous works, Ullrich et al. [23] base their regularization on the soft weight-sharing method [24].
They compress weights of the pre-trained model into clusters by fitting mixtures of Gaussian models. After
retraining the model with new weights concentrated on the cluster means, they obtain a layer-wise-pruned
compact network.

There are also methods which focus on sparsity in batch-normalization (BN) layers. Liu et al. [7] add a
scaling factor after BN layers. L1 regularization is applied on these scaling factors during training for the
purpose of identifying redundant filters. Then, they prune channels with near-zero scaling factors. Another
recent study [25] uses the method proposed by Beck and Teboulle [26] to enforce sparsity on the y-
parameter in BN operator. During training, this method makes some y values zero and helps these channels
to block sample-wise (for each sample in the training set) information flow. After the training is completed,
they remove these constant-valued channels from the original network. The study MorphNet [27] uses a
combination of three ideas above: first, an L1-norm-based regularization of the neurons, second, the idea
of multipliers of Howard et al. [28] for reducing the floating point operations and model size, and third, the
paradigm introduced by Han et al. [4] for retraining of the pruned network.

There has also been some research for measuring the redundancy in the networks. Guo et al. present a
feedback mechanism named splicing which re-establishes mistakenly removed parameters after the pruning
operation [29]. With this work, they show that measuring the redundancy of the parameters is an extremely
difficult task. Researchers use different techniques for measuring redundancy. In [30], L1-norm of kernels
are calculated. After sorting kernels by their L1norm values, small valued kernels and corresponding feature
maps were pruned. ThiNet does filter-level pruning based on filter statistics computed from the following
layer, not the current layer [31]. In spite of their success, the compression rate of the filters had to be
predefined, which is another difficult problem for pruning methods. Moreover, He et al. exploit feature
maps for redundancy [32]. The authors select the most representative channels of the feature maps and
prune the redundant ones. After pruning, in order not to damage accuracy, they reconstruct the outputs with
the remaining channels using linear least squares.

Recently, several methods proposed to measure the importance of structures. Yu et al. propose that layer-
by-layer network pruning leads to significant reconstruction error propagation [33]. They introduce a global
neuron importance measuring algorithm which uses information at the Final Response Layer (FRL, the
second-to-last layer before classification). The algorithm obtains the importance of all neurons in the
network with a single backward pass after a feature ranking operation on the FRL. Subsequently, the
trimming of the whole network is performed considering the pruning ratio per layer as a pre-defined hyper-
parameter. Prakash et al. propose a novel inter-filter orthogonality metric for ranking filter importance and
a new training strategy [34]. Their method consists of temporarily dropping (some) of the least important
convolutional filters (ranked by their metric), and reintroducing dropped filters with new weights. They
repeat this process cyclically. With this strategy, they improve generalization and reduced overlap of
learned features. Unlike the traditional deterministic methods, Wang et al. approach pruning weights of
convolutional layers in a probabilistic manner [35]. They specify a pruning probability for each weight
group. At each iteration, these probabilities are updated with the L1 norm as an importance criterion of each
weight group. The pruning is guided by sampling from the pruning probabilities. He et al. use a novel
pruning method instead of norm-based pruning approaches [36]. They calculate the geometric median
Fletcher et al. of the filters within the same layer, and prune the filter(s) near to the geometric median [37].
In addition to above works, Dong et al. [38] improve the idea in previous works [1, 2]. Their pruning method
is based on second order derivatives of a layer-wise error function.

There are also some recent and novel compression techniques used for pruning. In SplitNet [39], the goal
is to find a tree-structured network that contains a set or a hierarchy of subnetworks, where the leaf-level
subnetworks are associated with a specific group of classes. Since each group uses a subset of features that
are completely disjoint from the ones used by other groups, the splitting algorithm prunes out inter-group
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connections while optimizing the cross entropy loss and the group regularization. At the end, the weight
matrix can be explicitly split into block diagonal matrices to reduce the number of parameters. Similarly,
Yang et al. approach the network compression from energy consumption of the network [40]. They sort
layers by their energy consumption, and pruned weights, which have small magnitudes, of the layers that
consume the most energy first. Similar to the idea of “network slimming” [7], Zhao et al. modify the BN
layer and add a new parameter called channel saliency to the BN layer [41]. They try to find approximate
gamma distributions over these channel saliency parameters. They then remove redundant channels with
mean and variance of their gamma distributions less than predefined thresholds.

2.2. Knowledge Distillation

Knowledge Distillation is a simple way to have compact deep learning models. In this method, a large (i.e.
cumbersome) network or an ensemble model is trained, first. This model is called the “teacher”, which
typically produces accurate predictions. Then, a smaller network, called the “student”, is trained using the
guidance coming from the teacher model. This guidance is obtained using “temperature softmax” applied
on the logits of the teacher. The goal is to provide a better training for the student model than using only
the labels from the dataset. Trained in this way, the final student network was shown to produce comparable
results to the teacher’s [18].

Similar ideas to knowledge distillation has been explored before. Bucilua et al. approach the idea of
knowledge transfer from a different point of view [42]. Instead of training a neural network on an original
small set, they use an ensemble of base-level classifiers to label a large unlabeled dataset and then train the
network on this much larger dataset. Ba and Caruana propose using L2 loss on the logits to mimic the
teacher network [43].

FitNets [18] use knowledge distillation to yield deep and thin student networks that perform on par with or
better than the teacher. They achieve this by training some student layers using the teacher’s supervision
for better initialization. Luo et al. show that using L2 loss to match the features of top hidden layers from
both teacher and student is effective [19]. Yim et al. distill knowledge from the teacher by generating a
matrix from feature maps at each layer [44]. Then, they transfer the knowledge from teacher to student,
which has the same depth as the teacher, by applying L2 loss to these matrices.

2.3.Other Approaches

There are also other approaches to neural network compression and pruning that are orthogonal to our
method. These include low-rank factorization methods, quantization and binarization methods and methods
that aim to obtain compact convolutional filters.

2.4.Summary

Given the context of existing work, although L regularization to enforce sparsity is commonly used for the
purposes of pruning/compression, it has not been applied in the context of KD to obtain a student model
whose size is determined dynamically and automatically.

3. METHOD

Before we present our method in detail, we first describe the knowledge distillation (KD) method [17] for
completeness. In KD, there are two models: teacher and student. Given a supervised dataset, the teacher
model is trained first. Then, the student model is trained using a linear combination of two losses: (i) the
regular crossentropy loss coming from the supervised dataset, and (ii) “softened” cross-entropy loss coming
from the teacher’s prediction. To better explain these two losses, let us consider an example input image x
with its ground-truth label y, which is a one-hot vector. A neural network outputs a raw score, or logit, zi
for quantifying the degree that the input x belongs to class i. These logits are normalized using the “softmax”
function so that the resulting vector can be considered as a probability distribution:
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_ exp(z/T)
U exp(ze/T)
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where C is the number of classes and T is called the “temperature” parameter, which by default equals to
1. Then, cross-entropy between g = [q1,02,...,0c] and y is computed as

Cc
CE(y,q) = Z yclog (q0)- 2
c=1

When T > 1, we call the loss as “softened” cross_-entropy, as it softens the effect of the exponential function
in softmax as T gets larger.

Let g°"T denote the softmax output of the teacher model with temperature T. Similarly, let T be the
student’s softmax output with temperature T. First, the teacher model is trained to minimize the regular
cross-entropy loss:

Ltch — Z CE(y, qtch,l). (3)
xy)
And, the knowledge-distillation loss, by which the student model is trained, can be written as
Lstd — Z (1 _ (X)CE(y, qstd,l) + aCE(thh'T, qstd,T). (4)

xy)
The first term is the regular cross-entropy loss with one-hot ground-truth labels. The second term is the

cross-entropy between temperature-softmax outputs. It is this second term, which brings in new information
about class similarities predicted by the teacher. a is an hyperparameter to adjust the contribution of the
two terms. Figure 1 illustrates the KD method.

In KD, both the teacher and the student model architectures are determined before training and are fixed
during and after training. So, essentially, one hast to decide on the size of the student beforehand and KD
attempts to distill the knowledge of the teacher into this student. However, there is no way of knowing the
optimal size for the student architecture beforehand. Our method addresses this problem by dynamically
pruning (removing) neurons from the student. By doing so, our method both finds an optimal size for the
student model and slightly improves the final accuracy of the student model. In the following we describe
our method.

3.1. Knowledge Distillation With Dynamic Pruning (KDDP)

As done in standard KD, we first train the teacher model, or it is provided as an already trained model.
Then, we add L1 regularization to the largest fullyconnected layer of the student — let us call this layer
fcl. The rationale behind this choice is that this layer typically contains a large percentage (up to 83% in
our experiments) of all parameters in the model (Table 1). Next, we train the student using the KD loss
defined in Equation (4). After the student is trained, we run it on the training set to calculate the average
activation (i.e. output) of each neuron at fcl. If the activation of a neuron is below 10—6, we prune (i.e. kill
or remove) that neuron and delete the corresponding weight set in its next layer. After testing all neurons
at fcl, we re-train the pruned student network using Equation (4), this time without any L1 regularization
on fcl.

3.2. Teacher And Student Models

As the teacher, we use a ResNet model [45]. ResNet and its variants proved their success on many computer
vision tasks. Specifically, our teacher model is a ResNet-56 which achieves 6.97% error rate on CIFAR10
and has 850K learnable parameters. Details of ResNet-56 can be found in the original ResNet paper [45].
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Table 1. Student networks differ only in the number of neurons in the fcl layer. Percentages in
parenthesis indicate the ratio of the parameters in fcl to the total number of parameters.

Model # of neurons in fcl # of parameters at fcl total # of parameters
SNso 50 29K (34%) 85k
SN0 100 58k (50%) 114k
SNsgo 500 289k (83%) 349k

We choose our student network to have a very simple architecture in order to efficiently analyze the
performance of our method. Our student network architecture starts with an input layer for 32x32x3 sized
images. It is followed by a convolutional layer with a kernel size of 7x7 with a stride of 1, with 64
convolution filters. This result in an output of size 16 x 16 x 64. The convolutional layer is followed by a
Batch Normalization (BN) layer and a ReLU non-linear activation function. We later use a max-pooling
layer which has a window size of 3x3 with stride 2 that produces an output of size 7x7x64. This layer
followed by an identity-block of the ResNet architecture [45]. ResNet’s identity block is composed of 3
convolutional layers, each followed by a BN and a ReL.U layer. The first and third convolutional layers
have a kernel size of 1x1, and the middle layer has a kernel size of 3 x 3. The stride of all convolutions of
the identity blocks is 1 and the number of filters used in each layer is 64. Before the ReL U layer of the last
convolutional layer inside the residual block, there is a skip connection that allows the flow of information
from the initial layers to the last layers by adding the input of the identity block and the output of the ReLU
layer. The identity-block is followed by an average pooling layer which outputs a 3x3x64-dimensional
tensor. This layer is followed by a fully-connected layer, fcl, and a ReLU layer. Finally, the ReLU layer is
followed by another fully connected layer, fc2, as a bridge to a softmax layer at the end.

In our experiments, we create three different variant of this student model. The only difference between
these student models are the neuron counts in the first fully-connected layer, fc1. We use 50, 100 and 500
neurons for this layer to explore the effect of the increasing number of neurons. We set the number of
neurons in the second fully-connected layer, fc2, to the number of classes in the classification task at hand.
The total number of parameters and percentage of parameters in fc1 for these networks are presented in
Table 1. Figure 2 illustrates the architecture of our student network.

3.3. Baseline Methods
We compare our method with the following models.

Vanilla SN: We train the student network from scratch without any teacher guidance or regularization
penalty. We use this model to find out the baseline performance of our student networks.

Vanilla-KD SN: We train the student network with standard Knowledge Distillation [17] at different
temperature values (T) but without regularization penalty.

3.4. Implementation Details

Teacher Network (TN): We train a ResNet-56 model from scratch. The learning rate is 107, the mini-
batch size is 64, and the optimization algorithm is Adam [46].

Student Networks (SN): We use the same hyper-parameters while training all student models. All models
are trained from scratch. Weights and biases are initialized with Xavier’s initialization [47]. Network
architectures are implemented using the Keras framework [48]. Adam [46] is used for training. The learning
rate is set to 104, and the mini-batch size is 64. An L, regularization penalty is applied on fcl during the
training of the KDDP student networks. The training is stopped early if there is no improvement in the
accuracy on the validation set for 50 epochs.
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Figure 2. Student Network overview. The network takes an image and outputs a class label. It is
composed of an input layer followed by a convolutional layer, max pooling, an identity-block of
ResNet(He et al., 2016), average pooling, two fully connected layers, and a softmax layer. ResNet’s
identity block is highlighted with the yellow rectangle. This layer is composed of three convolutional
layers and a skip connection which adds the input of the identity block and the output of the last
convolutional layer in the identity block.

4. EXPERIMENTS
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In this section, we describe the experimental evaluation and validation of our method. We evaluate it by
comparing against the two baselines and then, provide extensive experiments on hyper-parameters in

Section 4.3.
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Figure 3. Example images from the CIFAR10 dataset.
4.1. Dataset

We use the CIFAR10 dataset [20] in our experiments. It contains 60000 32x32 color images in 10 classes,
with 6000 images per class. Example images can be seen in Figure 3). There are 50000 training images and
10000 test images. We randomly sample (using stratified sampling, i.e., by preserving class
frequencies)10000 images from the training set to form a validation set. We report our results after
observing no improvements on the validation set for 50 epochs during training. As data augmentation, we
only use horizontal flip. We use this setup in all experiments.

4.2. Analysis of the Proposed Method

We present our main results in Table 2, where we compare the performances and parameter counts of the
teacher model, vanilla SN model, vanilla KD SN model and our KDDP model.



658 Eren SENER, Emre AKBAS / GU J Sci, Part C, 10(3):650-665 (2022)

Table 2. Main results on the CIFAR10 test set.

Model Acc. # Params.
Teacher 0.8808 1,673,738
Vanilla SNsg 0.8048 85,104
Vanilla KD SNs 0.8141 85,104
KDDP SN (final [fc1|=45) 0.8193 82,169
Vanilla KD SNys 0.8145 82,169
Vanilla SNigo 0.8075 114,454
Vanilla KD SNigo 0.8197 114,454
KDDP SNioo (Jfc1|=83) 0.8219 104,475
Vanilla KD SNgs 0.8146 104,475
Vanilla SNsgo 0.8128 349,254
Vanilla KD SNsgo 0.8264 349,254
KDDP SNsgo ([fc1|=264) 0.8281 210,722
Vanilla KD SNgs4 0.8267 210,722

We use the same teacher logits in for all experiments (i.e. z in Eq. (1)). We train our teacher once. We use
the same initial weights for all student network trainings with hyper-parameters: L1 = le—4 and o = 0.5.
We also train Vanilla SNs and Vanilla-KD SNs for each model to explore the capacity of these networks
and compare with our model.

The teacher network has 1.7M parameters and yields an accuracy of 88.08% on the test set. This score is
lower than other ResNet results on the same set, e.g. Cai et al. achieve 97.92% [49]. This is because we
hold out 10K examples from the training set as validation data to have a solid early stopping criterion. Also,
we only use horizontal-flip augmentation.

The “Vanilla SN” (student network), which is the SN trained from scratch without any teacher guidance or
regularization, has three versions. These versions differ only in the number of neurons in the fcl fully
connected layer. For 50, 100 and 500 neurons, Vanilla SN achieves 80.48%, 80.75%, 81.28% test set
accuracy, respectively. Increasing the number of neurons in fcl has a positive effect on model performance.
However, this causes an increase in the number of parameters, as well. When the student model is trained
using standard knowledge distillation method, we obtain the “Vanilla KD SN models. Compared to the
Vanilla SNs, they achieve around 1% better accuracy for all models.

Our method, KDDP, achieves 81.93%, 82.19%, 82.81% accuracies on the test set for student networks
SN50, SN100, SN500, respectively. We observe that our method works better than both Vanilla SN and
Vanilla KD SN, and improves the accuracies around 0.5% for SN50, SN100, SN500 with 3%, 9%, 40%
fewer parameters than their original networks. It dynamically removes 10%, 17%, 48% of the parameters
at fcl.

We conduct further experiments to compare our method against KD to provide fair comparisons based on
the total number of neurons in the network. We record the number of final neurons in KDDP and we train
smaller Vanilla KD SNs that have the same neuron counts at fc1 with the final KDDP SNs. We denote
these models with “Vanilla KD SNn” where n is equal to 45, 83 or 264. We use the same softmax
temperature for both bases. We observe that with the same fcl size, KDDP outperforms Vanilla KD.

From these results, we conclude that our dynamic pruning method both improves accuracy and reduces
computational cost of inference. In the following, we analyze the sensitivity of our method to its hyper-
parameters, and also conduct statistical significance analysis.

4.3. Hyper-parameter Analysis

4.3.1. L1 Regularization Penalty Analysis
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We use L; regularization on the activations of fcl layer neurons to increase sparsity. Li regularization
penalizes the absolute value of the activations of the neurons. We present results for different L; penalties
in Table 3. We set a to 0.5 in these experiments.

We observe that larger values of L; penalty result in fewer active neurons at the fcl layer and therefore
decreases the performance of the models. For example, when Liis le®and T = 32 at KDDP SNigo
experiment, the model gets stuck at some local minima and cannot even reach the vanilla model’s
performance. However, when there are fewer parameters it helps the model to get acceptable performances.
For example, for hyperparameters L = 13, T = 2, our KDDP SNso model achieves better performance than
the other SNso models. We also observe that using smaller values for L, e.g. Ly = 1e°, does not work for
our pruning method in all student models. Therefore, L1 penalty should be tuned to strike a good balance
between the model size and the classification performance. In our experiments, we set the L; regularization
to le ™.

Table 3. Effect of L; regularization penalty. Results for models SNso, SN1oo, SNsoo. Hyper-parameter o. =
0.5.

Ly =1e73 Ly =1le™* L, =1e75

T Acc. fclsize|Acc. fclsize|Acc. fclsize
2 0.8198 15 0.8193 45 0.8162 49
4

8

0.8054 10 0.8123 40 0.8146 48
0.7638 7 0.7891 41 0.7968 47

12 |0.7707 7 0.7913 38 0.7918 47

» (16 [0.7761 8 0.7902 33 0.7948 46
2|20 |0.7802 8 0.8011 37 0.7961 47
2132 |0.7607 5 0.8010 37 0.8049 48
B |64 [0.7776 7 0.8078 37 0.8034 44
100 |0.7871 6 0.8088 32 0.8038 49
200 |0.7966 7 0.8053 41 0.8077 47
1000 |0.7877 8 0.8065 35 0.8078 46
5000 | 0.7616 5 0.8032 40 0.8069 43

2 (08132 18 0.8219 83 0.8219 97

4 |0.7913 9 0.8156 79 0.8192 93

8 |0.7655 7 0.8037 61 0.8099 92

12 10.7931 10 0.7952 59 0.7941 92

% 16 |0.7970 76 0.7922 59 0.7931 92
§ 20 |0.7802 7 0.7978 59 0.7935 89
S |32 10.6900 3 0.8085 61 0.8001 93
S |64 |0.7779 6 0.8095 59 0.8012 91
100 |0.7594 4 0.8077 54 0.8121 91
200 (0.7800 6 0.8003 54 0.8055 90
1000|0.7609 4 0.8171 53 0.8058 95
5000 0.8063 89 0.8087 54 0.8010 88
2 0.8211 103 0.8281 264 0.8185 467
4 0.8213 330 0.8186 156 0.8196 453
8 0.8175 400 0.8106 113 0.8101 441
12 |0.8017 140 0.8079 118 0.8110 432
g 16 ]0.8010 235 0.7952 109 0.8089 429
§ 20 [0.7991 151 0.8003 91 0.8075 425
S |32 |0.8047 98 0.8147 111 0.8063 425
3 (64 |0.8050 17 0.8121 109 0.8025 417

100 |0.8040 90 0.8114 101 0.8030 431
200 |0.8062 185 0.8146 112 0.8076 423
1000 0.8059 15 0.8140 116 0.8040 425
5000(0.8123 17 0.8093 105 0.8070 423

4.3.2. a Analysis

a in Eq. (4) sets the contribution of the two objective functions (i.e. the weight of distillation). In other
words, using bigger o values means giving more importance to soft targets in the objective function. We
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present results for different o values in Table 4. We can see that too small and large « values don’t lead to
good performances. « also should be tuned carefully to have a good balance between the model size and
classification performance. In our experiments, we observe that setting o to 0.5 gives the best results.
4.3.3. T Analysis

Setting the vaue of T, which “softens” the softmax output, is not a trivial task. To find its optimal value, we
did a grid search over the temperatures values of [2, 4, 8, 12, 16, 20, 32, 64, 100, 200, 1000, 5000]. If we
keep increasing T, at some point, logits will be saturated and no information will flow from the teacher to
the student network. We present our results in Table 4. We can see that when we train the network with
100 neurons solely with the loss coming from the soft targets (the second term in Eq. (4)) with a temperature
of 5000, we get an accuracy of 10%, which is equal to the random guess for CIFAR10. For all models, we
observe that the accuracy fluctuates depending on T. Therefore, we conclude that the temperature parameter
should also be tuned carefully.

Table 4. Distillation loss weight (o.in Eq. (4)) and temperature analysis. Results for models
SNs0,SN100,SNsoo. Hyperparameters: Ly = 1e™*.

a=02 a=0.5 a=038 a=1

T Acc  fclsize|Acc  fclsize|Acc  fclsize|Acc  fclsize
2 0.8046 48 0.8193 45 0.8093 49 0.7955 45
4

8

0.8003 44 0.8123 40 0.8147 39 0.8034 32
0.7987 42 0.7891 41 0.8031 26 0.7967 8
12 |0.7945 43 0.7913 38 0.7843 28 0.5061 25
16 |0.8093 43 0.7902 33 0.7726 23 0.5844 46
20 |0.8081 45 0.8011 37 0.7761 25 0.5882 45
0.8058 39 0.8010 37 0.7872 23 0.5101 42
64 |0.8060 42 0.8078 37 0.7961 25 0.5850 42
100 |0.8021 44 0.8088 32 0.8069 24 0.5835 42
200 [0.8057 42 0.8053 41 0.8018 22 0.5526 39
1000 |0.8072 44 0.8065 35 0.8088 26 0.6277 40
5000|0.8106 42 0.8032 40 0.8040 26 0.1000 12
2 0.8077 76 0.8219 83 0.8239 87 0.8078 66
4 0.8082 75 0.8156 79 0.8177 69 0.8108 49
8 0.8042 66 0.8037 61 0.8041 33 0.7948 8
12 |0.8041 75 0.7952 59 0.7880 30 0.6685 88

50 neurons
w
N

é’ 16 |0.8005 69 0.7922 59 0.7733 26 0.5931 63
§ 20 |0.8010 79 0.7978 59 0.7689 31 0.5886 40
S |32 (08075 69 0.8085 61 0.7889 25 0.5764 49
S |64 |0.8065 79 0.8095 59 0.7962 33 0.5835 51
100 |0.7963 72 0.8077 54 0.7985 33 0.5890 85
200 |0.8047 67 0.8003 54 0.8037 29 0.5748 85
1000 0.8039 71 0.8171 53 0.8000 34 0.5864 86
5000|0.8096 75 0.8087 54 0.8073 31 0.1000 14
2 0.8170 247 0.8281 264 0.8255 262 0.8158 212
4 0.8138 205 0.8186 156 0.8215 126 0.8157 57
8 0.8100 204 0.8106 113 0.8133 44 0.6642 407
12 |0.8065 177 0.8079 118 0.7863 28 0.5768 256
g 16 |0.8092 181 0.7952 109 0.7872 27 0.5890 319
§ 20 |0.8070 187 0.8003 91 0.7734 24 0.5843 397
S |32 (08112 184 0.8147 111 0.7925 29 0.6397 123
3 |64 0.8087 178 0.8121 109 0.8017 28 0.6458 394

100 |0.8072 183 0.8114 101 0.8068 27 0.7257 389
200 (0.8110 189 0.8146 112 0.8085 36 0.6410 135
1000 | 0.8069 189 0.8140 116 0.8070 36 0.6374 395
5000(0.8116 176 0.8093 105 0.8039 33 0.1001 120

4.4, Statistica Analysis of the Results

We use Welch’s T-test to measure the significance of our method’s results. We train Vanilla SN, Vanilla
KD and KDDP models with 100 fc1 neurons, starting with different initial weights for 11 times. We set our
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hyper-parameters as L1 = 1e ™, « = 0.5. We present these results in Table 5.

KDDP & Vanilla Analysis: We start with assuming a null hypothesis that the mean of the results of the
KDDRP is equal to the mean of the results of the Vanilla network. Then, we calculate the T-score of these
sets (classification results) using Eq. 5. We get a T-score of 9.91. For two-tailed hypothesis and 10 degrees
of freedom, this T-score corresponds to p < .00001., which indicates statistical significant. Therefore, it is
safe to reject the null hypothesis that there is no difference between the means of results.

KDDP & Vanilla-KD Analysis: We follow the same computations for comparing our KDDP with the
Vanilla-KD. We get a T-score of 2.9730, which corresponds to p = .013974 for two-tailed hypothesis with
10 degrees of freedom. Since p <.05, it is again safe to reject the null hypothesis. We conclude that our
KDDP model’s performance has intrinsic differences from Vanilla SN and Vanilla KD results, and they
are strong and are not by chance.

Table 5. Results of 11 different trainings for Vanilla SN, Vanilla KD and KDDP models with 100 neurons
in fc1. Hyper-parameters for KDDP are Ly = 1e™* a = 0.5. Although the difference in mean accuracies
are small, they are statistically significant.

Run# Vanilla Acc. Vanilla-KD KDDP Acc.

Acc.
0 0.8075 0.8197 0.8219
1 0.8041 0.8156 0.8226
2 0.8089 0.8182 0.8234
3 0.7975 0.8125 0.8166
4 0.8051 0.8172 0.8183
5 0.8101 0.8167 0.8175
6 0.7998 0.8210 0.8221
7 0.8080 0.8193 0.8212
8 0.8033 0.8163 0.8210
9 0.8098 0.8139 0.8152
10 0.7980 0.8169 0.8233
Mean 0.8047 0.8170 0.8203

Var 1.9522¢°5 5.6783e~° 7.5033e~°
KDDP & Vanilla T-score: 9.9177
KDDP & Vanilla-KD T-Score: 2.9730

5. CONCLUSION

In this paper, we propose a new method based on Knowledge Distillation (KD) [17]. We use L.
regularization on the activities of the neurons in a fully-connected layer and remove the inactive neurons.
There is no need to provide the final size of the student model as input; our method determines it
automatically. Our method performs better than the standard KD method with much fewer parameters.

In our extensive experiments, we show that KD based methods including ours are highly hyperparameters
dependent. Temperature, T, and distillation weight, a selection determine the performance of the trained
model. We observe that the accuracy varies significantly between low and high values for different T values.
Moreover, a constrains us to decide to what extent we should rely on the teacher network’s logits. However,
when the hyper-parameters are chosen carefully, our method works well. It performs better than the
baselines.
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In conclusion, our method can be used when there is a need for a much smaller network that performs
comparably. Moreover, considering the benefits such as comparable accuracy with fewer parameters, one
should expect that the hyper-parameter selection is vital for the performance.

Although we did not explore the use of our method for convolutional layers, we expect that similar gains
(higher accuracy with fewer parameters) would be obtained. We leave this as future work.
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