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(Gelis Tarihi: 14.03.2020, Kabul Tarihi: 11.04.2021)

Ozet: Bu caligmada dolayli evaporatif sogutma sistemi kullanilarak bir mekanin sogutulmasini saglayan bir sistemin
gelistirilmesi ve deneysel analizi yapilmigtir. Dig ortamdan fan ile iiflenen taze ve sicak hava, i¢ ortamdan fan
yardimiyla emilen serin i¢ hava ile belli oranlarda karigtirilarak, 6zgiin olarak tasarimi yapilmis olan donel ¢arkin
digina iiflenmektedir. I¢ ortamdan gelen i¢ ortam havasi dénel carkin igine girmeden 6nce nemlendiriciler vasitasiyla
nemlendirilerek dogrudan evaporatif sogutma vasitasiyla nemlendirilerek sogutulmaktadir. Dolayisiyla donel cark;
iginden gegen i¢ ortam havasi ile disindan gegen taze hava arasinda bir esanjor gorevi gorerek iki havanin karismadan
aralarinda 1s1 transferi gerceklesmesini saglar. Donel ¢arkin disindan soguyarak gecen karisim havasi, ¢apraz akislt
hava esanjoriine girerek, ikinci kez nemlendirilerek soguyan i¢ ortam havasi ile tekrar sogutulur. Bu sayede odanin
konfor kosullarina gelmesi saglanir. Yapilan deneyler sonucunda; en yiiksek COP degerinin % 20 taze hava, % 80 i¢
ortam havasi karigimi yapilmast durumunda elde edilebilecegi gbzlenmis olup, 2,72 degerine ulasilmistir. Ulasilan
COP degeri teorik olarak hesaplanan degerden diisiik olsa da sizdirmazlik ve yaliim tam anlamiyla saglanabilirse
COP degerinin ¢ok daha yiiksek olacagi agiktir.

Anahtar Kelimeler: Sogutma, Evaporatif Sogutma, Dolayli Evaporatif Sogutma, Iklimlendirme Sistemleri

DEVELOPMENT AND EXPERIMENTAL INVESTIGATION OF A ROTARY
WHEEL INDIRECT EVAPORATIVE COOLING SYSTEM

Abstract: In this study, the system which provides cooling of a place by using indirect evaporative cooling system is
developed and experimentally analyzed. Fresh and hot air blown by fan from outside environment and cool indoor air
are mixed in certain proportions and blown to the rotary wheel’s exterior surface. The indoor air is cooled by the
humidifiers before entering the rotary wheel via direct evaporative cooling. So the rotary wheel works as a heat
exchanger between the indoor and outside air without mixing. By cooling the outside of the rotary wheel, the cool air
enters the cross flow heat exchanger. It is allowed to cool again with the indoor air passing through the rotating wheel
and being moisturized twice. In this way the room is kept comfortable. According to the results of the experiments, it
is observed that the highest COP value of 2,72 is obtained when mixing 20 % fresh air and 80 % indoor air.
Although this value is lower than the theoratically calculated , if leakproofing and insulation can be managed
perfectly, it is clear that COP value can be much higher. .

Keywords: Cooling, Evaporative Cooling, Indirect Evaporative Cooling, HVAC Systems
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GIRIS

Enerji verimliligi ve verimli sistemlerin kullanimi enerji
maliyetlerinin artmast nedeniyle giiniimiizde ©&nem
kazanmistir. Buhar sikistirmali  sogutma  sistemleri,
yaygin olarak kullanilan, diger alternatif sistemlere gore
enerji tlketimi daha fazla olan sistemlerdir. Enerji
tiketimini azaltmak i¢in birgok sogutma sistemi
denenmekte ve uygulanmaktadir (Florides vd., 2002).
Buhar sikistirmali sogutma sistemleri elektrik enerjisini
kullanarak kompresérde sogutucu akiskan buharimi
sikigtirmaktadir. Absorpsiyonlu sogutma sistemlerinde
elektrik tuketimi is akigkaninin pompalanmasinda
kullanilmaktadir. Evaporatif sogutma sistemlerinde ise
elektrik tiiketimi hava hareketini saglayan fan sisteminde
ve sirkiillasyon pompasinda olmaktadir. Aym1 sogutma
kapasitesi i¢in ele alman bu ii¢c alternatif sogutma
surecinde birim sogutma igin en fazla enerji tiiketimi
buhar sikigtirmali sogutma sisteminde olmaktadir.

Elektrik enerji tiikketiminin fazla olmasi, elektrik
iretiminde kullanilan yakit debisini etkileyecek olup,
yakit debisinin artmas1 CO; salimmmini artiracaktir.
Dolayistyla, buhar sikigtirmali sogutma sistemleri yerine
kullanim yeri ve kapasitesine bagli olarak g¢esitli
alternatif siregler denenerek elektrik enerjisinin daha
verimli kullanomi ve CO; salimminin azaltilmasi

saglanabilir. Evaporatif sogutma, diger sogutma
tekniklerine goére cok daha ucuz ilk yatirnm maliyeti
gerektirir ve daha az enerji tiiketir. Buna karsin,
evaporatif ~ sogutma daha c¢ok kurak ve nemsiz
iklimlerde ~ daha  verimlidir. ~ Temel olarak
bulundurduklari yapisal farkliliklar nedeniyle evaporatif
sogutma cihazlarinin, kompresorlii  iklimlendirme
cihazlarina gore avantajlar1 ve dezavantajlari vardir.

=+ Sogutucu yokken

~#~ Dogrudan evaporatif sogutma
Dolayl evaporatif sogutma

o~ Dolayli evaporatif

sogutmatmekanik sogutucu
Dolayli evaporatif
sogutma+absorpsiyonlu
sogutucu

05 07 09 11 13
TaTad-1
Sekil 1. Ortam Sicakligina Gére Pompanin Giicii (Najjar ve
Abubaker, 2015)

Evaporatif sogutma sistemleri; dogrudan evaporatif
sogutma sistemleri, dogrudan/dolayli evaporatif sogutma
sistemleri ve dolayli evaporatif sogutma sistemleri
olmak iizere 3 ¢esittir.

Evaporatif sogutma teorisinin en basit 6rnegi dogrudan
evaporatif sogutma sistemleridir. Sisteme giren hava,
mahale gonderilecek olan (ifleme havasini da temsil eder
ve hava igerisinde suyun dogrudan buharlagtirilmasi
vasitasiyla sogutulur. Psikometrik diyagramda giren taze
havanin yas termometre sicakligi sabit bir degerde
kalirken, hava ve su arasindaki es zamanli gizli ve
duyulur 1s1 transferi gergeklesir. Bu sebepten, kuru
termometre sicakliginda bir diisiis meydana gelirken
havadaki nem oraminda artis goriilmektedir (Idiz vd.,
2017).

Kiimes ve sera gibi kapali tarimsal tiretim yapilari igin
dogrudan evaporatif sogutma sistemleri onerilmektedir.
Poroz yapili pedler bu sistemde yer almaktadir ve
yapmin ¢ati  veya duvarlar1 {izerine yerlestirilir.
Gilinimiizde ped yapimminda kullanilan en uygun
malzemelerden birisi Aspen agaci talasi veya yongasidir,
bunun nedeni ped malzemelerinin suyun yiizey lzerinde
dagilimini kolaylastiracak ozellikte olmasi
istendigindendir (Bedir, 2016). Ust taraflarindaki delikli
borularla damlatilan su ile pedler siirekli 1slak tutulur.
Belirli acilarla konumlandirilmis memelerden su
piskiirtiilerek de bazen pedler 1slatilabilir.

Hijyen ag¢isindan evaporatif pedlerin verimli bir sekilde
sogutma yapabilmeleri igin siirekli nemli olmalari
gerektiginden dolay1 belli periyotlarla degistirilmesi
gereklidir. Dogrudan evaporatif sogutmanin yapildigi



kisimda tasarimi yapilan ve deneyleri gerceklestirilecek
olan sistemde evaporatif pedler kullanilmayacaktir.
Suyun pulverize sekilde basinghi bir  sekilde
puskiirtiilerek kiigiik damlaciklar haline ayrilmasi
evaporatif pedler yerine orta basingli sisleme nozullar
kullanilarak saglanir ve bu sayede evaporatif pedlerin
kullanilmasina gerek kalmaz. Diger evaporatif sogutma
sistemlerine gore bu sayede deneyleri gergeklestirilecek
olan sistem hem daha verimli hem de daha hijyenik
olacaktir.

Sekil 2. Donel cark

Bu yontemi esas alan bu calismada tasarlanan sistem;
Sekil 2’de goriildiigii sekliyle dolayli evaporatif sogutma
yapan bir cark ve c¢arka kanallar yardimiyla monte
edilmis bir esanjorden olusmaktadir. Sistemde fan
yardimiyla dig ortamdan alinan hava bir miktar i¢ hava
ile karistirildiktan sonra 6zgilin bir tasarim olan ddnel
carkin dis kanatlarina carpar. I¢ ortamdan gelen hava ise
carkin igine girmeden Once sisleme nozullari ile
nemlendirilerek 1s1 transferiyle c¢arkin dig kanatlar
iizerinde akan dis havanin sogumasini saglar. Dig
ortamdan alinan ve bir miktar i¢ hava ile karistirilan taze
hava donen g¢arkta bir miktar soguduktan sonra mahalin
konforu i¢in yeterli sicaklik ve nem sartlarini saglamasi
icin bir hava-hava 1s1 esanjoriinde ikinci kez
nemlendirilen ve sicaklig: diisiiriilen i¢ hava yardimiyla
bir kez daha sogutulur ve i¢ ortama verilir. Bu sayede
hem c¢arktan hem de esanjorden elde edilen dolayli
evaporatif sogutma yardimiyla i¢ ortamin konfor
kosullarinda tutulmasi saglanarak mahalin sogutma ve
gerekli taze hava gereksinimi saglanacaktir.

169

%

Sekil 3. Dénel Carkin Kanal Igindeki Gosterimi

Sekil 3’te donel ¢arkin kanal i¢indeki gdsterimi ve donel
carkin ebatlar1 yer almaktadir. Dénel ¢arkin imalatinda 1
mm kalinliginda 1 500 x 3 000 ‘lik aliminyum levhalar
almarak Dbiikim makinasinda akordeon gseklinde
bikiilerek ¢ark scklinde ¢ember elde edilmis ve

plakalarin punto kaynak yardimiyla kaynatilmasi
yontemiyle imal edilmistir.
Donel c¢arkli dolayli evaporatif sogutma sistemi

sayesinde bilinen evaporatif sogutma sistemlerindeki
pedlere gerek kalmaz. Bu sayede evaporatif pedlerin
degistirme maliyetinden ve pedlerin sebep oldugu
bakterilerin neden oldugu hastaliklardan kurtulunmus
olur. Sistem bu yoniiyle hali hazirda var olan sistemlere
gore daha saglikli ve ¢evrecidir.

LITERATUR TARAMASI

Antonellis vd. c¢alismalarinda dolayli ¢apraz akish
evaporatif sogutma sistemini test etmislerdir. Sistem
minimum su harcayacak sekilde tasarlanmis olup
puskdrtilen su debisi, ikincil hava debisinin % 0,4 ile %
4’1 olacak sekilde ayarlanmigtir. Caligmalarinda farkli
calisma kosullarint kapsayan toplamda 112 deney
yapmuglar.  Piiskiirtiilen su  debisi, nemlendirme
nozullarinin yeri, ikincil hava sicakligl, su piiskiirtme
miktari, nemlilik ve akis oraninin etkilerini detayli bir
sekilde incelemistir. Sonug¢ olarak, verimin nozul
sayisindan ve genisliginden az ancak piiskiirtiillen suyun
debisinden onemli Olciide etkilendigini
gozlemlemiglerdir. Ayrica nozullarin havaya karsi
karsilikli bir sekilde yerlestirildiklerinde paralel sekilde
yerlestirmeye gore verimi arttirdigi gdzlemlenmis olup,
islak termometre veriminin % 50 ile % 85 arasinda
artt1ig1 gézlemlenmistir (Antonellis vd., 2016).

Porumb vd. ¢aligmalarinda dolayli evaporatif sogutma
sisteminin teori, ¢alisma prensipleri, akis ve imalatin
anlatmiglardir. Farkli akis semalart dis ve i¢ havanin
hem birincil hem de ikincil hava olarak kullanilmasina
olanak saglamaktadir (Porumb vd., 2016).

Liberati vd. ¢aligmalarinda dolayli evaporatif sogutma
sisteminin verimini degerlendirmislerdir. Ist
degistiricisine piiskiirtiilen suyun ¢ok disik akis



oranlarinda bile sistemin sogutma kapasitesini dnemli
Olglide arttirdigim  gézlemlemislerdir (Liberati vd.,
2017).

Hasan, calismasinda buharli sikistirma olmadan, dolayli
evaporatif sogutma ile havanin 1slak termometre
sicakhigimin  altinda olmasini saglayan bir ydntem
gelistirmistir. Asil amag, dolayli olarak 6n sogutmadan
gecen havanin son olarak sogutulup dagitilmadan 6nce
sogutucuya yonlendirilmesidir. Is1 ve kiitle transferi i¢in
bir model gelistirmistir. Caligmasinda 4 sogutucu tipini
incelemigtir. Bunlar; ii¢ tane iki asama sogutucu (ters
akis, paralel akis ve kombine paralel-rejeneratif akig) ve
tek asama ters akis rejeneratif sogutucudur. Dolayli
evaporatif sogutma icin Onerilen yoOntem, soguyan
havay1 ortam yas termometre sicakligindan daha diistik
sicakliklara disiirebilmektir. Boyle bir sistem i¢in son
sicaklik ortam havasinin ¢ig nokta sicakligidir. Sistemin
verimi, iki asamali ters akis i¢in 1,26, paralel akis i¢in
1,09 ve kombine paralel rejeneratif sogutucu igin
1,31°dir. Tek asama ters akis rejeneratif sogutucu igin
ise verim 1,16 bulunmustur (Hasan, 2010).

Bishoyi ve Sudhakar (2017) calismalarinda, gergek
iklim verilerinde iki ayr1 sogutma pediyle elde edilen
deneysel sonuclart gostermektedir. Analiz i¢in ayni
dikdortgen kesit alanindaki bal petegi ve aspen sogutma
pedleri incelendi. Sonuglar; ayni yiizey alant igin
harcanan gii¢, enerji verimliligi analitik ve deneysel
olarak olciildiigiinde enerji verimlilik oran1 ve sogutma
kapasitesinin balpetegi sogutma pedinin; aspen sogutma
pedinden daha iyi sonu¢ verdigini gostermistir.
Balpetegi sogutma pedli evaporatif sogutucunun sicak
ve kuru, kompozit iklim bdlgesi i¢in daha uygun oldugu
g6zlenmistir.

Al Malaki (2017) ¢alismasinda, kiigiik ve biiyiik cezaevi
tesislerini, split klima, merkezi sogutma ve
dogrudan/dolaylt  evaporatif sogutma sistemlerini
giivenilirlik ve verimlilik yoniinden deneysel acidan
incelemistir. Bu c¢alismanin sonunda iki kademeli
sogutucu sistemin gerekli enerji tiiketimini yilda
toplamda yaklasik %40 oraninda azaltmaya katkida
bulundugunu goézlemlemis olup, aylik enerji tiiketim
maliyetinin ise her hapishane i¢in diisiik sicakliklardaki
mevsimlerde yaklasik 25 ABD dolart ve yiiksek
sicakliktaki mevsimlerde ise yaklasik 43 ABD dolari
olarak daha diisiik oldugunu gozlemlemis olup, taze
hava saglamas1 bakimidan diger sistemlere gore 3 kat
daha fazla hava sagladigindan otiirii hapishane
salonlarinda dogru havalandirma saglamak icin biiyiik
bir avantaj saglamaktadir.

Ozdemir vd. (2016) caligmalarinda, iklimlendirme
amagh bir evaporatif sogutucu ile soguk sulu bir
sogutma serpantininden olugan hibrid bir sogutma
sistemi tasarlamig ve incelenmislerdir. Tasarlanan
sogutma sistemini, termodinamigin I. ve II. yasalarina
gore analiz edip verim degerlerini ortaya koymuslardir.
Caligmalarinda, maksimum verime ulagsmak igin ©n
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sogutmanin serpantinle mi yoksa evaporatif sogutucu ile
mi yapilmasi gerektigini ve sistemin hangi iklim
bolgelerinde kullanilabilecegini irdelemislerdir.
Sistemde sulu serpantin yerine, dogrudan genlesmeli
sogutma sisteminin evaporatorii de kullanilabilmektedir.
Bu hibrid sogutma sisteminin su sogutma grubu (chiller)
kapasitesindeki azalmaya etkisi de analiz edilmistir. Bu
konuda yapilan arastirmalar ve uygulamalar ile
iilkemizde de enerji verimliligi acisindan
uygulanabilirligini arastirmislardir.

DENEYSEL CALISMA

Deney diizenegi gergegi en iyi sekilde temsil etmek
Uzere Sekil 4°deki gibidir. Sekil 4’te kurulmus olan
deney diizenegi goriilmekte olup, a ile numaralandirilan
nemlendirici, b ile numaralandirilan donel cark, c ile
numaralandirilan esanjér, d ile numaralandirilan ise
kanaldir. 1 numarada i¢ ortam havasi emildikten sonra,
hava orta basingli sisleme nozullar1 ile nemlendirilerek,
2 numarada bagil nemi yiiksek ve sicakligi azalmis i¢
ortam havasi elde edilir. 8 numara ile donel ¢arkin digini
dolasan taze ve sicak hava, 2 numara ile donel ¢arkin
icine giren bagil nemi yiiksek ve sicakligi azalmis olan
ic ortam havasi ile 1s1 aligverisi yapar ve 9 numara ile
serinlemis olarak ¢ikar. 2 numaradaki i¢ ortam havasinin
ise sicakligl artarak 3 numara ile donel carkin disina
sicakligi artmis olarak ¢ikar. 3 numarada sicakligi artmis
olan hava orta basingli sisleme nozullari ile tekrar
nemlendirilerek 4 numarada serinlemis ve bagil nemi
arttiktan sonra 7 numara ile esanjore girer. 9 numara ile
esanjore giren taze hava ile 7 numara ile esanjore giren
ic ortam havasi 1s1 aligverisi yaparak serinlemis olan taze
hava 6 numara ile odaya Uflenir.

Sekil 4. Deney odasinin iizerinde donel gark ve esanjoriin
yerlesiminin gosterimi

Tablo 1’de 6l¢iim noktalarinda Sl¢iimii yapilan fiziki
degerler isaretlenmistir.



Tablo 1. Olgiim noktalarinda dl¢iimii yapilan fiziki degerler
Veri Sicaklik Bagil Hiz Basing
Noktalar1 | (°C) Nem (m/s) (Pa)

(%)

1 X X X

2 X X X

3 X X X

4 X X X

5 X X X

6 X X X X
7 X X X

8 X X X X
9 X X X X
10 X X

Sistem bazinda deney sonuclari

Bu boliimde sistem bazinda deney sonuglari verilmis
olup sirasiyla; % 20 taze hava % 80 i¢ ortam havasi, %
50 taze hava % 50 i¢ ortam havast ve % 20 i¢ ortam
havasi ve % 80 taze hava karistirilmasi durumu igin elde
edilen dis ortam sicakligi teorik olarak hesaplanmis olup
deneylerde girdi olarak kullamilmistir. Deneylerde
zaman ve mekan sorunu oldugundan dolayi taze hava ve
i¢ ortam havasi mekanik olarak karistirilamamustir.

%20 taze hava %80 i¢ ortam havast karigmasi
durumunda elde edilen deney sonuglarina gore; deney
odasinin tizerinde donel c¢ark ve esanjoriin yerlesimi
Sekil 1°de goriilmekte olup, Tablo 2’de gorilen 1
noktasindaki sicakligin % 80’i ve 10 noktasindaki
sicakligin % 20’si hesaba katilarak 8 noktasindaki hava
sicakligi ve bagil nem aritmetik olarak hesaplanmustir.

Esitlik 1 ve esitlik 2’den Tg = 26,2 °C ve ¢g = % 47
olarak hesaplanmistir. Bu durum igin deneysel ¢alisma
sonunda elde edilen veriler Tablo 2’de verilmistir.

Birincil nemlendiricide buharlasan su miktar1
Psikometrik diyagramdan;

Sekil 5. %20 TH, %80 IH olmasi durumunda psikometrik
diyagram
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Sekil 5’te Ax ¢ig noktast k osullarmi, I i¢ ortam, K
karisim noktasini, D dis ortami, B iifleme havasi
kosullarim1 gostermektedir. Ax 11 °C KT, % 100 bagil
nem, K ise 25,5 °C KT, % 50 bagill neme denk
gelmektedir.

T1= 24,5 °C, wi = 7 gr nem/kg kuru hava, ¢1= % 37
T,=20 °C, w, = 12,5 gr nem/kg kuru hava, ¢2= % 82

Esitlik 3’ten buharlasan su miktar1 ™w.1 = 65 g/dak
olarak hesaplanmigtir.

Sekil 6’da goriildiigii {lizere donel garkin giriginde
iiflenen karisim havasinin bir kismi, i¢ ortamdan emilen
havaya karismaktadir. ikinci kez yapilan deneylerde
donel garktaki sizdirmazligi saglamak i¢in donel ¢arkin
iist kapagma kapi alti fircast kesilerek monte edilmis
olup, donel carktaki debi kacagi azaltilmaya ¢alisilmigtir
ancak tamamen engellenememistir.

Tablo 2. %20 taze hava, %80 i¢ ortam havasi karigmasi
durumunda elde edilen veriler

Veri Sicaklik | Bagil Hiz Basing
Noktalari (°C) Nem (%) | (m/s) | (Pa)
1 24,5 37 2,4

2 20 82 2,4

3 24,2 60 1,6

4 18,8 89 1,2

5 21,6 74 2,76

6 21,4 42 3,15 | 435
7 18,7 89 1,2

8 26,2 47 1,64 20

9 23,1 57,7 1,39 30,9
10 33 50

Donel carkta kitlenin korunumu ve enerji dengesi

593 m®/h, 24,2°C

s 3

o P
2 ﬁ

607 m3/h,20°C

Sekil 6. Donel ¢arkin giris ve ¢ikigindaki debi ve sicakliklarin
gosterimi

798 m/h, 23,1°C

[—

Donel garktaki kiitlenin korunumu esitlik (4)
ile verilmistir. 1 491 m%h =1 491 m%/h

Donel garktaki enerji korunumu esitlik (5) ile
verilmistir.
24,63 kW = 25,63 kW



Enerji korunumu yaklasik olarak saglanmakta olup
sistemde yalitimdan kaynakli enerji kagaklarinin oldugu
varsayilmaktadir.

Donel ¢arkin etkenligi esitlik (6) ile verilmistir.

Ecak= % 49

Ikincil nemlendiricide buharlasan su miktar1
Psikometrik diyagramdan;

T3 =24,2 °C, wz = 11 gr nem/kg kuru hava, ¢s= % 60
T4=18,8°C, ws= 12,5 gr nem/kg kuru hava, ¢ps= % 89
Esitlik (7)’den;

Buharlagan su miktar1 My = 20,25 g/dak
Esanjordeki kiitle korunumu ve enerji dengesi

795m%/h, 21,4 °C

697 m*/h, 21,6°C

Sekil 7. Esanjoriin giris ve ¢ikisindaki debi ve sicakliklarin
gosterimi

Esanjorde kiitlenin korunumu esitlik (8) ile saglanirsa;
1492 m¥h =1 492 m%h

Esanjordeki enerji korunumu esitlik (9) ile saglanirsa;
23,83 kW = 22,21 kW

Esanjor etkenligi esitlik (10) ile verilmistir.

Esanjor Etkenligi = E = % 66

Tablo 3. %80 taze hava, %20 i¢ ortam havasmin karismasi
durumunda elde edilen veriler

Veri Sicaklik | Bagil Hiz Basing
Noktalar1 | (°C) Nem (%) | (m/s) (Pa)
1 28,4 49 2,99

2 23,3 82 2,99

3 27,1 71 1,88

4 23,6 89 1,41

5 25,7 64 3,24

6 25,8 51 2,44 39,4
7 23,6 89 1,41

8 33 35 1,26 19

9 29 45 1,07 28,6
10 34 50

Qo1 =159 kW
COP o1 = 2,72

Oday1 sogutmada elde edilen toplam sogutma giicii ve
sistemin COP hesabi sirasiyla esitlik (11) ve esitlik (12)
ile verilmistir.

% 80 taze hava % 20 i¢ ortam havasinin karigmasi
durumunda elde edilen deney sonuglarina gore; deney
odasmin tizerinde donel cark ve esanjoriin yerlesimi
Sekil 7°’de gorilmekte olup, Tablo 3’de goriilen 1
noktasindaki sicakligin % 80’i ve 10 noktasindaki
sicakligin % 20’si hesaba katilarak 8 noktasindaki hava
sicakligi ve bagil nem aritmetik olarak hesaplanmustir.

Esitlik (12) ve esitlik (13)’ten sirasiyla Tg = 32,8 °C ve
g = % 38 olarak hesaplanmustir.

Basing kaybinin diisiik ¢ikmasinin nedeni; donel ¢arki
dondiirmek igin motor kullanilmasindan
kaynaklanmaktadir. Bu sayede donel carkin giris ve
¢ikis noktalarinda elde edilen basing kaybi biiyiik oranda
azaltilmigtir. Farkli hava karigimlari igin harcanan motor
giicii miktarlart COP hesaplarinda goriilmektedir.

Birincil nemlendiricide buharlasan su miktari
Psikometrik diyagramdan;

Sekil 8. %80 TH, %20 IH olmas1 durumunda psikometrik
diyagram

Sekil 8’de Ax ¢ig noktasi kosullarini, I i¢ ortam, K
karisim noktasi, D dis ortami, B iifleme havasi
kosullarin1 gostermektedir. Ax 1 °C KT, % 100 bagil
nem, K ise 23 °C KT, % 50 bagil neme denk
gelmektedir.

T1=28,4 °C, wi= 11,5 gr nem/kg kuru hava, ¢1 =% 49
To=23,3 °C, wo= 15 gr nem/kg kuru hava, ¢, = % 82

Esitlik (3)’ten , nt,, ;=52,5¢/dak olarak hesaplanmigtir.
Donel ¢arktaki kitle ve enerjinin korunumu



3

813 m3/h,27.1°C

8 9

| 679m>/h, 33°C E-I_

,

755 m¥/h,233°C

617 m3/h, 29°C

[=>

Sekil 9. Donel carkin giris ve ¢ikigindaki debi ve sicakliklarin
gosterimi

Sekil 9’da gorildigi ilizere donel g¢arkin giriginde
iiflenen karisim havasinin bir kismi, i¢ ortamdan emilen
havaya karigmaktadir. Ancak, debi Sekil 5 dekine gore
daha az oldugu i¢in debi kacagida daha azdir.

Donel carkta kitlenin - korunumu
uygulanirsa;

1434 m¥h = 1 430 m%h

Donel carkta enerjinin korunumu igin esitlik (5)
uygulanirsa;

29,77 kW = 30,18 kW

Donel carkin etkenligi igin esitlik (6) uygulanirsa;

Ecak =% 41

Ikincil nemlendiricide buharlasan su miktar1
Psikometrik diyagramdan;

KTs=27,1°C, ws = 15 gr nem/kg kuru hava,

d3=%71, KTz = 23,6 °C, ws = 16 gr nem/kg kuru hava

icin esitlik (4)

ds =%89, Esitlik (7)’den; w2 = 18,06 g/dak olarak
hesaplanmustir.

Esanjordeki kiitle, enerjinin korunumu ve verimlilik
7

814 m3/h, 23,6°C

9

e ] ==

N

816m3fh, 25,7 °C

Sekil 10. Esanjoriin giris ve ¢ikigindaki debi ve sicakliklarin
gosterimi

Esitlik (8) uygulanirsa;

1431 m¥h= 1431 m¥h

Esanjordeki enerji korunumu esitlik (9) ile saglanirsa;
28,51 KW = 26,73 kW

Esanjor etkenligi esitlik (10) ‘dan:

Esanjoriin Etkenligi = E =% 45 olarak hesaplanmistir.
Oday1 sogutmada elde edilen toplam sogutma giicii ve
COP sirasiyla esitlik 11 ve esitlik 12°den:

0,,=11kw
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COP . — Toplam Sogutma Giicii ~ L,11kW

N, = — = =1,99
“  ToplamHarcananGiic  0,558kW

% 50 taze hava % 50 i¢ ortam havasi olmasi durumunda
elde edilen deney sonuglarina gore; deney odasinin
Uzerinde donel cark ve esanjoriin yerlesimi Sekil 5°te
gorilmekte olup, Tablo 4’te goriilen 1 noktasindaki
sicakligin % 80’1 ve 10 noktasindaki sicakligin % 20’si
hesaba katilarak 8 noktasindaki hava sicakligi ve bagil
nem aritmetik olarak hesaplanmustir.Esitlik (15) ve
esitlik (16)’dan: Tg = 29,5 °C , ¢pg = % 43 olarak
hesaplanmustir.

Birincil  nemlendiricide miktari
Psikometrik diyagramdan;

buharlasan  su

Tablo 4. Olgiim noktalarinda elde edilen deneysel verilerin

gosterimi

Veri Sicaklik |Bagil Nem|Hiz (m/s) |Basing
Noktalar1  |[(°C) (%) (Pa)
1 25,8 49 2,39

2 21 83 2,4

3 25 60 1,83

4 21,3 84 1,375

5 23,2 72 3,15

6 241 56,7 3,31 83,6
7 21,3 84 1,375

8 29,5 45 1,89 45

9 25 52,8 1,45 64,7
10 33 50

diyagram

Sekil 11°de Ax ¢ig noktasi kosullarini, I i¢ ortam, K
karisim noktasi, D dig ortami, B iifleme havasi
kosullarim1 gostermektedir. Ax 7 °C KT, % 100 bagil
nem, K ise 23 °C KT, % 50 bagl neme denk
gelmektedir. T1=25,8 °C, w;= 9,5 gr nem/kg kuru hava,



1 = % 49, T,= 21 °C, wo= 13 gr nem/kg kuru hava, ¢z
= % 83, Esitlik (3)’ten 42,6 g/dak olarak

Th\-\',l:
hesaplanmustir.
3
8

9

836 m?/h, 25 °C

1024 m3/h, 29,5 °C ‘.=-:—..-|
2 ﬁ

605 m3/h, 21°C

Sekil 12. Donel carkin giris ve ¢ikisindaki
sicakliklarin gdsterimi

|=>

debi ve

Sekil 12°de goriildiigii ilizere donel carkin giriginde
Uflenen karigim havasinin bir kismu, i¢ ortamdan emilen
havaya karigmaktadir. Ancak, sizan debi Sekil 10’dakine
gore daha fazla oldugu icin debi kagagi da daha fazladir.

Donel carkta kitlenin  korunumu icgin esitlik 4
uygulandiginda 1 629 m¥%h = 1 627 m%h oldugu
gorilmekte olup; donel carkta enerjinin korunumu igin
esitlik 5 uygulandiginda 32,04 kW = 33,38 kW. Donel
carkin etkenligi icin esitlik 6 uygulandiginda Ecanc = %
36 olarak ikincil nemlendiricide buharlasan su miktari
ise Psikometrik diyagramdan; T3=25 °C, ws; =12 gr
nem/kg kuru hava, ¢s= % 60, Ts= 21,3 °C, ws=13,5 gr

nem/kg kuru hava, ¢4= % 84. Esitlik 7°den Ty, 2= 23,58
g/dak olarak hesaplanmistir.

792 m*/h, 21,3°C

7

9
= =

235m3h, 24,1°C

6

%

793 m’/h, 23,2 °C

Sekil 13. Esanjoriin giris ve ¢ikisindaki debi ve sicakliklarin
gosterimi

Esitlik 8 uygulandiginda 1 628 mh = 1 628 mdh
oldugu gorilmektedir. Esanjordeki enerji korunumu
esitlik 9 ile saglandiginda 30,56 kW = 28,4 kW.
Esanjor etkenligi esitlik 10 ile verilmistir. E = % 51 .
Oday1 sogutmada elde edilen toplam sogutma giicii

sirastyla esitlik 11 ve esitlik 12 ile verilmistir. Qo=
1,58 kW, COPy 3= 2,2

Farkhh Karisim Oranlarina Gore Donel Carkin
Etkenlik ve COP Degeri

Tablo 5’te gesitli karisim havalar i¢in % 20 TH, % 80
H, % 80 TH, % 20 IH ve % 50 TH, % 50 TH olmasi
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durumlart i¢in donel carkin ve esanjoriin etkenligi
verilmistir. Donel carkin etk enliginin e n fazla karigimin
% 20 TH, % 80 IH olmasi durumunda elde edildigi
gozlemlenmis olup, esanjor ise en etkin % 20 TH, % 80
[H olmas1 durumunda elde ¢alismaktadir.

Tablo 5. Donel garkin etkenligi ve esanjoriin verimliligi

% Karigim Carkin  |Esanjoriin
Etkenligi |Etkenligi

% 20 Taze Hava, % 49 % 66

% 80 I¢c Ortam Havasi

% 80 Taze Hava, % 36 % 45

% 20 I¢c Ortam Havasi

% 50 Taze Hava, % 41 % 51

% 50 I¢c Ortam Havasi

Ufleme debisinin degisimine gore donel ¢arkin etkenlik
ve COP degerleri

60 3
50 25
40 2
g
x -
=30 159
£
&
20 1
Dig Ortam Kogullart
10 615m"3/h, 32,8°C, %38 Bail Nem | 5
795 m*3/h, 26,2 °C, % 47 Bagil Nem
835 m*3/h, 29,5 °C, % 43 Badill Nem
0 0

615 795

Debi (m*/h)

835

Etkenlik cop

Sekil 14. Karisim yiizdesine gore donel cark etkenlik ve COP
degerleri

Sekil 14°te iflenen debi miktari, sicaklik ve bagil nem
sartlarma goére donel carkin etkenligi ve sistemin COP
degerleri goriilmektedir. Sistemin COP’nin en yiiksek %
20 TH, % 80 IH durumunda elde edildigi goriilmiistiir.
Dénel cark etkenliginin ise COP ile dogru orantil1 olarak
degistigi gozlemlenmis olup, COP degerinin en yiiksek
oldugu % 20 TH, % 80 IH durumunda donel cark
etkenliginin de yiiksek oldugu gorilmiistiir.



25

40

15

Etkenlik (36)
COoP

Di5 Ortam Kogullan

615 mA3/h, 33°C, % 35 Bail Nem
615 m*3/h, 28 °C, % 45 Bagll Nem
615 mA3/h, 23°C, % 55 Bagll Nem

05

45 55

Bagil Nem (%)

— Etkenlik +—+ COP

Sekil 15. Bagil nem degisiminin donel ¢arkin etkenlik ve COP
degerlerine olan etkisi

Sekil 15°te sirasiyla % 35, % 45 ve % 55 bagil nem
kosullarinda donel c¢ark etkenligi ve sistemin COP
degerleri goriilmektedir. Sekilden de goriildiigl tizere
bagil nem oran arttik¢a sistemin COP degerinin azaldig
gozlemlenmis olup, bu durum evaporatif sogutma
sistemlerinin kuru iklim sartlarinda daha performanslh
bir sekilde ¢aligmasi ile agiklanabilir.

50 2,5

\ 2
.

40

w
o

Etkenlilc (%)

o
=
-

D15 Ortam Kosullan
615 m*3/h, 33 °C, % 35 Bagl Nem
615 m~3/h, 23 °C, % 55 Bagll Nem

.
=)

Kig

®—=o Etkenlik +=—+ COP

Sekil 16. Yaz ve kis sartlarina gore c¢arkin etkenlik ve COP
degerleri

Sekil 16’da yaz ve kis sartlarina gére ayni debi degeri
icin donel ¢arkin etkenlik ve sistemin COP degerleri
goriilmektedir. Donel cark yazin, kisa gore etkenliginin
ve sistemin COP degerinin azaldigindan dolayi, sistem
yazin daha verimli ¢alismaktadir (Arica, 2019).

Esitlikler

T, x0,2+T,x0,8=T, (1)
#,%x0,2+¢ x0,8=¢, (2)
m,, =m '(Wz _Wl) (3)
M, + My = M, +m, (4)
m,-h, +m,-hy, =m,-h, +m, - hy (5)
Eearc =My X (T8 =T, ) /m, x (T8 —YTZ) (6)
mw,z =, '(W4 _Ws) )
m, +m, = m, +m; (8)

175

my -hy +my -y =My -hy+m -hy 9)
E=m,-(t,—t,)-m,, (t, —t,) (10)
Qozme'(hi_hﬁ) (11)
cop, - Toplam Sogutma Gucu (12)
Toplam Harcanan Gug
T, %x0,8+T,x0,2=T, (13)
#,%0,8+¢ x0,2=¢, (14)
T, %x0,5+T,x0,5=T, (15)
$o%0,5+¢4 x0,5=¢, (16)
Deneylerde  Kullamlan  Olciim  Aletleri  ve

Hassasiyetleri

Deneyde kullanilan basing, hiz, sicaklik ve bagil nem
6l¢lim problarinin tip ve 6l¢lim araliklari asagida yer
aldig1 sekildedir.

Testo 465: Carkin dakikadaki devir sayisini 6lgmek igin
kullanilmigtir. -1 ile 99999 dev/dak araligim1 0,02
dogrulukla olger. Testo 480 ile kanal igi sicaklik, bagil
nem ve hiz 6l¢lilmiistiir.

a) Testo 06369743 Probe

Bu prob yardimiyla sicaklik; -20 ve 70 derece araligini +
0,15 dogrulukla, bagil nem ise 0-100 bagil nem araligini
*+ %1 dogrulukla 6l¢iilmektedir.

b) Testo 06359542 Probe

- 10 ve 70 derece araliginda 0,6-50 m/s araliginda +0,2
m/s dogrulukla dlger.

Kanal igindeki basing 6lgiiliirken Piezo Ring Yontemi
uygulanmis olup, Sekil 17°de gorildigi gibi 4 tane
manifold kullanilmis olup ortalama basing manifoldunda
bagli oldugu tek manifolddan Sl¢iilmistiir. Bu tip basing
6lgme sistemine Piezoring sistemi denilmektedir.

Donel gark giris ¢ikisi ile esanjor giris ¢ikisi ve sistemin
toplam basing farki olgiilerek basing farki bulunmustur.
Piezo Ring Yontemi ANSI/AHRI STANDARD
210/240-2008 gozetilerek uygulanmustir.

-]

a)

b)
Sekil 17. a) Piezometre metodunun kanal iizerinde uygulanisi
b) Piezometre yliziigli manifoldu

Kanal i¢i hiz dlgiim noktalar1 hava kanalina mekanik
olarak montaji sirasinda hava kanalinm en uzun diiz
noktast bulunmus ve diiz olan kanalin hava akig yoniine



gore 5/8 oOncesinde ve 3/8 sonrasinda bosluk kalacak
sekilde monte edilmistir.

if

'\\__

Hava Akig Yoni

Sensor
W
|.(

-:_vrl'il

,

\\

518 x .
Sekil 18. Kanal i¢i hiz 6l¢iim metodunun kanal (Uzerinde
uygulanma yontemi

g

=

Kanal i¢indeki hiz 3 ayr1 noktadan 6l¢iilmiis olup her
Olglilen noktada 3 ayri hiz degeri elde edilmis olup
toplamda 9 deger elde edilmis olup elde edilen hiz
degerlerinin ortalamasi alinmustir.

Deneysel Hata Analizi

Deneyler sirasinda sistemde ¢esitli noktalarda yapilan
sicaklik 6l¢timl erinden kaynaklanan hatalar (Kavak
Akpinar, 2005)

(al) Dijital termometreden kaynaklanan hata = £0.1 °C
(bl) Baglanti elemanlar1 ve noktalarindan kaynaklanan
hata = +0.1 °C

(c1) Donel c¢ark girisinde
yapilabilecek hata = +0.1 °C
(d1) Donel ¢ark ¢ikisinda sicakligin  Slglilmesinde
yapilabilecek hata =+0.1 °C

(el) Nemlendiriciye giris sicakliginin GSlgiilmesinden
kaynaklanan hata = £0.1°C

(f1) Nemlendiriciden ¢ikis sicakliginin Sl¢iilmesinden
kaynaklanan hata = £0.1°C

sicaklik  Olglilmesinde

(h1) Esanjore giris sicakligimin  dl¢iilmesinden
kaynaklanan hata= +0.1°C
(j1) Esanjorden ¢ikis sicakliginin  Slgiilmesinde

kaynaklanan hata = £0.1°C

(k1) Cevre ya da deney ortam sicakligiin olgiilmesinde
yapilabilecek hata= +0.1°C

(11) Odadan emilen veya iiflenen
6l¢iilmesinde yapilabilecek hata = +0.1°C
Hiz 6lglimiinden kaynaklanan hatalar;

Hava hizinin belirlenmesinde ortaya ¢ikabilecek hatalar;
(a4) Hiz 6lgerin hassasiyetinden kaynaklanan h ata = +
0.1m/s

(b4) Debi kagaklarindan kaynaklanan hata = + 0.1 m/s
seklinde siralanabilir.

Wv =+ 0,14 m/s

sicakligin

Havanin bagil neminin 6l¢iimiinden kaynaklanan
hatalar; (a5),  Termohigrometrenin hassasiyetinden
kaynaklanan hata +0,1 RH(b5), Havanin bagil
neminin okunmasindan kaynaklanan hata = 0,01

RH’dir.

Tablo 6’da deneyde yapilan hatalarn tiirleri ve tablosu
verilmigtir.

176

Tablo 6. Hata tiirleri ve tablosu

Hata olugturan parametreler Birim | Toplam
hata
Sicaklik 6l¢iimiindeki toplam hata
WT; °C +0,2
WT, °C +0,2
WT; °C +0,2
WT, °C +0,2
WTs °C +0,2
WTs °C +0,2
WT; °C +0,2
WTs °C +0,2
WT, °C +0,2
WTio °C +0,2
Hiz 6l¢timiindeki toplam hata Wv | m/s +0,14
Havanin bagil neminin RH +0,1
Ol¢imindeki toplam hata W,
Debi 6lctimiinden kaynaklanan mis | £0,2
hata W
Gug 6l¢iminden kaynaklanan kw +0,2
hata Wp

Karisim havasinin - %20 taze hava %80 i¢c ortam
havasindan olusmasi durumunda elde edilen deneysel
veriler sonucunda elde edilen COP’deki % hata:

m -h
cop, - Mex(h=h)
Ptop,
1/2
oCOP, | , (OCOR, | ,
w; + w2+
oh, oh, )
cCoPl —
0COR ),z [ 2CORy)
o, ° | oPtop,
8 2 2
Mo | ww? — S| w o+
oPtop, " optop, )
= 2
h -h . 2
[(Pt—opf) w; —Ptop, x| mg x(h —hg) | xw?

2 2 1/2
0,265\ o e [(0.265) o 0e

0,584 0,584
Weors = 44-38
( 0,584

=(0,107-0,107 +4,22-0,66)"" = 2,04
Wegp, = %2,04

ij, 2° -0,584x1,59° x 0, 2°

Karisim havasiin % 80 taze hava, % 20 i¢ ortam havasi
olmasi durumunda elde edilen deneysel veriler
sonucunda elde edilen COP’deki % hata:

B rhsx(hl—he)

COP, = otop
2

1/2



1/2
w2 {acopo2 ]Wé .

1/2

-2

B 2 2
02 o702 [ 22 ) c07224
0,558 0,558

(57,6—52) )
WCOP,2= W x0,2° -

0,558x[0,2x(57,6-52)] x0,22

Wegp , =[0,066 - 0,066 +4,028—0,14] " =1,97
Weop , = %1,97

Karisim havasinin % 50 taze hava, % 50 i¢ ortam havasi
olmasi durumunda elde edilen deneysel veriler
sonucunda elde edilen COP’deki % hata:

iy ~h
cop, =+ a7 7) XFftEp :)
3
— 1/2
0COR | o (OCORs | - .
oh ) oh, )™
Wcop,s =

oCOP,; ) , ([0COP;, ) ,
—= Wy | = |W;
[\ omg ° | oPtop,

. 2 5 2
M xWp — M we +
Ptop, Ptop,

—n)Y
(lh;t—optS)J Wés —Pt0p3><[m6><(h1—h6)]2xwg
3

1/2

2 2
02771 0,722 -[ 22T 0,707 +
s 0,449
cors ((54,2—50,1)

x0,2* ~0,449x[ 0,277 x(54,2-50,1) ' xO,
0,449

1/2

Wop 5 =[0,196 0,196 +2,97 -0,102]"* = 1,69
Weop , = %1,69

LITERATURDEKI DIiGER CALISMALAR iLE
KARSILASTIRMA
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Bu bdélimde literatiirde yapilan diger c¢alismalarla
karsilagtirma  yapilarak  donel ¢arkin  etkenligi
karsilagtirilmigtir.
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Sekil 18. Pilot olarak segilen bir kampiis binasinda % 100 dig
hava ile ¢alisan dolayli ve dogrudan evaporatif sogutma
sisteminin ara mevsimdeki etkenlik degerleri [14]

Pilot olarak secilen bir kampiis binasinda % 100 dis
hava ile ¢aligsan dolayli ve dogrudan evaporatif sogutma
sisteminin ara mevsimdeki etkenlik degerleri Sekil 13°te
gorulmekte olup, test 1 ara mevsimdeyken yapilmis.
Test 1 ‘deki 6l¢lim verilerine gore 2 asamali dolayli ve
dogrudan evaporatif sogutma sisteminin etkenligi % 84
ile % 98 arasinda degisirken etkenligin dig ortam
nemliliginden fazla etkilenmedigi  go6zlemlenmis.
Bununla birlikte dolayli evaporatif sogutma sisteminin
etkenligi % 30’dan daha az ve dogrudan evaporatif
sogutma sisteminin etkenliginin ise % 67 ile % 84
arasinda degiskenlik gosterdigi goriilmiistiir. Dogrudan
evaporatif sogutma sistemlerinin, bahar mevsimleri
sirasinda daha Onemli bir rol oynadigi sonucuna
varilmustir.

- Dig Hava KT Sicaklig, Egaoz Havasi YT Sicaklig),

Ufleme Havasi KT Sicaklig), ©= Etkenlik —
L 0
B
6 <
9 %
¢ =
T
X :
b -
% @
2
7
TEST2 TEST22 TEST2Y TEST24  TEST2S TEST26 TEST2Y TEST28
Zaman (dak)

2 Sekil 19. Dolayli evaporatif sogutmada yaz doénemindeki

etkenlik degerleri (%) (Kim ve Jeong, 2013)

Literatire gore (Kim ve Jeong, 2013), Test 2, dis hava
sicakligl 27 °C’nin Ustiindeyken ve nemlilik % 45-80
arasindayken yapilmigtir. Sekil 19°da dolayli evaporatif
sogutma sisteminin verimi % 30,7- 41,6 arasinda
degisirken, egzoz hava debisi arttirilinca (Test 2-5, Test
2-7) verimin % 39,6 - 44,2 arasinda degistigi
gozlenmistir. Ufleme hava debisinin egzoz hava
debisinden yiiksek oldugu durumda ise (Test 2-8),
dolayli evaporatif sogutma sisteminin etkenligi %
31,2’ye diigmiistiir. Buradan da anlagilacag: iizere atik



yani egzoz hava debisi arttikca dolayli evaporatif
sogutma sisteminin etkenligi artmaktadir.
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Sekil 20. Dolayli evaporatif sogutma sisteminin etkenliginin
karsilastirilmasi

Sekil 20°de dis ortam sicakhiginin 27 °C’nin altinda ve
Ustinde olmasi durumlarinda Kim ve Jeong’un (2013)
pilot olarak secilen bir kampls binasinda % 100 dis
hava ile galisan dolaylh evaporatif sogutma sisteminin
etkenlik degeriyle deneyde elde edilen veriler
karsilagtirilmigtir. Sonug¢ olarak her iki durumda da
donel ¢arkli dolayl evaporatif sogutma sisteminin daha
etkin galistig1 goriilmiistiir.

SONUGC

Deneylerde zaman ve mekan sorunu nedeniyle taze hava
ve i¢ ortam havasi mekanik olarak karigtirilamamustir.
Yapilan deneyler sonucunda en yiiksek COP degerinin
% 20 TH, % 80 IH durumunda elde -edildigi
gozlemlenmis olup 2,72 degerine ulasilmistir. Elde
edilen COP degerinin teorik olarak hesaplanan degerden
diisiik ¢ikmasinin nedeni deneylerde % 90 bagil neme
ulagilamamis olmasindan ve sizdirmazlik ve yalitimin
deney kosullarinda tam olarak saglanamamasindan
kaynaklanmaktadir. Donel ¢arkin etkenligi % 20 TH, %
80 TH olmasi durumunda % 49, % 80 TH, % 20 IH
olmast durumunda % 36 ve % 50 TH, % 50 IH olmast
durumunda etkenlik % 41 olarak hesaplanmistir. Donel
carkin COP degeri % 20 TH, % 80 IH olmasi
durumunda 2,72, % 80 TH, % 20 IH olmasi durumunda
1,99 ve %50 TH, %50 IH olmast durumunda COP
degeri 2,2 olarak hesaplanmistir
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Abstract: Computer Aided Engineering is an effective tool utilized to drive an exhaust manifold design by early
assessment within the engine program development phase. However, in the end, for exhaust manifold design verification,
various tests must be performed in engine dynamometer cells under severe operating conditions. The test running
durations are up to 2500 hours for the heavy-duty (HD) exhaust manifold. Therefore, the validation tests are expensive
and time-consuming. Alternative ways are sought to replace these expensive tests for cost reduction purposes and more
efficient dynamometer cells. Thus, the custom test rig is designed and built. This system contains the burner system
supplying hot gas at a similar temperature and mass flow ranges with the engine. The drawback of the burner system is,
it runs in steady-state mode, so very challenging to replicate the engine's pulsating flow effect exactly. Therefore, with
the coupling of Star-CCM+ and Modefrontier, the CAE study is carried out to assess the feasibility of obtaining similar
manifold skin temperature distribution in the burner test cell with engine conditions. It is aimed to determine the correct
valve opening positions regulating the mass flow rate through the runners. This innovative methodology reduces the trial-
and-error count in the experiment phase.

Keywords: CFD, Heat Transfer, Exhaust Manifold, Testing

SIMULASYON VE TEST METODOLOJILERININ YENi EGZOZ MANIFOLDU
EKIPMANI TASARLAMAK ICIN ENTEGRASYONU

Ozet: Bilgisayar destekli simulasyon, motor gelistirme asamasinda egzoz manifoldu tasarimni igin kullanilan etkin
araglardandir. Bununla birlikte, egzoz manifoldu tasarim dogrulamasi i¢in, zorlu ¢aligma kosullari altinda motor
dinamometre odalarinda gesitli testlerin gerceklestirilmesi gerekir. Test siireleri, agir ticari ara¢ (HD) egzoz manifoldu
i¢in 2500 saate kadardir. Bu nedenle dogrulama testleri pahali ve zaman alicidir. Maliyet diisiirme amaglari ve daha
verimli dinamometre kullanimi igin bu pahali testlerin yerini almanin alternatif yollar1 aranmaktadir. Bu amagcla, 6zel test
donanimlari tasarlanir ve insa edilir. Bu ¢alismadaki sistem, motorla benzer sicaklik ve kitlesel debi araliklarinda sicak
gaz saglayan briilor sistemini igerir. Briilor sisteminin dezavantaji, zamanla degismeyen kosullarda ¢alismasidir. Bu
nedenle, motorun titresimli akis etkisini tam olarak kopyalamak ¢ok zordur. Star-CCM + ve Modefrontier yazilimlarinin
birlestirilmesiyle, bilgisayar destekli mihendislik ¢aligmasi, motor kosullari ile briilor test hiicresinde benzer manifold
yiizey sicakligi dagilimi elde etmenin fizibilitesini degerlendirmek igin gerceklestirilir. Egzoz bacaklar vasitastyla kiitle
debisini diizenleyen dogru vana ac¢i pozisyonlarinin belirlenmesi amaglanir. Bu yenilik¢i metodoloji, deney agsamasinda
deneme yanilma sayisin1 azaltir.

Anahtar Kelimeler: HAD, Isi Transferi, Egzoz Manifold, Test

INTRODUCTION a complex shape with optimum weight.  Exhaust

manifolds are exposed to different damage mechanisms

In recent years, reduction of the emission level legislation
and improvement of the fuel economy efficiency have
become stricter for heavy-duty diesel engines in order to
meet green vehicle specification (European Parliament
and Council, 2009).

Exhaust manifolds are one of the crucial components of
the diesel engine exhaust system. These components have

(Assanis , 1986). These damage mechanisms are caused
by two effects: vibrational loadings related to high cycle
fatigue or thermal loadings related to low cycle fatigue
(Simone, 2014) (Benoit, 2012). The studies of exhaust
manifold are performed for the thermal performance of the
exhaust manifold itself and complete engine durability.
Concerning this, some investigations have focused on the
development of exhaust manifold design (Ekstrem, 2014)



(Ho, 1972) (Byung Kyu, 2013). Exhaust manifold design
should not only be more durable to limit the effect of the
high-temperature loading but also supportive in terms of
fuel consumption efficiency (Heywood, 1988) (Annand,
1963).

During the engine operation, the exhaust manifold is
subjected to severe thermal cycling under harsh operating
conditions. These conditions are the result of in-cylinder
combustion, which also shows time-varying behavior (
Meda, Shu Y., & Meda, 2012). These cycling thermal load
conditions cause thermal fatigue failure, such as cracking
of the exhaust manifold. Low cycle fatigue failures are
directly related to thermal cycles (Belingiardi & Leonti,
1987). Several researchers have asserted the importance of
damage effects of the thermal loading on the exhaust
manifold (Charkaluk , Bignonnet , Constantinescu , &
Dang Van, 2002). High cycle fatigue failures of the
exhaust manifold from vibrational loadings are discretized
in the literature (Wolff, Schneider, & Schernus, 1988).

Many studies were conducted with the motivation for
developing a deeper understanding of heat transfer
behavior. Some of them are based on simple thermal
resistance models. Some others are focused on developing
analysis methods for better heat transfer behavior
prediction (Cartwright, Selamet, Wade, Miazgowicz, &
Sloss, 2015) (Chen, Wang, Wu, & Xin, 2014) (Zhien,
Wang, Yan, Li, & Xu, 2014). In recent years, with the
increasing use of computational fluid dynamics modeling,
many studies are focused on predicting the thermal
behavior of the system.

The complexity of fatigue resistance in the exhaust
manifold is very complicated since the relevant
phenomena are transient. Hence, three-dimension and
many aspects have to be taken into consideration (Zhien,
Wang, Yan, Li, & Xu, 2014) (Hasse , Sohm, & Durst,
2010). Therefore, coming up with a robust and durable
manifold design is a critical and challenging task. The
development of an exhaust manifold requires advanced
and robust CAE methods in the early stages of the design
process—long-running design verification tests in
dynamometer testing cells, which are very expensive and
time-consuming. (Demirkesen, Colak, Savci, & Zeren,
2020)A low-cost test solution such as a special exhaust
manifold rig is recommended to meet the correlation
requirement for CAE and test for life prediction.

The main goal of this study is to build and validate an
innovative experimental exhaust manifold thermal test
setup. Test setup can perform reliable studies for
predicting the heat transfer behavior of the exhaust
manifold. In order to accomplish this, a well-controlled
bench was built that reproduces exhaust manifold
operating conditions. Also, the test setup is equipped with
a robust measurement system, including fast response
thermocouples for instantaneous temperature
measurement simultaneously.
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The authors have already reported detailed
thermodynamics and heat transfer behavior of the exhaust
manifold. The transient thermal analysis assessment of
the 91t 16 HD engine exhaust manifold is presented. The
paper consists of three main parts; the first part presents
the CFD studies conducted for the temperature correlation
of exhaust manifold, the second part explains the custom
exhaust manifold experimental rig built to reach similar
thermal load results as the exhaust manifold test result in
dynamometer and the third section covers the details of
determining the representative mass flow rates through
each runner of exhaust manifold as in the experimental test
setup. (Savci & Zeren, 2019)

The ability to accurately predict the metal temperature of
the exhaust manifold is essential for a robust and durable
design because the temperature distribution is the critical
input for life prediction analysis carried out using finite
element software. This paper detailed thermal modeling of
exhaust manifold underrated power engine operating
condition of Ford Otosan's 16 91t HD Ecotorq diesel engine
(see Figure 1) using 3D CFD, is reported. TC1, located at
the neck area where two sides of the manifold are
combined (behind TC9), and other TCs represent the
thermocouples and locations on the exhaust manifold.

Figure 1. Dynamometer test cell

Initially, the temperature distribution of the exhaust
manifold is measured at the dynamometer test cell with
instrumented thermocouples and thermal cameras.
Measured temperature values, shown in Figure 2, are used
to correlate the CFD predictions with the test bench
measurements. These measured temperatures show
stabilized metal temperatures when the engine is running
at a particular operating point. To prevent
misunderstanding, it can be explained again, gas can have
pulsating (transient) behavior, but the effect of gas on the
metal is going to be stabilized if the engine runs
sufficiently long time at that certain operating point.
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Figure 2. Dynamometer temperature test results for exhaust
manifold

NUMERICAL MODELS
Co-Simulation Model

The co-simulation method is used to run different CAE
models containing different connected domains. The
process of the co-simulation study for the exhaust
manifold is shown in Figure 3. To solve the fluid domain,
minimal time steps around the range of 1 degree crank
angle have to be specified due to the crank angle-based
flow variation and pulsation within the domain. However,
the response of manifold metal itself is not that fast.
Therefore, the solid domain does not either require a
minimal time step size nor a large number of inner
iterations for each time step. With the co-simulation
feature of CFD code, exhaust gas domain and exhaust
manifold solid domain are modeled separately with
different time step sizes and number of inner iteration
numbers. For the cases such as exhaust manifold, where
the time scales of the thermal conduction in the solid are
much longer than the time scales in the fluid, STAR-
CCM+ to STAR-CCM+ co-simulation offers a particular
advantage (STAR-CCM+, 2019).

In literature, co-simulation is also named super-cycling for
different CFD codes. The method is the same, fluid flows,
which have cyclic behavior as in four stoke engine, have
to be modeled based on crank angle. Because boundary
conditions are all crank angle based. Nevertheless, metal
surfaces used only near-wall gas temperature, and the heat
transfer coefficient for convection heat transfer do not
have to run with the same timescales. Moreover, metal
timescales have to be much more to see the effect on the
temperature distribution change in shorter solution times.
This distribution is used as the fluid wall temperature
boundary condition, an effective near-wall gas
temperature. With numerous repeating and cyclic
behavior of flow, metal temperatures, gas near-wall
temperature, and heat transfer coefficient converge.
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Figure 3. Co-simulation scheme

The boundary conditions of fluid domain co-simulation
analysis are supplied by the 1D engine performance
system model with 1-degree crank angle-resolved. GT-
Power software is used for 1D performance modeling.
Once the correlation is achieved with a dyno, the mass
flow rates, temperatures, and pressures are extracted for
each of six cylinders for desired engine operating
conditions (inlets and outlets of the manifold). The tables
containing the boundary condition data are generated in
GT-Power in a format that can be directly read by the CFD
model. Manifold inlet ports are defined as mass flow inlet,
and outlet ports are defined as pressure outlets in the fluid
model. From the CFD point of view, since the most time-
consuming part of this study is the computational run
times of the CFD models, several CFD runs were carried
out to develop optimum element size and time step
combination to assure convergence each time step
(YYanarocak, Ergenc, & Duman, 2016). The co-simulation
CFD model contains about 260k trim elements, and the
time step is defined as 0.5-degree crank angle. A mesh
sensitivity study was carried out with a model containing
about 400k cells, pointing out negligible effect on the
results (Celikten, Duman, Harman, & Eroglu, 2018). With
this mesh setting, y+ values are calculated at every time
step, and the mean of y+ values is shown in Figure 4.

Cycle Avarage Wall Y+
46.000 64.000

10.000 28.000

Figure 4. Cycle average y+ contour

In STAR-CCMH+, the conceptual centerpiece for modeling
convective heat transfer at the wall for turbulent flows
stems from the standard wall functions. The formulation
is below where;

py is the fluid density

Cpr s the fluid-specific heat capacity.

u* is a reference velocity.

T* is the dimensionless temperature.

y™ is the dimensionless wall distance.

y. and T, are the normal distance and
temperature of the near-wall cell, respectively.

" o__ pf(yc)cp,f(y(:)u* _
- T+(y+(yc)) (TS TC) (1)

N



For coupling cases like co-simulation, Star-CCM+ offers
different heat transfer coefficients and gas temperature
calculation, called specified y+ heat transfer coefficient
and specified y+ reference temperature. Specified y+ heat
transfer coefficient and reference temperature calculation
are below where;

h, is specified y+ heat transfer coefficient
Tyer 2 is specified y+ reference temperature

Vyier is user-defined wall y+

_ pf(Yc)Cp_f(YC)u*

h, =L==PJ7c 2
2 T+(3’;se'r) ( )
Topry =T, — % @A)
ref,2 — 1s hy

This heat transfer coefficient and reference temperature
pair are less dependent than other methods. The user-
specified value of y+ should be less than approximately
150. A value of 100 has been shown to work well (STAR-
CCM+, 2019).

To measure the skin temperature on the manifold, several
thermocouples were used in dynamometer tests. In the
CFD model, monitored points are created at thermocouple
locations, and temperatures are compared with test results.
To avoid the adverse effect of poor cells in CFD,
thermocouples are not modeled physically; just patches
are created on the exhaust manifold, and their
temperatures are monitored.

Table 1. Co-simulation physics

Fluid Domain Physics Settings

Time Dependence Transient

They are one-fifth of data exchange time, which means
both simulations run five-time steps before sharing data
with each other.

Co-simulation Results

The temperature distribution obtained from the co-
simulation analysis is shown in Figure 5. The fluid model
is run for 40 engine cycles, and the exhaust manifold solid
is run for 600 seconds by exchanging data at specific
intervals. All residuals and temperature variations have
reached a steady state. The scalar function in Figure 5
(TransientTemp) represents the stabilized temperature of
the time-dependent (Co-simulation) simulation. It is called
that to perceive the difference between a steady-state
(time-independent) case.

DESIGN OF THE EXPERIMENTAL EXHAUST
MANIFOLD TEST SETUP

Dynamometer design verification tests last around 600
hours for only one calibration level. This is not an efficient
process due to high fuel consumption. Therefore, an
alternative way is sought for design verification of the
exhaust manifold, and a custom dedicated test rig was
designed and experimented with. There are several
advantages of the rig when compared to the dynamometer
tests. The main ones are as follows;

 Cost (Using natural gas instead of diesel fuel)

+ Easy installation and less complexity (Only manifold

changes instead of the entire engine)
+ Time advantages of tests rigs over dynamometer tests

Time Step [Crank Angle] 0.5 (4.63e-05 s) 5 (L N 5. f!.‘)}.\ (q)“_\\ )}
Solution Time [Crank Angle] 28800 (40 engine cycle) \_ e le ’ k)
Turbulence Model K-Epsilon Turbulence Model < “ : !0
Temperature Dependence Segregated Flow 2nd Order - B
Wall Treatment Two Layer All y+ [ )
Density Definition Ideal Gas _ _
Viscosity Sutherland's Law 200.00 276.00 35500 2500 504.00 580.00
Data Exchange Duration [Crank 25
Angle] ’
Inner Iteration for 1 time-step 15
Co-simulation Concurrency Mode Lead Dyno [C] Co-Simulation [C] Difference %
Solid Domain Physics Settings TC1 435 443 2%
Time Dependence Transient 20,
Time Step [s] 0.01 TC2 439 428 3%
Solution Time [s] 600 Ta 475 471 -1%
Temperature Dependence Segregated Solid Energy TC4 468 461 -1%
Density Definition Constant 20,
Data Exchange Time [s] 0.052 (solution time/ total 76 418 405 3%
data exchange count) TC6 429 425 -1%
Inner Iteration for 1 time-step 5 TC7 471 469 0%
Co-simulation Concurrency Mode Lag Tcs 448 428 4%
TC9 461 473 3%

In co-simulation methodology, the modeling of the fluid
domain takes the exhaust gas pulsation effect into account.
So the fluid and solid models are run transient. Table 1
shows the physics settings for analysis. For both fluid and
solid simulations, the total data exchange count is the
same. In other words, they run in synchrony. The Time-
steps of simulations depend on the data exchange times.
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Figure 5. Co-simulation manifold temperatures

The exhaust manifold test rig is helpful to simulate
exhaust manifold temperatures as in real engine
conditions. A gas burner is used for heating the gas and
discharge the steady-state gas to the rig through one main
port. However, in the real world, engine cylinders have



different combustion timing, and there is pulsating flow in
the exhaust ports. The most challenging point of using a
rig is to obtain the optimum gas mass flow rate and
temperature that the burner supplies. Temperature
distribution, which is obtained from engine pulsating flow,
is mimicked by the steady-state flow supplied by the
burner. This is challenging; therefore, the mass flow rates
through each runner are regulated by the integrated
mechanical valves (See Figure 6). Trial and error cannot
meet comparable temperatures on the exhaust manifold
with the test in a reasonable time. Therefore, to determine
the total mass flow rate, gas temperature, and valve
openings, the CFD study should be carried outs.

Gas Outlet

Valves

Figure 6. Thermal manifold rig

Adjusting Valves for Necessary Flowrate

The hot gas burner in the test cell provides a steady gas
mass flow rate and temperature. To mimic the real-life
temperature distribution of the exhaust manifold, the
amount of the gas flow passing through each runner has to
be adjusted using the valves located at the entrance of each
runner within the system. The results of exhaust manifold
temperature distribution obtained by the using Co-
simulation method, explained in the previous section,
were used for the targeted distribution.

The CFD model of the custom test rig was built to
determine the mass flow rates through each runner.
However, calculating the mass flow rate distribution
between runners by employing a trial and error approach
is cumbersome. So on optimization tool, Modefrontier,
was used and coupled with steady-state CFD models, in
order to come up with correct valve opening positions.
Modefrontier uses its algorithms. The total mass flow rate
and temperature of gas supplied by the burner were
defined as input variables. The adjusting process was
handled in two steps, mainly due to reducing the
computational run time. Because of that, the model was
coupled with two separate CFD models.

Optimized CFD simulations are based on steady-state
flow test results. Physics settings of the steady-state
simulation are shown in Table 2.

1.L1.  The FirstStep
The first adjusting step was carried out to calculate the
required mass flow rate through each runner. The model

built in Star-CCM+, as seen in Figure 6, does not contain
the valves and the upstream gas chamber. So the objective
in the first step is to minimize the temperature difference
between the CFD model (seen in Figure 7) and the results
obtained from the Co-simulation model, whose results are
well correlated with dynamometer measurements (Figure
5). To monitor the temperature, small patches at the
thermocouple measurement locations are created on the
ambient surface of the exhaust manifold of the CFD model
in which R1 to R6 represents the runner alignment on the
engine.

Table 2. Steady state CFD simulation physics

General Settings

Steady State
5.00E+03

Time Dependence
Maximum Iteration
Fluid Domain Physics Settings

Turbulence Model
Temperature Dependence
Wall Treatment

Density Definition
Viscosity

K-Epsilon Turbulence Model
Segregated Flow 2nd Order
Two Layer All y+
Ideal Gas
Sutherland's Law

Solid Domain Physics Settings
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Temperature Dependence Segregated Solid Energy
Density Definition Constant

Patches

Figure 7. First step CFD model

In the Modefrontier model, the SIMPLEX algorithm is
used to find the required mass flow rates for each exhaust
manifold runner. The variables of total mass flow rate,
temperature, and each runner mass flow percentages are
defined as input variables and aimed to determine the
software's output. Due to the symmetry of the exhaust
manifold, symmetric runners are expected to have similar
flow rates. This symmetry helps the number of variables
to be reduced by half. As can be seen in Figure 7, input
variables Runner_Percentage 1 and
Runner_Percentage_2 are created for Runnerl & Runner6
and Runner2 & Runner5 respectively. Runner3 & Runner
4 flow rates are dependent variables. In other words,
Runner3 and Runner4 flow rates are automatically
determined with an equation, as can be seen in the
equation.

Mroraqr — [(Mpy + Tiige) + (Mg, + 1itgs)]

2

Tpg = Mgy =
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! Runner_Percentage_Runner_Percentage_2 MFR Inlet_Temperature |
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InputFile110
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Objective132
| Outputs
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THEOUTPUT 1

Transfer_Cp_File |

Figure 8. First step ModeFrontier scheme

In Figure 8, the DoE sequence is specified, which has to
be one higher than the total input variable number for the
SIMPLEX algorithm to understand the effect of each one
of the input variables. With a couple of in-house
developed user codes, CFD analyses are performed in
order. The genetic algorithm learns the effect of every step
of input variable changes. It evaluates the input variables
to reach the objective. The objective is to minimize the
value of the "THEOUTPUT" parameter (Eq.13), which is
the absolute temperature difference of CFD predictions on
the patches and thermocouple measurements. The main
reason for taking absolute values of difference is to avoid
negative differences. If the difference were not selected as
absolute, THEOUTPUT value would be directed to
negative infinity. THEOUTPUT and objective functions
can be seen in the equations below.

10
THEOUTPUT = Z abs (TTEST,Patch,i - TCFD,Patch,i)

i=1
Objective = min(THEOUTPUT)

After 26 iterations, the generic algorithm found the mass
flow rate percentages through each runner to minimize the
objective value. The convergence is shown in Figure 9,
and the results are shown in Table 3.

90.00
80.00
70.00
60.00
50.00
40.00

THEOUTPUT

30.00
20.00
10.00

0.00
0 5 10 15 20 25
DESIGN COUNT

Figure 9. First step convergence

The Second Step

The second step was conducted to determine the correct
valve opening positions, meeting the mass flow rates
obtained from the previous step. CFD model used in the
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second step is seen in Figure 10. So the objective in the
second step is to minimize the mass flow difference with
the results obtained from the first step. Every valve
position is changed with the specific coordinate system
along the z-direction. Therefore input variables are angles
that valves are rotated. For this step, due to the symmetry
nature of the model, three input variables are used in the
previous model. Modefrontier set up is shown in Figure
11. RP1 to RP6 represent the runner flow rate percentages,
and "THEOUTPUT _2" represents the absolute differences of
the mass flow rates from the targeted flow rate.

Table 3. First step results

Total

Inlet R1-R6 Mass R2-R5 Mass R3-R4 Mass
Design No  Temperature Flowrate Flowrate Flowrate Flowrate OUTPUT
(K) (kg/h) Percentage  Percentage  Percentage
1 973.15 650 17% 26% 7% 84.65
2 923.15 700 5% 39% 7% 57.72
3 973.15 650 31% 4% 16% 55.49
4 923.15 700 5% 39% 7% 55.18
5 923.15 700 7% 30% 13% 45.15
6 973.15 650 35% 5% 11% 33.86
7 923.15 700 31% 12% 8% 27.33
8 923.15 700 11% 30% 9% 25.09
9 923.15 700 12% 23% 15% 24.28
10 923.15 700 26% 16% 9% 20.30
11 923.15 700 24% 19% 7% 16.76
12 923.15 700 14% 28% 8% 15.38
13 923.15 700 15% 25% 11% 15.24
14 923.15 700 22% 21% 8% 13.54
15 923.15 700 21% 23% 7% 11.85
16 923.15 700 16% 27% 8% 10.86
17 923.15 700 20% 24% 7% 10.35
18 923.15 700 16% 26% 9% 10.14
19 923.15 700 19% 25% % 9.09
20 923.15 700 18% 25% 7% 8.79
21 923.15 700 17% 26% 8% 8.74
22 923.15 700 17% 27% 7% 8.34
23 923.15 700 18% 26% 7% 8.28
24 923.15 700 18% 26% 7% 8.11
25 923.15 700 17% 27% 7% 7.89
26 923.15 700 18% 27% 6% 7.58
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Figure 10. Second step CFD model



Valve openings are the main variables affecting flowrate
through the runners. If the valve closes the section too
much, the flow tends to an easier route, and the flow rate
is lower than the other runners.

Angle1_6 Angle2_5

InputFile110 X
Objective132 !

1
Copy_Macro 'Outputs

THEQUTPUT |
Transfer Cp_File 'iro=roi-i

Figure 11. Second step ModeFrontier scheme
6

THEOUTPUT 2 = Z abs(Mpequirea; — Mease,i) 4)

(%)

"THEOUTPUT_2" and objective functions can be seen in
Equations 4 and 5. After 17 generations, the genetic
algorithm found the angles that the valves should be set.
The convergence is shown in Figure 12, and the results of
the second step are shown in Table 4. The final position of
valves is shown in Figure 13.

i=1
Objective = min(THEOUTPUT_2)

1.60E+00
1.40E+00
1.20E+00
™| 1.00E+00

8.00E-01

THEOUTPUT_2

6.00E-01

4.00E-01

2,00E-01

0.00E+00
0 2 4 6 8 10
DESIGN COUNT

12 14 16 18

Figure 12. Second step convergence
Valve1 50deg
‘ Valve2 Odeg

| Valve3 82deg

| Valve4 82deg

Valve5 Odeg

Valve1 50deg

Figure 13. Optimized valve positions
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Table 4. Second step results

Design No Angle 1-6 Angle 2-5 Angle 3-4 THEOUTPUT_2
1 53 1 80 1.46E+00
2 49 1 80 7.72E-01
3 57 7 66 5.07E-01
4 52 2 77 3.87E-01
5 51 8 71 3.29E-01
6 52 1 77 1.22E-01
7 45 6 78 1.13E-01
8 45 3 85 1.02E-01
9 45 0 85 1.02E-01
10 48 0 85 9.19E-02
11 47 0 84 8.45E-02
12 49 1 84 7.76E-02
13 49 1 79 7.27E-02
14 49 2 80 5.28E-02
15 48 1 82 5.16E-02
16 49 1 82 4.84E-02
17 50 0 82 4.81E-02

Finally, with the valve openings obtained, the entire model
was run, and temperature distribution was compared with
the results obtained from the co-simulation model. Good
agreement was achieved within the range of 0-4% for all
patches (Figure 14). Steady-state exhaust manifold CFD
temperatures are shown in Figure 15. The close similarity
of the results is observed with the co-simulation model.
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Figure 15. Steady state manifold temperatures

RESULTS OF THE EXPERIMENTAL EXHAUST
MANIFOLD TEST SETUP

An exhaust manifold test rig is developed to evaluate the
(thermal) low cycle fatigue life by mimicking an engine
dyno test. The test rig has two main advantages over the
dynamometer. The first one is; design validation tests in
the test rig are only explicitly performed for the exhaust
manifold itself with less complexity and eliminate all
noise factors caused by the dynamometer. The second one
is, the cost of design validation of exhaust manifold is
reduced.

The exhaust manifold test setup is shown in Figure 16. The



gas burner is used to supply the exhaust mass flow and
temperature at desired values. The main components of
the test setup are; distribution channel, butterfly valves
(EGR valves used in the engine), cooling jacket, and
exhaust manifold.

|
|

Burner

Exhaust Manifold
| as test specimen

Each valve's angle position can be set manually. Figure 17
shows the valves in the exhaust manifold test setup. EGR
valves are used to replicate the engine flow characteristics
of the exhaust manifold in the dynamometer.

The critical requirement for the fatigue life test is to ensure
that the temperature distribution of the exhaust manifold
in the test rig is in a similar range as in the real engine
under specific operating loads. Data is collected from the

thermocouples, shown in figure 18, under steady
conditions and then time-averaged. The angular positions
of each valve must be set accordingly to mimic the real
engine exhaust manifold temperature ranges.
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Figure 18. Exhaust manifold test rig with EGR valves

16 different valve angular position combinations are
experimented with manually to correlate the test results of
the exhaust manifold with the test results of the
dynamometer.

TC9 Temperature {(°C)
] W B
8 8 3

g

80 85 20 95 100 105 110 115

Coolant Inlet Temperature (°C)

Figure 19. Effect of the coolant inlet temperature on the
midpoint of the exhaust manifold

Coolant inlet temperature tests were performed to
understand the coolant inlet temperature effect on the
exhaust manifold's temperature distribution. Figure 19
shows that the manifold heat rejection rate is relatively
insensitive to changes in the coolant flow rate.

The specified angular positions of the EGR valves set are
shown in Table 5. Valve position from CFD also
experimented as the proposed methodology.

Figure 20 shows the temperature differences of the
dynamometer and test setup at the thermocouple location
for different valve angles. T9 thermocouple is the central
position of the exhaust manifold. This point is the most
critical point for dynamometer and test setup comparison.
Three thermocouples are located at the left bank of the
exhaust manifold, and three thermocouples are at the right
side of the exhaust manifold. The results of the
thermocouples in the test setup should be comparable with
dynamometer results.



Table 5. Test set point for the EGR valve angle

Set Valve Valve Valve Valve Valve Valve Method
#1 # 43 #4 45 #6
1 90 90 90 90 90 90 Iterative
2 85 90 57 57 90 85 Iterative
3 80 90 90 90 90 80 Iterative
4 60 90 8 8 90 40 CFD
5 30 90 8 8 90 30 Iterative
6 40 70 8 8 70 40 Iterative

In figure 20, the X-axis shows the ID number of the
different valve sets. The Y-axis shows the temperature
difference results for each thermocouple as the bar
column. The green dot shows the average temperature
differences of all thermocouples with dynamometer
results for each valve setting. The test rig tends to
underpredict temperature results.

Each run for each valve set configuration takes about 2
hours. After 16 manual iterations for different valve
openings, temperature variation decreased to 10 degree C,
such as valve set 5 and valve set 6 configurations. Only for
one operating condition, this trial-and-error approach
required 16 experiments to be conducted. In addition to
that, the design validation of the manifold test has to be
conducted under several different operating conditions.
So, this traditional method is time-consuming, expensive,
and not robust.
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Figure 20. Effect of the EGR valve set by manual adjustment
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CFD results show that the angles of the fourth valve set
are the proposed methodology. The temperature
measurements of valve set 4 have an excellent comparison
with measurement results the two being within a 7% error.
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CONCLUSION

A custom-made exhaust manifold test rig was built,
enabling the validation of exhaust manifold design and
eliminating the need for long period dynamometer runs.
This custom test rig can mimic the real-life exhaust
manifold thermal loading. The temperature measurements
obtained from the test rig run with steady flow showed
consistent with engine dynamometer measurements
results.

Obtaining similar thermal results from the test rig with a
dynamometer requires an optimum valve setting for each
runner, which is a challenging task. The trial and error
approach (iterative method) to reach the optimum
configuration for the valve sets requires a considerable
effort and not an efficient way and may lead to a dead end.

In this study, the coupling of CFD/co-simulation and
optimization tools enabling the process for determining
each valve's optimum openings were proven very effective
and efficient approach. Optimization algorithms
embedded in Modefrontier lead to defining correct
operating conditions and valve openings, resulting in a
sufficiently —accurate correlation for temperature
distribution.

The following conclusions can be drawn from these
studies:

» An iterative method to determine the valve angle
settings for the accurate exhaust manifold thermal
distribution took 16 test runs for this specific case for
each operating condition. As can be seen from figure
19, the temperature difference between the test rig
and dynamometer decreased to % 10 error with 16
runs for one operating condition. This is time
consuming, inefficient, and expensive way to run for
several different operating conditions.

» Valve set openings were optimized by the coupling
of CFD and Modefrontier methodology efficiently.



The valve angular position predictions proposed by
this method end up with a % 7 variation for the test
result. The test rig under predicts the dynamometer
temperature results.

« This study shows the very efficient and robust way of
design verification of exhaust manifold in the
custom-made test rig developed in-house. With the
help of the CFD and optimization tool, the efficiency
of running the rig improved significantly.

ACKNOWLEDGMENTS

The authors would like to acknowledge the support and
activities of Aydin Ayyildiz and Hakan Gokoglu from
Ford Otosan.

REFERENCES

Meda L., Shu Y. and Meda L., 2012, Exhaust System
Manifold Development. SAE, 2012-01-0643.

Angstrém H. and Fuchs L., 2009, A Comparative Study
Between 1D and 3D Computational Results. SAE, 1112,

Annand W., 1963, Heat transfer in the cylinders of
reciprocating internal combustion engines. Proc IMechE.

Assanis H., 1986, Development and use of a computer
simulation of the turbo compounded diesel engine
performance and component heat transfer studies.
SAE(860329).

Belingiardi G. and Leonti S. 1987, Modal Analysis in the
design of an automotive exhaust pipe. International
Journal Vehicle Design, 475-487.

Benoit M., 2012, Cyclic behavior of structures under
thermomechanical loadings: application to exhaust
manifolds. Int. J. Fatigue, 65-74.

Byung Kyu K., 2013, High-temperature low cycle fatigue
properties of 24Cr ferritic stainless steel for SOFC
applications. Materials Science and Engineering, 81-86.

Cartwright, J., Selamet, A., Wade, R., Miazgowicz, K. and
Sloss, C., 2015, Heat Rejection and Skin Temperatures of
an Externally Cooled Exhaust Manifold. SAE, 1736.

Celikten B., Duman I., Harman C. and Eroglu S., 2018,
Exhaust Manifold Thermal Assessment with Ambient
Heat Transfer Coefficient Optimization. SAE, 06-04.

Charkaluk E., Bignonnet A., Constantinescu A. and Dang
Van K., 2002, Fatigue design of structures under
thermomechanical loadings. Fatigue Fracture
Engineering, 1119-1206.

Chen M., Wang Y., Wu W. and Xin, J., 2014, Design of
the Exhaust Manifold of a Turbo Charged Gasoline

188

Engine Based on a Transient Thermal Mechanical
Analysis Approach, SAE 01-2882.

Demirkesen C., Colak U., Savci I. and Zeren H., 2020,
Experimental and Numerical Investigation of Air Flow
Motion In Cylinder of Heavy Duty Diesel Engines.
Journal of Applied Fluid Mechanics, 537-547.

Ekstrem J., 2014, High-temperature mechanical and
fatigue properties of cast alloys intended for use in exhaust
manifolds. Materials Science Engineering, 78-87.

European Parliament and Council, 2009, Emission
Performance Standards for New Passenger Cars as part
of the Community's Integrated Approach to Reduce CO2
Emissions from Light-Duty Vehicles. Regulation (EC) No.
443/20009.

Hasse C., Sohm V. and Durst B., 2010, Numerical
investigation of cyclic variations in gasoline engines using
a hybrid URANS/LES modeling approach. Computers &
Fluids, 25-48.

Heywood J.B., 1988, Internal
Fundamentals, McGraw-Hill Inc.

Combustion Engine

Ho H., 1972, Shakedown in elastic-plastic systems under
dynamic loadings. J. Appl. Mech., 416-421.

Moeckel M., 1994, Computational Fluid Dynamic (CFD)
Analysis of a Six-Cylinder Diesel Engine, SAE.

Rohsenow W., Hartnett J. and Cho Y., 1998, Handbook of
Heat Transfer. New York, USA: McGraw-Hill Inc.

Savci |. and Zeren H., 2019, Deposit Testing in Exhaust
Systems and Deposit Mapping Strategy. Journal of
Thermal Science and Technology, 163-167.

Simone G., 2014, Low-Cycle Thermal Fatigue and High-
Cycle Vibration Fatigue Life Estimation of a Diesel
Engine Exhaust Manifold. Procedia Engineering, 105 —
112.

STAR-CCM+., 2019, Version 13.04.011 User Manual >
Simulating Physics > Heat Transfer > Convective Heat
Transfer Coefficients > Guidelines for Heat Transfer
Coefficients > Specified y+ Heat Transfer Coefficient.
SAE.

Wolff K., Schneider M. and Schernus C.,
Computer-aided development of exhaust
durability. Global Powertrain Congress, 179-187.

1988,
system

Yanarocak R., Ergenc A. and Duman I., 2016, Thermal
Analysis of Heavy Duty Engine Exhaust Manifold Using
CFD. SAE, 0648.



Zhien L., Wang X., Yan Z., Li X. and Xu Y., 2014, Study
on the Unsteady Heat Transfer of Engine Exhaust
Manifold Based on the Analysis Method of Serial

Ismail Hakki Savci was born in Erzurum Turkey in 1984. He got his MSc. and PhD. in 2009 and
2016. His current role is technical manager in Ford OTOSAN R&D Center.

Baran Celikten was born in Adana Turkey in 1991. He is graduated from Istanbul Technical
University Mechanical Engineering Department in 2014. He got his MSc. degree from the
Mechanical Engineering Department of Istanbul Technical University (Turkey) in 2016. He is
working as a Senior Product Development Engineer at Ford OTOSAN R&D Center.

189



Is1 Bilimi ve Teknigi Dergisi, 41, 2, 191-204, 2021
J. of Thermal Science and Technology

©2021 TIBTD Printed in Turkey

ISSN 1300-3615
https://doi.org/10.47480/isibted.1025917

GLISERIN ETERLERININ iKiNCI NESIL BIYOYAKIT OLARAK DiZEL MOTORDA
KULLANIMININ ARASTIRILMASI

Abdiilvahap CAKMAK* ve Hakan OZCAN**
*Sorumlu yazar, Samsun Universitesi Kavak Meslek Yiiksekokulu Motorlu Araglar ve Ulastirma Teknolojileri
Bolimi 55850 Kavak, Samsun, abdulvahap.cakmak@samsun.edu.tr, ORCID: 0000-0003-1434-6697
** Ondokuz Mayis Universitesi Miihendislik Fakiiltesi Makine Miihendisligi Béliimii
55200 Atakum, Samsun, ozcanh@omu.edu.tr, ORCID: 0000-0002-7848-3650

(Gelis Tarihi: 14.05.2020, Kabul Tarihi: 25.05.2021)

Ozet: Son yillarda, biiyiik oranda petrol esasl yakitlar ile calisan icten yanmali motorlarda ikinci nesil biyoyakitlarin
kullanimina duyulan ilgi artmistir. Bu ¢alismada, biyodizel yan {iriinii olan gliserinin katalitik doniisiimii ile {iretilen
gliserin eterlerinin dizel motorda ikinci nesil biyoyakit olarak kullanimi deneysel olarak incelenmistir. Gliserinin tert-
bitanol ile eterifikasyonu sonucunda sentezlenen gliserin eterleri karisimi, %2 ve %5 hacimsel oranda dizel-biyodizel
yakit karigimi ile harmanlanmistir. Dizel yakit1 ve %20 oraninda biyodizel iceren dizel-biyodizel yakit karisimi referans
yakit olarak kullanilmigtir. Test yakitlarinin 6nemli fiziksel yakit 6zellikleri belirlenmistir. Yakita gliserin eterleri
ilavesinin yakitin viskozite, yogunluk, 1sil deger, setan indisi ve destilasyon sicakliklarini diigiirdiigii belirlenmistir.
Gliserin eterlerinin ilavesi ile dizel-biyodizel yakit karigiminim kinematik viskozitesinin %10-14 oraninda azaldig: ve
yakitin destilasyon karakteristiginin iyilestigi goriilmiistiir. Gergeklestirilen motor deneyleri ile test yakitlarinin
motorun performans, yanma karakteristikleri ve egzoz emisyonuna etkileri arastirilmistir. Gliserin eterlerinin motorun
0zgiil yakit tiiketimini ve HC emisyonlarini artirdigt; motorun termal verimini, CO, CO2, NOx ve is (duman koyulugu)
emisyonlarini azalttig1 belirlenmistir. Gliserin eterlerin en dikkat ¢ekici etkisi NOx ve HC emisyonlarinda goriilmiistiir.
Gliserin eterleri NOx emisyonlarinda yaklasik %35-77 oraninda 6énemli diisiisler saglamg fakat ayni ¢aligma kosullari
altinda HC emisyonlarinda yaklasik %37-142 oraninda bir artisa neden olmustur. Yanma karakteristikleri agisindan %2
oraninda gliserin eterleri igeren yakit karigimi, diger test yakitlarma gore daha iyi performans sergilemistir. Tim
bulgular degerlendirildiginde gliserin eterlerinin hacimsel %2 oraninda dizel-biyodizel yakit karisimi ile
harmanlanmasi durumunda ikinci nesil biyoyakit olarak dizel motorlarda kullaniminin uygun oldugu belirlenmistir.
Anahtar Kelimeler: ikinci nesil biyoyakit, Gliserin eterleri, Biyodizel, Dizel motor, Emisyon, Yanma

INVESTIGATION OF THE USABILITY OF GLYCEROL ETHERS AS SECOND-
GENERATION BIOFUEL IN DIESEL ENGINE

Abstract: The interest in the use of second-generation biofuels in internal combustion engines which are still largely
running with petroleum fuels has been increasing in recent years. In this study, the utilization of glycerol ethers
produced by the catalytic conversion of biodiesel-originated glycerol as a second-generation biofuel in a diesel engine
was experimentally investigated. The glycerol ethers mixture which was synthesized by the etherification of glycerol
with tert- butyl alcohol was blended with the blend of diesel-biodiesel by 2% (v/v) and 5% (v/v). Neat diesel and a
diesel-biodiesel fuel blend that contains 80% (v/v) diesel fuel and 20% (v/v) canola oil biodiesel were chosen as
reference fuels. The important physical fuel properties of test fuels were determined. It was ascertained that the addition
of glycerol ethers to the diesel-biodiesel mixture reduces fuel's viscosity, density, lower heating value, cetane index,
and distillation temperatures. It was determined that glycerol ethers decreased the diesel-biodiesel fuel blend’s
kinematic viscosity by 10-14% and improved the distillation characteristics. The impacts of test fuels on the engine’s
performance, combustion characteristics, and exhaust emission were scrutinized by carried out the engine tests. It was
seen that glycerol ethers increase the specific fuel consumption and HC emission while reducing thermal efficiency,
CO, CO2, NOx, and soot (smoke opacity) emission. The most appealing impact of glycerol ethers was witnessed to
NOx and HC emissions. Glycerol ethers promoted significant reductions in NOx emissions by approximately 35-77%,
however, under the same operating conditions, an increase in HC emissions by approximately 37-142% was observed.
In terms of combustion characteristics, the fuel mixture containing 2% (v/v) glycerol ethers performed better than other
test fuels. Based on experimental results it was concluded that the glycerol ethers mixture is suitable for use as a second-
generation biofuel by 2% (v/v) blending ratio with diesel-biodiesel blend in diesel engines.

Keywords: Second-generation biofuels, Glycerol ethers, Biodiesel, Diesel engine, Emissions, Combustion
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GIRiS

Biyoyakitlar ~ biyokitleden  fiziksel, kimyasal,
termokimyasal ve biyokimyasal yéntemlerle elde edilen
yenilenebilir, cevre dostu ve sirdirilebilir yakitlardir
(Ruan vd, 2019). Fosil enerji kaynaklarinm kullanimu ile
ilgili karsilasilan sorunlar ve enerji talebinin siirekli
artmasi, biyoyakitlarin 6nem kazanmasina yol acmistir
(Gaurav vd, 2017; Chaudhary ve Gakkhar, 2019; Gulim
vd, 2018). Biyoyakitlar elde edildikleri kaynaklara gore
birinci nesil, ikinci nesil ve igilincii nesil biyoyakitlar
olarak siniflandirilmaktadir (Lee ve Lavoie, 2013).
Birinci nesil biyoyakitlar gida iiretiminde kullanilan
kaynaklardan elde edilirler. Birinci nesil biyoyakitlar,
tarim alanlarinin gida {iretimi yerine biyoyakit Uretimine
ayrilmasint gerektirmesi, gida fiyatlarinin artmasina
neden olmasi ve gida arz1 giivenligini tehlikeye sokmasi
nedeni ile bu gruptaki yakitlarin Gretimi ve kullanimi
simirlandirilmaktadir  (Ghosh vd, 2019). Ikinci nesil
biyoyakitlar gelismis biyoyakitlar olarak da adlandirilir
ve gida amagh tiiketilmeyen kaynaklardan veya atik
kaynaklardan dretilirler. ikinci nesil biyoyakitlar, ucuz
hammaddelerden  iretiliyor olmasi  nedeni ile
ekonomiktir (Lee ve Lavoie, 2013). Bu nedenle ticari
biyoyakit {iretiminin biiyiilk bir kismu ikinci nesil
biyoyakitlardan karsilanmaktadir ve yeni direktiflerle bu
gruptaki yakitlarin toplam tiikketimdeki paylart daha fazla
arttirilmaktadir  (Nguyen vd, 2017). Ugiincii  nesil
biyoyakitlar ise yosun kaynakli yakitlardir. Ancak tretim
maliyetlerinin yiiksel olmasi nedeni ile giiniimiizde ticari
olarak kullanimi yaygin degildir (Milano vd, 2016).

Dizel motorlarda kullanilabilecek biyoyakitlar arasinda
biyodizel ilk sirada gelmektedir. Biyodizel, dizel yakitt
ile benzer fiziksel ve kimyasal dzelliklere sahip olmasi ve
mevcut dizel motor teknolojisine uygun olmasi nedeni ile
teknik agidan kullanimi hizli kabul gérmiistiir. Ayrica
yerel enerji kaynaklarindan iiretilebilir olmasi, sera gazi
salmimini arttirmamasi ve petrol esashi dizel yakitina
gore egzoz gazi emisyonunu diislirmesi, biyodizele olan
ilgiyi daha da arttirmistir (Behget vd, 2015; Gulim vd,
2015). Bu avantajlar1 sayesinde biyodizel, dinya
genelinde surekli olarak artan oranlarda dizel yakiti ile
harmanlanarak  kullanilmaktadir. Bununla  birlikte
ulkeler, enerjide disa olan bagimlilig1 azaltmak, sera gazi
salmmin1 digiirmek ve yerel enerji kaynaklarimi daha
etkili kullanmak amaciyla biyodizel Uretimini ve
tiketimini arttirmaya yonelik politikalar gelistirip
uygulamaktadir. Bunun sonucunda ise kiiresel gapta
biyodizel uretimi ve tiiketimi slrekli olarak artmaktadir.
Ornegin, 2000 yilinda 534 milyon litre olan diinya
genelindeki biyodizel Gretimi, 2017 yilinda 36 milyar
litreye ulagsmistir (OECD/FAO, 2018). Ancak bu
miktarin, biyodizel harmanlama oraninin artmasi sonucu
2028 yilina kadar 44 milyar litreye ulasacagi tahmin
edilmektedir (OECD, 2019). Biyodizel uretiminin strekli
olarak artmasi, (retim prosesinde kiitlece %10 oraninda
yan irin olarak elde edilen gliserin miktarmin da
artmasina yol agmaktadir. Gliserin ¢ok sayida endiistride
hammadde olarak kullanilmasina ragmen gelecek
yillarda biyodizel iiretiminde ortaya ¢ikacak olan gliserin
miktari, ilgili endistrilerin gliserin talebini agacaktir
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(Cakmak ve Ozcan, 2020). Boylesi bir durumda
biyodizel endistrisi olumsuz etkilenecek ve fazla
gliserinin  degerlendirilememesi halinde atik haline
doniiserek cevre sagligi agisindan riskler olusturacaktir
(Cornejo vd, 2017; Monteiro vd, 2018). Bu yiizden
ihtiyag fazlasi gliserinin gevresel sorunlara yol agmadan
fakli {iriinlere doniistiiriilerek degerlendirilmesi, hem
cevresel risklerin 6nline gecilmesi hem de biyodizel
Uretiminin ekonomikligi ve stirdiiriilebilirligi agisindan
gereklidir (Monteiro vd, 2018; Yang vd, 2012).

Gliserin uygun olmayan yakit ozellikleri (yiiksek
viskozite ve yogunluk, yiiksek kaynama noktasi sicakligi,
mevcut yakitlar ile homojen karigmamasi, diigiik 1sil
deger), yiiksek sicakliklarda polimerleserek yakit hattini
tikama riski, kismi oksidasyon sonucu zehirli akrolein
emisyonu olusumu ve diisiik oksitlenme direnci gibi
nedenlerle (Bohon vd, 2011; Queirds vd, 2013) icten
yanmali motorlarda dogrudan yakit olarak kullanimi
teknik agidan ¢ok miimkiin degildir. Ancak gliserin,
cesitli kimyasal ve biyolojik yontemlerle farkli degerli
kimyasal Uriinlere doniistiriilebilir (Tan vd, 2013). Bu
kimyasal triinler arasinda benzin, dizel ve biyodizel
yakitlar1 ile harmanlanarak kullanilabilecek biyoyakitlar
da bulunmaktadir (Cakmak ve Ozcan, 2018). Gliserinin
tert-biitanol veya izobiiten gibi kimyasallarla eterlesme
reaksiyonu ile elde edilen gliserin eterleri oksijenli
biyoyakit olarak dizel, biyodizel ve benzin yakitlar ile
birlikte kullanilabilir (Bozkurt vd, 2019; Fatimah vd,
2019; Ozbay vd, 2010; Rahmat vd, 2010). Gliserin
eterleri biyodizel yakitimin sogukta akis ozelliklerini
gelistirmekte ve viskozitesini diigiirmektedir (Noureddini
vd, 1998; Pinto vd, 2016). Aymi zamanda gliserin
eterlerinin  bilesiminde bulunan oksijen yanmay1
iyilestirerek CO, HC ve PM emisyonlarini azaltmaktadir
(Beatrice vd, 2014; Spooner-Wyman vd, 2003; Spooner-
Wyman vd, 2010). Biyodizel yan rtni gliserinin, ikinci
nesil bir yakit olan gliserin eterlerine doniistiiriilerek
kullanilmasi, yukarida ifade edilen avantajlarin yaninda
biyodizel {iretiminin siirdiiriilebilirligi ve harmanlanan
ikinci nesil biyoyakit miktariin artmasinda dogrudan
olumlu bir etkisi de bulunmaktadir. Atik haline doniisen
gliserinin, yakit olarak degerlendirilmesi ile hem atigin
kontrollil bertarafi hem de gliserinin yenilenebilir enerji
kaynagi olarak kullanimi mimkiindar.

Gliserinin eterifikasyonu sonucunda biyoyakit olarak
kullanilabilecek gliserin eterleri karigimi elde edilir. Bu
karisim, birbirinin izomeri olan iki mono- eter ve
birbirinin izomeri olan iki di- eter ile bir tri- eterden
olugur (Behr ve Obendorf, 2002). Eterlerin birbirine gok
yakin kaynama noktasi sicakligi nedeniyle karisimdan
ayrilmalar1 zor ve ek islemler gerektirdiginden Uretim
maliyetini artinr (Vlad ve Bildea, 2012). Bu nedenle
sentezlenen gliserin eterleri karigimi dogrudan yakit
olarak kullanilir (Pinto vd, 2016).

Literatirde gliserin eterlerinin sentezine yonelik ¢ok
sayida bilimsel ¢alisma bulunmaktadir. Bu ¢alismalarda
(Aguado-Deblas vd, 2020; Cannilla vd, 2020; Cannilla
vd, 2015; Goncalves vd, 2015; Klepacova vd, 2006;
Nandiwale vd, 2014; Ozbay vd, 2011; Ozbay vd, 2013;



Veiga vd, 2017; Viswanadham ve Saxena, 2013)
gliserinin eterifikasyon reaksiyonu parametrelerinin
(gliserin/alkol molar orani, katalizor miktari, karistirma
hizi, reaksiyon sicakligi ve siiresi vb.) optimizasyonu,
farkli katalizor ve alkollerin {iriin doniisimii ve eter

seciciligine  etkisi  gibi  kinetik  parametreler
arastirilmistir.  Bu ¢alismalarda, gliserin  eterlerinin
yakit/yakit katkist olarak kullanilabilecegi ifade

edilmesine ragmen literatlirde gliserin eterlerinin icten
yanmali motorlarda yakit olarak kullanimini arastiran
caligmalar olduk¢a smirhdir. Bozkurt vd (2019)
sentezledikleri gliserin eterlerini hacimsel %3,45
oraninda benzinle harmanlayarak yakit 6zellikleri, motor
performans: ve egzoz emisyonlarinda meydana gelen
degisimleri incelemislerdir. Gliserin eterlerinin benzine
ilave edilmesi ile yakitin oktan sayisinin arttig1 ve buhar
basincin diistigii goriilmiistiir. Gliserin eterleri-benzin
karisiminin, MTBE (metil tersiyer batil eter)-benzin
karisimi ile benzer performans ve emisyon degerlerine
sahip oldugu belirlenmis ve bu nedenle gliserin
eterlerinin  MTBE’ye alternatif olabilecegi ifade
edilmistir. Gliserin eterlerinin dizel motorlarda yakit
olarak kullanimina iligkin ilk kapsamli sonuglar Beatrice
vd (2013) yaptiklari ¢aligmadan elde edilmistir. Bu
calismada gliserinin katalitik donisimii ile {retilen
gliserin eterleri dizel yakiti ile hacimsel %10 oraninda
harmanlanarak PM ve NOx emsiyonlarinin kritik oldugu
motor yik ve hiz noktalarinda testler yapilmistir.
Sonuclar gliserin eterlerinin yanma prosesini, HC ve CO
gibi egzoz emisyonlarini fazla etkilemeden, PM ve NOx
emsiyonlarini es zamanli olarak  dislirdiigiini
gostermistir.  Ayrica  yakitlarin  yagam  dongiisi
analizinden gliserin eterlerinin dizel yakitina gére daha
az ¢evresel etkiye sahip oldugu belirlenmistir. Frusteri vd
(2013) yaptiklar1 deneysel ¢alismada gliserin eterlerinin
%10 oraninda dizel yakiti ile harmanlanarak kullanilmasi
halinde PM ve HC emisyonlarimin azaldigi ve yanma
veriminin arttigi belirlenmistir. Beatrice vd (2014)
sentezledikleri gliserin eterlerini %10 ve %20 oraninda
dizel yakiti ile harmanlayarak hazirladiklar1 dizel-
gliserin eterleri yakit karisimlarini bir dizel otomobil
motorunda test etmislerdir. Test sonuglarindan, gliserin
eterlerinin motorun yanma karakteristikleri ve termal
verimi Gzerinde énemli bir etkisinin olmadigi, bununla
birlikte yiiksek oksijen igerigi sayesinde gliserin
eterlerinin PM emisyonlarin1 azaltmada etkili oldugu
belirlenmistir. Fakat gliserin eterleri diisik motor
yuklerinde aseton, formaldehit, asetaldehit gibi diizensiz
emisyonlar1 arttirdigi goriilmistiir. Beatrice vd (2015)
%20 oraninda gliserin eterleri iceren dizel-gliserin
eterleri yakit karigimini optik bir dizel motorda test
etmislerdir. Elde edilen bulgulardan, gliserin eterlerinin
diisiik kaynama noktasi sicakligi nedeni ile yakit jetinin
daha hizli buharlagtigi ve yanma durumunda alev
parlakliginin azaldigi tespit edilmistir. Ayrica gliserin
eterlerinin dizel yakitina gore yiliksek yogunluk ve
viskozitesi nedeniyle yakit ortalama damlacik ¢apinin
arttig1 belirlenmistir. Bu durumda ana piiskiirtme fazinda
yakit spreyinin koni agis1 kiigiilerek yakit jetinin yanma
odasindaki niifuz derinliginin artti§1 goriilmiistiir. Ayn
calismada, gliserin eterlerinin is olusumunu azalttig
optik motor testleri ile de kanitlanmustir. Gliserin

193

eterlerinin gerek yakit oOzellikleri gerekse egzoz
emsiyonlar1 agisindan iyi bir biyoyakit oldugu
belirtilmistir.

Gliserin  eterlerininin  igten yanmali motorlarda

kullanimina iligkin literatiirdeki mevcut c¢aligmalarda
gliserin eterleri saf dizel yakiti veya benzin ile
harmanlanarak motor testleri yapilmistir. Fakat gliserin
eterlerinin biyodizelin yakit &zeliklerini gelistirmesi,
giiniimiizde dizel yakitinin biyodizel ile harmanlanarak
kullanilmast ve uygulamada kolaylik saglanmasi
acisindan, gliserin eterlerinin, dizel-biyodizel yakit
karisimi  ile harmanlanarak  kullanmilmasi1  daha
avantajhidir. Ancak literatlrde gliserin eterlerinin dizel-
biyodizel yakit karigimi ile harmanlanarak motor
testlerinin yapildigi bir calismaya rastlanilmamustir.
Buradan hareketle bu ¢alismada, gliserin eterlerinin
dizel-biyodizel yakit karisimn ile harmanlanmasi
durumunda yakit 6zellikleri, motor performansi, yanma
karakteristikleri ve egzoz emisyonlarinda meydana gelen
degisimlerin arastirilmasi hedeflenmistir. Elde edilecek
bulgularin, gliserin eterlerinin sundugu avantajlarin daha
etkili sekilde kullanilmasina imkan verecegi ve konu
hakkinda literatiirdeki sinirh bilgilere katki saglayacag:
diisiiniilmektedir.

MATERYAL ve METOD

Gliserin eterleri ticari olarak satilmamaktadir. Bu
nedenle gliserin  eterleri laboratuvar ortaminda
sentezlenmigtir.  Gliserin  eterlerinin  sentezi ve

karakterizasyonu ile ilgili ¢alismalar Ondokuz Mayis
Universitesi Kimya Miihendisligi Boliimii Yenilenebilir
Enerji Laboratuvarlari’nda gergeklestirilmistir. Gliserin
eterleri, gliserinin tert-bitanol ile kati formda kuvvetli
asidik bir katalizér olan Amberlit-15 varliginda
eterifikasyon reaksiyonu ile sentezlenmistir. Gliserinin
eterifikasyonunda hedef Urlinler di-eterler ve tri-eter
oldugundan gliserin eterlerinin sentezi i¢in reaksiyon
sartlart yiiksek eter segiciligi ve yiiksek gliserin
doniigimiinin ~ saglandigi  reaksiyon  kosullarinda
gerceklestirilmigtir. Bu reaksiyon sartlari literatiirdeki
caligmalardan (Frusteri vd, 2009; Klepacova vd, 2006;
Ozbay, 2013; Viswanadham ve Saxena, 2013)
belirlenmistir. Eterifikasyon reaksiyonu igin segilen
reaksiyon parametreleri Tablo 1’de verilmistir. Gliserin
eterlerinin sentezi ve karakterizasyonu ile ilgili ayrintili
bilgiler yazarlarin farkli bir ¢alismasinda (Cakmak ve
Ozcan, 2020) sunulmustur.

Tablo 1. Gliserinin eterifikasyon reaksiyonu sartlart

Gliserin- tert-biitanol molar orani 1:4
Katalizor miktar (kiitlece ) %7,5
Reaksiyon sicakligi 90 °C
Reaksiyon siresi 180 dk.
Karistirma hizi 1200 d/dk.

Tablo 1’de belirtilen reaksiyon sartlarina gore gerekli
miktardaki gliserin eterleri tekrarli sentezle elde
edilmistir. Gliserin eterleri ilk olarak hacimsel %10 ve
%25 oraninda kanola yag1 biyodizeli ile karigtirilmustir.



Tablo 2. Test yakitlarinin belirlenen bazi yakit 6zellikleri

Ozellikler Test Metodu D B20 B18G2 | B15G5
Yogunluk,15 °C’de (kg/m°®) TS EN ISO 12185 835,0 844,5 844,1 843,3
Kinematik Viskozite, 40 °C’de (mm?/s) DIN 53015 2,79 3,31 2,95 2,84
Alt Is1l Deger (kJ/kg) ASTM D 240 42484 41325 41078 40590
Enerji Yogunlugu (kJ/L) - 35474 34899 34674 34230
Sogukta Filtre Tik. Nok. Sic. (°C) TS EN ISO 116 -5 -5 -5 -5
Setan Indisi TS EN ISO 4264 55,6 55,1 54,7 52,8
Destilasyon Sicakliklari (°C) TS EN ISO 3405
ik Kaynama Sicakligi 161,1 164,9 97,0 94,1
10 hac.% 212,6 221,8 210,3 202,2
50 hac.% 280,4 299,4 281,8 279,6
90 hac.% 339,9 3419 340,0 341,0
95 hac.% 353,9 351,3 352,7 350,8
Son Kaynama Sicakligi 364,9 359,5 362,4 361,3

Ardindan bu biyodizel-gliserin eterleri karigimlari
hacimsel %20 oraninda dizel yakiti (D) ile karistirilmig
ve sonugta B18G2 ve B15G5 olarak etiketlenen ve
sirasiyla %2 ve %5 oraninda gliserin eterleri i¢eren dizel-
biyodizel-gliserin eterleri karigimlar1 elde edilmistir.
B18G2 yakit karisimi; %80 oraninda dizel yakiti, %18
oraninda kanola yag1 biyodizeli ve %2 oraninda gliserin
eterleri icermektedir. B15G5 yakit karigimi ise; %80
oraninda dizel yakiti, %15 oraninda kanola yagi
biyodizeli ve %5 oraninda gliserin eterleri igermektedir.
Gliserin eterleri biyodizel yakiti ile daha homojen
karistigr i¢in, gliserin eterleri ilk olarak biyodizel ile
harmanlanmigtir. Daha homojen bir yakit karigimi elde
etmek i¢in karigimlar once 15 dakika manyetik
karistiricida karistirilmis ve ardindan ultrasonik banyoda
40 kHz frekansta yarim saat boyunca bekletilmistir.
Calismada referans yakit olarak dizel yakiti ve %20
oraninda kanola yagi biyodizeli igeren dizel-biyodizel
yakit karigimi  (B20) kullanilmistir. Tim yakit
karigimlart hacimsel %20 oraninda biyoyakitlardan
olusacak sekilde hazirlanmistir. Bu oranin se¢ilmesinin
nedeni %20 biyoyakit oranmnin, gelecek yillarda
kullanilmas1 hedeflenen biyoyakit orant olmasi ve motor
Ureticilerinin %20 biyoyakit oranina kadar motor
garantisi  vermeleridir. Motor testlerinden 6nce
hazirlanan tim test yakitlarinin bazi Snemli yakit
Ozellikleri belirlenmistir. Bu 6zellikler Tablo 2’de
verilmigtir.

Motor performans ve emisyon testleri, Ondokuz Mayis
Universitesi Makine Miihendisligi Béliimii Motor
Laboratuvari’nda kurulu olan APEX Innovations Pvt.
Ltd. ticari etiketli ~motor deney Unitesinde
gerceklestirilmigtir. Test T{nitesi dort zamanli, tek
silindirli ve su sogutmali bir dizel motoru, Eddy akimli
su sogutmali dinamometre, egzoz kalorimetresi, hava ve
yakit debisi 6l¢iim tiniteleri, rotametreler, egzoz emisyon
cihazlari, yakit tanklari, silindir basing sensorii, saft
enkoderi, termokulplar, veri toplama kartt ve
bilgisayardan olusmaktadir. Test diizeneginin sematik
resmi Sekil 1°de verilmistir. Test motorun teknik
ayrintilar1 ise Tablo 3’te sunulmustur. Motor test
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Unitesinde motor devir sayis1 ve yiikii, emme havasi
basinci, hacimsel yakit debisi, egzoz gaz sicakligi, motor
sogutma suyu ve egzoz kalorimetresi sogutma suyu
debisi ile girig-¢ikis sicakliklari, ortam havasi sicakligi ve
bagil nemi gibi veriler dlgiilmektedir. CO, CO2, NOx
emisyonlarinin 6l¢iimii i¢in TESTO-350 XL egzoz gaz
analiz cihazi kullanilmistir. Bu cihazimin  teknik
ozellikleri Tablo 4’te verilmistir. HC emisyonlarinin
Olciimil icin =8 ppm 6l¢iim dogruluguna ve 0-4000 ppm
Olciim araligina sahip KTEST marka YS 5003 model
egzoz emisyon cihazi kullanilmistir. Dizel duman
koyulugu (is emisyonu), egzoz gazlarimin 151k
absorbsiyon katsaym (k) 0,01 m™ ¢oziintrlikte olgen
BOSCH BEA 070 dizel egzoz cihazi ile belirlenmistir.
Silindir basincinin 6l¢timii igin 6lglim araligi 0-345 bar
ve duyarliligt 1mV/psi olan bir piezoelektrik basing
transduseri ve ¢oztniirligii 1° KMA (krank mili agist)
olan bir saft enkoderi kullanilmigtir. Saft enkoderi ayni
zamanda (st 6lii nokta (UON) konumunun belirlenmesi
ve motor devir sayisinin Sl¢lilmesinde kullanilmustir.
Silindir basinci, saft enkoderi ve diger tiim sensoérlerden
gelen veriler yiiksek hizli dijital veri toplama sistemi
(National Instruments USB-6210) uUzerinden USB
baglantisi ile bilgisayara aktarilmistir. Silindir basinci 1°
KMA ¢oziiniirliikte 100 ¢evrim boyunca kaydedilmis ve
cevrimsel farkliliklari en aza indirmek igin yanma

Eszoz emisyon cihan

Yalat hatt
Emme havasi
Sicak su girisi

po—. B

¥Eoguk su Rolameueli

Radyator Gilagt

Dinamometre

Sekil 1. Test diizeneginin sematik resmi



karakteristiklerinin  belirlenmesinde 100 ¢evrimin
ortalamas1 dikkate almmustir. Olgiilen silindir basici-
krank agisi verileri LabVIEW tabanli "ICEngineSoft 9.0
V" vyaziliminda islenerek yanma karakteristikleri
belirlenmistir.

Tablo 3. Test motorun teknik ézellikleri

Ozellikler

Marka/Model Kirloskar/TV1
Silindir ¢api /strok (mm) 87,5/110
Standart sikigtirma orani 17,5:1
Devir sayisi (d/dk) 1500, sabit

21,8 @ 1500 d/dk
3,5 @ 1500 d/dk

Maksimum tork (Nm)
Maksimum efektif gi¢
(kW)

Standart piiskiirtme avansi
Piiskiirtme basinci (bar)
Emme supabi agilma

23° KMA UON’dan 6nce
200
4.5° KMA UON’dan 6nce

avansl
Emme supabi kapanma 35,5° KMA AON’dan
gecikmesi sonra
Egzoz supabi agilma 35,5° KMA AON’dan
avansi sonra
Egzoz supabi kapanma 4,5° KMA UON’dan
gecikmesi sonra
Net 1s1 yayilimi orani, Olglilen silindir basinci

verilerinden yararlanilarak termodinamigin birinci
kanununa gore Es. (1) ile hesaplanmistir. Ist yayilim
analizinde silindir icerisindeki gaz karisimin homojen
oldugu ve ideal gaz davranisina uydugu, yanma odasinda
basing ve sicakligin iniform oldugu kabul edilmekte ve

gaz kagaklar1 ile sirtinmeler ihmal edilmektedir
(Heywood, 1988; Maurya vd, 2019).

dQy _ k pdv 1 dp

46 k-1 d6 ' k-1 do @

Burada, Q, (J) net 1s1 yaytlimini, 6 (°) krank mili agisinu,
k (= cp/cy) Ozgiil 1silar oranim, P (Pa) silindir basicim
ve V (m3) silindir hacmini ifade etmektedir. Basing artis
orani (BAO) silindir basincinin krank agisina gore birinci
tirevi alinarak belirlenmektedir (Uyumaz vd, 2019).
Bunun igin Es. (2) kullanilmisgtir.

dP
BAO = E (2)
Tutusma gecikmesi, piiskiirtmenin bagladigi krank agisi
ile yanmanin bagladig1 krank agis1 arasindaki farktir.
Yanma baglangici kiimiilatif 1s1 yayiliminin %10’ nunu
gerceklestigi krank agisi (KMA10) olarak alinmustir.
Yanma siiresi ise kiimiilatif 1s1 yayilimimin %90’nin ve
%10’nun gerceklestigi krank acilar1 arasindaki fark
(KMA90-KMA10) olarak alinmigtir.

Motor performans ve emisyon testlerinden dnce motorun
yaglama yagi, sogutma suyu ve yakit filtreleri
degistirilmig ve tiim 6l¢lim cihazlarinin kalibrasyonlari
yapilmigtir. Motor testleri 1500 d/dk sabit devirde ve 3
kg, 6 kg, 9 kg ve 12 kg dinamometre yuklerinde
yapilmistir. Segilen bu dinamometre yikleri motorun
sirastyla 5,5 Nm, 10,9 Nm, 16,3 Nm ve 21,8 Nm tork

¢ikigina, yani motorun %25, %50, %75 ve %100 yuk
durumuna karsilik gelmektedir. Motor her yikte sabit
devir sayisinda ¢alistigindan dolay: tiim yakatlar i¢in ayni
yiik noktalarindaki efektif giic c¢ikis1 degerleri ayni
olmaktadir. Deneysel 6l¢iim parametreleri motor kararli
calisma sartlarina ulastiktan sonra 60 saniye araliklarla
dort kez ol¢lilmiis ve rastlantisal hatayr azaltmak igin
hesaplamalarda bu dort Olciimiin ortalamasi dikkate
almmistir. Egzoz emisyon degerleri ise 40 saniye
araliklarla alti kez kaydedilmis ve alti Ol¢limiin
ortalamas1 nihai deger olarak almmistir. Olgiilen tiim
veriler bilgisayara kaydedilmis ve bu verilerden motor
performans parametreleri, yanma Kkarakteristikleri ve
emisyon degerleri belirlenmistir.

Tablo 4. TESTO-350 XL egzoz gaz analiz cihazimi teknik
Ozellikleri

- Co NO NO; | CO2 | O
Ozell®22 | tpom) | [opm | ppm] | 9] | [%]
Olgiim aralif | 0-10000 | 0-3000 | 0-500 | 0-50 | 0-25
Duyarlilik 1 1 0,1 0,01 | 0,01
Dogruluk +10 +5 | +5 |+05|+0,8
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Bu caligmada, belirsizlik analizi icin Kline ve
McClintock tarafindan 6nerilen yontem (Holman, 2001)
secilmistir. Deney sisteminde 6lctlen (veya hesaplanan)
biyiklik (R), ve bu biiyiikliige etki eden n adet bagimsiz

degisken (x4,Xy,X3,...,Xy) bulunur. Bu durumda
asagidaki iliski yazilabilir.
R = R (X1, X2, X3, -, Xp)
@)

Her bir bagimsiz degiskene ait boyutlu belirsizlik;
Wy, Wy, W3, .., Wy ise R biytkliginin boyutlu
belirsizligi wpg asagidaki (4) esitliginden hesaplanir.
Ylzde cinsinden boyutsuz (oransal) belirsizlik ise (5)
esitliginden hesaplanir.

WR = [(;—:l-wl)z + (;—Z-wz)z + (:TRz-w3)2 + -t
(& wn)z]m (@)
Wr (%) = % 100 (5)

Calismada performans parametrelerin belirsizlikleri Es.
(3), Es. (4) ve Es. (5) ile hesaplanmigtir. Tablo 5°te, tam
yukte hesaplanan maksimum boyutlu ve oransal
belirsizlikler verilmistir.

Tablo 5. Tam yiikte hesaplanan maksimum belirsizlikler

Performans T Oransal

Parametreleri Boyutlu belirsizlik belirsizlik
gEl.‘;(e:'a“f motor +0,015995 kW | +% 0,4663
Yakit debisi +0, 0050186 kg/h | +% 0,6678
Hava debisi +0,213839 kg/h | +% 0,8355
Ozgiil yak. tiik. +0, 00178 kg/kWh | +% 0,8145
Efektif verim +0,003142331 +% 0,8224
H/Y orani +0,359698 +% 1,0649
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SONUCLAR ve DEGERLENDIRME

Dizel-biyodizel-gliserin eterleri tilii yakit karisimlarinda
gliserin eterlerinin hacimsel oranlar1 %2 ve %5’tir. Bu
oranlar, yakit 6zelliklerinde meydana gelecek degisimleri
siurlt tutarak yakit ozeliklerinin, yakit standartlarina
uymasini saglamak, motorda herhangi bir modifikasyona
gerek kalmadan gliserin eterlerini kullanabilmek ve
biyodizel kaynakli gliserinin lretim-tuketim dengesini
korumak amaci ile segilmistir.

Gliserin eterlerinin %2 ve %35 oraminda dizel-biyodizel
yakit karisgmi ile harmanlanmasit halinde yakit
ozelliklerinde meydana gelen degisimler belirlenmis ve
sonuglar Tablo 2°de sunulmugtur. Belirlenen tiim yakit
Ozelikleri, dizel-biyoyakit karigimlari icin gelistirilen
ASTM D 7467 yakit standardina (ASTM, 2020) uydugu
belirlenmistir. Gliserin eterlerinin biyodizele gore diisiik
yogunluk, diisiik viskozite ve diisiik 1s1l degeri nedeni ile
dizel-biyodizel-gliserin eterleri yakit karisimlarinin
yogunlugu, viskozitesi ve 1sil degeri azalmistir. Bu
azalmalar karisimdaki gliserin eterleri miktari ile orantili
olarak gergeklesmistir. Gliserin eterleri dallanmis zincirli
yapilari nedeni ile biyodizel ve dizel yakitina gére daha
diisiik setan sayisina sahiptir (Jaecker-Voirol vd, 2008).
Bu nedenle dizel-biyodizel yakit karigimina, gliserin
eterlerinin ilave edilmesi ile yakit karigimlarinin setan
indisi diismiistiir. Gliserin eterlerinin, dizel-biyodizel
yakit karisiminin  sogukta filtre tikanma noktasi
sicakligina bir etkisi olmamustir. Bunun nedeni
karisimdaki biyodizel ve gliserin eterleri oranin diisiik
olmasindan kaynaklanmaktadir. Gliserin eterleri, diisiik
kaynama noktasi sicakligi nedeni ile yakitin destilasyon
sicakliklarini diigirmiistiir. Sekil 2’de goriildiigi gibi
gliserin eterlerinin hizli buharlagsma 6zelikleri sayesinde,
dizel-biyodizel yakit karigiminin destilasyon
karakteristigi iyilesmistir. Ozellikle dizel-biyodizel yakit
karisimmin %2 gliserin eterleri ile harmanlanmasi
sonucunda dizel yakitina ¢ok benzer bir destilasyon
karakteristigi elde edilmistir. Fakat B15G5 yakit1 daha
fazla gliserin eterleri icermesi nedeniyle T5-T40
araligindaki  destilasyon sicakliklar1 daha  hizli
dismistiir. T40 destilasyon sicakligindan sonra B15G5
yakit1 dizel yakit1 ile neredeyse ayni destilasyon egrisine
sahiptir.

B20 B18G2 ——B15G5

360
330
300
270
240

Sicaklik (°C)

210

180
20 40 60 80

Distile edilen hacim (%)
Sekil 2. Destilasyon egrileri
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Sekil 3’te 6zgiil yakit tiiketiminin test yakitlar1 ve motor
yiikiine gore degisimi verilmistir. Ozgiil yakit tiiketimi
grafigi incelendiginde motor yiikil arttikca 6zgil yakit
tilketiminin azaldig1 ve tiim yakitlar i¢in minimum 6zgiil
yakit tiiketiminin tam yiikte gerceklestigi goriillir. Bu
beklenen bir degisimdir. Clinkii motor yiki artikca 1s1
transferinin oransal olarak azalmasi, efektif gucin
artmasin1 ve sonucta 6zgil yakit tiikketiminin diigmesini
saglar (Simsek vd, 2019). Yuksek motor yiiklerinde test
yakitlarinin 6zgiil yakit tiiketimi degerleri arasindaki
farkliliklarin azaldigi goriilmistiir. Bu durum, ylksek
yiiklerde silindir gaz sicakliinin artmasi, karigim
yakitlarinin yiiksek viskozite ve yogunlugunun daha
homojen karigim olusumu iizerindeki olumsuz etkilerinin
kismen azalmasina ve yakit bilesimindeki oksijenin
yanmay1 gelistirmesine baglanabilir. Yakit karisimlari,
biyodizelin ve gliserin eterlerinin diisiik 1s1l degeri ve
yiiksek yogunlugundan dolay1 tim motor yiiklerinde
dizel yakitina gore motorun oOzgiil yakit tiiketimini
arttirmustir. Yakitlar arasinda en diisiik 1s11 degere gliserin
eterleri sahip oldugu i¢in Karigim bilesimindeki gliserin
eterleri orami artikga Ozgiil yakit tiiketimi artmustir.
Yiiksek uguculuga sahip yakitlar disiik yiiklerde
motorun 6zgiil yakit tikketimini arttirdigi bilinmektedir
(Ushakov ve Lefebvre, 2019). Gliserin eterlerinin yakitin
destilasyon sicakliklarini diiglirmesi, ozellikle diigiik
motor yiiklerinde 0zgiil yakit tiiketiminin daha hizli
artmasina neden olmus olabilir. Motorun 6zgiil yakit
tiketimi ile HC emisyonlar1 arasinda dogrusal bir
iligkinin olmas1 6zgiil yakit tiikketimindeki degisimlerin
yorumlanmasini kolaylagtirmaktadir. Test yakitlart igin
HC emisyonu degisiminin verildigi grafige (Sekil 10)
bakildiginda gliserin eterleri HC emisyonunu arttirdig
goriilmektedir. Dolayist ile gliserin eterlerinin motorun
Ozgiil yakit tiiketimini arttirmasinin nedenleri arasinda,
gliserin eterlerinin yiksek HC emisyonun da oldugu
anlagilmaktadir. %25 motor yikinde D, B20, B18G2 ve
B18G5 yakiatlart i¢in belirlenen 6zgiil yakit tiiketimi
degerleri sirasiyla 0,5905 kg/kW-h, 0,6002 kg/kW-h,
0,6339 kg/kWh ve 0,6529 kg/kW-h olarak
hesaplanmistir. Tam yiike bu yakitlar icin 6zgiil yakit
tiketimi sirasiyla 0,2191 kg/kW-h, 0,2191 kg/kW-h,
0,2224  kg/kW-h ve 0,2291 Kkg/kW-h olarak
hesaplanmistir. Tim yiik noktalarindaki 6zgiil yakit
tilketimi degerlerinin ortalamasi alindiginda B18G2 ve
B15GS5 yakitlart D yakitina gore ortalama 6zgiil yakit
tuketimini %5,22 ve %10,34 oraninda arttirmistir. Bu
yakitlar B20 yakit1 ile kiyaslandiginda ortalama ozgiil
yakit tiiketimindeki artig sirasiyla %3,00 ve %8,01
oldugu belirlenmistir.

Test yakitlarinin motorun efektif (termal) verimine etkisi
Sekil 4’te verilmistir. Motor yiikii artik¢a tiim yakitlar
icin efektif verim artmis ve maksimum efektif verim
degerleri tam yilikte hesaplanmistir. Motor yikil ile
birlikte efektif verimin artmasi, c¢evrim basina
gergeklesen 1s1 transferinin oransal olarak azalarak
yanmanin daha yiiksek sicakliklarda gerceklesmesine
baglanabilir (Heywood, 1988; Pulkrabek, 1997). D, B20,
B18G2 ve B15GS5 yakitlari i¢in en yiiksek efektif verim
degerleri sirasiyla %38,68, % 39,76, %39,41 ve %38,71
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Sekil 3. Ozgul yakit tiiketimi
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olarak tam yikte hesaplanmisgtir. Tam yiikte, B20 ve
B18G2 yakitlar1 motorun efektif verimini dizel yakitina
gore fark edilir diizeyde arttirmasi dikkat cekicidir.
Yiksek motor yiklerinde hava-yakit karisimi daha
yiiksek sicakliklardaki ortam kosullarinda olustugundan,
yakit karisimlarinin yiiksek viskozite ve yogunluklari
karisimin olusumunda 6nemli bir sorun teskil etmedigi
diigiiniilmektedir. Bununla birlikte biyodizel ve gliserin
eterlerinin bilesiminde bulunan oksijen, zengin karigim
bolgelerinde yaktin daha hizli oksitlenmesini saglayarak
efektif verimin artmasina yol agmis olabilir. Ancak kismi
motor yiiklerinde yakit karisimlarinin diisiik 1s1l degeri
daha baskin hale gelerek efektif verim diigmektedir. Buna
ragmen efektif verimdeki diisiis sinirli olmaktadir. Bunun
sonucunda B18G2 yakit1 ortalama efektif verimi, D ve
B20 yakitina gore ¢ok az diigiirmiigtiir (ortalama efektif
verim degerleri arasindaki farklar (=%0,70) efektif
verim i¢in hesaplanan belirsizlikten kiguktlr). Fakat bu
durum, literatiirde de belirtildigi gibi diisiik karigim
oranlarinda gorilebilir (Yesilyurt vd, 2018). Karisimdaki
gliserin eterleri oraninin artmasi halinde ortalama efektif
verim anlamli diizeyde azalmigtir. B15G5 yakitinin
diisiik 1s11 degeri, yakit bilesimindeki oksijenin olumlu
etkisi karsisinda daha baskin hale gelerek ortalama
efektif verimin D ve B20 yakitina gore sirasi ile %4,16
ve %4,66 oraninda azalmasina neden olmustur.
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Sekil 4. Efektif verim

Sekil 5’te tam ylikte test yakitlari i¢in silindir basincinin
krank mili agisina gore degisimi verilmigtir. TUm test
yakitlar1, krank mili agisina gére benzer silindir basinci

degisimi sergilemistir.  Fakat B18G2 yakiti diger
yakitlara gore silindir basincini biraz arttirmistir. Gliserin
eterlerinin disiik 1s1l degerine ragmen, diisiik destilasyon
sicakliklart ve oksijen icerigi nedeniyle B18G2 yakiti
daha hizli yanma sergileyerek silindir basincini
yiikselttigi  diisliniilmektedir. Bu durum Sekil 6°da
verilen net 1s1 yayilim grafigi ile Sekil 7°de verilen basing
artig oramt grafiginden de goriilebilir. Bu grafiklerde de
B18G2 yakiti diger yakitlara gore daha iyi performans
sergilemistir. Hizli buharlagsma karakteristigine sahip
yakitlarin  kullanilmas:1 halinde silindir igiresinde
buharlagan yakit miktar1 artar ve buna bagli olarak
kontrolsiiz yanma safhasinda yanmaya katilan yakit
miktar1 daha fazla olur (Datta ve Mandal, 2017; Frusteri
vd, 2013; Sivalakshmi vd, 2012). Bu durumda silindir
basinct ve net 1s1 yayilimindaki artis daha hizli olur
(Emiroglu ve Sen, 2018). Hizli yanma sabit hacimde
gerceklesen yanma oranini arttirdign icin efektif verim
artar (Zheng vd, 2016). B18G2 yakitinin hizli yanma
sergilemesi efektif verimdeki degisimle
desteklenmektedir. Ancak gliserin eterlerinin dizel ve
biyodizele gore 1s1l degerinin diisiik olmasi nedeni ile en
diisiik silindir basmcit B15G5 yakitinin kullaniminda
Ol¢iilmiistiir. Ayrica B15G5 kullannminda ayni efektif
giic ¢ikist igin piskiirtillen yakit miktarinin maksimum
olmasi yanma siiresinin uzamasina ve maksimum silindir
basincinin gerceklestigi krank mili agisimin Ust 6li
noktadan (UON) uzaklasmasina yol agmistir. Maksimum
silindir basinc1 D, B20, B18G2 ve B15GS5 yakatlari igin
sirastyla 367° KMA, 367° KMA, 366° KMA ve 368°
KMA’da; 49,35 bar, 49,04 bar, 51,05 bar ve 46,78 bar
olarak ol¢iilmiistiir.
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Sekil 5. Tam yukte silindir basinci

Dizel motorlarda tutugma ve yanma, yanma odasinin
farkli noktalarinda ayni anda basladig: i¢in 1s1 yayilim
orani yanma hiz1 ile iliskilendirilebilir (Safgonul vd,
2013). Piiskiirtiilen yakitin silindir igindeki gazlardan 1s1
alarak buharlagsmast ve silindir icindeki sicak gaz
karigimindan silindir duvarina olan 1s1 transferi nedeni ile
net 1s1 yayillim oran1 yanma baslamadan once negatiftir
(Maurya vd, 2019). Yanma basladiktan sonra net 1s1
yayilim oram artarak maksimum degere ulasir ve tepe
noktasindan sonra genelde ikinci ama daha disiik bir
maksimum degere ulagir ve sonrasinda giderek azalir
(Heywood, 1988). Dizel motorlardaki bu 1s1 yayilim
oram karakteristigi, Sekil 6’da goriildigii gibi test



yakitlart i¢in de ortaya ¢ikmistir. Bu grafikte B18G2
yakiti, net 1s1 yayilim oranini nispeten daha erken krank
mili agisinda baglatmis ve hizli bir yanma sergileyerek
maksimum net 1s1 yayilimi oranint arttirmis oldugu
gorllmektedir. Tutusma gecikmesi siiresince yanma
odasinda biriken yakitin aniden yanmasi sonucu €n
yiksek net 1s1 yayilim orani, B18G2 yakiti kullaniminda
gortilmiistiir. Dizel yakitinin yiksek setan sayisi ve 1sil
degerinden dolayr maksimum net 1s1 yayilim orant B20
ve B15G5 yakitina gore artmistir. D, B20G0, B18G2 ve
B15GS5 yakitlart i¢in maksimum net 1s1 yayilim orani
sirastyla 356° KMA, 358° KMA, 356° KMA ve 359°
KMA’da; 31,86 J/’KMA, 28,36 J/’KMA, 33,40 J’KMA
ve 26,79 JPKMA olarak belirlenmigtir. B20 yakiti
yiksek destilasyon sicakliklari, B18G5 yakiti ise diisiik
setan sayis1 ve diigiik enerji icerigi nedeni ile maksimum
net 1s1 yayilim oraninin diismesine ve daha ge¢ krank mili
acilarinda gergeklesmesine neden olmustur.

Krank Mili Agisi, 0 (derece)

Sekil 6. Tam yiikte net 1s1 yayilim orani

Sekil 7°de tam yiikte test yakitlari i¢in basing artig
oraninin krank mili agisina gore degisimi verilmistir.
B18G2 vyakiti diger yakitlara gore daha fazla 1s1
yayilimina neden oldugu igin basing artig oranini
artirmigtir. Ancak tim yakitlar i¢in belirlenen basing
artis orant degeri, kabul edilebilir en yiiksek basing artis
oran1 degeri (vuruntu sinir1) olan 10 bar/’KMA’dan
(Mousavi vd, 2019; Uyumaz vd, 2019) ¢ok daha diisiik
oldugu belirlenmistir. Basing artis oram1 10
bar/’KMA’dan fazla olmasi durumunda dizel vuruntusu
meydana gelir. Test yakitlart vuruntu simirin1 agmadigt
icin dizel vuruntusu meydana gelmemistir. B20 ve
B15G5 yakitlarmin diisiik net 1s1 salinimi nedeniyle
basing artis oranlari1 diisiiktiir. Maksimum basing artis
oraninin  diismesi  piston-biyel-krank mekanizmasi
Uzerindeki mekanik yukleri azaltarak motorun yapisal
dayanikliligina katkida bulunur (Kuszewski, 2018).
Fakat ayn1 zamanda motor performansinin da diigmesine
neden olur. D, B20, B18G2 ve B15G5 yakitlar1 i¢in
maksimum basing artig orani sirastyla 356° KMA, 357°
KMA, 356° KMA ve 358° KMA’da; 3,62 bar/’KMA,
3,28 bar/’KMA, 3,80 bar/’KMA ve 2,92 bar/’KMA
olarak belirlenmistir.

Sekil 8’de tam yiikte tutugsma gecikmesi ve yanma
stiresinin test yakitlarina gore degisimi verilmistir. Tam
yiikte D, B20, B18G2 ve B15G5 yakitlar1 i¢in tutugma
gecikmesi sirasiyla 10° KMA, 11° KMA, 11° KMA ve
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10° KMA olarak belirlenmistir. Goriildiigi gibi dizel-
biyodizel karigimmma %2 ve %35 oraninda gliserin
eterlerinin eklenmesi tutugsma gecikmesinde onemli bir
degisiklige yol agmamistir. Gliserin eterlerinin setan
sayis1 digiiktiir (Jaecker-Voirol vd, 2008). Fakat tutugsma
gecikmesini etkileyen viskozite, yogunluk, kaynama
noktast sicakligl ve oksijen icerigi gibi yakit 6zellikleri
gliserin eterleri kullaniminda gelismistir. Bu etkiler test
yakitlar1 i¢in benzer tutugsma gecikmesi siiresine yol
acmugtir. Gliserin eterlerinin diisiik 1s1l degerinden dolay1
ayn efektif giicii elde edebilmek igin harcanan yakit
miktart B18G2 ve B15G5 yakit1 kullaniminda artmis ve
bunun neticesinde yanma siiresi uzamistir. Tam yiikte D,
B20, B18G2 ve BI5G5 yakitlar1 i¢in yanma siiresi
sirastyla 67° KMA, 66° KMA, 71° KMA ve 73° KMA
olarak belirlenmistir.
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Igten yanmali motorlarda CO emisyonu olusumu biiyiik
oranda oksijen konsantrasyonu ve yanma odasi
sicakliklarina baghdir (Solmaz vd, 2016; Wu vd, 2019).
CO emisyonunun test yakitlar1 ve motor yiikiine gore
degisimi Sekil 9’da verilmistir. Tiim yakatlar i¢in en
yiiksek CO emisyonu en diisiik motor yiikiinde dl¢iilmiis
ancak motor yiikiiniin artmasi ile birlikte CO emisyonu
azalmis ve minimum CO emisyonu tam yiikte elde
edilmistir. Diisiik ve kismi motor yiiklerinde silindir
basing ve sicakligin diisiik olmasi piiskiirtiilen yakitin
kolayca buharlagarak daha homojen bir hava yakit
karigimi olusumunu engellemis ve sonugta CO emisyonu
artmistir. Tiim motor yiiklerinde gliserin eterleri iceren
yakitlar referans yakitlara gére CO emisyonunu



diigtirmistiir. Gliserin eterleri molekiil yapilarinda
yaklagik olarak kiitlece %30 oraninda oksijen
icermektedir. Yakitin bilesiminde bulunan oksijen
yakitca zengin karisim bolgelerinde oksitlenmeyi
arttirarak CO emisyonu olusumunu azaltmistir. Ayrica

gliserin eterleri, dizel-biyodizel yakit karigiminin
viskozitesini ~ distirerek  yakit  atomizasyonunu
iyilestirmesi daha homojen hava-yakit karigimi

olusumunu desteklemis olabilir. Fakat karisimdaki
gliserin eterleri orani artikca CO emisyonunun artma
egilimine girdigi gdzlemlenmistir. Bunun nedeni gliserin
eterlerinin diisiik 1s1l degeri yuzinden yanmanin daha
diisiik sicakliklarda gerceklesmesi olabilir. Clnki diigiik
yanma sicakliklarinda karbon monoksitin, karbon
dioksite déniisme hiz1 yavaglar (Turns, 1996). Tim yik
noktalarindaki CO emisyonu degerlerinin ortalamasi
alindiginda B18G2 ve B15G5 yakitlar1 CO emisyonunu
D yakitina gore %33,81 ve %15,02 oraninda azaltmistir.
Bu yakitlarin kullaniminda B20 yakitiyla kiyasla
ortalama CO emisyonundaki azalma sirasiyla %34,85 ve
%16,35 oraninda ger¢eklesmistir.
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Sekil 10°’da HC emisyonunun test yakitlart ve motor
yiikiine gore degisimi verilmistir. Motor yiikii artik¢a
hava fazlalik katsayisinin (HFK) azalmasi sonucu tim
yakitlar i¢in HC emisyonu artmistir. Tim yakit
karigimlar1 dizel yakitina gore daha fazla HC emisyonu
olusumuna neden olmustur. Ayrica B15G5 yakiti
kullaniminda HC emisyonunun ¢ok hizli sekilde arttig1
belirlenmistir. Bunun nedenlerinden biri olarak gliserin
eterlerinin diisiilk kaynama noktast sicakligi oldugu
diisiniilmektedir. Dizel yakit demetinin en dis
bdlgesinde tutugmanin gergeklesemeyecegi ya da alevin
ilerleyemeyecegi kadar yakitga fakir karigim bdlgeleri
bulunur ve bu asin fakir karisim bdlgeleri dizel
motorlarda en 6nemli HC emisyonu kaynaklarindan
biridir (Heywood, 1988). Gliserin eterlerinin hizh
buharlagma karakteristigi agir1 fakir karigim bolgelerinin
daha fazla genislemesine yol agarak HC emisyonunu
arttirdig1 diistiniilmektedir. Yakit karigimlarinin diisiik
enerji igerigi nedeni ile yakit tiiketimlerinin yiiksek
olmasi, fakir karisim  bolgelerinin - daha fazla
genislemesine yol agmig olabilir. Bu asir1 fakir karisim
bolgelerinde alev hizinin diisiik olmasi veya alevin
sonmesi egzoz gazlan i¢indeki HC konsantrasyonunu
artirir (Kénigsson vd, 2013; Mahla vd, 2010). Literaturde
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benzer etkilerle yiiksek uguculuga sahip alkol
yakitlarmm HC emisyonunu artirdigini  gdsteren
caligmalar mevcuttur (Atmanli ve Yilmaz, 2020;

Nanthagopal vd, 2018). B20 yakiti, dizel yakitina gore
HC emisyonunu artirmasinin nedeni biyodizelin yiiksek
viskozitesi ve yogunlugudur. Tiim yiik noktalarindaki
HC emisyonu degerlerinin ortalamas1 alindiginda B18G2
ve B15GS5 yakitlar1 HC emisyonunu D yakitina kiyasla
ortalama olarak %91,53 ve %141,81 oraninda
arttirmustir. Bu yakitlar B20 yakitiyla kiyaslandiginda
HC emisyonundaki artig sirasiyla %37,08 ve %73,06
oraninda oldugu belirlenmistir.
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Sekil 10. HC emisyonu

NOx emisyonu dizel motorlarda en 6nemli Kirletici
emisyondur ve toplam kirletici emisyonun yarisindan
fazlasim olusturmaktadir (Resitoglu vd, 2015). NOx
emisyonunu diisiirmek i¢in alinan 6nlemler (EGR ve ge¢
pliskiirtme) diger emisyonlarda ve yakit tiiketiminde
artisa neden oldugundan kontrolii zor olan bir
emisyondur. Sekil 11°de NOx emisyonunun test yakitlar
ve motor yiikiine gore degisimi verilmistir. Motor yiiki
artik¢a silindir basing ve sicakligi yiikseldigi i¢in NOx
emisyonu artmaktadir. Grafikte en dikkat ¢ekici durumun
gliserin eterleri iceren yakit karisimlarinin dizel ve B20
yakitina gdre tim motor yiklerinde ¢cok daha az NOx
emisyonu olusturmasidir. Ayrica karigimdaki gliserin
eterleri orani artikca NOx emisyonu orantili olarak
azalmistir.,  Bu  durum termal NOx  olusum
mekanizmasina etki eden yanma sicakliklart ile iliskili
oldugu diistiniilmektedir. Diistik 151l degere sahip yakitlar
yanma sicakliklarin1  diigiirerek NOx olusumunu
azaltabilir (Altun vd, 2008). Yanma sicakliklari ile egzoz
gaz sicakliklar1 arasinda dogrusal bir iliski bulunmaktadir
(Sayin vd, 2009). Yakit karisimlarinin egzoz sicakliklari
dizel yakitina gore diisiik olmasi, bu yakitlarin diigiik
NOx emisyonlarint desteklemektedir. Ayrica oksijenli
yakitlar, diigiik adyabatik alev sicakliklari nedeniyle
termal NOx olugumunu yavaglatma potansiyeline sahiptir
(Lapuerta vd, 2019). Yakarida ifade edilen durumlardan
dolay1 yakit karigimlart NOx emisyonunu distirmistiir.
Tum motor ylUkd noktalarindaki NOx emisyonu
degerlerinin ortalamas: alindiginda B15G5 ve B18G2
yakitlarit NOx emisyonunu D yakitina gére %77,12 ve
%68,48 oraninda azaltmistir. Bu yakitlar B20 yakitiyla
kiyaslandiginda NOx emisyonundaki azalma sirasiyla
%52,80 ve %34,96 oraninda gergeklesmistir.



Sekil 12°de CO, emisyonunun test yakitlart ve motor
yikiine gore degisimi verilmigti. COz emisyonu
olusumu yakit tiikketimi, yanma verimi ve yakitin C/H
orani ile iliskilidir (Akbarian ve Najafi, 2019; Cakmak ve
Bilgin, 2017). Yiksek motor yiklerinde, yakit tiketimi
ve yanma veriminin artmasinin etkisi ile tiim test yakitlari
icin CO, emisyonunda hafif bir artigin oldugu
gorllmistiir. Yakit karisimlarinin yakit tiiketimi dizel
yakitina gore yiiksek olmasina ragmen bu yakitlar CO;
emisyonu dizel yakitina gore diisiirmiiglerdir. Bunun
nedeni biyodizel ve gliserin eterlerinin dasiik C/H
oranma sahip olmasidir. B18G2 ve B15G5 yakitlar
ortalama CO; emisyonunu D yakitina kiyasla %29,79 ve
%28,24 oraninda azaltmistir. Bu yakitlar B20 yakitiyla
kargilagtirildiginda CO» emisyonundaki azalma sirastyla
%15,09 ve %13,22 oraninda ger¢eklesmistir.
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Sekil 13’te is emisyonunun (duman koyulugu) test
yakitlar1 ve motor yiikiine gore degisimi verilmistir. Sabit
devir sayisinda motor yiikiiniin artmasi hava fazlahk
katsayisinin diismesine neden olur. Bu nedenle is
emisyonlar1, yiiksek motor yiiklerinde artmigstir. Test
yakitlar1 arasinda en yiiksek is emisyonu salimina neden
olan yakitin B20 oldugu belirlenmistir. B20 yakiti
ortalama duman koyulugu degerini D yakitina gore
%129,84 oraninda arttirmistir.  Bu sonug, oksijen
icerigine ragmen biyodizelin yiiksek viskozitesi ve
yogunlugu ile iliskilidir. Biyodizelin  kimyasal
bilesiminde doymamis yag asidi esterlerinin varligi is
emisyonunu arttirir  (Altun, 2014; Wang vd, 2018).
Ayrica biyodizelin yiiksek kaynama noktasina sahip yag
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asidi metil esterleri igerigi is olusumunu hizlandirdig:
sOylenebilir. Dizel-biyodizel yakit karigimina gliserin
eterlerinin eklenmesi durumunda duman koyulugunun
azaldig belirlenmistir. Gliserin eterleri, yakit karisiminin
viskozite ve yogunlugunu diisiirmesi ve destilasyon
sicakliklarini iyilestirmesi nedeni ile is emisyonunu
azaltmigtir. Ayrica gliserin eterlerinin oksijen igerigi
daha fazla partikiil maddenin oksitlenmesini saglayarak
is emisyonunu azalttigi disiinilmektedir. B18G2 ve
B15G5 yakitlar1 B20 yakitina gére duman koyulugunu
ortalama olarak sirasi ile %15,79 ve %24,03 oraninda
azaltmugtir. Literatlirdeki bazi1 ¢alismalarda (Beatrice vd,
2014; Frusteri vd, 2013) gliserin eterlerinin is/partikdl
madde emisyonunu azalttig1 ifade edilmistir.
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SONUCLAR

Bu ¢alismada laboratuvar ortaminda sentezlenen gliserin
eterlerinin dizel motorda ikinci nesil biyoyakit olarak
kullanim1 deneysel olarak arastirilmugtir. Gliserin eterleri
hacimsel %2 ve %5 oraninda dizel-biyodizel yakit
karisimi  ile  harmanlanarak dizel-biyodizel-gliserin
eterleri igeren tglii yakit karigimlari hazirlanmistir.
Hazirlanan bu yakatlar ile referans yakit olarak se¢ilen
dizel ve B20 yakitinin énemli fiziksel yakit 6zelikleri
Olglilmiis ve ardindan motor performans ve egzoz
emisyon testleri gerceklestirilmistir. Elde edilen énemli
sonuglar agagida verilmistir.

e Biyodizel uretiminden kaynaklanan gliserinin
kimyasal yontemle dizel motorlarda kullanilabilecek
biyoyakita donistiiriilebilmektedir. Gliserin eterleri
dizel-biyodizel yakit karigimi ile harmanlanmasi
durumunda yakitin yogunluk, viskozite, 1sil deger,
setan indisi ve destilasyon sicakliklarinda diisiis
meydana gelmistir.

Dizel-biyodizel yakit karigimina hacimsel %2 ve %5
oraninda gliserin eterlerinin ilave edilmesi ile yakitin
viskozitesi yaklagik %10-14 oraninda azalmistir.
Dolayist ile gliserin eterlerinin  biyodizel ile
harmanlanmas1 halinde biyodizelin yuksek viskozite
sorunu hafifletilebilir.

Gliserin eterlerinin diisiik kaynama noktasi sicakliklari
nedeniyle destilasyon sicakliklarmi — diigiirmiistiir.
Biyodizel-dizel yakit karigimina %2 oraninda gliserin
eterlerinin ilave edilmesi ile dizel yakitinin destilasyon
egrisine ¢ok benzer bir destilasyon egrisi elde



edilmistir. Bu durum yakitin performans ve yanma
karakteristiklerini iyilestirmistir.

e Gliserin eterleri motorun &zgiil yakit tiiketiminin
artmasina ve efektif verimin azalmasina neden
olmustur. Ancak motor performansindaki bu
disiisler B18G2 yakiti i¢in daha az oldugu
belirlenmistir.

e B18G2 yanmada sinerjik bir etki olusturarak
maksimum silindir basincini, net 1s1 yayilim oranini
ve basing artis oranmi diger yakitlara gore
yiikseltmis ve maksimum noktalarin daha erken
krank mili ac¢ilarinda ger¢eklesmesini saglamgtir.

o Gliserin eterlerinin egzoz emisyonlar1 izerindeki en
onemli etkisi NOx ve HC emisyonlarinda
goriilmiistiir. Gliserin eterleri referans yakitlara gore
NOx emisyonlarin1 azaltmis ancak HC emisyonlarini
arttirmistir. Bu degisimler karisimdaki eter miktari ile
orantili oldugu goriilmiistiir.

o Gliserin eterleri CO, CO; ve is emisyonlari
diistirmiistiir.

e BI18G2 yakit1 B15GS yakitina gbre daha iyi motor
performansi, yanma karakteristikleri ve egzoz
emisyonlarina sahip oldugu belirlenmistir. Bu
nedenle gliserin eterlerinin dizel-biyodizel yakit
karisimi i¢in en uygun harmanlama oranmin %2
oldugu belirlenmistir.

e Pratikte, karisimdaki %20 biyoyakit miktari, %18
biyodizel ve %2 gliserin eterleri harmanlanarak elde
edilebilir. Bu durumda hedeflenen biyoyakit karigim
oranind  ulagilmast  kolaylagmaktadir.  Ancak
biyodizel Uretim prosesinde %10 oraninda gliserin
olustugundan dolay1 siirdiiriilebilir biyodizel iiretimi
igin gliserin eterleri %10 oraninda biyodizel ile
harmanlanmalidir. Bu ¢alismada Ucli karisimdaki
%2 gliserin eterleri orani, gliserin eterlerinin
biyodizel ile %10 oraninda karistirilmasiyla
saglanmistir.

o Gliserin eterleri karisimi, her biri farkli fiziksel ve
kimyasal 0zelliklere sahip bes adet eterden
olusmaktadir. Dolayis1 ile bundan sonra yapilacak
caligmalarda gliserin eterleri karigiminin bilesimi,
yakit ozelikleri, motor performansi ve egzoz
emisyonlar1 agisindan optimize edilebilir.
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Ozet: Bu calismada déndiiriiciiye ait kanat sayis1, kanat sarim agis1 ve kanat uzunlugu ile yakit giris capinin yanma
odasindaki tiirbiilansli akis yapisi, yanma verimi ve emisyon degerleri iizerine etkisi arastirilmistir. Referans alinan
dondiiriicti kanat sayisi (n), kanat uzunlugu (L), kanat sarim agis1 (0) ve yakit giris ¢ap1 (D>) sirasi ile 10, 40 mm, 45°,
19.5 mm’dir. Kanat sayis1 (6,8,10,12,14), kanat uzunlugu (0.5L, L, 1.5L, 2L), kanat sarim ag1s1 (30°, 45°, 60°, 75°, 90°,
120°) ve yakit giris ¢ap1 igin (0.5 D2, D, 1.5 D3, 2 D7) parametrik degerler kullanilarak yeni modeller olusturulmustur.
Sayisal caligmalar ANSYS/Fluent 17.2 ticari yazilimi ile gergeklestirilmis ve referans alinan deneysel ¢caligmaya uygun
olarak dnceden karigmamis yanma modeli tanimlanmistir. Sayisal yontem, elde edilen verilerin deneysel veriler ile
karsilagtirilmasi ile dogrulanmustir. Analizler sonucu olarak kanat sarim agisinin alev sekli, kanat uzunlugunun ise
alevin simetrik yapisi iizerine 6nemli etkisinin oldugu bulunmugtur. M04510403900 (6=45°, n=10, L=40 mm,
D»=39.00 mm) modelinde en yiiksek 1s1l verim elde edilmis ve % 79.3 olan referans dondiiriiciiniin 1s1l verimi bu model
ile % 93.8¢ yiikselmistir. Yanma odasi seyreltme delikleri dncesinde CO kiitle fraksiyonu degerinin referans dondiirticii
modelinde 0.002 oldugu ve M04510400975 (6=45°, n=10, L=40 mm, D,=9.75 mm) modelinde bu degerin 0.018’e
yiikseldigi tespit edilmistir.

Anahtar Kelimeler: Déndiiriicii tasarimi1, Hesaplamali Akiskanlar Dinamigi, Kanat sayisi, Kanat uzunlugu, Onceden
karigmamis yanma modeli, Sarim agis1, Yakit girig ¢api.

A PARAMETRIC STUDY ON THE SWIRLER FOR TURBULENT COMBUSTION

Abstract: In this study, the effects of the number of swirler blades, swirler blade wrape angle, swirler blade length and
the fuel inlet diameter on the turbulent flow structure, combustion efficiency and emission in a combustion chamber
have been investigated. The number of blades (n), the blade length (L), the blade wrape angle (0) and the fuel inlet
diameter (D) of the swirler blades were taken as 10, 40 mm, 45° and 19.5 mm, respectively. New models were created
using the parameters of the blade number (6,8,10,12,14), the blade length (0.5L, L, 1.5L, 2L), the blade wrape angle
(30°, 45°, 60°, 75°, 90°, 120°) and the fuel inlet diameter (0.5 D2, D2, 1.5 D2, 2 D,). Numerical analysis were performed
using ANSYS/Fluent 17.2 commercial software and non-premixed combustion model was defined according to the
referenced experimental study. Numerical method was validated with the comparison of numerical and experimental
data. It is concluded that the wrape angle has a significant effect on the flame shape and the blade length on the
symmetrical structure of the flame. The highest thermal efficiency was obtained for the model M04510403900 (6 =45°,
n=10, L =40 mm, D,=39.00 mm) and the thermal efficiency of the referenced swirler geometry of 79.3% were increased
to 93.8% with this model. It has been seen that CO mass fraction value upstream of the dilution holes was 0.002 for
referenced swirler model and this value increased to 0.018 for the model M04510400975 (6=45°, n=10, L=40 mm,
D»=9.75 mm).

Keywords: Swirler design, Computational Fluid Dynamics, Blade number, Blade length, Non-premixed combustion,
Wrap angle, Fuel inlet diameter.

SEMBOLLER
f Ortalama karisim fraksiyonu
Co, Cg  Ampirik katsayilar F? Karisim fraksiyonu varyansi
Ci, Cy, §abit katsay1 — v Kimi i i Tm/s2
Cp Ozgiil 1s1 kapasitesi ﬁ Eer(;le _'r:r]]/'klvnlleS' [m/s]
P Kuvvet Vektorii [N] ntalpi (J/kg.K)

£ Karisim fraksiyonu H Ortalama entalpi (J/kg.K)
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k Turbulans kinetik enerji (m?/s?)

ki Turbulans termal iletkenlik [W/m-K]
m Kitlesel Debi (kg/s)

n Dondiiriicii kanat sayisi

P Basing [N/m?]

R Dondiiriicii capt [m]

Sh Kaynak terim

Sn Girdap sayis1

Sh Kaynak terim

t Zaman [s]

U Eksenel hiz [m/s]
u,v Hiz vektorii [m/s]
Vee Yanma odas1 bolgesi [m°]
W Tegetsel hiz [m/s]
4 Elemental kitle fraksiyonu
£ Tiirbiilans kinetik enerji kayb1 [m?/s%]
1 Viskozite [kg/m-s]
TN Tiirbiilansh viskozite [kg/m-S]
i Laminer viskozite [kg/m-s]
P Yogunluk [kg/m®]
Ok k i¢in tlirbiilans Prandtl sayis1
O € i¢in tiirbiilans Prandtl sayisi
0] Esdegerlilik orani

GIRIS

Yanma odalari, gaz tiirbinli motorlarinin olduk¢a 6nemli
bir bilesendir. Bu nedenle; yanma odalar1 tasariminda
yanmanin kararliligi, yliksek yanma verimi ve iiretilen
emisyon gazlariin konsantrasyon kosullar1 géz 6niinde
bulundurulmalidir. Yakit ve havanin etkili karisimi
yanma verimini artirmakta ve yanma sonrasi olusan bazi
hidrokarbonlarin  konsantrasyonlarint  azaltmaktadir.
Yakit ve havanin etkili karisimi igin uygulanan
yontemlerden bir tanesi dondiiriicti kanat kullanimidir.

Dondirict  geometrileri  Uzerine  birgok  ¢aligma
yiriitiilmiistiir. Bunlardan belli basli olanlardan, Zhou
(2018), bes farkli kanat modeli igin yapilan sayisal
caligmalarda LES (Large Eddy Simulation) yontemi ve
RANS (Reynolds-Averaged Navier Stokes) turbillans
modellerini kullanmistir. Sayisal analizlerde donduriict
kanatlarinin akis yapisi ve yanma fiizerine etkisinin
oldugunu belirlemistir. Yine degisken kanat acili
profiller kullanilarak yapilan deneysel ¢aligmada girdap
yogunlugunun alev sapma agisimi  da artirdigi
belirlenmistir (Wang vd., 2015). Patel ve Shah (2019),
30° kanat acisia sahip dondiiriicii kullanarak metanin
ters difiizyon alevinin yanma karakteristigi iizerine
girdap ve dondiiriicii kanat sayinin etkisini incelemistir.
Dondiiriicliniin - oldugu deneysel c¢aligmalarda alev
uzunlugunun azaldig1 ve en kisa alev uzunluguna sahip
dondiiriicii profilinin 8 kanatli oldugu belirlenmistir.
Buna ragmen dondiiriiciilii yanma odasinda dondiiriicii
olmayan yanma odasindakine gore daha yiiksek sicaklik
degerleri elde edilmistir. En diisiik NOx degeri 6 kanatli
donduriicllye sahip yanma odasinda gozlemlenmistir.
Tret’yakov (2007), {i¢ asamali bir dondiiriicli iizerine
yaptiklar1 geometrik modifikasyonlar ile atomize edilmis
yakitin dondiiriicii deflektor duvarlari, halkali stabilizator
ve aymrma kabugunda biriken yakit kiitlesel
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fraksiyonlarini incelemislerdir. Midgley vd. (2005),
caligmalarinda yakit enjektorii ile beslenen bir radyal
dondiiriicti ile PIV (Parcacik goriintiilemeli hiz 6l¢timii)
sistemi kullanarak izotermal deneysel ¢aligmalar
gerceklestirmis ve yanma odasindaki akig yapisini
incelemiglerdir. PIV sonuglar1 ile yakit enjektoriinden
olusan ikiz bir girdap dagilimi gézlemlenmistir. Eldrainy
vd. (2009), gaz tirbinli yanma odalarinda yeni bir
dondiiriicii geometrisi lizerine ¢alismislardir. Calisilan
dondiiriicii geometrinin yenilik¢i yani, ayni giris kiitlesel
debisinde = girdap  sayist  degiskenligine  izin
verebilmesidir. Sayisal analizler sonrast degisken
tegetsel ve eksenel akis orani ile girdap sayisinin dnemli
Olglide degistigini gozlemlemislerdir. Hoda vd. (2021),
dogalgaz ve alternatif bir yakit olarak biyogazin gaz
tiirbini yanma odasinda simiilasyonunu
gerceklestirmislerdir. Calismada iki Onemli tasarim
parametresi olan girdap sayis1 (Sg) ve yakit enjektor ¢api
(Dinj) incelenmistir. Shahin vd. (2016), basamakl
koniksel bir geometriye sahip dondirici kullanarak
onceden karigmamis (ing. non-premixed) yanma islemini
sayisal ~ve  deneysel olarak  incelemiglerdir.
Calismalarinda 5° esit acilarda 0°-25° jet agilari igin
girdap plakalar1 sonrast hiz ve sicaklik degisimlerini
belirlemiglerdir. 10° ve 15°lik agilardaki girdap
plakalarinin en diizenli sicaklik dagilimi ve minimum
basing diisiimiine sahip oldugu tespit edilmistir. Sayyar
ve Davani (2021), i¢ helezonlu bir yanma odasinda
girdaplarin 6nceden karismanmus alev reaksiyonlari
iizerine etkisini sayisal olarak aragtirmistir. Yanit Yiizey
Metodolojisi (ing. Response Surface Methodology) ile
alev kararliligi, 1sil verim amag¢ fonksiyonu ve iki
geometrik degisken tanimlamasi yapilarak optimize
edilmistir. Sarmalin genisligi ve adimi degistirildiginde
yanma veriminde iyilestirmelerin meydana geldigi
belirlenmistir.

Yanma verimine etki eden parametrelerden ikisi girdap
sayis1 ve hava-yakit oran1 degerleridir. Tasarlanan farkli
yapilardaki dondiiriiciiler ve kanat yapisindaki geometrik
degisiklikler ile dondiiriicii sonrasi girdap sayisinda
artiglar saglanabilmektedir. Girdap sayisindaki degisim
yanma verimi etkilemekte ve atik gaz derigimini
azaltabilmektedir. Bu kapsamda Prakash vd. (2020)’in
yaptigi c¢aligmada, Onceden karigmamig ve girdap
kararliligr saglanmig bir gaz tiirbin yanma odasinda
girdapl yakit enjeksiyonunun alev kararlilig1 ve emisyon
karakteristigine etkisi deneysel olarak incelenmistir.
Calismada {i¢ farkli yakit enjeksiyon konfigiirasyonu
kullanilmistir. Yanma odasina hava yanma odasina saat
yonlnin tersi dogrultusunda yakit ise a) girdapsiz yakit
girisi b) saat yoniinde ve c) saat yoniine ters dogrultuda
girdapli yakit girisi saglanmistir. Deneysel ¢aligmalarda
global esdegerlilik oran1 0.2-1 araliginda tercih
edilmistir. Sonug olarak tiim ¢aligma kosullarinda yanma
odasinda c¢ok diisiikk seviyelerde NOx varligi tespit

edilmigtir. Global esdegerlilik oran1 artist NOx
olusumunu da  artirmigtir.  Yakit  enjeksiyon
konfigiirasyonlar1 karsilagtirildiginda “b” kosulunda

diger konfigiirasyonlara gore daha diisiin NOx emisyonu
elde edilmistir. Alev uzunlugunun (ing. flame standoff
distance) “c” kosulunda diger konfigiirasyonlara gore



daha diisiik degerlere indirgendigi belirlenmistir. Yakit
ve havanin “c” konfigiirasyonunda diger
konfigiirasyonlara gore daha hizhi karistigi ve daha
yiiksek reaktivitenin meydana geldigi goriilmiistiir. ilbas
vd. (2016), gaz yakici bir yanma odasinda girdap
sayisinin hidrojen igeren yakitlarin yanma karakteristigi
iizerine etkisini incelemistir. Girdap sayismnin alev
sicakligina etkisinin biiylik oldugu gozlemlenmistir ve
girdap sayisindaki  degiskenligin  yiiksek  NOy
bolgelerinin meydana gelmesine neden oldugu da tespit
edilmistir. Pourhoseini ve Asadi (2017)’nin deneysel
calismasinda 0°, 40° ve 80° kanat acili dondiiriiciiler
kullanilmigtir. Deneysel sonuglar dondiiriicii  kanat
acilarinin yanma verimi, sicaklik, CO ve NO atik gazlar
derisimleri iizerine olduk¢a biiyiik etkisinin oldugunu
gostermistir. Optimum kanat agis1 ile yakit ve hava
karisiminin en yiiksek seviyelere ulagtirilabilecegi, CO
ve NO vb. atik gaz derisimlerinin azaltilabilecegi
belirtilmistir. Shah (2015), farkli kanat agilarina sahip
dondiirticti profilleri ve farkli AFR (hava-yakit orani)
kosullarinda boru tipi yanma odasi ¢ikisindaki sicaklik ve
emisyon degerlerindeki degisimleri deneysel olarak
incelemistir. Sicaklik  degerleri  incelendiginde
dondiirticii sonrasi birincil bélgedeki girdap ve birincil jet
varligl nedeniyle maksimum sicakligin yanma odasi
¢ikiginda cidar bolgesinde olustugu belirlenmistir. Artan
dondiiricii kanat agis1 ile yanma odast c¢ikisindaki
sicaklik gradyanlarinda disiislerin meydana geldigi
gozlemlenmistir. Ayn1 kanat agisinda yiiksek AFR
degerlerinde yanma odasi ¢ikisinda sicaklik degerleri
azalmstir. AFR degeri arttikca CO emisyon degerinin de
azaldig1 belirlenmistir. Ayrica yine kanat agisindaki artig
CO emisyon degerinin azalmasimi saglamistir. Rajabi ve
Amani (2018), deneysel yanma verileri (Sandia Flame D
ve BERL yanma odasi) kullanarak ve halkali tip bir
yanma odasinda sayisal g¢aligmalar yiiriiterek entropi
iretim karakteristigi lizerine girdap sayisinin etkisini
incelemistir. Sonu¢ olarak diigiikk girdap sayilarinda
reaksiyonun, yiiksek girdap sayilarinda 1s1 transferinin
katkust ile 1s1 transferi ve reaksiyonun entropi iiretiminde
baskin bir rol oynadig1 belirlenmistir.

Literatiirde dondiiriicii kanat yapilari iizerine yapilan
calismalarda kanat sarim agisi ve kanat sayisinin
degisimi iizerinde durulmustur. Kanatli yapilarda kanat
sayist ve kanat sarim agisinin yaninda akis yapisini
etkileyen tasarim parametrelerinden bir tanesinin de
kanat uzunlugu olabilecegi gercegi goz ardi edilmistir.
Artan ya da azalan kanat uzunlugunun, kanat ¢ikiginda
akis yapisini onemli Olciide degistirecegi
diistiniilmektedir. Bu durum yanma odalarinda yakit ve
hava karisiminin homojenligini ve yanmanin dinamik
yapisint da etkileyebilir. Yakit ve hava karigiminin
homojen yapisina etki eden bir bagka unsurun da yakit
giris hiz1 olabilecegi bu calismada degerlendirilmistir. Bu
yeni degiskenlerle birlikte bu calismada, dondiiriicii
kanatlar1 sarim agisi, kanat sayisi, kanat uzunlugu ve
yakit girig ¢capinin yanma verimi ve emisyon degerlerinin
lizerine etkisi incelenmigtir. Ayrica tiirbiilanshi akis
yapisi ayritih ¢alistimugtir. Tk asamada referans alinan
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yanma odast i¢in sayisal analizler uygulanmustir.
Referans alinan deneysel c¢alismadaki dondiiriiciiniin
kanat sayis1 10, kanat sarim agis1 ise 45°°dir. Yanma
odast 2 m uzunlugunda olup 6 adet seyreltme deligi yer
almaktadir. Deneysel ve sayisal veriler kargilagtirtlmistir.
Calismanin ikinci asamasinda kanat sayisi, kanat
uzunlugu, kanat sarim agis1 ve yakit giris c¢ap1
degistirilerek elde edilen geometriler icin sayisal
analizler yapilmistir. Caligmanin  son agamasinda
referans alinan esdegerlilik oraninda (¢=0.679) en
yiksek yanma verimine sahip dondurtict profili igin
stokiyometrik ve zengin yanma sartlarinda dondiiriicti
modelinin  etkisi gozlemlenmistir. Sayisal analiz
sonuglarma gore farkli dondiiriiciiler ile akig yapisi,
yanma verimi ve emisyon degerlerindeki degisim
incelenmistir.

MATERYAL ve YONTEM
Dondurtct Geometrileri

Yanma odalarinda birincil bolgede yakit ve havanin daha
etkili karisabilmesi ve bu sayede yiksek verimli yanma
elde edebilmek i¢in doéndiiriiciiler kullanilmaktadir.
Déndiriiciiler, girdap sayisini artirilabilmektedir. Bu
artig, yanma reaksiyonlarini pozitif yonde etkilemekte ve
NOyx konsantrasyonunu azaltmaktadir (Shah vd. 2015,
Jeong vd. 2004). Bu calismada referans alinan bir yanma
odasindaki dondiiriicii yeniden ele alinmig ve olusturulan
yeni geometriler icin sayisal analizler yiirGitiilmiistiir.
Referans alinan dondiiriicii, eksenel tipte olup 45° sarim
acist ve 10 adet kanada sahiptir. Yakit dondlricl
merkezindeki 19.5 mm c¢apindaki agikliktan girerken;
hava dondiiriictilerin bulundugu i¢ ¢ap1 42.5 mm, dis ¢ap1
ise 78.1 mm olan agikliktan yanma odasina girmektedir.
Referans geometriye ait tasarim parametreleri Sekil 1°de
paylasilmistir (Serag-Eldin ve Spaldin, 1979).

Dondiiriicii kanatlar, hava hiz vektorlerini ve buna bagl
olarak girdap yapisini degistirdiginden yanma kinematigi
iizerine 6nemli etkilere sahiptir. Yanma kinematigi ile
dondiiriicli tasarimi arasindaki iligkinin anlasilabilmesi
i¢in kanat sayisi, kanat uzunlugu, kanat sarim agisi ve
yakit giris capt degistirilerek 16 farkli dondiiriict
geometrisi olusturulmustur.

IIk yapilan sayisal analizlerde kanat say1s1 6, 8, 10, 12 ve
14 olacak sekilde degistirilmis, kanat sarim agis1 (6=45°),
yakit giris ¢apt (D>=19.5 mm), dondiiriicii giris ¢api
(D=78.1 mm) ve kanat kalinligi degistirilmemistir.
Kanat sayisina ek olarak kanat uzunlugunun etkisi de
referans geometrinin kanat uzunlugu olan L=40 mm
degistirilerek 0.5 L, L, 1.5 L ve 2 L seklinde olusturulan
dondiirticiiler ile incelenmistir. Kanat uzunlugu
calismalarinda kanat sarim acgisi, dondiiriicti giris ¢api,
yakit giris ¢ap1 ve kanat kalinligi sabit tutulmustur.
Ayrica kanat sarim agis1 da dondiiriicti ¢ikigindaki hiz
vektorleri {izerinde etkilidir. Bu amagla farkli sarim
acilarma (30°, 45°, 60°, 75°, 90° ve 120°) sahip
geometrilerin akis alanina olan etkileri incelenmistir.



Parametreler Deger
Hava Giris Bolgesi Ust Cap1 (D1) 78.1 mm
Yakit Girisg Cap1 (D>) 19.5 mm
Kanat Uzunlugu (L) 40 mm
Kanat Kalinlig1 3 mm
Kanat Sarim Agisi (0) 45°
Kanat Sayis1 (n) 10
Dondiiriicti Uzunlugu (L4) 50 mm
. Hava Girig Bolgesi Alt Cap1 (Do) 42.5 mm
5 Yanma Odasi1 Capi (Ds) 210 mm
\//
Sekil 1. Dondiiriicii tasarim parametreleri (Serag-Eldin ve Spaldin, 1979).
Tablo 1. Tasarlanan dondiiriicii geometrileri ayrintilari.
M[O30 ]| [ [ ]
Yakit Girig
Kanat
Kanat Sayis1
Sarim Agisi
Degisken Modeller
Yakit
Giris M04510400975 M04510401950 M04510402925 M04510403900
Cap1
Kanatv M04510201950 MO04510401950 M04510601950 M04510801950
Uzunlugu
SK:;E;E M04506401950 M04508401950 M04510401950 M04512401950 M04514401950
Kanat
Sarim M03010401950 M04510401950 MO06010401950 MO07510401950 MO09010401950 M12010401950
Agisi
Kanat sarim agist c¢alismasinda kanat uzunlugu, verilmigtir ve Tablo 1°‘de Ozetlenmistir. Analizlerde

dondiiriicti giris ¢api, yakit giris capt ve kanat kalinlig:
degistirilmemis olup referans modele ait degerler
kullanilmistir. Son olarak yakit giris capmnin yanma
verimi Uzerine etkisini incelemek icin 0.5 D,, Dy, 1.5 D>
ve 2 D; capinda modeller olusturulmustur. Yakit giris
cap1 ¢aligsmasinda kanat uzunlugu, dondiiriicii giris ¢api,
kanat kalinlig1 ve kanat sarim agist degerlerinde aym
birakilmistir.  Olusturulan 16 geometri  Sekil 2’de
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kullanilacak olan referans yanma odas1 (Sekil 2) 2000
mm uzunluga ve 210 mm ¢apa (D3) sahiptir. Yanma
odas1 tizerinde giristen 240 mm uzaklikta ¢evresel olarak
dagitilmis 25.4 mm ¢apinda 6 adet seyreltme deligi
bulunmaktadir. Yanma odasina hava ve yakit, eksenel bir
donddiriicii ile girig yaparak karigmaktadir (Serag-Eldin
ve Spaldin, 1979).



Sekil 2. Tasarlanan dondiriici geometrilerin gdsterimi a) 30°-120° kanat sarim agis1 b) 6-14 kanat
¢) 0.5 L-2 L kanat uzunlugu d) 0.5 D2- 2 D2 yakit giris ¢ap1

Sayisal Yontem

Sayisal ¢aligmalarda ¢ozlim aginda yer alan hiicrelerin
dagilimi, sayisal sonuglari etkilemekte ve akis fizigine
uygun sonuglar elde edilip edilemeyecegini
belirlemektedir. Bu nedenle sayisal ¢alismalar 6ncesi
tasarlanan  geometrilere uygun akis hacimleri
olusturulmus ve referans alinan dondiiriicii ile uyumlu
¢oziim ag1 yapisi tespit edilmistir. Arastirmada
kullanilacak ¢6ziim aginin olusturulacagt akis
hacimleri ve sinir kosullarinin tanimlanacagi yiizeyler

Birincil Hava Girisi

Sekil 3’te verilmistir. Uygun ¢Oziim agmin
saptanabilmesi i¢in Tablo 2’de verilen ozelliklerde 5
farkli ¢6ziim ag1 olusturulmustur.

Tablo 2. Sayisal analizlerde kullanilan ¢6ziim aglari.
Coziim Ag1 | Hiicre Yapisi | Hiicre Sayisi

1 Duizgiin DortyuzIi | 0.568x108

2 Duzgun Dortyuzli 0.642x108

3 Dortylizli 1.710x108

4 Dortytizli 3.450x10°

5 Dortytzlu 6.700x10°
Yanma Odas1

Sekil 3. Boru halkali tipi yanma odast igin olusturulan akis hacmi.



Yanma odasi igerisinde hava-yakit karigiminin hizh bir
sekilde karisabilmesinde tiirbiilansh akis 6zelliklerinden
faydalanilmaktadir. Bu sebeple yanma odasi icerisindeki
akigin tiirbiilans karakteristiklerinin modellenmesinde
Abubakar vd. (2018), tarafindan da énerilen k-¢ tiirbiilans
modeli kullanilmistir ve sayisal ¢alismalar ticari yazilim
olan ANSYS/Fluent 17.2 ile gergeklestirilmistir. Ote
yandan hava ve yakitin ayr1 ayr1 yanma odasina girip
burada karigmasindan dolay1 6nceden karigmamis yanma
modeli tercih  edilmistir. Yanma ve tiirbiilans
modellerinin yaninda sikistirilabilir akis ve 1s1 transferi
nedeniyle sayisal analizlere enerji denklemleri de dahil
edilmistir. Asagida sayisal ¢éziimlemelerde kullanilan
stireklilik, momentum ve enerji denklemleri verilmistir
(Abubakar vd, 2018).

dp  d(pw;)
E-I- 6xi B (1)
o0 .. = .. oL .
a(pv) +V(pv¥) = VP + w2V +pg+F (2
S PE)+T. (B(0E + 1))
®)

. Z hJ; |+

J
Sh

Tiirbiilanslt akis probleminin ¢oziilmesi i¢in kullanilan
standart k-¢ tiirbiilans modelinde tiirbiilans kinetik enerji
(k) ve tirbililans kinetik enerji yitim oraninin (g)
hesaplanmasi gerekmektedir. Denklem (4) ve (5)’te k ve
€ degerinin hesaplanabilmesi icin kullanilan transport
denklemler verilmigtir. Denklem 4 ve 5°te verilen Cy, Co,
ok Ve o parametreleri sabit katsayilardir ve degerleri
sirast ile 1.44, 1.92, 1 ve 1.3 olarak se¢ilmistir (Launder
ve Spalding, 1974).

Dk 1 0 He ak] ut(au auk)au
Dt paxk akaxk 0x,  0x;/ 0xy, )
£
De 1 0 He de
Dt paxk o, axk
Cip, e (au aUk) U, & (5)
+ _— J—
p k\ox, ox/ox, ‘k
2
= Pl (6)
€

Tiirbiilansli 6nceden karigmamis yanma probleminin
modellenebilmesi i¢in iki farkli yaklasim mevcuttur.
Bunlar basit degisken yontemi (ing. Primitive variable
method) ve reaksiyon hizi yaklagimidir (ing. Reaction
rate approach). Basit degisken yonteminde tiirlerin kitle
fraksiyonlari, sicaklik dengesi denklemleri (balance
equation) ve reaksiyon hizinin modellenmesine ihtiyag
duyulmamaktadir. RANS kodlar1 olasilik yogunluk
fonksiyonunu (PDF) tahmin edebilmek i¢in akis
degiskenleri ve karigim fraksiyon degiskenlerini
cozmektedir (Poinsot ve Veynante, 2005). Sayisal
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calismalarda onceden karigmamis yanma problemi i¢in
PDF/Mixture Fraction modeli kullanilmistir. Bu model,
deneysel sonuclara yakin degerlerin elde edilebilmesi
icin tercih edilmektedir (ilbas vd, 2016). Yakit ve
havanin birlesmesi ile c¢oklu kimyasal etkilesim
olusmaktadir. Hizli gerceklesen reaksiyonlar ve
tirbiilansl alevler ile ilgili ¢oziimlemelerde akis fiziginin
karmasikligindan dolay:1 sadelestirmeler yapilmaktadir.
Hesaplamalarda, tiim tiirlerin esit difiizyon katsayilarina
sahip oldugu varsayimi uygulanmaktadir. Bu varsayim,
gazin termokimyasal durumunu korumakta olup
hesaplamalarda  karistm  oraninin  belirlenmesini
gerektirmektedir (Jones ve Whitelaw, 1982). Karisim
oraninin genel formu Denklem 7’de verilmistir. Burada
Z; elemental kiitle fraksiyonunu, “i” ise elementi
tamimlamaktadir. Karisim  fraksiyonu (f) sayisal
analizlerde oksitleyici i¢in “0”, yakit i¢in “1” degeri
tanmimlanmaktadir. Karigim Kkesrinin  ortalama ve
degisken degerleri ile tiirbillansli kimya etkilesimini
incelemek i¢in Denklem 8’de verilen transport denklemi
sayisal olarak ¢oziilmelidir. Denklem 8’de verilen Cq Ve
Cy ampirik katsayilar olup degerleri sirast ile 2.0 ve
2.8’dir (Abubakar vd, 2018).

— ZL‘ - ZI,ox (7)
ZI JSuel — ZI ox
0 wtu ,
v. (puf_z) = ( Lyf 2)
"f 8

Cotte(VfY2Ca - £

Adyabatik olmayan yanma uygulamalarinda 1s1 transferi
sicaklik ve tiir kiitle fraksiyonunu etkilemektedir. Bu
etkinin de sayisal ¢oziimlemelere ilave edilmesi igin
Denklem 9’da verilen ortalama entalpi transport
denklemi kullanilmaktadir. Her bir termokimyasal skaler
(sicaklik, tiir kiitle fraksiyonu vb.) kimyasal denge
varsayimi ile karigim fraksiyonu ve ortalama entalpinin
bir fonksiyonu olarak hesaplanmaktadir. Sonug olarak bu
skalerlerin anlik degerleri ile ortalama degerlerini
iliskilendiren bir modele ihtiya¢ duyulmaktadir. Onceden
karismamis yanma modellemesinde varsayilan-gekil
olasilik yogunluk fonksiyonu (ing. Assumed-shape
probability density function) kullanilmaktadir. Sayisal
calismalarda B-fonksiyon varsayimi PDF kullanilmistir.
Transport denklemlerin ¢cozumi dncesinde
termokimyasal skalerleri iceren bir  tablo
olusturulmaktadir. Hesaplanan bu PDF tablolar, ¢dzim
sirasinda tablo enterpolasyonu ile look-up tablosu olarak
kullanilir. B-fonksiyon varsayimi PDF Denklem 10’da
verilmistir (Abubakar vd, 2018).

k,
V(put) = \7< |7H> +5,

9)
_peid -y
p(f) = [ feia- s (10)
fa-1)
a=fI=Fz 1! (11)



fa-f Sayisal analizlerde referans alinan ¢alismada belirtilen
B=0-1) [_f—’z_ - l (12) sinir  sartlart  kullamlmugtir.  Smir sartlar
tanimlanabilmesi icin yakit ve hava girisi, seyreltme
Tablo 3. Smnir kosullar1 (Serag-Eldin ve Spaldin, 1979).
Yuzeyler Siir Kosulu Deger
Yakiat Girigi Kiitlesel Debi, Sicaklik ¢=0.697-1-1.2 T+=500 K
Hava Girigi Kiitlesel Debi, Sicaklik ¢=0.697-1-1.2 T.=500 K
Seyreltme Delikleri Girisi Kitlesel Debi, Sicaklik mg = 0.039 kg/s  T:=310 K
Cikis Basinci Basing P,=600 kPa
Yanma Odas1 Duvarlari Sicaklik Te=300 K
delikleri girisi, yanma odasi ¢ikis1 ve yanma odasi duvar | | HCOOH

yiizeyleri olusturulmustur. Referans calismada yakat,
hava ve seyreltme deliklerine kiitlesel debi ve sicaklik;
yanma odasi ¢ikigina basing, yanma odasi duvarlarina ise
sicaklik ve kaymama sart1 tanimlanmigtir. Sinir gartlart
ve tanimlanan degerler Tablo 3‘de verilmistir.

Yanmanin kinematigi incelendiginde yanma sonrasi
kiigiik zaman araliklarinda bir¢ok tiir olusmakta ve bu
tiirler farkli bilesenlere tekrar doniismektedir. Olusan bu
iiriinlerin belirlenmesi ve akis problemine tanimlanmasi
yanmanin ¢ozilmesi konusunda biiylik bir 6nem
tagimaktadir. Bu nedenle sayisal ¢oziimlerde yakit, hava
ve yanma sonrasi olusan iiriinler tanimlanmigtir. Yanma
sonrast yirmi 1irlin belirlenmis ve Tablo 4’te
gosterilmistir. Sayisal caligmalarda siirdiiriilen yanma
olay1 esdegerlilik oranit (¢) 0.697 olan fakir bir karigim
ile gerceklestirilmistir (Serag-Eldin ve Spaldin, 1979).
Yakit kompozisyonu Tablo 5°de verilmigtir. Sayisal
calismalarda zamana dayali analizler yapilmis, bu
¢apinin giris hava hizina oraninin % 1’ine denk gelen
0.002026 saniyelik zaman adimlar1 kullanilarak ilk 5000
zaman adimt i¢in (10.13 saniye) ¢oziimler elde edilmistir.
Analizler Eskisehir Teknik Universitesi’nde bulunan
Intel ® Xeon ® E5-2630 modeli 2.3 Ghz hizinda 24
islemcili ig istasyonunda kosturulmustur. Her bir analiz
yaklagik 1 hafta stirmistiir.

Tablo 4. Yakit, hava ve yanma sonrast olusan tiriinler.
Yakat Oksitleyici Uriinler
N> 0, CO
CH4 Nz COZ
CsHg C<s>,
C2Hs H>
H20
OH
H
HO,
H20>
HCO
CHO
HOCO
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Dondiiriiciiler yanma odalarinda yakit ve hava karigimin
artirici roller lstlenmektedir. Yakit ve hava karigimini
girdap sayist ile iligkilendirmek — mimkiindiir.
Dondiiriiciiler ile girdap sayisindaki yiikselis ayni
zamanda yanma odasinda yakit ve hava karigimimi da
artirmaktadir (Yilmaz, 2013). Girdap sayisi (Denklem
13), agisal momentum akismin eksenel momentum
akisma orani olarak tanimlanir ve boyutsuz bir
parametredir (Kwark vd, 2004). W ve U tegetsel ve
eksenel hiz bilesenleri olup R degeri ise dondiiriicii
capidir (Eldrainy vd, 2009).

L puwr?dr

Sp=m
" RfoR pU2rdr

(13)

Tablo 5. Yakit kompozisyonu (Serag-Eldin ve Spaldin, 1979).

Bilesenler Kompozisyon (%)
CH4 93.63
C2Hs 3.25
CsHs 0.69
N 1.78
BULGULAR

Sayisal ve Deneysel Calismalarin Karsilastirilmasi

Yanma odasi girisinden eksenel dogrultuda 320 ve 360
mm uzaklikta yer alan diizlemlerdeki akiskan
sicakliginin radyal yondeki degisimi, Tablo 2’de verilen
farkli ¢6ziim aglar1 ile yapilan sayisal analizler ve
referans deneysel calisma icin kargilagtirilmis ve Sekil
4’te sunulmustur. Sonuglar incelendiginde deneysel
verilere en yakin sonuglarin 3 numarali ¢6ziim agi ile
elde edildigi goriilmektedir. Bu sebeple bu calismadaki
analizlerde 3 numara ile gosterilen dortyiizlii ve yapisiz
Ozellikte olan 1.71 milyon hicreye sahip ¢oziim ag1
kullanilmaistir.
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Sekil 4. Dondiiriicii ¢ikis radyal sicaklik dagilimi a) 320 mm eksenel uzunluk ve b) 360 mm eksenel uzunluk.

Déndiiriicii Sonrasi1 Akis Yapisinin Incelenmesi

Olusturulan 16 farkli dondiiriiciiniin sayisal analizi
yapilmis ve performanslari girdap sayisi cinsinden
karsilastirtlmistir. Sekil 5°te dondiiriicii ¢ikig diizleminde
sadece hava hatt1 ¢ikisindaki girdap sayisinin dagilimi
sunulmustur. ilk siradaki analizler yakit giris hattinin
sonuclar Uzerine etkisini gostermektedir. Hava giris
capinin azaldigi ve arttig1 her iki durumda da referans
modelden (M04510401950) daha diisiik girdap sayisi
dagilimmin olustugu tespit edilmistir. Ote yandan kanat
uzunlugunun (ikinci sira) girdap sayisi dagilimi {izerine
6nemli etkisinin oldugu gériilmektedir. Dondiiriicii kanat
uzunlugu ile girdap sayisinin ters orantili oldugu, kanat
boyu kisaldikca girdap  sayisimin  yiikseldigi
goriilmektedir. Kanat uzunlugunun 20 mm oldugu
(M04510201950) durumda girdap sayisinin alan agirlikl
ortalama degeri 0.667’dir. Ugiincii sirada ise kanatgik
sayisinin  girdap sayisina etkisi  gOsterilmektedir.
Kanatgik sayisinin girdap sayisina etkisi sinirh dlciide
gerceklesmektedir. Son olarak sarim agisinin sonuglara
etkisi incelenmistir. Sarim agisinin artigt ile girdap
sayisinin ~ da  artis  gOsterdigi  belirlenmistir.
M03010401950, referans déndlrtici M04510401950 ve
M12010401950 modellerinin ¢ikis yiizeyindeki alan
agirlikl ortalama girdap sayisi degeri sirasi ile 0.217,
0.328 ve 0.8 olmaktadir. Geometrik parametrelerinin
girdap sayisina olan etkisi referans model ile
karsilagtirmali olarak Sekil 6’da sunulmustur. Bu sekilde
de goriilecegi gibi kanat uzunlugu ve sarim agist girdap
sayisinl en c¢ok etkileyen parametrelerdir. Sekil 6’da
dondiiriicti  ¢ikisindaki  girdap sayisinin  referans
dondiiricti  ¢ikisindaki  girdap  sayisina  oranlari
verilmigtir. Kanat sayisimin artis1 ile girdap sayisi
oranlarinda ¢ok kii¢iik degisimler meydana gelmis ve 1’e
yakin degerler elde edilmistir. Girdap sayis1 orani degeri
referans dondiiriicliiye kadar azalirken sonrasinda bu
oranda  yiikselis  sergilemigtir. ~ M04506401950
(hatirlatmak gerekirse 6=45°, n=6, L=40 mm, D»=19.50
mm) ve M04514401950 dondirici modellerinde girdap
sayist oranlar1 sirast ile 1.028, 1.024°tir. Kanat
uzunlugunun degisimi ile hava dondiiriiciiye daha yiiksek
kanat agilarinda girmektedir. Kanat uzunlugunun artis
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ile girdap sayisi oraninda siirekli bir azalma meydana
gelmistir. M04510201950 modelinde hava dondiiriiciiye
diger modellere gore ¢ok daha yiiksek acgilarda giris
yapmaktadir. Bu nedenle kanat uzunlugunun girdap
sayis1 iizerine etkisi irdelendiginde en yiiksek girdap
sayist orant  MO04510201950 modelinde oldugu
gorilmistir. MO04510201950 ve M04510801950
modellerinde girdap sayisi oranlar1 sirast ile 2.033 ve
0.501 olmustur.

Sarim agisindaki artis girdap sayist orani ile artma
egilimindedir. M03010401950 modeli ¢ikisinda referans
dondiiriicliye gore daha diisiik girdap sayist bulunmustur.
M03010401950 ve M12010401950 modellerindeki
girdap sayis1 oranlari sirasi ile 0.661 ve 2.438 olmustur.
Gorildigi  tizere MO04510201950 modeline gore
M12010401950 modelinde daha yiiksek girdap sayisi
oranina ulasilmig ve bu deger tiim dondiiriiciiler bazinda
en yiiksek girdap sayisi orani olarak tespit edilmistir.
Yakiat giris ¢apindaki degisim ile referans dondiiriicliye
kadar girdap sayisi orani artig sergilemis ve sonrasinda

ise  girdap sayisinda  azamalar  baslamustir.
M04510202925 modelinden itibaren yakit giris ¢apinin
artirtlmas1  girdap sayisint  oldukga  diistirmistiir.

M04510400975 ve M04510403900 icin girdap sayisi
oranlart sirast ile 0.671 ve 0.664 olarak hesaplanmistir.

Sarim agis1 da girdap sayisi orant ile artma egilimindedir.
M03010401950 modeli ¢ikiginda referans dondiiriiciiye
gore daha disiik girdap sayist  goriilmistiir.
M03010401950 ve M12010401950 modellerindeki
girdap sayis1 oranlart sirast ile 0.666 ve 2.504
bulunmustur. M04510201950 modeline gore
M12010401950 modelinde daha yiiksek girdap sayisi
oranina ulasilmis ve bu deger tiim dondiiriiciiler bazinda
en yliksek girdap sayisi oran1 olmustur.

Yakit giris capindaki degisim ile referans dondiiriicliye
kadar girdap sayis1 orani artis sergilemis ve sonrasinda
ise girdap sayisinda  azalmalar  baslamistir.
M04510202925 modelinden itibaren yakit giris ¢apinin
artirilmas1 girdap sayisinda kiigiik azalmalara neden
olmustur. M04510400975 ve MO04510403900 girdap



sayist oranlart sirast ile 0.657 ve 0.644 olarak
hesaplanmistir. Ddondiiriiciiler sonrast girdap sayis1
degerinin 0.6’dan yiiksek olmasi durumunda akistaki
girdabin giiclii, 0.4’den diisiik olmasi halinde zayif
girdap yapisinin olustugu kabul edilmektedir (Lefebvre
ve Ballal, 2010). Sabit esdegerlilik oraninda kanat
iizerinde yapilan degisimler dondiriicii ¢ikisindaki
girdap sayis1 dagilimini biiyiik oranda etkilemistir. Kanat
sarim agisindaki artig dondiiriicii ¢ikisindaki tegetsel

hizin artigina, kanat uzunlugundaki artis ise tegetsel hizin
azalmasina neden olmustur. Sarim agisinin 60° ve daha
yiksek oldugu modellerde kritik girdap sayist degeri
astlmistir (Sn>0.4). Kanat uzunlugunun 40 mm’den
diisiik olmasi ve kanat sarim acisinin 90°’den yiiksek
olan dondiirlici modellerinde giiglii girdapli akisin
olustugu (Sn>0.6) belirlenmistir. Bununla beraber diger
modellerde zayif girdapli akis meydana gelmistir
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Sekil 5. Dondiirticti 91k1$1ndak1 girdap sayisinin degisimi.
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Sekil 6. Dondiiriicii ¢cikisindaki girdap sayisi dagilimi.
Yakit ve hava kansgimimi  karakterize  eden

parametrelerden bir tanesi de seyreltme bdlgesi 6ncesi
tiirblilans yogunlugudur. Tiirbiilans yogunlugu dagilimu,
yanmanin kararlilig1 ve karisimin homojenitesi hakkinda
bilgi verebilir. Yanma odasinin uzunlugu (Lcc) 2 m ve
yarigapt (R) 0.105 m’dir. Referans alinan dondiiriicti
geometrisinde yanma reaksiyonunun genelde 0<Lg<0.1
m araliginda olustugu belirlenmistir. Bu sebeple
tirblilans yogunlugu dagilimlart dondiiriicii ¢ikisindan
0.02 m, 0.04 m, 0.06 m ve 0.1 m mesafede (Lgr)
irdelenmistir. Sekil 7’de goriildiigi tizere Lr/Lcc=0.01
araliginda radyal eksen boyunca benzer ve simetrik bir
tiirbiilans yogunlugu dagilimi olusmaktadir.
Dondurtciinin etkisini incelemek igin -0.37<r/R<0.37
araligina bakildiginda ani artiglar goze ¢carpmaktadir. Bu
durum yakit ve havanin dondiiriicii sonrasi karigimini
sergileyen bir olusumdur. M06010401950 modeli i¢in en
yiiksek tilirbiilansin olustugu ve 1/R=0.5 noktasinda
tirbiilans yogunlugunun %20 degerlerine yiikseldigi
gorilmektedir. Bununla birlikte M03010401950 ve
MO04510401950 modelleri i¢in yanma odalarinda benzer
dagilimlarin oldugu ve en diisiik tiirbiilans yogunlugunun
bu dondiiriiciiler ile olustugu belirlenmistir. Kanat sayisi
ile tiirbiilans yogunlugu degisimi incelendiginde yine
simetrik bir dagilim goriilmektedir. -0.37<r/R<0.37
araliginda dondiiriicliniin etkisi ile tlirbiilansta ani artiglar
meydana gelmektedir. En diisiik tiirbiilans yogunlugunun

M04510401950 modelinde, en yiikseginin ise
M04512401950 ve MO04514401950 modellerinde
olustugu goriilebilir. Dondiiriici. geometrileri

tasarlanirken kanat uzunlugunun degisimi neticesinde
dondiiriicii kanat giris agis1 da degismistir. Referans
alman dondiiriicii  uzunluguna goére daha kisa
dondiiriiciiler  yiiksek kanat giris agisina, uzun
dondiriiciiler ise diisiik kanat giris acilarina sahip
olmaktadir. Bu durum Sekil 5’te verildigi tizere girdap
sayisinin M04510201950 modelinde en yiiksek deger
elde edildiginin de kanitidir. Dondiiriicii  ¢ikiginda
havanin artan tegetsel ve eksenel hiz1 ile Sekil 7°de de
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goriildiigii tizere diger dondiiriiciilere gore tiirbiilans
yogunlugu artmistir. M04510201950 modeli ile yakit ve
hava karisgiminin tiirbiilans yogunlugu -0.37<r/R<0.37
araliginda %30 oldugu  goriilmektedir.  Yanma
reaksiyonu ile bu deger %40’in iizerine ¢ikmustir.
MO04510601950 ve M04510801950 modellerinde diisiik
kanat acis1 ile dondiiriiciiye giris yapan havanmn
dondiirticli sonrast M04510201950 ve M04510401950
modellerine gore daha diisiik tiirbiilans yogunlugu
bulunmustur.  Yakit giris ¢apmin degistirilmesi,
dagilimmnin ~ simetrik  yapisint  nerdeyse  hig
etkilememistir. M04510400975 modelinde en diigiik

degerler elde edilitken, en yiksek degerler
M04510402925 ve MO04510403900 modellerinde
goriilmiistiir.  Ozellikle -0.37<t/R<0.37 arali§inda

M04510403900 modelinde diger dondiiriiciilere gore
biiyiik artislar gozlemlenmis ve %34 tiirbiilans
yogunlugu seviyelerine ulastlmistir.

Lr/Lcc=0.02 bolgesinde radyal eksende simetrik yapinin
kayboldugu goriilebilir. Bu diizlemdeki tiirbiilans
yogunlugu dagilimi Lr/Lcc=0.01 diizlemindekine gore
daha yiiksektir. M12010401950 (hatirlatmak gerekirse
0=120°,n=10, L=40 mm, D,=19.50 mm) modelinde daha
yiiksek tiirbiilans olusmaktadir. Bu diizlem {izerinde
0<r/R<0.37 ve -0.5<r/R<0.7 araliklarinda
M12010401950 modelinde tiirbiilans yogunlugu % 24
degerine kadar ulagsmigtir. Diger dondiiriiciilerde yakin
degerler elde edilmistir. Lr/Lcc=0.02 dizleminde en
diistik degerlerin M04510401950 modelinde elde
edildigi  belirlenmistir.  En  yiikksek  tiirbiilans
M04512401950 ve MO04514401950 modellerinde
goriilmiis olup yogunlugu %25‘c kadar yiikselmistir.
Lr/Lcc=0.01 duzlemine gore Lr/Lcc=0.02 diizleminde
kanat sayisinin  etkisi daha belirginlesmis ve
M04510401950 modeline gére ¢ok daha biyiik artiglar
gozlemlenmistir. Lr/Lcc=0.02 diizleminde Lg/Lcc=0.01
diizleminde oldugu gibi M04510201950 modeli igin
0<r/R<0.37 ve -0.5<r/R<0.7 araliklarinda diger
dondiricullere gore yiiksek artiglar meydana gelmistir.
M04510201950 modelinde tiirbiilans yogunlugu %34
olup Lr/Lcc=0.01 diizlemine gore daha diisiik bir

seviyeye inmistir. Lr/Lcc=0.02 dizleminde
M04510400975 ve M04510401950 modellerinde yakin
degerler elde  edilmistir.  M04510402925  ve

M04510403900 yakit giris modellerinde ise daha yiiksek

degerler goriilmiis ve tiirblilans yogunlugu %24
seviyesine ulagsmistir.
Lr/Lcc=0.03 ve Lgr/Lcc=0.05 diizlemleri yanmanin

gelistigi ve tamamlandigi diizlemler olup Sekil 8’de
goriildiigiic  tizere Lr/Lcc=0.01 ve  Lg/Lcc=0.02
diizlemlerine gore daha yiiksek degerlere ulasilmistir.
Kanat yapist bu diizlemlerde de etkisini gostermis ve
tiirbiilans yogunlugunun simetrik dagilimi kaybolmustur.
Genel olarak yakit ve havanin karisgimi, yanma
reaksiyonunun gelisimi ve tamamlanma evreleri
siiresince tlirbiilans yogunlugu degerlerinde artiglarin
meydana geldigi belirlenmistir.
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Sekil 7. a) Lr/Lcc=0.01 b) Lr/Lcc=0.02 referans bolgelerinde tiirbiilans yogunlugu dagilimi.
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Sekil 8. a) Lr/Lcc=0.03 b) Lr/Lcc=0.05 referans bolgelerinde tiirbiilans yogunlugu dagilimu.

Yanma odalarmin birincil bdlgelerindeki sicaklik
degerleri tam yanma hakkinda fikir vermektedir. Bu

sebeple Sekil 9°da referans dondiiriictide yakit girisi (a),
kanat uzunlugu (b), kanat sayisi1 (c) ve kanat sarim agis1
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(d) degisimi ile elde edilen sicaklik orani dagilimi
(ortalama sicakligin adyabatik sicakliga gore orani)
verilmistir. Sabit basin¢ altinda gerceklesen yanma
uygulamalarinda, ¢evre ile bir 1s1 ya da is transferi yok
ise reaktanlarin ve tirlinlerin entalpileri esittir (Mattingly
vd, 2002). Bu esitlik goz 6niine alinarak adyabatik alev
sicakligi referans alinan yakit kompozisyonuna gore
(bkz. Tablo 5) 2803 K olarak hesaplanmustir. Alev
seklinin, M04510401950 (hatirlatmak gerekirse 6=45°,
n=10, L=40 mm, D,=19.50 mm) modelindeki kanat
sarim agisindan bilyiikk durumlar i¢in simetrik yapisini
kaybettigi  goriilmektedir. Kanat sarim  agisinin
degisiminin yanma verimi iizerine etkisi incelendiginde
en yiiksek sicaklik oraninin M04510401950 modelinde
elde edildigi goriilmektedir. Kanat sarim agisinin artmasi
sicaklik degerlerinde azalmaya neden olmaktadir.
Seyreltme bolgesi 6ncesinde, M04510401950 modelinde
Tre/Tady sicaklik orami 0.793 degerine yiikselirken
M12010401950 modelinde bu oran 0.722’¢ kadar
diismektedir.

Kanat sayisinin alevin simetrik yapisini bozmadigi ve
alevin U sekline biirlindiigli goriilmektedir. Yanmanin,
kanat sarim agis1 ¢alismasinda oldugu gibi seyreltme
bolgesi  Oncesinde  tamamlandigi  belirlenmistir.
M04510401950 modelinde en yiksek Tief/Tagy sicaklik
oraninin  0.793 degerinde oldugu, MO04514401950
modelinde ise bu degerin 0.755 oldugu goriillmiistiir. Bu
sonuglara gore 10 kanat sayisi igin, artan ve azalan kanat
sayilar1 yanma verimini disiiriicii nitelikte oldugu
diigiiniilmektedir.

Kanat uzunlugu ¢alismasinda alevin M04510201950 ve
MO04510401950 modellerinde  simetrik  yapisinin
korundugu, fakat digerleri i¢in bu yapinin bozuldugu
gorllmektedir. M04510201950 ve MO04510401950
modelleri i¢in sicaklik degerlerinde artiglar olurken,
diger modellerde sicaklik degerlerinde diigiisler meydana
gelmistir.

Yakit girig ¢apinin yanma iizerine etkisi incelendiginde
M04510403900 modelinde, referans alinan dondiiriiciiye
(M04510401950) gore daha yiiksek sicaklik degerlerine
ulasildig1 goriilmektedir. Referans alinan dondiiriiciiden
sonra artan yakit giris ¢apinin alevin yapisi iizerinde
6nemli bir etkisinin bulunmadigi belirlenmistir.
M04510400975 modelinde yanmanin  seyreltme
deliklerine yakin bir bélgede bagladigi ve seyreltme
deliklerinden gelen havanin yanma gelismesine engel
oldugu tespit edilmistir. Bu durum MO04510400975
modelinde en yuksek Tief/Tagy sicaklik oraninin yanma
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odasinda 0.65’e kadar diisiisiine neden olmustur. Burada
yakit hattt alaninin degismesine ragmen yakit debisinin
degismedigi unutulmamalidir. Yakit hattinin alan
azaldik¢a yakitin yanma odasina giris hizi artmaktadir.
Bu durum yakit hava karisiminin saglanmasi i¢in gereken
zaman diliminde yakitin dondiiriiciiden daha uzaga
taginmasina sebep olmaktadir. Bu sebeple diisiik ¢caplarda
alev olusumu seyretme deliklerine dogru yaklasmaktadir.
Oysa ¢ap biiylidiigiinde yakit ¢ikis hiz1 diismekte ve yakit
hava ile karigarak hava hizinda siiriklenmektedir. Bunun
sonucu olarak yanma hep ayn1 bdlgede olusurken yakit
hiz1 azaldikg¢a karisim verimliligi artmaktadir.

Kanat sarim agisiin, alevin yapisina ve sicaklik
dagilimma biiyiik etkisinin oldugu goriilmiistiir. Benzer
sekilde kanat sayisinin sicaklik dagilimima, kanat
uzunlugunun ise sicaklik dagilimi ile birlikte alev
yapisina etkisinin oldugu belirlenmistir. Yakit giris cap1
ise daha c¢ok yanmanin gerceklestigi bolgeye tesir
etmektedir.  Yapilan  sayisal analizler  sonrasi
M04510401950 ve MO04510403900 modellerinde en
yiikksek yanma verimi saglandigi goriilmektedir. Sekil
7°de LR/LCC=0.01 diizleminde ve -0.37<r/R<0.37
araligindaki tiirbiilans yogunlugu degerinin
M04510401950 ve M04510403900 modellerinde %10
ve %30 arasinda yer aldigi tespiti yapilmustir.

Eksenel dondiiriiciiler sonrast Sekil 10°da goriildiigi
iizere yakit-havanin karistig1 girdap bolgesi ve ana akim
bolgeleri meydana gelmektedir. Girdap bolgesi
sonrasinda, ters eksenel hiz kaybolur ve girdabin
etkisindeki azalis nedeniyle eksenel hiz merkeze dogru
kayar (Lefebvre ve Ballal, 2010). Sekil 9’da verilen
sicaklik oranlar1 dagilimlart incelendiginde yakit giris
capmin artig1 neticesinde girdap bdlgesinin eksenel
dogrultuda seyreltme deliklerine yaklastigi
goriilmektedir. MO04510400975 modelinde yakitin
hizindaki artis nedeniyle hava ile etkilesim dondiirticlye
cok yakin bir bdlgede baslamis ve zayif bir girdap bdlgesi
olusumu meydana gelmistir. Bu durumun bir sonucu
olarak yiiksek sicaklik bolgeleri seyreltme deliklerine
yakin bolgelerde olusmustur. Kanat uzunlugunun artisi
yakit giris capmin degisiminde oldugu gibi girdap
bolgelerini seyreltme deliklerine yaklastirmis ve girdap
bolgesi uzunlugunu (radyal eksen boyunca) da
azaltmustir. Kanat sayist ve kanat sarim agisinin artisi
benzer etkiler gostermis ve girdap bolgesi uzunlugunu
(radyal eksen boyunca) artirmigtir.
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Ana akim

Sekil 10. Girdap akim alani.

Dondiiriicii Sonrasi Gazlan

Dagihimlarinin incelenmesi

Emisyon

Yanmay1 karakterize eden parametrelerden bir tanesi
de CO Kkutlesel fraksiyonudur. CO kitle fraksiyonun
artisinin yanma verimini olumsuz yonde etkiledigi
bilinmektedir (Yihua vd, 2019). Yanma odalarinda
yanma reaksiyonlar1 sonrast CO ve CO, dongusinin
devamliligi ve CO miktarinin yanma sonrast
azaltilmasi hedeflenmektedir.

CO ve CO; dongiisiiniin anlasilmasi igin yanmanin
gerceklestigi bolgede CO kiitle fraksiyonu dagilimina
bakmak  gerekir. Yapilan  zamana  dayal
coziimlemelerde Sekil 11°de referans dondiriiciide
yakit girisi (a), kanat uzunlugu (b), kanat sayisi (c) ve
kanat sarim agist (d) degisimi ile birincil bolgede CO
kiitle fraksiyonlar1 dagilimlart verilmistir. Dondiiriicii
sonrasi yanma reaksiyonlar1 baglamakta ve CO kiitle
fraksiyonlarinda artiglar meydana gelmektedir. Kanat
sarim agist CO kiitle fraksiyonun dagilimini 6nemli
Olgiide etkilemistir. MO04510401950 (hatirlatmak
gerekirse 6=45°, n=10, L=40 mm, D,=19.50 mm)
modelinde CO kiitle fraksiyonun 0.098 degerine kadar
ulastigi goriilmektedir. 45° sarim agisindan biiyiik
sarim agilarinda ise CO olusumu azalmaktadir. En
diisiik CO kiitle fraksiyonu M06010401950 modelinde
elde edilmektedir. CO; olusumu; 6-10 kanat sayisi
arsinda artmis, 10 kanat sayisindan sonra azalmigtir. En
yuksek CO ve CO; kitle fraksiyonu M04510401950
modelinde  ortaya ¢ikmaktadir. Farkli  kanat
uzunluguna sahip dondiiriiciiler i¢in yapilan sayisal
caligmalar neticesinde dondiiriicii modellerinde CO
kiitle fraksiyonunda yakin degerler elde edilmistir.
Yakit giris capiin degisimi ile M04510403900
modelinde en yiiksek CO Kkiitle fraksiyonu elde edilmis
ve 0.098 st asilmistir. CO kiitle fraksiyonu
dagilimi ile alev ve yanmanmn simetrik yapisi da
belirlenebilmektedir. 45° kanat sarim agisindan biiyiik
kanat sarim agisi ile yanmanin daha kiiglk bir bélgede
gerceklestigi ve kanat sarim agisimnin  yanmanin
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simetrik yapisin1 etkilemedigi goriilmiistiir. Kanat
sayisi degisiminin de alev yapisina 6nemli 6l¢iide etki
etmedigi ve bu yapinin korundugu belirlenmistir.
Bununla beraber kanat uzunlugu ¢aligsmasinda yalnizca
M04510601950 modelinde alev seklinin degistigi ve
simetrik  yapisimin  kayboldugu  goriilmiistiir.
M04510601950 ve MO04510801950 modellerindeki
sonuglara bakildiginda yanmanin daha biyiik bir
bolgede gergeklestigi anlasilmistir.  Yakit capinin
degismesi yanmanin simetrik yapisini etkilememistir.
Yalmz MO04510400975 modelinde CO ve CO;
dongiistindeki verimsizlik CO dagilimi ile daha net
goriilmektedir. Sekil 12°de c¢izgisel olarak yanma
odasinin merkez ekseninden gecen CO Kkiitle
fraksiyonlar1 ve sicaklik degerlerinin 5000 zaman
adimui i¢in alinmig zaman ortalamalar1 verilmigtir. CO
kiitle fraksiyonu dagilimlarina gére M09010401950 ve
M12010401950 modelleri i¢in yanmanin Lg/Lcc=0.01
civarinda basladigi ve Lgr/Lcc=0.02°e¢ kadar devam
ettigi goriilmektedir. Referans alinan dondiiriiciiye
gbre yanma, Lgr/Lcc=0.025 civarinda baglamakta ve
Lr/Lcc=0.07"¢ kadar tamamlanmaktadir. CO kdtle
fraksiyonun  M09010401950 ve M12010401950
modellerinde  Lgr/Lcc=0.01  bolgesinden itibaren
azalmaktadir. CO ve CO. dongusil, Lgr/Lcc=0.03
bolgesine kadar yeterli sicakligin varligt nedeniyle
devam edebilmektedir. Kanat sayisi, sicaklik ve CO
kiitle fraksiyonunu neredeyse degistirmemistir. Kanat
uzunlugu caligmalart ise M04510201950 modelinde
yanmanin  Lr/Lcc=0.01  bolgesinde  basladigini
gostermektedir. M04510201950 modeli ile meydana
gelen ani sicaklik artist CO ve CO2 donglsiinin daha
kiiciik bir bolgede tamamlandigina isaret etmektedir.
M04510601950 ve MO04510801950 modellerindeki
diisiik sicaklik degerleri ise CO ve CO2 donglsunin
daha uzun bir aralikta gergeklesmesine neden olmustur.
M04510403900 modelinde yiiksek yanmanin simetrik
yapisinin bozulmamasi ve alev seklinin korunabilmesi
en  yiksek  sicaklik  degerine  ulasildigim
kanitlamaktadir. M04510400975 modelinde yakit
hizinin yanma reaksiyonu igin yiiksek olusu, yanmanin



Lr/Lcc=0.1 bolgesine kadar tamamlanamamasina
neden olmustur. Seyreltme deliklerinin etkisi ile
sicaklik degerlerindeki ani diigis CO ve CO2
dongiisiinii etkilemis ve birincil bolge ¢ikisinda yiiksek
CO kiitle fraksiyonu ortaya ¢ikmistir. CO gibi emisyon

etkilemektedirler. CO; olusumdaki 1200 K tizerindeki
artisin, CO mol fraksiyonu degerlerinde diisiislere
sebebiyet vermektedir (Mardani vd, 2013). Sekil 12
incelendiginde CO olusumu 1200 K’den sonra azalis
egilimi sergiledigi goriilebilir.

gazlari cevre sagligin olumsuz yonde
Ortalama Kiitlesel CO Fraksiyonu
Q-@BUQQ% b-@ac& ngﬁ‘ 06@ n@\o&be&\c&be&w@ 0@096\ ué\q’b-é(\ Q@q’b-&;\ Q@'ﬁ b@%
a b c d
M045104009 M045102019 M045064019 M030104019

a) 9.75<D2<39 mm, L=40 mm, n=10, =45°
b) D2=19,5 mm , 20<L.<80 mm, n=10, 6=45°

) D2=19.5 mm , L=40 mm, 6<n<10, 6=45°

d) D2=19.5 mm , L=40 mm, n=10, 30°<6<120

M060104019

M090104019

Sekil 11. Yanma odalarinda ortalama CO kiitle fraksiyonu dagilimlari.
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Sekil 12. Yanma odasinda ortalama a) CO kiitle fraksiyonu b) sicaklik degisimi.

Sekil 13’te referans alinan sicaklik degerinin goriildiigi
bolgenin (V*) yanma odast bolgesine (Vcc) hacimsel
orant verilmigtir. Yiiksek sicakliin meydana geldigi
bolge artist ile CO olusumunun daha fazla
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azaltilabilecegi  dusiiniilmektedir. Kanat sayisinin
degisimi ile yanma odasindaki sicaklik dagilimi
incelendiginde 1200-2100 K araliginda dondiriict
modellerinde yakin hacim oranlarinin meydana geldigi



gortlmektedir. 2100-2250 K araliginda V*/Vcc,
M04510401950 (bkz. Tablol) modeline kadar artis
gostermis ve sonrasinda artan kanat sayisi ile diisiis
egilimine gecmistir. Kanat sayist ¢alismasinda V*/Vc;
2100-2250 K araliginda M04510401950 modelinde
%2.3’e kadar yiikselirken, M04514401950 modelinde
%0.14’e  kadar dusiis goOrilmiistir. Sarim agis1
calismasinda 1800-1950 K sicaklik araligmma kadar
V*/Vcc i¢in yakin degerler elde edilmistir. 1500-1650 K
sicaklik araliginda M12010401950 modelinde en yiiksek
V*/ Ve elde edilmistir ve bu deger %4.98 olarak
hesaplanmigtir.  1950-2100 K  sicaklik araligina
M12010401950 modeline sahip yanma odasinda
ulagilamadigi goriilmektedir. 2100-2250 K sicaklik
araliginin ise yalniz M04510401950 modeline sahip
yanma odasinda elde edilmistir.

Kanat uzunlugunun degisimi ile yanma odasindaki
sicaklik dagilimi incelendiginde 1650-1800 K’e kadar
yakin degerler elde edildigi ve daha yiiksek sicakliklarda
M04510201950 (hatirlatmak gerekirse 6=45°, n=10,
L=20 mm, D,=19.50 mm) modelinde V*/V¢c oraninda
daha yiiksek degerlere ulagilmistir. 2100-2250 K sicaklik
araliginda kanat uzunlugundaki artis M04510401950
modeline kadar V*/Vcc ylkselirken daha yiksek kanat
uzunluklarinda bu oranin diisiis egilimine gecis yaptigi
gorilmektedir. 2100-2250 K sicaklik araliginda en
yiiksek V*/V¢c, M04510401950 modelinde elde edilmis
ve bu oran %2.3 olarak bulunmustur. Yakit girig ¢capinin
degisimi ile M04510400975 modeli ile c¢ok diisiik
sicaklik dagilimlari meydana gelmistir. 2250 K’den daha
yiiksek sicakliklar sadece M04510403900 modeli ile elde
edilebilmistir. M04510403900 modeline sahip yanma
odasinda en yiiksek sicaklik araliklarinda (2550-2700 K)
V*/\/cc %1.32 olarak hesaplanmistir.

Sonug olarak referans sicaklik degerlerine gore hacim
oranlar incelendiginde sarim agis1 ve kanat uzunlugu
degisimi ile biiyiikk farkliliklarin meydana geldigi
distintilmektedir. Yiiksek sicakliklarda (Trer > 2100 K)
artan sarim agis1 ve azalan kanat uzunlugu referans alinan
sicakligin goriildiigl bolgenin ihmal edilebilir seviyelere
kadar dustigii goriilmektedir. Bu durum CO-CO;
dongiisiiniin tamamlanamayip farkli hidrokarbon ve atik
gazi tlirevlerinin meydana gelmesine yol agabilir.

Yapilan sayisal analizler sonrast ¢=0.679 degerindeki
yanma uygulamalarinda kanat yapist iizerine yapilan
modifikasyonlar ile CO derisimi azaltilabilirken,
dondiirticiiler ile en yiiksek 2250 K sicakliklarina
ulagilabilmistir. Yakit giris ¢apt lizerine yapilan
degisimler sonrast M04510403900 modeline sahip
yanma odasinda 2550-2700 K sicaklik araligi elde
edilmis ve yanma verimi artirilabilmistir.

12 T T T

T
[ ]M04506401950
I M04 508401950
I M04510401950 |
[ ]M04512401950
[ 1M04514401950

I M04510400975
Il 04510401950
[ M04510402925 | ~
[ M04510403900

T (X)
Sekil 13. Farkli sicaklik degerlerinin dondiiriicii modellerine
gbre yanma odasinda dagilimi.
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Farkh Esdegerlilik Oranlarinda Akis Yapisinin
incelenmesi

Gaz tlirbinli motorlar ya da dondiiriiciilerin kullanildigi
uygulamalar diisiiniildiigtinde farkli yakit/hava karigim
gereksinimi  olusmaktadir. Bu durum yanma
odalarindaki akis yapisini degistirmektedir. Calismanin
bu asamasinda; fakir, stokiyometrik ve zengin yanma
kosullarinda  yanma  odasindaki  akis  yapist
incelenmigtir. Referans alinan deneysel ¢aligmada fakir
orant ¢=0.697 kosulu i¢in en yiiksek degerler elde
edilmistir. Bu bdlgede stokiyometrik ve zengin yanma
kosullarinda ¢ok daha diisiik tiirbiilans yogunlugu
dagilimi gergeklesmistir. 0.01<Lg/Lcc<0.05 araliginda
tirblilans yogunlugu dagilimi degismemis ve en
yiiksek tiirbiilans degerleri fakir yanma kosullarinda

olusmustur.  Ozelikle Lr/Lcc=0.05  bélgesinde
tirbiilans yogunlugu dagilimlarinin birbirine oldukga
yakinlagtigt  goriilmiistiir.  Tirbiilansli  difiizyon

alevlerinde bulyuk olcekli girdap hareketleri ile
reaktanlar makro Olgekte karistirilir ve sonrasinda
kiiglik o6lgekli girdaplara aktarilir (Ohtake, 1993). Bu
nedenle turbilanshi difiizyon alevlerine tiirbiilans
degerlerindeki degisimin etkisi biiyliktiir. Bu makalede
fakir yanma kosullarinda 0.01<Lg/Lcc<0.02 ve -
0.37<r/R<0.37 araliklarinda yanmanin basladigina
dikkat c¢ekilmisti. Yine bu araliklarda tiirbiilans

yogunlugunun %34 seviyelerine ulastigi ve %20
diismedigi

seviyesinin altina aktartlmist1.

/R

/R

bir yanma (9=0.697) gerceklestirilmistir.
Stokiyometrik ve zengin yanma kosullar igin secilen
esdegerlilik oranlart1 1 ve 1.2°dir. Calismada fakir
yanma kosulunda en verimli yanmanin gergeklestigi
M04510403900 dondiirici modeli i¢in sayisal
calismalar ylirtitilmiistiir.

Yakit-hava karigimi ve yanmanin kararliligi konusunda
onemli bir dlgiit olan tiirbiilans yogunlugu igin Sekil
14’e bakilabilir. Lg/Lcc=0.01 bolgesinde esdegerlilik
Stokiyometrik ve zengin yanma kosullarindaki sicaklik
degisimleri, tiirbiilans yogunlugunun yanma verime
iizerine etkisini bir kez daha ortaya koymustur.
Tiirbiilans yanmanin baslangi¢c bolgelerinde azalmus,
bu da yanma veriminin diigmesine sebep olmustur.
Oyle ki fakir yanma kosulundan daha diisiik sicaklik
degerleri ile karsilasilmistir. Bununla beraber, zengin
ve fakir yanma kogullarinda yakin sicaklik dagilimlart
belirlenmistir.

Sekil 15°te fakir, stokiyometrik ve zengin yanma
kosullarinda ¢izgisel olarak yanma odasinin merkez
ekseninden gegen CO Kkiitle fraksiyonlar1 ve sicaklik
degerlerinin 5000 zaman adimi i¢in alinmig zaman
ortalamalar1 verilmistir. 0.01<Lg/Lcc<0.02 bolgesinde
CO kiitle fraksiyonlarinda yakin degerler elde
edilmistir. Zengin karistimin yapist geregi yanma
sonrasi daha yiiksek CO Kkiitle fraksiyonunun meydana
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-
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Sekil 14. Farkl1 esdegerlilik oranlarinda tiirbiilans yogunlugu degisimi.
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Sekil 15. Farkli esdegerlilik oranlarinda a) Sicaklik b) CO kiitle fraksiyonu dagilimi.

gelecegi bilinmektedir. Gerek turbilans gerekse girdap
say1st dagilimi nedeniyle stokiyometrik ve zengin yanma
kosullarinda benzer sicaklik dagilimlar elde edilmistir.
Birincil bolge c¢ikisgindaki (Lr/Lcc=0.1) CO kitle
fraksiyonu degerlerinin zengin ve stokiyometrik yanma
kosullar1 i¢in yakin olmasi sicaklik dagilimindaki
benzerligin bir sonucu oldugu diistiniilmektedir.

SONUCLAR

Bu ¢alismada farkli dondiiriicii geometrilerin yanma
lizerine etkisi incelenmistir. Caligmanin ilk agamasinda
referans alinan dondiiriicii yeniden tasarlanmustir.
Referans alinan dondiiriicii kullanilarak yapilan sayisal
ve deneysel g¢aligmalarin sonuglart karsilagtirilmis olup
yakin degerlerin elde edilmesiyle sayisal yontem
dogrulanmustir. ikinci asamada farkli kanat sarim agis,
kanat sayisi, kanat uzunlugu ve yakit giris ¢ap1
parametreleri ile 16 yanma geometrisi olusturulmustur.
Referans alman dondiirlici i¢in yapilan sayisal
analizlerindeki tiirbiilans modeli, yanma modeli, ayni
smir  sartlar1  ve aynm ayriklastirma  yontemleri
uygulanarak sayisal analizler tekrarlanmistir. Bulunan
sonuglar asagida verilmistir.

Yanma sonrast Tref/Tagy sicaklik orami dagilimlari
incelendiginde U alev sekli ile karsilasilmigtir. Kanat
sarim agisinin alev sekli izerine 6nemli etkisinin oldugu
belirlenmistir. 75°, 90° ve 120° sarim agilarinda U alev
seklinin tamamen yok oldugu goriilmiistiir.

Alevin simetrik yapis1 iizerine kanat uzunlugunun
etkisinin oldugu belirlenmistir. Ozellikle M04510401950
modelinden daha biiyiikk kanat uzunluguna sahip
dondiiriiciilerdeki yanma odalarinda alevin simetrik
yapisinin kayboldugu goriilmiigtiir. Kanat sayisi, kanat
sarim agis1 ve yakit giris capinin alevin simetrik yapisi
iizerine etkisinin diisiik oldugu saptanmustir.

Yakit giris hizinin artis1 ile yanma veriminin yiiksek
oranda degistigi, M04510400975 (6=45°, n=10, L=40
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mm, D»=9.75 mm) modelinde CO kitle fraksiyonu
dagilimi ile anlagilmistir. M04510400975 modeli sonrasi
birincil bdlge ¢ikisinda CO kiitle fraksiyonu degerinin
0.018 oldugu ve referans alinan dondiiriiciide bu degerin
ayni bolgede 0.002 oldugu belirlenmistir. Bu durum ayni
zamanda diisiik yakit ¢apina sahip dondiiriiciilerde daha

yiksek emisyon degerinin elde edilecegini de
gostermektedir.
Dondurtict  veriminin  belirlenebilmesi igin  yanma

odasindaki sicaklik dagilimlart incelenmistir. Buna gore
en yiksek sicaklik dagilimmin M04510401950 ve
MO04510403900 yakit girisine sahip dondiiriicii
geometrisinde elde edildigi ve yanma odasindaki
sicakligmm 2629 K sicaklik degerine ulasilabildigi
goriilmiistiir. Referans alinan dondiiriiciide ise 2225 K
degerine yakin sonuglar elde edilmistir.

Fakir yanma kosullarinda en yiiksek yanma veriminin
MO04510403900 modelinde (6=45°, n=10, L=40 mm,
D»=39.00 mm) elde edilmesi ile stokiyometrik ve zengin
yanma kosullarinda yanma odasindaki akig yapisinin
degisimi incelenmistir. Stokiyometrik ve zengin yanma
kosullarinda fakir yanmaya gore daha diisiik tiirbiilans
yogunlugu elde edilmesi yanma verimini oldukca
etkilemis ve yanma odasindaki sicaklik degerlerinin
sirast ile 138.8 K ve 125.4 K azalmasina neden olmustur.

Ileriki calismalarda benzer test diizeneginin kurulmasi,
yeni modelin iiretilerek deneysel olarak dogrulamasinin
yapilmasi, tasarim uzaymin genisletilmesi, analizlerde
LES yonteminin kullanilmasi ve sinir aglar1 yontemi ile
optimizasyon yapilmasi planlanmaktadir.
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Abstract: Biomass fuels are important alternatives to conventional energy sources such as petroleum-based fuels.
Biomass fuels especially alcohols have been used in passenger cars. Alcohol blends with gasoline constitute a general
use. Particularly, modification of the engine is not required when using at low rates, like gasohol. Gasohol consists of
a mixture of gasoline and especially ethanol, and it contains generally 10 percent alcohol. This study deals with the
effect of the usage of low alcohol containing (10% ethanol or 10% methanol) blends on the exhaust emissions caused
by an SI engine in the 600 seconds of the engine’s operating period from the cold start-up. According to the experimental
results, the leaning effect of alcohol on the emissions is clearer in the initial 150 seconds of the experiments. The engine-
out CO emissions decreased on average 34.5% for E10 fuel and 44.8% for M10 fuel compared to unleaded gasoline.
Also, in the first 150 seconds, an average reduction of 23.2% E10 fuel and 25% M10 was observed in HC. When it
comes to the engine-out NO, there were no significant differences by fuel type. Besides, in the study, the tailpipe
emissions and converter efficiency were examined by heating the catalytic converter without changing other
experimental conditions. Emissions were significantly reduced in all fuels, while efficiency reached 100%, especially
for CO emissions.

Keywords: Spark Ignition Engine, Exhaust Emissions, Catalytic Converter, Alternative Fuels

DUSUK CEVRE SICAKLIGINDA E10 VE M10 YAKITLI BUJI ILE ATESLEMELI BiR
MOTORDA EGZOZ EMISYONLARININ DEGISIMI

Ozet: Biyokiitle yakitlari, petrol bazli yakitlar gibi geleneksel enerji kaynaklarma énemli alternatiflerdir. Biyokiitle
yakitlar 6zellikle alkoller binek araglarda kullanilmaktadir. Alkollerin benzinle karigimlart genel kullanim alanini
olusturmaktadir. Ozellikle benzinol gibi diisiik oranlarda kullanildiginda motorda degisiklik yapilmasina gerek yoktur.
Benzinol, benzin ve 6zellikle etanolden meydana gelen bir karisimidir ve genellikle yiizde 10 alkol igerir. Bu ¢alisma,
diistik oranda alkol igeren (% 10 etanol veya% 10 metanol) karisimlarin kullanimimnin, motorun soguk calistirmadan
sonraki 600 saniyede icerisinde buji ile ateslemeli bir motorunun neden oldugu egzoz emisyonlari iizerindeki etkisini
ele almaktadir. Deney sonuglaria gore, alkoliin fakirlestirici etkisinin emisyonlar tizerindeki etkisi deneylerin ilk 150
saniyesinde daha nettir. Motor ¢ikisindaki CO emisyonu kursunsuz benzine gore ortalama olarak E10 yakit1 ile % 34,5
ve M10 yakitinda % 44,8 azaldi. Ayrica HC emisyonu, E10 yakitinda ilk 150 saniyede ortalama olarak % 23,2 ve
M10°da % 25 azalma gézlenmistir. Motor ¢ikisindaki NO soz konusu oldugunda, yakit tiiriine gore dikkate deger bir
fark yoktur. Ayrica ¢alismada, diger deneysel kosullar1 degistirmeden katalitik konvertér 1sitilarak egzoz ug ¢ikigmdaki
emisyonlar ve konvertdr verimi incelenmistir. Tiim yakitlarda emisyonlar 6nemli 6lglide azaltilirken verimlilik,
ozellikle CO emisyonlarmda% 100'e ulast.

Anahtar Kelimeler: Buji ile Ateslemeli Motor, Egzoz Emisyonlari, Katalitik Konvertér, Alternatif Yakitlar

NOMENCLATURE
Sl Spark Ignition
AFR Air/Fuel Ratio TDC Top Dead Center
ATDC  After Top Dead Center THC Total Hydrocarbon
BTDC Before Top Dead Center UG Unleaded Gasoline
(6{0) Carbon monoxide

ECU Electronic Control Unit
HC Hydrocarbons

LPG Liquefied Petroleum Gas
MON  Motor Octane Number
NOx Nitrogen Oxides

RON Research Octane Number
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INTRODUCTION

The main pollutants that deal with spark-ignition engines
are carbon monoxide (CO), hydrocarbons (HC), nitrogen
oxides which are NO and NO; generally and organic
toxics. These pollutants come out due to incomplete
combustion of the fuel, peak temperatures and oxygen
concentration in the combustion chamber, quench effect,
cold regions and narrow gap areas where the flame does
not propagate, and absorption and desorption of fuel
hydrocarbon components in the oil film (Hochgreb 1998;
Abdel-Rahman 1998; Schéfer and Basshuysen 1995;
Mondt 2000; Heywood 1998; Yu and Min 2002; Shayler
et al. 1999; Celikten et al. 2015).

Emissions caused by transportation, which has become a
basic need today, are important issue that attracts the
attention of researchers due to their effects on human
beings and the environment. Generally, studies on
emissions are aimed at reducing them or their effects.
Another issue related to this issue is alternative energy
sources. The issue of using alternative fuels in internal
combustion engines has attracted researchers' attention
for a long time. In particular, alternative fuels, which are
biomass, reduce the need for petroleum thanks to their
properties and their ability to be used in internal
combustion engines, such as using alcohol fuels as an
alternative fuel for an Sl engine.

Alcohol fuels like ethanol and methanol have properties
like good knock resistance, possession of oxygen, clean-
burning characteristics, high autoignition temperature,
low freezing point, and high latent heat of vaporization,
which have significant impacts on combustion
efficiency, engine performance, and emissions (Mills and
Ecklund 1987; Speight 2011; Bechtold 1997; Simsek et
al. 2019; Datta and Mandal 2017).

Shenghua et al. (2007) studied the effect of
methanol/gasoline blends on an SI engine. They
emphasized that adding methanol to gasoline would
improve the Sl engine cold start and significantly reduce
CO and HC emissions, but this would not have an
apparent effect on the efficiency of the converter. They
found that M30 could provide a decrease in CO by 25%
and HC by 30% in the warming-up period at 5°C.

Nabi et al. (2020) examined emissions during cold and
hot start operations using oxygenated fuels in a
turbocharged diesel engine. The cold operation was
defined as 22 °C+1°C of the ambient temperature and the
hot start operation was described as the minimum of 60
minutes of running the engine for warming in this study.
The researchers expressed that oxygenated blends
decreased specific particulate matter emissions by
26.2%-42.9% and 30%-50.6% during cold and hot
conditions, respectively. While a similar effect was seen
on particulate number emissions, specific NOx emissions
increased in oxygenated blends. They obtained an
increase in the specific NOx emissions during cold
operation by 1.00%-7.80% and hot start operation by
4.20%-11.94%.
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Baskar and Senthilkumar (2016) researched the effect of
oxygen enrichment on the emissions and performance of
a diesel engine. They emphasized that the CO, unburned
hydrocarbon, and particulates emissions would be
decreased by oxygen-enhanced combustion. Also,
oxygen enrichment provided a rising in thermal
efficiency and a reduction in the brake specific fuel
consumption. Contrary to these outcomes, it was noted
that NOyx emissions increased.

Arce-Alejandro et al. (2018) investigated the effect of n-
butanol, ethanol and n-butanol blends, and gasoline on
performance and pollutants in an Sl engine. They
reported using alcohol may increase the CO and HC in
their experimental conditions. On the other hand, HC
emissions decreased with the help of an increase in
ethanol content in the blend. Nevertheless, engine
performance was not significantly influenced by the
ethanol in the mixture. Finally, gasoline led to higher
nitrogen oxides at low engine speeds.

He et al. (2003) investigated the effect of ethanol-blended
gasoline fuels (E10 and E30) and unleaded gasoline (EO)
on exhaust emissions and catalyst conversion
efficiencies. E10 and E30 fuels contained 10% ethanol
and 30% ethanol by volume, respectively. Engine-out
emissions CO, THC, and NOx at an idle speed slightly
decreased with E10; however, E30 reduced CO, THC,
and NOy by 35.7%, 53.4%, and 33% respectively. Under
different loads and speeds, ethanol decreased engine-out
CO emissions up to 5.8%. At part loads, ethanol
increased CO conversion at 2000 rpm, and solely E30
enhanced catalyst efficiency at 3000 rpm. CO conversion
decreased at full loads. E10 and E30 significantly
reduced engine-out THC emissions up to 29.5% at
different loads and engine speeds. In general, THC
conversion efficiencies of ethanol-blended fuels were
lower than that of EO, but the tailpipe THC emissions of
E10 and E30 were less. When it comes to NOy, ethanol
decreased engine-out emissions. The NOy conversions of
E10 and E30 were lower than that of EO, but the tailpipe
NOy emissions of the test fuels showed similar results.

Gong et al. (2011) researched the catalyst light-off
behavior during engine cold start on LPG fueled Sl
engine. The effect of layout catalytic converter, ignition
timing, and idle speed on the light-off behavior of the
three-way catalytic converter was investigated in this
study. The light-off time significantly decreased when
the catalyst position was placed near the cylinder head.
Also, delaying ignition timing resulted in a reduction in
the light-off time. Additionally, when the idle speed
increased from 1400 rpm to 1800 rpm, the light-off time
decreased thanks to transferring more heat to the catalytic
converter.

Kwak et al. (2007) investigated the total hydrocarbon
(THC) emissions during cold start duration in the liquid
phase LPG injection engine. When the ignition timing
was delayed from 10° BTDC to TDC and 10° ATDC,
THC emissions decreased by 23% and 31%, respectively.



Furthermore, retarding the ignition timing reduced the
catalyst light-off time.

Kim et al. (2013) studied the THC and nano-particle
emissions of liquid phase LPG direct injection engine in
the cold start condition. Retarding the ignition timing
provided an increase in converter bed temperature, a
reduction in engine-out HC emissions, and a
development of the catalyst light-off performance.

Du et al. (2020) tested light-duty gasoline vehicles at
different coolant temperatures 25 °C (cold-start), 71 °C
(hot-start I), and 87 °C (hot-start Il) in their study for
cold-start emissions in a real driving test. The cumulative
CO, COy, and PN emissions in the cold-start test were
more than the emissions in the hot start-test | and 1. For
instance, the cumulative CO emissions for the cold start
condition were higher up to 1.95 times and 39.3 times
than the CO emissions in the hot-start test 1 and II,
respectively. When it comes to the cumulative NOy
emissions, they found the maximal results in the hot start
test | of the cumulative NOx emissions.

Saha et al. (2020) expressed carbon monoxide, unburnt
hydrocarbon, smoke, and nitrogen oxide emissions could
be decreased with the help of using bio-additives in
compression ignition engines.

In internal combustion engines, especially in the use of
alternative fuels, the operating conditions to be
determined by the optimization of power generation, fuel
consumption, and exhaust emissions should be made
sensitively by the engine management system (Jacob and
Ashok 2020; Santos et al. 2021; Ashok et al. 2016). Cold
start emissions of internal combustion engines used in
conventional and hybrid wvehicles will keep their
importance for the ecosystem. These emissions could be
improved by using alternative fuels and controlling the
engine management system and after-treatment system.
For this purpose, the effect of oxygenated fuels on
exhaust emissions at the low ambient temperature start-
up and warm-up operation of the Sl engine was
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investigated. It does not require any modifications to the
engine when using gasoline/alcohol mixtures containing
low amounts of alcohol (Murachman et al. 2014), so
ethanol and methanol (10% by vol.) were used as
alternative fuels. Moreover, the catalyst efficiency was
examined in hot and cold situations of the catalytic
converter for the same operating of the engine.

MATERIALS AND METHOD

The schematic diagram of the experimental equipment
and the test engine can be seen in Fig. 1. The test engine
was a four-stroke, multi-point fuel injection, in-line four
cylinders, double overhead camshaft, and 1.6 L spark-
ignition engine. Also, the test engine was equipped with
a three-way catalyst and secondary air injection system.
In all tests, the secondary air injection system was
disabled so that it would not affect the results. The
engine’s technical specifications are given in Table 1.

Table 1. Technical specifications of the test engine.

Item Specification
e
Engine type Four-stroke, Sl engine
Cylinder bore X stroke 76 X 88 mm
Stroke volume 1597 cc
Compression ratio 10.3:1

Firing order 1-3-4-2

Idle speed 900 £ 50 rpm
Maximum torque 138 Nm at 3500 rpm
Maximum power output 66 kW at 5250 rpm

The experiments were performed at 6-10 °C ambient
temperatures. The engine idle speed and mixture
formation were controlled by the engine control unit
during the whole test. In addition, unleaded gasoline and
unleaded gasoline/alcohol blended fuels were used in the
experiments. Unleaded gasoline/alcohol blended fuels

nononnn
Exhaust Gas Analyzer

[
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Personal Computer

Figure 1. The test engine and the experimental equipment.
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were M10 and E10. Unleaded gasoline/methanol blend
which was called M10 contained 10% methanol vol.% in
the blend. Also, E10 (unleaded gasoline/ethanol blend)
had 10% ethanol vol.%. Methanol and ethanol used in the
blends had 99.5% purity. Some properties of the
unleaded gasoline and alcohol blended fuels are
summarized in Table 2.

Table 2. Properties of test fuels.

Property items M10 E10 UG
Density (kg/m? at 15 °C) 774 773.7 772.9
RVP (kPa) 75.1 59.7 51.9
Distillation (vol.%)
70 °C 385 35.3 18.7
100 °C 46.1 49.3 41.4
150 °C 88.8 89.1 87.6
RON 98.3 96.1
MON 85.8

Elimko-6000 which was a 12-channel temperature
measurement device with £1 °C sensitivity and NiCr-Ni
thermocouples were used for measuring the ambient
temperature, exhaust temperature, catalyst inlet, and
outlet temperatures. Temperatures were also measured
with DT-8859 a non-contact infrared thermometer with
+2°C accuracy. The exhaust emissions were analyzed by
Sun Gas Analyzer MGA 1500s. The exhaust gas analyzer
was calibrated before the experiments. Samples of the
exhaust gas were taken before and after the catalyst
(engine-out and tailpipe emissions) by sample probe.
Table 3 shows the technical specifications and
measurement accuracies of Sun Gas Analyzer MGA
1500s. In the experiments, the measured data were stored
on the personal computer via RS-232 port.

Table 3. Technical specifications of exhaust gas analyzer

(MGA 1500S).
Measured Measurements Accuracy
Quantity Range/Resolution | Relative/Absolute
Cco 0-14 % vol. +5%/+0.03
CO2 0-18 % vol. +5%/+0.5
0-2000 ppm vol. +5%/10 ppm
HC 2000-5000 ppm vol. +5%
5000-9999 ppm vol. +10%
02 0-25 % vol. +5%/+0.1
NO 0-5000 ppm vol. +5%/+25 ppm vol.
Engine speed 0-9999 rpm +0.5%
5.00-50.00
AFR (calculated)
0.000-4.000
Lambda () (calculated)

RESULTS AND DISCUSSION

The Effects of the Engine Running Condition and
Alternative Fuels on Pollutants Emissions

In the experiments, idle speed and air/fuel ratio were
controlled by the engine's ECU. Fig. 2 shows the change
in engine idle speed during the engine’s running period.

Furthermore, the variation in the relative air-fuel ratio
during the test is shown in Fig. 3. The idle speed should
be increased in order to shorten the engine's warm-up
duration. Also, fuel enrichment is necessary to provide
smooth engine running. Therefore, in fuel injection
systems, the electronic control unit regulates both the idle
speed and the air/fuel ratio according to the engine
operating temperature. As the engine reaches normal
operating temperature, the idling speed and fuel
enrichment are reduced to their rated values. In each
experiment, as shown in Fig. 2, the idle speed varied
similarly for every test fuel. The idle speed was high at
the beginning and decreased as the engine heated up. Fig.
2 shows that the idle speed reaches its nominal value
approximately 450 seconds later and does not change
significantly.
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Figure 2. The engine's idle speed.

As at idle speed, the relative air-fuel ratio varied
according to the engine's running conditions. At the
beginning of the experiments, the mixture was rich and
later became poor when the engine reached the nominal
running condition. Moreover, the relative air-fuel ratio in
alcohol fuels that contain oxygen is poorer. The leaning
effect of alcohol fuels (Hsieh et al. 2002; Al-Hasan 2003;
Guerrieri et al. 1995; Elfasakhany  2016;
Sivasubramanian et al. 2017) leads to an increase in the
relative air-fuel ratio. The relative air-fuel ratio (A) is
defined in Eq. (2).

— AFRactual (1)
AFRstoich.

The stoichiometric air/fuel ratio of alcohol blended fuels
(E10 and M10) is lower than unleaded gasoline. Also,
they can provide more oxygen to the combustion. As a
result, if the original fuel injection strategy does not
change, a leaner mixture will be obtained in oxygenated
fuels.
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When the engine is running at low ambient temperature,
CO and HC emissions are high until the cylinder walls
heat up and the air/fuel ratio rises to the nominal value
(lodice et al. 2018). A similar situation can be seen in the
variation of CO emission at the engine start-up and its
operation within 600 seconds given in Fig. 4. In addition,
alcohol blended fuels appear to be effective on CO
emission. Similar results were also obtained in the
literature (He et al. 2003; Hsieh et al. 2002; Al-Hasan
2003; Zhao et al. 2011; Keskin and Guri 2011;
Elfasakhany 2015; Saraswat and Chauhan 2020;
Badrawada and Susastriawan 2019). The leaning effect
or in other words the oxygen presence of blended fuels
enhances the combustion efficiency and supports lower
CO emission before the catalyst. The leaning effect of
blended fuels supports lower CO emission before the
catalyst. Especially in the initial about 150 seconds, the
effect of alcohol blended fuels on CO emission is clear.
This may be due to the control strategy of the engine
management system. Similarly, it can be seen in Fig. 3
that there is no remarkable variation in the relative
air/fuel ratio after the last 450 seconds of the test. CO
emission influences mainly by the air/fuel ratio.

To meet the emissions regulations, current fuel injection
systems adjust the air-fuel mixture by operating a closed-
loop control strategy. For this purpose, a lambda sensor
is used to provide feedback data to the electronic control
unit. This sensor operates reliably after reaching an
adequate temperature (about 300 °C) and measures the
amount of oxygen in the exhaust gas. The oxygen content
in the exhaust gas is a result of the lambda setting of the
engine management system (Denton 2000; Schéfer and
Basshuysen 1995).

Compared to the data obtained in 150 seconds, CO
emissions before catalytic convertor (engine-out CO
emissions) decreased by an average of 34.5% E10 fuel
and 44.8% M10 fuel compared to the unleaded gasoline.
In the last 450 seconds of the test, CO emissions
decreased by an average of 8.7% and 26.4% with E10 and
M10, respectively. A similar change in CO emissions
was also seen in the tailpipe (after the catalytic
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converter). However, there was no significant reduction
in CO emissions after the catalytic converter.
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Figure 4. The CO emissions.

Fig. 5 presents the variation of hydrocarbon emissions for
the cold start situation. Engine-out HC emissions for the
oxygenated blends were obtained lower compared to the
unleaded gasoline. Initial 150 seconds, an average of
23.2% E10 fuel and 25% M10 reduction was obtained in
HC. Similar to CO emissions, the variation of the HC
emissions in the last 450 seconds of the test, may be
caused by the control strategy of the engine management
system. Considering the whole test time, engine-out HC
emissions for E10 and M10 fuels were approximately
17% lower compared to the unleaded gasoline. It is
reported in the literature (Wu et al. 2004; Schifter et al.
2004; lodice et al. 2018; Varol et al. 2014) that alternative
fuels containing oxygen have a similar effect on HC
emissions. Also, it is found that the addition of methanol
to gasoline contributes to a decrease in CO and HC
emissions, and improves the cold start of an Sl engine in
the study of Shenghua et al. (2007). Similar to the
variations of CO emissions, there was no significant
reduction in tailpipe HC emissions.
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Figure 5. The HC emissions.

In the cold start and warm-up period, engine out and
tailpipe NO emissions are illustrated in Fig. 6. Depending
on fuel type, there are not notable variances in the engine-
out NO emissions. It might be due to rich air/fuel ratios
and lower combustion temperatures in cold conditions.
Similar to the variations of the CO and HC emissions,
there is no reduction in the tailpipe NO emissions during
600 seconds compared to the engine-out NO.

Fig. 7 shows the variation of the exhaust gas temperature
before the catalyst during the test duration. As shown in
the figure, the temperature before the converter is
insufficient to obtain catalyst light-off temperature.
Therefore, the catalytic converter cannot be effective in
this running condition. A similar experimental result was
obtained by Gritsuk et al. (2018). The temperature of the
catalytic converter in an idling mode was below 450 K in
their study.

The catalyst temperature is insufficient to convert the
emissions for cold start-up and warming operation, which
gives rise to a high concentration of pollutant emissions
in the tailpipe. In order to reduce cold-start emissions
especially CO and HC emissions, the catalyst
temperature must quickly reach to the light-off
temperature. To achieve this, the catalyst can be
positioned closer to the engine, or a pre-catalyst can be
used. Retarding ignition timing or raising idle speed or
electrically or chemically heated catalyst can be used, too
(Bhattacharyya and Das 1999; Koltsakis and Stamatelos
1997; Shen et al. 1999; Murphy et al. 1999; Favez et al.
2009; Gao et al. 2019).
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Gritsuk et al. (2018) emphasize that additional heating of
the engine and catalytic converter improves fuel
economy and exhaust emissions. Also, it is represented
that fuel consumption, CO, HC, and nitrogen oxides
emissions are reduced in an idling mode by 32.7%,
59.6%, 56.1%, and 93.5, respectively.
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Figure 7. Exhaust gas temperature before the catalytic
converter in idling operation.



The Effects of the Hot Converter on Pollutants
Emissions under the Same Engine Running Condition

To observe the effect of the hot converter on the
emissions, the catalyst was heated up to 200 £10 °C of its
surface by an external source. Furthermore, to achieve
this aim, the experiments were reperformed under the
same operating conditions as the hot converter.

Fig. 8 shows the conversion efficiencies of the CO, HC,
and NO emissions. Catalyst efficiency for CO, HC, and
NO emissions was calculated by Eq. (2). The catalyst
efficiency is determined as

7IC=(1

where exhaust emissioni, and exhaust emissiong: are the
concentration of the CO or HC or NO emissions at the
catalyst inlet and outlet, respectively.

Exhaust emission,;
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Figure 8. The conversion efficiencies of the catalytic converter
for CO, HC, and NO: a Normal warm-up test condition b Hot
catalyst test condition

Fig. 8a presents the conversion efficiencies which were
obtained from the previous experimental results. As seen
in the figure, if the converter cannot reach light-off
temperature, the efficiencies are below 50%. Because of
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this reason, no remarkable difference in engine output

and tailpipe emissions of pollutants occurred in the
previous experiments.

However, tailpipe emissions especially CO can be zero if
the converter is sufficiently heated. Although the engine
is cold, the preheated converter can increase the
efficiency by up to 100% as seen in Fig. 8b. In the
literature, Gong et al. (2011) point out that as the catalyst
temperature rises, the catalyst light-off time decreases,
and conversion efficiency increases.  Besides,
Mianzarasvand et al. (2017) express that the temporary
and permanent heating of the catalytic converter is
efficient in decreasing CO emission especially in the first
30 s of the cold start and warm-up period of the
motorcycle engine. Furthermore, Shen et al. (1999)
emphasize that the tailpipe CO emission decreases

sharply when the initial converter temperature rises to
600 K or higher.

With regard to the catalyst's efficiency for HC
conversion, as seen in Fig. 8b, when the converter was
heated, the HC emission after the catalytic converter
outlet was significantly reduced and the efficiency
reached 90%. It was obtained that HC conversion
efficiency was less than CO. For a similar result,
Mahadevan and Subramanian (2017) express in their
study that the light-off temperature of HC is higher than
CO due to more activation energy requirement of
hydrocarbon. Also, Shen et al. (1999) express that when
the initial catalyst temperature is 600 K or beyond, the
tailpipe HC emissions reduce enormously. Moreover, it
is emphasized that contrary to the CO emission, HC
emission decrease continuously as the initial catalyst
temperature is increased over 600 K.

Catalyst's efficiency for NO emission was obtained
similar to CO and HC conversion efficiencies. If the
converter is hot enough, even the engine is cold, the NO
conversion efficiency is not affected, and NO emission
decreases significantly.

Tailpipe CO, HC, and NO emissions for hot catalyst are
shown in Fig. 9. Especially the effect of oxygenated
blends on pollutants is more apparent for CO and HC
emissions before 150 and 200 seconds respectively, and
they are lower than unleaded gasoline based on the
leaning effect. It is seen in the figure, NO emission
decreases sharply in the situation for the hot catalyst.
After approximately 200 seconds, the NO increases
slightly for all test fuels. This is probably because the

engine is running lower than the stoichiometric air/fuel
ratio.
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Figure 9. Tailpipe emissions for hot catalyst test condition

CONCLUSIONS

The effects of oxygenated fuels and hot catalytic
converter on pollutants and catalyst conversion
efficiency start-up and warm-up operation of the SI
engine at the low ambient temperature have been
investigated in the present work.

In general, the effect of E10 and M10 fuels on the
improvement of CO emissions is clearer than HC
emissions. Engine-out CO emissions decreased for
alcohol blended fuels because of the leaning effect. It
reduced by 34.5% for E10 fuel and 44.8% for M10 fuel
compared to the unleaded gasoline in the first 150
seconds. Towards the end of the test, the difference
between alcohol blends and unleaded gasoline was less.
Similar results were obtained in HC. Engine output HC
emissions were achieved approximately 25% lower for
E10 and M10 fuels than for unleaded gasoline. When it
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comes to the engine-out NO emissions, no significant
variances were observed depending on fuel type.

As the engine heats up, essentially there are no
remarkable differences among test fuels compared to the
variations at the beginning of the experiments.

It was found that the catalytic converter did not reach the
light-off temperature when the engine ran at the cold start
and warm-up period without preheating the catalyst. The
idling of the engine was not enough to warm up the
converter. As a result of this, there were no significant
reductions in the pollutants between engine-out and
tailpipe.

If the converter is preheated, tailpipe CO emission can be
zero and the efficiency of CO conversion can reach
100%.

For the hot catalyst test condition, HC emission after the
catalyst was significantly reduced and the efficiency
reached 90%. Moreover, variations in NO emissions
were similar to CO and HC emissions. Also, the air/fuel
ratio might have affected the NO conversion efficiency.

In conventional and hybrid vehicles, studies on engine
management and emission control systems to decrease
emissions during the cold start and the warm-up process
of internal combustion engines will keep their
importance for the environment and human health.
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Abstract: Exhaust emissions are significant pollutants that affect urban lifestyles. There are several regulations related
to the exhaust emissions of both gasoline and diesel engines. In this study, the effects of a controlled heating of the
exhaust line before the catalytic converter on the converter efficiency are experimentally investigated. Experiments
were conducted based on either discrete or cold start conditions. For discrete conditions, the engine was operated until
it reached normal and steady state operating conditions. Then, the engine was stopped until the catalytic converter
surface temperature reached the ambient temperature. The experiments were first started without additional heating and
then continued with different heating loads. In the second stage, the catalytic converter behavior and conversion
efficiency under cold start conditions were investigated. The exhaust gas after the exhaust manifold was preheated with
different heating loads for the first 150 seconds after the start of the engine; however, the exhaust line was heated 15 s
before starting the engine. The effects of the location, length and heat loads of the electrical resistances on the catalytic
converter behavior were investigated. After all of the experiments, it was concluded that with the appropriate location
and heating loads, for discrete operating conditions, the hydrocarbon (HC) and carbon monoxide (CO) emission
conversion efficiencies reached nearly 100 % after 50 s of starting the engine. For cold start conditions, the hydrocarbon
(HC) and carbon monoxide (CO) emission conversion efficiencies reached 35 % and 80 %, respectively.

Keywords: Preheating, cold start, emission, idle condition, internal combustion engine, catalytic converter

SOGUK CALISMA VE ROLANTiI KOSULLARINDA ON ISITICI YUKUNUN VE
KONUMUNUN KATALITIiK KONVERTOR VERIMLILIiGINE ETKIiLERI

Ozet: Egzoz emisyonlari, kentsel yasam tarzlarmi etkileyen 6nemli kirleticilerdir. Hem benzinli hem de dizel
motorlarin egzoz emisyonlart ile ilgili ¢esitli diizenlemeler bulunmaktadir. Bu ¢alismada, egzoz hattinin katalitik
konvertdrden 6nce kontrollii olarak 1sitilmasinin konvertdr verimine etkisi deneysel olarak incelenmistir. Deneyler ya
kesik ya da soguk baslangi¢ kosullarina gore yapilmistir. Kesik kosullar i¢in motor, normal ve kararli durum ¢aligma
kosullarina ulasana kadar galistirildi. Daha sonra, katalitik konvertor yiizey sicakligi ortam sicakligina ulasana kadar
motor durdurulmustur. Deneylere dnce ilave 1sitma yapilmadan baslanmis, daha sonra farkli 1sitma yiikleri ile devam
edilmistir. Tkinci asamada, soguk ¢alistirma kosullar1 altinda katalitik konvertdriin davramsi ve déniisiim verimi
incelenmistir. Egzoz manifoldundan ¢ikan egzoz gazi, motorun ¢alistirilmasindan sonraki ilk 150 saniye boyunca farkli
1sitma yiikleriyle 6n 1sitmaya tabi tutulmustur; ancak egzoz hatti motor calistirilmadan 15 saniye Once 1sitilmaya
baglanmustir. Elektrik direnglerinin konumu, uzunlugu ve 1s1 yiiklerinin katalitik konvertor davranis tizerindeki etkileri
arastirtlmistir. Tiim deneylerden sonra, uygun konum ve 1sitma yiikleri ile, kesikli ¢aligma kosullart i¢in, hidrokarbon
(HC) ve karbon monoksit (CO) emisyon doniigiim verimlerinin, motorun 50 saniye ¢alistirilmasindan sonra yaklagik
%100'e ulastig1 sonucuna varilmistir. Soguk calistirma kosullart igin, hidrokarbon (HC) ve karbon monoksit (CO)
emisyon doniigiim verimleri sirasiyla %35 ve %80'e ulagmustir.

Anahtar Kelimeler: On 1sitma, soguk calisma, emisyon, rélanti sartlari, igten yanmali motor, katalitik konvertor

NOMENCLATURE m,,  Amountof out flow emissions in the exhaust gas
m., Amount of emissions in the exhaust gas entering from the catalytic converter
the catalytic converter
Neat Catalytic converter efficiency

Al;O3 Alumina oxide
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CH4 Methane

cm Centimeter

Cco Carbon monoxide
CO; Carbon dioxide

HC Hydrocarbon

HP Horsepower

i Emission index, HC and CO
kw kilowatt

mm millimeter

MPFI  Multi Port Fuel Injection
NO Nitrogen monoxide
NOx  Nitrogen oxides

0, Oxygen

Pd Palladium

Ppm  Parts per million

Pt Platinum

Rh Rhodium

rpm Revolution per minute
S Second

Si Spark Ignition

TWC  Three-way Catalyst
\% Volume

INTRODUCTION

Air, soil, and water pollution are a significant concern
worldwide. Specifically, vehicle-sourced air pollution is
a widely studied subject in urban air pollution. Internal
combustion engines operate under transient conditions
due to variations in the engine load, and combustion time
is extremely short. Therefore, complete combustion
cannot be achieved. States are constantly introducing
laws and regulations to reduce tailpipe emissions and
increase air quality. Structural changes are made to these
engines to obtain higher power with less pollutant
emissions; however, the engine out emissions cannot be
reduced to meet regulatory levels. Thus, three-way
catalytic converters, diesel particulate filters, etc., are
added to the exhaust systems.

Exhaust emissions are at their highest level during engine
start-up operating conditions. Various methods have
been applied to reduce the cold start emissions of internal
combustion engines. Several publications, including
experimental and numerical simulations, can be found in
literature (Kalam et al., 2011, Guerrero et al., 2019, Shah
et al., 2011, Durat et al., 2013).

The exhaust temperature during the operation of spark-
ignition engines is approximately 300 - 400°C during idle
conditions and 900°C at high loads; general operation
temperature is between 400 - 600°C with an equivalence
ratio of 0.9 - 1.2. Without using a catalyst, the oxidation
of HC and CO should result in temperatures greater than
600°C and 700°C, respectively. The HC and CO exhaust
gases’ catalytic oxidation can potentially reach 250°C.
For the nitrogen oxide (NOx) emissions, the only
satisfactory method includes catalytic processes
(Heywood, 1988). Cold start performance, overall cycle
performance and aging performance of three-way
catalytic converters for the cycles were investigated by
Kandylas and Stamatelos (2000). Consequently, it is
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necessary to use additional methods, such as electrically
heated catalysts, so that HC emissions can meet stringent
emission regulations.

HC and CO emissions during the cold start of engines
comprise the largest segment of the total air polluting
emissions. Hence, the automotive industry is faced with
environmental regulations to reduce cold start engine
emissions. Lafyatis et al. (1998) indicated that HC
emissions in the first 60 - 90 s of engine operation
comprise nearly 80 % of the engine’s total HC emissions.
This result occurs due to the slower activation of the
catalyst material at lower temperatures. To meet the
regulations, the exhaust gas temperature should be
greater than 150°C (Koltsakis, 1997, Latyatis et al., 1998,
Iliyas et al., 2007). The light-off temperature of a
catalytic converter is the temperature at which the
catalytic converter efficiency reaches 50 % (Pulkrabek,
2004). There are various speeding techniques to reach the
light-off temperature. These techniques can be divided
into passive systems and active systems. Passive systems
include the position of the catalytic converter, usage of
pre-catalysts, HC traps, etc., on the exhaust system.
Active systems include the usage of electrically heated
catalytic converters, addition of secondary air to the
exhaust system, etc., which increase the temperature of
the exhaust gas. Horng et al. (2004) used a 150 cm?®, four-
stroke motorcycle engine to investigate cold start
operating conditions using an electrically heated catalytic
converter. The position and heating load of the heating
elements were considered. It was determined that heating
the exhaust gas increased the catalytic converter
conversion efficiency; furthermore, when the heating
element was located in front of the catalytic converter,
the optimal CO conversion efficiency was obtained.
Additionally, it was concluded that higher heating loads
caused a higher rate of increase for the temperature and
CO conversion efficiency.

In the study performed by Ramanathan et al. (2004), a
one-dimensional two-phase model was used to
investigate the effects of the light-off efficiency,
transition time, and catalyst loading on the optimization
of the cold start exhaust emissions. It was concluded that
increasing the washcoat thickness with/without catalyst
loading increased the efficiency of the catalytic
converter. The coating thickness is an important
parameter for transition time. Because the coating
thickness was less than the optimal thickness, the
transition time increased, thus resulting in higher cold
start exhaust emission values. To obtain a short light-off
time, it was suggested to increase the exhaust gas
temperature before the catalytic converter. Additionally,
it was indicated that heating the exhaust gas was more
efficient than heating the solid parts.

Gong et al. (2011) experimentally studied the efficiency
and light-off temperature of a catalytic converter. The
effects of the length of the exhaust pipe, ignition timing,
and idling speed were investigated. It was concluded that
shortening the exhaust pipe increased the inlet
temperature, and shortening the light-off time with a



retarded ignition timing and increased idle speed had
positive effects on reducing the HC and CO emissions’
light-off time. Tyagi and Ranjan (2015) studied a
preheated catalytic converter. Experimentally, it was
observed that the air pollutant exhaust emissions were
reduced by preheating the catalytic converter. This result
was due to shortening the delay period of the temperature
gain by the catalytic converter. Consequently, the
emission characteristics of the HC, CO, and NOx were
reduced from 800 to 15 ppm, 4 to 0.07 (V/V%), and 1200
to 115 ppm, respectively. It was determined that with
sufficient temperatures, the catalysts became highly
activated, and the rate of reaction thus increased from the
starting phase, which optimized the emission conversion
of the pollutants.

Roberts et al. (2014) thoroughly investigated the cold
start engine efficiency using potential solutions. It was
concluded that the solution for reducing cold start
emissions had to satisfy both emission reduction and fuel
consumption requirements and be cost effective.
Bhattacharyya and Das (1999) reviewed previous studies
performed on electrically heated catalysts. Coppage and
Bell (2002), Bhaskar et al. (2010) and Sendilvelan and
Bhaskar (2016) used specially designed electrically
heated catalytic converters in their studies. Coppage and
Bell (2002) studied a commercial electrically heated
catalytic converter with a secondary air injection. With
this configuration, the maximum CO and HC conversion
efficiencies were obtained. It was demonstrated that
electric heating was ineffective for reducing NOX
emissions. In Bhaskar’s studies, different materials were
tested for the electric heater of an EHC (electrically
heated catalytic) catalytic converter with different air
injection configurations. In these studies, the CO and HC
emissions were reasonably reduced (Bhaskar et al., 2010,
Sendilvelan and Bashkar, 2016). Furthermore, numerical
studies can be found in literature, such as the study
performed by Dinler et al (2018). A twenty-four equation
reaction model was used to model the chemical reactions
inside the catalytic converter. They modeled the cold
start emissions and temperature control for an electrically
heated catalytic converter. Additionally, the study
attempted to control the cold start catalytic converter
temperature to achieve fast light-off using different types
of controllers.

This study attempted to reduce the cold start HC and CO
emissions under transient conditions. Thus, electrical
heaters were used, and preheating was applied before the
catalytic converter. To observe the effects of preheating
the heating load, the length and position of the heaters
were changed. An investigation of these parameter
together with time is unique to this report. Heating the
exhaust gas accelerated the time needed to reach the
light-off temperature.

EXPERIMENTAL SETUP AND PROCEDURE
Experiments were conducted at the Internal Combustion

Engines and Automotive Laboratory of the Mechanical
Engineering Department in Gazi University. The
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schematic view of the experimental set-up is shown in
Figure 1. A four-cylinder, four-stroke multi point fuel
injection SI engine was used in the tests. The
specifications of the engine are provided in Table 1.

The temperatures were measured using K-type
thermocouples on the test bench. The heaters were
located before the catalytic converter. The thermocouples
were located before and after the heater and after the
catalytic converter. Keeping the environmental
temperatures the same, the experiments were repeated at
least three times.

Table 1. Engine specifications
Engine Parameters Specifications
Manufacturer and Type |Toyota 1.6, gasoline 4 stroke
16
In line 4 cylinder, MPFI
80 mm x 77 mm

Number of Valves

Type
Bore x Stroke

Displacement Volume {1599 cc
Compression Ratio 9.5:1

Power 103 HP

Max. Torque 137 Nm @ 3200rpm
Max. Power 103 HP @ 6000rpm
Cooling Water Cooling

SUN MGA 1200 and Capelec CAP 3200 exhaust gas
analyzers were used for the HC and CO emission
measurements. The specifications of the analyzers are
provided in Tables 2 and 3. During the preliminary
experiments, the difference in the response time between
the SUN MGA 1500 and the Capelec CAP 3200 exhaust
gas analyzers was observed to be approximately 15
seconds. Based on this response time of the gas analyzers,
the interval between two measurements was selected to be
15 seconds, and the measurements were performed for
150-second sets and repeated. And the mean values were
taken as the measurement values, i.e., the temperature and
exhaust gas emission values before and after the catalytic
converter. Equation 1 was used to calculate the conversion
efficiency of the catalytic converter.

(min )i ~ ( Moy )i
(min )i

The experiments were conducted in two stages. In the
first stage, the engine was operated under cold start
conditions without additional heating, and the efficiency
of the catalytic converter was observed. The first 150
seconds of engine operation was considered to measure
the emissions, as stated in the literature (Mahadevan et
al.,, 2017). Measurements were taken when the engine
was not loaded at the idle speed (approximately 1000
rpm). Unleaded gasoline was used, and the engine was
controlled using an electrical dynamometer (Figure 1).
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Figure 1. Schematic view of the test bed. 1. Engine; 2. Dynamometer; 3. Exhaust gas analyzer; 4. Three-way catalytic converter; 5.
Resistances; and 6. Voltage Adjustable Regulator (Three-phase Variac).

Table 2. Specifications of the Sun MGA-1200 emission

analyzer.
Parameter Measurements Accuracy |Uncertainty
range
CO (% vol) [0-10 0.01 %4
CO, (% vol.) [0-20 0.01 %4
HC (ppm)  |0-20 000 1 % 4.4
0; (% vol) |0-21 0.1 -

Table 3. Specifications of the Capelec Cap 3200 emission

analyzer.
Measurements Uncertainty
Parameter range Accuracy
HC (ppm)  |0-20 000 1 %44
CO, (% vol) [0-20 0.1 %4
CO (% vol) [0-15 0.001 %4
0, (% vol.) |0-21.7 0.01 }

In the experiments, the first 150 seconds after the engine
started was defined as the cold start regime. The
measurements were taken at 15-second intervals without
any modifications to the exhaust line. First, the engine
was started and operated until it reached normal and
steady state conditions. Then, the engine was stopped
until the surface temperature of the catalytic converter
reached the environment temperature. This was done to
simulate the actual operating conditions of the engine.
The experiments were conducted ranging from non-
heating conditions to different preheating conditions for
cold start engine operation. To minimize measurement
errors, the experiments were repeated at least three times.
During the experiments, the temperature measurements
were obtained using thermocouples from three positions:

engine out (A), before the catalytic converter (B) and
after the catalytic converter (C) as seen in Figure 1.
Additionally, the exhaust gas emission analyzers were
connected to points before the catalytic converter (B) and
after the catalytic converter (C). To define the reference
exhaust gas emissions without heating before the
catalytic converter inlet (B), both exhaust gas analyzers
were used to measure the exhaust gas emissions. It was
determined that one of the exhaust gas analyzer’s
response was faster than that of the other analyzer. The
cold engine conditions’ reference measurement
experiments were conducted five times, and reference
values were determined by taking the average of each
time step. For the cold operating condition experiments,
both the engine and the catalytic converter were cooled
to ambient conditions. The engine oil and ambient
temperatures were measured and compared with the
ambient temperature to verify that the engine had reached
ambient conditions. Each experiment was conducted
after this condition was satisfied.

In the second stage, gradual (fractional) preheating was
applied to the exhaust gas before the catalytic converter,
and the same set of experiments were repeated. The
exhaust line was insulated with ceramic fiber material up
to the inlet of the catalytic converter to retain the
temperature of the exhaust gas. Then, heating was
performed under these conditions. To increase the
temperature of the exhaust gas, two 2 kW electric
resistances were used (with three different positions).
The resistances were controlled using a voltage
adjustable regulator. By adjusting the voltage, different
current values passed over the resistances, and different
temperatures of the exhaust gas were obtained.
Additionally, these heater resistances were located at



different positions on the exhaust line, and the effects of
these positions were tested.

The insulated electric heaters were out of order due to
high temperatures. The electrical heaters were changed
and the insulation was removed to have healthy
experiment conditions. However, due to incomplete
insulation and environmental conditions, the heating
resistors are located on the outer surface of the exhaust
line; consequently, approximately 35% of the heating
energy was transferred to the exhaust gas.

RESULTS AND DISCUSSION
Discrete Operation Carbon Monoxide Emissions

The exhaust gas temperature and emissions were
measured before and after the catalytic converter. The
results of the CO conversion efficiency of the catalytic
converter for both non-preheated and preheated
conditions are provided in Figure 2.
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Figure 2. CO conversion efficiency for non-preheated (150°C)
and preheated conditions for different inlet temperatures.

From the cold start condition (150 °C) without
preheating, the catalytic converter was cooled to ambient
temperature. Although the catalytic converter surface
temperature decreases to ambient temperature, the
internal surface temperatures of the catalyst remain
higher than the ambient temperature. These conditions
are defined as discrete test conditions. Under these
conditions, the catalytic converter CO conversion
efficiency was calculated as 35%. The reason for this is
related to the fact that the measurement point (point A)
was approximately 1.2 m away from the engine output.
In other words, for the first 150 seconds, the increased
temperature of the engine could not increase the inlet
temperature due to the long distance between them. In
addition, the conversion efficiency remained constant,
since the inlet temperature could not reach the operating
temperature of the catalytic converter with 50%
efficiency in the first 150 seconds. When the exhaust gas
was preheated to 170 °C, the CO conversion efficiency
was approximately 37%. After 110 sec, when the light-
off temperature was reached, the CO conversion
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efficiency was 65%. When the preheated exhaust gas
temperature was 190 °C, the CO conversion efficiency
reached 100% at the 80" second. This result is a result of
the discrete operation of the engine. Due to the discrete
engine operation and the washcoat being insufficiently
cooled, the conversion efficiency with preheating
reached its maximum value in a short period of time.
When the preheated exhaust gas temperature was 210°C
before the catalytic converter under idle conditions, the
maximum conversion efficiency was obtained at
approximately 50 sec. This result indicates that all of the
CO emissions were oxidized to CO, emissions.
According to these results, discrete engine operation and
preheating has the same favorable effects on the CO
conversion efficiency as that during steady operation of
the engine. Additionally, the values obtained from the
experiments were reviewed for an uncertainty analysis.
Based on the uncertainty analysis, a 4.3% uncertainty
was obtained for the CO conversion efficiency.

Discrete Operation Hydrocarbon Emissions

Due to low temperatures, S| engines produce a higher
amount of HC emissions operating on idle and partial
loads compared to that under full load operation.
Furthermore, an engine operating on a fuel-rich mixture
produces more HC emissions. Partial load (partial open
throttle) operation is a source of HC emissions as well.
The combustion chamber wall temperature affects the
formation of the HC emissions. The cooling of the wall
causes incomplete combustion and increases the HC
emissions. The oxidation of the HC emissions depends
on the post-combustion temperature, duration of
combustion gases in the cylinder and exhaust manifold,
and oxygen amount in the cylinder. The HC conversion
efficiency was examined for cold start and preheated
discrete engine operation regimes. The results of the
conversion efficiency, which were calculated based on
the non-preheated and preheated operating conditions of
the repeated experiments, are provided in Figure 3.

As expected, the conversion efficiency of the HC in a
similar temperature range under steady state conditions
shows a change comparable to that of the CO conversion
efficiency. This result can be seen in the figures. However,
when the graph is examined, the conversion efficiency
curves of the non-preheated (150°C) and preheated
(170°C) conditions have similar trends. The reason for this
is related to the fact that the measurement point (point A)
was approximately 1.2 m away from the engine output. In
other words, for the first 150 seconds, the increased
temperature of the engine couldn't increase the inlet
temperature due to the long distance between them. In
addition, the conversion efficiency remained constant,
since the inlet temperature could not reach the operating
temperature of the catalytic converter with 50%
efficiency in the first 150 seconds. For the 170°C
preheated conditions at 110 seconds, the CO conversion
efficiency reached the light-off temperature; however,
the HC conversion efficiency did not reach values similar
to that as the CO conversion efficiency. This was due to
the CO emissions reaching the light-off temperature



faster than the HC emissions. For the 170°C preheated
conditions, 150 seconds was not enough time to reach the
light-off temperature for the HC emissions, which is why
the HC conversion efficiency was similar to the non-
preheated 150°C HC conversion efficiency. In the study
performed by Guojiang and Song (2005), similar results
were obtained. The light-off efficiencies of the CO and
HC emissions were reached between approximately 80
and 110 seconds.
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Figure 3. HC conversion efficiency for non-preheated (150°C)
and preheated conditions for different inlet temperatures.

When the exhaust gas entered the catalytic converter at
approximately 190°C, the light-off temperature was
reached at 70 seconds, and a 90 % conversion efficiency
was reached after 90 seconds. Similarly, when the inlet
temperature of the catalytic converter reached 210 °C, the
light-off temperature was reached in less than 35
seconds, and a conversion efficiency of 90% was reached
after 35 seconds. However, the uncertainty values should
be considered (uncertainty for the HC conversion
efficiency is 4.4 %). Based on these results, discrete
operating conditions with preheating has favorable
effects on the HC conversion efficiency, and it is believed
that steady state engine operation catalytic converter
conversion efficiencies can be obtained.

Conversion Efficiencies of the Catalytic Converter
under Cold Operating Conditions

After the discrete motor operation tests were completed,
cold start motor operation tests were performed. The
effects of the location of the heaters, load and length of
the heater sources were examined parametrically. The
heaters at different positions were connected to a Variac
and heated based on the experimental conditions. Three
different heat load condition tests were conducted for the
position and length of each resistance.

Effects of the Heater Positions

To examine the effects of the heater locations, 2 kW, 2.4
kW and 3 kW of energy was supplied to the resistances
at positions I, 11 and 111, respectively. The experiments
were conducted at idle speed (1000 rpm) without a load.
The exhaust emissions were measured using the SUN
MGA 1200 gas analyzer at point C after the catalytic
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converter. At the same time, temperature measurements
were performed at points A, B and C. The emission
conversion graphs are provided in the following figures
for the heater resistances placed in positions I, Il and I11.
The catalytic converter conversion efficiency, which was
obtained by heater | and is the most distant resistance to
the converter, is provided in Figure 4(a) and Figure 5(a).
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Figure 4. CO conversion efficiency graph for (a) position I (b)
position Il (c) position I1I.

When these figures are examined, it is possible to assume
that a low conversion efficiency was obtained. Because
the insulating material wrapped on the resistors becomes
unusable, most of the heat generated by the resistors
cannot be transferred to the exhaust gas. Based on
theoretical calculations, only 35 % of the generated heat
was transferred to the exhaust gas. The efficiency of the
reduction in the carbon monoxide increased with respect



to time because the exhaust gas was heated between the
engine and the catalytic converter. Consequently, heating
the exhaust gas before the catalytic converter was faster,
and the efficiency was increased. Additionally, the
engine had no load under idle conditions, which was
when these results were obtained.

The conversion efficiencies of the carbon monoxide and
the hydrocarbon gases for heater position 11 are provided
in Figures 4(b) and 5(b), respectively.
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Figure 5. HC conversion efficiency graph for (a) position | (b)
position Il (c) position I11.

Increasing the amount of energy in the heaters increased
the conversion efficiency of the catalytic converter.
Because position 11 is closer to the catalytic converter
than position I, the heat loss between the catalytic
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converter and the heater in the exhaust pipe portion is
less, thus increasing the conversion efficiency.

When the efficiency of the conversion efficiency is
examined at position I11, the efficiency values of CO and
HC are higher than that at the other two positions
(Figures 4(c) and 5(c)). When all of the data are examined
together, the conversion efficiency is proportional to the
distance between the heater and the catalytic converter
(Figures 6 and 7). The conversion efficiency increases
when the heater’s position is close to the catalytic
converter. This result occurs because the temperature of
the exhaust gas entering the catalytic converter is higher
due to lesser heat loss as compared to that in the exhaust
pipe. Furthermore, this increases the internal temperature
of the catalytic converter.
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Figure 6. CO conversion efficiency graph for a 2.4 kW heating
load.
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Figure 7. HC conversion efficiency graph for a 2.4 kW heating
load.

Figure 8 illustrates a time-dependent variation of the
catalytic converter temperatures without heating and
when the heaters in positions I, 11 and I11 are operated. As
the heater position approaches the catalytic converter, the
converter temperature increases.
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Figure 8. Temperature graph for a 2.4 kW heating load.
Determining the Effects of the Heater Length

To determine the effects of the heater neck, the heaters
were operated in pairs, i.e., the heaters in positions | and
Il and the heaters in positions 1l and Il were operated
together and tested. The emission conversion efficiencies
of these tests are provided in Figures 9 and 10. A total of
3.5 kW of heat was produced from the double heaters.
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The heat transfer from the heaters increased with an
extension in the length of the heaters, which can be seen
in Figures 9 and 10. Increasing the wall temperature of
the exhaust line heated up the gas inside it, thus warming
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the monolith inside the catalytic converter.
Consequently, both the warm monolith and the heated
exhaust gas increased the conversion efficiency. When
the heaters at positions Il + 111 were used at the same time,
the conduction heat transfer mode was also effective,
which resulted in higher conversion efficiencies.
Additionally, increasing the length of the heaters
decreased the heat loss to the environment, which helped
increase the conversion efficiencies.

CONCLUSION

Experiments were conducted under both discrete and
cold start operating conditions. Under discrete operating
conditions, the engine was operated normally to reach
steady state operating conditions. By preheating the
exhaust gas to higher temperatures, elapsed time to reach
light-off efficiency was shortened.

Then, in the second part of the study, the catalytic
converter behavior and conversion efficiencies were
investigated under cold start operating conditions. At the
beginning of the cold start engine operation, the
conversion efficiencies were zero. After preheating, both
the CO and HC emission conversion efficiency values
increased. The catalytic converter efficiency increased for
all of the preheating conditions over time because the
temperature of the exhaust gas increased over time. In the
tests, which were conducted to determine the effects of the
position of the heaters on the exhaust line, when the heaters
were close to the catalytic converter, it was observed that
the conversion efficiency increased. This result was
assumed to be due to conductive heat transfer from the
heater to the catalytic converter, which helped increase the
washcoat temperature faster. When all of results were
evaluated together, it was determined that heaters with
optimum length and preheating loads should be closer to
the catalytic converter to reduce cold start condition
exhaust emissions. Using electrical heaters is one method
for reducing cold start emissions. Due to stringent
emission legislations, this method may be implemented in
internal combustion engines in vehicles in the near future.
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Abstract: Theoretical and experimental investigations indicate that at high loads such as 3/4 throttling or more and
high speeds such as 3000 rpm or more, the exhaust gas temperatures of the Internal Combustion engines are about 900-
1000 K. The amount of heat wasted with exhaust gas of the Internal Combustion engines is equivalent to the power of
them. By considering this feature of the Internal Combustion engines, a Hybrid engine consisting of an Internal
Combustion (IC) engine and a gamma type Stirling engine was proposed and analyzed from the thermodynamic point
of view. Hybrid engine is formed by combining the Stirling and IC engines via a common crankshaft and a common
cylinder. The Internal Combustion engine may be a four stroke Diesel engine having an unconventional piston
consisting of a crown and a rod. Via using this kind of pistons, two chambers are created in the same cylinder where
one of them take part at above of the piston crown, while the other is taking part at below of the piston crown. In the
combined engine presented here, the chamber at below of the piston crown is used as the expansion volume of the
Stirling engine while the other chamber is being used as operational volume of the Diesel engine. In this study the
thermodynamic performance of the Hybrid engine was investigated via using statistical values of common Diesel
engines. For Stirling engine; 800 K heater surface temperature, 392 K cooler surface temperature, 800 W/m?K heat
transfer coefficient in regenerator, 300 W/m?K heat transfer coefficient in cooler and heater, 250 rad/s engine speed
and 12.5 bar air charging pressure were used as principal inputs. The output power of the Diesel engine was assumed
to be 120 kW which provides 120 kW heat to Stirling engine. The heat transfer areas of cooler, heater and regenerator
were optimized as 0.33 m?, 0.6 m? and 4.6 m? respectively. The optimum thermal efficiency and power of the Stirling
engine were determined as 47 % and 24 kW. The total thermal efficiency of the combined engine is expected to increase
6 % compared to the stand-alone Internal Combustion engine. For 12.5 bar average gas pressure in the cylinder of
Diesel engine, the working fluid mass in the Stirling engine was determined as 17g.

Keywords: Energy Source, Heat Recovery, Thermodynamic Analysis, Hybrid engine, Combined Stirling and Diesel
engine.

BiR DIiZEL MOTORUNUN EGZ0OZ GAZI iLE ENERJILENDIRILEN STIRLING
MOTORUNUN ISIL PERFORMANS ANALIiZLERIi

Ozet: Teorik ve deneysel birgok arastirma i¢ten yanmah motorlarda ¥% ve daha fazla gaz kelebek agikliginda, 3000 rpm
ve daha yiiksek devirlerde egzoz gazi sicakligmin 900-1000 K e ulagtigim gdstermektedir. Icten yanmali motorlarda egzoz
gaz1 ile atilan 151 yaklagik olarak motorlarin gii¢lerine esit miktardadir. igten yanmali motorlarm bu 6zellikleri gz éniinde
bulundurularak, bu ¢alismada igten yanmali bir motor ve bir stirling motorundan meydana gelen hibrit bir motorun
termodinamik analizlerinin yapilmasi amaglanmstir. Bu hibrit motor; igten yanmali motor ile stirling motorunun krank
mili ve silindirinin ortak kullanimi ile meydana gelmektedir. igten yanmali motor geleneksel olmayan bir piston ve biyel
mekanizmasindan olusan 4 zamanl bir dizel motordur. Bu tip pistonlar kullanilarak ayni silindir igerisinde biri piston
tepesinin Gstlinde digeri pistonun alt tarafinda olmak Uzere iki oda olusturulmaktadir. Bu ¢aligmada sunulan hibrit motorda
pistonun altinda kalan hacim stirling motorun genlesme hacmi olarak kullanilirken diger oda dizel motorun ¢alisma hacmi
olarak kullanilmaktadir. Bu ¢aligmada yaygin kullanimda olan bir dizel motorunun istatistiksel verileri kullanilarak stirling
motorunun termodinamik performansi incelenmistir. Stirling motoru igin analiz girdileri olarak; 800 K 1sitic1 yiizey
sicakhigl, 392 K sogutucu yiizey sicakhigi, 800 W/m?K rejeneratdriin 1s1 transfer katsayisi, 300 W/m?K 1sitict ve
sogutucunun 1s1 transfer katsayisi, 250 rad/s motor hizi ve 12.5 bar hava sarj basinci kullanilmistir. Dizel motorunun ¢ikig
glicliniin 120kW oldugu varsayilarak Stirling motoru i¢in de 120 kW’lik giris sicaklik degeri kabul edilmistir. Sogutucu,
1s1tic1 ve rejeneratdriin 1si transfer alanlar sirast ile 0,33 m?, 0,6 m? ve 4,6 m? olarak optimize edilmistir. Stirling motorunun
optimum termal verimliligi ve motor giicii % 47 ve 24 kW olarak belirlenmistir. Hibrit motorun toplam termal verimliligi
yalniz igten yanali motorun sagladigi deger ile karsilastirildiginda %6 artmustir. Dizel motorun silindi igerisindeki ortalama
gaz basincinin 12,5 bar oldugu durumda Stirling motorundaki ¢alisma akiskaninin kiitlesi 17 g olarak belirlenmistir.
Anahtar Kelimeler: Enerji kaynagi, Is1 geri kazanimi, Termodinamik analiz, Hibrit motor, Birlestirilmis Dizel ve
Stirling motoru
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Heat transfer area of nodal volume k (m?)
Displacer crosscut area (m?)

Crosscut area of power piston crown (m?)
Crosscut area of piston rod (m?)

Crosscut area of displacer rod (m?)

Specific heat of working gas at constant pressure
(I/kgK)

Specific heat of working gas at constant volume
(I/kgK)

See Figure 2 (m)

Displacer

Displacer rod

Kinetic energy flow into the cell k during At
period (J)

Kinetic energy flow out of the cell k during At
period (J)
See Figure 2 (m)

Former

Enthalpy follow into the cell k during At period
©)

Enthalpy follow out of the cell k during At
period (J)

See Figure 2 (m)

Into the cell k

Cell counter

Left to the cell k

Total gas mass in the engine (kg)

Air mass in cell k (kg)

Air mass in cell k at former time step (kg)

The total air mass in cells on the right of the cell k

(kg)
The total air mass in cells on the left of the cell k

(kg)

Change of mass in cell k during the period At

(kg)
Out of the cell k

Pressure in the engine (bar)

Piston
Piston rod
Crank radius (m)

Right to the cell k
Gas constant of working fluid (J/kgK)

Length of the piston rod (m)
Length of the displacer rod (m)
Gas temperature in cell k (K)

Matrix temperature in cell k (K)

TkF Former gas temperature in cell k (K)

ATk Change of gas temperature in cell k during At

(K) \
Vk Volume of cell k (m°)
\V Volume of cold space blow the displacer (m®)
c
v Volume of hot space above the displacer (m?)
h
\V Volume of expansion space below piston (m?3)
e
X Distance between crankshaft center and displacer
d bottom (m)
y Distance between crankshaft center and bottom of
p

piston crown (m)
7 See Figure 2 (m)

a Convective heat transfer coefficient in nodal
k volume k (W/m2K)
Angle of connecting rod of piston (rad)

Angle of connecting rod of displacer (rad)

Length of the connecting rod of piston (m)

A dummy constant to avoid divergence of
solution process
Speed of the engine (rad/s)

J2] Amount of crankshaft rotation (rad)

p
? Length of the connecting rod of displacer (m)
A
Q
w

INTRODUCTION

Stirling engine is a technology that can be used to convert
alternative energies into mechanical energy. Stirling
engine is also eligible to improve the performance of the
current energy conversion systems by hybridizing them
with the Stirling engine. However, the current level of
the Stirling technology is not sufficient to use them in
industrial energy conversion systems. For the current
situation at least forty research teams are working on
Stirling engines. Some of the recent research is presented
in the following review of the literature.

For the time being, most of the transport and work
machines use piston type Internal Combustion Engines.
The largest portion of the petroleum produced in the
world is consumed by the piston type Internal
Combustion Engines named as gasoline and Diesel. By
these engines, only 30-40% of the heat generated by
combustion is converted to mechanical energy.

The remaining of the heat is wasted to the atmosphere by
exhaust gas and cooling water. The ratios of the heat
wasted by exhaust gas to the total energy of the fuel is
approximately 30%. The ratio of the cooling heat to the
total energy of the fuel is also at the same order with
exhaust energy. In order to recover the waste heat of
exhaust gas, different concepts are implemented. Among
them the most commons are the use of turbocharger,
thermoelectric generator, Stirling engines and Rankin



Cycle Engines (Jadhao and Thombare, 2013; Noor et al,
2014).

Stirling engines are thermodynamic systems converting
the heat into mechanical power via a thermodynamic
cycle. For the time being, the use of Stirling engines in
an exhaust heat recovery system is a concept. In order to
recover the exhaust heat of an Internal Combustion
Engine by means of a Stirling engine, some alternative
methods are available. One of them may be the
energization of an autonomous Stirling engine with the
exhaust gas of an autonomous Internal Combustion
Engine where no mechanical link is present between
Stirling engine and Internal Combustion Engine. Another
method may be the mechanical combination of a Stirling
engine with an Internal Combustion engine by means of
a common crankshaft. The other method may be the
energization of a Free piston Stirling engine with the
exhaust gas of an Internal Combustion Engine, where no
mechanical link is present between the Free piston
Stirling engine and Internal Combustion Engine. A forth
method may be the mechanical combination of a gamma
type Stirling engine and an Internal Combustion Engine
via a common crankshaft and a common cylinder.
According to the literatures of Stirling and Internal
Combustion Engines, there is not any successful
application of Stirling engines in exhaust heat recovery
systems. There are however some attempts to use Stirling
engines as a heat recovery system on Internal
Combustion Engines. There are also several theoretical
analyses related to the performance prediction of Stirling
engines using exhaust gas as energy source.

Hirata and Kawada (2005) conducted a project to develop
a multi cylinder and large power Stirling engine for use
as prime-mover on ships. Theoretical analysis and
experimental data obtained from a three-cylinder Stirling
engine prototype indicated that the size of Stirling
engines is not appropriate for ship propulsion. Authors
pointed out however that, Stirling engine can be used
together with ship Diesel engines as a heat recovery
device.

Li et al (2012) performed a rhombic-drive Stirling engine
development project for Micro Combined Heat and
Power systems. The developed Stirling engine works
with exhaust gases at moderate and high temperatures.
The heater of the Stirling engine was housed in a chamber
where the heater, consisting of tubes, makes heat
exchange with an exhaust gas circulating at high
turbulence. The exhaust gas circulating in the chamber
comes from a gasoline engine. The developed engine
provides 3476 W power at 1248 rpm speed. The heat
requirement of the Stirling engine was estimated to be
15000 W. According to the presented data, the thermal
efficiency of the engine is 23% while the heater
temperature is about 850 K.

Karabulut et al (2019) proposed a Martini type Stirling
engine working with exhaust energy of an Internal
Combustion Engine with 100 kW power output and
analyzed its thermodynamic performances. For realistic
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conditions, the power output and thermal efficiency of
the Martini Engine was predicted as about 10 kW and
21% respectively. Martini Engine was found to be an
efficient device for exhaust heat recovery. In order to
determine the optimum type Stirling engines for
recovering of heats with low and moderate temperatures,
Wang and coworkers (Wang et al, 2016) conducted a
comprehensive literature survey. Authors concluded that
the kinetic and thermoacoustic type of Stirling engines
are more suitable for the recovery of the low and
moderate temperature heats.

Alfarawi et al (2014) carried out a theoretical study to
estimate the mass and volume of a 2 kW Stirling engine
energized by the exhaust gas heat of an Internal
Combustion Engine. The engine was considered to drive
the alternator which will be decoupled from the Internal
Combustion Engine. The hot and cold end temperatures
of the engine were assumed to be 850 and 450 K. The
charge pressure, rotation speed, regenerator volume,
compression swept volume and expansion swept volume
were estimated as 2 MPa, 750 rpm, 540 cc, 611 cc and
814 cc respectively. The engine is expected to provide
40% thermal efficiency. The heater and cooler of the
engine were optimized with CFD analysis. The mass of
the engine was predicted as about 11-14 Kkg.

In a theoretical Study, lzadiamoli and Sayyaadi (2018)
conducted performance analysis of a hybrid power
system consisting of an Otto Engine and a Stirling
engine. In the same study lzadiamoli and Sayyaadi
(2018) conducted the performance analysis of a hybrid
power and cooling system consisting of an Otto Engine,
A Stirling engine and A Stirling Cooler. In the study,
authors predicted the exhaust gas temperature of the Otto
Engine via Finite Speed and Finite Time
Thermodynamics. The performance analyses of the
Stirling engine and Stirling Cooler were carried out via a
second order thermodynamic model. Under full load, the
exhaust gas temperature of the Otto Engine was
determined to be varying between 975 K and 1060 K as
the engine speed varying from 1000 rpm to 6000 rpm.
While the thermal efficiency of the stand-alone Otto
Engine was about 30%, the thermal efficiency of the
combined Otto-Stirling power system reached to 36%.
For the combined power and cooling system authors
reported a 15% total fuel saving as well as 27% reduction
in carbon dioxide production.

Yu et al (2013) conducted a theoretical study to design a
Stirling engine working with the exhaust gas of a 1.5
Liter four cylinders gasoline engine which is a
turbocharged engine having 70 kW power output at
economic use speed. Initially, authors investigated the
exhaust gas temperature of the gasoline engine. For this
purpose, authors measured the inlet and outlet gas
temperatures of the turbocharger. The temperature
measurements were conducted at full load. For the speed
range of 2000-3500 rpm, the inlet and outlet gas
temperatures of the turbocharger were found to be about
930 °C and 800 °C. In the design of the Stirling engine,
the outlet gas temperature of the turbocharger was used.



Hydrogen was chosen as working fluid for Stirling
engine. The power and thermal efficiency of the designed
Stirling engine were reported as 6475 W and 17.5%.
According to this results, the total thermal efficiency of
the combined Otto/Stirling system is expected to increase
10% compared to that of the standard Otto Engine.

Via developing a second order thermodynamic model,
Saxena and Ahmed (2017) carried out the performance
analyses of a rhombic-drive Stirling engine working with
exhaust gas heat. Authors examined the performance of
the engine according to several design parameters like;
working fluid mass, total dead volume, thermal
resistance, and hot side and cold side temperatures. For
1 KW power output, in the case of using tube-fin type
compact heat exchangers, authors predicted a 7.8 liter
total working fluid volume and 12.6% thermal efficiency.
For the same power output, in the case of using printed
circuit heat exchangers, authors predicted a 3.25 liter
total working fluid volume and 10.8% thermal efficiency.

Via the zero order, first order and second order
thermodynamic analyses, Cullen et al (2009) investigated
the power and thermal efficiency of an engine named as
United Stirling 4-95 Mk 11, which is considered as the
heat recovery component of an Otto Engine having 255
kW power output, 763 K exhaust gas temperature and
351 K cooling water temperature. United Stirling 4-95 11
is a double acting 4-cylinder alpha type engine having
540 cc swept volume. As working fluid, the engine uses
hydrogen at 20 MPa. For 993 K expansion volume gas
temperature, 323 K coolant temperature and 1800 rpm
speed; the rated power of the United Stirling 4-95 1l is
given as 25 kKW. By considering that the United Stirling
4-95 |1 uses the exhaust gas as heat source and cooling
water as heat sink (which are provided by the above
mentioned Otto Engine), authors predicted 48 kW power
at 4000 rpm speed for United Stirling 4-95 II. For this
power and speed, the thermal efficiency of United
Stirling 4-95 Il was predicted to be about 30%. The
thermal efficiency of the combined Otto/Stirling system
was estimated as 42.2% where the thermal efficiency of
the stand-alone Otto Engine was about 35.5%.

In order to indicate that whether the Stirling engine has a
potential of use for recovering heat from exhaust gas of
Otto cycling engines, Huang et al (2016) conducted an
experimental and theoretical study. In the study authors
measured the exhaust gas temperature of an Otto Engine
having 110 kW rated power. Via using the measured
exhaust gas temperature as the heat source temperature
of a beta type rhombic-drive Stirling engine, authors
calculated the shaft power of the Stirling engine. The
exhaust gas temperature of the Otto Engine was
measured as about 950 K. The shaft power of the Stirling
engine was predicted as 1.4 kW with adiabatic second
order thermodynamic model. However, the experimental
investigation indicated that the power generated by the
Stirling engine is about 535 W only. As the result of the
study authors pointed out that, the heat transfer
coefficient between the exhaust gas and heater of the
Stirling engine is very low. Authors pointed out also that,
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the adiabatic thermodynamic model is not a realistic tool
to calculate the performance parameters of Stirling
engines. Despite of some problems, Stirling engine was
found to be a promising technology for heat recovery
from exhaust gas of Internal Combustion Engines.

In this study a Hybrid engine concept consisting of an
Internal Combustion Engine and a Gamma Type Stirling
engine was proposed. The Stirling component of the
Hybrid engine works with the exhaust gas energy of the
IC component. The energy and temperature of the
exhaust gas ejected by IC Engine is assumed to be
statistically known and the thermal performance of the
Stirling engine was investigated via the nodal analysis.
The main novality of this work is the mechanical
combination of a gamma type Stirling engine and an
Internal Combustion Engine via a common crankshaft
and a common cylinder.

PHYSICAL SYSTEM AND MATHEMATICAL
MODEL

Physical system

Figure 1 indicates the schematic view of the combined
Stirling and Internal Combustion (IC) engine. The
combined engine involves rectangularly connected two
cylinders which are named as displacer cylinder and
power cylinder. As seen in Figure 1, the volume of the
displacer cylinder is divided into two chambers by a
displacer. Chambers above and below the displacer are
named as hot and cold volumes respectively. The volume
above the displacer is connected to the volume below the
displacer through a heater, a regenerator and a cooler.
Heater is a heat exchanger where the working fluid of the
Stirling engine makes heat exchange with the exhaust gas
of the IC engine. The regenerator is a cavity filled with a
porous material such as wire screen foils or randomly
packed fibrous metallic materials. The solid part of the
regenerator is named as regenerator matrix. The cooler
is also a heat exchanger in which the working fluid of the
Stirling engine makes heat exchange with a cold fluid.

In the system a power piston, similar to that of the two
stroke marine engines, is used. Via this piston, two
chambers are facilitated in the cylinder of the IC engine;
one of them is above the crown of the piston while the
other is below the crown. The volume below the crown
is connected to the displacer cylinder and enables the
expansion of the working fluid of the Stirling engine. The
volume above the crown is the operational volume of the
IC engine where the intake, compression, combustion,
expansion and exhaust processes of the IC engine are
accomplished. Between volumes below and above the
crown, there will be a certain amount of gas leakage.
Therefore, the working fluid of the Stirling engine may
not be special fluid such as Helium or Hydrogen. As seen
from Figure 1, the crankshaft has only 1 crankpin and,
connecting rods of both the power piston and displacer
are connected to this crankpin.



The thermodynamic cycle of the Stirling engine may be
explained by dividing the circle formed by crankpin into
4 sections as illustrated in Figure 1. The Position of the
crankpin seen in Figure 1 may be assumed as the starting
instant of the engine. While the crankpin is at A, the
power piston is at the bottom dead center of itself. The
displacer is at the bottom dead center of itself as well.
The total inner volume of the Stirling engine is at lowest
level. The most of the working fluid of Stirling engine is
in hot volume of the displacer cylinder. Therefore, the
pressure of the working fluid of Stirling engine is at
highest level. While the crankpin is moving from A to B,
the displacer remains at about the bottom dead center of
itself. The power piston moves upwards and the
expansion volume below the crown enlarges. During this
process, the working fluid in the hot volume of displacer
cylinder flows into the expansion volume and generates
work. When the crankpin arrived to B, the expansion
period of the Stirling engine terminates. A significant
amount of the working fluid of the Stirling engine is in
the hot volume above the displacer. The other significant
amount of the working fluid is in the expansion volume
below the power piston. While the crankpin is mowing
from B to C, the power piston remains at about the top
dead center of itself. The displacer moves upwards and
removes the working fluid from the hot volume to the
cold volume. During this process the total inner volume
of the Stirling engine remains almost constant and the
working fluid undergoes a constant volume cooling
process by making heat exchange with regenerator and
cooler through narrow flow channels and generates a
damping force acting to displacer. The flow resistance
appearing in the heater regenerator and cooler may also
generate adequate damping force to stabilize the motion
of the displacer.
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Figure 1. Schematic view of the conceptual Hybrid engine.

When the crankpin arrived to C, the total inner volume of
the Stirling engine is almost at maximum level and the
gas pressure in the engine is at minimum level. A
significant amount of the working fluid is in the
expansion volume below the crown of the piston. While
the crankpin is moving from C to D, the displacer
remains almost constant at about the top dead center of
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itself. The power piston moves downwards and removes
the working fluid from expansion volume to the cold
volume below the displacer through a cold heat
exchanger. During this process the working fluid
undergoes a compression process. Due to the
compression work made on the working fluid, the
temperature of it tends to increase. However, the heat
exchange in the cold heat exchanger limits the increase
of the working fluid partially. When the crankpin arrived
to D, the largest amount of the working fluid is collected
in the cold volume below the displacer. Due to that the
temperature of the working fluid is comparatively lower,
its pressure is also comparatively lower. While the
crankpin is moving from D to A, the power piston
remains almost constant at about the bottom dead center
of itself. The displacer moves downwards and removes
the working fluid from cold volume to the hot volume
through cooler, regenerator and heater. During this
process the total inner volume of the Stirling engine
remains almost the same. While the working fluid is
flowing from the cold volume to the hot volume, it makes
heat exchange at constant volume with regenerator and
heater. This process is the heating process of the working
fluid at constant volume. Due to increase of the
temperature, the pressure of the working fluid increases
as well. When the crankpin arrived to A, the
thermodynamic cycle of the Stirling engine is completed.
The working fluid is ready to perform a second cycle.

In gamma type Stirling engines, the connection of
displacer cylinder to expansion volume may be either
from hot end or cold end. Despite that the hot end
connection provides a relatively higher work, in this
study the cold end connection was preferred. This is done
to protect the expansion volume from high temperature.
The lower expansion volume temperature should prevent
evaporation of lubricant and protect the heat exchangers
from contamination of lubricant.

Mathematical Model

The analysis conducted here involves the prediction of
performance parameters of the Stirling component of
combined engine. In the analysis, the nodal
approximation was used. The inner volume of the Stirling
engine was divided into 28 nodal volumes or cells. The
first and second of nodal volumes are the hot volume of
the displacer cylinder and the heater volume. Nodal
volumes from 3 to 25 are regenerator cells. Nodal
volumes 26, 27 and 28 are respectively; cooler volume,
cold volume of the displacer cylinder and expansion
volume below the crown of the piston.

The unknowns of this analysis are; the temporal gas
pressure in the engine (p), the temporal nodal
temperatures of the gas (Tx), the temporal values of the
varying nodal volumes (Vi) and the temporal masses in
nodal volumes (my).

Assumptions of the analysis are;

1) The independent variable of the analysis is time (t).



2) The working fluid of Stirling engine is air and it is
assumed to be a perfect gas.

Pressure differences between different nodal volumes
due to flow frictions are disregarded.

For regenerator matrix no energy balance is used.
The regenerator matrix possesses a permanent
temperature distribution varying step by step between
cooler and heater temperatures.

The analysis does not involve the calculation of heat
transfer between exhaust gas and outer surface of
heater.

The inner heat transfer surface temperatures of cooler
and heater are the known parameters of the analysis.
The engine rotates with a constant speed.

In all nodal volumes, there is heat exchange between
working gas and solid boundaries.

3)
4)
5)

6)

7)
8)
9)

The instantaneous values of the gas pressure in the engine
was calculated with the Schmidt formula given as

@

The variations of temporal temperature in nodal volumes
were calculated with the first law of the thermodynamics
given for unsteady open systems,

Q ~W =(my by ) —(m -h), +(AU), @)

In this equation;

Q« ’ Wi (AU)k, (mo hD)k and (m h)k indicate

respectively the heat exchange of the working fluid with
solid boundaries of the nodal volume, the work generated
in the nodal volume, the internal energy variations in the
nodal volume, the enthalpy conveyed out of the nodal
volume and the enthalpy conveyed into the nodal
volume. In Equation (2) by substituting

Q = oy A (Tkw Ty )At

@)
(mo ho)k =H¢ (6)
(”\ . h )k = Hli< (7)
the equation
H? —H} +mC,AT, +C, T, Am,
is obtained. By adding QAT, to both sides of the last

AT,

equation and then solving for = 'k results in
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| oA (T =T )At—pAY, +

AT =| K I(mc, +2) ©)
“1(HE -HE)-C, T, Am +QAT, (MG +2)

In last equation, the subscript k indicates any one of the
nodal volumes taking part in the engine. The term

(HE-HR) .
indicates the total enthalpy flow in and out
of the nodal volume k. When the engine is running, the
working fluid may enter in to the nodal volume k from
the nodal volume k-1 and, exit towards nodal volume
k+1. It may also enter from the nodal volume k+1 and,
exit towards nodal volume k-1. There are also other
specific situations such as entering and exiting through
the same boundary etc. If the enthalpy flow in and out of
the nodal volume k is calculated by using the boundary
temperatures of the nodal volume k, the complexity of

calculation is avoided and its calculation simply
becomes,
 Te+Tea
(HE-HE)= _
Tk—l +Tk =
BT Y A,
L j= J

The total of mass variations in volumes on the right and
in volumes on the left of k are calculated as,

(Mg + My + My g +.bm, ) —

D am, = (11)
i F F F F

] (M-, +my s+ +mf)

and

=kt (My+my+...+my)—

Z Ami=, . . (12)
=) (m]_ + My +...+mk_1)

The temporal values of the gas temperatures in cells are
calculated by taking the sum of temperature change of
gas and the former value of its temperature such as,

Tk = TkF + ATk (13)

In last equation Ty and T« indicate respectively the
temporal temperatures of the cell at the current and at the
previous time steps.

The temporal values of the varying volumes are
calculated via kinematic relations. The coordinate system
and some of symbols used in the analysis are seen in
Figure 2. The crankshaft center was chosen as the origin
of the coordinate system. The engine rotates in
anticlockwise direction with a constant speed. As seen in
Figure 2, the crankshaft angle was measured from
negative direction of y axis. The power piston and



displacer make reciprocal motions on y and x axes
respectively. According to the position of the piston
presented in Figure 2, the volume of expansion space of
the Stirling engine, which takes part below the crown of
the power piston, may be stated as

Ve =(¥p=2) (A~ Ay )

With respect to Figure 2, the position coordinate of the
piston (Yp), may be stated as

(14)

Y, =—Rcos@+Acos 5+, (15)

As seen in Figure 2, B is the angle between the axis of
piston rod and its connecting rod. In terms of crankshaft
angle B is stated as,

.| R .
=arcsin| —sin@
s Ll }

(16)

According to the position of the displacer presented in
Figure2, the volumes of the cold and hot spaces of the
displacer cylinder may be stated respectively as

Vc:(xd_h)(Ai_Ajr) (17)

and

Vh:(d_xd_f)pﬂ (18)

With respect to Figure 2, the position coordinate of the
displacer’s bottom end may be stated as

X; =—Rsin@+ncosp+S,

(19)

As seen in Figure 2, P is the angle between displacer
rod and its connecting rod and can be stated in terms of
crankshaft angle as,

. (R
@ =arcsin| —coséd
7 (20)
Temporal values of gas masses in nodal volumes are
calculated with the perfect gas relation

m, = PV
Equations given above are adequate for the

thermodynamic analysis of Stirling component of the
combined engine.

For the solution of these equations a computer program
was prepared in FORTRAN language. In the solution
process, the crankshaft was assumed to be rotating with
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a constant speed of . At the first instance of the solution

process, the crankshaft angle was assumed to be ¢=0
and the initial positions of the power piston and displacer,
yp and xq, were determined. For this position of the piston
and displacer, volumes of the all of cells were
determined. After determination of the cell volumes, the
temperatures of heat transfer surfaces in heater,
regenerator and cooler were assessed. For heat transfer
surfaces in heater, a uniform temperature may be
assessed. For heat transfer surfaces in cooler, a uniform
temperature may also be assessed. For regenerator
matrix, a temperature profile varying step by step with
equal increments may be assessed. That means, matrix
temperatures in cells are uniform but, varies from cell to
cell with equal increments. After completing assessment
of the surface temperatures, the initial gas temperatures
in cells were assessed. The most appropriate values for
the initial gas temperatures in cells may be to set them
equal to the surface temperatures of cells. After this, the
initial gas pressure in the engine was calculated with
Schmidt formula. After calculating the initial gas
pressure in the engine, the initial air masses in cells were
determined via Equation (21) and the determination of
initial values were completed.

Crown of Power

Piston of ICE \

Displacer

Sd

Xd

Figure 2. Symbols used in the analysis.

Then the crank shaft was rotated as Af = oAt . For this
new position of crankshaft, volumes of cells were
determined again. Via the Schmidt formula, by using the
new cell volumes and the former cell temperatures and
masses, the approximate gas pressure in the engine was
predicted for the new position of the crankshaft. Then, by
using the new cell volumes, new gas pressure and former
gas temperatures in the general state equation of perfect
gases, the approximate new values of the cell masses
were determined. After this, the quantities defined by
Equations (11) and (12) are calculated. Then, by
introducing the quantities calculated with Equations (11)
and (12) and former cell temperature into Equation (10),
the approximate value of the enthalpy flow was
determined. In order to predict the new approximate
values of cell temperatures, initially temperature changes



in cells were calculated via using Equation (10). After
this, by using Equation (13), the new approximate
temperatures of cells were calculated. In order to
determine the precise values of new pressure, new cell
temperatures and new cell masses, the calculations
defined in this paragraph were iterated several times.
Iteration number may be determined by observation.
After reaching to stable values, not varying from iteration
to iteration, the solution of equations was ended for the
first time step. By rotating the crankshaft again as wAt,
the solution of equations for the second time step was
initiated. The rest of the solution process is the repetition
of the same operations for subsequent time steps.

When the simulation program is set to run, the cyclic
quantities such as work, heat, average pressure etc., vary
from cycle to cycle due to unsteady running of the
simulation. The cyclic variations of cell temperatures and
pressure are also not periodic curves. After a certain
number of cycles, the transient running period of the
simulation terminates and the steady running conditions
are reached. At steady running conditions, the cyclic
quantities such as work, heat, average pressure etc. do not
vary from cycle to cycle. The cyclic variations of cell
temperature and engine pressure becomes periodic
curves.

In this simulation, since no energy balance equation is
used for regenerator matrix, the cyclic heat exchange
between gas and regenerator matrix may be not zero
despite that it should be zero in a real engine. When
introduced into the simulation program any values for
heater area, cooler area and regenerator area; the cyclic
work is correctly calculated. However, the cyclic heat
transfers from heater to gas, the cyclic heat transfer from
gas to cooler and the cyclic heat exchange between gas
and matrix may not be calculated correctly because of
unbalanced heat exchange with gas and regenerator
matrix. Unless calculating the correct value of the heat
transfer from heater to gas, the thermal efficiency of the
engine may not be calculated correctly. In order to
overcome with this difficulty, the cyclic heat exchange of
the regenerator matrix is made zero by introducing
proportional values for heater and cooler heat transfer
areas. To find he proportional values of them, a trial and
error operation is required. The flowchart of the
thermodynamic analysis is shown in Figure 3.

RESULTS AND DISCUSSION

The air was used as working fluid and the
thermodynamic performance of the Stirling component
of the combined ICE-Stirling system was investigated.
Table 1 indicates specific values used in the analysis of
the Stirling engine and optimized inputs. In the solution
of model equations, the appropriate magnitude of time
steps was determined to be 0.00002 second. Adequately
stable values of variables at any time step were obtained
with 1000 iterations. The transient running period of the
simulation was found to be minimum 300 cycles.
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The inputs presented in Table 1 are determined
considering the exhaust energy of a Diesel type IC
Engine with 120 kW power at 2400 rpm speed. Assuming
that the economic running speed of Diesel engines is
about 2400 rpm, the speed of the Stirling engine was set

Inputs
Vi-Vas m,
R AL 4y 4,0, T, C,,

C, o, 4, R, As Az A 4,
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Initial Conditions
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Figure 3. Thermodynamic analysis flowchart.

to 250 rad/s which corresponds to 2387 rpm. When
optimizing the mass of the working fluid of the Stirling
engine, the average pressure in the cylinder of the Diesel
engine was used as a criterion. Since the expansion
volume of the Stirling engine takes place below the
crown of the piston of the Internal Combustion Engine,
the average pressure of the Stirling cycle is dependent on



the average cylinder pressure of the Internal Combustion
engine. When the gas pressure of the IC engine exceeds
the gas pressure of the Stirling engine, then some air leaks
from operation volume of the IC engine into the
expansion volume of the Stirling engine. When the gas

Table 1. Inputs used in the analysis.

Names of Inputs Symbol | Numerical
value
Gas constant of working fluid R 288
(J/kg K)
Constant volume specific heat | Cv 720
of working gas (J/kg K)
Constant pressure specific heat | Cp 1008
of working gas (J/kg K)
Optimum engine speed (rad/s) [0} 250
Crank radius (m) R 0.04
Piston connecting rod length y 3.5R
(m)
Displacer connecting rod n 3.5R
length (m)
Displacer cylinder crosscut Ad 100/104
area (m2)
Power cylinder crosscut area A 100/104
(m2) P
Piston rod crosscut area (m2) A 2.5/104
pr
Displacer rod crosscut area 2.5/104
(m2) "
Heat transfer coefficient in a 800
regenerator (W/m2K) k
Heat transfer coefficient in a 300
cooler and heater (W/m2 K) 26
&,
Surface temperature of heater T 800
(K) H
Surface temperature of cooler T 392
(K) ¢
eater heat transfer area (m
H h f (m2) Az 6000/104
Heater dead volume (m3) vV 300/106
2
Cooler heat transfer area (m2) A2 3300/104
6
Cooler dead volume (m3) V. 165/106
26
Average heat transfer area in A1 400/104
hot volume of displacer
cylinder (m2)
Average heat transfer area in A2 400/104
cold volume of the displacer 7
cylinder (m2)
Average heat transfer area in Az 400/104
expansion volume (m2) 8
Tube diameter in heater and 0.002
cooler (m)
Heat transfer area of 'Ak 0.2
regenerator cells (m2)
Dead volumes in regenerator V. 16.5/106
cells (m3) k
Porosity of regenerator matrix %75
Total volume of the IC Engine 3200/106
(m3)
Power of the IC Engine (kW) 120

pressure of the Stirling engine exceeds the gas pressure
of the IC engine, then some air leaks from the expansion
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volume of the Stirling engine into the operation volume
of the IC engine. This is a periodically repeating
phenomenon at each cycle of the IC engine. Due to this
phenomenon, at steady running conditions, the average
gas pressures in the IC and Stirling engines are expected
to converge to each other. In modern turbocharged Diesel
engines, at economic running conditions, the time
average of the gas pressure in the cylinder is in the range
of 10-15 bars (ipci and Karabulut, 2016). If the air mass in
the Stirling engine is taken as 17 g, then the average gas
pressure in it becomes 12.65 bar. Therefore, 17 g air mass
may be considered as the optimum working fluid mass
for the Stirling part of the combined engine. Since the
crosscut area of the piston rod is small enough compared
to the crosscut area of the piston crown, the swept
volumes of both engines are almost equal to each other.
If we consider a Diesel type IC Engine with 800 cc swept
volume per cylinder and 2 bar charging pressure, the air
mass taken into the cylinder per cycle becomes 1.66 g. At
economic running conditions of the Diesel engines, the
practical air/fuel ratio is about 16. The combustion heat
of diesel fuel is give as about 42-46 MJ/kg. If the
combustion heat of diesel fuel is taken to be 44 MJ/kg,
the heat release in a cylinder per cycle is determined as
about 4650 J. From this value, by considering the
statistical thermal efficiency of Diesel engines as %33,
the heat wasted with exhaust gas per cycle is estimated as
1500 J. The other point is that, the IC engine performs
one cycle within two revolutions and generate one times
work while the Stirling engine is generating two times
work. Considering this situation, the available heat for
Stirling component of the combined engine is determined
as 750 J for each cycle. Considering the statistical
performance parameters of Diesel engines, for a Diesel
engine running with 250 rad/s speed and consuming 4650
J heat per cycle, the power is estimated to be 30 kW. In
case of a Diesel engine with 4 cylinders, the power
becomes 120 kW.

Figure 4 indicates P-V diagram of the Stirling engine
obtained for 17 g working fluid mass and 250 rad/s
engine speed. The temperatures of hater and cooler
surfaces were taken to be 800 and 392 K respectively.
The heat transfer areas in heater and cooler were set as
0.6 and 0.33 m2. From P-V diagram, the minimum and
maximum values of the engine inner volume are
determined as 1.7922 and 2.5729 liter respectively. The
compression ratio and mean gas pressure in the engine
are determined to be 1.435 and 12.65 bar respectively.
The cyclic heat received from heater by the working air
and the work generated are 328 J and 150.97 J
respectively. Considering 150.97 J cyclic work and 250
rad/s speed, the power generation of a 4 cylinder Stirling
engine is estimated to be 24 kW. The total power of a
combined Stirling-1C engine is estimated to be 144 kW.
For the same combined engine, the heat consumption per
second is determined to be 370 kW. The thermal
efficiency is estimated as 39%. The thermal efficiency of
the stand-alone Diesel engine is 32.4%. From these
results, the increase of the thermal efficiency is estimated
to be 6.6%. This amount of increase of the thermal
efficiency is almost equivalent to that provided by the



Organic Rankin Cycle Vapor System. The ratio of
increase of thermal efficiency to the thermal efficiency of
the stand-alone engine becomes 20.37%.
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Figure 4. P-V diagram obtained for 17 g working fluid
and 250 rad/s speed.

Via using the prepared simulation program, the variations
of the thermodynamic performance parameters of the
engine were examined with respect to the working gas
mass. In this examination, in order to ensure the correct
calculation of the thermal efficiency, the heat transfer
area of the cooler was set to some appropriate values
reducing the cyclic regenerator heat to small enough
values. The heater area was kept constant as 0.6 m2. The
temperatures of cooler and heater were taken to be 392
and 800 K respectively. The speed of the engine was set
to 250 rad/s. The gas mass in the engine was increased
from 7 g to 21 g with 2 g increments. Table 2 and Figure
5 presents the results of this examination. Data presented
in Table 2 and in Figure 5 were obtained after 720 cycles
running of the engine. In this examination the time steps
were taken to be 0.00002 second.

The second column of the Table 2 contains the heat
received by the working fluid from the heat transfer
surface of the heater. As seen from Figure 5, the heat
received by the gas displays a slightly decelerating
increase with working fluid mass but it is almost linear.
The deceleration of increase of the heat is probably
caused by limited heat transfer area in the heater. As seen
from Table 2, when the air mass is 17 g, the heat
requirement of the engine is 328.2 J per cycle. This is
lesser than the half of heat availability of the exhaust gas
which was estimated in above paragraph as 750 J for each
cycle of Stirling engine. This situation indicates that the
heat required to energize the Stirling engine would be
easily recovered from the exhaust gas of the IC Engine.
The heat exchanger to be used for this purpose will not
be a very complicated device.

The third column of Table 2 presents the unbalanced
regenerator heat. The unbalanced regenerator heat is a
residual heat appearing in energy balance of regenerator.
The unbalance regenerator heat may be a positive or a
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negative magnitude. There are two causes of the
unbalanced regenerator heat as; transient running of the
engine and the absence of an energy balance equation in
the analysis for regenerator matrix. In reality, at steady
running conditions of a real engine, the heat given to the
regenerator and taken from the regenerator all over the
cycle should be in a balance. However, when an engine
is set to run, for a period of time, it operates at transient
conditions. After a period of time, the steady running
conditions are reached. The simulation program prepared
in this study works similar to the operation of the real
engine. At transient running period of the simulation
program, the heat given to the regenerator and taken from
the regenerator is not in balance and the unbalanced heat
decreases from cycle to cycle. When the simulation
program is running, after a certain number of cycles, the
unbalanced heat converges to a certain value. This
remaining value of the unbalanced heat is caused by the
absence of an energy balance equation in the analysis for
regenerator matrix. In order to eliminate or minimize the
remaining  unbalanced  regenerator heat, some
appropriate values are introduced for heater and cooler
areas. Data seen in Table 2 were obtained after 720 cycle
running of the engine. The appropriate values of the
cooler area are seen in last column of the Table 2. As seen
from the Table, the unbalanced heat is small enough
compared to the heat received from the heater.

In Table 2, the forth column presents the work generated
by the Stirling engine per cycle. As seen from Figure 5,
the work displays a decelerating increase with air mass.
The variation of work with air mass is consistent with
expectations. Deceleration of increase of work with air
mass is caused by contraction of the temperature interval
between temperature limits of the cycle. The fifth column
of the Table 2 presents the thermal efficiency. Thermal
efficiency was calculated by dividing the cyclic work
with cyclic heat. As seen in Figure 5, while the air mass
is increasing, the thermal efficiency displays an
accelerating decrease. This is again due to contraction of
the temperature interval between temperature limits of
the cycle. In heater, regenerator and cooler, if there were
large enough heat transfer surfaces and heat transfer
coefficients, then, the lowest and highest temperature
limits of the cycle will be equal to the cooler and heater
temperatures respectively and, the thermal efficiency of
the cycle will be equal to the Carnot efficiency. However,
this is practically not possible. While the heat transfer
areas are increasing, the dead volumes increase as well.
A higher dead volume reduces the compression ratio of
the engine and causes the work to decrease. If the
regenerator is not perfect, the dead volume has also a
negative effect on thermal efficiency. Therefore, the heat
transfer areas of the heat exchange components of the
Stirling engine may not be increased arbitrarily. In this
examination, the heat transfer coefficient in regenerator
was taken from Tanaka and coworkers (Tanaka et al,

2
1990) as 800 W/m’K  The heat transfer coefficient in
cooler, heater and other heat transfer surfaces were taken

2 S
as 300 W/M'K which is a reasonable value to enable. The
heat transfer areas of regenerator and heater were taken



as 4.6 m2 and 0.6 m2 respectively. The cooler area varies
from 0.23 m2 to 0.37 m2. For 17 g air mass the cooler
area was determined as 0.3325 m2. As seen from Figure
5, the curve of the thermal efficiency has a maximum at
7 g air mass. The maximum thermal efficiency appearing
at 7 g air mass is 51. 76%. Considering 392 K cooler
temperature and 800 K heater temperature, the Carnot
efficiency of the cycle is determined to be 51%. The
thermal efficiency calculated via this simulation exceeds
the Carnot efficiency as 0.76%. This is a numerical error
related to the time step used in the simulation which is
0.00002 second.

The sixth column in Table 2 presents the power of the
engine. As seen from Figure 5, the power displays a
decelerating increase with air mass. After a certain value
of air mass, the power will tend to decrease. The
maximum value of the power is 6576 W and corresponds
to 21 g air mass. For 21 g air mass, the average pressure
of the cycle becomes 15.48 bar. This pressure is above
the average cylinder pressure of Diesel engines and
therefore, it may not be considered as the optimum value
of the average pressure of the Stirling engine. In Table 2,
the seventh column presents the average pressure of
cycles. As seen from Figure 5, the average pressure
exhibits a linear variation with air mass which is an
inherent result.

Via using the prepared simulation program, the variations
of the thermodynamic performance parameters of the

engine were examined with respect to the speed as well.
In this examination, the mass of working gas in the
engine was taken to be 17 g. The cooler and heater
temperature were taken as 392 and 800 K respectively.
The heat transfer area of the heater was set to 0.6 m2. The
heat transfer area of the cooler was set to some
appropriate values to minimize the cyclic regenerator
heat. The speed was varied from 100 rad/s to 300 rad/s
with 25 rad/s increments.

Results obtained from this examination were presented in
Table 3and in Figure 6. In this examination the time steps
were taken to be 0.00002 second as well. Data presented
in Table 3 and in Figure 6 were obtained after different
amount of running periods ranging from 1400 to 2200
cycles. At higher values of speed, higher number of
cycles were needed to obtain stable results.

The second column in Table 3 indicates the heat
exchange between heater and working air of the engine.
As seen from Figure 6, the heat exhibits a decelerating
decrease with engine speed. The maximum heat
exchange appears at about 100 rad/s speed as 379 J per
cycle. The minimum value of the heat exchange appears
at 300 rad/s speed as 315.5 J per cycle. While speed is
increasing the decrease of heat exchange is an inherent
situation because of that the heat exchange is
proportional with time.

Table 2. Variations of thermodynamic parameters with air mass.

Air mass Heat Unbalanced Work Thermal Power Average Cooler area
(9) J) heat in Reg. (J) J) efficiency (%) (W) pressure (bar) (m2)
5 117.22 -3.85 59.66 50.89 2373.82 3.79180 0.2275
7 155.31 -2.26 80.40 51.76 3199.15 5.29542 0.2450
9 192.15 -0.99 98.93 51.48 3936.41 6.78897 0.2625
11 228.01 -0.14 115.21 50.52 4584.16 8.27076 0.2800
13 262.76 0.54 129.24 49.18 5142.5 9.73970 0.2975
15 296.15 0.15 141.11 47.65 5614.82 11.19541 0.3150
17 327.92 0.075 150.99 46.04 6007.58 12.63784 0.3325
19 358.03 0.32 158.98 44.40 6325.78 14.06664 0.3500
21 386.33 -0.48 165.27 42.78 6576.05 15.48283 0.3675

—s— Heat (J), —o— Work (J),
—w— Power (W),

Average pressure (bar), —d— Cooler area (mz)

Thermal efficiency (%)
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Figure 5. Variations of thermodynamic parameters with air mass.
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The highest value of the heat exchange is approximately
50% of the heat availability of the exhaust gas of the
Diesel engine combined with the Stirling engine. This
indicates that the heat exchanger to be used in the system
will be not very complicated. The third column in Table
3 presents the unbalanced heat in regenerator. The
unbalanced heat is small enough to influence the
accuracy of the thermal efficiency except the one
appearing at 100 rad/s speed. To get correct data at very
low values of the speed, very small time steps and very
large amount of transient running periods are needed.

In Table 3, the column 4 and 5 indicate the variations of
cyclic work and thermal efficiency with speed of the
engine. As seen from Figure 6, the work displays a
linearly decreasing tendency with speed. While speed
increasing, the heat transfer time of the cycle decreases
linearly. Proportionally with time, the heat exchange
between working fluid and heat transfer surfaces of
heater and cooler decreases as well. As the result of this,
the work may present a linear decrease. As seen from
Figure 6, the thermal efficiency presents an accelerating
decrease with speed. While the work is presenting a
linear decrease and heat is presenting a decelerating
decrease, the thermal efficiency may present an
accelerating decrease. Within the examined limits of
speed, the minimum and maximum values of the thermal
efficiency are 43.45% and 52.1% respectively. At 100
rad/s speed, compared to the Carnot efficiency, there is
1.1% excess in the thermal efficiency of the nodal
approximation conducted here.

As seen from Figure 6, the efficiency curve has a
maximum at 100 rad/ speed as well. This feature of the
efficiency curve indicates that the thermal efficacy
predicted by the nodal approximation involves at most
1.1% error. This error is caused by numerical error and
unbalanced regenerative heat seen in the third column of
the Table 3. For 250 rad/s speed, the thermal efficiency
of the engine is 46.87% which is a trustable result from
accuracy point of view.

The column 6 of the Table 3 contains the power of the
Stirling engine. The power displays a decelerating

increase with speed. The cause of increase of power with
speeds is due to the increase of speed. The deceleration
of increase of the power is caused by the decrease of
work. For 250 rad/s speed, which was assumed to be the
optimum value of it, the power is 6125 W. Between 150
rad/s and 275 rad/s, which is the most common use range
of speed in Diesel engines, the power varies from 4363
W to 6375 W.

Considering that a four-cylinder Diesel engine will be
combined with a four-cylinder Stirling engine, the power
contribution of the Stirling engine to the combined
system is determined as a quantity between 17.45 kW and
25.5 KW. Where, the power of the stand-alone Diesel
engine is about 120 kW. This result indicates that a
Hybrid engine consisting of a Diesel and a Stirling engine
would be more advantageous than Diesel-ORC combined
systems.

In Table 3, column 7 presents the cyclic average values
of the pressure in the engine. Its variation with speed is
2.5% which is not significant. Column 7 indicates the
cooler area of the engine. While the speed is changing
form 100 rad/s to 300 rad/s with 25 rad/s increments, the
cooler area varies from 0.24 m2 to 0.36 m2 linearly with
0.015 m2 increments. The cooler area corresponding to
250 rad/s speed is 0.33 m2 and it seems to be an
appropriate value for all working conditions of the
engine.

Via using the prepared simulation program, the variations
of the thermodynamic performance parameters of the
engine were examined with respect to the heater
temperature as well. In this examination, the mass of
working gas in the engine, the heater area, and engine
speed were taken to be 17 g, 0.6 m2 and 250 rad/s
respectively. The regenerator heat was minimized again
via setting appropriate values for cooler area. The heater
temperature was varied from 700 K to 900 K with 25 K
increments. Table 4 and Figure 7 indicate results of this
examination. In this examination, the time steps were
taken to be 0.00002 second as well. Data presented in
Table 4 and in Figure 7 were obtained after 1400 cycle
running period of the engine.

Table 3. Variations of thermodynamic parameters with engine speed.

Engine speed Heat Unbalanced Work Thermal Power Average Cooler area
(rad/s) () heat in Reg. (J) J) efficiency (%) (W) pressure (bar) (m2)
100 379.22 -6.73 197.6 52.1 3144.6 12.88420 2400
125 366.51 -2.9 190.43 51.96 3788.66 12.85334 2550
150 356.75 -1.54 182.76 51.22 4363.06 12.81727 2700
175 348.75 -0.68 175.32 50.26 4882.94 12.78096 2850
200 341.44 0.78 169.12 49.53 5383.42 12.73767 3000
225 335.03 -0.76 160.56 47.92 5749.72 12.69786 3150
250 328.38 -0.04 153.92 46.87 6124.66 12.65159 3300
275 321.91 0.08 145.66 45.25 6375.23 12.60962 3450
300 315.52 -0.48 137.12 43.45 6546.91 12.56580 3600
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Figure 6. Variations of thermodynamic parameters with engine speed.

As seen from Figure 7, all of the thermodynamic
parameters are varying linearly with heater temperature
except thermal efficiency. The thermal -efficiency
displays a decelerating increase. The deceleration of the
increase of the thermal efficiency may be due to
downward variation of cooler area. If the efficiency of
the heat exchanger recovering waste heat from exhaust
gas is assumed to be 50%, which is a plausible value, the

750 x 0.5 =375 J per cycle of Stirling engine. From Table
4, corresponding to 375 J heat, a heater temperature of
876 K is seen. This result indicates that the heater
temperature could be increased up to 875 K. As the result
of this increase, the power provided by a 4 cylinder
Stirling engine could increase up to 29 kW.

heat provided by this exchanger would be
Table 5. Variations of thermodynamic parameters with heater temperature.
Heater Heat Unbalanced Work Thermal Power Average Cooler area
temperature (K) ) heat in Reg. (J) ) efficiency (%) (W) pressure (bar) (cm2)
700 263.71 -4.48 107.24 40.66 4267.18 11.65819 0.3825
725 279.73 -3.18 118.17 42.24 4701.87 11.90121 0.3700
750 295.74 -2.01 120.1 43.65 5136.85 12.14533 0.3575
775 311.83 -0.51 140.04 44.90 5571.9 12.39056 0.3450
800 327.91 -0.19 150.98 46.04 6007.5 12.63782 0.3325
825 344.08 0.46 161.93 47.06 6443.0 12.88678 0.3200
850 360.24 -0.12 172.91 48.0 6879.88 13.13847 0.3075
875 376.59 -0.11 183.88 48.83 7316.45 13.39230 0.2950
900 392.03 0.19 194.66 49.65 7745.47 13.62060 0.2825
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Figure 7. Variations of thermodynamic parameters with heater temperature.
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Figure 8. Temperature variations in hot, cold and expansion volumes

Figure 8 indicates variations of gas temperatures in hot
volume, cold volume and expansion volumes. In the case
of that zero dead volume is left in hot, cold and expansion
spaces of the engine, the minimum values of mass in that
spaces tends to go zero. Due to these tendencies of
masses in that volumes, some unrealistic temperature
profiles, as indicated with dashed lines in Figure 8,
appears. If a little clearance is left between displacer top
and displacer cylinder top, displacer bottom and displacer
cylinder bottom and, piston bottom and expansion
cylinder bottom; than realistic forms of temperature
profiles are obtained as indicated with continuum lines in
Figure 8. In practice also its necessary to left some little
dead volumes in hot, cold and expansion volumes. As
seen from Figure 8, the average temperature in expansion
volume is about 400 K. At 400 K, the lubricant is not
expected to evaporate. As seen from Figure 8 the average
temperature in cold volume of displacer cylinder is less
than 450 K. It is seen that, even in cold volume of
displacer cylinder the temperature is not as high as to
evaporate lubricant. As the result of these examination
the cold end connection of displacer cylinder to
expansion cylinder is seen as a useful strategy to protect
the heat exchangers from lubricant contamination.

CONCLUSION

This study indicated that, if a Gamma Type Stirling
engine is combined with a Diesel engine, the thermal
efficiency of the combined system will increase more
than 6% compared to the stand-alone Diesel engine. The
Stirling engine could use the gas leaking from operation
chamber of the Diesel engine as working fluid and no
additional compressor will be used to charge the working
gas into the Stirling engine. A Stirling engine combined
with a 120 kW Diesel engine could produce a power
more than 24 kW. The heater, regenerator and cooler
areas of the Stirling engine were optimized as about 0.6,
4.6 and 0.33 m2 respectively. The optimum value of
working air in Stirling engine was determined as 17 g.
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Cold and connection of displacer cylinder to expansion
cylinder was found to be a useful strategy to avoid the
evaporation of lubricant and to protect the contamination
of heat exchangers.
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Abstract: The glutamine—glutamate/GABA cycle (GGC) is a sequence of events that provides replenishment of the
neurotransmitter pool of glutamate in order to maintain neurotransmitter homeostasis. In the GGC, glutamate or
GABA molecules are released from neurons and subsequently taken up into astrocytes. Astrocytes convert glutamate
or GABA molecules into glutamine and release them into the synapse. Glutamine molecules are taken up by neurons
to be used as a precursor for the synthesis of glutamate or GABA. The transport of these molecules across the
membranes of neurons and astrocytes is facilitated by transporter proteins. Each of these transporter proteins is a
biomolecular machine; they operate on thermodynamic cycles and convert part of the supplied energy input into useful
work output. Energy harnessed from the translocation of molecules/ions down their electrochemical gradient is
converted into mechanical useful work translocating molecules/ions against their electrochemical gradient.
Conservation of energy principle was applied and thermodynamic first law efficiencies, showing how much of the
energy input per cycle is converted into useful work, were evaluated for the thermodynamic cycles of EAAT, ASCT2,
BPAT2, SA, SN, and GABA transporters involved in the GGC. Neurotransmitter concentrations in the synapse change
upon signal arrival and subsequently return to resting levels, causing transporters to operate under various first law
efficiencies. Range of first law efficiencies for EAAT (for glutamate transport), ASCT2, B°AT2, SA SN, GABA
(forward mode) were calculated as 60-85%, 46-78%, 61-89%, 61-89%, 55-80%, and 54-76%, respectively. Efficiency
values obtained for these transporters are much higher than those of the macro-scaled heat engines we encounter in
our daily lives. Furthermore, EAAT showed larger thermodynamic first law efficiency for glutamate transport than
aspartate transport, which takes place with a maximum efficiency of 45%. Thus, suggesting the possibility that
transport of different substrates by the same transporter may take place with different efficiencies.

Keywords: Thermodynamics, First Law Efficiency, Biomolecular Machines, Glutamine—Glutamate/GABA Cycle,
EAAT, GABA, Glutamine, Glutamate, Transporter, Neurotransmitter and lon Concentrations.

GLUTAMAT/GABA-GLUTAMIN CEVRIMINDE GOREV ALAN TASIYICI
PROTEINLER iCIN TERMODINAMIGIN BiRINCI YASA ANALIZi

Ozet: Glutamin-glutamat/GABA cevrimi (GGC), ndrotransmiter homeostazin1 = siirdiirmek igin glutamatin
norotransmitter havuzunun yenilenmesini saglayan bir olaylar dizisidir. GGC'de, glutamat veya GABA molekulleri
ndronlardan salinir ve ardindan astrositlere alinir. Astrositler, glutamat veya GABA molekiillerini glutamine
dontistiiriir ve onlart sinapsa salar. Glutamin molekilleri, glutamat veya GABA sentezi icin bir dncu olarak
kullanilmak {izere noronlar tarafindan alinir. Bu molekiillerin, ndronlarin ve astrositlerin hiicre zarlar1 boyunca
taginmasi, tagtyict proteinler tarafindan saglanmaktadir. S0z konusu tasiyici proteinler biyomolekiiler makinalar olup
termodinamik  cevrimlerde calismakta ve giren enerjinin  bir kismimi yararlh ige doniigtiirmektedir.
Molekiillerin/iyonlarin elektrokimyasal gradyani yoniindeki taginimindan elde eldilen enerji, protein icerisinde
mekanik yararli ige doniistiiriilerek molekiillerin/iyonlarin elektrokimyasal gradyanlarinin tersine tasinimi igin
kullanilmaktadir. Caligmamizda enerjinin korunumu yasast uygulanmigtir Ve ¢evrim boyunca sisteme giren enerjinin
ne kadarimnin yararli ige donistiiriildiigiinii gosteren termodinamik birinci yasa verimlilikleri, GGC’de bulunan EAAT,
ASCT2, BY°AT2, SA, SN ve GABA tastyicilari i¢in hesaplanmstir. Sinapstaki norotransmitter konsantrasyonlari,
sinyal iletimiyle degismekte ve daha sonra bazal seviyelerine geri donmektedir. Bu ise tasiyicilarin konsatrasyonlara
bagli olarak degisen birinci yasa verimlilik degerleriyle ¢alismalarma sebep olmaktadir. EAAT (glutamat taginimi
icin), ASCT2, BOAT2, SA SN, GABA (ileri yonde taginim) i¢in birinci yasa verimliliklerinin araliklart sirasiyla %60-
85, %46-78, %61-89, %61-89, %55-80 ve %54-76 olarak hesaplanmistir. Tasiyict proteinler icin elde edilen



verimlilik degerleri, giinliik hayatimizda karsilastigimiz makro 6l¢ekli 1s1 makinalarina nazaran ¢ok yuksektir. Buna ek
olarak, EAAT proteinin glutamat tagimimini, maksimum %45 degerinde birinci yasa verimliligiyle gergeklesen
aspartat tagmimina gore, daha yiksek verimlilikle ger¢eklestirdigi belirlenmistir. Dolayisiyla, farkli substratlarin ayni
tagtyici tarafindan taginiminin farkli verimliliklerle gergeklesebilecegi ortaya konulmustur.

Anahtar Kelimeler: Termodinamik, Birinci Yasa Verimliligi, Biyomolekiiler Makinalar, Glutamin—Glutamat/GABA
cevrimi, EAAT, GABA, Glutamin, Glutamat, Tastyic1, Norotransmitter ve iyon konsantrasyonlari.

NOMENCLATURE

ASCT Alanine/Serine/Cysteine Transporter

Asp Aspartate

ATP Adenosine Triphosphate

BAT B Neutral Amino Acid Transporter

Ca Calcium

ClChloride

CNS Central Nervous System

DAT Dopamine Transporter

EAAT Excitatory Amino Acid Transporters

EC Extracellular

F Faraday Constant

GAT GABA Transporter

GABA Gamma-Aminobutyric Acid

GGC Glutamine-Glutamate/GABA Cycle

Gln Glutamine

Glu Glutamate

GlyT Glycine Transporter

H Hydrogen

IC Intracellular

K Potassium

LAT Light Subunits of Amino Acid
Transporters

Na Sodium

R Universal Gas Constant

SA System A

SERCA Sarco/Endoplasmic  Reticulum  Ca?*
ATPase

SLC Solute Carrier

SN System N

SNAT Sodium-Coupled Neutral Amino Acid
Transporter

INTRODUCTION

Glutamine is the most abundant amino acid in human
body and has a central place in the metabolism of all
major macromolecules in mammalian cells (Bhutia and
Ganapathy, 2016). Glutamine participates in several
pathways, such as scavenging of ammonia as a nitrogen
donor, maintenance of redox state, and the glutamine—
glutamate/GABA cycle (GGC) (Schoushoe and
Sonnewald, 2016). The GGC is a crucial pathway in the
brain for production of excitatory neurotransmitter
glutamate and the inhibitory neurotransmitter GABA in
neurons and astrocytes, thus making GGC essential for
normal functioning of brain (Schousboe and Sonnewald,
2016) and maintaining proper neurotransmission
(Cabrera-Pastor et al., 2019). In the GGC, glutamine acts
as a precursor for the synthesis of the biologically
important molecules glutamate and gamma-aminobutyric

acid (GABA) (Bhutia and Ganapathy, 2016). Glutamate
is the major molecule for excitatory transmission (Zhou
and Danbolt, 2014) whereas GABA is the essential
molecule for inhibitory transmission in the central
nervous system (CNS) (Owens and Kriegstein, 2002).
Due to the essential roles of these molecules in
information transfer between neurons and astrocytes,
controlling their spatiotemporal levels in the synapse is
of utmost importance.

The GGC (Figure 1) comprises two sub-cycles; (i) the
glutamate-glutamine cycle and (ii) the GABA-glutamine
cycle (Walls et al., 2015). The glutamate-glutamine cycle
can be summarized as follows: upon a signal arrival,
glutamate is released from presynaptic neurons to
synapse and activate receptors and channels on
postsynaptic neurons. Subsequently, glutamate is rapidly
removed from the synaptic cleft into the surrounding
astrocytes via glutamate transporters located on the cell
membranes (Bak et al., 2006). Glutamate is then
converted to glutamine in astrocytes, decreasing the total
amount of glutamate. To replenish the neurotransmitter
pool of glutamate, an intensive glutamine flow from
astrocytes to glutamatergic neurons must take place.
Thus, glutamine is taken up into the glutamatergic
neurons and converted into glutamate (Walls et al.,
2015). Glutamate is then sequestered in synaptic vesicles
to be made available for secretion. This completes the
glutamate-glutamine cycle. The GABA-glutamine cycle
can be summarized as follows: glutamine released by
astrocytes is taken up by GABAergic neurons and
converted to GABA (Walls et al.,, 2015). GABA is
released from GABAergic neurons and taken up into
astrocytes via GABA transporters located on the cell
membranes, where it is converted to glutamine (Bak et
al., 2006). Thus, the GABA-glutamine cycle becomes
completed.

Transporters involved in the GGC belong to the solute
carrier (SLC) family. SLC family members transport a
great variety of solutes across the membrane, including
inorganic ions, amino acids, sugars, and relatively
complex organic molecules (Hoglund et al., 2010). The
SLC family contains 52 subfamilies with more than 400
members in total (Schlessinger et al., 2013), including
secondary active transporters, ion channels, and other
membrane proteins, which do not have the transport
capability on their own but interact with other SLC
members to form functional heterodimers.
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Figure 1. The glutamine—glutamate/GABA cycle. A glutamatergic neuron, a GABAergic neuron, an astrocyte, transporters
involved in GGC and the neurotransmitters carried by them are shown schematically. Arrows highlighted in purple and green
represent the GABA-glutamine cycle and the glutamate-glutamine cycle, respectively. Glutamate/GABA molecules are released
from neurons into synapse. Astrocytes take up these molecules and convert into glutamine. Glutamine is released into the synapse
and taken up by neurons, where it is used as a precursor for glutamate/GABA synthesis. Schematic representations of proteins

were inspired by their crystal structures if present.

SLC family transporters have been associated with
various rare and common diseases, making them
prominent targets for novel therapeutic strategies (Lin et
al., 2015). SLC family transporters participating in GGC
are secondary active transporters. During GGC, these
transporters perform transport of glutamine, glutamate,
and GABA across the cell membrane by harnessing the
energy of electrochemical ion gradients.

For glutamate transport, five glutamate transporters, also
termed excitatory amino acid transporters (EAATS),
from the SLC1 family have been identified: EAAT1
(GLAST), EAAT2 (GLT-1) EAAT3 (EAACL), EAAT4
and EAATS5 (Danbolt et al., 2016). EAAT1 and EAAT2
are expressed in astrocytes, while the other three are
expressed in neurons (Danbolt, 2001). For glutamine
transport, the families of SLC1, SLC6, SLC7, and
SLC38 have been characterized as glutamine transporters
(Bhutia and Ganapathy, 2016). Among the SLC1 family
members, the ASC (alanine/serine/cysteine) transporters
function as exchangers for small neutral amino acids
(Kanai et al., 2013). There are two isoforms of the ASC
transporter, known as ASCT1 and ASCT2 having
different substrate selectivity. ASCT1 is mainly
responsible for transport of L-serine (Sakai et al., 2003)
and L-trans-4 hydroxyproline (Pinilla-Tenas et al., 2003)
in astrocytes. ASCT2, on the other hand, performs
antiport of glutamine with neutral amino acids in a Na*-
dependent manner in neurons and astrocytes (Broer et
al., 1999). In addition, ASCT2 also functions as a

glutamine/glutamate exchanger in astrocytes
(Oppedisano et al., 2007). Another family SLCS6,
includes neutral amino acid transporters such as B°AT2,
and BPAT1 which are able to transport glutamine
(Pramod et al., 2013). Among the SLC7 family members,
the light subunits of amino acid transporters called LATs
show a low-affinity and high-capacity glutamine uptake
activity in astrocytes and neurons (Heckel et al. 2003).
SCL38 family of transporters, known as sodium-coupled
neutral amino acid transporters (SNATSs), have two
different systems, defined as system A (SA) being
capable of transport alanine and system N (SN) that is
able to transport amino acids with nitrogen in its side
chain. SA includes members called SNAT1, SNAT?2,
SNAT4, and SNAT8 (Ortega and Schousboe, 2017).
Among those, SNAT1 and SNAT2 are located on
neurons and perform glutamine uptake from synapse. SN
comprises SNAT members SNAT3, SNAT5, and
SNAT7. SN has a transport activity specific for
glutamine, asparagine and histidine (Nakanishi et al.,
2001). In addition, SNATS is able to transport alanine
and serine (Broer, 2014). For GABA transport, four
transporters belonging the SLC6 family are characterized
as GABA transporters, known as GAT1, GAT2, GAT3,
and GAT4 (Ortega and Schousboe, 2017). GAT1 and
GAT2 are expressed in both neurons and astrocytes
(Schousboe et al., 2004), whereas GAT3 and GAT4 are
predominantly expressed in astrocytes.
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Transporter proteins show similarities to various macro-
scaled machines that we encounter in our daily life. They
convert part of the supplied energy into useful work, just
like their macro-scaled counterparts. For a great part of
macro-scaled machines, called heat engines, the energy
input is the heat generated from various types of fuels
(gasoline, coal, H, etc.). Transporter proteins, on the
other hand, use various types of energy sources including
breakage/formation of covalent bonds, oxidation/
reduction reactions, and translocation of ions down their
electrochemical gradient, to produce work. Transporter
proteins operate on thermodynamic/mechanical cycles
and return to their initial state at the end of the process,
as it is the case for their macro-scaled counterparts. For
each cycle, there is an energy input and an energy output,
which is usually work. Transporter proteins involved in
GGC utilize the energy harnessed from the translocation
of molecules/ions down their electrochemical gradient as
energy input. These energy inputs are converted by the
transporter proteins into useful work translocating
molecules/ions against their electrochemical gradient.

The first law of thermodynamics, also known as the
conservation of energy principle, provides a rigid base
for studying the relationships between the energy input
and output for during a cycle (Cengel and Boles, 2008).
The second law of thermodynamics can be effectively
used to determine the theoretical limits for the
performance of widely used engineering systems, such as
heat engines and refrigerators as well as predicting the
degree of completion of chemical reactions. Although the
first law analysis of heat engines (and also other types of
macro-scaled machines) have been widely and
thoroughly performed, only a very limited number of
first law analyses was performed for micro-scaled
thermodynamic systems. For proteins, such studies are
limited to rotary motor protein F1-ATPase with a probe
particle attached to it inside a solution (Zimmermann and
Seifert, 2012) ensemble of membranes containing Ca?*-
ATPases (Kjelstrup et al., 2008), and two primary active
transporters: the sodium—potassium pump and SERCA
(both of which are ATP-powered pumps), and a total of
four secondary active transporters: dopamine transporter
(DAT), glutamate transporter, glycine transporters
(GlyT) 1 and 2 (Gur et al., 2019). Thus, except for a few
proteins, the energy conversion efficiency has not been
yet explicitly formulated.

In this study, we performed the first law of
thermodynamics analysis of transporters involved in the
GGC, specifically EAAT, ASCT2, B°AT2, SA, SN, and
GABA transporters. Using the experimentally reported
ion and neurotransmitter concentrations in the literature,
thermodynamic  first law efficiencies for these
transporters were evaluated. Our results showed that first
law efficiencies of transporters involved in GCC change
with neurotransmitter concentrations and the maximum
efficiencies observed for each transporter ranged
between 45-89%.

METHODOLOGY
The First Law Analysis of Transporter Proteins

The detailed formulation of the first law of
thermodynamics analysis for a single membrane protein
can be found in our recent study (Gur et al., 2019). A
transporter protein involved in GGC is selected as the
thermodynamic system of interest and the region within
the protein is selected as the control volume, which is
also called an open system. In Figure 2, boundary of the
control volume is represented schematically. Both mass
and energy can cross the boundary of the control volume.
Energy transfer into the system is in the form of the
energy released due to the translocation of
molecules/ions down their electrochemical gradients
across the membrane. Energy transfer out of the system
can be in the form of work or heat. The function of
transporter proteins in the GGC is to translocate
molecules/ions across the membrane against their
electrochemical gradients. Thus, for the transporter
protein to perform its function there is a certain work
requirement that is referred to as useful work, W, .ey;-
The work requirement depends on the intra- and
extracellular ~ concentrations of the transported
molecules/ions and their charges. Furthermore, since the
transporter protein changes its structure during its
thermodynamic cycle there is a work performed to move
the system boundary against external forces. This work is
denoted as boundary work, Wy, ndar- AS the system
boundaries move at finite rate, a pressure difference
across the system boundary is always required to move
the boundaries. Moreover, as the boundary moves at a
finite rate in an environment, there will be friction
associated with the boundary movement. Thus, entropy
generation takes place due to boundary movements
making the process essentially irreversible. Therefore, a
positive net boundary work term that won’t be recovered
per each thermodynamic cycle is present. In addition to
work, excess thermal energy of the system can cross the
system boundaries in form of heat, Q. E;, is the
energy input of the system. The energy balance for a
transporter protein, which is the control volume, can be
written as

AE

system —

Ein— Wusefu! - Wbaundary — Qour Q)

Since the transporter  protein  undergoes a
thermodynamic/mechanic cycle to perform its function
and returns to its initial state at the end of each cycle, the
change of the system’s energy becomes zero,
AE, srem = 0. Thus, the energy balance can be written as

Wusafu[ = Ea’n - Qaur - Wbaundary (2)

Based on Eq.2, the thermodynamic first law efficiency
(m) of a protein (or any type of biomolecular machine)
can be defined as (Cengel and Boles, 2008).

Desired work output = W ry

= Energy input E;, 3)
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Qﬂllt

W
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Figure 2. The first law analysis performed on a transporter
protein. Part of the energy supplied to the protein is converted
to boundary work and useful work. The remaining energy is
dissipated to the environment in the form of heat. A transporter
protein and phospholipid bilayer are shown schematically in
pink and yellow, respectively. Boundary of the control volume
is shown with dashed line. Direction of the arrow indicates if
the system is gaining (inward) or losing (outward) energy.

Secondary Active Transport across the Membrane

The reversible work required to transport a molecule/ion
from the extracellular medium (EC) to the intracellular
(1C) medium can be formulated as follows

Wigversivie = 4G4 = Gy UC} — Gy (EC) (4)

Here, G,(IC) and G,(EC) are the Gibbs free energies of
a single molecule/ion A, being located in the IC and EC
medium, respectively. The Gibbs free energy difference
AG,4 in Eq.4 can be defined as (Lodish, 2016)

[A];c
[A]gc

AG, = RTIn( )+ Z,FAY

©)

The first term is the chemical potential difference due to
the difference of molecule/ion concentrations [4];. and
[A]zc of the IC and EC sides of the membrane. The
second term is the reversible electric work required to
transport a molecule/ion having ionic charge Z, across
an electric potential difference A% (membrane potential).
R is universal gas constant (8.314 J K mol?), T is
temperature (310 K), and F is Faraday constant (96845 J
V-1 mol?).

Based on the second law of thermodynamics, the actual
work required to transport a molecule/ion across the
membrane performed will be always greater or equal to
the reversible work, Wy, oeu1 = Wigparsinie (Cengel and
Boles, 2008). The lower limit for work values, which is
Wyserur = Wiepersinier Will be applied in our calculations
as there is currently no completely reliable way to
calculate the actual (irreversible) work values per cycle.
Transporter proteins may cotransport molecules/ions
against their electrochemical gradient. Thus, the total

useful work per cycle is the summation of all the useful
works performed for the transport of each molecule/ion,
i = {4,B,...}and can be formulated as follows

— _ [i];c,fsc) )
Wiserur = Z‘dGz’ = Z (RTITI([I:]ECHC + Z;FAY ©

The energy input to the system as a result of the
movement of a molecule/ion A down its electrochemical
gradient can be estimated by their free energy difference
AG, as formulated by Eq.5. Thus, the total energy input
per cycle due to the transport of all molecules/ions down
their electrochemical gradient becomes

. . [i]:c,fsc
Ein = Z AG; = Z (RTIH ([i]mm) + zfﬂnw) o

i

RESULTS AND DISCUSSION

lon Concentrations in Neurons, Astrocytes, and
Synaptic Clefts

The IC concentrations of K*, Na*, and CI" in neurons are
140 mM, 5-15 mM, and, 4-30 mM, respectively, while
their respective EC concentrations are 5 mM, 145 mM,
and 110 mM (Alberts, 2002). The resting membrane
potential of a neuron is approximately -70 mV (Betts et
al., 2013). As the K* selectivity of astrocyte membranes
is higher than that of neurons, resting membrane
potentials are more negative (-90 mV) in astrocytes. EC
concentration of K* in astrocytes is normally low, around
3-5 mM and IC concentrations of K* are about 108-110
mM (Orkand, 1986). Baseline IC concentration of Na* in
astrocytes is about 15 mM and EC concentration of Na*
in astrocytes is around 120 mM (Orkand, 1986; Rose,
1997).

EAAT Shows Higher First Law Efficiency for
Glutamate than Aspartate Transport

EAATS transport acidic or neutral amino acids such as
glutamate and aspartate into neurons and astrocytes
(Gesemann et al., 2010; Zomot and Bahar, 2013; Cater et
al., 2014). In each thermodynamic cycle of EAATS, a
single glutamate/aspartate is transported from the EC
side into IC side. Glutamate/aspartate is cotransported
with 3 Na* and 1 H* (Vandenberg and Ryan, 2013; Cater
et al., 2014). After release of amino acid into the cell, K*
binds to the EAAT and is transported out of the cell
(Landowski et al., 2007). IC glutamate concentration in
neurons ranges between 5-10 mM (Featherstone, 2009;
Schwartzkroin, 2009) and is generally taken as 10 mM
(Kanai and Hediger, 2004; Jong and O’Malley, 2017). In
the synaptic cleft, EC concentration of glutamate can
reach up to 1 mM upon signal transition, and later falls
down to ~25 nM due to uptake by neurons and astrocytes
(Herman and Jahr, 2007). For aspartate, on the other
hand, there is a scarcity in information regarding to what
extend its concentration change upon signal transition.
The IC concentration of aspartate in neurons was
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reported as 2-4 mM, whereas its EC concentration was
reported to be about 2 uM (Erecinska et al., 1983). The
processes for glutamate and aspartate transports can be
represented by (Figure3A)

GLUgc + 3Najf. + Kjz — GLU,- + 3Naj, + K3  and
ASPy- + 3Nai + K- > ASP,- + 3Naj + K-,

respectively.

First law efficiency of EAAT will be calculated for the
basal levels of neurotransmitters, which corresponds to
the maximum work output operational condition of
EAAT and hence provides an upper limit for EAAT
efficiency. The required energy for each thermodynamic
cycle of the EAAT in neurons is provided by the flow of
3 Na* ions (EC->IC) and 1 K* ion (IC->EC). Thus, the
energy input to the system by the ion flow is calculated
as follows:

AGy .+ =RTIn [NR?'C] + ZFAY = —12.63 kJ /mol
Na [Nag, '
[KZ]
AGy+ = RTIn| w25 | + ZFA® = —1.83 kJ fmol
(K]

The total energy input for a single EAAT cycle becomes
E; = (—3AGy,+) + (—AGk+) = 37.88 + 1.80 = 39.68 k]/mol
in neurons. For the glutamate, as reported in our earlier
study (Gur et al., 2019), the useful work per EAAT is
transport of glutamate into neurons and it can be
evaluated as

w, = AGgyy = RTln(%)+Z&*—'ﬂ¥’ = 33.25 kJ/mol

useful GLU [GLUEC]

For the other substrate aspartate, the useful work per
EAAT in  neurons can be evaluated as

Waserur = AGasp = 17.80K]/mol  Bageq on  these
values, maximum efficiency of EAAT per functional
cycle becomes 5 = 0.85 (85%) for glutamate (Gur et
al., 2019) and i = 0.45 for aspartate.

ASCT?2 First Law Efficiency Can Be as high as ~80%

ASCT2 carries out the Na*-dependent transport of
glutamine by the antiport transport with other neutral
amino acids. Na* ion is transported with any of these
amino acids in a 1:1 stoichiometry (Oppedisano et al.,
2007). ASCT2 effectively regulates the flow of
glutamine, allowing glutamine to flow into neuronal
microenvironment and removal of extracellular amino
acids (Broer et al., 1999). ASCT2 also function as a
glutamine/glutamate exchanger, thus plays a critical role
in glutamate-glutamine cycle. The glutamine synthesized
in astrocytes is exchanged with glutamate via antiport
system of ASCT2 (Schousboe and Sonnewald, 2016).
This glutamine/glutamate flow of ASCT2 is observed in
astrocytes but not in neurons (Yamamoto et al., 2003).
EC glutamine concentrations are very low ranging from
0.13 to 0.5 mM, and the IC glutamine concentrations

vary in the range 5-10 mM in neurons and astrocytes
(Schousboe and Sonnewald, 2016).

The process for glutamine/glutamate antiport can be
represented by (Figure 3B)

GLN;c + Naf; + GLUz- — GLNg- + Naj. + GLU ..

For the glutamine/glutamate exchange in astrocytes, the
translocation of 1 Na* (EC->IC) ion and 1 glutamine
(IC>EC) releases  AGy,+ = 14.08 k]/mol  and
AGgpy = 11.19 k] /mol , respectively. Thus, total energy
input per cycle becomes E;, = 25.27 kJ/mol. Via Eq.5,
the  useful work can be evaluated as
Wyserur = AGgry = 19.59 k] /mol.  Based on these
values, ASCT2 operates with efficiency of n = 0.78 in
astrocytes. Since, these calculations were performed
using the highest concentration gradients of
molecules/ions, they represent the maximum efficiency
of ASCT2.

B°AT2 Shows High First Law Efficiency for
Glutamine Despite of Low-Affinity

BPAT2 is able to transport neutral amino acids such as
proline, leucine, isoleucine, valine, and methionine in
neurons. Moreover, glutamine, alanine and phenylalanine
were low-affinity substrates of these transporter (Broer et
al., 2006). Transport is Na*-dependent, Cl™-independent
and electrogenic. B°AT2 cotransports one Na* with
amino acid. The process for glutamine transport can be
represented by GLNg¢ + Nat. — GLN;¢ + Na;j, (Figure
3C). Useful work of B°AT?2 is the transport of a single
glutamine and is evaluated as
Wiyserur = AGgry = 11.19k]/mol. The energy input
which is provided by transport of Na* becomes
E;, = —AGy.+ = 12.63 k]/mol. Based on these values
the first law efficiency of BPAT2 is evaluated as
n = 0.89.

SA Transporter Shows Slightly Larger Maximum
First Law Efficiency than SN Transporter

The SA transporter located in neurons and the SN
transporter located in astrocyte are two members of the
SCL38 family showing slightly different stoichiometry
for glutamine transport. While SA transporter
cotransports the glutamine with a single Na* ion, SN
transporter includes the antiport of H* ion in addition to
the co-transport of Na+ ion and glutamine (Broer, 2014).
The cotransport process of the glutamine via SA
transporter can be represented by (Figure 3D)
GLNg + Nag, — GLN;- + Naj,. Useful work per SA
transporter cycle, which is the energy required to
transport a single glutamine molecule across the cell
membrane is Wycery = AGgry = 11.19 kJ/mol. The
energy input for SA transporter cycle is provided by
transport of Na* and is estimated to be
E;, = —AGy,+ = 12.63 k] /mol. Based on these values,
a first law efficiency of n = 0.89 for SA transporter is
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obtained. As indicated above, SN transporters have a
different stoichiometry. In the literature, pH levels on
both sides of the membrane was taken/assumed identical.
Thus, resulting in a zero energy change when an H* is
transported across the membrane; AGyz+ = 0. The
transport process via SN transporter can be represented
by (Figure 3E) GLNg + Naf. —» GLN;. + Naj.. Useful
work output of the SN transporter is the transport of a
single glutamine and is evaluated as
Wiyserur = AGgry = 11.19 kJ/mol. The energy input for
SN transporter cycle which is provided by transport of
Na* is evaluated as E;, = —AGy.+ = 14.08 k] /mol.
Based on these values the first law efficiency of SN
transporter becomes n = 0.80.

Forward and Reverse Transport in GABA
Transporter Probably Takes Place with Different
Efficiencies

GABA uptake via SLC6 family GABA transporters is
coupled to the movement of Na* and CI~ across the
membrane. Whether the stoichiometry of GABA
cotransport with Na* and CI~ ions is 2 Na*: 1 CI™: 1
GABA or 3 Na*: 1 CI: 1 GABA is uncertain, but the
recent experimental studies support the predictions of the
3 Na*: 1 CI™: 1 GABA stoichiometry model (Willford et
al., 2015). GABA transporters are able to work in the
forward (uptake of GABA) or reverse (release of GABA)
mode depending on the direction of the electrochemical
driving force (Eskandari et al., 2017). In the forward
mode, Na*/CI"/GABA are cotransported into the cell,
resulting the net positive charge movement into the cell.
In the reverse mode, Na*/CI"/GABA are cotransported
out of the cell, resulting the net positive charge
movement out of the cell. The transport stoichiometry is
same for both forward and reverse mode of transport.
The IC concentration of GABA is 2 mM in neurons and
the EC concentration of GABA is 0.1 to 2.9 uM in
GABAergic synapse (Chen and Huang, 2014, Eskandari,
Willford et al., 2017). The process can be represented by
(Figure 3F)

GABAg, + 3Naj, + Clz; —» GABA,- + 3Naj. + Cl;
GABA;-+ 3Naj, + Clyz » GABAz- + 3Naj, + Clz,

for the forward and reverse modes, respectively.

In the forward mode, the translocation of 3 Na* ions
(EC->I1C) across the membrane of a neuron releases
E;, = — 3AG .+ = 37.88 k] /mol of energy. The useful
work per GABA transporter cycle can be calculated as
AGgapa + AGo- = 25.52 + 3.43 = 28.95 k] /mol.

Based on these values, GABA transporters operates with
an efficiency of n = 0.76 in forward mode in neurons.
The thermodynamic first law efficiency of the reverse
mode, assuming that 3 Na* ions per reverse cycle are
transported, gives an efficiency value larger than 100%,
which is thermodynamically not possible. Since the
thermodynamic first law efficiency was defined as the
useful work output divided by the energy input, this
would indicate that either less work output is performed
or there is an additional energy input. As was indicated
earlier, it is reported in the literature that GABA
transporter might translocate 2 Na* ions per GABA.
Assuming this is correct, the thermodynamic first law
efficiency of the reverse mode would be 91%. Another
possibility would be that the reverse transport takes place
at higher I1C or lower EC GABA concentrations, which
would be in accord with the literature as it was reported
that the GABA transport direction depends on the
direction of the electrochemical driving force (Eskandari
et al., 2017). Similarly, the reverse mode might take
place under different ion concentrations than basal
conditions.

First Law Efficiencies Change with Neurotransmitter
Concentrations

Upon a signal arrival, neurotransmitters are released
from presynaptic neurons to synapse and activate
receptors and channels on postsynaptic neurons. Through
this flow, signal becomes chemically transmitted to the
postsynaptic neurons. As a result of neurotransmitter
release and uptake by transporters, the concentrations of
neurotransmitters in synapse rise above and fall below
basal levels, respectively, while intracellular
neurotransmitter levels remain relatively stable. lon
concentrations in the neurons and synapse are not
considerably affected by this process (Lodish, 2016; Gur
et al., 2019). Change of synaptic neurotransmitter levels
affects the thermodynamic first law efficiencies of the
transporters. During signal transduction neurotransmitter
levels in synapse are elevated, resulting in higher
transporter uptake operating efficiencies compared to
their efficiencies at basal neurotransmitter levels. During
signal recovery, on the other hand, neurotransmitter
levels in synapse are low, resulting in lower transporter
uptake operating efficiencies compared to those at basal
neurotransmitter levels. Changes in first law efficiencies
of transporters involved in GGC with respect to their
transported neurotransmitter concentrations are depicted
in Figure 4.
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Figure 3. The first law analysis of transporters involved in GGC. Each protein is schematically shown based on their crystal

structure. Boundary of the control volume defining the thermodynamic system is shown with a dashed line. Thin arrows represent

the direction of transport.
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Figure 4: Change in transporter first law efficiencies with
respect to neurotransmitter concentrations in the synapse.
Glutamate (blue and red), glutamine (yellow and purple), and
GABA (green) concentrations were normalized with respect to
their basal levels.

CONCLUSIONS

The first law of thermodynamics analysis was performed
for the following set of biomolecular machines involved
in the GGC; EAAT, ASCT2, BP°AT2, SA, SN, and
GABA transporters. For the first time in literature, the
thermodynamic first law efficiencies of these transporters
were reported. First law efficiencies were observed to
change with respect to the neurotransmitter
concentrations in the synapse and maximum efficiencies
for EAAT (for glutamate transport), ASCT2, B°AT2,
SA, SN, and GABA (forward mode) transporters were
evaluated to be in the range of 85%, 78%, 89%, 89%,
80%, and 76%. With the increase of neurotransmitter
concentrations in the synapse, first law efficiencies drop
to 60%, 46%, 61%, 61%, 55%, and 54% for EAAT (for
glutamate transport), ASCT2, B°AT2, SA SN, GABA
(forward mode) respectively. Interestingly, transport of
glutamate in EAAT was observed to take place with a
maximum efficiency of 85%, while aspartate transport in
EAAT was evaluated to take place with a maximum
efficiency of 45%. This is a very important finding as it
potentially indicates that transporter operational
efficiencies depend on the substrate they transport. This,
in turn, suggests the possibility of transporters to be
optimized for the transport of a specific substrate. In
addition to the investigated neurotransmitter transports in
this study, ASCT2 can transport neutral amino acids;
BPAT2 can transport proline, leucine, isoleucine, valine,
methionine, alanine and phenylalanine; SA transporters
can transport alanine; SN transporters can transport
asparagine, histidine, alanine and serine. However, there
is scarcity in the literature regarding the ion and substrate
concentrations in synapses, neurons, and astrocytes.
Thus, making it very difficult to perform the first law of
thermodynamics analysis for these transport processes.
Further research and data collection have to be
performed to further investigate the thermodynamic

efficiencies of transporters for various transported
substrates, and investigate if transporters are indeed
optimized for a specific substrate transport.

Our study shows that transporters involved in GGC are
able to operate at much higher energy conversion
efficiencies than the internal combustion engines we
encounter in daily life, which typically operate at 25-30%
efficiencies.  Identifying such  bio-nanomachines
operating at high efficiencies and understanding their
machinery could provide critical design parameters for
engineering novel synthetic nanomachines and also
reveal the possibility to repurpose them for
nanotechnological applications.
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ISI BiLiMi VE TEKNiGi DERGISI iCIN MAKALE HAZIRLAMA ESASLARI

Is1 Bilimi ve Teknigi Dergisi’nde, 1s1 bilimi alanindaki 6zgiin teorik ve deneysel galigmalarin sonuglarmimn sunuldugu
makaleler ve yeterli sayida makaleyi tarayarak hazirlanmis olan literatiir 6zeti makaleler yayilanmaktadir. Makaleler,
Tiirkge veya Ingilizce olarak kabul edilmektedir. Makaleler ilk sunumda serbest formatta hazirlanabilir. Ancak yaymn
icin kabul edilmis olan makaleler dergimizin basim formatina tam uygun olarak yazarlar tarfindan hazirlanmalidir.
Asagida, ilk sunus ve basima hazir formatta makale hazirlamak igin uyulmasi gereken esaslar detayli olarak

aciklanmustir.

ILK SUNUS FORMATI

Ik sunusta, makale A4 boyutundaki kagida tek siitun
diizeninde, 1.5 satir aralikli ve sayfa kenarlarindan 25’er
mm bosluk birakilarak yazilmalidir. Yazi boyutu 11
punto olmali ve Times New Roman karakter
kullanilmalidir. Sekiller, tablolar ve fotograflar makale
icinde olmalar1 gereken yerlere yerlestirilmelidir.
Makale, elektronik olarak editoriin e-posta adresine
gonderilmelidir.

BASIMA HAZIR MAKALE FORMATI

Hakem degerlendirmelerinden sonra, yayin icin kabul
edilmis olan makaleler, dergimizin basim formatina tam
uygun olarak vyazarlar tarafindan hazirlanmalidir.
Makaleler yazarlarin hazirladigi haliyle basildig igin,
yazarlarin makalelerini basim i¢in hazir formatta
hazirlarken burada belirtilen esaslar titizlikle takip
etmeleri ¢ok Onemlidir. Asagida, basima hazir formatta
makale hazirlamak i¢in uyulmasi gereken esaslar detayli
olarak agiklanmustir.

Genel Esaslar

Makaleler genel olarak su bagliklar altinda
dizenlenmelidir: Makale baghgi (title), yazar(lar)in
ad(lar)1, yazar(lar)in adres(ler)i, 6zet (abstract), anahtar
kelimeler (keywords), semboller, giris, materyal ve
metod, aragtirma sonuglari, tartisma ve sonuglar,
tesekkiir, kaynaklar, yazarlarin fotograflari ve kisa
Ozgecmisleri ve ekler. Yazilar bilgisayarda tek satir
aralikli olarak, 10 punto Times New Roman Kkarakteri
kullanilarak Microsoft Office Word ile iki siitun
diizeninde yazilmahdir. Sayfalar, st kenardan 25 mm,
sol kenardan 23 mm, sag ve alt kenarlardan 20 mm
bosluk birakilarak diizenlenmelidir. Tki sutun arasindaki
bosluk 7 mm olmalidir. Paragraf baglari, sutunun sol
kenarina yaslanmali ve paragraflar arasinda bir satir
bosluk olmalidir.

Birinci seviye bagliklar bityiik harflerle kalin olarak,
ikinci seviye bagliklar bold ve kelimelerin ilk harfleri
biiyiik harf olarak ve ii¢ilincii seviye bagliklar sadece ilk
harfi biiyiikk olarak yazilir. Biitiin bagliklar sutunun sol
kenar1 ile aym hizadan baglamalidir ve takip eden
paragrafla baslik arasinda bir satir bogluk olmalidir.
Sekiller, tablolar, fotograflar v.b. metin iginde ilk atif

yapilan yerden hemen sonra uygun sekilde
yerlestirilmelidir. 1k ana bolim bashg, Ozetten
(Abstract’tan) sonra iki satir bosluk birakilarak birinci
sutuna yazilir.

Abstract ve

Bashk, Yazarlarmm Adresi, Ozet,

Anahtar Kelimeler

Yazilar Tiirk¢e veya Ingilizce olarak hazirlanabilir. Her
iki durumda da makale Ozeti, basligt ve anahtar
kelimeler her iki dilde de yazilmalidir. Eger makale
Tirkge olarak kaleme alinmussa, Tlrk¢e bashk ve 6zet
once, Ingilizce baslik ve Ozet (Abstract) sonra yazilir.
Eger makale Ingilizce olarak kaleme alinmigsa once
Ingilizce baslik ve dzet (abstract) sonra Tiirkge baslik ve
Ozet yazilir. Bagslik, sayfanin iist kenarindan 50 mm
asagidan baglar ve kalin olarak 12 punto biiyiikliigiinde,
biiyiik harflerle biitiin sayfay1 ortalayacak sekilde yazilir.
Yazar(lar)in adi, adresi ve elektronik posta adresi
bagliktan sonra bir satir bosluk birakilarak yazilmalidir.
Yazarlarin adi kiigiik, soyadi bilyiik harflerle yazilmali
ve bold olmalidir. Yazarlarin adresinden sonra ii¢ satir
bosluk birakilarak, Ozet ve Abstract 10 punto
biiyiikliigiinde biitiin sayfa genisliginde yazilir. Ozet ve
Abstractan sonra anahtar kelimeler (Keywords) yazilir.

Birimler
Yazilarda SI birim sistemi kullanilmalidir.
Denklemler

Denklemler, 10 punto karakter boyutu ile bir situna (8
cm) sigacak sekilde diizenlenmelidir. Verilis sirasina
gore yazi alaninin sag kenarina yaslanacak sekilde
parantez i¢inde numaralanmahidir. Metin iginde,
denklemlere  ‘Es.  (numara)’  seklinde atifta
bulunulmalidir.

Sekiller

Sekiller 8 cm (bir siitun) veya 16 cm (iki sdtun)
genigliginde olmalidir ve makale icerisinde olmalari
gereken yerlere bilgisayar ortaminda sutunu (veya btln
sayfa genisligini) ortalayacak sekilde yerlestirilmelidir.
Sekil numaralar1 (sira ile) ve isimleri sekil altina, 9
punto biiyiikliigiinde yazilmalidir.



Tablolar

Tablolar 8 cm (bir situn) veya 16 cm (iki sutun)
genisliginde olmalidir. Makale igerisinde olmalari
gereken yerlere bilgisayar ortaminda sutunu (veya biitiin
sayfa genisligini) ortalayacak sekilde yerlestirilmelidir.
Tablo numaralar1 (sira ile) ve isimleri tablo Ustline, 9
punto biiyiikliigiinde yazilmalidir.

Fotograflar

Fotograflar, siyah/beyaz ve 8 cm (bir siitun) veya 16 cm
(iki stitun) genisliginde olmalidir. Fotograflar digitize
edilerek, makale i¢inde bulunmalar1 gereken yerlere
bilgisayar ortaminda sutunu (veya bitin sayfa
genisligini) ortalayacak sekilde yerlestirilmelidir ve sekil
gibi numaralandirilmali ve adlandirilmalidir.

Yazar(lar)mn Fotograf ve Kisa Ozgecmisleri

Yazarlarin fotograflar1 digitize edilerek, makalenin en
sonuna Ozgecmisleri ile birlikte uygun bir sekilde
yerlestirilmelidir.

SEMBOLLER

Makale iginde kullanilan biitin semboller alfabetik
sirada Ozetten sonra liste halinde tek siitun diizeninde
yazilmalidir. Boyutlu biyuklikler birimleri ile birlikte
ve boyutsuz sayilar (Re, Nu, vb.) tanimlar1 ile birlikte
verilmelidir.

KAYNAKLAR
Kaynaklar metin sonunda, ilk yazarin soyadina gore

alfabetik sirada listelenmelidir. Kaynaklara, yazi iginde,
yazar(lar)in soyad(lar)1 ve yayin yili belirtilerek atifta

bulunulmalidir. Bir ve iki yazarli kaynaklara, her iki
yazarin soyadlar1 ve yayin yili belirtilerek (Bejan, 1988;
Tiirkoglu ve Farouk, 1993), ikiden ¢ok yazarh
kaynaklara ise birinci yazarin soyadi ve "vd." eki ve
yaym yili ile atifta bulunulmahdir (Ataer vd, 1995).
Asagida makale, kitap ve bildirilerin kaynaklar listesine
yazim formati i¢in drnekler verilmistir.
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DiGER HUSUSLAR

Hakem degerlendirmesinden sonra kabul edilen
makaleler, yukarida agiklandigi sekilde dizilerek basima
hazirlandiktan sonra, bir elektronik kopyasi editore
gonderilmelidir. Makalenin basima hazir kopyasi ile
birlikte, "Telif Hakki Devri Formu" da doldurularak
gdderilmelidir. Telif Hakki Devir Formu’na ve bu yazim
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