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Ozet: Bu calismada; dik ve iginde 1s1 akisina sahip yari silindirik engeller bulunan bir kanaldaki karisik
konveksiyonun 1s1 transferine ve akis ozelliklerine etkisi sayisal olarak incelenmistir. Yar1 silindirik engellerin
birbirlerine olan uzakliklari, konumlar1 ve sayilar1 degistirilerek 1s1 transferine ve akis oOzelliklerine etkisi
belirlenmeye calisilmistir. Caligmada, tek yari silindirik engelin, alt alta bulunan iki yari silindirik engelin ve
karsiliklt bulunan iki yar1 silindirik engelin karisik konveksiyonla olan akis ve 1s1 transferine etkileri irdelenmistir.
Sonug olarak; engel ¢apinin kanal genisligine oraninin (BR) arttirilmasiin 1s1 transferini arttirdigi goriilmiistiir.
BR= 0,15 den 0,75 degerine degistirildiginde; Ri sayisinin artisina bagli olarak (Ri = 50-200) ortalama Nu
sayisindaki artisin %58,3 oldugu belirlenmistir. Engellerin birbirine olan uzakliklarmi temsil eden L/D orani
arttiginda; Nusselt sayisinin genel olarak arttig1 goriilmiistiir. L/D = 0,25-1,5 araliginda arttirildiginda; ortalama Nu
sayisinda %25,2’lik bir artis oldugu, en yiiksek Nu sayisinin L/D =1 ve Ri = 300 oldugu durumda meydana geldigi
tespit edilmistir. Kargilikli bulunan iki yari silindirik engelin olmasi durumunda ise; BR oran arttik¢a, Ri sayisinin
artmasina baglh olarak Nusselt sayisinin arttig1 tespit edilmistir. BR = 0,15-0,30 araliginda arttirildiginda; diisiik Ri
sayilarinda (Ri=50) ortalama Nu sayisindaki artis %36,3 olarak belirlenmis, yiiksek Ri sayilarinda (Ri = 200) ise
ortalama Nu sayisindaki artisin %23,1 olarak meydana geldigi tespit edilmistir. Ayrica; sayisal ¢alismanin sonuglari
literatiirde bulunan deneysel ¢alismalarla da karsilastirilarak; sicaklik dagilimimi ve akis 6zelliklerini iyi sekilde
temsil edebildigi gorilmistiir.

Anahtar Kelimler: Kanal akigi, Karisik taginim, Akis engelleri, Hesaplamali akiskanlar dinamigi (HAD)

NUMERICAL INVESTIGATION OF ENHANCING MIXED CONVECTION HEAT
TRANSFER BY USING SEMI-CYLINDRICAL OBSTACLES IN A VERTICAL
CHANNEL

Abstract: In this study; effects of mixed convection on heat transfer and flow properties was investigated
numerically for a vertical channel which has semi-cylindrical obstacles with heat flux. Effects of distance, location
and number of these semi-cylindrical obstacles on heat transfer and flow properties have been examined. The effect
of one semi-cylindrical obstacle, two semi-cylindrical obstacles located one under the other and two semi-cylindrical
obstacles on opposite sides were investigated in the study. As a result; it is obtained that increasing the ratio of the
obstacle diameter to the channel width (BR) causes an increase on heat transfer. Increasing BR ratio from 0.15 to
0.75, depending on the increase of Ri number from 50 to 200 causes an increase of 58.3% on average Nu number.
Increasing L/D ratio, which represents the distance between obstacles, causes generally an increase in the average
Nu number. Increasing L/D ratio from 0.25 to 1.5 results in an increase of 25.2% on the average Nu number. The
highest Nu number can be obtained for L/D = 1 and Ri = 300. For the case of two semi-cylindrical obstacles on
opposite sides; it was seen that increasing the BR ratio causes an increase in the average Nu number depending on
the increase in the Ri number. Increasing BR ratio from 0.15 to 0.30 yields an increase of 36.3% for a low Ri
number (Ri=50) and an increase of 23.1% for a high Ri number (Ri = 200) in the average Nu number. Moreover; it
has been shown that numerical results can well represent the temperature distribution and flow properties by
comparison of these results with experimental results in the literature.

Keywords: Channel flow, Mixed convection, Flow obstacle, Computational Fluid Dynamics (CFD)
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GIRIS

Son dénemlerde artan enerji maliyetleri ve

endiistrilesen  diinyadaki  rekabet = miihendislik

uygulamalarinda insanlar1 daha ¢ok verim elde etme
yoluna itmistir. Akig uygulamalarinda da daha fazla
verim elde etmek igin farkli parametrelerin, 1s1
transferine ve akis karakteristiklerine etkisinin
belirlenmesi &nemli bir rol oynamaktadir. Ozellikle
kanal i¢i akis uygulamalarinda, dogal tasinim ve
karigik taginim son zamanlarda c¢ok biiyiik bir ilgi
¢ekmektedir. Bunun nedeni ise dogal ve karisik
tasginimin sessiz ve daha giivenilir isletme olanaklar
sunuyor olmasidir. Cogu elektronik ekipmanlar,
bloklanan akiglardaki diizgiin olmayan yiizeylerin
isitilmast ve ¢ikintili ylizeylerdeki akis uygulamalari
dogal ve karisik konveksiyon uygulamalarma ornek
olarak gosterilebilir. Kanal i¢i akiglarda 1s1 transferi ve
akis karakteristikleri kanalin ve engelin geometrisi,
akiskan ve engel arasindaki sicaklik farki ve akiskanin
hizi gibi birgok parametreye baghidir. Kanal igi
akiglarda genellikle akig bir engel veya blokla
sinirlandirilmakta, bu yiizeylerden olan akis ve 1s1
transferi ~ karakteristikleri ~ detayli  bir  sekilde
incelenmektedir.

Bu calismanin amaci; engellerle sinirlandirilan kanal
ici akiglarda farkli parametrelerin 1s1 transferine ve akis
karakteristiklerine etkilerini incelemek, yeni
yaklagimlar yaparak akis uygulamalarinda kullanilacak
ekipmanlarin  verimlerini arttirmak, maliyetlerini
diisirmek, daha giivenli ve gevreye duyarli iriinler
yapabilmektir. Bu parametrelerin basinda; akigkan tipi,
akisin kisitlandigi engelin geometrisi ve boyutlari
gelmektedir. Literatiirde zorlanmig tasinim ve dogal
tasimimla ilgili c¢alismalar yapilmis olsa da, karigik
tasinimla 1s1  transferinin  arttirilmasina  yonelik
calismalar ve karigik taginima farkli parametrelerin
etkisinin incelendigi ¢alismalar oldukga sinirlidir.

Bu kapsamda; literatiirdeki ¢aligmalar incelendiginde;
Adache ve Uehara (2001) calismalarinda, ana akis
yoniinde periyodik olarak siralanmis oyuklardaki
basing diisiimii ve 1s1 transferi arasindaki iliskiyi 2
boyutlu olarak varsayilan gesitli kanal
konfigiirasyonlariyla tam gelismis akis ve sicaklik
bolgelerinde incelemislerdir. Kararli akistan titresimli
bolgeye gegiste 1s1 transferinin ve basing diigiimiiniin
arttigin1 gozlemlemislerdir. Auletta vd. (2001) dik ve
simetrik olarak 1sitilmis asagi yonlii akisin oldugu
kanalda adyabatik genislemenin etkilerini deneysel
olarak inceleyen bir ¢alisma yapmislardir. Sonug
olarak; kanalin uzama ve genisleme oranlarina bagh
olarak 1s1 transfer miktarinin %10-20 oraninda
degistigini tespit etmislerdir. Barboy vd. (2012)
calismalarinda; duvar geometrisinin, akigkan akigina ve
kanaldaki 1s1 transferine etkilerini sabit 1s1 akisi
bulunan dalgali duvarin enerji kaybi ile Dbirlikte
incelemistir. Duvardaki dalgalilik, dalga genisligi ve
periyodu ile karakterize edilen degiskenlerin 1s1
transferini belirgin sekilde etkiledigini
gozlemlemislerdir.

Barletta ve Zanchini (1999), ¢alismalarinda dik bir
kanaldaki referans akiskan sicakligi seciminin tam
gelismis bir akista, karigik 1s1 taginimi problemindeki
¢oziime etkisini sayisal olarak incelemiglerdir. Referans
sicakligin seciminin, hiz profilleri ile basing ve
hidrostatik basing arasindaki farkin eksenel degisikligi
iizerindeki  etkisi ile belirlenebilecegini  ortaya
koymuglardir.  Boutina ~ ve  Bessaih  (2011),
calismalarinda egimli bir kanalda ve laminar olarak
incelenen bir akistaki es iki 1s1 kaynaginin karigik
tasinim yoluyla sogutulmasini incelemistir. Kanalin
egiminin, 1s1 kaynaklarinin boyutlarinin ve aralarindaki
mesafenin degistirilmesinin 151 transferine O6nemli
etkileri oldugunu belirlemislerdir.

Du wvd. (1998) calismalarinda birbirinden ayr1
wsiticilarin bulundugu iistii ve alt1 agik dik bir kanaldaki
karigik 1s1 transferini sayisal olarak irdelemislerdir.
Akisin  kararli ve laminar oldugu varsayilirken
coziimlemeler iki boyutlu olarak yapilmistir. Giris ve
cikiglarin uzunluk oranlari ve kanaldaki 1siticilarin
pozisyonlarinin 1s1 transferine ve akisa olan etkileri



incelenmigtir.  Forooghi ve  Hooman  (2013),
calismalarinda iki dalgali plaka arasinda, kaldirma
kuvvetlerinin etkisinde tiirblilansli bir akistaki 1s1
transferini niimerik olarak incelemisleridir. Kaldirma
kuvvetinin etkisiyle olusan akiglarda 1s1 transferinin
belli bir noktaya kadar azalirken belli bir noktadan
sonra bu durumun degistigini, kaldirma kuvveti
etkisine ters akislarda ise durumun farkli gelistigini
tespit etmislerdir. Buradaki akiglarda 1s1 transferi ve
Grashof sayisinin  siirekli olarak arttigin1 ortaya
koymuslardir. Hamouche ve Bessaih  (2009),
calismalarinda yatay bir kanalda ve laminar bir akista
iki elektronik parcanin temsili olarak konulan ¢ikintili
iki 1s1 kaynaginin hava ile sogutulmasindaki karisik 1s1
taginimint  sayisal olarak ele almiglardir. Yapilan
coziimlerde; elektronik pargalarin birbirlerine olan

uzakliklarinin, genigliklerinin ve yiiksekliklerinin
degistiginde 151 transferinin arttirilabildigi
belirlenmistir.

Herman ve Kang (2002), calismalarinda oyuklu bir
kanal iginde egimli kanatgiklar kullanilarak karasiz
sicaklik alanlar: ile yalin kanatciksiz oluklu kanallari
karsilagtirmiglardir. Kararli akigtan titresimli akisa
gecisin gogunlukla Re = 450 civarinda olustugunu
gozlemlemislerdir. Ayrica; oyuklu kanatcikli  bir
kanalda, yalin oyuklu kanala gore 1s1 transferinin 1,5-
3,5 kat daha fazla oldugu, basing diigiimiiniin ise 3-5
kat aras1 daha fazla oldugu belirlenmistir. Jang ve Yan
(2004), calismalarinda dik ve dalgali bir yiizeydeki
karigik 1s1 taginimi ve kiitle transferini sayisal olarak
inceleyen bir c¢alisma yapmiglardir. Dalgali yiizey
iniform duvar sicakligi ve sabit duvar konsantrasyonu
ile korunurken bu ¢evre sartlarindan daha yiiksek bir
degerdir.

Lakkis ve Moukalled (2008), ¢alismalarinda izotermal
olarak 1sitilmis bir kanalin konveks yiizeylerindeki
laminar dogal konveksiyonu incelemislerdir. Sonug
olarak; egriligin en kiiciik derecesindeki hesaplarda
biitlin Grashof degerlerinde kanalin ¢ikis boliimiinde
resirkiilasyon alanlar1  gozlemlemislerdir. Egrilik
derecesi arttikca Grashof degerleri ve resirkiilasyon
olusumunda bir artis tespit etmislerdir. Asimetrik
dalgali kanaldaki ve laminar akistaki 1s1 transferinin
arttiritlmasini sayisal olarak inceleyen bir ¢aligma Mills
vd. (2016) tarafindan yapilmistir. Duvarin dalga
periyodu ve genigliginin basing ve 1s1 transferi
tizerindeki etkileri, kararli ve kararsiz akislarda
incelenmistir. Sonug¢ olarak; akim oranlarmin digiik
oldugu kararli rejimlerde 1s1 transferinin zenginligi
duvarin dalgalilik biiylikliigiine bagh iken, akim orani
arttiginda ve kararsiz rejime gegiste daha ¢ok basing
diisiimiine bagli oldugu belirlenmistir. Bu durumun,
diiz kanallarla karsilagtirildiginda Reynolds sayisinin
%50 daha az oldugu durumlarda bile daha fazla 1s1
transferi sagladigini tespit etmislerdir. Moukalled vd.
(2000) egimli yiizeylerin 1sitildigt ve duvarlarin
adyabatik olarak smirlandirildigi dik bir kanaldaki

karigik 1s1 taginimini sayisal olarak inceleyen bir
calisma yapmuslardir. Konveks yiizeyin 1sitildigt
kanalda kesit alani artarken, akis hizinin azaldigi ve
buna baglh olarak kaldirma kuvvetinin arttigi, 1sitilan
yiizeylerin yakinlarinda diisiik Richardson sayilari
goriiliirken karsi dik duvarda yiiksek Ri sayilar
oldugunu belirlemislerdir.

Oztop (2005) calismasinda  egrisel  olarak
sekillendirilmis borudaki akisi ve 1s1 transferini sayisal
olarak inceleyen bir c¢alisma yapmustir. Akis
geometrisinin 1s1 transferini ve akig karakteristigini
onemli Olciide etkiledigi tespit etmistir. Rao ve
Narasimham (2007) calismalarinda yatay ve dik bir
kanalda, tabaka {izerinde birbirine yatay olarak
siralanmig 1s1 iretimi olan pargalardan olusan duvarin
ortaya c¢ikardigi bilesik karisik konveksiyonu sayisal
olarak irdelemislerdir. Akiskandan iletim yoluyla
tabakaya gegen 1s1 transferinin %41-%47 oraninda
arttigint  tespit etmislerdir. Singh vd. (2016)
calismalarinda bir 1s1 degistiricide kivrimli iki plaka
arasindaki  1s1  transferini  deneysel  olarak
incelemislerdir. Elde ettikleri sonuglardan, Nusselt
sayist ve Reynolds sayisi arasinda yeni korelasyonlar
olusturmuslardir. Tanda (2004) c¢alismasinda tekrar
edilen engellerin kullanildigi bir 1s1  degistiricide
tirbiilans ile birlikte 1s1 transferinin iyilestirilmesini
deneysel olarak incelemistir. Calismasinda yerel 1s1
transferi katsayilar1 tiirbiilansli akis rejimi igin farkli
engel sekilleri ve engelsiz durumlar agisindan
karsilastirmistir.

Kili¢ ve Baskaya (2017) ¢alismalarinda sabit 1s1 akili
yiizeyde 1s1 transferinin, farkli geometride akis
yonlendiriciler ve c¢arpan akiskan jetin birlikte
kullanilmast sonucu iyilestirilmesini sayisal olarak
incelemislerdir. Calismada, akis  yonlendirici
kullanilarak ve kullanilmayarak kanal i¢indeki akis ve
1s1 transferi farkli Reynolds sayilar1 ve kanal yiiksekligi
jet hidrolik ¢ap1 (H/Dn) oranlari igin incelenmistir.
Sonug olarak; carpan akiskan jet ile farkli geometride
akis  yonlendiricilerin  birlikte  kullanilarak; 1s1
transferinde  akis  yonlendirici  kullanilmamasi
durumuna gore %28'e kadar bir artis saglanabildigini
gozlemlemislerdir. Re sayisinin artmasi ile 1s1
transferinin artig gosterdigi tespit edilmistir. Carpan
akiskan jetlerin akis yonlendiricilerle ve kanatcikli
yiizeylerle kullanilmasi diger Onemli 1s1 transferini
artirma yontemleridir (Calisir vd., 2017).

Wahba (2011) c¢alismasinda akisin  dik olarak
yonlendirildigi bir kanalda ani genislemenin akis
yapisindaki ve 1sitma sogutma iizerindeki etkilerini
sayisal olarak inceleyen bir ¢alisma yapmuistir.
Calismasinda, simetrik olarak 1sitilan kanalda duvarin
yakinlarindan akis ayrilirken merkezde ters bir akis
yapisi olustugu, simetrik sogutmada ise dalgali bir yap:
olugurken 1s1 transferi jet etkisiyle 6nemli bir sekilde
arttigini  tespit etmigtir. Wang ve Vanka (1995)



calismalarinda periyodik olarak siralanmis dalgali bir
kanalda akisin 1s1 transferi diizeylerini sayisal bir
calisma ile incelemislerdir. Rosas vd. (2017)
calismalarinda; dik bir kanalda bir tarafi adyabatik ve
izole edilmis bir duvar ile sinirlandirilan diger
tarafinda ise belli bir 1s1 akisina sahip yar1 silindirik bir
engel bulunan sistemdeki karisik konveksiyon ile elde
edilen 1s1 transferini deneysel olarak incelemislerdir.
Sonuglarinda, yerel sicaklik dagilimlarini yar1 silindirik
engelin agisal pozisyonlarina gore ve kanal igindeki
uzunluklar1 boyunca gosterirken onlarin 3D vorteks
yapilarla iliskileri ve engele yakin yerdeki gelisimlerini
incelemislerdir.

Kilic vd. (2017) tek bir c¢arpan jet ve akis
yonlendiriciler kullanarak, elektronik sistemlerden olan
1s1 transferinin iyilestirilmesini hem deneysel hem de
sayisal olarak incelemislerdir. Fakli Re sayilari, farkli
1st akilari, farkli jet-carpma noktast uzakliklari
calismada kullanilan parametrelerdir. Sonug olarak
yerel ve ortalama Nu sayilari, akis yonlendiriciler arasi
mesafe, jet hidrolik ¢api-garpma noktasi uzakligi orani
ve akis yonlendirici yiiksekligi-kanal yiiksekligi
oraninin bir fonksiyonu olarak elde edilmistir. Isi
transferinin, akis yonlendiricilerin uzunlugu, konumu
ve acisal pozisyonlarina gore hassas bir sekilde
degistigini gormiislerdir. Young ve Vafai (1999),
calismalarinda zorlanmis taginimla 1s1 transferinin
sayisal olarak incelemistir. Kanal icinde sikistirilamaz
akis ile birlikte tek duvara siralanmis ve 1sitilmis
engeller akis geometrisini olusturmustur. Engellerin
yiiksekligi, genisligi, aralarindaki bosluklar, sayilari, 1s1
iletim katsayilari, 1sitilma metotlar1 ve akiskanin akim
oranmin degistirilmesinin 1s1 transferine etkilerini
irdelemislerdir.

Young ve Vafai (1998) caligmalarinda bir kanaldaki
isitilmis engellerin taginim ile sogutulmasini sayisal
olarak incelemislerdir. Engel yiiksekliginin,
genisliginin, 1s1 iletkenliginin, akis o6zelliklerinin 1s1
transferini  6nemli  Olciide  etkiledigini  tespit
etmisleridir.  Ozdemir (2018) dik ve igerisinde 1s1
akisina sahip yart silindirik engeller bulunan bir
kanaldaki karisitk konveksiyonu sayisal olarak
incelemistir. Kanal igerisindeki engellerin
konumlarinin ve geometrilerinin karisik konveksiyonla
olan 1s1 transferini Onemli Ol¢lide etkilediginin
belirlemistir.

Yukaridaki sunulan ayrintili ¢aligmalardan goriildigi
gibi literatiirde sunulan c¢aligmalarda akigkan olarak
genellikle hava ve diger akiskanlar kullanilirken suyun
¢ok az caligmada analiz edildigi goriilmiistiir. Bu
calismada; literatiirde fazla Ornegi olmayan su
kullanilmistir. Akigkan olarak suyun kullanilmasi hem
kolay bulunabilen bir akigkan olmasi hem de ¢evreye
zarar vermemesi sebebiyle tercih edilmistir. Ayrica
incelenen sayisal c¢aligmalarda genellikle zorlanmis

veya dogal konveksiyon incelenirken
konveksiyonun ¢ok irdelenmedigi goriilmiistiir.

karigik

Calismamizda karisik konveksiyon incelenmis ve

karisik konveksiyonun avantajlarindan
yararlanilabilmesi 6ngoriilmiistiir. Bunun yani sira;
literatiirdeki  ¢aligmalar  incelenirken  genellikle

Reynolds ve Grashof sayilarinin belli degerlerinin 1s1
transferi ve akis dinamikleri {izerindeki etkileri
incelenirken  Richardson  sayisinin  etkilerinin
incelenmedigi goriilmiistiir. Bu ¢alismada; Richardson
sayisindaki degisimin 1s1 transferine olan etkileri
incelenmistir. Ayrica literatlirde kanal genisliklerinin,
engellerin boyutlarinin 1s1 transferine olan etkileri
detayli olarak incelenmemistir. Bu ¢aligmada; tanimli
uzunluklarin  degistirilmesi ile ilgili parametrik
calismalar yapilarak 1s1 transferine etkileri detayli bir

sekilde incelenmistir. Literatiirdeki calismalarda;
Reynolds sayilar1 genellikle 2300-25900 arasinda
zorlanmis  tasinimin  etkin  oldugu  c¢aligmalar

incelenirken, bizim calismamizda Reynolds sayilari
100-200 arasinda alinarak karisik konveksiyonun
etkilerinin yogun oldugu bir calisma ele alinmistir.
Ayrica literatiirdeki caligmalarda Grashof sayis1 10-
1000 araliginda incelenirken bizim c¢alismamiz
kapsaminda 103-107 araliginda incelenmistir. Grashof
sayisinin ~ bu aralikta incelenmesiyle kaldirma
kuvvetlerinin, akis dinamikleri ve 1s1 transferi
iizerindeki etkilerinin detayli bir sekilde incelenmesi
amaglanmuistir.

SAYISAL MODEL VE MATEMATIKSEL
FORMULASYON

Bu boliimde, olusturulan sayisal model, korunum
denklemleri ve siir sartlar1 sunulmustur. Bu ¢alismada
bir sayisal akiskanlar dinamigi (SAD) kodu olan
FIoEFD paket programi kullanilmistir. FIoEFD, kiitle,
momentum ve enerji korunumu denklemlerini ihtiva
eden Navier-Stokes denklemlerini ¢ozmektedir. Bu
denklemler, akiskanin 6zelligini tanimlayan hal
denklemleri ile desteklenmektedir. FIOEFD, verilen
siir sartlarint kullanip gerekli korunum denklemlerini
sonlu hacimler yontemini kullanarak ¢dzmektedir.
Sekil 1’de sayisal ¢alisma kapsaminda incelenmis olan
sayisal model yer almaktadir (Ozdemir, 2018). Dik bir
kanalda, bir tarafinda yar1 silindirik engelin bulundugu,
diger taraflarmin ise adyabatik bir duvar ile
sinirlandirildigy, yari silindirik engelin ise 1s1 akisina
sahip oldugu sayisal modeldeki karisik konveksiyon
incelenmistir. Analiz edilen modelde farkli Reynolds ve
Richardson sayilarindaki 1s1 transferi ve akis
karakteristikleri incelenmistir. Sayisal modelde akigskan
olarak su kullanilmistir. Kanaldaki akis Pr=7 sayisinda
analiz edilmis olup akis laminar olarak kabul
edilmistir. Su kanalin iist noktasindan belli bir hiz ile
giris yapmakta ve yer ¢ekimi etkisiyle hareket
etmektedir. Akiskanin giris sicaklign T, = 20°C’dir.
Akiskanin giris sicakligi referans sicakliktir ve sabit



olarak almmustir. Akiskanin giris hizi u, olarak
gOsterilmistir.

Yar1 silindirik engellerden {istteki engel kanalin
girisinden itibaren 1m alta konumlandirilmistir.
Kanalin genisligi W=0,05 m’dir. Kanalin uzunlugu
H=1,8 m’dir. Kanaldaki yar1 silindirik engelin ¢ap1 D
olarak gosterilmistir. Akis orani (engelin yarigapinin
kanal genisligine orani) BR olarak gosterilmistir.
Hesaplanan model iki boyutlu olarak incelenmistir.
Problemin sayisal ¢oziimiinde x-y koordinat sistemi
kullanilmistir. Her bir parametrenin degisiminin 1s1

transferine ve akis dinamiklerine olan etkisi
incelenmistir.
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Sekil 1. HAD model geometrisi

Sayisal modelde kullanilan hiicre yapisi Sekil 2’de
sunulmustur (Ozdemir, 2018). Yar1 silindirik akis
yonlendiriciye yakin yerlerdeki hiz ve sicaklik
dagilimlarin1 daha iyi gérmek i¢in bu bolgelere daha
yogun hiicre olusturulmustur. Bunun sebebi; akis
yonlendiriciye yakin yerdeki 1s1 transferi ve akis
degisimlerinin daha fazla olmasidir.

Sayisal calisma kapsaminda iki boyutlu, siirekli,
laminar, sikistirtlamaz akis incelenmistir. Calismada
yer ¢ekimi kuvveti asag1 yonlii olarak modellenmis ve
kaldirma kuvvetlerinin etkisi sayisal ¢aligmada hesaba
katilmistir.

i i1
1 111
Sekil 2. Hiicre yapisi

Kartezyen koordinatlarda kararli halde sikistirilamaz
akislar i¢in siireklilik, x ve y yonlerindeki momentum
ve enerjinin korunum denklemleri agagida verilmistir.
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Sayisal modelin  karsilagtirilmasinda  kullanilan

boyutsuz sayilardan, degistirilmis Grashof sayist Es.
5’te sunulmustur.
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Degistirilmis Richardson sayist asagidaki esitlikte
gosterilmistir.
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Reynolds sayisi Es. 7 ile hesaplanmustir.
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Prandtl sayis1 Es. 8’de sunulmustur.
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Nusselt sayl1si ise asagidaki

hesaplanmaigtir:



__ 9D
T ®

Burada q 1s1 akisi, Tw yari silindirik engelin ortalama
sicakligl, k 1s1 iletim katsayis1 ve D yari silindirik akis
yonlendiricinin ¢apidir. Duvarlarda kayma gerilmesi ve
hiz sifir olarak alinmistir. Akis yonlendiricilerde sabit
1s1 akist uygulanmistir. Problemde akis dinamikleri ve
1s1 transferi stirekli akis kosullarinda ¢oziimlenmistir.
Radyasyon etkisi dikkate alinmamistir. Kanal
girisindeki suyun sicakligi T,=20°C olarak alinmistir.
Problemin ¢o6ziilmesinde uygulanacak smir sartlari
Tablo 1’de sunulmustur (Ozdemir, 2018).

Tablo 1. Sinir Sartlan

u v T
Giris u=0 V= U T=T,
Duvar u=0 v=0 dT/on =0
Akis _ _ q" =1s1
yonlendirici =0 v=0 akist
Cikis ou/oy=0 ovfoy=0 oT/oy=0

SAYISAL SONUCLARIN DOGRULANMASI

Bu bolimde FIoEFD yazilimi ile gerceklestirilen
sayisal calismanin referans olarak alinan calismayla
karsilagtirilmasi ve dogrulanmasi yapilmistir. Referans
olarak Rosas vd. (2017) ¢alismasi alinmistir. Yazilimda
korunum denklemleri sonlu hacimler yontemine dayali
bir sayisal yontem ile ¢ozdiriilmektedir. Yazilimda
kartezyen koordinatlar  kullanilmaktadir. Kontrol
hacimleri (hiicre yapilari) dikdortgen paralel yiizliidiir.
Geometri sinirlarinda kartezyen “cut cell” yaklagimi
kullanilmaktadir. Bu yaklasima gore, sinir yiizeylerine
yakin hiicreler geometriyi kesmektedir. Dolayisiyla,
sinira yakin hiicreler ¢okgendirler ve gelisigiizel yonde
yiizeylere sahiptirler. Bu nedenle, FIoEFD dikdortgen
hiicrelerin avantajlar1 ile yiiksek dogruluga sahip
geometri sinir hiicrelerini birlestirmektedir. Bununla
birlikte, yerel siklastirmalar yapilarak geometrik ve
nimerik ¢6ziim oOzellikleri dikkate alinmaktadir. Bu
genelde, kati/akiskan ara yiizeylerinde, yiiksek
gradyanlar s6z konusu oldugunda, vb. durumlarda
kullanilmaktadir. Tiim fiziksel parametreler hiicre
merkezlerinde  depolanmaktadir. Kontrol — hacmi
yaklagimi bir Onceki boliimde sunulan korunum
denklemlerini cebrik ayriklastirilmis  denklemlere
dontistiirmekte ve denklemlerin iteratif olarak ¢oziimii
gergeklestirilmektedir. Uzaysal tiirevler implicit sonlu
fark operatorleri ile ikinci mertebe dogrulukta elde
edilmektedir. Zamansal tiirevler ise implicit birinci
mertebe dogrulukta Euler teknigi ile elde edilmektedir.
Konvektif akilar igin upwind yaklagimi
kullanilmaktadir. Difiisif terimler i¢in merkezi farklar
yontemi kullanilmaktadir. Siireklilik ve
konveksiyon/difiizyon denklemleri igin time-implicit
yaklasimi ile operator ayriklastirma teknigi ile birlikte
kullanilmaktadir. Bu yontem ile basing-hiz baglantisi

¢Oziimii miimkiin hale gelmektedir. Bu islemi SIMPLE
benzeri bir yaklasimi izleyerek, cebrik islemler ile
eliptik tip ayrik basing denklemi elde edilmektedir.
Coziimlerde oncelikle ¢Oziimiin dogrulugu
arastirilmistir. Artik degerlerin siireklilik, momentum
ve enerji icin 10° oranindan daha diisiik olmas
durumunda ¢6ziimiin yakinsadigr kabul edilmistir.
Tablo 2’de; sayisal calisma sonuglari giris ve ¢ikis
bolgesindeki kiitle ve enerji degerleri olarak sunulmus
ve fark degeri belirlenmistir. Kiitle ve enerji korunum
denklemlerinin saglandigr ve sonuglarin yakinsadig
goriilmiistiir.

Tablo 2. Sayisal ¢oziimde kiitlenin ve enerjinin korunumu

Kanal Kanal

Hedef Birim . Fark  Yakinsama
Girisi Cikisi

Kiitle  kag/s 0,0018 0,0018 0 Evet

Enerji w 2171521 2171812 0,291 Evet

Coziimiin  dogrulugunun arastirilmasi  kapsaminda
gerceklestirilen bir diger calisma ¢dziimiiniin hiicre
sayisindan bagimsizlastirilmasidir. Bu kapsamda; x ve
y koordinat sistemlerinde olmak iizere, 30x145-
140%475 araliginda 13 farkli hiicre yapisi olusturulmus
ve bu hiicre sayilarinda simiilasyonlar gergeklestirilmis
ve c¢oziimlerin hiicre sayilarindan bagimsiz hale
getirilmesi saglanmigtir. Tablo 3’te her deneme icin
olusturulan hiicre sayis1 ve Sekil 3’te Nusselt sayisinin
hiicre sayisi ile degisimi sunulmustur. Sekil 3’de
Nusselt sayisinin hiicre sayisi ile degisimi sunulmustur
(Ozdemir, 2018). Coéziim; 12 numarali hiicre sayist
olan 120x415°den sonra yaklasik olarak sabit hale
gelmekte ve hiicre sayisindan bagimsizlasmaktadir. Bu
nedenle, 120x415 hiicre sayist tim ¢oziimlerde
kullanilmstir.

Tablo 3. Her deneme igin olusturulan hiicre sayisi

x hiicre y hiicre Toplam
Deneme .
saylsl sayisl hiicre sayisi

1 30 145 4350
2 40 175 7000
3 50 205 10250
4 60 235 14100
5 65 250 16250
6 70 265 18550
7 80 295 23600
8 90 325 29250
9 100 355 35500
10 110 385 42350
11 120 415 49800
12 130 445 57850
13 140 475 66500
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Sekil 3. Hiicre sayisindan bagimsizlastirma

Sayisal ¢alisma sonuglari; literatiirde yer alan Rosas vd.
(2017) deneysel calismasi ile de karsilastirilmistir.
Sekil 4’te sayisal sonuglar, deneysel sonuglarla
karsilastirilmis ve deney sonuglari ile model sonuglari
arasindaki farkin (Ri=50-200 araliginda) %4,4 ile
%17,9 araliginda degistigi belirlenmistir. Sayisal
sonuglarla, deneysel sonuglar arasindaki farkin daha az
oldugu aralikta ¢alismak maksadiyla; geometrinin daha
az karmasik oldugu l.nci parametrede (alt alta iki
engelin bulundugu) Ri sayisi Ri=50-300 araliginda
almirken, daha fazla engelin bulundugu (alt alta ve
karsilikli 4 engel) kismen daha karmasik geometrilere
sahip diger parametrelerde Ri sayis1 Ri=50-200
araliginda alinmustir (Ozdemir, 2018).
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Sekil 4. Model sonuglarinin deney sonuglari ile
karsilastirilmasi
BULGULAR VE TARTISMA
Bu bolimde sayisal sonuglar {i¢ baslik altinda
incelenmistir:

a. Tek yar silindirik engel bulunan kanaldaki karigik
konveksiyonun incelenmesi

b. Alt alta bulunan iki yar silindirik engeldeki karisik
konveksiyonun incelenmesi

c. Karsilikli bulunan iki yar1 silindirik engeldeki
karigik konveksiyonun incelenmesi

Tek yan silindirik engel bulunan kanaldaki karisik
konveksiyonun incelenmesi

Dik ve igerisinde 1s1 akisina sahip yari silindirik bir
engel bulunan kanaldaki karistk konveksiyonun
incelendigi problemin sematik gosterimi Sekil 5°te
gosterilmistir. Yar1 silindirik engelin ¢apt D olarak
gosterilmistir ve sabit 1s1 akisina sahip oldugu kabulii
yapilmistir. Kanalin girisindeki suyun sicakligi To=
20°C olarak almmugtir. Kanalin genigligi sabit ve W
olarak, kanalin uzunlugu ise sabit ve H olarak
gosterilmektedir. Bu parametrenin birinci agamasinda
BR oranlarinin (engel ¢apinin kanal genisligine orani
(D/W)) degistirilmesinin, farkli Richardson (Ri)
sayillarinda, Nu sayisina olan etkileri incelenmistir.
Kanal genisligi sabit tutularak, yar1 silindirik engelin
cap1 degistirilmistir. Caligmada; su, kanalin girisinden
belli bir u, hiziyla girmekte ve yergekiminin etkisiyle
hareket etmektedir.

Sekil 5. Tek yar silindirik engelin geometrik gésterimi

Sekil 6’da BR oraninin degistirilmesinin, Re=100 i¢in
Nusselt sayisina olan etkisi gosterilmektedir. Sonug
olarak; BR oranmnin arttirilmasinin 1s1 transferini
arttirdigr goriilmiistiir. Yar: silindirik engelin ¢apinin
arttirilmasiyla birlikte, yiizey alanmnin artmasi ve
engelle daha fazla akigkanin temas etmesi sonucunda
181 transferinin  arttifi gozlemlenmistir. BR=0,15
degerinde; engelin kanal igerisindeki yiizey alani ¢ok
kiigiik  oldugundan, kaldirma kuvvetleri etkisi
arttirildiginda  bile (Ri sayisinin  degerinde artis
olmasina ragmen) Nu sayisinda belirgin bir artis
olmadigr gorilmistir. BR= 0,15 degerinden 0,75
degerine yiikseltildiginde; Ri sayist arttirildiginda
(Ri=50’den Ri=200 degerine) ortalama Nu sayisindaki
artisin =~ %1 degerinden 9%58,3 degerine arttig1
belirlenmistir. Hiz ve basincin ise engelin ¢apinin
artmastyla ters orantil olarak, azaldig1
gozlemlenmistir. Ayrica elde edilen sonuglar, grafikte



Rosas ve arkadaglarinin (2017) deneysel c¢alisma
sonuglart ile karsilastirilmis (Rosas ve arkadaglarinin
deneysel calismasinda BR= 0,285 olarak alinmustir.) ve
olduk¢a uyumlu oldugu goriilmiistiir.
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sayisinda degistirilmis Richardson sayis1 Grashof sayisi
ile dogru orantilidir. Degistirilmis Richardson sayisinin
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Sekil 6. Nu sayisinin farkli Ri sayis1 ve farkli BR degerlerine
gore, Re=100, W=0,05 m

Bu parametrenin ikinci asamasinda Re sayisinin
etkisinin goriilebilmesi maksadiyla, Sekil 7°de Nusselt
sayisnin BR oranma gore degisimi, Re=200 igcin
incelenmistir.  Yar1  silindirik  engelin  ¢apiin
arttirllmastyla birlikte yiizey alan1 artmis, engelle temas
eden akigkan hizinin artmasi ile hidrodinamik sinir
tabaka artmis ve 1s1l sinir tabakanin azalmasina bagl
olarak 1s1 transferi artmustir. Kanal igerisinde akan
akiskanin hiz ve basmcinin ise engelin c¢apinin
artmastyla ters orantili olarak azaldig1 gézlemlenmistir.
Re sayist arttirildiginda; Nu sayisindaki artig diisiik Ri
sayilarinda, yiiksek Ri sayilarina gore daha az
gerceklesmistir. Bunun sebebi; caligsilan geometride
yercekimi etkisiyle olusan zorlanmis tagimimla 1s1
transferi, dogal tasinimla olusan 1s1 transferine azaltict
(negatif) bir etkiye sahiptir. Zorlanmis tasinim bu
geometride  dogal  tasinimi azaltict  yonde
etkilemektedir. Dolayisiyla; diisik Ri sayilarinda
zorlanmig taginimin Nu sayisini azaltict etkisi daha
fazla olurken, yiiksek Ri sayilarinda (Ri= 150-200), Gr
sayisindaki artisa bagli olarak, zorlanmis tasinimin
azaltici etkisi daha az olugsmaktadir.

Sekil 8’de BR oraninin ve degistirilmis Richardson
sayisinin  vektorel hiz dagilimi {izerindeki etkisi
gosterilmektedir. BR oraninin artmasi ile yilizey alani
artmakta ve bu durumda akigkanin engele daha fazla
temas: saglanmakta ve 1s1 transferi artmaktadir.
Degistirilmis Richardson sayisinin arttirilmast ile
ozellikle akiskan hizinin azaldigi engelin st
bolgesinde ve engelin alt bdlgesinde daha belirgin
sekilde kaldirma kuvvetlerinin etkisi ile girdaplar
olustugu tespit edilmistir. Girdap olusumunun artmasi
ile yiizeye yakin bolgelerde, 1s1l sinir tabaka kalinligi
azalmakta ve 1s1 transferi artmaktadir. Sabit Reynolds

artmast, dogal tasinimi arttirdigindan  (Grashof
sayisinin  artmasi) sonu¢ olarak 1s1 transferini
arttirmaktadir.
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Sekil 7. Nu sayisinin Ri sayis1 ve farklt BR degerlerine gore,
Re=200, W=0,05 m
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Sekil 8. Vektorel hiz dagilimi, Re=100 (a) BR=0,75, Ri=200,
(b) BR=0,75, Ri=50, (c) BR=0,15, Ri=200

Dogal tasmimin etkisinin bir gostergesi olan Grashof
sayisinin, karisik konveksiyonun etkilerinin incelendigi
bu calismada, dogal konveksiyonun Re=100 degerinde
zorlanmis tasmima oranla daha etkin oldugu
belirlenmistir. BR oranin azalmasinin (BR=0,15"de),
yer c¢ekimi yoniinde zorlanmis tasinima bagli olarak
olusan akigkan hizinin arttigi, kaldirma kuvvetlerinin
etkisi ile engel yiizeyine yakin bdlgelerde olusan
vortekslerin azaldigi ve zorlanmig tasinim etkilerinin,
dogal tagmim etkilerine daha baskin geldigi
goriilmistiir. Sekil 9°da BR oranlarinin ve degistirilmis
Richardson sayisinin, sicaklik konturu dagilimi iizerine
etkisi gosterilmistir. Re=100 i¢in, BR oraninin artmast,
yiizey alanini arttirarak 1s1 transferini arttirmisgtir.



Diisiik BR oranlarinda (BR=0,15) yer ¢ekimi ydniinde
zorlanmig taginima bagli akigkan hizi arttigir engelin
iist bolgesinde 1s1l sinir tabakanin azalmasina bagl 1s1
transferi artmis, hizin azaldig1 engelin alt bolgelerinde
ise, 1sil sinir tabaka kalinlagsmis ve 1s1 transferi
azalmigtir. Yiiksek BR oranlarinda ise (BR=0,75),
engelin duvara baglanti noktasina yakin olan alt ve iist
bolgelerde, hizin azalmasina bagl olarak, 1sil sinir
tabaka kalinlasmis ve 1s1 transferi azalmistir. Bu
bolgelerde, zorlanmis taginima negatif bir etki gosteren
dogal  tasiim  etkisi daha  belirgin  olarak
goriilebilmektedir.

(b) ©

Sekil 9. Sicaklik konturu dagilimi, Re=100 (a) BR=0,75,
Ri=200, (b) BR=0,75, Ri=50, (c) BR=0,15, Ri=200

Degistirilmis Richardson sayisindaki artig ise; dogal
tasinim etkilerinin zorlanmis tasinim etkilerine gore
daha belirgin sekilde ortaya ¢ikmasina sebep olmus ve
bu 1s1 transferini azaltici etki 6zellikle engelin iist ve alt
bolgesinde (akiskan hizini azaldigi bolgelerde) 1s1l sinir
tabakanin artisina sebep olmustur.

Alt alta bulunan iki yari silindirik engeldeki karisik
tasinimin incelenmesi

Bu boliimde; dik ve iki tarafi adyabatik duvarlarla
sinirlandirilmis ve ylizeyinde 1s1 akisi olan, alt alta
bulunan iki yar1 silindirik engelin bulundugu bir
kanaldaki 1s1 transferine ve akis dinamiklerine farkli
parametrelerin  etkisi  incelenmistir.  Incelenen
problemin sematik gosterimi Sekil 10°da sunulmustur.
Yar silindirik engeller ayni c¢aptadir ve g¢aplari D
olarak gosterilmektedir. Yar: silindirik engellere sabit
1s1 akist verilmektedir. Kanal girisindeki akigkanin
sicakligr sabit To= 20°C’dir. Engellerin birbirine olan
uzakliklart L, kanalin genisligi W, kanalin uzunlugu
H, engellerin birbirine uzakliginin kanal ¢apina orani
(L/D) olarak gosterilmistir. Bu bdliimde Re=200 igin,
BR=0,5 degerinde L/D oraninin ve Ri sayisiin
degistirilmesinin ~ Nusselt sayisina olan  etkisi
incelenmistir. Calismada, akigkan kanalin giriginden

belli bir u, hiziyla girmekte ve yergekiminin etkisiyle
hareket etmektedir. Dolayisiyla; zorlanmis tasinim
etkileri, dogal tasinim etkileri ile ters yonde bir etkiye
sahiptir.
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Sekil 10. iki yari silindirik engelin kanal geometrisi

Ust engel icin Nusselt sayisinin farkli L/D oranina ve
farkli Ri sayilarina gore degisimi, Sekil. 11°de
sunulmustur. Sonug olarak; Nusselt sayisinin engellerin
birbirine olan uzakliklar1 yani L/D oranlarmin
artmastyla birlikte arttigr goriilmistiir. L/D= 0,25-0,5
araliginda engellerin birbirine ¢ok yakin olmasi
sebebiyle, zorlanmis tasinimdan kaynaklanan akiskan
hareketi engeller arasi bolgede yavaslamaktadir. Bu
durum kaldirma kuvvetleri etkisi ile olusan dogal
tasinim  etkilerinin (yiizeye yakin bdlgelerde yer
cekiminin tersi yoniinde olusan vorteksler) daha
belirgin sekilde olugmasina sebep olmaktadir. Bunun
sonucu olarak, engeller arasi bolgede hapis olan ve hizi
yavaglayan akigkanmn, 1sinan akigkani yiizeyden
uzaklastiramadigi (daha soguk akigkanin yiizeye yakin
bolgedeki daha sicak akiskanin yerine
gecemediginden), dolayist ile bu bolgede 1s1
transferinin artisina sebep oldugu belirlenmistir. Bu
durum Ri sayist arttikca Gr sayisinin artigina bagli
olarak, Nu sayisinin da artmasina sebep olmaktadir. Bu
aralikta Ri=150 degerine kadar L/D oranindaki artis
Nu sayisinda belirgin bir artiga sebep olmaz iken,
Ri=200 degerinden sonra kaldirma kuvvetlerinin etkisi
daha da belirginlesmekte ve Nu sayis1 artmaktadir.

L/D=0,5-1 araliginda engellerin arasindaki mesafenin
artisina bagl olarak, diisiik Ri sayilarinda (Ri=50-150
araliginda) hem yercekimi yoniindeki zorlanmis
tasimim etkileri hem de yerg¢ekiminin aksi yOniinde
olusan kaldirma kuvvetlerinin  etkisi  sebebiyle
engellerin arasinda olusan girdaplarin biiyiimesine
bagli olarak, Nu sayist belirgin bir sekilde artmistir.



Ancak, Ri=150-300 araliginda Gr sayisinin artigina
bagli olarak artan kaldirma kuvvetleri etkisi, zorlanmis
taginim etkilerine baskin gelmeye baslamis ve Nu
sayisindaki artig1 azaltict bir etki goéstermistir. Bu
aralikta; L/D=1,5 degerinde ortalama Nu sayisindaki
azalisin - %11,3 oldugu tespit edilmistir. Ri=300
degerinde kaldirma kuwvetleri etkisinin belirgin bir
sekilde baskin olmasi sebebiyle, engeller arasindaki
mesafe arttirilsa dahi (L/D=1-1,5 araliginda), Nu
sayisinda  belirgin  bir degisim olmadig1 tespit
edilmistir. L/D=0,25-1,5 araliginda arttirildiginda; ist
engelde ortalama Nu sayisinda %59,4°lik bir artis
oldugu, en yiiksek Nu sayisinin L/D=1,5 ve Ri=150
oldugu durumda meydana geldigi tespit edilmistir.

70

60 - AT
/ XN
/ T o
/ B
50 £ o —
[
] /)]/
=z 7
40 + / v
7
7 v
7 —o— L/D=0,25
30 4 3// v L/D=0,5
-—&-- L/D=1
—.—— L/D=15
20 ‘ ‘ ‘ ‘ ‘ ‘
0 50 100 150 200 250 300 350
RI"

Sekil 11. Ust engeldeki Nu sayisinin Ri sayis1 ve farkli L/D
degerlerine gore degisimi, Re=200, BR=0,5

Alt engel icin Nusselt sayisinin farkli L/D oranina ve
farkli Ri sayilarina gore degisimi, Sekil 12’de
sunulmustur. Alt engelde de iist engeldeki duruma
benzer sekilde, L/D orami arttikga ortalama Nu
sayisinda artig oldugu tespit edilmistir. Ancak tiim L/D
oranlar1 i¢in Nu sayisindaki artig {ist engele gore daha
az gerceklesmistir. Bunun sebebinin; alt engel
cevresinde dogal tasimim sonucu olusan akiskan
hareketinin iist engel tarafindan engellenmesi ve dogal
tasinim  etkilerinin tam olarak goriilememesinden
kaynaklandig1 degerlendirilmektedir.

L/D=0,25-0,5 araliginda engellerin birbirine ¢ok yakin
olmasi sebebiyle, akiskan hizi azalmakta ve kaldirma
kuvvetlerinin etkisi diisiik Ri sayilarinda (Ri=50-100
aralifinda) daha belirgin bir sekilde goriilmektedir. Bu
durumun sebebinin; Ri sayisi arttikca, Gr sayisinin
artisina bagli olarak, Nu sayisinin da artmasi oldugu
degerlendirilmistir. Bu aralikta; Ri=150 degerinde L/D
oranindaki artiy Nu sayisinda belirgin bir artisa sebep
olur iken, Ri=200 degerinde belirgin bir artigsa sebep
olmamistir. Bunun sebebinin; kaldirma kuvvetlerinin
etkisinin Ri sayisindaki artisa bagli olarak artmasina
ragmen st engelin, bu etkiyi azaltici bir etki gostererek
yer cekimine zit yondeki akigkan hizinin azalmasi
olarak degerlendirilmistir.
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Sekil 12. Alt engeldeki Nu sayisinin Ri sayis1 ve farklt L/D
degerlerine gore degisimi, Re=200, BR=0,5

L/D=0,5-1 araliginda engellerin arasindaki mesafenin
artigina bagh olarak, diigiik Ri sayilarinda (Ri=50-100
araliginda) hem yercekimi yoniindeki zorlanmis
tasinim etkileri hem de yergekiminin aksi yoniinde
olusan kaldirma kuvvetlerinin  etkisi  sebebiyle
engellerin arasinda olusan girdaplarin biiyiimesine
bagli olarak, Nu sayist belirgin bir sekilde, iist engelde
oldugu gibi artmistir. Ancak, bu artis bu bolgede
olusan kaldirma kuvvetlerinin sebep oldugu yer
cekimine aksi yondeki akiskan hareketine bagli hizin
yitksek degerlere ¢ikamamasi sebebiyle Nu sayisi {ist
engeldekinden farkli olarak belirgin bir sekilde artis
gostermemistir. Bunun sebebi iist engelin kaldirma
kuvvetleri  sebebiyle olusan akiskan hareketini
engellemesidir. Ri=150-300 araliginda Gr sayisinin
artigina bagl olarak artan kaldirma kuvvetleri etkisi,
zorlanmig tasimim etkilerine, istteki engelin akiskan
hareketini engellemesi sebebiyle kismen baskin
gelmeye baslamis ve Nu sayisindaki artisi azalarak
devam etmistir. Ancak dogal tasinimin Nu sayisini
azaltic1 etkisi istteki engel sebebiyle yiiksek degerlere
ulagsmadigindan, Nu sayisinda yerel olarak bir diisiise
sebep olmamistir. Ri=300 degerinde kaldirma
kuvvetleri etkisinin kismen zorlanmis taginim etkisine
baskin olmasi sebebiyle, engeller arasindaki mesafe
arttirtlsa dahi (L/D=1-1,5 araliginda), Nu sayisinda
belirgin bir degisim olmadigt tespit edilmistir.
L/D=0,25-1,5 araliginda arttirildiginda; alt engelde
ortalama Nu sayisinda %25,2°lik bir artis oldugu, en
yiiksek Nu sayisinin L/D=1 ve Ri=300 oldugu durumda
meydana geldigi tespit edilmistir.

Farkli L/D oraninin; Re=200, Ri=200 ve BR=0,5
degerlerinde; kanal igerisinde olusan hiz vektorlerinin
dagilimi iizerindeki etkisi Sekil 13’te goOsterilmistir.
Richardson sayisinin artmasiyla birlikte, kaldirma
kuvvetlerinin etkisi artmakta ve bu durumun vorteks
olusumunun artmasina sebep oldugu goriilmektedir.
Girdap olusumunun artmasi, hidrodinamik sinir
tabakanin artmasina ve 1sil sinir tabakanin azalmasina
sebep olmakta ve bu durum 1s1 transferini



arttirmaktadir. L/D  oraninin  artmastyla birlikte
engeller arast mesafe artmaktadir. L/D=0,5
durumunda; dogal tasinimdan kaynaklanan kaldirma
kuvvetlerinin  etkisiyle olusan yer¢ekiminin aksi
yoniindeki akiskan hareketi hizlanmaktadir. Bu akigkan
hareketi zorlanmig tasinimdan kaynaklanan ve yer
¢ekimi yoniindeki akigkan hareketiyle etkileserek, iki
engel arasinda belirgin girdaplar olusturmakta ve bu
girdaplar engellere yakin bolgelerde hidrodinamik sinir
tabakanin kalinlagmasina sebep olmaktadir. L/D=0,25
degerinde engeller arasindaki mesafenin azalmasina
bagli olarak, engellerin arasinda dogal tagimimdan
kaynaklanan akiskan hareketi yavaslamakta ve buna
bagli olarak hiz azalmaktadir. Ustteki engelin de dogal
tasinimdan kaynaklanan yercekiminin aksi ydniindeki
bu akist engellemesi sebebiyle bu akis, zorlanmis
tasinimdan kaynaklanan akisa baskin gelememekte ve
1sman akigkan bolgeden uzaklastirilamamaktadir. Bu
durumda st engelin alt bolgesine ve alt engelin iist
bolgesinde kiigiik girdaplar olusmakta ve hiz smir
tabaka kalinligi azalmaktadir. L/D=0,15 degerinde;
engeller arasindaki mesafenin daha da azalmasina
bagli olarak, engellerin arasindaki akigkan hizi
azalmakta ve burada olusan hidrodinamik hiz sinir
tabaka kalinligi daha da azalmaktadir. Bu durumda
zorlanmig taginimdan kaynaklanan akigkan hareketi,
engellerin arasindaki bdlgede olusan dogal tasinimdan
kaynaklanan akigkan hareketine tamamen baskin
geldiginden, yiizeye yakin bolgede olusan sicak akiskan
bolgeden uzaklastirilamamaktadir.
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Sekil 13. Hiz vektérlerinin dagilimi, Re=200, Ri=200,
BR=0,5 (a) L/D=0,5 (b) L/D=0,25 (c) L/D=0,15

Farkli L/D oraninda; Re=200, Ri=200 ve BR=0,5
degerlerinde; kanal icerisinde olusan sicaklik
konturlarinin  dagilimi  Sekil 14’te gosterilmistir.
L/D=0,5 durumunda; engeller arasindaki mesafe en
fazladir. Bu sebeple dogal taginimdan kaynaklanan
akigkan hareketine bagli akigkan hizi bu durumda en
yiiksek degerindedir. Zorlanmis taginimdan
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kaynaklanan akigkan hareketi, engellerin zit yoniindeki
duvar boyunca yergekimi yoniinde devam etmektedir.
Engele yakin  bolgelerdeki dogal tagimmimdan
kaynaklanan akiskan hareketi, hiz sinir tabakayi
kalinlastirmakta ve 1s1l sinir tabakayr azaltmakta, ve bu
durum 1s1 transferini arttirarak iyi bir sogutma
saglamaktadir. L/D=0,25 degerinde engeller arasindaki
mesafenin azalmasina bagl olarak, engellerin arasinda
dogal tasimimdan kaynaklanan akigkan hareketi
yavaglamakta ve buna bagli hiz azalmaktadir. Bu
durum, hiz sinir tabaka kalinligiin azalmasia ve 1s1l
sinir tabaka kalinligmin artmasina ve 1sil transferinde
azalmaya sebep olmaktadir. Bu sebeple, engeller
arasindaki  bolgede akiskan sicaklik  degerleri
yikkselmektedir. L/D= 0,15 degerinde; engeller
arasindaki mesafenin daha da azalmasina bagh olarak,
engellerin arasindaki akigkan hizi azalmakta ve burada
olusan hidrodinamik smir tabaka kalinligi daha da
azalmakta ve 1s1l smir tabaka kalinlig1 artmaktadir. Bu
durum 1s1 transferini daha da azaltmakta ve engeller
arasindaki bolgede ve engellerin birbirine bakan
ylizeylerinde sicakliklarin, sicak akiskanin yiizeye
yakin  bolgelerden uzaklastirilamamas: sebebiyle,
belirgin bir sekilde artmasina sebep olmaktadir.

(©

(a) (®)
Sekil 14. Sicaklik konturlarinin dagilimi, Re=200 Ri=200 (a)
L/D=0,5 (b) L/D= 0,25 (c) L/D=0,15

Karsihikli bulunan iki yar silindirik engeldeki
karisik konveksiyonun incelenmesi

Bu boliimde; dik ve iki tarafi adyabatik duvarlarla
sinirlandirilmig ve ylizeyinde 1s1 akisi olan, karsilikli
olarak bulunan iki yar silindirik engelin bulundugu bir
kanaldaki 1s1 transferine ve akis dinamiklerine farkli
parametrelerin  etkisi  incelenmistir.  Incelenen
problemin sematik gosterimi Sekil 15°te sunulmustur.
Yar1 silindirik engeller ayn1 ¢aptadir (D). Yari
silindirik engellere sabit 1s1 akist verilmektedir. Kanal
girisindeki akigkanin sicakligi sabit To=20°C’dir.
Incelenen sayisal calisma Re=200 degeri icin



yapilmistir. BR orani hesaplanirken engellerin ¢ap1
sabit alinarak kanalin genigligi degistirilmis, bunun 1s1
transferi ve akis dinamikleri {izerindeki etkileri
incelenmistir. Bu ¢alismanin ilk asamasinda BR orani
sabit tutularak (BR=0,3) farkli Ri sayilarinda akis
ozellikleri ve 1s1 transferi incelenmis, ikinci asamasinda
ise; Ri sayist sabit tutulmus (Ri=200) ve farkli BR
oranlarmnin akig oOzellikleri ve 1s1 transferine etkisi
incelenmistir. Caligmada su, kanalin girisinden belli bir
Uo hiziyla girmekte ve yercekiminin etkisiyle hareket
etmektedir.

Sekil 15. Karsilikli bulunan iki yar1 silindirik engelin
geometrik gdsterimi

Sekil 16°da soldaki engel igin ve Sekil 17°de sagdaki
engel i¢in farkli BR oranlariin ve farkli Ri sayilarinin,
Nusselt sayisina etkisi gosterilmistir. BR=0,15-0,25
araliginda; BR oran arttikca, Ri sayisinin artmasina
bagl olarak Nusselt sayisinin arttigi tespit edilmistir.
BR=0,3 degerinde ise; Ri=130 degerine kadar Nu
sayisinin arttift ancak bu degerden sonra artan Ri
sayisina bagli olarak dogal tasinim etkilerinin,
zorlanmig taginim etkilerini azaltmasina bagl olarak
Nu sayisinin  azaldigi tespit edilmistir. BR orani
BR=0,15-0,30 araliginda arttirildiginda; diisik Ri
sayllarinda (Ri=50) ortalama Nu sayisindaki artig
%36,3 olarak belirlenmis, yiiksek Ri sayilarinda
(Ri=200) ise ortalama Nu sayisindaki artisin %23,1
olarak meydana geldigi tespit edilmistir. Bu sebeple BR
orani arttik¢a artan Ri sayilarinda Nu sayis1 da genel
olarak artmakta ancak bu artis azalarak devam
etmektedir. BR=0,15 degerinde; Richardson sayisi
Ri=50-200 araliginda arttirildiginda ortalama Nu
sayisindaki artis %18,1 olarak tespit edilmistir.
BR=0,30 degerinde ise; Richardson sayis1 Ri=50-200
araliginda arttirildiginda ortalama Nu sayisindaki artis
%6,6 olarak tespit edilmistir. Bu durum artan Ri
sayisinda bagli olarak kaldirma kuvvetleri etkisinin de
arttigi ve bu etkinin zorlanmis tasinim etkilerini
azaltt1ig1 ve buna bagli olarak da ortalama Nu sayisinin
azaldig1r tespit edilmistir. Kanala simetrik olarak
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yerlestirilmis hem sag hem de sol engelde genel olarak
1s1 transferi ve akig oOzelliklerinin benzer sekilde
gerceklestigi tespit edilmistir. Karigik taginim etkilerine
bagli olarak meydana gelen en iyi 1s1 transferinin,
BR=0,25-0,30 araliginda Ri=200 degerinde olustugu
belirlenmistir.
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Sekil 16. Sol yar silindirik engeldeki Nu sayisinin farkl Ri
sayilarina ve farkli BR degerlerine gore degisimi
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Sekil 17. Sag yar silindirik engeldeki Nu sayisinin farkli Ri
sayilarina ve farkli BR degerlerine gére degisimi

Sekil 18’de Re=200 ve BR=0,3 degerleri i¢in farkli Ri
sayllarinda hiz vektorlerinin dagilimi1 gosterilmistir.
Ri=50 degerinde zorlanmis tasinim etkilerine bagh
olarak olusan akiskan hizinin dogal tasinim etkilerine
bagli olarak olusan akiskan hareketine oldukg¢a baskin
oldugu, akis hizinin kanal orta hatt1 boyunca yercekimi
yoniinde artigina bagl olarak hidrodinamik sinir tabaka
kalinliginin arttigt ve 1sil sinir tabaka kalinliginin
azaldig1 tespit edilistir. Ri=200 degerine arttirildiginda
ise; kaldirma kuvvetlerinin etkisine bagh olarak artan
dogal tasinim etkilerinin, zorlanmig tasinim etkilerini
azaltmaya bagladig1 tespit edilmistir. Engellerin yere
bakan tarafinda olugan vortekslerin etkisi ile engele
yakin bolgelerde akiskanin hizinin azaldigi, bu
durumun hidrodinamik sinir tabaka kalinliginin
azalmasima ve 1s1l smir tabaka kalinliginin artmasina
sebep oldugu belirlenmistir.
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Sekil 18. Re=200, BR=0,3 i¢in farkli Ri sayilarinda hiz
vektorlerinin dagilimu, (a) Ri=200, (b) Ri=50

Sekil 19’da Re=200 ve BR=0,3 degerleri icin farkli Ri
sayilarinda sicaklik konturlarinin dagilimi
gosterilmistir. Ri=50 degerinde; akis hizinin kanal orta
hatt1 boyunca yergekimi yoniinde artisina bagl olarak
hidrodinamik sinir tabaka kalinliginin artmasina ve 1sil
sinir tabaka kalinliginin azalmasina bagli olarak,

engellerin  yere bakan  yiizeylerinde  sicaklik
degerlerinin distiigi ve etkin bir 1s1 transferinin
saglandig belirlenmistir. Ri=200 degerine

arttirlldiginda ise; kaldirma kuvvetlerinin etkisine bagh
olarak artan dogal tasmim etkilerinin, zorlanmig
tasinim etkilerinin azalmasina sebep olmasi sebebiyle
isil sinir tabaka kalmliginin artmasina bagli olarak,
engellerin yere bakan yiizeylerinde sicaklik artisinin
meydana geldigi, bu sebeple bu bolgelerde 1s1
transferinin azaldigi tespit edilmistir.

Sekil 20°de Re=200 ve Ri=200 degerleri i¢in farkli BR
degerlerinde hiz vektorlerinin dagilimi gosterilmistir.
Bu boliimde; kanal genisligi ayni1 kalip, engel ¢api
arttiginda zorlanmig taginim yoniindeki kanal genisligi
azalmakta ve bu durum zorlanmis tasinimdan
kaynaklanan akigkan hizinin artmasina  sebep
olmaktadir. Engellerim yiizey alaninin artmasi, daha
¢ok akigkanin yiizeyi sogutmasini sagladigindan 1s1
transferini de arttirmaktadir. BR=0,15 degerinde;
zorlanmis taginimdan kaynaklanan akigskan hizinin
nispeten yavas olmasi sebebiyle, dogal tasinimdan
kaynaklanan kaldirma kuvvetlerinin etkisi ile engel
yiizeylerine yakin bolgelerde vorteksler olugsmakta, bu
durum bu bolgelerde akiskan hizini azaltmakta ve hiz
sinir tabakast kalinhigimin azalmasina ve 1sil sinir
tabaka kalinliginin artmasina sebep olmaktadir.
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Temgeeirm

(a) (b)

Sekil 19. Re=200 ve BR=0,3 degerleri i¢in farkli Ri
sayilarinda sicaklik konturlarimin dagilimi,(a) Ri=200 (b)
Ri=50
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(b)

Sekil 20. Re=200 ve Ri=200 degerleri igin farkli BR

degerlerinde
BR=0,15

hiz vektorlerinin dagilimi(a) BR=0,3 (b)

BR=0,3 degerinde ise; =zorlanmig tasimnimdan
kaynaklanan akiskan hizinin artigina bagli olarak
engellerin, yerin aksi yoOniindeki yiizeylerinde
hidrodinamik smir tabaka kalinliginin arttigr ve 1sil
sinir  tabaka kalinliginin azaldigr belirlenmistir.
Engellerin yere bakan yiizeylerinde ise; dogal
tasinimdan kaynaklanan kaldirma kuvvetlerinin etkisi
ile olusan vortekslerin bu bolgedeki akiskan hizini
azaltmasma bagli olarak; hiz smir tabaka kalinlig
azalmakta ve 1s1l sinir tabaka kalinligr artmaktadir.



Sekil 21°de Re=200 ve Ri=200 degerleri i¢in farkli BR
degerlerinde sicaklik konturlarinin dagilimi
gosterilmistir. BR=0,15 degerinde; engel ylizeylerine
yakin Dbolgelerde akigkan hizinin azalmasma bagh
olarak hiz sinir tabaka kalinliginin azalmasi ve 1sil
sinir tabaka kalinliginin artmasi engel yiizeyindeki
sicakliklarin  artmasina ve nispeten iyl bir 1s1
transferinin saglanmasina sebep olmaktadir. BR=0,3
degerinde ise; =zorlanmis tasinimdan kaynaklanan
akiskan hizinin artigina bagh olarak engellerin yerin
aksi yoniindeki yiizeylerinde 1sil smir tabaka
kalinliginin azalmas1 sebebiyle yiizey sicakliklarmin
azaldig1 ve etkin bir 1s1 transferinin saglandigi tespit
edilmistir. Engellerin yere bakan yiizeylerinde ise;
dogal taginimdan kaynaklanan kaldirma kuvvetlerinin
etkisi ile olusan vortekslerin bu bdlgedeki akiskan
hizin1 azaltmasima bagl olarak; 1s1l smir tabaka
kalmhigmin artmasina sebep oldugu; bu durumun 1s1
transferinin azalmasma ve ylizey sicakliklarinin
artmasina sebep oldugu belirlenmistir.

(b)

()
Sekil 21. Re=200 ve Ri=200 degerleri i¢in farkli BR
degerlerinde sicaklik konturlarinin dagilimi, (Variation of
temperature contours for different BR values at Re=200,
Ri=200) (a) BR=0,3 (b) BR=0,15

SONUC

Bu calismada; dik ve iginde 1s1 akisina sahip yari
silindirik engeller bulunan bir kanaldaki karigik
konveksiyonun 1s1 transferine ve akig Ozelliklerine
etkisi sayisal olarak incelenmistir. Calismada; yar1
silindirik engellerin birbirlerine olan uzakliklari,
konumlar1 ve sayilar1 degistirilerek 1s1 transferine ve
akis Ozelliklerine etkisi belirlenmeye c¢alisilmistir.
Calismada incelenen parametreler; a. tek yar1 silindirik
engel bulunan kanaldaki karistk konveksiyonun
incelenmesi (BR=0,15-0,75 ve Ri=50-200 araliginda),
b. alt alta bulunan iki yar silindirik engeldeki karisik
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taginimin incelenmesi (L/D=0,25-1,5 ve Ri=50-300
araliginda), c. karsilikli bulunan iki yari silindirik
engeldeki karigtk  konveksiyonun incelenmesidir
(BR=0,15-3,0 ve Ri=50-200 araliginda). Sonug olarak;

a. Re sayist Re=100-200 degerine arttirildiginda;
zorlanmis tasimnim etkisinin, dogal taginim etkisine
daha fazla baskin geldigi ve tiim BR oranlarinda
ortalama Nu saylarinin artis gosterdigi tespit
edilmistir. BR oraninin arttirilmasinin 1s1 transferini
arttirdigr  gorilmiistir. BR=0,15 degerinde; engelin
kanal igerisindeki yilizey alan1 ¢ok kiiciikk oldugundan,
kaldirma kuvvetleri etkisi arttirildiginda bile (Ri
sayisinin  degerinde artis olmasina ragmen) Nu
sayisinda belirgin bir artis olmadigr goriilmistiir.
BR=0,15den 0,75 degerine degistirildiginde; Ri
sayisinin artisina bagli olarak (Ri=50 den Ri=200
degerine) ortalama Nu sayisindaki artisin %1°den,
%58,3 degerine yiikseldigi belirlenmistir.

b. Engellerin birbirine olan uzakliklar1 arttiginda (L/D
oranlariin artmasiyla birlikte); Nusselt sayisinin genel
olarak arttigr goriilmiistir. L/D= 0,25-0,5 araliginda
engellerin birbirine ¢cok yakin olmasi sebebiyle, akiskan
hiz1 azalmakta ve kaldirma kuvvetlerinin etkisi daha
belirgin bir sekilde goriilmektedir. Bu durum Ri sayisi
arttikca Gr sayisinin artigina bagl olarak, Nu sayisinin
da artmasina sebep olmaktadir. Bu aralikta Ri=150
degerine kadar L/D oranindaki artis Nu sayisinda
belirgin bir artisa sebep olmaz iken, Ri=200 degerinden
sonra kaldirma kuvvetlerinin  etkisi daha da
belirginlesmekte ve Nu sayist artmaktadir. Ri=300
degerinde ise; kaldirma kuvvetleri etkisinin kismen
zorlanmis tasinim etkisine baskin olmasi sebebiyle,
engeller arasindaki mesafe arttirilsa dahi (L/D=1-1,5
araliginda), Nu sayisinda belirgin bir degisim olmadigi
tespit edilmistir. L/D=0,25-1,5 araliginda
arttirlldiginda; alt engelde ortalama Nu sayisinda
%25,2’1ik bir artig oldugu, en yiiksek Nu sayismin L/D
=1 ve Ri=300 oldugu durumda meydana geldigi tespit
edilmistir.

c. Karsilikli bulunan iki yari silindirik engelin olmasi
durumunda; BR orani arttik¢a, Ri sayisinin artmasina
bagli olarak Nusselt sayisinin arttig1 tespit edilmistir.
BR=0,15-0,30 araliginda arttirildiginda; diisik Ri
sayillarinda (Ri=50) ortalama Nu sayisindaki artig
%36,3 olarak belirlenmis, yiiksek Ri sayilarinda
(Ri=200) ise ortalama Nu sayisindaki artisin %23,1
olarak meydana geldigi tespit edilmistir. BR=0,15
degerinde; Richardson sayisi Ri=50-200 araliginda
arttirlldiginda ortalama Nu sayisindaki artis %18,1
olarak tespit edilmistir. BR=0,30 degerinde ise;
Richardson sayist Ri=50-200 araliginda arttirildiginda
ortalama Nu sayisindaki artis %06,6 olarak tespit
edilmistir.

d. Bu alanda yapilacak karigik konveksiyonun
incelendigi gelecek galigmalarda; Reynolds sayilart ve



degistirilmig Richardson sayisinin araliklar1 arttirilarak
¢ozlimler yapilmasinin, yeni tip akiskanlarin 1s1
transferine ve akis ozelliklerine etkisinin
(nanoakiskanlar vb.) incelenmesinin, farkli kanal ve
engel geometrisinin 1s1 transferine ve akig 6zelliklerine
etkisinin farkli parametreler i¢in incelenmesinin faydali
olacagi degerlendirilmistir.
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Abstract: In this study heat extraction ratio of a solar pond was investigated numerically by using the Discrete
Ordinates Method (DOM) with the direct solver PARDISO by using nested dissection multithreaded preordering
algorithm, and the findings without exchanger were compared with experimental data to validate simulation
accuracy of numerical approaches in the Mediterranean climatic condition. The solar pond was modeled with the
same dimension as a previous experimental system and a heat exchanger was placed in the heat storage zone and
simulation to take out the hot water at a certain flow was performed with the commercial software COMSOL. The
solar position was defined for Adana and ambient data was obtained by processing the ASHRAE Weather Data
Viewer 5.0. As a result, the maximum and minimum heat extraction ratio (HER) is calculated as 13.39 % in July
and 2.96 % in September for a flow rate of 0.007 kg/s; 24.27 % in June, and 3.23 % in September for a flow rate of
0.014 kg/s, respectively.

Keywords: Solar energy, solar pond, thermal energy, heat transfer, heat exchanger

GUNES HAVUZLARINDA ISI CEKME ORANININ BELIRLENMESI

Ozet: Bu calismada, bir giines havuzunda 1s1 ¢ekme orani, dogrudan ¢oziicii PARDISO ile Ayrik Ordinatlar
Yontemi kullanilarak i¢ ige pargalara ayrilip ¢ok is parcacikli 6n diizenleme algoritmasi ile sayisal olarak
arastirllmis ve sayisal yaklasimlarin simiilasyon dogrulugu i¢in esanjorsiiz giines havuzunda yapilan 6n niimerik
sonuglar deneysel verilerle Akdeniz iklim kosullarinda karsilastirilmistir. Daha sonra, glines havuzu 6nceki bir
deney sistemi ile ayn1 boyutta modellenmis ve 1s1 depolama bdlgesine bir 1s1 esanjorii yerlestirilmis ve COMSOL
ticari yazilimi ile sicak suyun belirli bir akista disar1 alinmasi i¢in simiilasyon gergeklestirilmistir. Adana icin giines
konumu tanimlanmis ve ASHRAE Weather Data Viewer 5.0 ile islenerek ortam verileri elde edilmistir. Sonug
olarak, 0.007 kg/s debi igin maksimum ve minimum 1st ¢ekme oran1 Temmuz aymnda % 13.39 ve Eyliil ayinda %
2.96 olarak hesaplanmustir; 0.014 kg/s debi i¢in sirasiyla Haziran'da %24.27 ve Eyliil'de %3.23'tiir.

Anahtar kelimeler: Giines enerjisi, giines havuzu, 1si1l enerji, 1s1 transferi, 1s1 esanjori

NOMENCLATURE p Pressure (Pa)
S Strain-rate tensor (1/5)
E Energy (J) T temperature (K)
exc. Exchanger Q Heat sources other than viscous heating (W/m?®)
Cp  Specific heat capacity at constant pressure qr Heat flux striking the wall
(J/kg°C) q Heat flux by conduction (W/m?)
h Heat transfer coefficient (W/m? K) UCZ Upper convective zone
DOM Discrete Ordinate Method u Velocity vector (m/s)
HSZ Heat storage zone U Internal energy (J)
1(Q) Radiative intensity at a given position following
the Q direction Greek symbols
Ib (T) Blackbody radiative intensity K absorption coefficients
I(©2) Radiation density in a place in Q direction B extinction coefficients
k Thermal conductivity (W/m K) Os Scattering coefficients
NCZ Non-convective zone [0) Scattering phase function
Nr Refractive index T Cauchy stress tensor deviator

n Outward normal vector
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o Stefan-Boltzmann constant

p Density (kg/m?3)
Subscripts

exch exchanged

ext  extracted

st stored

swW side wall

INTRODUCTION

The effects of global warming on the environment have
started to emerge as different natural disasters all over
the world. Therefore, many countries have made very
comprehensive investments in alternative renewable
energy sources. On the other hand, global energy costs
are quite high and foreign energy-dependent countries
economy has been shaken. Due to both economic and
environmental factors, it has become a necessity for
countries to generate their energy from their own
resources. The only renewable energy source that
countries can harness equally is solar energy all over
the world. Solar energy thermal systems are one of the
technologies which have advanced and are widely used
for many industrial processes such as heating, cooling,
product drying, providing low-grade hot water, water
desalination, direct steam provision, and commercial
cooking (Renewables 2017 Global Status Report,
2018). Solar ponds are thermal energy systems that
convert solar energy into heat and have the capacity to
store it for a long time. Solar ponds have many
operational advantages, such as: easier to construct and
set up, lower maintenance rate and installation cost,
and long-term energy storage potential. Many studies
have been carried out on the heat energy storage
capacity of solar ponds. Bozkurt et al. (2012) studied
the efficiency of the solar pond which was integrated
with flat plate collectors. The efficiency increase of the
integrated system was investigated. The energy and
exergy analysis of an experimental solar pond, coupled
with solar collectors were calculated and compared by
Karakilcik et al. (2013a). Furthermore, Karakilcik et al.
(2013b) investigated the shading effect on model solar
ponds. The efficiency of the solar ponds with and
without shading effect was investigated and the shading
coefficients of the model pond were determined. The
effect of transparent covers on the performance of the
solar pond was investigated in another study by
Bozkurt et al. (2014), separately. The energy efficiency
of the solar pond was calculated for each cover, and the
glass cover was determined as the best for the solar
ponds. On the other hand, Bozkurt et al. (2015) have
determined the effects of a parameter on the thermal
performance of sunshine area rates of a model solar
pond of different sizes. The performance of solar ponds
was also investigated by Sogukpinar et al. (2016; 2018)
for different conditions. The annual seasonal
temperature distributions of the solar pond were
investigated and the efficiency of the system was
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calculated. For the salt-gradient solar pond, heat
extraction and its variation were investigated by
Alcaraz et al. (2016). The pond was tested and
compared to conventional heat exchangers for the
sidewall areas. The effect of phase change materials on
the efficiency of the pond was investigated
experimentally by Assari et al. (2015). In order to
improve the thermal energy storage capacity of the
solar pond, two models were built with and without
phase change material to determine its stability during
heat extraction. The performance of NCZ and HSZ was
investigated to determine the efficiency of the solar
pond by Date et al. (2013). For this, a simple method
was proposed to estimate the transient thermal
performance of the system when heat is extracted from
different parts of the pond. The activity of the shallow
solar pond under open and closed cycle modes was
studied both experimentally and numerically by El-
Sebaii et al. (2013) and heat extraction was optimized
and compared to show the availability of solar pond in
domestic heating and industrial usage. The effect of
heat extraction in the non-convective region on the
performance of an experimental solar pond was shown
by Leblanc et al. (2011) and the performance of the
solar ponds was improved by the conventional heat
extraction method. Aramesh et al. (2017) investigated
the heat storage and heat extraction processes of solar
ponds with a combination of the methods presented in
the previous works, theoretically. The impacts of
different nano-fluids on the heat extraction operation of
solar ponds were studied. Khalilian et al. (2018)
developed different heat extraction models to determine
the effects on the efficiency of the solar pond. The
energetic and exergetic transient performances were
compared under different modes of heat extraction.
Mansouri et al. (2018) suggested three different heat
extraction technics to evaluate the performance of the
solar pond. The technics were compared based on outlet
temperatures and amounts of energy and exergy
extraction. Amirifard et al. (2018) compared
temperature changes and thermal energy to determine
the latent heat storage in the solar ponds for
performance stability without phase change material.
The heat extraction from the solar pond and the heat
supply processes was evaluated by Alcaraz et al.
(2018). The heat extraction and supply tests were
carried out for a conventional and lateral wall heat
exchanger.

Generally, high concentrated brine has been used in
solar ponds. Therefore, heat energy from the system
cannot be harnessed directly but exchanger. Therefore,
the heat storage efficiency of the solar pond alone has
no meaning but integrated with a heat exchanger it
expresses something for efficiency. Furthermore, when
the heat is extracted, the real behavior of the pond
emerges. Thus, the ratio of the energy stored in the
pond to the energy coming to the pond surface can be



increased. On the other hand, there is a lot of
investigation, are available related to the efficiency of
the solar pond with a simple analytic method but it is
rare with a comprehensive method like Discrete
Ordinate Method (DOM). Therefore in this study, the
performance of solar pond with an exchanger under
Mediterranean climatic conditions was investigated for
the full year of operations by using discrete ordinates
method and compared with experimental data to
validate numerical approaches. The outflow water
temperature of a heat exchanger was calculated for the
inflow rate temperature of 20°C and the heat extraction
ratio of the system was calculated and discussed.

METHODOLOGY
Heat transfer mechanism

The radiation can interact with the surface or the
environment in different ways such as absorption,
emissions, scattering, and transmission.  Interacted
medium absorbs a part of the incident radiation and a
fraction of radiation is emitted and scattered in all
directions, and a part of it may be transmitted to
another medium. Heat energy, transmitted from one
medium to another via conduction, convection, and
thermal radiation, depending on the state of the
systems. Heat conduction happens oscillations of each
molecule in fluids, in metals mainly by heat-carrying
electrons but in gas which occurs through collisions of
molecules. Convection occurs with a net displacement
of a heat-transferring fluid. Balance of radiative
transfer between source and interacting medium
happens. The general radiative transfer equation can be
written with Eq.(1) (COMSOL, 2018; Modest, 2013).
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Where, [(Q) represent the radiative intensity in a given

(Q) direction, This the blackbody radiation intensity, k,
B, os are absorption, extinction, and scattering
coefficients. Radiative intensity may be defined for any
direction Q due to continuous properties of angular
space. This discrete ordinates method is used to
approximately solve approximately the radiation
transfer equation by discretizing both the xyz-domain
and the angular variables that specify the direction of
radiation. This method provides a discretization of
angular space into n = N(N + 2) in 3D discrete
directions. The following Eq.(2) was used for the
discretization in 3D (COMSOL, 2018).
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where, §. is the i discrete ordinate, w;, is weight.
Rosseland and P1 approximation are another possible
radiation discretization method. In this study, DOM
was used. Because Rosseland approximation has a
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limited impact from a computational point of view and
does not provide any extra degree of freedom to the
heat equation and P1 approximation provides only one
additional degree of freedom. For the current
simulation, refractive index (m) was taken as 1, the
index set to 0.4. The radiation with participating media
interactions was calculated by using Eq.(2). Heat
transfer in solid and liquid and was calculated by using
the following Eq.(3) (COMSOL, 2018).

ar
oG (5 ®)

where q =—kVT, Q= x(Zl,wil;—4nly), Qris
used to calculate heat flux divergence in the
participating media. k is thermal conductivity, p is the
density of medium which can ve solid, liquid and gas
depend on the boundary region. Cz is the heat capacity,
T is temperature, q is the heat flux, Q is heat, and @4
is the thermoelastic damping heat source. Eq.(3) is used
to calculate heat transfer and the same equation is used
for the liquid but @i.4 is replaced by Qp + (- Qpis
work done under pressure, @3 represents viscous
dissipation in the fluid. Heat transfer module was used
to calculate heat transfer with radiation in participating
media and heat transfer in solid and liquid. For this
Eq.(2) and Eq.(3) were used to calculate radiation in
participation media, Eq.(2) was used to calculate heat
transfer in liquid and solid. Eq.(3) was used for
calculation of heat interaction with exchanger.
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Boundary conditions

Meteorological data was defined for the experiment
period from 2011 to 2012 for Adana. The initial
condition was set as average wind speed and
temperature. The physical properties of materials were
taken from COMSOL library. For the heat flux from
the surface to air, convection was defined and
meteorological data was defined for outside conditions.
For the fluid inside the pipe and heat exchanger, fluid
velocity was set from 0-2 cm/s, heat conductivity, the
ratio of specific heat, and heat capacity from liquid to
solid and solid to liquid was defined from used
materials automatically. The inflow velocity of water
into the heat exchanger was defined as 293.15 K and
the other end of the pipe was defined as outflow. The
general layout of the solar pond coupled with the
exchanger is as shown in Figure 1. Since the solar pond
is semitransparent, a part of the incoming solar ray is
reflected and scattered and some of it is absorbed by the
saltwater and turned into heat. Part of the stored heat is
escaped around the environment by conduction,
convection, and radiation.
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Figure 1. The general layout of the heat exchanger in the
solar pond

The Heat Storage Zone (HSZ) is 1 m deep, the Non-
Convective Zone (NCZ) consists of 4 layers each has a
depth of 0.10 m, and Upper Convective Zone (UCZ)
has one layer with 0.10 m deep. The pond was
insulated with foam with the thickness of 0.10 m and
also inlet and outlet pipes were insulated with 0.05 m
thick foam due to their physical size. The NCZ
undertakes upstream insulation of the heat storage
zone, so with the increasing number of layers at a
certain level, which increases the thermal insulation. A
shell-type exchanger, with a thickness of 0.15 m and a
depth of 0.80 m was designed with inlet and outlet
pipes diameter of 0.03 m, and was integrated into the
system.

Geometry and Mesh generation

The mesh module in COMSOL was used to create the
mesh. Figure 2 shows the mesh distribution in the
solar pond. Too sparse mesh distribution may produce
calculation error but too dense distribution increase
computational time. It was observed that the high mesh
distribution greatly increased the computation time but
there was no difference compared to the lower mesh
distribution. For the numerical calculation in the
literature, the only criteria are general compliance with
the experiment. Therefore, only the results are more
agreement with the experiment were used. 39,693
tetrahedral mesh elements were created. In order to
make a more accurate calculation, the mesh distribution
in the inlet and outlet sections of the pipe was
increased. The mesh quality was determined 0.68 and
the minimum was 0.23. Direct solver PARDISO was
used for the simulation. Iteration technics and
nonlinear methods were used for termination and
method. Two other direct solvers in COMSOL are
available such as MUMPS and SPOOLES. On the other
hand, PARDISO is fast, robust, multi-core capable, and
scales better than MUMPS on a single node with many
cores but SPOOLES is slow (COMSOL, 2018).
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Figure 2. Mesh distribution of the solar pond
Heat Extraction ratio

The heat energy extraction from solar ponds is very
important in terms of the efficiency of the pond and
heat extraction keeps the temperature in the solar pond
at a certain level. Therefore, the heat losses would be
reduced. On the other hand, the extracted heat can be
used in for various purposes. Solar ponds store the solar
energy, coming to the surface of the pond, as heat in
the storage zone. The heat is extracted from the solar
pond by the heat exchanger in the form of a cylindrical
shell, placed in HSZ. The ratio of the extracted heat to
incoming solar energy (heat extraction ratio, HER) is
calculated as follows.

Qexe.

an[:r

HER =

(4)

where @, is the monthly total heat extracted from the
solar pond, @:..~ is the monthly total solar energy
incoming to the surface of the solar pond. The monthly
total heat extraction was calculated as;

Qexe. = mcn{rnu _T[r!:]':":"t:]
xt Z _ t ®)

RESULTS AND DISCUSSIONS

The numerical calculation was conducted by using
discrete ordinates method (DOM) and compared with
experimental data to validate the simulation accuracy of
the numerical approaches. For solar energy and
ambient data ASHRAE, Weather Data Viewer 5.0 was
used starting from 2010. It is the construction time of
the experimental system. The experimental system was
built in 2005 and the performance of a solar pond was
investigated (Karakilcik et al., 2006), which was
integrated with solar collectors (Bozkurt et al., 2012),
dynamic exergetic performance assessment of an
integrated solar pond (Karakilcik et al., 2013a) was
observed, solar pond with and without shading effect
(Karakilcik et al., 2013b) was investigated, transparent
covers on the performance (Bozkurt et al., 2014), and
effect of sunny area ratios on the thermal performance
of solar ponds (Bozkurt et al., 2015) and related some



parameter has been investigated and reported since
then. On the other hand, varied analytic methods have
been used for numerical calculation in addition to
experiments but no comprehensive method like DOM
has been used. Figure 3 shows yearly solar radiation
and ambient temperature distributions for Adana, in
Turkey.
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Figure 3. The solar energy and ambient temperature
distributions for Adana, Turkey, 2010 (Adana Meteorology
Regional Office, 2018)

Maximum and minimum incident solar energy on the
surface of the solar pond is 713.91 MJ/m? in June and
218.48 MJ/m? in January, and the monthly average
maximum and minimum temperatures are observed
30.80 °C in August and 11.30 °C in January,
respectively.

The temperature was measured by a sensor for each
0.10 m from the test set and for the numerical model,
the temperature was calculated instantaneously at 0.10
m, 0.50 m, and 0.90 m from the base and is presented
in Figure 4b. The numerical calculation was carried out
for 14 months to see seasonal variation temperature,
starting from the first day of March, and is given in
Figure 4 with the experimental measurement
(Karakilcik et al., 2006). Numerical calculations were
carried out in succession for every 30 days and the
temperature distribution of the system for May is given
in Figure 4a. The numerical study for the whole year is
given in Figure 4.b as a line graph in comparison with
the experimental study.

There is almost a good agreement between the
theoretical data and the experiment. Numerical study
results are given for 10, 50, and 90 cm depths of the
heat storage zone, and although there are small
deviations in winter, they are generally in full
agreement.  In order to achieve this compliance,
meteorological data of the experiment time were
defined exactly to the numerical method.
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Figure 4. The temperature distribution in the pond without
exchanger; (a) temperature distribution (b) temperature point
graph for different depths

In preliminary calculations, when the calculation
started from January, the calculated solar pond
temperature was quite low and bumpy until the end of
February.  Therefore, to ensure temperature
compatibility between experiment and theory, the
calculation was started from the first day of March and
the numerical method was conducted for 14 months to
observe seasonal temperature distribution.

The performance of the solar pond with a heat
exchanger was tested by increasing the water flow rate
to 0.007 kg/s (1 cm/s) and 0.014 kg/s (2 cm/s). The
temperature distribution in different depths of the solar
pond for different flow rates is given in Figure 5. It is
seen that more heat can be extracted from the system
with an increasing flow rate. The maximum water
temperature taken out at a speed of 1 cm/s is 42 °C,
while the maximum water temperature at a speed of 2
cm/s is around 37 °C. This shows heat can be drawn
from the solar pond in summer and spring with the
help of an exchanger. however, it was determined that
extra heating is not possible at an inlet temperature of
20 °C in winter periods. Fig. 6 shows the outflow
temperature distribution of the heat exchanger.
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Figure 5. Seasonal temperature variations in different depths
of solar pond for different flow rates (a) 1 cm/s (0.007 kg/s)
(b) 2 cm/s (0.014 kg/s)

The outflow temperature of the exchanger from March
to September is calculated higher than inlet
temperature (20 °C) and is calculated lower than the
inlet temperature from October to February. Solar
ponds can be used for primary heating in winter and
some of the autumn months then the inlet temperature
(0 °C to 20 °C) might be increased a few degrees up to
a maximum 20 °C. Then the temperature could be
raised to the desired point by using a hybrid system.
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Figure 6. The monthly average outflow temperature of the

heat exchanger
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Heat loss is one of the most important factors, affecting
the performance of the system. The heat losses from the
solar pond were calculated separately for the case
where the heat was extracted not extracted. Fig.7 shows
the heat losses from the solar pond with and without an
exchanger. The heat losses reach maximum at the time
when the temperature difference between the solar pond
and ambient temperatures is maximum. On the other
hand, heat losses are reduced by extracting heat from
the solar pond.

2500

W Non-exc.
exc. (0.007 kg/s)
Oexc. (0.014 kg/s)

2000 -+

M)

(

iy
%
o
(=]

[y
=
=]
[=]

Heat losses

500 -

Q
\
\
\
\
\
\
\
N

L)

Mar. May Jun

Months
Figure 7. Total heat losses from the solar pond for with and
without heat exchanger

The heat was extracted from the solar pond with the
cylindrical shell heat exchanger in the heat storage
zone of the solar pond. The inlet temperature of the
heat exchanger was determined as 20 °C, the output
temperatures of the heat exchangers were measured for
different flow rates. The equation is given in Eqg. 5, and
the amount of extracted heat from the solar pond was
calculated monthly. Figure 8 shows the extracted heat
from the solar pond for different flow rates. The
maximum and minimum extracted heats are 377.63 MJ
in July and 64.29 MJ in September for the flow rate
0.007 kg/s; 692.99 MJ in June and 70.13 MJ in
September for 0.014 kg/s, respectively.
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Figure 8. Extracted heat from the solar pond for different
flow rates

Some of the solar energy reaching the surface of the
solar pond is reflected by the surface of the pond. The
rest of the solar radiation is transmitted to the pond and



radiation is absorbed as it passes through the layers.
Solar energy, reaching the storage zone of the solar
pond is stored thermally. The stored heat energy was
extracted by using the heat exchanger. The heat
extraction ratio (HER) is calculated by using Eq. 4. The
heat extraction rate is important in that it shows how
much of the incoming solar energy is extracted. Figure
9 shows the heat extraction ratio for different flow
rates. The maximum and minimum heat extraction
ratio (HER) is 13.39 % in July and 2.96 % in
September for 0.007 kg/s; 24.27 % in June and 3.23 %
in September for 0.014 Kkg/s, respectively. As the system
started to operate in March, the heat extraction rate in
March was low. The rate of heat extraction increases
rapidly after the temperature of the system increases.
As the heat is extracted from the solar pond, there is
also the possibility of converting more of the solar
energy to heat energy.
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Figure 9. Heat extraction ratio for different flow rates
CONCLUSION

In order to improve the efficiency of solar ponds, the
heat conversion rate of solar energy reaching the
surface of the pond should be increased. By extracting
heat from the solar pond, more solar energy can be
converted into heat energy. In this study, a numerical
calculation was performed to investigate the
performance of the solar pond. Furthermore, the results
were compared with an experiment (solar pond 2 m x 2
m X 1.6 m in size) which was built in the university
campus of Cukurova. The solar pond with the same
dimensions was modeled in a computer environment
and simulated with commercial software COMSOL.
Daily pressure and temperature values were taken from
the meteorology. ASHRAE Weather Data Viewer 5.0
was used for ambient data processing. The
maximum and minimum heat extraction ratio (HER) is
13.39 % in July and 2.96 % in September for 0.007
kg/s; 24.27 % in June and 3.23 % in September for
0.014 kg/s, respectively.

In many other studies, since the heat is not taken out by
integrating an exchanger into the system, the pond
temperature remains constant as the pond temperature
reaches stable conditions and heat lost equals heat
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absorbed, depending on the solar energy coming in
during the day. In this case, it is not possible to
estimate exactly how much of the stored heat can
actually be used. However, when the heat is extracted,
the real behavior of the pond emerges. Thus, the ratio
of the energy stored in the pond to the energy coming
to the pond surface can be increased. It is observed that
from March to the end of September, a positive heat
flow is achieved and the solar pond maintains its
thermal efficiency. For the other months, the system
can be used for primary heating by keeping the inlet
temperature low.
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Ozet: Modiiler Helyum Reaktorii (MHR) niin en énemli 6zelligi kaza durumunda aktif sogutma sistemi ¢alismadig
zaman kendiliginden soguyabilmesidir. Bu ¢aligmanin ilk amaci; kaza durumunda MHR’nin atik 1s1 uzaklastirma
yetenegini incelemek igin sayisal bir model gelistirmek ve olusan tepe sicakhigi hesaplamaktir. ikinci amaci; grafit
iletimi, atik 1s1 gibi parametrelerdeki degisiminin maksimum aktif kor sicaklifina etkisini belirlemek i¢in duyarlilik
analizleri yapmaktir. Bu ¢aligmada, aktif sogutmanin ¢alismadigr kaza durumunda, atik 1smin pasif olarak reaktérden
atilmasimi simule etmek icin bir sayisal model olusturulmustur. Zamana bagh 1s1l-akis simiilasyonlar1 sayisal akigkanlar
dinamigi yazilimi Ansys Fluent kullanilarak yapilmustir. Simule edilen geometri Esdeger Silindir Modeli olarak
secilmistir. Korun i¢indeki kompleks yapiyr modellemek icin gdzenekli ortam yaklasimi kullanilmistir. Hesaplamalar
basingsiz kaza durumu ic¢in yapilmistir. Basingsiz kaza durumunda pasif soguma 100 saat icin niimerik olarak
¢Ozlilmistiir. Niimerik metodun giivenirligi diger calismalar ile karsilastirilarak dogrulanmistir. Kaza durumunda
meydana gelen maksimum sicakligin 1492°C oldugu bulunmustur. Duyarlilik analizlerinin sonuglar1 kaza durumunda
olusan maksimum sicakliga en ¢ok grafit 1s1 iletim katsayisi ve atik 1s1 degisiminin etkisi oldugunu gostermektedir.
Anahtar Kelimler: Modiiler helyum reaktorii, kaza, SAD, zamana bagli, Isil-akis

TRANSIENT THERMAL HYDRAULIC ANALYSIS OF MODULAR HELIUM
REACTOR UNDER ACCIDENT CONDITION

Abstract: The main characteristic of MHR is that it can automatically cool down when the active cooling system does
not work under accident condition. The first purpose of the study is to develop a numerical model to analyze the decay
heat removal capabilities and evaluate peak temperature in the MHR under accident condition. The second purpose of
the study is to perform some sensitivity analyses to evaluate the effect of varying the parameters, i.e. graphite
conductivity, decay heat, etc., on the maximum active core temperature. In this study, a numerical model has been
constructed to simulate the passive decay heat removal under a loss of active cooling accident. Thermal-hydraulic
transient simulations were carried out by using Computational Fluid Dynamics software Ansys Fluent. The simulated
geometry was chosen as an Equivalent Cylinder Model. The porous media approach has been applied to model the
complex structure in the core. Calculations were performed for loss of forced cooling without pressurization condition.
Passive cooldown under depressurized accident is solved numerically for 100 hours. The reliability of the numerical
method was validated by comparing with the published data. It was found that the maximum temperature was 1492°C
under accident condition. The results of sensitivity analyses show that the graphite thermal conductivity and decay
power has a strong effect on the maximum temperature under accident condition.

Keywords: Modular helium reactor, Accident, CFD, Transient, Thermal-hydraulic
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Diinya capindaki elektrik iiretiminin yaklasik %11,2’si
biiyiikk bir kismi su sogutmali olan 436 niikleer enerji
santrali tarafindan saglanmaktadir. Elektrik {iretimi i¢in
niikleer enerji kullanimina ilgi birgok iilkede yeni niikleer
reaktorlerin kurulmasina yol agmaktadir. Niikleer enerji
santralleri i¢in giivenli ve verimli isletmecilik esastir.
Niikleer reaktorlerde giivenlige ve diger problemlere
potansiyel ¢oziim dnerileri IV. Nesil Niikleer Reaktorleri
ve diger ileri reaktor tasarimlarini ortaya ¢ikarmistir. IV.
Nesil Niikleer Reaktor Forumu (GIF) tarafinda yaklasik
130 reaktdr tasarimi cesitli kriterlere gore incelenmis ve
6 adet IV. Nesil tasarim grubu/sistemi belirlenmistir.
Bunlar: (1) SFR (Sodium-cooled Fast Reactor), (2)
VHTR (Very High Temperature Reactor), (3) GFR (Gas-
cooled Fast Reactor), (4) MSR (Molten Salt Reactor), (5)
LFR (Lead-cooled Fast Reactor), (6) SCWR (Super
Critical Water-cooled Reactor). IV. Nesil Reaktor
sistemleri hala tasarim asamasindadir ve 2030 yilindan
sonra ticari olarak yayginlagmasi beklenmektedir.
VHTR, GFR, LFR ve MSR, 900-1000°C araliginda
yiiksek ¢ikis sicakligma sahip oldugundan hidrojen
iretimi ve endiistriyel proses 1sisi uygulamalari igin
potansiyele sahiptir. Bu c¢alismada IV. Nesil Niikleer
Reaktor gelistirme caligmalarina katki  saglamak
amaciyla VHTR tasarimi adaylarindan biri olarak
belirlenmis MHR ele alinmistir (Pioro, 2016).

VHTR’lerin giivenlik agisindan en 6nemli ozelligi kaza
durumunda atik 1smin  pasif olarak reaktérden
uzaklastirilmasidir. Bir kaza olmast durumunda aktif
sogutma sistemlerinden higbiri ¢alismadig takdirde; kor
atik 1s1s1, reaktor icindeki sicaklik tasarim limitlerini
gegmeden iletim, 1smm ve dogal tagmim ile reaktor
kabin1 ¢evreleyen Reaktdr Boslugu Sogutma Sistemi
(RCCS)’ne transfer edilmektedir. Bu 6zellik simdilerde
VHTR’lerin gelisimine katki saglamak amaciyla bir¢ok
aragtirmaci tarafindan incelenmektedir (Huning vd.,
2021).

MHR’de korun atik 1sis1 kaza siiresince Kapama
Sogutma Sistemi’nin ¢alismamasi durumunda bagimsiz
ve pasif olarak uzaklagtirilmaktadir. Aktif sogutma
sisteminin ¢aligmamast durumunda, pasif atik 1s1
uzaklastirma sistemi reaktoriin sogumasini 2 durumda
gergeklestirmektedir. Bunlar; reaktér kabinin ¢alisma
basincinda kaldig1 basingli soguma ve reaktoér kabmnin
atmosfer basmncinda kaldigi basingsiz soguma kaza
durumlaridir. Basingsiz soguma Helyumun atmosferik
basingtaki diisiik yogunlugundan dolayr tasinimla 1s1
transferinin 6nemli bir rol oynamadigi en koti kaza
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durumudur. Helyumun dogal tasmnimla 1s1 transferi
sinirlidir. Bu durumda reaktdr daha ¢ok iletim ve 1sinimla
sogur. Basmgli soguma durumunda reaktér iginde 1st;
iletim, dogal tasimm ve 1simmmla transfer olurken;
basingsiz soguma durumunda yalnizca iletim ve
tasinimla transfer olur. Kaza durumunda atik 1s1; aktif
kordan dis reflektore, kor kabina ve reaktér kabina,
oradan da son olarak pasif RCCS’ye iletilir. Her iki kaza
durumunda 1s1 reaktdr kabinin dis yiizeyinden 1smnim ve
dogal taginimla reaktorii saran pasif RCCS’ye ulasir.

Bu ¢alismada maksimum sicaklik agisindan daha kétii bir
senaryo oldugu i¢in basingsiz kaza durumu ele alinmistir.
100 saat boyunca kaza durumunu incelemek i¢in Ansys
Fluent yazilimi kullanilarak bir model olusturulmustur.
Kaza durumunda MHR’nin genel davranisini incelemek
ve bir metodoloji olusturmak amaglanmistir. Kaza
durumundaki belirsizlikler tahmin edilmeye ve kaza
durumundaki 6nemli unsurlar daha iyi anlagilmaya
calisilmustir. Bdylece reaktor tasarimi ve
gelistirilmesinde nerelere dikkat edilmesi gerektigi isaret
edilecektir.

MHR’nin 1sil-akis analizi ilk olarak General Atomics
(GA) tarafindan birim hiicre modeli kullanilarak POKE
kodu ile yapilmistir (Potter, 1995). Birim hiicre modeli
basit olmasma ragmen, yakit elemani igindeki 1s1
transferinin asagi yukari temel halini anlamak igin
kullaniglidir. Birim hiicre modeli sadece dik tiggen
seklindeki birim hiicrelerden olusan yakit elemanlarinin
icindeki diizenli bolgeyi incelemektedir. Birim hiicre
yakit kompakt1 alaninin iigte birinden ve sogutucu deligi
alanmin altida birinden olusur. Birim hiicre modeli ile
basingsiz kaza durumu i¢in tepe sicakligt 1521°C
bulunmustur.

Uluslararast Atom Enerjisi Kurumu (IAEA) tarafindan
MHR’nin kaza durumu isil-akis analizi igin CRP-3
kiyaslama problemi tanimlanmistir (IAEA, 2001). CRP-
3 kiyaslama probleminde tanimlanmisg smir sartlari,
malzeme ozellikleri ve diger sartlara gore degisik SAD
araglart ve metotlar1 ile 100 saate kadar zamana bagl
basingsiz kaza durumu analizleri yapilmistir:

Kuzavkov (OKBM-Rusya), GTAS kodu ile yaptig1 2
boyutlu 1s1l-akis hesaplamalarinda pik sicakligini 1490°C
bulmustur. Olusturdugu modelde reaktor kab ile kor kabi
arasindaki  akist hesaba katmamugstir (IAEA, 2001).
Mejane (CEA-Fransa), CASTEM kodu ile pik
sicakliginin - 1565°C  oldugunu hesaplamistir. Pik
sicakligl 100.saatten 6nce olugmasi gerektigi halde, 1s1
iletimi ile ilgili yaptig1 varsayimlar nedeniyle pik
sicakligi 140.saatte olusmustur (IAEA, 2001). Siccama
ve Koning (ECN-Hollanda)’in ticari CFD yazilimi CFX-
F3D ile yaptiklar1 1sil-akis analizlerde pik sicikligs
1371°C ¢ikmugtir. Aktif kor icindeki akisi, temsili 4
biiylik kanalla modellemeri nedeniyle pik sicaklig1 diisiik
cikmistir (Siccama ve Koning, 1998). Gao (INET-Cin),
cakil yatakli reaktorlerin zamana baglh 1sil-akis analizi
icin gelistirilmis olan THERMIX/KONVEK kodu ile pik
sicakligmi 1590°C olarak hesaplamistir (IAEA, 2001).
Ball (ORNL-ABD), ORNL’nin Modiler Helium



Reaktorleri i¢in  gelistirdigi MORECA  kodunu
kullanmigtir. Temsili 3 boyutlu olarak olusturulan
modelde pik sicakligi 1552°C ¢ikmugtir. Olusturulan
model st boslugu igermemektedir (IAEA, 2001).
Woaye-Hune ve Ehster (Framatome-Fransa), ticari
STAR-CD kodu ile pik sicakligmi 1525°C bulmuslardir.
Efektif1s1 iletim katsayisini olugturduklar: bagka bir CFD
modeli ile hesaplamiglardir (Woaye-Hune ve Ehster,
2002). Haque ve arkadaslari (Framatome-Almanya),
MHR’nin THERMIX/KONVEK kodu ile 1sil-akis
analizini yapmuslardir. Aym1 kodu kullanan Gao; pik
sicakligmi 1590°C hesaplamasina ragmen, Woaye-Hune
ve Ehster 1560°C olarak hesaplamistir (Haque vd., 2006,
2004). Woaye-Hune ve Ehster’in elde ettigi sonuglar
Mays ve arkadaslar1 (AREVA-ABD/Fransa/Almanya),
ticari STAR-CD kodu ile elde ettikleri sonuglar ile
kargilagtirmiglardir. Elde edilen pik sicakligi 1494°C
olup, Woaye-Hune ve Ehster’e gore fakliligin; RCCS
modellemesi, radyal gii¢ yogunlugu profili ve hesaplama
metodlarindan kaynaklandigmni ifade etmislerdir (Mays
vd., 2004). Shi (Aachen Uni.-Almanya), MGT-3D
kodunu GT-MHR’nin 1s1l-akis analizi i¢in genisletmistir.
Oncesinde MGT-3D kodu ¢akil yatakl: reaktorlerin hem
notronik hemde 1si-akis analizini yapmak i¢in
kullanilmaktadir. Genisletilen MGT-3D kodu ile pik
sicakliginin 1535°C oldugunu hesaplamistir (Shi, 2015).
Hossain (Stuttgart Uni.-Almanya), MHR’nin 1s1l-akis
analizi i¢in yeni gelistirdigi TH3D isimli kodla pik
sicakligimi 1568°C bulmustur. Elde ettigi sonuglarin
THERMIX/KONVEK kodu ile elde edilenlerle uyumlu
oldugunu gostermistir (Hossain, 2011; Hossain vd.,
2008). Nouri-Borujerdi ve Ghomsheh (Sharif Tekn. Uni.-
Iran), THPP kodu ile yaptiklar1 analizlerde 1577°C pik
sicakligr degerini elde etmislerdir. Elde ettikleri sonuglart
TH3D ve THERMIX/KONVEK kodu ile elde edilenlerle
karsilastirmiglardir  (Nouri-Borujerdi  ve  Tabatabai
Ghomsheh, 2015a). Ball (ORNL-ABD), GRSAC kodu
ile 1494°C pik sicakligi elde etmistir. Efektif 1s1 iletim
katsayis1 fonsiyonlarinin 6nemini vurgulamustir (Ball,
2006, 2004). Vilim ve arkadaslari (Argonne National
Lab.-ABD), bir boyutlu sistem modelleme RELAP5
kodu ile pik sicakligini 1471°C elde etmistir. RELAPS
kodundaki karisik taginim rejiminin yetersiz oldugunu
dile getirmiglerdir (Vilim vd., 2005). Reza ve arkadaslari
(Texas Uni/INL/GA-ABD), RELAP5-3D koduna
yaptiklari ATHENA kodu eklemesiyle pik sicakligimi
1437°C hesaplanmustir (Reza vd., 2006). MacDonald ve
arkadaglar1 (INEEL-ABD), RELAP5-3D/ATHENA
kodu ile pik sicakligini 1514°C bulmustur. Elde ettikleri
degerin, GA tarafindan POKE kodu ile elde edilen
1521°C pik sicaklik degerine ¢ok yakin oldugunu
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bulmuslardir.  Farkliligin ~ bypass  bolgelerinden
kaynaklandigini belirtmiglerdir (MacDonald vd., 2003).
Bu c¢alismada IAEA tarafindan tanimlanan CRP-3
kiyaslama problemi ¢ozlilmiistir. Daha dnceki
calismalarda olusturulan modellerin yukarida belirtilen
eksikleri dikkate almarak, Ansys Fluent yazilimi ile
Gozenekli Ortam Modeli ve Esdeger Silindir Modeli
kullanilarak bir aksi-simetrik model olusturulmustur.
Modeldeki her bir gdzenekli ortam bdlgesinin efektif 1s1
iletim katsayisinin belirlenmesinde Maxwell teorisi
kullanilmigtir. Zamana bagli 1sil-akis analizleri sonucu
elde edilen degerler literatirdeki calismalarla
karsilasgtirmak suretiyle dogrulanmustir. Ayrica kaza
durumunda grafit 1s1 iletimi, atik 1s1, 1gmim yayma
katsayisi, RCCS sicakligi degisiminin tepe sicakligma
etkisini inceleyen duyarlilik analizi yapilmistir. Bu
calismayla yapilan karsilastirmalar; analiz araglarinin
daha iyi ve detayli anlagilmasiyla, VHTR’lerin
gelismesine katki saglayacaktir.

METOT

Bu bolimde ilk olarak MHR’nin genel yapisi ele
almmistir. Daha sonra olusturulan modelde esdeger
silindir ve gozenekli ortam yaklagimi kullanildigindan
bunlara iligkin bilgi verilmistir. Son olarak; sinir sartlari,
malzeme oOzellikleri, teorik temel, ¢6ziim metodu ve
varsayimlar verilmistir.

Modiiler Helyum Reaktorii

GT-MHR; Brayton g¢evrimli gaz tiirbinli enerji doniisiim
sistemi (GT) ve gaz sogutmali modiler helyum
reaktoriinden (MHR) olusmaktadir. MHR’nin genel
Ozellikleri Tablo 1’de verilmistir. Sekil 1 ‘de MHR nin
kesit goriiniisii ve olusturulan model karsilastirmal
olarak goriilmektedir. Helyumun reaktor icindeki akist
ok isaretleri ile gosterilmistir. Helyum reaktor kabina alt
taraftan girmekte, kor kabi ile reaktér kabi arasindan
yukari dogru iist bosluga akmakta, daha sonra {ist
reflektor, aktif kor, alt reflektor i¢inden 1smarak asagiya
dogru akmakta, son olarak alt bosluktan ¢ikmaktadir
(Fukuda vd., 2001).

Tablo 1. MHR nin genel ozellikleri (Fukuda vd., 2001)

Ozellik Deger
Kor termal giicli (MWt) 600
Helyum kiitlesel akis debisi (kg/s) 320
Kor giris sicakligi (°C) 490
Kor ¢ikis sicakligi (°C) 850
Kor basinci (MPa) 7




8 Kontrol Cubuklar
_ Reaktér Ust Bosluk Ortiisii
?, Klavuz Borulari

B . Ust (Soguk) Bosluk
. Kor Ust Sinir Tabakasi —

Giris

T

Reaktor Kabr <

gu

» Ust Reflektor «
_» D1s Reflektor «

Alt Reflektor <————
& > Alt Bosluk

Destekler
Gegis Kanali

Kapama Sogutma Sistemi /

Reaktor Sogutma Boslu

1

Cikis

\

e

Reaktor Boslugu Sogutma Sistemi Yiizeyi

|
Sekil 1. MHR ’nin dikey kesit goriiniisii (Moses, 2010) ve olusturulan model

Altigen sekilli grafit ve yakit elemanlar1 dairesel kora
yerlestirilmistir. Sekil 2’deki reaktdr korunun istten
goriiniisine gore reaktdr koru 3 dairesel halkadan
olusmaktadir (Sahin vd., 2012). Bunlar i¢ reflektor, aktif
kor ve dis reflektordiir. Aktif kor halkasi 102 yakit
siitunundan olusmaktadir. Her bir standart yakit siitunu
10 yakit eleman, iist ve alt grafit reflektére sahiptir. Ust
ve alt reflektorler sirasiyla 120 cm ve 158 cm
yiiksekligindedir. Yakit eleman1 793 mm yiikseklige ve
360 mm ene sahiptir. Yakit elemaninda sogutma
kanallar1 ve yakit kanallar1 vardir. Bir yakit elemani yakit
kompaktlari i¢in 210 kanala ve helyum sogutucu igin 108
akis kanalina sahiptir. Kompaktlar yakit kanallarinin
icine yerlestirilmistir (Kiryushin vd., 1997; Sahin vd.,
2016).

Dis Reflektor

: + I¢ Reflektor

L Aktif Kor

Aol
\\4 Reaktor Kabi

Sekil 2. MHR kor yatay yerlesimi
Esdeger Silindir Modeli

Prizmatik reaktor korunu niimerik olarak analiz etmek
icin basitlestirilmis hesaplama modelleri vardir. Bunlar;
Birim Hiicre Modeli, Esdeger Silindir Modeli, 3 Boyutlu
1/12 Kesit Modeli. 3 Boyutlu 1/6 Kesit Modelidir. Bu
calismada SAD analizleri Egdeger Silindir Modeli ile
yapilmuistir.

28

Esdeger Silindir Model’inde korun altigen yapisinin
ortalama yaricap ile dairesel sekle sahip oldugu
varsayllmaktadir. Dairesel sekil Sekil 1°de gorildigi
gibi 2 boyutlu ve aksi-simetrik olarak modellenmistir.
Model; i¢ reflektorii, aktif koru, dis reflektori, st
reflektorii, alt reflektorii, kor kabimi, reaktor kabini,
reaktor icindeki Helyumu ve reaktér sogutma
bolugundaki havayr icermektedir. Gegis kanali, alt
bosluk, iist bosluk, destekler, kor iist sinir yapisi, kontrol
cubuklari i¢in kilavuz borulari ve iist bogluk o6rtiisii ihmal
edilmistir. Korun i¢ ve dis yarigap: sirasiyla 1,48 m ve
2,42 m’dir.

Gozenekli Ortam Modeli

MHR’nin yapist SAD analizleri i¢in ¢ok karmasiktir.
MHR’deki bir yakit elemani yakit kompaktlar1 igin 210
kanala ve helyum sogutucu i¢in 108 akig kanalina
sahiptir. Her bir yakit kompaktini ve akis kanalin1 dogru
olarak simule edebilmek i¢in hiicre (mesh) sayisinin ¢ok
fazla olmasi1 gerekmektedir. Tiim yapryr ayrintili olarak
temsil edecek model ile ¢oziim yapmak ¢ok zaman alici
ve son derece pahahdir. Bu nedenle MHR nin kompleks
yapist gozenekli ortam modeli ile basitlestirilmistir. Bu
metot kor igindeki yapinin oldukca kaba hiicrelerle yani
daha az sayida hiicreyle modellenmesine izin
vermektedir. Bu metotta bir hiicre hem katiyr hem de
akiskan1 temsil etmektedir. S6z konusu hiicrenin akis
direncini ve 1s1 transfer karakteristiklerini akiskan ve
yakit kompaktini temsil eden dagitilmis direng ve 1s1
kaynagi ile simule edilmektedir. Dagitilmis direng ve 1s1
kaynaklar1 korunum esitliklerinde kaynak terimleri
olarak bulunmaktadir (Ansys Inc., 2019). Bu sayede kaba
hiicrelerle yani daha az sayida hiicreyle modelleme
yapilabilmektedir.



Ust reflektor, aktif kor ve alt reflektdr gozenekli olarak
modellenmistir. Ust reflektor, aktif kor ve alt reflektor
icin % 17,9 olarak hesaplanan gozeneklilik orani
tammlanmustir. i¢ ve dis reflektér igin ise gdzeneklilik
oran1 % 1,1°dir. Ust reflektor, aktif kor, alt reflektér, ic
reflektor ve dis reflektor icinden gegen eksenel ve radyal
yondeki akig icin atalet direnci 0 olarak tanimlanmigtir
(Ansys Inc., 2019).

Sinir Sartlar:1 ve Malzeme Ozellikleri

Hesaplamalarda  kullanilan  malzemelerin  fiziksel
ozellikleri Tablo 2’de verilmistir (IAEA, 2001). Helyum
gazinin 1Mpa ve 7MPa basing altindaki 6zellikleri NIST
veri tabanina dayanmaktadir (NIST, 2021). Grafit ve
yakit kompaktinin 1s1 iletim katsayist sicakliga baglidir.
Grafit ve yakit kompaktinin sicakliga bagli 1s1 iletim
katsayist degisimi Tablo 3’de goriilmektedir.

Tablo 2. Reaktordeki malzemelerin 6zellikleri (IAEA, 2001).

Malzemeler  |Yogunluk | Ozgiil Is1 | Ist letim
(kg/m®) | (I/kg.K) | Katsayisi
(W/mK)
Reaktor Kabi 7800 520 33
Kor Kabi 7800 520 24
Grafit 1740 1840 Keft (1)
Yakit Kompakti 1740 1840 Kefi(my

Ust reflektor, aktif kor ve alt reflektor bolgeleri gozenekli
ortam yaklasimiyla olusturulmustur. Aktif kor bolgesi;
grafit, yakit kompakti ve Helyumdan meydana
gelmektedir. Ust ve alt reflektor bolgeleri ise; grafit ve

Helyumdan meydana gelmektedir. Ust reflektor, aktif
kor ve alt reflektor bolgelerindeki He’nin hacimsel oram
0,18; aktif kor bolgesindeki yakit kompakti hacimsel
orani 0,23dir. Her bir bolgenin efektif1s1 iletim katsayisi
hesaplanirken; grafit, yakit kompakti ve Helyum’un
varhigr dikkate almmistir. Tiim bdlgeler anizotropik
oldugundan radyal ve eksenel yondeki efektif 1s1 iletim
katsayilar1 birbirinden farklidir.

Grafit, yakit kompakti ve Helyum’un hacimsel orani
kullanilarak, aktif kor, st reflektér ve alt reflektoriin
radyal yonde efektif 1s1 iletim katsayist asagidaki
Maxwell esitlikleri ile hesaplanmigtir (Nuclear Energy
Agency, 2018).

Aktif korun radyal yonde efektif 1s1 iletim katsayist Es.
(1) ile hesaplanmigtir (Stainsby vd., 2009).

Ust ve alt reflektdriin radyal yonde efektif 1s1 iletim
katsayis1 Es. (2) ile hesaplanmistir (Pietrak ve
Wisniewski, 2015).

Aktif kor, alt reflektor ve iist reflektoriin eksenel yondeki
efektif 1s1 iletim katsayist1 Es. (3) ile hesaplanmistir
(Nuclear Energy Agency, 2018).

Aktif kor, iist reflektor ve alt reflektdr bolgelerinin
hesaplanan eksenel ve radyal yondeki efektif 1s1 iletimi
Kett Tablo 3’de verilmistir. Hesaplanan efektif 1s1 iletimi
degerleri ilgili gézenekli ortam bolgelerindeki iletim ve
1sinimin birlesimini temsil etmektedir.

_ Z[QHe(kg - kHe)(kg + kyk) + ayk(kg - kyk)(kg + kHe)]
(kg + kHe)(kg + kyk) + aHe(kg - kHe)(kg + kyk) + “yk(kg - kyk)(kg + kHe)
| s |
_ He
Kepp =kg |1+ (kHe + 2k, | )
kHe - kg ) B aHeJ

kepr = kgatg + kyryy + kyepye

©)

Tablo 3. Grafit, yakit kompanti 1s1 iletim katsayisi ve gézenekli ortam bolgelerinin hesaplanan 1s1 iletim katsayilari.

- Sicaklik (°C)

st Tletim Katsayrst (W/mK) 500 | 600 | 800 | 1000 | 1200 | 1400 | 1600
Grafit (Potter, 1995) 29,3 31,4 35,6 37,7 41,4 42,3 43

Yakit kompakti1 (Potter, 1995) 30 27 24 22 20 19 18

Kefr aktif kor eksenel yon 23,9 24,5 26,2 27,0 28,7 29,0 29,2
Kefr aktif kor radyal yon 16,5 17,7 20,3 22,3 24,7 26,4 27,9
Kefr Uist/alt reflektor eksenel yon 23,8 25,5 28,9 30,7 33,7 34,4 35,0
Kefr Uist/alt reflektor radyal yon 16,4 18,2 21,9 24,8 28,7 31,1 33,4
Kefr i¢/d1s reflektor eksenel yon 29,0 31,1 35,2 37,3 40,9 41,8 42,5
Kefr i¢/d1s reflektor radyal yon 21,0 23,3 28,1 31,5 35,9 38,0 39,6

Kaza sirasinda 100 saat boyunca zamana bagl giic
iretimi i¢in Es. (4) kullanilmigtir. Reaktdrde fisyon
reaksiyonu durdurulduktan sonra giic hemen o anki
giiciin %10’una diismektedir. Hesaplamalarda kullanilan
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atik 1sinin zamana bagli degisimi 30. saniye — 100. saat
araligi i¢in Sekil 8’de goriilebilir (Li, 2005).

P=P,0,125t7°28 ¢t > 15 (4)



Reaktor igindeki 1s1 iiretimi dagilimi; yakit ve reflektor
elemanlarmm diizeni ve nétronigin dogasi geregi her
yerde ayni degildir. Aktif kordaki gii¢ iiretiminin eksenel
ve radyal yondeki degisimi sirasiyla Sekil 3 ve Sekil 4°te
goriilmektedir ~ (Nouri-Borujerdi  ve  Tabatabai
Ghomsheh, 2015b). Radyal yondeki gii¢ iiretimi
degisimini modele girebilmek i¢in aktif kor 3 parcaya
boliinmiistiir. Giig tretiminin eksenel yondeki degisimi
ve kaza siiresince zamana bagli gili¢ liretimi modele
gorsel ara yiizden girilemediginden UDF kullanilmistir.

—
=]

oe
1

Glig Yogunlugu
MW/m?)

] £y (=]
1

0 100 200 300 400 500 600 700 800
Aktif Kor Yiiksekligi (cm)
Sekil 3. Aktif kordaki eksenel gii¢ yogunlugu profili.

9,5

>

o
v

[~
!

o0

5

Giig Yogunlugu
MW /m?)
‘OO
o un

~]

y

wn

140 160 180 200 220 240 260
Yangap (cm)
Sekil 4. Aktif kordaki radyal gii¢c yogunlugu profili.

CRP-3 kiyaslama probleminde (IAEA, 2001); metalik
olan reaktdr kabi dis yiizeyinin, kor kabi dis yiizeyinin,
reaktor kabi i¢ yiizeyinin ve RCCS yiizeyinin 1smimm
yayma katsayisi 0,8 olarak tanimlanmistir. RCCS yiizeyi
65°C sicaklik degerine sahiptir.

Niimerik Hesaplama

Ansys Fluent ¢oziiciisii sonlu hacimler metodu
kullanmaktadir. Bolge (domain) sonlu kontrol hacim
kiimelerine ayristirilir  (Ansys Inc., 2019). Kiitle,
momentum, enerji, tirler vd. igin genel korunum
(transport) denklemleri her bir kontrol hacmi iizerinde
¢oziilmektedir. Kismi diferansiyel denklemler lineer,
cebirsel denklemlere doniistiiriiliir. Daha sonra tiim
cebirsel denklemler ¢6ziim alanmin olusturmak igin
niimerik olarak ¢oziilir (IV ve V, 2019).

Genel korunum (transport) denklemi:

d(p?

(gt ) + div(p@u)
samana  konveksiyon

bagli (5)
degisim

=div(l'grad @) + Sy

difizyon kaynak

Asagidaki temel denklemler laminar akis igin verilmistir.
Tiirbiilansli akis i¢in gerekli doniigiimler yapilarak ayni
denklemler kullanilir.

Siireklilik denklemi:

% i) =0 (6)

Momentum denklemi:

d
5, W+ puw)=-VpHu Putpg )

Enerji denklemi:

0 .
pr GOE)+Vu@E+p))=WkVD)+0O (8)

Coziim Metodu

Esdeger Silindir Model kullanilarak, 2 boyutlu ve aksi-
simetrik model olusturulmus ve 1s1l akig analiz niimerik
olarak Ansys Fluent ile yapilmustir.

Sekil 5’te goriilecegi lizere geometri lizerinde kiigiikten
biiylige farkli hiicre (mesh) sayilarinda bir dizi analiz
yapilmig, 158120 hiicre sayisindan itibaren maksimum
sicakligin ¢ok fazla degismedigi goriildiigiinden Sekil
6’daki hiicre yapis1 kullanilmistir.
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Sekil 5. Farkli mesh sayilarina gore tepe sicakligi degisimi
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Zamana bagli kaza durumu analizleri i¢in bilyiikten
kiiciige farkli zaman adimlarinda (time step) bir dizi
analiz yapilmis, 30sn den itibaren tepe sicakligmin ¢ok
fazla degismedigi goriildiiglinden bu zaman adimi
kullanilmustir.

Tablo 4’de; hiicre sayisina gore hesaplanan maksimum
sicakliklara gore belirsizlik analizi ¢aligmast yapilmistir.

Tablo 4. Belirsizlik analizi ¢aligmasi

Element Hiicre Maksimum
Boyutu Sayist Sicaklik
C)
Kaba 0,04 40081 969,797
Orta 0,02 158120 973,558
Ince 0,01 628677 975,882

Simiilasyondaki niimerik hatalar1 tespit etmek igin;
Roache (Roache, 1994) tarafindan onerilen belirsizlik
degerlendirme prosediirii uygulanmustir.

(fs_fz)

p=in(F=75) /@ ©
fro =+ L2 (10)
GCl, = 1,25 fl(ép;_ﬁl)) 100 (11)
GClys = 1,25 f;((gz’;—f% 100 (12)
%’CZZZ =1 (13)

Burada; Esitlik 9°dan yakinsama mertebesi p, 0,695 dir.
fh=0, h=0"daki degeri tahmin etmeye yonelik Richardson
ekstrapolasyonu 979,641°C’dir. GClq,, orta ve ince
seviyesi i¢in yakinsama indeksi 0,48 “dir. GClys, ince ve
kapa seviyesi i¢in yakinsama indeksi 0,78’dir.
Asimptotik yakinsama araligi 1,0024’diir.

Tirbiilans modeli olarak “Standart k-e”, “Realizable k-¢”
ve “RNG k-e” tiirbiilans modelleri ile ¢6ziim yapilmistir.
Biitiin degiskenlerin kalinti degerleri digerlerine gore
daha monoton ve degisken bir azalma gosterdiginden;
“Standard Wall Functions” duvar tipi ile “Standard k-e”
tiirbiilans modeli tercih edilmistir. Analizler S2S ve DO
1sinim modelleri ile yapilmis, ayni sonucu daha kisa
stirede verdigi i¢in S2S 151n1m modeli tercih edilmistir.

Ayrica yapilan analizlerde ¢oziim yakinsamus, iterasyon
sayisindan bagimsiz hale getirilmis ve korunum
denklemleri  saglanmistir.  Niikleer reaktér kaza
analizlerinin deneysel olarak gercek boyutlarda
yapilmasi ¢ok zordur. Bu nedenle niikleer reaktor kaza
durumu analizleri igin tavsiye edilen koddan koda
karsilastirma yapilmistir. Boylece ¢oziimiin dogrulugu
ve gecerliliginin kontrolii tamamlanmustir.
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Hesaplamalar iki basamakta yapilmistir. Simiilasyon ilk
olarak siirekli rejimdeki tam giicteki normal calisma
durumu igin c¢alistirilmistir. flk basamagm sonuglart
zamana bagli kaza durumunun baslangi¢ kosulu olarak
tanimlanmistir. Diger bir deyisle normal ¢alisma
durumundaki  sicaklik dagihmi kaza durumunun
baslangic sart1 olarak kullanilmigtir. Daha sonra zamana
bagli kaza durumu simiilasyonu toplam 100 saatlik bir
stire i¢in gerceklestirilmistir.

Siirekli rejim normal ¢aligma durumu ve zamana bagl

kaza durumuna iligkin yontemler Tablo 5°te
goriilmektedir.
Tablo 5. Hesaplama yontemleri
Siirekli Rejim Zamana
(Normal Bagh
Calisma (Kaza
Durumu) Durumu)
Co6ziim metodu Coupled PISO
Akis esitligi Coziildii Coziilmedi
Tiirbiilans esitligi Standard k-¢ | Coziilmedi
Enerji esitligi Coziildii Coziildii
Isinim modeli S2S S2S
Yakinsama kriteri 1.0E-6 1.0E-6

Kabuller ve Basitlestirmeler

Modelin karmagikligini ve ¢dziim siiresini azaltmak igin
yukarida sozii edilenlere ek olarak agagidaki varsayimlar
ve sadelestirmeler yapilmistir:

* Reaktor boslugunda dogal tagmimla 1s1 transferi
bulunmamaktadir.

* Reaktor st ve alt boslugu modellenmemistir.
Reaktoriin iist ve alt dis yiizeyinin adyabatik oldugu
varsayilmistir.

« Aktifkor ve reflektor elemanlari arasindaki bosluklarda
ve sogutma kanallarindaki bosluklarda i1smimla 1s1
transferi efektif 1s1 iletimi igerisinde hesaba katilmustir.

» Sogutma kanallar1 bosluklari, aktif kor ve reflektor
elemanlar: arasmdaki bosluklar i¢inde meydana gelen
dogal tasimimla 1s1 transferi basingsiz kaza durumu
incelendiginden ihmal edilmistir.

* Grafit ve yakit kompakti haricindeki malzemelerin
fiziksel ozellikleri sicaklikla degismemektedir.

Yapilan kabullerin kaza durumundaki tepe sicakligi
iizerinde ihmal edilecek kadar az ya da tepe sicakligini
azaltan etkisi vardir. Bu nedenle; yapilan hesaplarin
konservatif (%95  seviyede giivenilir) oldugu
diigtiniilmektedir.

SONUCLAR VE TARTISMALAR

Bu baslik altinda ilk olarak olusturulan modelin sonuglari
sunulmustur. Daha sonra olusturulan model yapilan diger
caligmalarla karsilastirilarak dogrulanmustir. Son olarak
olusturulan model {izerinde bazi parametreler
degistirilerek duyarlilik analizi yapilmustir.



Mevcut Analiz

Normal ¢alisma durumundaki Helyum akismin aniden
kesilmesi ile kaza baglar. Kazanin baslamasimdan sonra
reaktor kapanir ve reaktor koru icerisindeki maksimum
sicaklik reaktor icinde atik 1s1 iretildiginden artar.
Kazadan sonra ilk olarak; iiretilen atik 1s1, uzaklagtirilan
1sidan daha biyik oldugundan reaktoriin igindeki
sicaklik kademeli olarak artar. Sicaklik; maksimum
degerine ulasir ve reaktdr kabinin dis yiizeyinden
uzaklastirilan 1s1 arttigindan ve atik 1s1 kademeli olarak
azaldigindan azalmaya baslar. Soguma siirecinde
maksimum sicakligin ¢iktigi en yiiksek deger tepe
sicakligr olarak adlandirilir. Sekil 7°de goriilecegi gibi;
reaktor tepe sicakliga 83. saatte ulagsmis ve daha sonra
reaktdor yavasca sogumaya baglamistir.  Reaktor
kapandiktan sonra soguma siirecinde goriilen tepe
sicaklik 83. saatte 1492°C dir. Aktif kor tepe sicaklig
1600°C olan nominal tasarim sinir1 igindedir. Basingsiz
kaza durumu incelendiginden tagmimla 1s1 transferi goz
ard1 edildigi icin gercekte tepe sicakligi daha diisiik
olacaktir.

5 1600 1
<1500
~ 1400
™ 1300
(53 m
“ 100 -
2 1000
0 10 20 30 40 50 60 70 80 90 100
Zaman (h)
Sekil 7. Mevcut analizin hesaplanan aktif kor maksimum
sicaklik degigimi

MHR dogal giivenlik karakteristigine sahiptir. Korun
icinde ¢ok miktarda grafit bulundugundan kendiliginden
soguyabilir. Grafit 1s1 depolayabilmekte ve hizli sicaklik
artisin1 6nleyebilmektedir. Bu nedenle MHR i¢inde en
fazla 100 saat i¢inde maksimum sicaklik olusmakta ve
sonra reaktor soguyabilmektedir. Atik 1s1 reaktor kabinin
dis yilizeyinden pasif olarak uzaklagtirthir. Sekil 8
hesaplanmis uzaklastirilan 1siy1  gostermektedir. Kor
glici ve uzaklastirilan 1s1 oranlar1 89,6.saatte esit
olmaktadir. Kaza siiresince RCCS’ye aktarilan gii¢ 1,2-
3,IMW araliginda seyretmektedir.
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Sekil 8. 30. saniye - 100. saat araliginda hesaplamalarda
kullanilan atik 1s1 egrisi ve hesaplanmig uzaklagtirilan 1s1 orant
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Sekil 9 kaza durumunun 0. 20., 50. 83. ve 100. saatinde
korun 1,72m yarigcapindaki eksenel sicaklik dagilimim
gostermektedir. Kazadan oOnce normal ¢alisma
durumunda maksimum sicaklik kor ¢ikisinda meydana
gelmektedir. Sekilde goriildiigii gibi sicak bolge zamanla
kademeli olarak yukari dogru aktif korun merkezine
kaymaktadir.

1500

10

4 6
Yiikseklik (m)
Sekil 9. Kaza siiresince korun 1,72 m yarigapindaki eksenel
sicaklik dagilimi

Kor kab1 dis yiizeyi ile reaktor kabi i¢ yiizeyi arasinda
sicaklik farkinin ¢ok olmasi nedeniyle 1simmimla 1si
transferinin énemli 6l¢iide oldugu goriilmiistiir. Zamana
bagli analizlerde 1smmm modeli ¢oziilmedigi zaman;
maksimum sicaklik siirekli yiikselmekte, 1s1 kor iginde
kalmakta ve reaktor kabina gegmemektedir.

Niimerik Modelin Dogrulanmasi

SAD ¢oziimlerde elde edilen sonuclarin deneysel
sonuglarla karsilastirilmasi, sonuglarin dogrulugu ve
giivenirligi acisindan gereklidir. Eger hicbir sekilde
deneysel veri mevcut degilse, bu kesin karlastirma
literatiirde kabul gormiis teorik, analitik veya diger
niimerik c¢oziimlerle yapilabilir. Niikleer reaktorlerin
deneysel olarak dogrulamasindaki giigliikkler nedeniyle
genelde koddan koda kiyaslama yapilmaktadir.

Olusturulan modelin  dogrulamast diger niimerik
coziimlerle karsilastirmak suretiytle yapilmigtir. Mevcut
analizin ¢ok cesitli araglar ve yontemler kullanilarak
yapilan diger analizlerle karsilastirilmasi Tablo 6 ve
Sekil 10'da verilmistir.

Sekil 10 kaza siiresince zamanla reaktérdeki maksimum
sicaklik degisiminin diger analizlerle karsilastirilmasini
gostermektedir. Mevcut analizde elde edilen maksimum
sicaklik  profili, diger  hesaplamalarla  uyum
gostermektedir. Gelistirilen mevcut modelin nispeten
tatmin edici sonuglar verdigi goriilmiistiir. Tepe
sicakligindaki farkliliklarin; farkli modellemelerden,
malzeme Ozelliklerinden, gilic dagilimindan, niimerik
yontemlerden kaynaklanabilecegi diistiniilmektedir.



Tablo 6. Kiyaslama karsilastirmasinin sonuglari

Tepe Tepev

Kod/Yazilim Caligmay! Yapan Sicakligi Sicaklig

Kurulug ©C) Zamani

(Saat)

POKE/TAC2D (Potter, 1995) GA-US 1521 72
GTAS (IAEA, 2001) OKBM-RU 1490 70
CASTEM (1AEA, 2001) CEA-FR 1565 140
CFX-F3D (Siccama ve Koning, 1998) ECN-NL 1371 42
THERMIX/KONVEK (IAEA, 2001) INET-CN 1590 87
MORECA (IAEA, 2001) ORNL-US 1552 87
STAR CD (Woaye-Hune ve Ehster, 2002) Framatome-FR 1525 71
THERMIX/KONVEK (Haque vd., 2006, 2004) Framatome-DE 1560 75
STAR CD (Mays vd., 2004) AREVA-US/FR/DE 1494 67
MGT-3D (Shi, 2015) Aachen Uni.-DE 1535 70
TH3D (Hossain, 2011; Hossain vd., 2008) Stuttgart Uni.-DE 1568 80
THPP (Nouri-Borujerdi ve Tabatabai Ghomsheh, 2015a) Sharif Tek. Uni.-IR 1577 83
GRSAC (Ball, 2006, 2004) ORNL-ABD 1494 53
RELAP5 (Vilim vd., 2005) ARNL-US 1471 61
RELAP5-3D/ATHENA (Reza vd., 2006) Texas Uni/INL/GA-US 1437 59
RELAP5-3D/ATHENA (MacDonald vd., 2003) INEEL-US 1514 53
Ansys Fluent Mevcut Calisma 1492 83

1600 -

Maksimum Sicaklk (°C)

—=— Mevcut Analiz - R (OKBM)
------- = FR (CEA) ---#---- NL (ECN)
-+ CN (INET) --+-- US(ORNL)
--4-- IR (Framatome) ---a-- DE (Framatome)
--=x--- US/FR/DE (AREVA) ——x— US (ORNL)
— —x—- DE (Stuttgart Uni ) —- - US (ANL)
900 US (General Atomics) - IR (Sharif Uni.)
0 10 20 30 40 50 60 70 80 90 100
Zaman (h)

Sekil 10. Mevcut analizin ve diger ¢aligmalarin kaza durumunda aktif kor maksimum sicakligi degisimi

Duyarhlik Analizi

Grafitin 1s1 iletim katsayisi; sicakliga, grafit tiiriine ve
ayrica aldigi radyasyona, tavlama miktarina baghdir.
Reaktdr giiclinlin artirilmasi atik 1sinin artmasina neden
olmaktadir. Metal 1sin1m yayma katsayisi reaktoriin dmrii
boyunca degisebilmektedir. Bu nedenlerden dolayi
asagidaki parametrelerin aktif kor maksimum sicakligi
iizerindeki etkileri incelenmek suretiyle duyarlilik analizi
yapilmaistir:

« grafit iletim katsayisin1 %25 azaltma,

* atik 1s1 degisimini %10 artirma,

* metal 151n1m yayma katsayisini 0,8’den 0,6 ya diisiirme,
* RCCS sogutma tiipti sicakligimi 65°C’den 140°C’ye
¢ikarma.

Sekil 11 grafit 1s1l iletimi, atik 1s1, metalik ylizey 1s1n1mi1
ve RCCS sogutma tiiplerinin sicaklik degisiminin aktif
kor maksimum sicakligi degisimi {izerindeki etkisini
gostermektedir. Duyarlilik analizi aktif kor maksimum
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sicaklikginin 6nemli Glciide grafit 1si1l iletimine ve atik
1stya bagli oldugunu gostermektedir.

Grafitin 1s1l iletiminin %25 azalmasi aktif kor tepe
sicakliginin referans durumundan 131°C daha yiiksek
olan 1624°C’ye kadar yiikselmesine yol agmistir. Aktif
kor tepe sicakligi, azalan grafit termal iletkenligi ile
onemli Olciide artmistir. Buna ragmen normal c¢alisma
durumunda reaktdrde olusan maksimum sicaklik
degisimine etkisi olmamistir. Atik giictin %10 artmas,
aktifkor tepe sicakliginin 1583°C 'ye kadar yiikselmesine
neden olmustur. Metalik ylizey 1sinimimnimn 0,8 ‘den 0,6
‘ya azalmasi ile, aktif kor tepe sicakligi 1558°C’ye
yiikselmistir. RCCS sogutma tiiplerinin 65°C yerine
140°C ‘ye yiikseltilmesi tepe sicaklig1 tlizerinde ihmal
edilebilir bir etkiye sahiptir.

Referans durumu diger duyarlillk analizleri ile
karsilagtirilmistir.  Tablo 7 bu analizlerin  6zetini
gostermektedir.
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S 1200 - ---a--- Grafit iletim katsayisim %25 azallma
'_g 1100 1 ——+—- Atik 151 degisimini %10 artirma
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Sekil 11. Duyarlilik analizi
Tablo 7. Degisik duyarlilik analizlerinin kargilagtirma sonuglart
Tepe Sicaklif
Calismay1 Yapan Kurulus Artigt (°C)
INET (IAEA, 2001) 202
Grafit OKBM (IAEA, 2001) 110
iletiminin Framatome (IAEA, 2001) 188
%25 Aachen Uni. (Shi, 2015) 100
azalmasi ORNL (Ball, 2006, 2004) 124
Mevcut analiz 131
INET (IAEA, 2001) 115
OKBM (IAEA, 2001) 80
Atik 1smin ORNL (IAEA, 2001) 98
%10 artmas1 | Framatome (Woaye-Hune ve Ehster, 2002) 85
Aachen Uni. (Shi, 2015) 127
Mevcut analiz 90
Metalik INET (IAEA, 2001) 62
yiizey OKBM (IAEA, 2001) 25
1ismimini 0,8 | Framatome (Woaye-Hune ve Ehster, 2002) 30
‘den 0,6 ‘ya | Aachen Uni. (Shi, 2015) 54
diigiirme Mevcut analiz 65
SONUCLAR Mevcut calisma ve literatiirde bulunan diger

VHTR lerin tasariminda reaktorden yiiksek ¢ikis sicakligi
elde edilmek istenirken; normal c¢alisma ve kaza
durumunda reaktorde olusan maksimum sicakligin diisiik
olmas1 istenmektedir. Kaza siiresince aktif sogutma
sisteminin ¢aligmamasi durumunda reaktorde olusan tepe
sicakligin reaktér tasarim sinirlarin1 gegmemesi tasarim
esnasinda goz oniinde bulundurulmasi gereken en énemli
hususlardan biridir.

Bu calismada VHTR tasarimi adaylarindan biri olan
MHR’nin kaza durumunu incelemek i¢in Ansys Fluent ile
bir model gelistirilmistir. Gelistirilen model diger
calismalarla karsilagtirmak suretiyle dogrulanmistir.
Zamana bagli 1sil-akis analizde kaza durumunda
reaktéorde  olusan  maksimum  sicaklik  1492°C
bulunmustur. S6z konusu tepe sicakligina kazanmn §3.
saatinde ulasildigi hesaplanmistir. Olusan maksimum
sicaklik degeri TRISO kaplamali yakit pargasi igin kaza
durumunda radyoaktivite salmimu ile ilgili sinir sicakligi
olan 1600°C altindadir.

calismalardan elde edilen sonuglar;, MHR’nin kaza
durumunda reaktérde olusan maksimum sicakligin
1471°C ile 1590°C arasinda, tepe sicakligi zamaninin ise
53-87 saatleri arasinda yogunlastigin1 gostermektedir.

Kaza boyunca reaktér boslugu ve RCCS’ye aktarilan gii¢
ortalama 2MW’drr. Kaza durumunda atik 1s1 ile
uzaklastirilan 1s1 degerlerinin  89,6.saatte esit oldugu
hesaplanmigtir. Kaza durumunda yiiksek sicaklik
farklarindan dolayr hem reaktér i¢inde hem de reaktor
disinda 1smmla 1s1 transferinin ¢ok etkili oldugu
goriilmiistiir.

Yapilan duyarlilik analizlerinde kaza durumunda olusan
maksimum sicakliga en ¢ok grafit 1s1 iletim katsayis1 ve
atik 1s1 degisiminin etkisi oldugu bulunmustur. Grafit 1s1l
iletim katsayisinin %25 azalmasi; normal ¢aligma
durumunda maksimum sicakliga etkisi olmamasina
ragmen, kaza durumunda aktif kor tepe sicakligini 131°C
artirmaktadir. Metal 1smim yayma katsayist ve RCCS
sicaklig1 degisiminin aktif kor tepe sicaklig1 iizerine etkisi
azdir.



Olusturulan sayisal metodoloji  diger c¢alismalarla
karsilastirmak suretiyle dogrulanmig ve gelecek VHTR
tasarimlar1 i¢in hazir hale getirilmistir. Sonuglar
VHTR’nin maksimum ¢ikis sicakligi, termal giicii vb. ile
ilgili tasarim optimizasyonu igin bazi temel bilgiler
saglayacaktir. Bu ¢aligmanin devami olarak; olusturulan
model tizerinde giris sicakligi, giris debisi, reaktor giicii
veya boyutsal degisikler yapilarak etkileri incelenebilir.
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Abstract: Microwave cancer therapy is an effective method used to destroy cancer cells which eliminates the need for
surgical intervention in diseases such as breast and liver cancer. The present study aims to present a methodology for
the destruction of killing the malignant cells in a wider periphery by means of burning in a shorter time meanwhile
causing minimal damage to the healthy tissues. The study is carried out for a frequency value of 2.45 GHz and for a
power value of 10 W using finite element methods. A comparison between coaxial single-slot antenna and double-slot
antenna is conducted for liver and breast tissues. Investigated parameters are the slot number, the type of the tissue and
the duration of microwave cancer therapy. The specific absorption rate and temperature distribution are the examined
parameters. The results of the study show that both peak specific absorption rate and peak temperature value are
obtained for microwave coaxial single slot antenna within the liver tissue, and it is observed that the temperature
distribution depends on time. Maximum temperature value is attained as 93.9°C and 82.8°C for single and double slot
antennas for liver tissue whereas the so-called values are 93.0°C and 69.8°C for breast tissue. New correlations are
given for the treatment of liver and breast tissues using coaxial single slot antenna. It is anticipated that the present
study makes a contribution in the field of medicine.

Keywords: Microwave ablation technique, Microwave coaxial antenna (MCA), Specific absorption rate (SAR),
Effective wavelength, Finite element method

MEME VE KARACIGER DOKULARINDA TEK VE CiFT YUVALI ANTEN
KULLANILARAK YAPILAN MiKRODALGA KANSER TEDAVISININ NUMERIK
ANALIZI

Ozet: Mikrodalga tedavisi, meme ve karaciger kanseri gibi hastaliklarda, kanserli hiicreleri yok etmek icin cerrahi
miidahale ihtiyacini ortadan kaldirabilen etkili bir yontemdir. Mevcut ¢alisma, malign hiicrelerin daha genis bir ¢evrede,
daha kisa siirede yakilirken c¢evre dokulara en az hasara sebep olmayr amaglayan bir metodoloji sunmai
hedeflemektedir. Bu calisma, 2.45 GHz frekans ve 10 W giic degeri kullanilarak sonlu eleman metoduyla
gerceklestirilmistir. Meme ve karaciger dokularinda, es eksenli tek yuvali ve ¢ift yuvali antenler igin bir kiyaslama
sunulmustur. Arastirilan parametreler yuva sayisi, doku tipi ve mikrodalga kanser tedavisinin siiresi iken sonucta
incelenen parametreler 6zgiil sogrulma orani ve sicaklik dagilimidir. Calismanin sonucunda, hem en yiiksek 6zgiil
sogrulma orani hem de en yiiksek sicaklik degeri, karacigerde tek yuvali antenle elde edilmistir ve elde edilen sicaklik
dagiliminin zamana bagh oldugu goriilmiistiir. Karacigerde elde edilen en yiiksek sicaklik degeri, tek yuvali antende
93.9°C ve ¢ift yuvali antende 82.8 °C olmustur. Ayn1 degerler meme dokusunda, tek yuvali antende 93.0 °C ve ¢ift
yuvali antende 69.8 °C olarak kaydedilmistir. Tek yuvali anten igin, karaciger ve meme dokularmin tedavisinde
kullanilmak tizere yeni korelasyonlar sunulmustur. Yapilan ¢alismanin, tip alaninda katki saglamasi beklenmektedir.
Anahtar Kelimeler: Mikrodalga ablasyon teknigi, Mikrodalga es eksenli anten, Ozgiil sogurma degeri, Efektif dalga
boyu, Sonlu elemanlar metodu

NOMENCLATURE E Electric field [V-m™]

f Microwave frequency [GHz]
c Speed of light in free space [m-s?] H Magnetic field [A/m]
C Heat capacity of tissue [J-kg™-°C] k Propagation constant [m™]
Cov Heat capacity of blood [J-kg™-°C] L Arc length [m]
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n Normal vector

P Input microwave power [W]

Q,r: External heat source [W-m~]

Qmet Metabolic heat source [W-m?]

r,z  Components of cylindrical coordinates [m]
ri Inner radius of the coaxial cable [m]

fo Outer radius of the coaxial cable [m]

t Time [s]

T Temperature [°C]

Tb Blood Temperature [°C]

Z Wave impedance in the dielectric of the coaxial

cable [Q]

€ Permittivity of free space [F/m]
& Relative permittivity [-]

A Wavelength [m]

At Effective wavelength [m]

Lo Permeability of free space [H/m]

p Density of the tissue [kg/m®]

©Ob  Blood density [kg-m™]

o Electrical conductivity of tissue [S'm™]
O«  Electrical conductivity [S'm™]

® Angular frequency [rad/s]

wy,  Blood perfusion rate [s]

MCA Microwave coaxial antenna
PTFE Polytetrafluoroethylene
SAR Specific absorption rate

INTRODUCTION

Throughout the world, the most frequently encountered
and diagnosed types of cancer are female breast (11.7%),
lung (11.4%), colorectal (10%), prostate (7.3%), and
stomach (5.6%) cancer while the terminal types are
mostly lung (18.0%), colorectal (9.4%), liver (8.3%),
stomach (7.7%) and female breast (6.9%) cancers in 2020
(Sung et al., 2021). The traditional treatment methods for
liver and breast cancer are surgical operation,
heating/hyperthermia (radiofrequency ablation,
microwave ablation, laser), freezing (cryosurgery),
chemotherapy or radiation therapy (radiotherapy)
depending on the current situation of the patient.
Hyperthermia method can be implemented to a local
point, to a regional area or to the entire body (Rubio et
al., 2011). The microwave cancer treatment is a type of
the hyperthermia method which is applied locally.

Microwave cancer therapy, also known as thermal
therapy/thermotherapy, is one of the methods used in
cancer treatment by exposing the maligned tissue to high
temperature. Radiofrequency waves which are
transmitted from the tip of microwave antenna causes
heating as a result of the increased kinetic energy of polar
water molecules (Kaur and Mann, 2014).

Damaging the proteins and structures within the cancer
cell cause the tumors to shrink, and finally these cells end
up dead. The advantages of the microwave cancer
therapy method are heating the zone in a shorter time as
well as reaching wider lesions with blood perfusion.
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Three types of antennas (monopole, dipole, and slot) are
commonly encountered in using microwave cancer
therapy due to their low cost, simple design and small
dimensions. Literature investigation has shown that
many researchers have studied the cancer treatment using
microwave ablation method with slot antenna.

Rubio et al. (Rubio et al., 2011) modeled double slot
antenna employing two different numerical methods, the
finite element method and a finite-difference time-
domain. Kaur and Mann (Kaur and Mann, 2014)
conducted a study to compare the results of coaxial single
and double slot antennas at a frequency of 2.45 GHz and
at a power of 10 W for liver tissue. Rossetto and Staufer
(Rossetto and Staufer, 1999) examined the effect of bolus
—tissue load on SAR distribution at a frequency of 915
MHz using finite difference time domain method.
Hamada et al. (Hamada et al., 2000) studied the electric
field and the SAR distribution inside the human body
(muscle) using finite difference time domain method by
using four different antennas. Kim and Rahmat-Samii
(Kim and Rahmat-Samii, 2004) numerically studied a
cancer cell located in brain using single slot dipole
antenna. Keane et al. (Keane et al., 2011) examined the
thermal profiles for cardiac tissue using monopole
antenna at a frequency of 2.45 GHz. Keangin et al.
(Keangin et al., 2011) investigated the effects of a single
and double slot coaxial antennas for liver tissue using
finite element method. Jiao et al. (Jiao et al., 2012)
calculated SAR value and temperature distribution for ex
vivo pork liver by means of finite element analysis using
coaxial slot antenna. Acikgoz and Turer (Acikgoz and
Turer, 2014) conducted a study to investigate the effect
of T-ring shape mounted on the outer conductor of the
structure using microwave coaxial slot antenna for the
treatment of liver cancer; SAR and backward heating
effects were investigated. Zafar et al. (Zafar et al., 2014)
used the single and double slot antennas to compare SAR
distribution using finite element method for liver tissue.
Rubio et al. (Rubio et al., 2015) numerically investigated
the microwave ablation in breast cancer using a coaxial
slot antenna. Razib et al. (Razib et al., 2016) focused on
antenna’s slot position within the breast tissue. SAR and
temperature distribution were studied, and it was stated
that the slot position of the antenna is substantial for the
treatment of cancer tissue. Keangin and Rattanadecho
(Keangin and Rattanadecho, 2013) numerically
investigated the heat transport for local thermal non-
equilibrium in porous liver during microwave ablation
using finite element method. Keangin and Rattanadecho
(Keangin and Rattanadecho, 2018) conducted a study
presenting a numerical simulation of microwave ablation
using single slot antenna on the tumor layer and the
normal tissue which made up the layers of porous liver
tissue. Uzman et al. (Uzman et al., 2020) investigated the
problem of backward heating in microwave ablation, and
they proposed an electromagnetic solution based on the
utilization of high impedance graphene material. They
analyzed the effects of graphene layer to the heat
dissipation in the maligned tissue and the duration of the
treatment.



Selmi et al. (Selmi et al., 2020) presented a study about
the utilization of the finite element method for liver
tissue. They analyzed the electro-thermal effects,
temperature distribution profile, SAR, and the fraction of
the necrotic tissue within the maligned cells. Tehrani et
al. (Tehrani et al., 2020) searched the effects of the shape
and size of the tumor on microwave ablation. The
coupled bio-heat and electromagnetic equations were
solved to obtain the temperature gradient by using a
three-dimensional finite element method. In addition, the
distance between two slots in the coaxial double slot
antenna was modified targeting the best treatment. They
concluded that the treatment of larger tumors is harder
than the smaller ones.

Literature review revealed that the effect of body type for
the cancer treatment using microwave ablation method
with slot antenna has not been studied at the mentioned
frequency. Therefore, this study concerns the treatment
of cancer located in liver and breast tissues by using
antenna at the frequency of 2.45 GHz and power of 10 W
(Keangin et al., 2011). The investigated parameters are
the number of slots, type of the tissue and the duration of
the process. Temperature distribution and SAR are
examined. The novelty of this study is the investigation
of the effect of body type for the cancer treatment using
microwave ablation method with slot antenna. Giving the
new correlations for the treatment of liver and breast
tissues is another innovative aspect of this study.

MATERIAL PROPERTIES AND MODELS

Figure 1 shows the simulation of antennas embedded in
the tissue. The antenna is encased in the catheter.
Frequency and microwave power are transmitted by
antenna to the tissue. Radiation is dispersed to the cell by
the radiation port.

The geometries of single and double slot microwave
antennas used in this study are shown in Figure 2 for liver
and breast tissues. In Figure 2, z and r represents the
insertion depth and arc length, respectively. The utilized
antenna has a radius of 0.895 mm, i.e., it is excessively
thin, which makes it possible to embed it inside the tissue
easily. The material of the inner conductor is silver plated
copper, and it has a radius of 0.135 mm. The outer
conductor is made from copper, and the radius is 0.335
mm. In addition, the slot has a width of 1 mm. The
antenna is enclosed in a catheter as mentioned before.
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Figure 1. Antenna embedded in a tissue

The catheter is made from polytetrafluoroethylene
(PTFE). PTFE has a high dielectric strength, and it is a
heat resistant material (-200°C to 260°C). Another
advantage of PTFE is that it does not react with any
chemicals.

The electric field becomes stronger as the distance to the
slot decreases, which causes the maximum temperature
to be obtained near the slot. The antenna is based on a
50Q UT-085B-SS, and it is stainless steel. Microwave
frequency operating at 2.45 GHz is applied to heat the
tissue (Rubio et al., 2011), (Kaur and Mann, 2014),
(Keangin et al., 2011). Microwave ablation therapy
transmits energy to the body in shorter wavelengths
compared to the other methods. The spacing of slots in
the tissue based on the effective wavelength at the
frequency of 2.45 GHz is determined by (Rubio et al.,
2011), (Keangin et al., 2011).
Aerr = c/fVer D
where c is the speed of light in free space, and €« is the
relative permeability of tissue at the operating frequency.
f represents the operating frequency of the microwave
generator, and it has a value of 2.45 GHz.

The relative permeability of liver and breast tissues are
different from each other. In other words, the slot spacing
length of the mentioned tissues are not equal. For double
slot microwave coaxial antenna, the slot spacing length
of the liver tissue is 4.5 mm, whereas it is 13 mm for the
breast tissue.

The properties of liver and breast tissues used in the
present study are given in Table 1 (Rubio et al., 2011),
(Kaur and Mann, 2014), (Razib et al., 2016). The
properties of the dielectric material and catheter are
represented in Table 2 (Kaur and Mann, 2014), (Razib et
al., 2016).
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Figure 2. Single and double slot microwave antenna geometries for breast and liver tissues (Dimensions are in mm)

Table 1. The properties of liver and breast tissues where p, C, T and k represent the density, heat capacity,
Property Liver Breast temperature, and thermal conductivity of the tissue,
Name i respectively, whereas o, Cp, Wy and Ty indicate the
Heat capacity 4187 (Jkgt-K) 2960 (J'’kg?K) density, specific heat capacity, perfusion rate, and
Density 1038 (kgm) 1058 (kg'm™) temperature of the blood, respectively. The first term on
Relative 45.2 5.14 the right-hand side of Eg. (2) represents the heat
permittivity conduction inside the tissue, and second term describes
Electric 2.12 (Sm?) 0.137 (Sm™) the heat caused by convection. Q,,,, is the metabolic
conductivity heat generation within the tissue. Q,,, is the external
Thermal 0.5(WmiK?1) 042 (WmtK?) heat source (electromagnetic) term which can be
conductivity calculated by equation
Blood 310K 310K
temperature 0., = oE* 3)
Blood 3.6x10% s 3.6x10% s e 2

perfusion rate

where o represents the tissue conductivity [S/m], and E

Table 2. The properties of dielectric material and catheter is the electric field within the tissue [V/m].
Property Name Value .
Relative  permittivity  of 2.03 Boundary conditions
dielectric

Relative permittivity of catheter 2.6 Thermal insulation boundary condition is applied to the
Relative permeability 1 external boundary of the computational domain, i.e.,

Thermal conductivity of PTFE LKL n.(kVT)=0. . .
Y 0.25 (W-m'-K") Initial temperature is considered to be T,=T,=37°C.

Density of PTFE 2200 (J')kg'-K)

Heat capacity of PTFE 1300 (Jkg™K) Electromagnetic Analysis

Microwave power input now

Microwave frequency 2.45GHZ The microwave treatment is a multi-physics problem, and

it involves the coupling of the temperature and

electromagnetic fields. Electric (E ) and magnetic (H )
fields are expressed as Keangin et al., 2011), (Keangin

The temperature distribution in§ide .the tissue is and Rattanadecho, 2013), (Keangin and Rattanadecho,
calculated by Pennes’ bioheat equation given by Eq. (2). 2018), (Bertram et al., 2006), (Liu et al., 2013).

Thermal Analysis

ar . .
pCE =kV?T — ppCoWy, (T —Tp) + Quer + Qexe (2) E:g,r ée\/—_l(wt—kz) (4a)

= 5 A — —
H:e(pze\/_l(wt kz) (4b)
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with Z=\lHo #rto is the wave impedance in the

dielectric of the coaxial cable [Q], uo=4nx107 is the
permeability of free space [H/m], & is is the relative
permittivity of the dielectric, £=8.854x1072 is the
permittivity of free space [F/m], P is the input power [W],
ri and r, are the inner and outer radii of the coaxial cable
[m], o=2xf is the angular frequency [rad/s], f is the
frequency [Hz], k=2r/A is the propagation constant [m™],
A is the wavelength [m], and t is the time [S].

At the antenna symmetry axis l::r =0 and %z 0
boundary conditions are applied. In addition, 7 x VeE —
\/ﬁH¢='2\/l7H<po boundary condition is applied to the

outer boundaries of the computational domain. The local
specific absorption rate (SAR) is calculated using the
relation

SAR=
®)

o1=12
~|E|

where o indicates the tissue conductivity [S/m], p is the
density of the tissue [kg/m?], and E represents electric
field within the tissue [V/m]. It can be seen from Eq. (5)
that the SAR value is dependent on the square of the
electric field generated around the antenna. The
calculated SAR value is equivalent to the heating source
created by the electric field. Although the SAR value
does not directly determine the final temperature
distribution of the tissue, it causes the temperature to
increase (Rubio et al., 2011). This result stems from the
application of power for a specific duration.

Computational Method

COMSOL Multiphysics software based on finite element
method is used to simulate the problem. A non-uniform
mesh distribution is employed, and the typical mesh
distribution is shown in Fig. 3 for coaxial single slot
antenna. The compactness of the grid structure is
increased as getting closer to the antenna in order to
enhance the resolution and accuracy of the solution.
Mesh independence study is conducted by improving the
quality of the mesh structure until the variation in the
maximum temperature of the tissue becomes negligible.
The computations are performed using a range of element
numbers varying from 3114 to 30719 to investigate the
effect of the element size on the solution and to ensure
that the attained results are independent of the mesh
structure. The obtained maximum temperature values for
five different grid sizes are given in Table 3. It is
observed that the mesh structure having 30719 elements
gives the optimum solution, and a similar procedure is
followed for double slot antenna.
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Figure 3. Typical mesh distribution

Table 3. Maximum temperature values for different
element numbers

Mesh Normal  Finer Extra Extremely Used
quality Fine Fine Mesh
Element 3114 3903 5627 13520 3071
number 9
Maximum 93 93.1 93.1 93.1 93.09
temperature

(°C)

RESULTS AND DISCUSSION
Verification of the Numerical Study

The numerical study of Keangin et al. (2018) is repeated
here to ensure the accuracy of the present numerical
study. Verification was carried out for single and double
slot coaxial antennas for liver tissue at a frequency of
2.45 GHz and at a power of 10 W. The comparison of the
obtained temperature distributions of the current study
and of Keangin et. al.’s (2018) study is represented in
Figure 4.

Figure 4. Temperature distribution after 300 second; (a) present
and (b) literature study (Keangin et al., 2011)

It is found out that the maximum temperature obtained
for single slot after 300 seconds is 93.9°C for the current
study, and it is 93.4°C for Keangin et al.’s study [8]. In
addition, the attained peak SAR value for double slot is



2.49 kW/kg and 2.37 kW/kg for this study and Keangin
et al.’s (Keangin et al., 2011) study, respectively. It can
be concluded that the results of present study are in good
agreement with that of Keangin et al. (Keangin et al.,
2011).

SAR Distribution

Figure 5 represents the SAR distribution throughout the
insertion depth (z-axis) at 0.895 mm (approximately r=1
mm) for single slot and double slot microwave coaxial
antenna (MCA) in liver and breast tissues. A microwave
power 10 W is applied to the tissues for 300 seconds at a
frequency of 2.45 GHz.

Considering the liver tissue, when single and double slot
MCAs are compared, it is seen that the peak SAR value
is 3058 W-kg-1 at the insertion depth of z=62.8 mm for
single slot MCA. For double slot MCA, it is obtained that
the peak SAR value is 2490 W-kg-1 at the insertion depth
of z=59.6 mm. The SAR value decreases abruptly after
the peak value, and this trend keeps continuing until the
arc length is 80 mm. In addition, it is deduced that the
value of SAR depends on the number of slots. It is
presumed that a lower SAR value for the double slot
antenna is a result of the dispersed frequency from the
slots.

For the breast tissue, it is seen that the peak SAR value is
1961 W-kg-1 at the insertion depth of z=68.1 mm for the
single slot. However, two peak SAR values are obtained
for double slot MCA. This value is found to be 870 W-kg-
1 at an insertion depth of 51.1 mm and 1304.5 W-kg-1 at
that of 68.6 mm. It is seen that the maximum SAR values
occur near the slots. After the peak value is passed, SAR
decreases suddenly whose minimum value is obtained at
an insertion depth of 80 mm, exhibiting a similar
behavior to that of the liver tissue.

The distance between the double slots for the liver tissue
is smaller than that of breast tissue. Thus, it is foreseeable
that the effect of microwave power decreases as the
distance between two slots increases.
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When the SAR values of the liver and breast tissues are
compared, it is seen that a higher SAR value is obtained
for the liver tissue for the equal number of slots. Also,
when considering the single and double slot antennas, it
is observed that utilization of single slot antenna results
in a higher SAR value. The cause of having a higher SAR
value for liver tissue can be interpreted as having a higher
electric conductivity and smaller density. This result also
can be validated from Eqg. (2).

Temperature Distribution

Figure 6 shows the temperature contours for single and
double slot antennas in liver and breast tissues after 300
s. An input power of 10 W was employed for single and
double slot antennas with a frequency of 2.45 GHz. The
left-hand side of Fig. 6 represents the temperature
contours of liver tissue on the top and breast tissue on the
bottom whereas the right-hand side represents the results
obtained from single and double slot antennas. It is
observed that the temperature value decreases as the arc
length increases.

For the liver tissue, it is seen that the maximum
temperature for single slot antenna is 93.9°C at the
location of r=1 mm and z=62.6 mm. Also, the peak SAR
value is obtained at the same coordinates, which means
that the microwave input energy is the most effective at
this position. For the double slot antenna, the maximum
temperature is 82.8°C at the position r=1 mm and z=58.2
mm. The peak SAR and temperature values are obtained
approximately at the same position for double slot
antenna. It can be deduced that the SAR value and
temperature distribution are related to each other.

When considering the liver tissue, it is seen that
maximum temperature is 93.0°C at a position r=1 mm
and z=65 mm for single slot antenna. For double slot
antenna the maximum temperature is 69.8°C at a position
r=1 mm and z=69 mm.
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93.9

Figure 6. Temperature contour diagram. From top to bottom:
liver tissue and breast tissue, respectively. From left to right:
single slot and double slot, respectively

Figures 5 and 6 represent the SAR and maximum
temperature values for both liver and breast tissues. It is
seen that the mentioned values are found to be higher for
single slot antenna when comparing to double slot.
Consequently, attention will now be paid to single slot
antenna. Figure 7 shows the temperature contour after 40,
100 and 300 seconds for breast and liver tissues using
single slot antenna. It is seen that the heat in the tissue
exhibits an ellipsoidal shape along the arc length as time
passes. The maximum temperature occurs around the
slot. For liver tissue, the maximum temperature is 67.1°C
at the position r=1 mm and z=63 mm after 40 seconds.
After 100 seconds, the maximum temperature is 80.6°C
at the position r=1 mm and z=62.8 mm, and it is 93.9°C
after a duration of 300 seconds at the position of r=1 mm
and z=62.6 mm.

For the breast tissue, the maximum temperature is 71.4°C
at the position r=1 mm and z=68.5 mm after 40 seconds.
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After 100 seconds, the maximum temperature is 83.0°C
at the position r=1 mm and z=65 mm. This value is found
to be 93.5°C at the position of r=1 mm and z=65 mm after
300 seconds. It is seen that the maximum temperature
occurs approximately at the same position with
increasing time concerning both tissues. In addition, it is
ohserved that the arc length of the liver tissue is longer
than that of breast tissue for the same duration.

In microwave treatments, as mentioned before, the aim is
to expose the cancer tissue to heat until the temperature
reaches a value of 50°C, damaging proteins and the
existing structures within the cancer cell. This procedure
causes the tumors to shrink, and eventually they end up
dead (Rubio et al., 2011), (Keangin and Rattanadecho,
2013).

Results show that the maximum arc length at a
temperature of 50°C is r=3.9 mm, 6.5 mm and 9.8 mm,
after 40, 100 and 300 seconds of duration in liver tissue,
respectively. Regarding the breast tissue, the maximum
arc length at the same temperature is r=3.3 mm, 4.8 mm
and 6.6 mm, respectively, after 40, 100 and 300 seconds.
In other words, it is concluded that a larger periphery of
the cancer cell can be destroyed by means of increasing
the duration of the procedure. It is also seen that
temperature increases with increasing time.

In order to represent the temperature distribution along
the arc length, temperature values are plotted as a
function of arc length in Fig. 8 at an insertion depth where
the temperature is maximum.

The insertion depth where temperature has a maximum
value is z=62.6 mm and z=59.2 mm for single and double
slot antennas in liver tissue, respectively. As for breast
tissue, insertion depth where temperature has a maximum
value is z=65 mm and z=69 mm for single and double
slot antennas, respectively. The left-hand side of Fig. 8
represents the temperature values of liver located at the
top and breast at the bottom whereas the right-hand side
depicts the results obtained from single and double slots.
This figure shows that the maximum temperature is
obtained at r=1 mm, and also it can be deduced from the
figure that the temperature decreases along the arc length.
It is also seen that the temperature value in tissue for
double slot begins with a lower value than that of the one
having single slot. As it can be seen from Fig. 8, liver
and breast tissues exhibit similar temperature
distributions.

Time is plotted in Fig. 9a as a function of maximum arc
length where the temperature is 500C for liver and breast
tissues. In Fig. 9a the dash-dot line is for the numerical
results of the liver tissue whereas the solid line represents
that of breast tissue.
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Figure 7. Temperature contour diagram. From top to bottom: liver tissue and breast tissue, respectively. From left to right: after 40s,

100s and 300s, respectively.

The results of numerical study for single slot antenna are
represented by an equation in the form of
t(s) =al®+bL>+cL+d (6)

where t is the time in second, L is the maximum arc
length at which temperature is 500C (see Fig. 9b), and
the unit of L is mm. In Eq. (6) a, b, ¢ and d are the
constants. Correlation equations in the form of Eq. (6) are

obtained for liver and breast tissues, respectively, and are
given in Egs. (7) and (8).
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t(s) = 0.5910L% — 5.476L% + 28.66L-22.47 @
(R2=0.9989)
t(s) = 3.819L3 — 34.00L? + 118.9L-119.1 (8)

(R2=0.9989)

Egs. (7) and (8) are valid for the range of 1.27<1.<9.87
and 1.76<L<6.66, respectively. When the value of L falls
out of these ranges, extrapolation can be used for these
equations. The time required to destroy the cancer tissue
can be calculated using Eq. (7) for breast cancer and Eq.
(8) for liver cancer with knowing the arc length of the
maligned tissues.
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CONCLUSION

The present study represents the modeling and analysis
of single and double slot microwave coaxial antennas
within breast and liver tissues by using finite element
method. The study has been carried out for 2.45 GHz and
10 W. The noteworthy results are listed below;

- The temperature of the tissue increases with increasing
duration.

- The characteristics of breast and liver tissues are
different from each other, which results in different SAR
values and temperature distributions.

- For liver tissue, maximum temperature value is 93.90C
and 82.8°C for single and double slot antennas,
respectively. As for breast tissue, maximum temperature
values are 93.0°C and 69.8°C for single and double slot
antennas, respectively.

- The peak SAR value within the liver tissue is 3058
W-kg-1 and 2490 W-kg-1 for single and double slot
antennas, respectively. For the breast tissue, the peak
SAR value is 1961 W-kg-1 for single slot antenna.
However; SAR value has two peak maximum values for
double slot antenna in the breast tissue, and the peak SAR
values are 870 W-kg-1 and 1304.5 W-kg-1.
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- SAR and temperature values decrease along the arc
length.

- SAR and temperature distribution strongly depend on
the number and position of slot within both tissues.

- When the results of single slot and double slot antennas
are compared, maximum SAR and temperature values
are obtained for single slot antenna.

- When the results of liver and breast tissues are
compared, maximum SAR and temperature values are
obtained for liver tissue.

- Single slot antenna is more useful than double slot
antenna for microwave cancer treatment. However,
double slot microwave coaxial antenna has a larger
ablation area.

- New correlations are given in the form of for treatment
of liver and breast tissues for coaxial single slot antenna.
It is anticipated that the present study makes a
contribution in the field of medicine.
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Abstract: The base purpose of this work is to use interior design temperatures and the heating and cooling periods,
which are determined according to different wall orientations in terms of thermal performance throughout the year, in
the calculation of heat transfer characteristics and optimum insulation thickness. This work is realized under dynamic
thermal conditions for the climatic conditions of Adana, Turkey. Firstly, the transmission loads for both heating and
cooling are determined for uninsulated and insulated walls according to indoor design temperatures: 20, 22, 24 °C.
Annual transmission loads, annual average dynamic thermal resistance, annual average time lag, and decrement factor
for various wall directions are calculated by using indoor design temperatures determined over the whole year from
minimum heating and cooling transmission loads point of view. Then, these loads determined overheating and
cooling periods are used for the optimization of insulation thickness. In the uninsulated wall, yearly cooling load is
obtained to be 221.37, 152.81, 229.14 and 229.14 MJ/m? for the south, north, east and west orientations, respectively
while yearly heating load is obtained to be 73.54, 138.44, 117.62 and 117.62 MJ/m?. It is observed that the cooling
load is more dominant than the heating load under the climate conditions of Adana. It is also observed that the longest
cooling period is obtained in south orientation while the shortest cooling period is obtained in north orientation. The
optimum thickness of the insulation for Adana is obtained to be 8.4, 8.0, 9.2 and 9.2 cm for south, north, east and
west orientations, respectively. The results indicate that the indoor design temperatures and insulation have a
significant effect on heating, cooling and total transmission loads. Besides, the results reveal that the wall orientation
has an important effect on heating and cooling periods, dynamic thermal resistance, time lag and optimum insulation
thickness.

Keywords: Thermal performance, Indoor design temperature, Optimization of insulation thickness, dynamic thermal
condition

SICAK IKLIM SARTLARI ALTINDA iC DIZAYN SICAKLIGI, TERMAL
OZELLIKLER VE YALITIM KALINLIGININ BELIRLENMESI

Ozet: Bu calismanin temel amaci, yil boyunca 1s1l performans agisindan farkli yonlendirmelere gore belirlenen ic
dizayn sicakliklari ile 1sitma ve sogutma periyotlarmni, 1s1 transfer karakteristikleri ve optimum yalitim kalinligmin
hesabinda kullanmaktir. Bu ¢alisma, Tirkiyenin Adana sehrinin iklim sartlari i¢in dinamik termal sartlar altinda
gerceklestiriliyor. Ilk olarak; 20, 22, 24 °C i¢ dizayn sicakliklarmna gére yalitimsiz ve yalitimli duvarlar igin 1sitma ve
sogutma geg¢is yikleri belirleniyor. Minimum 1sitma ve sogutma gegcis yiikleri agisindan biitiin y1l {izerinden
belirlenen i¢ dizayn sicakliklarini kullanarak degisik duvar yonlendirmeleri igin yillik gecis yiikleri, yillik ortalama
dinamik termal direng, yillik ortalama faz kaymasi ve soniim orani belirleniyor. Daha sonra isitma ve sogutma
periyotlar1 tizerinden belirlenen bu yiikler yalitim kalinliginin optimizasyonu i¢in kullaniliyor. Yalitimsiz duvarda
giiney, kuzey, dogu ve bat1 ydnleri icin yillik 1sitma yiikii sirasiyla 73.54, 138.44, 117.62 ve 117.62 MJ/m? olarak elde
edilirken, yillik sogutma yiikii sirastyla 221.37, 152.81, 229.14 ve 229.14 MJ/m? olarak elde edilmistir. Adananin
iklim sartlar1 altinda sogutma yiikiiniin 1sitma yiikiinden daha baskin oldugu goriiliiyor. Ayrica, en kisa sogutma
periyodunun kuzeyde elde edildigi, en uzun sogutma periyodunun ise giineyde elde edildigi goriiliiyor. Adana igin
optimum yalitim kalinligi; giiney, kuzey, dogu ve bati yonleri igin sirasiyla 8.4, 8.0, 9.2 and 9.2 cm olarak elde
edilmistir. Sonuglar i¢ dizayn sicakhigi ve yalitimin; 1sitma, sogutma ve toplam gegis yiikleri tizerinde 6nemli bir
etkiye sahip oldugunu gosteriyor. Ayrica, sonuglar duvar yonlendirmenin 1sitma ile soguma periyotlar1 iizerinde ve
dinamik termal direng, faz kaymasi ve optimum yalitim kalmhg@: iizerinde 6nemli bir etkiye sahip oldugunu da
gOsteriyor.

Anahtar Kelimeler: Termal performans, i¢ dizayn sicakligi, Yahtim kalinligmimn optimizasyonu, Dinamik termal sart



NOMENCLATURE

c specific heat [J/kg K]

C, total energy consumption cost [$/m? year]
C, insulation cost [$/m?]

C. electricity cost [$/kWh]

C. fuel cost [$/mq]

COoP coefficient of performance

hi convection heat transfer coefficient at the
wall inner surface [W/m? K]

ho convection heat transfer coefficient at the
wall outer surface [W/m? K]

H, lower heating value of the fuel [J/m°]

It total solar radiation for a vertical surface
[W/m?]

k thermal conductivity [W/m K]

L, thickness of insulation [m]

PWF present worth factor

gi instantaneous heat flux at the wall indoor
surface [W/m?]

Q, heating transmission load [J/m?]

Q cooling transmission load [J/m?]

Rn nominal thermal resistance [m?2.K/W]

Rq dynamic thermal resistance [m2.K/W]

. may  timethatexternal surface temperature are
being maximum [h]

t may  timethatinternal surface temperature are
being maximum [h]

Tid indoor design temperature [°C]

To outdoor environmental temperature [°C]

Tsa sol-air temperature [°C]

Tisan) maximum internal surface temperature [°C]

Tis miny minimum internal surface temperature [°C]

Ty~ Maximum external surface temperature [°C]

Tes min) minimum external surface temperature [°C]

Greek letters

o wall outdoor surface solar absorptivity
o declination angle [deg.]

1 latitude angle [deg.]

D time lag [h]

f decrement factor

/4 surface azimuth angle [deg.]
1, heating system efficiency

p density [kg/m®]

@ hour angle [deg.]

o incidence angle [deg.]

0, zenith angle [deg.]
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INTRODUCTION

Energy consumption which is shared among industrial,
transportation, building and agriculture sectors is rising
rapidly due to urbanization and population growth
(Bolattiirk, 2008). The buildings are the biggest energy
consumer after the industrial sector and create 40% of
the energy consumption. Building envelope plays a
major role in maintaining indoor comfort conditions
under varying outdoor climatic conditions (Zenginis and
Kontoleon, 2017; Kontoleon et al., 2013)

The outer envelope that forms the buildings interacts
continuously with the changing ambient temperature
and solar radiation. In consequence of this interaction,
the outer surface temperature of the building envelope
and the heat conduction through the wall change
continuously depending on the time. This change affects
the interior environment considerably. As known, a
large amount of the energy consumed in buildings is
employed for heating and cooling of buildings to
provide internal comfort. Therefore, heating and cooling
loads in buildings constitute a significant part of the
energy consumption of the buildings. One of the most
effective ways to decrease these loads is to use heat
insulation in the building envelope. Thermal resistance
is increased by using heat insulation on building exterior
walls while heat transfer loads are reduced. On the other
hand, proper utilization of thermal insulation improves
thermal properties such as time lag and decrement factor
that expresses the thermal storage capacity of the outer
walls. That is, thermal insulation leads to an increase in
time lag and reduce in decrement factor. As the
insulation thickness applied to the outer walls of
buildings rises, the heat transfer reduces, and the
insulation cost increases. Therefore, the insulation’s
optimum thickness should be determined based on a
cost analysis.

To estimate the heat transition loads used in the
determination of optimization of insulation thickness,
many works in the literature applied degree-day or
degree-hour method which is a crude and simple model
under static conditions (Akan, 2021; Aktemur et al.,
2021; Bolattiirk, 2008; Dombayci1 et al., 2006; Hasan,
1999; Comakl1 and Yiiksel, 2003; Sisman et al., 2007,
Ozkahraman and Bolattiirk, 2006; Comakl1 and Yiiksel,
2004; Dombayci, 2007; Dombayect et al., 2017; Ertiirk,
2016; Ertiirk, 2017; Yildiz et al., 2008; Kaynakli, 2008;
Mahlia and Igbal, 2010; Kurt, 2010; Bolattirk, 2006;
Kaynakl et al., 2015; Yu et al., 2009; Ozel et al., 2015;
Barrau, 2014; Sundarama and Bhaskaran, 2014).
However, a more accurate estimation of heating and
cooling transition loads is quite important in the
determination of the optimum insulation thickness.
Therefore, Dynamic transient models considering the
effects of solar radiation and the thermal storage of the
building are more reliable for estimating heat loads. In
literature, a few studies based on the thermal
performance of the building walls used numerical model
under dynamic thermal conditions (Al-Sanea et al.,
2005; Ozel, 2011; Ozel, 2013a; Ozel, 2013b;



Nematchoua et al., 2017; Huo et al., 2015; Ramin et al.,
2016; Ibrahim et al., 2012; Al-Sanea et al., 2003; Al-
Sanea and Zedan, 2002) while the others applied an
analytical dynamic model based on Complex Finite
Fourier Transform (CFFT) method (Daouas, 2011;
Daouas et al., 2010).

There are several studies in the literature on determining
thermal performance and optimum insulation
thicknesses considering different wall orientations. In
all of these works, the interior design temperatures and
the heating and cooling periods which are determined
for the representation day of each month are
independent of the wall orientations. The basic aim of
this work is to fill this knowledge gap and to analyze the
wall insulation both thermally and economically
considering many parameters such as heating, cooling,
and total transmission loads, static and dynamic thermal
resistances, time lag, decrement factor, and optimum
insulation thickness. Several studies in the literature
include only a few of these parameters. In this study,
firstly, the interior design temperatures are numerically
determined from minimum heat gain and loss point of
view by considering wall orientations under dynamic
thermal conditions. Secondly, the interior design
temperatures which are determined according to wall

Brick block

20 cm

orientations are used to determine thermal parameters
such as annual transmission loads, annual average
dynamic thermal resistance, annual average time lag,
and decrement factor. The transmission loads are
separately calculated as hourly, daily, and yearly.
Finally, optimum insulation thickness is also calculated
by using heating and cooling periods determined
according to wall orientations. The results of this work
which is realized for the climate conditions of Adana,
Turkey are compared with results of other works under
various climate conditions.

MATHEMATICAL FORMULATION

The uninsulated and insulated composite wall structures
are illustrated schematically in Fig.1. The outer side of
the walls is exposed to the external environment
temperature and solar radiation changing throughout the
day while the inner side is exposed to the indoor design
temperature at a fixed temperature. One dimensional
transient heat conduction equation in a composite wall
with perfect thermal contact is defined as:

Figure 1. Uninsulated and insulated wall structures

Thermal properties used in the composite wall are given
in Table 1. It is considered that there is no heat
generation, interface resistance is neglected and change
of thermal properties is neglected. One initial condition
and two boundary conditions are needed to solve the
differential equation. An arbitrary homogeneous
temperature range is chosen as the initial condition. The
convection boundary conditions on the outer and inner
surfaces of the wall are described as follows,
respectively:

Table 1. Material properties

Material k(W/mK) p(kg/m®) c (J/kg K)
Brick block 0.620 1800 840
Expanded polystyrene 0.038 18 1500
Cement plaster 0.720 1865 840
oT(0,t)
_kEP' = hO (rsa _Tes)
OX )
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where kep and kip are thermal conductivities of external
and internal plaster, respectively. h, and h; are
convection heat-transfer coefficients at the wall outer
and inner surfaces, respectively. Te and Tis are the
external and internal surface temperatures of wall,
respectively. Tiq is the internal design temperature. Tsa is
called as sol-air temperature and is described as follows
(Threlkeld, 1998):
T.=T,+al /h -z AR/h, Q)
To and o« are external environment temperature
changing throughout the day and outer surface solar
absorptivity, respectively. The outdoor environment
temperatures are given in Table 1. eAR/h, is called as
the correction factor and is taken as O for vertical wall
surfaces. Iy is the total solar radiation and is calculated
for wvertical wall surfaces as follows (Duffie and
Beckman, 1991):



I =Rl + (14 +p,1)/2

(5)where 1, 1, and Iy are total, beam and diffuse solar
radiations on the horizontal surface. pq is the reflectance
of the ground and is taken as 0.2. Ry is called as the
geometric factor and is calculated depending on
incidence angle (6©) and zenith angle (6,) as follows:

R, =cos@/cosé, (6)
These angles are given for vertical surfaces as follows:

€0S @ = C0S 5.Sin .COS y.COS @
+C0sd.siny.sinw

@)

—Sin §.cos ¢.cos y

®)

COS @, = COS ¢.C0S &.C0S w+Sin @.sin &

where ¢ S,y and @ represent latitude angle,

declination angle, surface azimuth angle and hour angle,
respectively. The surface azimuth angle is taken to be 0
for a south-facing wall, 180 for a north-facing wall, -90
and 90 for east and west orientations, respectively.

For determining the temperature distribution through the
composite structure, the heat conduction equation
containing boundary conditions was previously solved
by employing the implicit finite-difference method
(Ozel and Pihtili, 2007) and a general-purpose computer
program was developed in MATLAB. To achieve a
stable periodic solution, it is assumed that the solar air
temperature which associates the effects of external
environment temperature and solar radiation will be
repeated on sequent days.

Environmental Conditions

This work is realized for the climate conditions of
Adana (latitude: 36.98°N, longitude: 35.33°E), Turkey.
Adana which is placed on Turkey’s Mediterranean coast
is one of the hottest cities of Turkey. Hourly outdoor
environment temperatures are supplied from records for
weather data in the meteorological station (2007-2017).
These hourly temperatures are obtained by taking the
average of the years given and are given in Table 2 for
the fifteenth day of each month. The solar radiation on
vertical wall surfaces is determined via the isotropic sky
model (Duffie and Beckman, 1991). ¢ is accepted as
0.8. h, and h; are assumed as 22 and 9 W/m?K,
respectively (Ozel, 2013a). Sol-air temperatures are
determined depending on the solar radiation intensity
and the outdoor air temperatures.

Table 2. Hourly outdoor environment temperatures for the fifteenth day of each month during the year

Hourly outdoor environmental temperatures (°C)

Time (h) Jan. Feb. Mar. Apr. May Jun. Jul.  Aug. Sep. Oct. Nov. Dec.
1 9.7 11.8 143 180 215 231 273 279 240 208 159 15
2 111 119 148 175 21.6 222 27.0 281 236 203 158 0.6
3 9.7 118 143 17.2 20.6 228 268 279 236 21.0 156 -0.6
4 89 115 135 169 204 227 266 279 234 186 149 14
5 6.6 11.2 128 164 21.1 243 288 276 234 186 149 14
6 6.4 108 125 18.0 229 250 281 285 246 198 156 1.8
7 6.2 10.7 119 19.0 253 255 29.7 293 261 230 163 2.9
8 8.7 104 126 204 26.6 271 30.7 32.0 283 253 172 54
9 81 116 149 206 279 271 318 327 294 270 19.0 74
10 11.3 140 164 21.0 282 286 324 337 307 289 208 9.2
11 13.1 168 17.7 21.1 281 298 33.6 345 314 300 224 10.6
12 144 19.2 186 21.8 278 29.7 33.6 347 315 29.6 235 11.0
13 16.1 214 19.7 21.7 278 293 343 350 31.2 306 234 116
14 17.0 221 202 21.6 266 296 334 348 306 303 234 11.0
15 17.2 22.0 209 216 262 29.7 326 334 272 300 223 98
16 17.6 223 175 212 240 29.2 31.6 33.0 235 272 214 82
17 171 22.0 175 203 229 26.7 31.0 313 240 247 202 76
18 13.6 205 17.2 19.2 224 256 295 302 212 227 198 7.2
19 10.3 16.7 16.2 187 223 245 29.0 295 220 235 189 55
20 89 148 15.0 184 222 242 285 287 223 200 172 51
21 88 148 146 183 22.0 24.0 283 286 222 201 171 44
22 85 134 143 185 215 236 283 282 214 196 163 3.3
23 82 132 13.7 184 212 236 283 278 212 191 165 21
24 81 127 131 183 21.2 229 279 275 212 173 158 25
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CALCULATION OF THERMAL PARAMETERS
Heating, Cooling, and Total Transmission Loads

In this work, the fifteenth day of each month during the
year is taken into consideration as a representative day
and hourly heat transmission loads are calculated as
follows:

g =h (T —Tig) ©
Daily transmission loads are also calculated by
integrating instantaneous load over one day period (24
h) as:

Qu (10)

J~024h gt

To calculate a daily total load, these instantaneous loads
are integrated over 24 h periods. The daily value of the
representative day of each month is multiplied by the
number of days in that month.

Yearly total heating and cooling transmission loads are
determined separately from daily heating and cooling
loads which are summed up over winter and summer
periods.

Nominal and Dynamic Thermal Resistances

Nominal (static) thermal resistance is calculated by
summing the convective and conductive resistances as
follows (Al-Sanea et al., 2013):

N
R, :Z(L/k)j +@/h)+@/h)
j=1
The average daily dynamic resistance for each month’s
fifteenth day is obtained as follows (Al-Sanea et al.,
2013):

24h
[T, =Tt
Rd:T
j |a|dt

0

11)

(12)

The annual average dynamic resistance is calculated to
be the weighted average of monthly values according to
transmission loads.

Time Lag and Decrement Factor

There are two features that are beneficial to express the
thermal storage capabilities of the outer walls of the
building. These features are named as time lag and
decrement factor. The time lag is the time when
sinusoidal temperature fluctuation achieves from
external surface to internal surface of the wall and is
defined as follows (Ozel and Pihtili, 2007):

D=t t

T )~ U7, (ma) (13)
Where 17 ogand b . symbolize the time that

external and internal surface temperatures are being
maximum, respectively. The decrement factor is the
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ratio of the internal surface temperature amplitude to the
outer surface temperature amplitude, and is defined as
follows (Ozel and Pihtili 2007):

f= I.—ris(max) _Tis(min)]/[Tes(max) _Tes(min)]

Where T T T

es(max)? "is(max)’ "es(min

(14)

)and Ty AT€ the highest and

the lowest temperatures on the external and internal
surfaces of the wall. Values of the time lag and
decrement factor are determined for each month’s
fifteenth day. Then, annual values are calculated by
taking the arithmetic average of monthly values
throughout the year.

Optimization of Insulation Thickness

The optimization of the insulation thickness is based on
a cost analysis which includes the cost of energy
consumption and the cost of insulation over the 20-year
life of the building. Only heat transmissions from
external walls are taken into account for the calculation
of the optimum thickness of the insulation. The annual
energy consumption cost is calculated as follows
considering both the heating and cooling loads:

c QG Qc
AT 6
H,n 3.6x10°COP

(15)

where Q and Q_are heating and cooling transmission
loads per year of the insulated wall, respectively. C.
and c_are fuel cost and electricity cost, respectively.
H, is the lower calorific value of the fuel, 7 is the
heating system efficiency and COP is the performance
coefficient. The total cost is determined by adding the
insulation cost to the present worth of the energy
consumption cost over the lifetime of the building and is
defined as follows:

C, =C,PWF+C,.L, (16)

where ciand L are the insulation cost and thickness.

PWF is Present Worth Factor. PWF is determined
based on inflation and interest rates over the 20-year life
of the building (Ozel, 2013). Table 3 gives parameters
used in cost analysis.

Table 3. The parameters used in calculations

Parameter Value

Natural gas (in heating)

C: 0.4919 $/m?
H, 34.541*10°8 J/m3
77, % 93
Electricity (in cooling)

Ce 0.1894 $/kWh
COoP 2.5

Insulation

Expanded polystyrene

C, 188.419 $/m?
PWF 17.75




RESULTS AND DISCUSSION

Determination of Solar Radiation and Sol-air
Temperature

Fig. 2(a-b) presents the maximum of the solar radiation
and sol-air temperature according to months for
different wall orientations. It is revealed that the highest
values of maximum solar radiation appear in the south-
facing wall for October, November, December, January,
February and March months while they appear in east
and west orientations for April, May, June, July, August
and September. The results show that the highest value
of maximum solar radiation for all months is obtained to
be 553.88 W/m? in the east (or west) facing wall while
the lowest value of maximum solar radiation is obtained
as 98.72 W/m? in the north-facing wall. It is seen that
for all months, the minimum solar radiation constitutes
in north-facing wall. It is also seen in Fig. 2b that the
highest value of sol-air temperature for all orientations
is obtained in August month that maximum outdoor
temperature occurs.
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Figure 2 (a-b). Maximum values of the incident solar
radiation and sol-air temperature according to months for
different orientations

Fig. 4(a-b) presents the hourly change of internal
surface temperatures according to wall orientations for
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The results indicate that the maximum of sol-air
temperatures for west orientation is higher compared to
the other orientations. It is obvious that this is due to the
time at which the highest external temperature occurs.
Determination of Outdoor and Indoor Surface
Temperatures

Fig. 3(a-b) indicates the hourly variation of outside
surface temperature for January 15 and July 15,
respectively. The conclusions show that on January 15,
the highest value of outside surface temperatures is
obtained to be 27.26 °C at 13:00 for the south-facing
wall while on July 15, it is obtained to be 46.99 °C at
16:00 for the west-facing wall. Besides, it is seen that in
summer, the time that outdoor surface temperature is
maximum is obtained to be 13:00, 13:00, 9:00 and
16:00 for the south, north, east and west orientations,
respectively. The conclusions indicate that the highest
value of the outer surface temperature is reached at the
earliest east wall.
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Figure 3. Hourly variation of outside surface temperature for
a) January 15 and b) July 15

winter and summer conditions, respectively. It is seen
that on July 15, maximum values of inside surface



temperatures are obtained to be 26.82, 26.50, 27.24 and
27.55 °C, respectively while on January 15, they are
obtained to be 20.02, 18.89, 19.13 and 19.27 °C for
south, north, east and west orientations. The results
show that for winter, the maximum peak of inside
surface temperature achieves in the south-facing wall
while for summer, it achieves in the west-facing wall.
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Figure 4. Hourly variation of inside surface temperature for a)
January 15 and b) July 15

Determination of Indoor Design Temperatures

Fig. 5 (a-c) indicates daily transmission loads in the
uninsulated wall for each month’s fifteenth day
according to different wall orientations and indoor
design temperatures: 20, 22 and 24 °C. These loads for
the 6 cm insulated wall are also shown in Fig. 6 (a-c). It
is observed that the cooling and heating loads are
importantly reduced when the wall is insulated. This
reduction is obtained to be 74.7% for all wall
orientations and three different indoor design
temperatures. In both uninsulated and insulated walls, it
is obvious that the highest heating load is reached in
December for all orientations while the highest cooling
load is reached in August for the south, east and west
orientations. But, the highest cooling load for the north-
facing wall is obtained in July. The results show that
both heating and cooling requests occur in April and
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November months according to indoor design
temperatures. This indicates that there may be cooling
during the day period and heating during the night
period.
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Figure 5. The daily total cooling and heating transmission
loads for the 15th day of each month with respect to different
indoor design temperatures in the uninsulated wall for (a)
south, (b) north and (c) east (or west) orientations.
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Figure 6. The daily total cooling and heating transmission
loads for the 15th day of each month with respect to different
indoor design temperatures in 6 cm insulated wall for (a)
south, (b) north and (c) east (or west) orientations.
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Table 4 shows yearly heating, yearly cooling and yearly
total transmission loads according to indoor design
temperatures for different wall orientations. The results
indicate that minimum heating load is obtained in the
south-facing wall while the minimum cooling load is
obtained in the north-facing wall. The same conclusion
was previously obtained for the climatic conditions of
Elazig, Turkey (Ozel, 2016). The results also indicate
that as indoor design temperature rises, the cooling load
and total load decrease while the heating load increases.
It is obvious that total transmission load is reduced since
the cooling load is more dominant than the heating load
under the climatic conditions of Adana, Turkey. It is
also obvious that the wall orientation, indoor design
temperatures and insulation have a significant effect on
heating, cooling and total transmission loads.

Table 4. The effect of indoor design temperatures on the
yearly cooling, heating and total transmission loads for
different wall orientations

Indoor Wall The yearly transmission loads (MJ/m? year)
design orientati -
temg. orientation Uninsulated wall Insulated wall
(°C) Heat. Cool. Total Heat. Cool. Total
20 South 735 359.7 4332 18.6 91.0 109.6
North 136.2 279.2 4154 344 70.6 105.1
East/West 112.0 361.9 4739 283 915 119.9
22 South 111.3 279.8 391.1 282 70.8 98.9
North 186.9 212.3 399.2 47.3 53.7 100.9
East/West 156.4 288.6 445.0 39.6 73.0 112.6
24 South 154.7 205.6 360.3 39.1 520 911
North 245.1 152.8 3979 62.0 38.6 100.6
East/West 206.6 221.2 427.7 52.3 559 108.2

Indoor design temperatures and the heating and cooling
periods which are determined from the thermal
performance point of view are given in Table 5 for each
month’s representative day according to wall
orientations. These results indicate that for the south
wall, yearly heating load is obtained during the heating
period (December, January and February) while the
yearly cooling load is obtained during the cooling
period (from March to November). For a north-facing
wall, the heating period consists of November,
December, January, February, March and April months
while the cooling period consists of May, June, July,
August, September and October months. On the other
hand, it is seen that for east (or west) orientations, the
heating period consists of November, December,
January, February and March months while the cooling
period consists of April, May, June, July, August,
September and October months. It is seen that the
longest cooling period is obtained in south orientation
while the shortest cooling period is obtained in north
orientation. It is also seen that the shortest heating
period is obtained in south orientation.



Table 5. The indoor design temperatures and the heating and cooling periods which are determined for the representative day of

each month according to different wall orientations

Indoor design temperatures Ti(°C)

Orientation Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
South 20" 20 20° 22° 245 24°  24° 24 245 24°  22¢ 20"
North 20 20" 20N 220 24°  24° 24 24°  24° 24 220 20"
East/West 20" 20" 20 22° 245 24°  24°  24° 24 24° 220 20"

Pheating

‘cooling

Determination of Daily and Yearly Transmission
Loads

Fig. 7 presents variation of daily total cooling and
heating transmission loads according to months for
different wall orientations in 6 cm insulated wall. These
transmissions are determined by using the interior
design temperatures given in Table 5. It is revealed that
the minimum heating load is obtained in February for
the south-facing wall while the maximum heating load
is obtained in December for the north-facing wall.
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Figure 7. The daily total cooling and heating transmission
loads for the 15th day of each month with respect to different
wall orientations in 6 cm insulated wall

Fig. 8 indicates yearly cooling and heating loads to
insulation thicknesses for different wall orientations.
The yearly total transmission load is also shown in Fig.
9. It is seen that in the uninsulated wall, yearly cooling
load is obtained to be 221.37, 152.81, 229.14 and
229.14 MJ/m? for the south, north, east and west
orientations, respectively while yearly heating load is
obtained to be 73.54, 138.44, 117.62 and 117.62 MJ/m?2,
The results show that the cooling load is greater than the
heating load. Besides, it is obvious that all transmission
loads decrease against increased insulation thickness.
This reduction is greater in the smaller insulation
thickness values. With the increase of the insulation
thickness, the transmission loads approach each other
for all wall orientations. It is seen that in 10 cm
insulated wall, yearly cooling load is obtained to be
37.37, 25.79, 38.68 and 38.68 MJ/m? for south, north,
east and west orientations, respectively while yearly
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heating load is obtained to be 12.41, 23.36, 19.85 and
19.85 MJ/m?. The results show that the amount of
reduction in heating, cooling and total loads is 83.12%
for all wall orientations when the wall is insulated as 10
cm. The results also show that the transmission loads
are the same for east and west orientations. The other
orientations have almost equal cooling loads while the
north-facing wall gives the lowest cooling load. It is
obvious that inside surface temperature swings and peak
loads as seen in Fig.4 are different for south, north, east
and west orientations because of solar radiation.
However, these loads are obtained as equal for the east
and west orientations since yearly transmission loads
are calculated from the sum of the instant loads. This is
because the incident solar radiation is symmetrical for
the east and west orientations, and these orientations
receive the same amount of total solar radiation. The
north-facing wall gives maximum heating load while
the south-facing wall gives minimum heating load.
Same trends and similar results were achieved by
references (Ozel, 2011; Al-Sanea and Zedan, 2002;
Daouas, 2011) for different climates. At lower
insulation thicknesses, the total transmission load of the
north-facing wall is slightly smaller than that of the
south-facing wall. With the increase of the insulation
thickness, total transmission loads of south and north-
facing walls begin to be the same. The highest values of
total transmission load are obtained in east and west-
facing walls as obtained in cooling load.
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Figure 8. Variation of yearly cooling and heating transmission
loads versus insulation thickness for different wall orientations

0.07 0.08 0.09 0.1



350

s s
—©&— South
—t— North

w

]

S
1

—H— East

= N N
3] o 134
o o o

Total transmission load (MJ/mZ)
=
o
o

50

r r r r r r r
0.03 0.04 0.05 0.06 007 008 009 0.1
Insulation thickness (m)

0 r I
0 0.01 0.02

Figure 9. Variation of yearly total transmission loads versus
insulation thickness for different wall orientations.

Determination of Dynamic Thermal Resistance

Fig. 10 (a-b) demonstrates the variation of thermal
resistance values versus the 15th day of each month
according to different wall orientations for uninsulated
and insulated walls, respectively. Fig. 10 also
demonstrates nominal resistance (Rn) to compare with
dynamic resistance. The static resistance does not vary
according to the wall orientations as it does not include
the effects of solar radiation and heat storage. Besides, it
has the same value for all months since the static
resistance is the sum of conductive and convective
resistances. It is seen that the static resistance is
obtained to be 0.5347 m?K/W in the uninsulated wall
for all months while it is obtained to be 2.1136 m?K/W
in the insulated wall. The results show that the dynamic
resistance varies according to the wall orientations and
months. It is seen that the static resistance is greater
than the dynamic resistance for all wall orientations in
January, May, June, July, August, September months
while it is smaller than the dynamic resistance in
November, December, February, March and April
months. It is also seen that dynamic and static thermal
resistances increase when the wall is insulated.

The dynamic thermal resistance values of uninsulated
and insulated walls are compared in Fig. 11 (a-d). It is
seen that peak resistance values in some months of the
year are obtained if the wall is insulated. For example,
when the wall is 6 cm insulated, the maximum peak
value of dynamic resistance is obtained in February for
the south-facing wall, in April for the north-facing wall
and in March for the east (or west)-facing walls because
of minimum heating loads. These months correspond to
months of minimum heating as shown in Fig. 7. The
results show that dynamic thermal resistance is
minimum in months that heating and cooling loads are
maximum. It is seen that for south orientation and
February month, dynamic thermal resistance is obtained
to be 9.1234 m2K/W in the insulated wall while it is
obtained to be 0.9511 m?K/W in the uninsulated wall.
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Figure 10. Variation of thermal resistance values versus
months according to different wall orientations for a)
uninsulated wall and b) 6 cm insulated wall.

Fig. 12 shows the variation of thermal resistance values
versus insulation thickness according to all months for
the south-facing wall. It is seen that the static resistance
is higher than the dynamic resistance for some months
of the year. It is also seen that the dynamic resistances
for all months and nominal resistance linearly increase
with the increase of insulation thickness. The results
demonstrate that the gradient of the resistance versus
insulation thickness is different for each month. It is
seen that for the south-facing wall, the gradient of the
resistance is maximum in February month while it is
minimum in January month.
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Figure 11. Variation of dynamic thermal resistance versus
months according to uninsulated and insulated walls for a)
south b) north ¢) east and d) west orientations
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Fig. 13 shows the variation of annual averaged dynamic
thermal resistance to increasing insulation thickness for
different wall orientations. The dynamic resistance
differs according to wall orientations since it contains
the effects of heat storage and solar radiation. It is seen
that in 6 cm insulated wall, the dynamic resistance
values are obtained to be 1.956, 1.937, 1.708 and 1.705
m?K/W while in the uninsulated wall, they are obtained
to be 0.480, 0.446, 0.412 and 0.406 m?K/W for the
north, south, east and west orientations, respectively.
The results demonstrate that the highest dynamic
resistance is obtained in the north-facing wall then the
south-facing wall while the lowest dynamic resistance is
obtained in east and west-facing walls.
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Figure 13. Variation of dynamic thermal resistance versus
insulation thickness for different wall orientations

Determination of Time Lag and Decrement Factor

Fig. 14 (a-b) shows the time lag and decrement factor
for the 15th day of each month according to different
wall orientations. It is revealed that for all months,
maximum time lag appears in the east wall while
minimum time lag appears in the west wall. Besides, it
is seen that the minimum decrement factor is obtained



in the west-facing wall for January, February, March,
October, November and December months while it is
obtained in the east-facing wall for April, May, June,
July, August and September months.
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Figure 14 (a-b). Variation of time lag and decrement factor
for the 15th day of each month according to different wall
orientations

Fig. 15 (a-b) presents the variation of time lag and
decrement factor according to increasing insulation
thickness for wall orientations. The results indicate that
as insulation thickness rises, time lag increase for whole
wall orientations while the decrement factor decreases,
as expected. The east-oriented wall gives maximum
time lag while west oriented wall gives minimum time
lag. This is because the maximum peak value of outside
surface temperature reaches earlier for the east-facing
wall and reaches later for the west-facing wall as seen in
Fig.3. However, it is seen that at the lower thickness of
insulation, the west-facing wall gives a slightly lower
decrement factor than the other orientations. As the
thickness of insulation rises, decrement factors for all
wall orientations approach each other. Similar
conclusions were obtained for different insulation
materials under different climatic conditions (Al-Sanea
and Zedan 2002). The best result from the maximum
time lag point of view is achieved in the east-facing wall
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while the worst result from the minimum time lag point
of view is obtained in the west-facing wall. The
conclusions of this study are consistent with those
obtained by employing different climate conditions
(Ozel 2013a; Ozel 2013b; Ramin, et al. 2016; Al-Sanea
and Zedan 2002).
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Figure 15 (a-b). Variations of time lag and decrement factor
with insulation thickness for different wall orientations.

Change of time lag and decrement factor according to
different orientations for uninsulated and insulated walls
is presented in Fig. 16 (a-b). For uninsulated walls, the
time lag is obtained to be 7.39, 7.84, 9.47 and 6.29 h for
the same orientations while the decrement factor is
obtained to be 0.0828, 0.0824, 0.0777 and 0.0753 for
the south, north, east and west orientations, respectively.
The results indicate that the wall orientation has a very
small effect on the decrement factor, but has a large
effect on the time lag. The results also indicate that the
decrement factor is reduced while the time lag rises if
the wall is insulated. For 6 cm insulation thickness, it is
seen that this increase in time lag is 25.4%, 10.95%,
22.01% and 27.83% while this reduction in decrement
factor is 89.61%, 89.68%, 89.58% and 89.91% for the
south, north, east and west orientations, respectively.



The results show that the effect of insulation on the
decrement factor is greater than its effect on time lag.
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Figure 16 (a-b). Variation of time lag and decrement factor
according to different wall orientations

Determination of Optimum Insulation Thickness

Fig. 17 indicates the variation of costs versus increased
insulation thickness for the south-facing wall. It is seen
that with increasing the insulation thickness, the cost of
the insulation rises linearly while the cost of the energy
decreases. It is also seen that the total cost which
consists of the cost of energy and insulation diminishes
up to a certain value of insulation thickness and then
started to increase. The variation of total cost according
to increasing insulation thickness for all wall
orientations is shown in Fig. 18. The optimum
insulation thickness is insulation thickness where the
total cost is the minimum. The conclusions indicate that
the optimum thickness of the insulation is obtained to be
8.4 cm for the south, 8.0 cm for north, 9.2 cm for east
and west orientations, respectively. The results of the
present study on the optimum insulation thickness
according to the different wall orientations are
compared with the results of other studies in Table 6. It
is obvious that optimum insulation thicknesses of east
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and west-facing walls which have the same yearly
heating and cooling loads are the same. The results
illustrate that for some climatic conditions, the lowest
insulation thickness is achieved on the north-facing wall
while for other climatic conditions, it is achieved on the
south-facing wall. However, it is seen that for most
climates, east and west orientations give the greatest
insulation thickness. In warm climates such as Adana, it
is clear that the minimum insulation thickness is
achieved for the north wall. In this study, it is seen that
the north orientation provides the lowest insulation
thickness while east (or west) orientation provides the
highest insulation thickness.
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Figure 17. Variation of costs with insulation thickness for a
south-facing wall.
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Table 6. Comparison of the results of the present study with the results of other studies on the optimum insulation thickness

according to the different wall orientations

Reference study Location Insulation materials Optimum insulation thickness (cm)
South  North  East  West
Present study (heating+cooling) Adana, Turkey Expanded polystyrene 8.4 8.0 9.2 9.2
Ozel, (2011) (heating+cooling) Elazig, Turkey Extruded polystyrene 5.5 6.0 6.0 6.0
Ozel, (2013) (heating) Kars, Turkey Expanded polystyrene  13.6 15.0 144 144
Kars, Turkey Extruded polystyrene 9.2 10.2 9.8 9.8
Ozel, (2013) (cooling) Antalya, Turkey Extruded polystyrene 3.6 31 4.0 4.0
Nematchoua et. al. (2017) (cooling) Yaounde, Cameroon Expanded polystyrene 8.0 7.0 8.0 8.0
Garoua, Cameroon  Expanded polystyrene 12.0 11.0 125 125
Huo et. al. (2015)(heating+cooling) Chengdu, China Expanded polystyrene 6.1 6.1 6.2 6.2
Changsha, China  Expanded polystyrene 7.3 7.5 7.7 7.7
Hefeie, China Expanded polystyrene 7.9 8.2 8.3 8.3
Shanghai, China Expanded polystyrene 6.8 7.2 72 7.2
Ramin et. al. (2016) heating+cooling) Tehran, Iran Expanded polystyrene  5.66 6.04 6.30 6.30
Tehran, Iran Extruded polystyrene  3.06 3.24 337 337
Ibrahim et. al. (2012) (heating) Zahle, Lebanon Expanded polystyrene 3.4 4.7 39 4.0
Ibrahim et. al. (2012) (cooling) Beirut, Lebanon Expanded polystyrene 4.1 1.9 4.8 49
Al-Sanea and Zedan(2002)(heating+cooling) Riyadh Molded polystyrene 8.75 8.88 9.2 9.25
Daouas, (2011) (heating+cooling) Tunisia Expanded polystyrene  10.10  10.1 117 116
CONCLUSION lowest yearly total transmission load, the lowest

This study is realized for the climatic conditions of
Adana which is one of the hottest cities of Turkey.
Firstly, heating and cooling periods for different wall
orientations are determined by calculating the
transmission loads according to indoor design
temperatures under dynamic thermal conditions. It is
seen that for a south-facing wall, the heating period
consists of December, January and February months
while the cooling period consists from March to
November. For a north-facing wall, the heating period
consists from November to April while the cooling
period consists from May to October. On the other
hand, it is seen that for east (or west) orientations, the
heating period consists from November to March while
the cooling period consists from April to October. The
results show that the longest cooling period is obtained
in south orientation while the shortest cooling period is
obtained in north orientation. The results also show that
the wall orientation has an important effect on heating
and cooling periods.

Secondly, thermal parameters such as transmission
loads, dynamic thermal resistance, time lag and
decrement factor are calculated for all wall orientations
by using indoor design temperatures determined over
the whole year. The results show that the other
orientations have almost equal cooling loads while the
minimum cooling load is obtained for the north-facing
wall. Besides, it is seen that maximum heating load is
obtained in the north wall while the minimum heating
load is obtained in the south wall.

It is revealed that the dynamic resistance is inversely
proportional to the total transmission load. That is, the
maximum thermal resistance corresponds to the
minimum transmission load. The results show that the
north-facing wall then the south-facing wall give the
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insulation thickness and the highest dynamic thermal
resistance. On the other hand, west and east-facing walls
give the highest yearly total transmission load, the
highest insulation thickness and the lowest dynamic
thermal resistance.

Besides, the results show that the east-facing wall has
the longest time lag since the maximum value of the
outer surface temperature is reached at the earliest east
wall. It is seen that the effect of the wall orientation on
the decrement factor is unimportant while the wall
orientation has an important effect on time lag. Finally,
the optimum thickness of insulation is determined by
using both heating and cooling loads. The results
obtained for different wall orientations are compared
with the results of other studies under different climatic
conditions.

Consequently, it is seen that wall orientation has a
noticeable effect on time lag, dynamic thermal
resistance, transmission loads and optimum insulation
thickness while the effect of wall orientation on
decrement factor and static thermal resistance are
insignificant.
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Abstract: With the enhancements in nanotechnology, electronic devices shrank in size which led to a necessity to
develop efficient thermal management strategies. These small electronic devices could be thermally managed through
passive systems provided that effective materials are developed. Here, we use a layer of activated carbon on top of
anodized aluminum heat sinks to utilize the sorption cycle of atmospheric water to create a desorption induced
evaporative cooling effect. The material properties of the activated carbon lead to enhanced cooling by radiation and
desorption, while the geometry of the heat sinks ensure surface area maximization. We develop a numerical simulation
platform to determine the optimum geometry and the optimal activated carbon coating mass. Our results show that as
the fin diameter and spacing shrink, and as the activated carbon mass increases within the considered range (0-100 mg),
effective cooling of the chip could be achieved. We further employ our simulations to decouple the effects of desorption,
radiation, and convection. Our analyses reveal that desorption only plays a vital role during the initial periods of
operation, while cooling due to radiation and convection leads to an =20% increase in the overall steady-state heat
transfer coefficient. This study goes beyond introducing a passive thermal management strategy for small electronic
chips by providing a link between mass diffusion and thermal processes for effective transient operation of thermal
devices.

Keywords: Thermal management, Activated carbon, Passive device, Heat sink.

AKTIiF KARBON KAPLAMALI SOGUTUCULARIN ANALIZ VE OPTIMIiZASYONU

Ozet: Nanoteknolojideki son gelismeler, elektronik cihazlarm boyutlarmm kiiciilmesine yol act1 ve bu durum
randimanli 1s1l yonetim stratejilerinin gelistirilmesini bir zorunluluk haline getirdi. Kiigiilen bu cihazlarm 1sil
yonetimlerinin gelistirilecek olan verimli pasif cihazlar vasitasiyla etkili bir sekilde gergeklestirilebilecegi
ongoriilmektedir. Bu c¢alismada, atmosferdeki su buharinin sorpsiyon doéngiisii kullanilarak yapay bir buharlagmali
sogutma etkisi olusturulmasi amaciyla anotlanmis aliiminyum sogutucularin {izerine bir aktif karbon tabakasi
kaplanmistir. Aktif karbonun malzeme 6zellikleri radyasyon ve desorpsiyon ile daha fazla sogutmaya olanak saglarken,
1s1 emicilerinin geometrileri yiizey alanmin en iist seviyeye cikarilmasmi saglamaktadir. Ideal sogutucu geometrisini
ve optimum aktif karbon kaplama kiitlesini belirlemek i¢in sayisal benzetim platformlar1 gelistirilmis ve kullanilmistir.
Analiz sonuglarina gore kanatcik capr ve araligi kiigiildiikge, ve aktif karbon kiitlesi ¢aligilan aralikta (0-100 mg)
arttikca, elektronik ¢ipin etkili bir sekilde sogutulabildigi goriilmektedir. Desorpsiyon, radyasyon ve konveksiyonun
etkilerini ayr1 ayr1 calisabilmek icin belirli girdilerle benzetme algoritmalari tekrar kullanilmigtir. Analizlerimiz,
desorpsiyonun sadece erken fazlarda 6nemli bir rol oynadigini, radyasyon ve konveksiyon temelli sogutmaninsa denge
durumundaki toplam 1s1 transfer katsayisinda ortalama %20’lik bir artisa yol agtigimni ortaya koymaktadir. Bu ¢aligsma
kiigiik elektronik cihazlarin pasif yontemlerle sogutulmalarina yonelik stratejiler gelistirmenin 6tesinde, 1s1l cihazlarin
zamana bagli etkili bir sekilde caligmalari i¢in kiitle diflizyonu ve 1s1l prosesler arasinda bir baglanti kurmaktadir.
Anahtar Kelimler: Isil yonetim, Aktif karbon, Pasif cihazlar, Is1 emici.

NOMENCLATURE loT Internet of Things
k Thermal Conductivity [W/m-K]
A Area [m?] L Length of the Fin [mm]
AC Activated Carbon Ly Length of the Chip [mm]
C Concentration [mol/mol] L, Width of the Chip [mm]
Cp Specific Heat Capacity [kJ/kg-K] Lc Characteristic Length [m]
D Fin Diameter [mm] My Mass of Adsorbed Water [mg]
Dc Intramolecular Diffusivity [m?/s] Mac Mass of AC Coating [mg]
g Gravitational Acceleration (m/s?) MOF Metal-Organic Framework

h Heat Transfer Coefficient [W/m?-K] N Number of Fins



Nu Nusselt Number [=h-L/k]

P Perimeter [mm]

ol Heat Supply [W/m?]

r Radius [m]

R Thermal Resistance[K/W]

Rs Particle Radius [nm]

RaL Rayleigh Number [=B-g-AT- (Lc)%/v-a]
RK4 4™ Order Runge-Kutta Algorithm
S Fin Spacing [mm]

t Time [s]

T Temperature [K]

tc Thickness of the Chip [mm]

a Thermal Diffusivity (m?/s)

B Thermal Expansion Coefficient (1/K)
v Kinematic Viscosity (m?/s)

AT Temperature Gradient [°C]

e Emissivity

n Fin Efficiency

o Stefan-Boltzmann Constant [W/ m?-K*]
Subscripts

air Air

des Desorption

E Inside the Silicon Chip

f Fin

hot Hot Side of the Silicon Chip

i i’th Body

nat Natural Convection

0 Overall State

rad Radiation

S Surface

t Total

0 Ambient

INTRODUCTION

With the recent advancements in nanotechnology,
efficient small electronic devices to power Internet-of-
Things (1oT) devices have proliferated (Yoon et al.,
2015). While scaling down on the size brought about a
plethora of advantages, it also led to certain engineering
challenges to address to keep the output power at an
acceptable range (zhu et al.,, 2013). One of the
bottlenecks of reducing the size of power electronics and
0T devices is the sheer thermal stresses arising from
large thermal gradients, leading to material failures if not
properly addressed (Yang et al., 2018). Therefore,
thermal management of small devices has been a popular
topic of research over the last few decades (Moore and
Shi, 2014). Thermal management has been traditionally
performed through heat sinks, where the exposed surface
area is enhanced through elongated fins with optimized
geometries to effectively decrease the temperature of
power electronic devices (Hetsroni et al., 2002). While
heat sinks enhanced the heat transfer with the
surroundings significantly when a liquid flow was
present, the enhancements were limited in the absence of
a flow (Christen et al., 2016). Hence, other mechanisms
of thermal management were introduced including
radiative cooling (Zhou et al., 2016) and phase change
heat transfer (Cho et al., 2016).
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Radiative cooling refers to enhancing the emissivity of a
body at the desired spectral range such that the emitted
radiation from the surface is increased (Hossain and Gu,
2016). While this approach proves effective for systems
that are not exposed to a running flow, design of selective
emitters is a challenging task (Hahn, 2010). Thus, the
operation of such systems is limited. Furthermore,
exposing these devices to sunlight could result in the
opposite effect (i.e. heating instead of cooling) since
absorption and emission are equal at a spectral level (Hu
et al., 2018). Therefore, performance enhancement
stemming from radiative cooling is highly application
specific.

Another technique to efficiently cool power electronics
is to utilize the latent heat of phase change on hot spots
of interest (Oh et al., 2017). High latent-to-specific heat
ratio values of most liquids make phase change induced
thermal management attractive for different applications
(Glinay et al., 2017). Hence, it has been extensively
studied in the past (Attinger et al., 2014), especially
through evaporative cooling (Giinay et al., 2021), and
boiling (Li et al., 2019). While boiling is effective due to
significantly larger heat transfer coefficient stemming
from bubble dynamics (Zhou et al., 2021), it is only
meaningfully useful at high output power electronics due
to the required high temperature spots to catalyze boiling
(Birbarah et al., 2020). Therefore, evaporative cooling is
much more desirable for small electronics where the
temperatures are kept close to the standard room
temperature or the human body temperature. Thankfully,
evaporative cooling also results in significant
enhancements in the heat transfer coefficient (Yang et al.,
2019). In fact, studies attained as much as 91%
enhancement through evaporative cooling due to
efficient utilization of the latent heat of water evaporation
(Kabeel et al., 2017). Therefore, evaporative cooling
remains as a thermal management technique with a
significant potential (Yang et al., 2019). On the other
hand, while phase change heat transfer comes with many
advantages, there are certain bottlenecks associated with
it. A constant supply of fresh liquid needs to be integrated
into the system, adding to the complexity, cost, and size
(Birbarah et al., 2020). Furthermore, droplets have to be
actively directed onto the hot spots, resulting in
expenditure of energy to decrease the total conversion
efficiency (Shahriari et al., 2017). Therefore, these
bottlenecks have made it difficult for evaporative cooling
inducing systems to be integrated into small electronics
and loT devices.

Recently, passive coatings that could utilize the sorption
cycles of atmospheric water have been introduced (Rezk
etal., 2012). These coatings constantly adsorb and desorb
the humidity in the air to create sorption cycles due to
their material properties (Kim et al., 2018). Silica gels
(Ng et al., 2001), metal-organic frameworks (MOFs)
(Kim et al., 2017), and zeolites (Henninger et al., 2010)
have been primarily used for this purpose. While the
main use of these materials and their corresponding
sorption cycles has been to collect fresh water from the
atmosphere (Fathieh et al., 2018), they were also shown



to act as effective evaporative coolers since desorption
creates a pseudo-evaporative cooling effect on the
surfaces (Karamanis et al., 2012). Researchers from
Shanghai Jiao Tong University in China used MIL-101
(a Chromium based MOF) to effectively thermally
manage a 1W power generator, decreasing the maximum
temperature as much as 8.6°C (Wang et al., 2020).
Similarly, researchers from The University of Tokyo
parametrically studied three different types of MOFs to
display as much as 300% enhancement in thermoelectric
power output for a device operating near room
temperature (Giinay et al., 2022). Though these results
are promising, MOF powders are typically expensive and
difficult to procure (Stock and Biswas, 2012). Therefore,
a long way has to be covered before making these
materials fully attractive for small scale operations.

Activated carbon (also termed activated charcoal) is
another material with the ability to create water sorption
cycles due to the material properties it possesses (Do and
Do, 2000). It is cost effective compared to MOFs due to
its vast availability and ease of procurement (Gonzalez-
Garcia, 2018). Furthermore, activated carbon (AC)
powders could be made to possess characteristic sizes in
the microscale or nanoscale (Juarez-Galan et al., 2009).
Furthermore, they could easily be applied onto surfaces
through spraying (Jang et al., 2013). Since AC possesses
a high radiative emissivity (e=1) (Subrenat and Le
Cloirec, 2003), they could also be used as radiative
coolers. Hence, AC coatings could be tailored as
combined radiative and sorbent coolers.

In this study, we numerically investigate the use of AC
coatings as efficient thermal management options. We
consider aluminum pin fins coated with activated carbon
powders to maximize the surface area, radiative cooling,
and desorption from the surface. We determine the
optimum fin diameter, spacing, and sorbent coating mass
through numerical optimization considering the thermal
management of a hot silicon chip. Our results show that
low diameter and low spacing leads to the optimum
geometry due to the maximization of the exposed surface
area. Additionally, the results of our optimization reveal
that the mass of the AC coating should be maximized
within the studied range due to the enhancements in
radiative cooling and the benefits of desorption cooling.
We further utilize our numerical algorithms to determine
the physical mechanism of enhancement. Our results
reveal that while desorption plays a role in the early
stages of operation, it has a negligible contribution to the
performance in the steady- state. Rather, increased
radiation and natural convection from the surface result
in an ~20% increase in the overall heat transfer
coefficient for the AC coated heat sinks compared to the
plain anodized aluminum ones. This study not only sheds
light onto the use of AC coatings as an effective thermal
management strategy but also provides design priorities
for the next generation of sorbent based thermal systems.
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SYSTEM MODEL

The system of interest consists of an aluminum heat sink
with pin fins coated with a thin layer of AC (Figure 1).
Aluminum is chosen because of its relatively high
thermal conductivity for a fraction of the cost of other
metals (Sommer, 1997). Furthermore, aluminum heat
sinks could be anodized to increase their overall
emissivity (Gustavsen and Berdahl, 2003). The heat sinks
to be modeled in this manuscript are all anodized in order
to obtain a fair comparison between the AC coated heat
sinks and the plain ones. The heat sink serves as a
thermally conductive mold with a high surface area,
while the thin AC layer that takes the shape of the heat
sink serves to create water sorption cycles to induce
evaporative cooling, as well as to enhance the overall
emissivity of the surface to increase cooling by radiation.
The inputs for the numerical model related to AC were
obtained from the literature and are summarized in Table
1 (Uddin et al., 2018, Verma et al., 2019).

AC was selected as the coating material due to its cost
effectiveness and coatability. AC could be synthesized
through many different techniques in vast amounts,
leading to a low cost (Nor et al., 2013, Gonzalez-Garcia,
2018). In fact, commercial AC powders could be
purchased from commercial vendors at around 0.132 $/g
(7440-44-0, Sigma Aldrich), which places the cost of
coating for this application to 0.013 $. Furthermore, bulk
coatings could be easily applied following a procedure
similar to the one given in previous studies (Giinay et al.,
2022). Therefore, considering the offered advantages of
enhanced thermal performance and passive operatability
at a low cost, AC coatings could potentially render the
anodization process irrelevant for applications where the
heat sinks are not subjected to heavy rain or flows.

A total silicon nanowire based chip size of 30x30 mm
(L1xL2) was selected as a reference. The size of the heat
sink was identical. The thicknesses of the base plate of
the heat sink and the silicon chip were both 1 mm (tc),
while the fin length was selected as 3 mm (L). The
spacing (S) and the fin diameter (D) were parametrically
varied in the analyses to obtain the optimum fin
geometry. Furthermore, the mass of the AC layer was
altered along with the geometric parameters to determine
the optimal coating thickness. All inputs were provided
to the numerical code developed in MATLAB to obtain
the temperature reduction and the heat transfer
enhancement.

THEORETICAL MODELING

The theoretical model consisted of two main parts,
namely; 1) mass diffusion model to obtain the desorption
characteristics of water vapor on the AC layer, 2) a 1D
transient heat transfer model to obtain the temperature
gradients and the heat fluxes on the system. Assuming
spherical particles undergoing homogeneous diffusion at
a given temperature, the change in concentration is given
by Fick’s Law as (Stebe and Lin, 2001):



Figure 1. Schematics of the modeled system. a) The anodized aluminum heat sink with the corresponding dimensions, b) activated
carbon coated anodized aluminum heat sink, c) side view of the modeled system including the electronic chip, the base of the
anodized aluminum heat sink, and the activated carbon coating. The star represents the top side of the electronic chip which is the
spot (the whole top surface) to be cooled. d) Top view of the modeled system with the corresponding geometric shape factors.
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Assuming constant surface concentration, diffusivity,
and intermolecular radius, the solution of Eq. (1) reduces
to (Kim et al., 2018):

My |y 6 i 1 n2n2Dct
Mac 2 Lz &P RZ

n=1

)

where the left hand side of Eq. (2) refers to the adsorption
capacity of AC (14% at 60% relative humidity on
average) (Rodriguez-Mirasol et al., 2005). We
determined Rs=9.5 nm from the literature (Yuan et al.,
2016) and subsequently obtained Dc=1.4x10% m?/s
through fitting Eq.(2) to match the adsorption capacity of
AC. After obtaining the mass diffusion dynamics, the
next step was to use them as inputs of the heat transfer
calculations. Thermal information could be obtained at
any given time by a mathematical balance of the total
unsteady heat, radiation, convection, mass diffusion
induced heat fluxes, and the total heat supply into the
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system. Assuming 1-D transport and that the spatial
variations do not lead to any temporal changes in the
thermal behavior, we could obtain the resulting
governing equation with the corresponding boundary
conditions as:

dT;
Z micp,id_tl = Aqlqe — hnat (Ts — Too)
i
- gJ(Ts4 - To‘g)] - Yhhdes ’
T.(t=0) =T,, ()

qc — hnat(Ts(t = °°) - Too)
—eo(TAHt=00) -T2 =0 ()

©)

The 1-D assumption allowed us to effectively carry each
intermediary temperature to the surface through the heat
supplied from the silicon chip given by:
e = Thot B Ts(t)
TR ©)

The resistance term was obtained by treating the silicon
chip, the base of the heat sink, and the AC layer as slabs



Table 1. Property inputs for the numerical algorithm.

Silicon Anodized
Chip AC Aluminum
cp (kJ/kg'K) 720 850 900
k (W/m-K) 0.25 0.63 205
p (kg/m®) 2330 400 2700
& - 0.99 0.8

(Ri=Li/ki-Aj, with their corresponding cross sectional
areas), obtaining the resistance of the extended fins (AC
coated or plain) through fin efficiency analogy, and
considering a 200 pum thick air gap as a contact resistance
between the heat sink and the silicon chip (Giinay et al.,
2022). Thermal parameters that are necessary for the
simulation of each layer are given in Table 1. Total fin
efficiency and the corresponding thermal resistance were
obtained from (Bergman et al., 2011):

M
To= 274 VT = R pa )

where the subscript o represents the overall state (array
of fins and the base), f represents the fin, and t represents
the total. The individual fin efficiency for a pin fin was
obtained from (Bergman et al., 2011):

0.5
tanh [(%) LC]
Ne = (ﬂ)o.sL ’ 8)

kD c
where Lc=L+(D/4) is the characteristic length. Natural
convection term was obtained through Nusselt-Rayleigh
analogy for a heat plane facing upward given by
(Bergman et al., 2011):
_ Nulc

t
n kair

L
0.54Raq; °2%) =<,
( L ) kair (9)

Where Lc=As/P was the characteristic length of the heat
exchanging surfaces (fins). Finally, the mass information
obtained by Eqg. (2) was not enough for the solution of
Eqg. (3). We numerically differentiated Eq.(2) at each
instant of interest to obtain the rates of desorption and
used it as an input for Eqg. (3). The latent heat of
desorption of water from the surface was determined to
be 55 kJ/mol from the literature which was lower
compared to the 135 kJ/mol for evaporation of water
(Kim et al., 2016).

The solution scheme of Eq. (3) consisted of a 4™ order
Runge-Kutta algorithm (RK4) solving Eq.(3) bounded by
Eq.s (4)-(5). The effects of the intermediary temperatures
(i.e. everything other than Ts) was transformed into the
heat supply from the silicon chip using the resistances
and effective parameters, and the corresponding surface
temperatures were iteratively obtained for each second.
The RK4 algorithm was tested with reference cases and
validated before the implementation for this study. The
reference cases for validation included heat sink
scenarios with analytical solutions (without the effects of
desorption), comparison to previously performed
experiments with heat sinks and flat plates with sorbent
coatings (without the effects of desorption), and
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comparison to previously performed experiments with
sorbent coatings undergoing regular thermal operation
(Giinay et al., 2022). After we ensured that the algorithm
was in perfect agreement with the analytical solutions
(i.e. =0% deviation) and in good agreement with the
experiments (within ~10% of the experimental
measurements), we implemented our numerical platform
to carry out the thermal simulations.

RESULTS AND DISCUSSION

The main goal of this study is to minimize the
temperature of the top surface of the silicon chip
(Depicted with a star on Figure 1c). Therefore, the
temperature reduction inside the silicon chip (ATe)
should be maximized. In other words, the effective heat
transfer coefficient based on the top surface of the silicon
chip (he) needs to be maximized. For that purpose, an
optimization algorithm was carried out on top of Eq. (3)
to determine the optimum geometry of the heat sink and
the optimal AC layer mass. The analyses were carried out
for a fin diameter range (D) of 0.5-10 mm, fin spacing to
fin diameter ratio (S/D) of 0.1-29 with the condition the
combination returned integer values of total number of
fins (N), and an AC coating mass range of 0-100 mg (0
mg represents plain heat sink without any coating). Here
it should be noted that 100 mg was chosen as an average
practical maximum value for the applied coatings.
Application of more mass would result in a higher
activated carbon thickness, reducing the effective
thermal conductivity, or increasing the packing ratio to
decrease the ability to desorb effectively. Optimization
was performed for maximum average temperature
reduction inside the silicon chip (ATg) over a period of
60 min. The results are given in Figure 2a. The results
reveal that the optimal case (ATe=5.9 °C, enabled by
average he=67 W/m?2-K ) happens when the fin spacing
and the fin diameter are equal (specifically for a fin
diameter of 0.5 mm, yielding 900 fins) and for an AC
coating mass of 100 mg. This is attributed to the
enhancements in the surface area owing to the use of fins,
and the increased cooling enabled by desorption and
radiation owing to the presence of the AC layer. It is
further seen that low S/D typically yields better cooling
performance due to the increased number of fins,
effectively increasing the exposed surface area.
Furthermore, increasing the AC coating mass results in
better cooling from the surface owing to the enhanced
emissivity and the utilization of the sorption cycle of
water. Therefore, we could postulate that the reduction in
the effective thermal conductivity because of the
presence of the AC layer does not contribute negatively
to the cooling performance. On the other hand, our
numerical analyses show that the maximum heat transfer
coefficient is achieved for a coating mass of 115 mg for
the determined optimal geometry, yielding an average
overall heat transfer coefficient of hg=68 W/m?K.
Furthermore, a coating mass of 166.2 mg further reduces
the heat transfer coefficient to the value without the AC
coating (he=56 W/m?-K), and 180 mg coating leads to the
case of a flat plate (he=<15 W/m?-K) due to the lower
effective thermal conductivity of AC, leading to less
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Figure 2. Results of the optimization analysis. The y-axis
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results for D=0.5 mm.
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effective cooling from the surface. Hence, the practical
limits should be carefully observed before applying the
coatings on the heat sinks. Further investigation of Figure
2a reveals that the data does not follow a specific trend
(especially for a S/D range of 1-5) due to thermal
dynamics related to the changing diameter of the fin.
Therefore, it is more useful to look at each studied
diameter individually. For this purpose, we plot the
optimization curves of the ideal diameter (D=0.5 mm) in
Figure 2b. Results show that the cooling performance is
reduced as the fin spacing increases, and the cooling
performance is enhanced with a thicker AC coating due
to the added desorption and radiation. Additionally, it is
seen that the shortcomings of the fin geometry could be
reversed through AC coatings (i.e. same temperature
reduction could be obtained by depositing more AC).
Therefore, we can conclude from our analyses that AC
coated heat sinks hold great potential for commercial use
as chip coolers.

After having obtained the optimal geometry and the AC
mass, it was mandatory to get the physical reasoning
behind this scenario. For that purpose, we determined the
water desorption dynamics from the AC layer. The water
uptake information of AC powders was obtained through
the solution of Eq. (2) with the given parameters (Rs=14
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nm and Dc=3x102! m?/s) and is shown in Figure 3. We
can clearly notice from the results that the low adsorption
capacity of AC limits extra desorption from the surface.
The rate of desorption is high at the initial contact owing
to the rapid increase in the layer temperature; however, it
becomes insignificant after 5-10 min. If the commercial
AC powders could be treated to enhance their water
uptake capacities through chemical treatments, the
performance of these heat sinks could be drastically
increased. Hence, further studies are needed to procure
AC powders suitable for water harvesting.

Figure 4 shows the transient behavior of the temperature
reduction inside the silicon chip (ATe) and the heat
transfer coefficient at the top side of the silicon chip (hg)
both for a plain heat sink with the optimal geometry
(dotted lines) and the identical heat sink coated with 100
mg AC (solid lines).

Results reveal that while the plain heat sink itself is
highly effective, reaching an average temperature
gradient of =5 °C, the AC coating prevails in terms of
performance due to the added radiation and desorption
despite the lower effective thermal conductivity it
possesses. Additionally, the overall heat transfer
coefficient of the AC coated heat sink at the steady-state
is 20% higher than that of the plain heat sink, proving the
effective cooling capacity of the proposed devices.
Considering all these benefits in terms of cooling
performance, AC coated heat sinks can be deployed as
cheap and effective thermal management solutions to
replace the anodized aluminum heat sinks.

A breakdown of the mechanisms contributing to the
enhancement in the cooling performance is given in
Figure 5. A close investigation reveals that desorption
plays a minor role in terms of enhancing the cooling
performance, only contributing significantly within the
first few minutes. This could be attributed to the low
adsorption capacity of AC and the high temperature of
the silicon chip. This contribution could be enhanced by
increasing the coating mass, chemically treating the AC
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Figure 3. Dynamics of desorption in the activated carbon layer.
The black curve (left-side) represents the transient desorption
of the adsorbed water from the layer (normalized). The blue
dots (right side) represent the corresponding dimensionless rate
of desorption.
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Figure 4. The transient cooling performance of the studied heat
sinks. Black color (left-side) represents the temperature
gradient within the electronic chip. Blue color (right-side)
represents the corresponding overall heat transfer coefficient.
Solid lines represent the activated carbon coated heat sinks.
Dots represent the plain anodized aluminum heat sinks.

to increase its adsorption capacity, and controlling the
pore size to regulate the desorption rate of water from the
surface. These improvements were beyond the scope of
this study. Additionally, we see that the contributions of
both natural convection and radiation significantly
increased to enhance the overall steady-state heat transfer
coefficient by =20%. Additionally, our studies also
revealed that anodized aluminum flat plates only
displayed a steady-state heat transfer coefficient of =15
W/m?-K, revealing the importance of surface area
improvement through the use of extended surfaces (fins).
Thus, we can safely postulate that a combination of
increased emissivity, increased surface area, and the
utilization of sorption cycles of atmospheric water can
lead to highly effective passive thermal management of
electronics. Furthermore, AC coated heat sinks are more
effective than anodized aluminum heat sinks as revealed
throughout this manuscript and can be potentially utilized
as readily available electronic chip coolers.

CONCLUSIONS

Passive activated carbon coatings were employed as a
passive thermal management solution for low output
power electronics. We considered anodized aluminum
heat sinks with pin fins and coated them with layers of
activated carbon to utilize the sorption cycle of
atmospheric water to induce a pseudo-evaporative
cooling effect on the surface, and to increase cooling by
radiation. In order to study the cooling performance of
our envisioned heat sinks, we developed a 1D transient
optimization model combining mass diffusion due to
desorption and thermal contributions due to radiation,
heat supply, conduction, and natural convection. Our
numerical optimization revealed that a low diameter and
low spacing yielded optimal cooling scenarios due to the
enhancement of the total number of fins which leads to
an increase in the exposed surface area available for heat
exchange with the surroundings. Furthermore, our
optimization results revealed that the mass of AC coating
layer needs to be maximized within the given limits (100
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Figure 5. Decoupled effects of radiation, desorption, and
natural convection. Solid lines represent the activated carbon
coated heat sinks. Dots represent the plain heat sinks. Red
denotes radiation, green denotes natural convection, blue
denotes desorption, and black denotes the overall heat transfer
coefficient.

mg for this study) to effectively employ evaporative
cooling in the initial periods of thermal management, and
to increase radiative cooling from the surface owing to
increased emission. Our optimal heat sink design of 0.5
mm fin spacing, 0.5 mm fin diameter, and 100 mg
activated carbon coating displayed a remarkable overall
steady-state heat transfer coefficient of 67 W/m?-K in the
void of fluid motion (i.e. still air) on the hot side of the
electronic chip with room for further improvements
through material development. The presence of the AC
layer produced an =~20% increase in the cooling
performance when compared to the plain anodized case,
showing that AC layers could be utilized on aluminum
heat sinks instead of the anodized natural oxide layer. We
further uncoupled the effects of desorption, natural
convection, and radiation and concluded that the
enhancement mainly stemmed from radiation and
convection with desorption playing a vital role only in the
early phases of contact due to the low adsorption capacity
of activated carbon and relatively high thermal gradients
within the system. Future studies to enhance the
adsorption capacity of activated carbon powders would
be useful to boost the cooling performance of these layers
to the maximum. This study sheds light on the use of
sorbents as thermal management coatings and provides
design priorities of the new generation of sorbents that
could be deployed as passive evaporative coolers.
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Abstract: In the present study, the effects of water addition into intake air (WAIA) on the engine performance and
exhaust emissions have been investigated experimentally in an automotive spark-ignition engine (SIE) which is used
in Renault Clio vehicles. Experiments have been performed for (3, 6, 9 and 12) % (by vol.) water ratios (WRs) at
different engine speeds and different loads. Selected engine speeds were (3000, 4000 5000, and 6000) rpms. 6000 rpm
is the maximum speed of this engine. Selected loads were (100, 90, 80, 70, 60, and 50) Nm for (3000, 4000, and 5000)
rpms and were (80, 75, 70, 65 and 65) Nm for 6000 rpm, respectively. The test results showed that WAIA decreases
significantly brake specific fuel consumption (BSFC) at (3000, 4000, and 5000) rpms, but it increases BSFC at 6000
rpm. The maximum reduction ratios of BSFC at (3000, 4000, and 5000) rpms have been attained at the levels of 28.27
% for 5.60 % WR, 4.160 for 2.67 % WR and 7.19 % for 9.00 % WR, respectively. WAIA generally decreases nitrogen
oxides (NOy) and total hydrocarbon (HC) emissions at all of the selected operating conditions. At (3000, 4000, 5000
and 6000) rpms, the maximum reduction ratios of NOy have been reached at the levels of 37.80 % for 8.67 % WR,
58.21 % for 12.18 WR, 57.80 % for 12.17 WR and 66.17% for 12.12.WR, respectively. Approximately 9.40 %
decrement in HC was achieved by WAIA at the selected engine speeds. Carbon monoxide (CO) emission decreases by
applying WAIA at 3000 rpm whereas it generally increases at (4000 and 5000) rpms. Unlike other engine speeds,
WAIA increases CO emission significantly at 6000 rpm. Approximately 9 % WR yields the best results for engine
performance and exhaust emissions at all of the selected operating conditions.

Keywords: Spark ignition engine, Water addition into intake air, Engine characteristics, Exhaust emissions

BiR BENZIN MOTORUNDA EMME HAVASINA SU EKLENMESININ MOTOR
PERFORMANSINA VE EGZOZ EMISYONLARINA ETKIiLERININ DENEYSEL
OLARAK INCELENMESI

Ozet: Sunulan galismada, buji ateslemeli bir otomobil motorunda (Renault Clio) emme havasma su eklenmesinin
(EHSE) motor performansi ve egzoz emisyonlari tizerindeki etkileri deneysel olarak incelenmistir. Deneyler; dort farkli
motor devrinde ve % (3, 6, 9 ve 12, hacimsel oran) gibi dort farkli su oraninda gergeklestirilmistir. Her motor devri igin
6 fakli yiikleme durumu segilmistir. Ayrica motorun maksimum devri 6000 d/d i¢in 5 tane yiik degeri secilmistir.
Calisma sonunda; EHSE ile 6zgiil yakit tiiketiminin (OYT) (3000, 4000 ve 5000) d/d i¢in azaldig1 belirlenmistir. (3000,
4000 ve 5000) d/d devir sayilarinda OYT’nde bulunan maksimum azalma oranlar1 sirasiyla % 5.60 su oraninda %
28.27, % 2.67 su oranmnda % 4.160 ve % 9.0 su oraninda % 7.19 diizeyinde oldugu belirlenmistir. Bununla birlikte;
OYT, 6000 d/d devir sayisinda EHSE ile artmistir. EHSE ile, NOy’lerin ve HC lerin ise secilen tiim calisma kosullarida
genel olarak azaldig1 goriilmistiir. (3000, 4000, 5000 ve 6000) d/d devir sayilarinda; NOy’lerde elde edilen maksimum
azalma oranlari sirastyla, % 8.67 su oraninda % 37.80, % 12.18 su oraninda % 58.21 ve % 12.17 su oraninda % 57.80
% 12.12 su oraninda % 66.17diizeylerinde olmustur. Ayn1 devir sayilar1 icin EHSE ile HC’lerde ortalama % 9.40
diizeyinde azalma saglanmigtir. EHSE ile; 3000 d/d devir sayisinda CO emisyonunu azalmasina karsin, (4000 ve 5000)
d/d’da CO emisyonu genel olarak artmigtir. 6000 d/d devir sayisinda ise CO oranlarit EHSE ile 6nemli 6lgiide artmuistir.
Bu ¢aligmada deneysel verilerin degerlendirilmesi sonunda, hem motor karakteristikleri ve hem de egzoz emisyonlari
acisindan yaklasik % 9 su oraninin en iyi su orani oldugu belirlenmistir.

Anahtar Kelimeler: Buji ateslemeli motor, Emme havasina su piiskiirtme, Motor Karakteristikleri, Egzoz emisyonu
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NOMENCLATURE

be, BSFC Brake spesific fuel consumption (kg/kWh)

Co Carbon monoxide (vol.%)
HC Total hydrocarbons (ppm)
Ne Effective power (kW)

NG Neat gasoline

NOXx Oxides of nitrogen (ppm)
SIE Spark ignition engine

Te Exhaust temperature (K)
WAIA  Water adding into the intake air
WR Water ratio

o Excess air coefficient
INRODUCTION

It is known from the media and relevant literature that the
use of diesel cars in the capitals of some European
countries and the major metropolitan cities will be
banned after 2020 due to increased environmental
pollution (Sahin et al., 2017). In addition, the use of
spark-ignition engines (SIEs) would become the most
widespread solution for hybrid wvehicles, which is
considered to be the solution of the near future. However,
the vehicles used on highways are noted to be the major
emission contributor to the environment, which is
dangerous to human health. For this reason, scientists,
politicians and automotive companies have been working
intensively to reduce environmental pollution nowadays
(Nguyen and Wu, 2009; Awad et al., 2018; Bozza et al.,
2016).

In this context, many different studies are carried out on
the SIEs ((Nguyen and Wu, 2009; Awad et al., 2018;
Bozza et al., 2016). The use of different alternative fuels,
(Awad et al., 2018; Deng et al., 2018; Li et al., 2018;
Wang et al., 2018) and water addition (Nguyen and Wu,
2009; Bozza et al., 2016; Worm, 2017; Wilson, 2011;
Mingrui et al., 2017, Tiryaki, 2008) can be given as
examples of these studies, and the numbers of these
studies have been increased in recent years. Using of
many alternative fuels and additives, especially alcohols,
and also water in SIEs have shown promising results for
engine performance and exhaust emissions (Awad et al.,
2018; Li et al., 2018; Arabaci et al., 2015). However,
since the use of water in SIEs was examined in the
present study, the literature review on water addition in
SIEs was briefly presented below.

It is known that the studies on water addition in engines
began in the 1950s. The use of water into SIEs has been
researched for many years to improve the engine in
various ways, including: to increase power output, to
boost efficiency, to lower NOx and CO emissions, to cool
the engine and to reduce knock by increasing the octane
number (Nguyen and Wu, 2009; Bozza et al., 2016;
Worm, 2017; Wilson, 2011; Mingrui et al., 2017).
However, it is stated that HC generally increased in some
of the water adding studies (Wilson, 2011; Nguyen and
Wu, 2009), but it decreased in the other studies (Mingrui
et al., 2017; Valentino et al., 2017, Fan et al., 2021,
Osama et al., 2019; Babu et al., 2015). In the relevant
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literature, water addition is applied in SIEs by three
different methods. These are use of direct water—gasoline
(fuel) emulsion, water injection into the cylinder by using
a separate injector and adding/injecting water into the
intake manifold (WAIA) (Wilson, 2011; Tiryaki, 2008;
Tiryaki and Durgun, 2010). The water—gasoline
emulsion method has been applied lesser than other
techniques in SIEs (Nguyen and Wu, 2009; Peters and
Stebar, 1976). This method has been usually used in
diesel engines (Fahd et al, 2013, Subramanian, 2011).
Other water injection methods (port and direct water
injection) have been widely investigated by different
researchers in SIEs, and the number of these studies has
increased in recent years. Some examples of these studies
applying the above-mentioned methods are briefly
presented in the following paragraphs.

Nguyen and Wu (2009) performed experimental research
on the effects of water-gasoline emulsions on engine
performance and emissions in a SIE. They found that for
13.23 air-fuel ratio (AFR), 5% and 10% water-gasoline
emulsion slightly increase engine torque; otherwise, 15%
water-gasoline emulsion decreases. Also, their results
showed that water-gasoline emulsions create good
reductions in NOy, and CO emissions near the
stoichiometric AFR while increases in HC emission
occurs. Mingrui et al. (2017) investigated the influence
of variable water injection (WI) on the performance and
emission characteristics of a gasoline direct injection
engine under light load conditions. In this study, water
was directly injected into the cylinder by using a different
injector. Their results showed that 15% water injection
gave the best engine performance. Also, they found that
WI decreased NOx emissions as well as soot emission.
Martin Béhm and colleagues (Bohm et al., 2016), who
work for BMW, examined the water injection into the
combustion chamber in a 1.5 L three-cylinder SIE. In this
study, a water-gasoline mixture is injected into the
cylinder by using an adapted injection system. Their
results show that water injection decreases particulate
and CO/HC emissions and BSFC. Fan et al. (2021),
investigated port water injection technique in a three-
cylinder direct-injection SIE. They explained that adding
water to the intake air of gasoline engines could
efficiently advance the combustion phase by enhancing
the anti-knock capability of the engine and significantly
improving thermal efficiency. In this study, they obtained
3.4%-16.7% improvements in the brake-thermal
efficiency under different engine operating conditions.
Merola et al. (2020), studied water injection effects on
engine performance and exhaust emissions in a single-
cylinder SIE. In this research, engine performance was
found to exhibit a slightly decreasing trend when
increasing the injected water quantity in three steps, at
10, 20 and 30% of the mass flow of gasoline. Here, CO
emission did not change largely with the water ratio,
while NOy decreased up to 35% for the highest water-fuel
ratio.

From the above given literature, it can be seen that the
results of these methods are different from each other.
The same method may give different results for different



engines. However, by applying all three water adding
methods in SIEs, it has been determined that in-cylinder
temperatures and NOy are decreased and the knock
resistance is increased (Nguyen and Wu, 2009; Bozza et
al., 2016; Worm, 2017; Wilson, 2011; Mingrui et al.,
2017; Tiryaki, 2008; Tiryaki and Durgun, 2010). Water
using research have been usually carried out in SIE by
applying one of these methods. However, the number of
studies on the use of water in SIE is less than diesel
engines. In addition, selected operating conditions such
as engine load, water ratio and engine speed are limited
in the water use research for SIEs given in the literature.
Therefore, in this study, the effects of the four different
WAIA on engine performance and exhaust emissions are
investigated experimentally under six different loads at
four different engine speeds in an automotive SIE. The
experiments were carried out in an automotive SIE
currently used in motor vehicles, is very important for
providing new information to the industry. In addition,
the performing of water adding tests at 6000 rpm, which
is higher than nominal engine speed, may contribute
some extra information to the literature from a different
point of view.

EXPERIMENTAL STUDY
Engine and Experimental Set-up

Experiments for neat gasoline (NG) and water adding
into the intake air (WAIA) were conducted in an
automotive SIE (Renault Clio). In the present study,
water at different ratios has been added into intake air by
an adapted variable main jet carburettor placed on the
inlet manifold of the engine. The main technical
specifications of the engine were given in Table 1 and the
schematic diagram of the test system used is
presented in Figure 1. The test bed was produced by
Cussons. Here, loading was done by a water brake,
and the brake moment was measured electronically.
Exhaust gases were measured by using an exhaust gas
analyzer (MDS 450, AVL). The measurement ranges and
uncertainties of the exhaust gas analyzer and test system
were given in Table 2.

Table 1. Main technical specifications of the test engine.

Engine Renault Clio
Number of cylinder 4
Displacement 14L

Stroke and bore 79.5; 70 mm
Compression ratio 9.5

Fuel injection system
Maximum power
Maximum torque

Multi point port injection
55 kW @ 5800 rpm
114 Nm @ 4250 rpm

Test Procedure

In the present study, tests were carried out at (3000, 4000
5000 and 6000) rpms engine speeds and for
approximately 3 %, 6 %, 9 %, and 12 % (by vol.) WRs.
Also, six different loads of (100, 90, 80, 70, 60, and 50)
Nm were selected for 3000, 4000 and 5000 rpms. But at
6000 rpm, five different loads such as (80, 75, 70, 65, and
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60) Nm were chosen. Firstly, NG tests were conducted as
NG values were required to compare with that of water
addition. After NG tests were completed, the adapted
carburettor was mounted on the intake manifold of the
engine. Figure 1 presents the technical view of the
adapted carburettor. Information about the adapted
carburettor was given authors’ previous studies (Sahin et
al., 2014; Sahin et al., 2015). In addition, to introduce
water into intake air and to measure the amount of the
added water, a small water tank, a scaled glass bulb, and
a flexible pipe were used and the water adding unit is
shown in Figure 1. Any other change on the experimental
system and engine was not done. The main steps of the
experiments are briefly given in the following paragraph.

Table 2. Technical specifications of exhaust gas analyser (MDS
450, AVL) and test system

Parameter MeaRsurement Accuracy
ange
CO (%) (0-15) + (0.02-0.03) %
CO2 (%) (0-20) +0.3%
HC (ppm) (0-3000) + 4 ppm
02 (%) (0-25) +0.02%
NOXx (ppm) (0-5000) + 5 ppm
Excess air o is calculated
coefficient 0-9.999 from CO, CO2,
(o) HC ve 02
E;e%g%rpm) Max: 7500 +5%
(T,\‘l’rrﬁ)“e Max: 280 +5%
it 6
(diffuser)

main jet water

Figure 1. Experimental system. 1-Engine (Renault Clio), 2-
Load unit, 3-Torque, 4- Engine speed, 5- Adapted carburettor,
6- Technical drawing of the adapted carburettor, 7- Water tank,
8- Air measurement manometer, 9- Coolant flow meter, 10-
Exhaust gas analyzer

The test engine was run for approximately (20-30)
minutes before tests, and when the temperature of
cooling water becomes (70 £5) °C, that is steady-state



conditions were reached, experiments for NG and various
WRs have been carried out. For example, at 3000 rpm,
firstly, the engine load was adjusted as 100 Nm. Then,
the mean jet opening of the carburettor was adjusted to
the 1% opening, which gives ~3 % WR. After
approximately ~3 % WR tests were carried out for
loading moments between (100-50) Nm; by reducing the
engine load at 10 Nm steps and simultaneously adjusting
gas throttle levels suitably to obtained constant 3000 rpm.
Thus, ~3 % WR tests under six different engine loads
were performed. After that, for obtaining ~6 % WR, the
main jet opening of the carburettor was adjusted to the
2" opening, and this opening was again retained fixed at
the same 3000 rpm. Thus, tests for ~6 % WR were carried
out under the above selected six different engine loads.
Then, the similar experimental procedure for
approximately (~9 % and ~12 %) WRs at 3000 rpm was
performed. The similar tests were performed for the same
loads and same WRs at (4000, 5000 and 6000) rpms.
Calculation of the engine performance parameters, such
as effective power, total fuel consumption, BSFC etc. by
using experimental values is given briefly in the
following paragraphs. Detailed information can be found
in the reference (Durgun, 2018; Durgun, 1990).

0.1013 Tb w

N (kW) - 1000 Y TO/29 Xhum (1)
B(kg/h>=i—'2‘=—“tf.i'§f°° @
be(kg/kWh) = +- ©)

In Eq.l; T, (Nm) and w (r/s) are brake torque and
angular velocity, respectively. P, (MPa) and T, (K) are
ambient air pressure and ambient air temperatures,
respectively. X,,m iS the humidity correction factor. In
Eqg. 2; AV is the volume of consumed gasoline, At (s) is
the duration of consumption of AV volume (50 mL) of
gasoline, p (kg/md) is the density of gasoline.

Here, from the experimental results by applying the error
analysis to the measured or derived values (Holman,
2001), uncertainties for effective power and BSFC were
computed and it is determined that they took values at the
interval of (0.365-1.486) % and (0.995-5.445) %,
respectively. Thus, it can be said that these uncertainties
are within acceptable limits.

Some of the results obtained from the experimental study
are presented in the following section. Here, the variation
ratios of BSFC and exhaust emissions in respect of NG
were also calculated. For example, variation ratio of
BSFC was computed as follows:

22100 [%] = [(bewara — bewc)/bee) - 100 4)
where bewaia and beng are BSFC values for water

addition and neat gasoline, respectively.
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RESULTS AND DISCUSSION

In this section, the effects of four different WRs on
effective power, BSFC, exhaust emissions such as CO,
NOyx and HC, excess air coefficient and exhaust
temperature (Te) of this automotive SIE at different loads
and engine speeds are presented by comparing with NG.
Figures 2 (a-b)-Figures 18 (a-b) present the variation and
VRs of effective power, BSFC, CO, NOy, HC versus
WRs under six different loads at (3000, 4000, and 5000)
roms and under five loads at 6000 rpm, respectively.
Also, the effects of WAIA on excess air coefficient (o)
are shown in Figures 19 (a-d) at selected above engine
speeds. Besides, T. values at (4000, 5000, and 6000)
rpms are shown in Figures 20 (a-c). Due to an arising
technical problem in the thermocouple when performing
experiments at 3000 rpm, T. values could not be
measured.

The effects of WAIA on effective power and BSFC

Figure 2 (a-f) shows the variations and VVRs of effective
power versus to WRs under different loads at 3000, 4000,
5000 and 6000 rpms, respectively. As can be seen from
these figures, WAIA has little influence on effective
power. From Figures 2 (a-d), it is observed that the
effective power increases at 3000 and 4000 rpm with the
addition of water. However, as can be seen in Figures 2
(e-h) that the effective power decreases with the addition
of water at 5000 and 6000 rpms. The variation ratios in
effective power are very small and they take place within
the error limits. Babu et al. (2015) were studied the
effects of water mist injected directly into an intake
manifold of an SIE. In this study, it has been found that
the maximum torque increases by 10%-14% when
different water mist is injected into the engine. The
improvements in engine performance were explained as
follows by these authors. The used water dissociated into
molecules of hydrogen and oxygen that assists
combustion in the combustion chamber. This may
improve engine torque. In the present study, it is thought
that the WAIA has created similar effects. Besides,
Arabaci et al. (2015) the effects of the water injection
guantity and injection advance on engine performance
and exhaust emissions were investigated in a six-stroke
SIE. In this study, water was injected directly into the
cylinder by using a different water injector. They found
that brake power was increased 10% by water injection.

Figure 3 (a-b) show the variations and VRs of BSFC
versus to WRs under (100, 90, 80, 70, 60, and 50) Nm
loads at 3000 rpm, respectively. It is observed that WAIA
decreases BSFC at all of the selected operating conditions.
From these figures, it can be seen that the reductions ratios
in BSFC generally continue up to (5-9) % WRs, but the
reductions ratios in BSFC begin to decrease after these
WRs. The obtained maximum decrease ratio of BSFC is
28.27% for 6.6% WR at 3000 rpm. Figure 4 (a-b) show the
variations and VVRs of BSFC versus WRs under (100, 90,
80, 70, 60, and 50) Nm loads at 4000 rpm. It is observed
that WAIA generally decreases BSFC at this engine speed.
However, BSFC increases for 5.45 % and 9.37 % WRs,



but it decreases for 3.05 % and 12.18 % WRs under 100
Nm. As shown in Figure 4 (a-b), BSFC reduces under the

in BSFC are low at high WR such as 12%. The attained
maximum decrease ratio of BSFC is 4.16% for 2.67% WR

other selected loads; on the other hand, the decrease ratios at 4000 rpm.
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Figure 2 (a-h). Variations and VVRs of effective power versus different WRs under different loads at 3000, 4000, 5000 and 6000

rpm, respectively
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Figure 3 (a-b). Variations and VRs of BSFC versus different WRs under six different loads at 3000 rpm, respectively
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Figure 5 (a-b) shows the variations and VRs of BSFC
versus WRs under (100, 90, 80, 70, 60, and 50) Nm loads
at 5000 rpm. It is observed from the figures that WAIA
generally decreases BSFC at all of the selected operating
conditions. However, BSFC increases for approximately
12 % WRs under 100 Nm and 90 Nm loads. The obtained
maximum decrease ratio of BSFC is 7.19% for 9.03%
WR at 5000 rpm.

Figure 6 (a-b) shows the variations and VRs of BSFC
versus WRs under (80, 75, 70, 65, and 60) Nm loads at
6000 rpm. Unlike to the other engine speeds, WAIA
generally increases BSFC at 6000 rpm. This speed is
higher than the nominal speed of the experimental
engine. For this reason, the expected beneficial effect of
water adding did not occur at 6000 rpm, because of
higher mechanical losses and smaller combustion
duration. At this engine speed, for (6-8) % WRs, the
increase ratios of BSFC are lower at low loads in which
the engine is less forced. Similar results have also been
reported by the earlier researcher (Worm, 2017; Wilson,
2011; Bohm et al., 2016; Fan et al., 2021; Rocha et al.,
2021). Martin Bohm and colleagues (B6hm et al., 2016)
examined the water injection into the combustion
chamber in an SIE. In this study, it was stated that by
adding water, BSFC decreased significantly, and 23%
decrement ratio in BSFC was determined for 35% WR.
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The following interpretations can be made by

considering the reduction of BSFC. As water has a very
high latent heat of vaporization, evaporating of the added
water during intake and compression processes could
reduce the cylinder temperature and pressure values. The
reduction in pressure values is not only helpful for
reducing the compression work but also helps in reducing
the suction gas losses resulting from blow-by pass to the
piston rings. It is also thought that the charge cooling
effect of water addition might also increase volumetric
efficiency. Furthermore, the addition of water improves
the combustion process, thus increasing the combustion
rate of the fuel and enhancing the knocking tendency of
the engine. The above effects are thought to contribute to
the improvement of BSFC (Wilson, 2011; Worm, 2017;
Mingrui et al., 2017; Tiryaki, 2008, Tiryaki and Durgun,
2010).

The effects of WAIA on exhaust emissions

Figure 7 (a-b) shows the variations and VRs of CO
emission versus WRs under six different loads at 3000
rpm, respectively. It is observed from these figures that
WAIA decreases CO emission at all of the selected
operating conditions at this engine speed. As can be seen
in Figure 7 (a-b) that as the water addition ratios into the
intake air increase, the ratios of reduction in CO emission
increase. The obtained maximum decrease ratio of CO
emission is 11.65% for 10.5% WR at this engine speed.
It can be seen in Figure 19a that WAIA increases the air



excess coefficient, which results in improving the
combustion process and reducing of the CO emission
(Heywood, 1988; Nguyen and Wu, 2009). However, as
shown in Figures 8(a-b) and Figures 9(a-b) that WAIA
generally increases the CO emission at 4000 and 5000
rpms. CO emission decreases for about (2-3) % WRs at
4000 rpm. However, after these WRs, CO emission has
started to increase. At 5000 rpm, CO emission generally
increases for selected WRs, but the increasing ratios in
CO emission have remained below 10%. Reductions of
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CO emission have been achieved for 12% WR under
some loads. As can be shown in Figures 10 (a-b), WAIA
increases CO emission significantly at 6000 rpm, which
is higher than that of the nominal speed of this engine, As
shown in Figures 19 (b-d) that excess air coefficients
reduce with WAIA at (4000, 5000, and 6000) rpms. In
this condition, combustion occurs in the richer mixture,
which could increase CO emission. Similar results have
been reported in the literature (Harrigton,1982; Babu et
al., 2015; Nguyen and Wu, 2009, Osama et al., 2019).
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Figure 5 (a-b). Variations and VRs of BSFC versus different WRs under five different loads at 5000 rpm, respectively
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Figure 7 (a-b). Variations and VRs of CO emission versus different WRs under six different loads at 3000 rpm, respectively
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The effects of WAIA on NOx emissions are presented in
Figure 11(a-b), 12(a-b), 13(a-b) and 14(a-b) at (3000,
4000, 5000, and 6000) rpms, respectively. As expected,
WAIA decreases the NOy emissions significantly at most
of the selected working conditions. Figures 11 (a-b) show
the variations and VRs of NOy emissions versus WRs
under (100, 90, 80, 70, 60, and 50) Nm loads at 3000 rpm,
respectively. It could be observed that WAIA increases
NOy emissions at low WRs, such as approximately 3%.
However, after this ratio, NOx emissions are decreased
significantly with WRs. The obtained maximum decrease
ratio of NOy emissions reaches to 37.81% for 8.67% WR
under 90 Nm load at 3000 rpm.
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Figures 12 (a-b) present the variations and VRs of NOx
emissions versus WRs under (100, 90, 80, 70, 60, and 50)
Nm loads at 4000 rpm. At this engine speed, NOx
emissions decrease significantly at all of the selected
operating conditions. The obtained maximum decrease
ratio of NOx becomes 58.21% for 12.18% WR under 100
Nm load. It is observed that although there NOx emissions
increase somewhat at some water ratios at (5000 and 6000)
rpm, NOx emissions decrease significantly in general. The
decrease ratios in NOx emissions for 12% WR are more
prominent than that of low WRs at these engine speeds.
The obtained maximum decrease ratios of NOx emissions
are 57.80% for 12.17% WR under 90 Nm and 66.17% for
12.12 WR under 60 Nm at (5000 and 6000) rpm,
respectively.



Similar results have been found in the literature (Nguyen
et al, 2009; Babu et al., 2015; Mingrui et al., 2017).
Nguyen et al. investigated the effects of water-gasoline
emulsions in an automotive SIE, and they found that NOx
emissions have been decreased approximately 35.0% by
5% water concentration. Mingrui et al. studied the effects
of direct water injection into the cylinder by using
different injectors on engine performance and exhaust
emissions in a SIE. In this study, the optimum water ratio
was determined as 15%. Also, they found that NO
emissions were decreased up to 34.6% on average with
the water use.

As well from the relevant literature (Heywood, 1988)
that, the formation of NOy emissions depends on the level
of maximum temperature and excess air coefficient of the
engine. As can be seen in Figures 19 (a-d), Figures 20 (a-
c) that WAIA generally decreases excess air coefficient,
and it increases the exhaust temperature slightly at all of
the selected operating conditions. For this reason, it could
be said that excess air coefficient reduction is more
dominant than that of exhaust temperature in reducing
NOy formation. Although the exhaust temperature values
are higher than that of NG, it is thought that there are
lower local combustion zones leading to reduced reaction
rates for NOy in the combustion chamber (Mingrui et al.,
2017; Wilson, 2011; Worm, 2017).

HC emissions are formed mainly due to the incomplete
combustion of fuel and the quenching effect at the
cylinder wall (Galloni et al., 2016; Feng et al., 2015).
Also, HC emissions formation depends on engine
operating conditions and fuel properties to some extent
(Feng et al., 2015).

As shown in Figure 15 (a-b), 16 (a-b), 17 (a-b), and 18(a-
b), the WAIA generally decrease HC emissions
formation at all of the selected operating conditions.
Figures 15 (a-b) depict that HC emissions decrease with
increasing WRs at 3000 rpm. The reduction ratios in HC
emissions at high loads are more prominent than that of
lower loads. It is thought that higher cylinder
temperatures at high loads have an improving effect on
the reduction of HC emissions. The obtained maximum
decrease ratio of HC emissions becomes 27.34% for
11.27% WR under 90 Nm at this engine speed. At (4000
and 5000) rpms, HC emissions decrease approximately
6% and 9% WRs, but they increase about 3% and 12%
WRs. It is thought that for (6 and 9) % WRs, the
combustion phase could be improved, which reduces HC
emissions. The wall quenching effect may be more
dominant for 12% WR due to lower temperatures
because of the cooling effect of water. The obtained
maximum decrease ratio in HC emissions reaches to
32.80% for 9.37 % WR under 100, Nm and 30.30 for
9.03% WS under 100 Nm at 4000 and 5000 rpms,
respectively. WAIA also decreases HC emissions at 6000
rpm. At this engine speed, an average 15.13% reduction
has been obtained in HC emissions.

In the present study, it is observed that WAIA generally
decreases HC emissions at the selected engine speeds. It
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could be thought that water adding into intake air may
cause subsequent burning, which results in the reduction
of HC emissions during the expansion process. Besides,
it can be said that the low quenching effect at the cylinder
wall, especially at high loads, contributes to the decrease
of HC formation. Similar results have been reported in
the literature (Mingrui et al., 2017; Valentino et al., 2017,
Fan et al., 2021; Osama et al., 2019; Babu et al., 2015;
Arabaci et al., 2015). Mingrui et al. (2017) have
explained the reduction of HC as follows. By applying
water injection, the steam should be decomposed into
hydrogen and oxygen at high temperatures during the
combustion stroke. Thus, oxygen atoms were used for
fuel oxidization, especially in rich mixture regions. The
concentrations of OH and O radicals are increased. This
results in a higher oxidation rate. Therefore, the
concentrations of the hydrocarbons are reduced
dramatically. However, in the existing literature, there
are also studies in which it was stated that HC emissions
increase with the water adding (Wilson, 2011; Nguyen
and Wu, 2009).

The effects of WAIA on excess air coefficient and
exhaust temperature

As shown in Figure 19a, WAIA decreases excess air
coefficient at 3000 rpm; on the other hand, it increases
excess air coefficient values at all of the other selected
engine speeds. It is well known from the literature that
the excess air coefficient is one of the most important
combustion parameters that gives us useful information
about the combustion process (Heywood, 1988; Durgun,
2018). As explained above, at 3000 rpm the combustion
is become lean because of increasing excess air
coefficient values, considerable reduction of BSFC and
CO emission. At (4000 and 5000) rpms, excess air
coefficient values decrease slightly with WAIA. These
reductions are below of 2%. Therefore, as WAIA
improves combustion at these engine speeds, BSFC has
decreased, and CO emission has also decreased at (5 and
9) % water ratios. At 6000 rpm, BSFC and CO emission
increase significantly as the increase ratios of excess air
coefficients take higher values by the effect WAIA. It
should not be forgotten that the reduction of excess air
coefficient has an improving effect on the formation of
NOy emissions (Heywood, 1988).

As shown in Figure 20 (a-c) that WAIA generally
increase exhaust temperature at all of the selected engine
operating condition. At 4000 rpm, the exhaust
temperature decreases for ~12% WR, but it increases for
other lower WRs. The increase ratios in exhaust
temperature values have remained below of 4% during
this engine speed. At 5000 rpm, the exhaust temperature
increases for approximately (9 and 12) % WRs and under
full load (100 Nm). Exhaust temperature slightly
increases at these WRs under other lower loads. For (3
and 6) % WRs, the exhaust temperature has decreased
under some loads and contrarily has increased under
some loads. However, increases and decreases in exhaust
temperature values have not been very high at 5000 rpm.



At 6000 rpm, the exhaust temperature increases
significantly at all of the selected operating conditions.
As seen in Figure 19d, the engine has operated in rich
conditions for WAIA at this engine speed. This might
increase the exhaust temperature.
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Figure 11 (a-b). Variations and VRs of NOx emissions versus different WRs under five different loads at 3000 rpm, respectively.
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Figure 12(a-b). Variations and VRs of NOx emissions versus different WRs under five different loads at 4000 rpm, respectively.
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Figure 15 (a-b). Variations and VRs of HC emissions versus different WRs under five different loads at 3000 rpm, respectively.
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Figure 16 (a-b). Variations and VRs of HC emissions versus different WRs under five different loads at 4000 rpm, respectively.
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Figure 17 (a-b). Variations and VRs of HC emissions versus different WRs under five different loads at 5000 rpm, respectively.

85



. e —+— 70Nm
80 Nm 75 Nm N S0Nm  @EEN 75Nm s 70 Nm

— —o— 60N
300 65 Nm 0 Nm 65 Nm 60 Nm
90 — 20
250 n=6000 rpm 80 | -9 —— 0 n=6000 rpm
70 '
60 - ﬁ” . i
4 E . it o "
EZOO 567 = s ‘l ’ l T
1= 40 L——— o -10
£ 150 468101214 =z
Q =
I Z 20
100
o——— -30
P —. N
50 = "
-40
0 - - - : - - - -50 . - ‘
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
WR (%), (a) WR (%), (b)

Figure 18 (a-b). Variations and VRs of HC emissions versus different WRs under five different loads at 6000 rpm, respectively.
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Figure 19 (a-d). VRs of excess air coefficient values versus different WRs under different loads at 3000, 4000, 5000, and 6000
rpm, respectively.
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respectively
CONCLUSIONS

In this study, the effects of water addition to intake air on
BSFC and emission characteristics were investigated
experimentally and compared with that of NG in an
automotive SIE. By evaluating of the experimental
results, the obtained results can be summarized as
follows:

-The water addition into the intake air has little effect on
the engine brake effective power at all selected operating
conditions.

-The water addition into the intake air decreases the BSFC
under selected six different loads at (3000, 4000 and,
5000) rpms. The obtained maximum decrease ratios of
BSFC are 28.27% for 6.6% WR at 3000 rpm, 4.16% for
2.67%WR at 4000 rpm and 7.19% for 9.03% WR at 5000
rpm, respectively. Unlike at the other engine speeds, the
water addition into the intake air generally increases
BSFC at 6000 rpm.

-CO emission decreases by applying water adding into
intake air at 3000 rpm whereas it generally increases at
(4000 and 5000) rpms. At 6000 rpm, the water addition
into the intake air has increased CO emission
significantly. The excess air coefficient decrease at (4000,
5000, and 6000) rpms, but it increases at 3000 rpm.
Although the excess air coefficient reduction is desirable
for NOy formation, it has a worsening effect on the CO
formation and BSFC.

-The water addition into the intake air decreases NOXx
under all of the selected six different loads at (3000, 4000,
5000, and 6000) rpms. The obtained maximum decrease
ratios of NOy are 37.81 % for 8.67% WR, 58.21 for
12.18% WR and 57.80 for 12.12 WR, and 66.17% for
12.12.WR at (3000, 4000, 5000, and 6000) rpms.

-The water addition into the intake air generally decreases
HC emissions under all of the selected six different loads
at 3000, 4000, 5000 and 6000rpms. The obtained
maximum decrease ratios of HC emissions are 27.34 %
for 11.27% WR, 32.80% for 9.37% WR, 30.30 for 9.03%
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and 38.30% for 2.66 WR at (3000, 4000, 5000, and
6000) rpms.

-The water addition into the intake air exhibits a general
tendency to increase the exhaust temperature. It is thought
that the increase in the exhaust temperature could be
caused by subsequent combustion, which could be
occurred by the effect of the water addition during the
expansion stroke.

-As aresult, it was determined that 9% is the most suitable
water ratio in terms of both BSFC and exhaust emissions
for this experiment engine. At this WR, BSFC, NOy and
HC values are significantly reduced without any
significant deterioration in effective power and CO
emissions.

-Adding a suitable amount of water into intake air by
using an adapted carburettor or an electronically
controlled water injection system could improve
considerably of any SIEs performance, BSFC and exhaust
emission.

-To obtain general results, more experiments must be
done. Also, computer-aided engine combustion and any
cycle models must be developed.
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Abstract: We present a GPU-accelerated method for large scale, coupled incompressible fluid flow and heat transfer
problems. A high-order, nodal discontinuous Galerkin method is utilized to discretize governing equations on
unstructured triangular meshes. A semi-implicit scheme with explicit treatment of the advective terms and implicit
treatment of the split Stokes operators are used for time discretization. The pressure system is solved with a conjugate
gradient method together with a fully GPU-accelerated multigrid preconditioner. The code is built on scalable
libParanumal solver which is a library of high-performance kernels for high-order discretizations. Performance
portability is achieved by using the open concurrent compute abstraction, OCCA. A set of numerical experiments
including free and mixed convection problems indicate that our approach experimentally reaches design order of
accuracy.
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ISI TASINIMI iCIN YAPISAL OLMAYAN AGLARDA BiR HIZLANDIRILMIS
SUREKSIiZ GALERKIN METDU: FORMULASYONU VE DOGRULANMASI

Oz: Bu calismada, biiyiik 6lgekli, birlestirilmis sikistirilamaz akis ve 1s1 transferi problemleri icin GPU ile hizlandirilmis
bir yontem sunulmustur. Yapilandirilmamis iiggen aglar {izerinde tanimlayict denklemlerini ayriklastirmak igin yiiksek
dereceli, nodal siireksiz Galerkin yontemi kullanilmistir. Zaman ayriklastirmasi, taginim terimlerinin agik bir sekilde
ele alindig1, Stokes operatdrlerinin ise ortiik olarak ¢oziildiigii bir yari-ortiik sema kullanilarak elde edilmistir. Basing
sistemi, tamamen GPU ile hizlandirilmis bir ¢oklu-ag 6n kosullandiricinin kullanildig, eslenik gradyan yontemiyle
¢cozlilmistir. Kod, yiiksek dereceli ayriklastirmalar igin yiiksek performansh kerneller saglayan, 6lceklenebilir
kiitiiphane olan libParanumal tizerine yazilmistir. Platformdan bagimsiz performans tasmabilirligi OCCA (open
concurrent compute abstraction) dili ile elde edilmistir. Yapilan serbest ve karisik taginim problemlerini igeren bir dizi
sayisal test ile sunulan metodun deneysel olarak beklenen, spektral dogruluga ulastigini gésterilmistir.

Anahtar Kelimler: siireksiz Galerkin, GPU, paralel, sikistirilamaz akis, 1s1 transferi, yiiksek seviyeli hesaplama.

NOMANCLATURE u Velocity Related Value
0 Temperature Related Value
Abbreviations D Dirichlet Boundary
Gr Grashof Number [= gB(T — T,)L, /v?] N Neumann Boundary
Pr Prandtl Number [= v/a] r Reference Value
Ra Rayleigh Number [= GrPr] Greek Symbols
Re Reynolds Number [= U,.L, /v] a Thermal Diffusivity [= m?/s]
Ri Richardson Number [= Gr/Re?] B Expansion Coefficient [= 1/°C]
St Strouhal Number [= fL, /U, ] V- Divergence Operator
DG Discontinuous Galerkin v Gradient Operator
DNS Direct Numerical Simulation A Laplace Operator
GPU Graphical Processing Unit v Kinematic Viscosity [= m?2/s]
HPC High Performance Computing T Stabilization Parameter
NS Navier-Stokes 0 Non-dimensional Temperature
SIPDG Symmetric Interior Penalty DG Superscripts
Subscripts e Element Id



ex Exact Solution

f Face Id

n+1 Next Time Level

n Current Time Level

Symbols

Su Source Term of Momentum Equation
u Velocity Vector

dp Dirichlet Boundary Condition
In Neumann Boundary Condition

h Characteristics Mesh Size

K Number of Elements

L, L, Vector Norm of Error

N Approximation Order

N, Number of Interpolation Nodes
p Non-dimensional Pressure

Sg Source Term of Energy Equation
t Non-dimensional Time

INTRODUCTION

One of the primary challenges in fluid mechanics and
heat transfer is to reflect physical interactions that
occurred in a large range of spatial and temporal scales.
This type of analysis for real-life applications might
require extreme degrees of freedom and high-order
discretizations to minimize numerical dissipation.
Simulation tools developed for these problems can
require large compute times which cannot be provided
even by the fastest supercomputers. The principal
objective of high-performance computing (HPC) is to
bring the extreme runtimes to reasonable levels.
Recently, HPC systems use accelerator based on-node
parallelism using Graphical Processing Units (GPUs).
On the other hand, developing a high-order finite element
based flow and heat transfer analysis suit that benefits
modern accelerators is complicated due to the need of
achieving multi-threaded parallelism with effectively
exploiting nonuniform memory hierarchies (Karakus et
al., 2019b).

Discontinuous Galerkin (DG) method (we refer
Hesthaven and Warburton (2008) and the references
therein) is a class of high-order finite element methods.
DG method uses completely discontinuous, piecewise
polynomial approximations for spatial discretization that
leads to weak elemental connectivity and local stencil.
These properties of the DG method together with high-
order approximations yields highly parallel operators
with high arithmetic intensity that makes the method
well-suited for GPUs. Because of its attractive properties,
DG method has been used to analyze various physical
problems (Gandham et al., 2015; Modave et al., 2016;
Chan et al., 2016; Karakus et al., 2016a,b, 2019a). The
implementation of DG methods on GPUs is well
documented for first-order hyperbolic systems with
explicit time integrators, but only a few of papers report
GPU-optimized DG discretizations for incompressible
flows (Roca et al., 2011) or the operators required for
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incompressible flows (Swirydowicz et al., 2019). In
Karakus et al. (2019b), we recently proposed a GPU-
optimized nodal DG method for incompressible flows on
unstructured meshes. We extend this efficient approach
to thermal convection problems in the present study.

There have been only a couple of studies dealing with
incompressible thermal convection using discontinuous
or continuous high-order finite element methods.
Hossain et al. (Hossain et al.,, 2021) developed a
spectral/hp element method for the Direct Numerical
Simulation (DNS) of incompressible thermal convective
flows by considering Boussinesq type thermal body-
forcing with periodic boundary conditions and enforcing
a constant volumetric flow rate. In Kumar and Pothérat
(2020), the authors studied the convective patterns that
arise in a nearly semi-cylindrical cavity placed in a fluid
heated at the upper boundary and bounded by a cold and
porous semicircular boundary. They used spectral
element method to obtain results and performed a linear
stability analysis of the fluid flow. In Saha et al. (2015),
a high-order spectral element model is developed for
forced thermal convection problems considering
incompressible flows and avoiding thermal body-forcing
effects.

In this work, we focus on a GPU accelerated, high-order
discontinuous Galerkin (DG) based approach for coupled
fluid flow and heat transfer problems which is suitable
for large scale engineering simulations. In particular, we
deal with the formulation of presented method and
validation of developed solver for different thermal
convection regimes. To the best of our knowledge, there
has been no published research on incompressible
thermal convection that fully benefits high-order, nodal
DG discretization and modern  computational
architectures relying on-node parallelization.

The remainder of this paper is organized as follows. In
the first section, we present the mathematical formulation
for the DG scheme to approximate the incompressible
Navier-Stokes equations coupled with energy equations,
including the spatial discretizations and the temporal
splitting scheme. Then, linear solvers and GPU-
accelerated p-multigrid preconditioner are briefly
explained which is followed by numerical validation test
cases. Final section is dedicated to concluding remarks
and comments on the future works.

FORMULATION

We consider a closed two-dimensional domain Q < R?
and denote the boundary of Q by 9Q. Following the
notation presented in Karakus et al. (2019b), we assume
that dQ can be partitioned into two non-overlapping
regions denoted by 9Qj, and 9Q, referring prescribed
Dirichlet or Neumann boundary conditions, respectively.



We are interested in the approximation of non-isothermal
incompressible Navier-Stokes equations coupled by the
energy equations through Boussinesq approximation
which reads

ou 1

= . = — 1.2

Fra (u- VYu=-Vp+ g AU+ Su, (1.2)
1

- . =— 1.3

So+ @ V)0 = A0 + 5, (1.3)

in non-dimensional form and space-time domain Q X
(0, 7] subject to the initial conditions

u=uy0 =0, for t=0,x€0, 2
and the boundary conditions

u=gp on x €904, te(0,7T], (3.1)
ou

I 0,p=0on x €9k, te(0,T], (3.2)
6 =gp on xe€anNgte (0,7], (3.3)
a6

35, = 9w on x€00f,te (0,T]. (3.4)

0

Here u, p and 6 are non-dimensional velocity, static
pressure and temperature fields, respectively. In the
equation, following parameters are used to get
dimensionless quantities,

x* . t* u* p*
x:—, = ,u=—,p=

L Lt TP T R @

p* v* at T—-T,
p:—)v:—)a:—)@: :

Pr Vr ay T

where superscript = denotes the dimensional parameter
and the subscript r refers to corresponding reference
value i.e. reference length scale L,., velocity U,., density
py, Viscosity v,., thermal diffusivity a, and temperature
T,.. One should note that the temperature scale T; is
problem dependent i.e. in the case of a channel flow with
uniformly heated walls, T, can be defined as the
maximum temperature difference between the hot and
cold walls in the system.

The non-dimensional Reynolds and Prandtl numbers in
the eq. (1) are defined as Re = U, L, /v, and Pr = v,./ ..
Also, s, = (gB(T —T,)L,/U,)@ is the forcing term for
Navier-Stokes, where g is the gravitational acceleration,
B is the expansion coefficient. In free convection
problems, the reference velocity is selected as U, =
gB(T —T)L,. sg=154(0,V0,u) is the generic
generation term for the energy equation written in terms
of temperature. We would like to emphasize that
superscripts u and 6 in boundary representation separate
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the Dirichlet and Neumann conditions on the physical
boundary set for flow and heat transfer equations.

The governing PDE system is discretized by first
constructing the spatial discretization using the nodal DG
method, then by the temporal discretization using a
pressure correction scheme that are covered in the
following sections.

Preliminaries

The computational domain 2 is partitioned into K
triangular elements £¢, e = 1, ..., K, such that

n=uk_ e

The boundary of the element £¢ is denoted by 9&€¢. Two
elements, £ and £¢~, are neighbours if they have a
common face, i.e., d€¢~ N dEt #= @. The unit outward
normal vector of € is showed as n.

We consider a finite element space on each element £¢,
denoted V¢ = P, (E¢) where P,-(€°) is the space of
polynomial functions of degree N on element £¢. As a

basis of the finite element spaces, we take a set of N, =
|;¢| Lagrange polynomials {I¢ Zig’” interpolating at the

Warp & Blend nodes (Warburton, 2006) mapped to the
element €¢.

We have introduced the inner product (u, v)ce to denote
the integration of the product of arbitrary variables u and
v computed over the element £¢ and the inner product
(u,v)sce to denote the integration along the element
boundary 0&€¢€. We also define internal and external trace
values of a scalar-valued function u¢ as u~ and u™,
respectively. Note that we suppress the use of the e
superscript when it is clear which element is the local
trace. According to this definition, average and jump
operators can be defined as:

ut +u”

() =——, ©)

[[ué]] =ut —u".

When u is a vector-valued function, the above operators
act on it component wise.

Spatial Discretization
The polynomial approximation of the velocity field u, the

pressure p and the temperature 6 fields are defined on
each element as

Ny Np Np
w = ) (000 = ) P I0,0° = ) 0515,
n=0 n=0 n=0



for all x = (x,y) € €°. Then, using the polynomial
representation of u¢, p€ and ¢, the semi-discrete form
of PDE system given by the eq. (1) is defined on each
element £°¢ as

Déu® =0 (6.1)
du’ 1
Ne e — (et _Le e e 62
dt+ (u®) Gp+Re u® + 5¢ (6.2)
age 1
+Ne(6®) = ——1°6° + S¢ (6.3)

dt RePr

where the operators are defined as follow, N¢: (V¢)? —
()2, Ne: (V) - (Vy), Sq:(Vi§)? - (V§)?,
S§:(VE) » (V8), Ge:VE - (V)2 Le:V¢ - Vg and
De: (V€)% - VE. These terms are discrete versions of the
nonlinear term u - Vu, advection term u - V6, source
terms s,, and s, gradient operator V, Laplacian A, and the
divergence operator V-, in the same order. In the
subsequent parts, we define these operators in the nodal
DG framework.

We begin with the discretization of nonlinear term, u -
Vu and the advection term wu-V6. Using the
incompressibility condition eqg. (1.1), the advection terms
are written in divergence form i.e., u-Vu =V - F(u)
and u-V8=V-F(u,60), where F(u)=u@ u and
F(6,u) = ub . Multiplying u - Vu and u - V6 by a test
function v € V¢, integrating over the element £¢, and
performing integration by parts, we define the discrete
advective terms N¢(u) and N¢(6,u) via the following
variational forms

(v, N° ), = —(V0, F®)) . + (0,1 Faee,
(v, N (6°,u%)),. = —(Vv, F(6°,u®)) . + (v, F)gee

Since DG uses discontinuous approximation space, the
flux functions F and F are not uniquely defined on the
element boundaries and hence, they are replaced by local
Lax-Friedrichs numerical flux functions F* and F* which
depend on the local and neighboring trace values,

F = ((FQ)}) +3na Tull, .0

F = (PO} + 5 A51161) &)

The parameters A in the eq. (7) introduce artificial
diffusion required to stabilize the numerical
discretization of advective terms and are defined to be the
maximum eigenvalue of the flux Jacobians in absolute
value, i.e.,

oF
a0l

A, =

6F|A_
" oul e T

ax max
u€elu—,ut] pel6—,6%

]
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Boundary conditions are enforced weakly in flux
functions by adjusting exterior trace values i.e. in the case
of Dirichlet boundaries 0&¢n Q, # @, the boundary
conditions, eq. (3.1) and (3.3) lead u* = g, and 8* =
gp- For Neumann boundaries eg. (3.2) and (3.4) where
0E¢ N Qy # @, we simply choose u* =u~ and 6% =
0-.

To obtain discrete gradient and divergence operators, G¢
and D¢, we multiply the pressure gradient Vp€ and the
velocity divergence V- uf by a test function v € V¢,
integrate over the element &£¢. Different from the
advection operators, we use integration by parts twice to
get strong variational forms and simply utilize central
fluxes p* = {{p}} and u* = {{u}} leading

(0, G°p®)ge = (v, Vp®)¢e
+ (0@ —p), 0
(v, Deu®)ce = (v, V - U®)ge
+(vn- (@ —u))

®)

)

e’

The boundary conditions are imposed for these operators
slightly differently than for N¢(u) and N(6,w). For
Dirichlet boundaries central fluxes become u* = g, and
p* = p~, and for zero Neumann boundaries, we choose
u' =u andp* = 0.

To discretize the Laplacian operator L¢, we follow follow
the Symmetric Interior Penalty DG (SIPDG) approach
(Wheeler, 1978; Arnold, 1982) which reads the following
variational definition of the operator for velocity and
temperature

(w, Lfu®)ge = —(Vv,Vus)ee + (v, Vi) 5ce
2 -, [l e (10.)
+ (v, tl[ulDee

(v, L80%)ce = —(VV,VOC)ce + (v, - VO) yge
2 9, [[B]Doee (102)

+ (v, 7[[6]Dgee

where 7 is the penalty parameter and must be chosen to
be sufficiently large in order to enforce coercivity. On the
other hand, selecting large t increases the condition
number of the Laplacian operator and degrades the
performance of linear solvers. Along each face of an
element shared by its neighbor element, 9€¢/ = £¢* n
£¢~, penalty parameter 7¢/ is selected using the lower
bound estimate derived in in Shahbazi (2005) as

ref

=(1v+1)(1v+2)ma (1 1) an

where hif and h¢/ are characteristic length scales of the
elements £¢* and £¢~ on either side of the face d£¢/ and



&
|Lsef|| and hef = |a£ef|
conditions for the discretized Laplacian operator are
imposed in a way analogous to that described for the
gradient and divergence operators for pressure and
velocity systems. For the heat equation, non-
homogeneous temperature Neumann data is imposed as
Vet = Ve — 2gy.

are defined as ¥/ = Boundary

With the definitions of discrete operators N¢, N¢, L¢, G°
and D¢, we complete the semi-discrete form of the
scheme given in eq. (6). Assembling the semi-discrete
system defined on each element € into global system, we
arrive to following global problem

DU = 0, (12.1)
au 1

— - — 12.2
57 TNQU) = —GP +——LU +5y, (12.2)
20 1

E-'_N(@ U) ——L@ + So. (12.3)

To simplify the notation, we use capital letters and drop
the superscript e to denote the global assembled vectors
of the degrees of freedom as in Karakus et al. (2019b). In
the next section, we proceed to the fully discrete scheme
by introducing the semi-explicit time integration method.

Temporal Discretization

A high-order temporal discretization is used for the flow
and energy equations by adopting an 37¢ order backward
differentiation method for the stiff diffusive terms and an
3¢ order extrapolation method for advective terms.
Then, equation (12) can be advanced from time level t™
to t"*1 = t™ + At by using this formulation as

D-U™1 =, (13.1)
2 2
U= Y BUTI— ey @ (N =S a0
i=0 i=0
+Re 1 AtLU™! — AtGP™!
S
y0n+1 - Zﬁ en-i AtZaLN(Q" i LU L)
s =0 (13.3)

+ Atz a; S3¢ + (RePr) 1 AtLO™!

i=0

where B, and y correspond to the stiffly stable
backwards differentiation coefficients and « is the
extrapolation scheme coefficients. For the third order
scheme, the coefficients are givenasy = 11/6, B, = 3,
B =-3/28,=1/3anda, =3,a; =—3,a, = 1.

Following Shahbazi et al. (2007), the fully discrete
scheme eq. (13) is replaced with an algebraically split
version in order to avoid solving a fully coupled system
for velocity, temperature and pressure which reads six
fractional steps as follows
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6= Zﬁ ot Atz ((N(e LUt — s3-), (14.2)
yRePr ne1  REPT
( )@ ==, (14.2)
S S
Zﬂ yni— Atz a;(N(U™9) —sgh),  (14.3)
=0 i=0
YRe \ = E .
(—L +A—t7)U 0 (14.4)
Y FS
_ n+l1_ _ ' p.
LP AtD U, (14.5)
=~ At
Un+1 — U—7GPn+1. (146)

In the splitting scheme eq. (14.1) and (14.3) are pure
advection evaluations, eq. (14.2) and (14.4) are implicit
screened Poisson solves for diffusive termsand eq. (14.5)
is a pressure Poisson equation to enforce
incompressibility condition. Equation (14.6) corrects the
intermediate velocity field incorporating the updated
pressure. This splitting scheme reduces the cost of the
temporal discretization to a combination of two explicit
and three linear elliptic solve steps. Since the advection
evaluations are explicitly treated in time, the maximum
stable time step size is restricted by Courant-Fredrichs-
Lewy (CFL) condition. Although stability of explicit
schemes is restricted by a severe time step size, they are
computationally  inexpensive that conveys the
computational load of each time step to elliptic solves.
Because of that, effective linear solvers are crucial to
obtain fast and scalable coupled flow and energy solvers.

Linear Solvers

Each time step of the temporal splitting discretization
(14) requires solving two discrete Helmholtz equations,
(14.2), (14.4) and a discrete Poisson problem (14.3). For
high resolution solutions, i.e., large meshes and/or high
degree N, assembling a full matrix and using a direct
solver is not practically applicable. Thus, due to
symmetric positive-definite structure of the IPDG
discretization (10.1), we choose a preconditioned
conjugate gradient (PCG) iterative method to solve the
elliptic equations.

For the solution of Helmholtz equations (14.2) and
(14.4), we choose the scaled inverse mass matrix on each
element for the preconditioner. As the time step size is
relatively small and coefficients Re/At and RePr/At
are large, the Helmholtz operators are dominated by the
mass matrix. Since the mass matrix is block diagonal and
geometric factors are constant for triangular elements,
inverting the mass matrix is computationally cheap and
simple which makes the inverse matrix preconditioner
very effective for the Helmholtz solves (Karakus et al.,
2019b).



For the pressure Poisson problem, we consider a p-
multigrid preconditioner (pMG) where we manually
coarsen from degree N to degree 1 before setting up the
algebraic multigrid (AMG) levels for the degree 1 coarse
stiffness matrix. The coarse levels of this AMG method
are constructed as unsmoothed aggregations of maximal
independent node sets, see (Notay, 2006, 2010), while
smoothing is chosen to be a degree 2 Chebyshev iteration
(Adams et al., 2003). The multigrid preconditioning
cycle itself consists of a K-cycle on the finest two levels,
followed by a V-cycle for the remaining coarse levels
(Gandham et al., 2014). With this manual coarsening
approach, we are able to implement the finest levels of
the multigrid cycle in a matrix-free way and avoid the
storage of the full degree N stiffness matrix.

RESULTS

We have implemented the solver on the libParanumal
(Chalmers et al., 2020) library using C++ together with
the OCCA API and OKL kernel language (Medina et al.,
2014) and MPI to enable using distributed multi-
GPU/CPU platforms. OCCA is an abstracted
programming model designed to encapsulate native
languages for parallel devices such as CUDA, OpenCL,
HIP, and OpenMP. For all the results presented in this
section, we have compiled the source code using the
GNU GCC 9.3.0 compiler and the Nvidia CUDA
V11.0.221 NVCC compiler. The tests were run using
Nvidia Tesla P100 GPUs on a machine equipped with an
Intel Xeon E5-2680v4 processor.

We solved 2D thermal convection tests to verify the
spatial accuracy of the presented algorithm on 2D
unstructured triangular grids. To evaluate the accuracy of
the numerical scheme, we use L, norm of error given as,

L, =3%(¢°— ¢, ¢° = d)geca, (15)

where ¢ is the arbitrary field that error is computed and
¢¢* denotes the exact solution or a very accurate
approximation of the exact solution if it is not explicitly
known.

Poiseuille Flow

In the first test case, we consider two-dimensional
channel flow with a fully developed Poiseuille profile to
show the spectral convergence rate of the solver. The
channel having the dimension of [0,2] x [—1,1] is
uniformly heated from the lower wall with 8, = 1 while
isothermal upper plate is kept with 8, = 0. No-slip
boundary conditions are imposed for upper and lower
walls. The fully developed velocity field with linear
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temperature profile is prescribed as the initial condition
which reads

u=1-y2 wv=0,

_ Ra _y_2
~2PrRe2\’ T 2

Computations are performed on the successively refined
meshes by uniformly dividing the initial coarse level
grid. The initial mesh, defined with the characteristic
scale hg, has the element number of K = 68 which is
constructed by triangles with the edge length of h = 0.4
on the boundary of domain dQ. Then the sequence of
meshes constructed with the element number of K =
272, K =1088 and K = 4352 for h =0.5h,, h =
0.25h, and h = 0.125h,, respectively. Approximating
polynomial order is changed from N = 1to N = 5 for all
mesh configurations.

2x
Re’ 2

p

Figure 1 shows the computed L, norm of the numerical
error in the x component of velocity, u and the
temperature, 6 fields for the flow conditions Ra = 1000,
Re =100 and Pr = 0.71 at the final time T = 10. The
velocity and the temperature remain unchanged
indicating no flow bifurcation in the flow field. The
figure clearly demonstrates the expected spectral
converge rates in the numerical error i.e. RN*1 accuracy
for velocity and temperature.

Differentially Heated Square Cavity

We focus on the natural convection problem on a closed
enclosure. The cavity width and height are denoted with
W =1 and H =1 respectively leading W:H aspect
ratio, A = 1. The enclosure boundary conditions are
simple and consist of no-slip walls, i.e. u = v = 0 on all
four walls. The thermal boundary conditions on the left
and right walls are prescribed as

and the upper and the lower walls are thermally insulated

a0

3y 0, for y=0,y=H.

We solved the problem for polynomial order, N = 4 on
a relatively coarse grid composed of uniformly spaced
triangular grids having characteristic length of h = 0.1
which leads element number of K = 242. The flow
conditions are Pr=0.71, Ra = 10310% 10°.
Reference  velocity is  selected as U,

JhB(6, — 6,)W so that Re = \/Gr.



]0()

‘.~‘~-
. .- B2
5 R m--l
107:¥<  T-@_ e
AT i
Sal Ey & ~0. _h3
N 4 | ~ 4
510 R > - °
2 N e X n
- s’\ ‘~\‘ ) Sy
N6 >r =~ kP ]
aN=1 IR e
o N=2 \P\ I -
0% wN=3 T
AN=4 SO
PN=5 »
10—10 L L L L
1 05 025 0.125

Lo Error

100 g
._~“~
e.. ~T-m.___ )
5 i Tt - h
10~ F W< B R 3
- S.e Tt m
A Ty e K
104 Byt e e,
A v
10°F »r.. AL R
aN=1 N RSN
eN=2 ., A
0% wN=3 <l 3
AN=14 .
PN=5 “»
10710 = ‘ ‘ ;
I 0.5 0.25 0.125

Figure 1. Spatial accuracy test for the Poiseuille test problem using L, relative errors on successively refined triangular elements.
The error in the x-velocity is shown on the left and the error in the temperature is shown right

Table 1. Maximum and minimum velocities along the center lines of square cavity for Pr = 0.71 and Ra = 103,104,105

Ra = 103 Ra = 10* Ra = 10°
Umax  VYmax  Umax  Vmax Umax Ymax
Present 0.137 0.139 0.192 0.233 0.129 0.257
Stokos et al. (2015)  0.137 0.139 0.192 0.233 0.130 0.256
De Vahl Davis (1983) 0.136 0.138 0.192 0.234 0.153 0.261

In Table 1, we presented the computed maximum and
minimum velocities along the horizontal y = 0.5 and
the vertical x = 0.5 lines. u,,4, stands for the maximum
value of x —velocity, u along the vertical line while v,
denotes maximum y —velocity, v along the horizontal
line. For all simulations, our results compare well with
the reported values in the relevant literature (De Vahl
Davis, 1983; Stokos et al., 2015). Figure 2 and Figure 3
illustrate temperature contours and velocity profiles on
center lines for different Ra numbers. The temperature
contours and velocity fields depicted by center lines
profiles provide qualitative agreement with those
reported in the literature (Stokos et al., 2015; Hossain et
al., 2021).

Mixed Convection

The square cylinder test is considered with various
channel confinement degrees and aiding (Ri > 0) and
opposing (Ri < 0) buoyancy strengths or without the
effect of thermal buoyancy Ri = 0. The computational
domain is composed of a square cylinder of length, B
located at the center of the domain and a vertically
aligned channel of width L. The channel blockage ratio
BR = B/L defines the degree of channel confinement
when imposing no-slip conditions on the left and right
sides of the channel. We consider uniform inflow
velocity on the lower side and zero Neumann conditions
are used on the upper boundary for velocity.

0

0

0 0

100 L TN SR (SR S !

Figure 2. Temperature contours for the square cavity test. The temperature contours drawn between 1 and 0 with the increment of

0.05 for Ra = 103,10%10° from left to right
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Figure 3. Velocity and temperature profiles along the y = 0.5 and x = 0.5 lines for the square cavity test

The square cylinder is kept at a fixed temperature of 6 =
1 and homogeneous temperature is applied on the
channel side walls and the inlet. In this test, we consider
following geometric and flow parameters: blockage
ratios, BR = 0%,10%,30%, 50%, and Richardson
number, Ri = —1.0,—0.5,0.0 for the fixed Reynolds
number Re = 100 and Prandtl number Pr = 0.71.

Table 2. Comparison of Strouhal number for flow past a square
cylinder testat Re = 100 for BR = 2.3% andRi = 0

N St
Present 8 0.144
5 0.145
Ferrer and Willden (2011) 5 0144
Darekar and Sherwin (2001) 6  0.145
Shahbazi et al. (2007) 4 0145

As a preliminary test, we solved the problem without
buoyancy forcing, Ri = 0 to validate the solver in a
complex flow. The flow condition R = 100 leads an
unsteady Von Karman vortex street with a characteristic
vortex shedding frequency which can be represented as a
non-dimensional Strouhal number,St = fB/U,, where
f, B, and U, are the non-dimensional vortex shedding
frequency, characteristic length as cylinder dimension
and the uniform free stream velocity, respectively. We
use the same domain and boundary conditions with
Darekar and Sherwin (2001); Ferrer and Willden (2011);
Shahbazi et al. (2007), with blockage ratio, BR = 2.3%.
In order to make direct comparisons between the
reference studies, we created identical mesh
configuration and used the same non-dimensional time
step size which lead to 896 triangular elements and
At = 0.002. InTable 2, we report computed St numbers
for the approximating polynomial orders, N = 3and N =
5. In both cases, we observe that present solver provides
good agreement with the reference, high-order numerical
results.
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Figure 4 shows instantaneous vorticity contours around
the square cylinder for BR=30% and Ri=
—1.0,—0.5,0.5. The free and forced convection effects
are comparable under these flow settings which makes
the vortex shedding phenomena more complicated. In the
figure, the vorticity contours show a wavering motion
which increases with increased cooling (decreasing Ri <
0) of the cylinder and decreases with increased heating
(increasing Ri > 0) before it ceases at critical $Ri$ for
the given specific blockage ratio. In this work, we only
focus on the solver performance in reflecting the flow
physics and skip to determine critical Ri > 0 numbers
that Von Karman vortex street breakdowns.

Table 3. Strouhal numbers for different Ri numbers and

blockage ratios at Re = 100
Ri
BR —-1.0 -0.5 0
10% 0.127 0.137 0.176
30% 0.303 0.312 0.322
50% 0.498 0.508 0.527

In Table 3, Strouhal numbers are listed for different
opposing Ri numbers and channel blockage ratios for
N = 5. A fast Fourier transform of the lift coefficient's
time history is used to determine the Strouhal number
accurately. For the opposing buoyancy cases, the table
shows that the Strouhal number increases monotonically
with increasing Ri at a constant blockage ratio before Ri
number reaches the critical value where the breakdown
of the Karman vortex street is obseved. It is also shown
that the Strouhal number increases monotonically with
increasing blockage ratio due to the acceleration of the
cylinder-wall boundary layer.



Figure 4. Instantaneous vorticity contours at t = 100 for different Ri and the influence of aiding and opposing buoyancy at a

blockage ratio of 30% and Re
(Only a part of the domain is shown)

CONCLUSION

We have presented a GPU-accelerated, high-order, nodal
discontinuous Galerkin approach for the solution of
incompressible  thermal convection problems on
unstructured meshes. The incompressible Navier—Stokes
and the energy equation written in terms of temperature
are coupled through a Boussinesq type thermal body-
forcing term. The equations system is discretized in time
using an algebraic splitting scheme where advection
terms are evaluated explicitly while diffusive terms
together  with  Poisson  equation to  impose
incompressibility are treated implicitly. This further
decouples velocity field from pressure. We showed that
the scheme achieves designed order of accuracy and
preserves stability for thermal convection problems.

The presented solver is implemented on the open source
project libParanumal (LIBrary of PARAIllel NUMerical
ALgorithms) (Chalmers et al., 2020). libParanumal
consists of a collection of mini-apps with high-
performance portable implementations of high-order
finite element discretizations for a range of different fluid
flow models (Karakus et al., 2019a,b).

Extending the scheme to 3D using tetrahedral elements
and assessing its performance on multi-GPU systems for
triangular/tetrahedral elements remain to be investigated.
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100. The solid and dashed lines represent positive and negative vorticity contours, respectively.
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Abstract: In this study, the exergy analysis of graphene-based nanofluids in a compact heat exchanger is examined. In
experiments using distilled water as the base fluid, graphene nano-ribbon and graphene oxide nanofluids were used at
0.01% and 0.02% of the volume concentrations. The experiments were carried out at 36, 40, and 44 °C fluid inlet
temperatures and 0.6, 0.7, 0.8, and 0.9 m3/h mass flow rates. As a result of the calculations made for all temperature
and flow rates, it was found that the exergy efficiency values of 0.01% by volume GO nanofluid were higher than the
exergy efficiency of the other nanofluids used. Also, the exergy destruction values calculated for %0.01 GO were lower
than the value of exergy destruction calculated for other nanofluids. It was concluded that the exergy efficiencies of
nanofluids increased with the increase of the fluid flow rates and the inlet temperature of the heat exchanger. When the
exergy efficiencies were compared according to the nanofluid concentrations, it was found that the exergy efficiencies
decreased with the increase of the fluid concentration. It was examined that the exergy destruction values also increases
with the increase of nanofluid flow rates, as well as exergy efficiency. When the exergy destructions were compared to
the nanofluid concentrations, it was concluded that the exergy destructions increased with the increase of the nanofluid
concentration. It was determined that the amount of increase in exergy destruction of GO nanofluid was higher than
that of GNR.

Keywords: Exergy, Second law analysis, Nanofluid, Heat exchanger, Improving heat transfer, Graphene.

KOMPAKT BIR ISI DEGISTIRICiSINDE GRAFEN BAZLI NANO AKISKANLARIN
EKSERJI ANALIZi

Ozet: Bu calismada, kompakt bir 1s1 degistiricide grafen bazli nanoakiskanlarmn ekserji analizi incelenmistir. Taban
akiskan olarak saf su kullanilarak yapilan deneylerde, hacim konsantrasyonlarinin %0.01 ve %0.02’sinde grafen nano-
ribon ve grafen oksit nanoakiskanlar kullanilmistir. Deneyler 36, 40 ve 44 °C akiskan giris sicakliklarinda, 0.6, 0.7, 0.8
ve 0.9 m¥h kiitlesel debilerde gergeklestirilmistir. Tiim sicaklik ve debi degerleri i¢in yapilan hesaplamalar sonucunda
hacimce 9%0.01 GO nanoakigkanimnin ekserji verimi degerlerinin kullanilan diger nanoakiskanlarin ekserji verimlerinden
daha yiiksek oldugu bulunmustur. Ayrica %0.01 GO i¢in hesaplanan ekserji yikim degerleri, diger nanoakigkanlar igin
hesaplanan ekserji yikim degerinden daha diisiiktiir. Nanoakigkanlarin ekserji verimlerinin, akiskan debilerinin ve 1s1
degistiricinin giris sicakliginin artmasiyla arttig1 sonucuna varilmigtir. Nanoakigkan konsantrasyonlarina gore ekserji
verimleri karsilastirildiginda, akiskan konsantrasyonunun artmasiyla ekserji verimlerinin azaldigi sonucu bulunmustur.
Nanoakiskan akig hizlarinin artmasi ve ekserji veriminin artmasiyla ekserji yitkim degerlerinin de arttig1 sonucu elde
edilmistir. Nanoakiskan konsantrasyonlari ile ekserji yikimlar1 karsilastirildiginda, nanoakiskan konsantrasyonunun
artmastyla ekserji yikimlarinin arttig1 sonucuna varilmistir. GO nanoakigskanin ekserji yikimindaki artis miktarmin
GNR'den daha fazla oldugu belirlenmistir.

Anahtar Kelimeler: Ekserji, Ikinci yasa analizi, Nanoakiskan, Is1 degistiricisi, Is1 transferi iyilestirilmesi, Grafen.

NOMENCLATURE INTRODUCTION

T Temperature More effective and efficient use of energy is considered
Ex  Exergy as an alternative energy source. In this context, heat
S Entropy exchangers used in all areas of the industry have created
h Enthalpy remarkable literature in terms of the energy economy in
n Second law efficiency the studies aimed at improving heat transfer. Heat
I Volume fraction exchangers are the most important components of

heating and cooling systems. Many researchers have



done a lot of research to improve heat exchangers* design
and operation. Any changes that are made in its design
and operation affect the entire system. In this context, the
radiators used in vehicle cooling systems are a type of
compact heat exchanger and are the main component of
the cooling system. In many industrial areas, the studies
such as energy efficiency, minimizing energy
consumption, optimizing the parts planned to be
produced are carried out. While saving energy with these
studies, the required performance criteria should also be
met. Due to the low thermal properties of conventional
fluids, nanofluids have been used in many systems in
recent years. Nanofluids with different types,
concentrations, and thermal properties have been used
numerically and experimentally in many studies in the
literature. In almost all of these studies, it was obtained
that the use of metallic nanofluids increased the heat
transfer (Pantzali et al., 2009; Vajjha et al., 2010; Fard et
al., 2011; Peyghambarzadeh et al., 2011; Hung et al.,
2012; Pandey et al., 2012; Javadi et al., 2013; Khairul et
al., 2014). Also, the effects of several parameters were
examined including nanoparticle size, shape, material
composition, and acidity (Lomascolo et al., 2015).
Graphene particle-based nanofluids have been better
properties such as high thermal conductivity, low
density, low corrosion, low pumping power, and more
stability compared to metallic particle-based nanofluids
(Baby and Ramaprabhu, 2011; Sadeghinezhad et al.,
2016). In different studies using graphene-based
nanofluids  reported that thermal conductivity
significantly increased up to 86% for 5.0 vol. % graphene
dispersion (Yu et al., 2011) and exhibited 47.5% thermal
conductivity enhancement at 0.25 wt.% concentration
(Hajjar et al., 2014).

Many studies have been investigated the use of
nanofluids in different types of heat exchangers. Vajjha
et al. (2010) numerically investigated heat transfer
enhancement of two different nanofluids (Al.O; and
CuO) in a flat tube car radiator. The average heat transfer
coefficient increased by 94% for the 10% Al,O3 and 89%
for 6% CuO nanofluids at the Reynolds number of 2000.
Hung et al. (2012), experimentally investigated the
suitability of the alumina nanofluid (Al.Os/water) for
heat dissipation in the air-cooled heat exchanger. They
reported that the highest heat transfer increase was 40%
at the highest mass fraction (1.5%). Kiling et al. (2020),
experimentally investigated the cooling performance of a
vehicle radiator by using graphene-based nano-fluids.
They reported that the average enhancement of the
overall heat transfer coefficient was 26.08% for 0.02
vol.% of GO and 20.64% for 0.02 vol.% concentrations
of GNR/water nano-fluids. Karabulut et al. (2020),
numerically and experimentally investigated the
convection heat transfer coefficient of a graphene-based
nanofluid along a circular copper tube under a turbulent
flow regime. They reported that the heat transfer
coefficient increment is about 48% for 350 W, heat flux
at 0.02 vol.% concentration. The exergy analysis tells us
how much is the usable work potential of the system or
process. Also, exergy is key to the understanding of the
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thermodynamic behavior of energy systems. In recent
most, studies were examined to exergy analysis of heat
exchangers. Pandey and Nema (2012), were
experimentally investigated the heat transfer, frictional
losses, and exergy loss in a counter flow corrugated plate
heat exchanger by using nanofluids. Esfahani and
Languri (2017), were studied the benefits of using
graphene oxide nanofluids, regarding their thermal
performances in a shell-and-tube heat exchanger. The
study was concluded that the increase in the
concentration of graphene oxide particles resulted in
higher viscosity and aggregate size in nanofluids at room
temperature. There are more examples to analyze energy
and exergy using nanofluids on various heat exchangers
(Khaleduzzaman et al., 2014; Sun et al., 2016; Ipek et al.,
2017; Singh and Sarkar, 2018; Wang et al., 2018;
Bahiraei et al., 2018).

It is generally accepted that two types of losses occur in
a heat exchanger: losses due to temperature difference
and losses due to frictional losses caused by pressure
drop. Both losses can be quantified at once with total
entropy generation and to achieve an ideal heat
exchanger design, the total entropy generation must be
minimized. The second law of thermodynamics is a
modern approach for the optimization of a thermal
system and the entropy generation is used as the
parameter for evaluating the efficiency of the system
(Ahammed et al., 2016).

Exergy analysis; is a useful analysis method in order to
use the energy and resources efficiently, since it
accurately determines the size, shape and location of
energy losses. It is also a technique that uses the
principles of conservation of mass and energy, together
with the second law of thermodynamics, for the analysis,
design, and development of energy and other systems
(Dinger and Rosen, 2012). An energy system's efficiency
can be improved by using exergy analysis as a tool for
design, evaluation, improvement, and optimization. It
helps us to understand how thermodynamics phenomena
affect effective processes, to compare the importance of
different factors, and to determine how to improve the
process most effectively (Maddah et al., 2017). The first
and second laws of thermodynamics are used to analyze
a system's thermal properties. The combined use of both
laws is necessary to obtain information about the
performance and optimization of the system. To have a
good understanding of a heat exchanger's thermal
performance, exergy analysis or second law analysis is
crucial (Esfahani and Languri, 2017). The analysis of
exergy provides insight into the irreversibilities of the
system and allows a comprehensive assessment of all the
critical aspects of energy use (Rosen, 2002).

The graphene structure, an allotrope of carbon, is two-
dimensional on one plane and has an atomic thickness
(Singh et al., 2012). Due to its remarkable mechanical,
thermal, and electrical properties, graphene attracts the
attention of many researchers (Novoselov et al., 2005).



In addition, the hydrophilic nature of graphene makes it
superior in terms of many disadvantages seen in metal-
based nanofluids. The literature confirms that nanofluids
improved heat transfer properties. However, the effects
of these improvements in terms of radiator design and
exergy analysis have not been evaluated sufficiently.
Additionally, a very limited number of studies have been
published on graphene-based nanofluids and their
performance characteristics in a vehicle radiator
(compact heat exchanger).

As a result, different studies have been carried out in the
literature that nanofluids improve heat transfer. Although
there are studies involving nanofluids and exergy
analysis in heat exchangers, most of them are conducted
with metal-based nanofluids. The use of graphene-based
nanofluids in heat exchangers is less common and is
much more limited in terms of exergy analysis. With this
study, it is aimed to increase the number of experimental
studies on graphene-based nanofluids (known as
graphene oxide and graphene nanoribbons) applications
in compact heat exchanger systems and to close the
consistency and comparability gaps in the literature and
based on the authors’ knowledge, there is no such
research in the corresponding literature. Also with the
exergy analysis, it is aimed to reveal what needs to be
improved, as well as see the irreversible effects of
nanofluids on the system.

MATERIAL AND METHOD

Experimental Setup

The actual photo and schematic diagram of the
experimental setup are shown below (Fig. 1) used in this
study which includes a reservoir tank, a heater, a

centrifugal pump, flow lines, a flow meter, an adjustable
forced fan, an airflow channel, thermocouples for
temperature measurement, a datalogger and a compact
heat exchanger (vehicle radiator). Distilled water and
nanofluid are used as internal fluid and air is used as
external fluid at the heat exchanger. Inlet and outlet
temperatures of the distilled water, nanofluids, and air
were measured by using J and K-type thermocouples.
The nanofluids are heated by a controllable electrical
resistance.

The nanofluids are pumped into the tubes of the compact
heat exchanger at various rates (0.6-0.9 m®h) using
variable frequency drive equipment. The compact heat
exchanger which is used in experiments has a stadium-
shaped cross-section and consists of 36 horizontal tubes.
The fins and tubes are made from aluminum. The system
is cooled by air using a fan. The airflow channel and the
fan are placed in a rectangular duct and directed to the
radiator. An electric heater (2500 W) is used to heat the
heating tank made of stainless steel. The circulation
pump is equipped with a frequency converter, which
allows it to function from 0 to + 110°C, and has a
maximum pumping capacity of 2.7 m*h?. A flow meter
that is capable of withstanding 80°C temperature, with
the precision of 0.01 L/min (with 2% accuracy) is used
to measure flow rates. Two K-type and two J-type
thermocouples are used to record the inlet and outlet
temperatures of the cooling air and fluids, respectively,
using a datalogger. Additionally, 7 J-type thermocouples
are used to record the surface temperatures of the
compact heat exchanger. Nanofluids were synthesized at
the Nanotechnology Research Center of Sivas
Cumhuriyet University. Nanofluids were prepared by
using graphene as a nanoparticle and distilled water as a
base fluid.
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Figure 1. Actual and schematic view of the experimental system (1-storage tank 2-circulation pump 3-ball valve 4-flow meter 5-

compact heat exchanger 6-recycle line 7-data logger 8-air flow channel 9-fan 10-computer)

Calculation Method

The schematic view of the compact heat exchanger used
in this study is shown in Figure 2, where the red and blue

lines show hot and cold fluids, respectively (Caliskan and
Hepbasli, 2013).



The calculations are based on the assumption of one-
dimensional, steady-state heat conduction at the base of
the aluminum channels and is expressed as follows:
fluids and air are assumed to have constant properties,
heat rejected by fluids will be fully absorbed by air and

all processes are assumed to be steady-state. Also, based
on the assumption that nanoparticles are dispersed within
the base fluid.

‘ Te,in ‘ Air inlet ‘ N

Figure 2. Diagram and detailed tube/fin view of the compact
heat exchanger used in the present study

The exergy balance of the heat exchanger is written as
follows.

(Exh,in+EXc,in ) - (Exh,out+EXc,out ):Exdcst (1)
where “Exh,in” ve “Exh,out” are the exergy input and
output for the hot fluids and “Exc,in” ve “Exc,out” are the

exergy input and output for the cold fluids. “Exye” is the
exergy destruction.

Exergy flow of the fluid “Ex;” is written as follows:
S . Ty
Ex=td (he-h)-To(s-50)= 1, Co [ (T To)-To In (££) 1)

where “my” is the mass flow of fluid, “T¢” is the fluid
temperature, “C,,¢” is the specific heat capacity of fluid,
“h¢” is the enthalpy of fluid at fluid temperature, “s;” is
the entropy of fluid at fluid temperature, “T,” is the dead
state temperature, “h,” is the enthalpy of fluid at dead
state temperature, “s,” is the entropy of fluid at dead state
temperature. The above equation is more clearly
expressed as follows.

T

Exh,in:rhh,incp,h[(Th,in'TO)'TO ln( ?;n) ] 3)
Exh,out:mh,out Cp,h [(Th,out'TO)'TO In (Tl;zm) ] 4)
EXc,in=n‘f1c,incp,c [(Tc,in'TO)'TO In (ch-;n) ] (5)
EXc,out:n'flc,out Cp,c [(Tc,out'TO)'TO In (T;-’—Zm) ] (6)

99 66 99

where “in”, “out”, “c”, ve “h” subscripts are meant that
input, output, cold and hot, respectively.
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The exergy destruction current “Exgq“ of the heat
exchanger can be found as follows:

EXdest:Sgen T0 (7)

Where “S,.,” is the entropy generation.

gen
There are different ways to calculate exergy efficiency in
the literature. According to Hepbasl (2008), the most
commonly used equation is as follows:
T]]]:[(EXh,out-i_EXc,out)/(EXh,in_*_EXc,in ]* 100 (8)
where “n,” refers to the second law efficiency.

The correlations of nanofluids to be used for exergy
analysis can be calculated as follows:
Cot=pc, (1 — @) oy ©)
where ¢, is the specific heat of nanofluids, p is the density
of nanofluids, and ¢ is the volume fraction of
nanoparticles. Also, nf, p, and bf refer to nanofluid,
particle, and base fluid, respectively (Pak and Cho,
1998).

The density of the nanofluids can be calculated as follows
(Khanafer and Vafai, 2011):

Png = (1= 9p)0r + 0oy (10)

Also, ¢, =V,/(V, +V,r) is the  volumetric

concentration of nanoparticles.
Uncertainty analysis

Uncertainty analysis is important in terms of the
precision of the measured results and the accuracy of the
results obtained. To obtain the uncertainty values the
following equation was used (Holman, 2001);

OR

Wp = [(Ewl)z + (:TR;WZ)Z +...+ (;{—R;lwn)z]

where R is a function of independent variables (X12,) and
resulting from the experimental study. wri2n Can be
taken as the uncertainties in the independent variables.
According to the uncertainty analysis, the values
estimated as +2.65% for flow rate, +0.5% for
temperature, £0.65% for circulating pump power input
and +1.25% for heating tank power input.

1/2
(11)

RESULTS AND DISCUSSION

In the calculations of this study, the data from a previous
experimental study were used (Kiling, 2015). In the
experiments, five different fluids as water, graphene
oxide (0.01 and 0.02 vol.%) and graphene nanoribbon
(0.01 and 0.02 vol.%), three different inlet temperatures
(36, 40, and 44 °C), and four different mass flow rates for
each temperature (0.6, 0.7, 0.8 and 0.9 m®/h) were used.



Besides, ambient air was used to cool as the fluid passed
through the radiator, and it was sent to the radiator with
the help of a fan, at a constant flow rate of 0.45 m3h. The
inlet/outlet temperatures of the water and nanofluids, the
surface temperature of the radiator, and the outlet
temperature of the air passing through the radiator were
measured in the experiments. During the experiments,
changes in the ambient air are affected by the
calculations. The sudden jumps and decreases in different
flow transitions are directly proportional to the ambient
temperature which is measured and used in the
calculations in the graphics below. Since the dataset
obtained as a result of calculations are close to each other,
exergy efficiencies and exergy destructions have been
calculated as two significant steps after the comma
(Uygun, 2019).

In Figures 3 and 4, the heat transfer coefficients for
water-based nanofluid containing graphene nanoparticles
at different concentrations and different inlet
temperatures are compared with pure water. The heat
transfer coefficients of both GO and GNR nanofluids
increased with increasing flow rate, inlet temperature and
particle volume concentration. Numerous studies have
emphasized the importance of this situation in terms of
energy analysis (1st law efficiency) and it provides the
basis for the second law efficency (Vajjha et al., 2010;
Peyghambarzadeh et al., 2011; Kiling et al., 2020).
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Exergy efficiency calculated for different temperatures
(36°C, 40 °C, and 44°C) from the data obtained after the
experiments is given comparatively in Figure 5. As a
result of the calculations made for a temperature of 44 °C
and a flow rate of 0.9 m¥h, the exergy efficiency for
water was found to be 95.18%, while the exergy
efficiency value for 0.01% GO was 94.93%. At the same
temperature and flow rate values, the exergy efficiency
was calculated as 92.40% for 0.01% GNR, 91.25% for
0.02% GNR, and 90.10% for 0.02% GO.
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Figure 5. Comparison of exergy efficiencies for all nanofluids
ata) 36 °C b) 40°C c) 44 °C

According to Figure 5(a), it has been obtained that the
water exergy efficiency is higher in all flow rates
compared to other nanofluids and the highest exergy
value has been calculated as 94.79% (Khaleduzzaman et
al., 2014). The value of exergy efficiency closest to water
was calculated for 0.01% GO and 92.79% for 0.9 mh
fluid flow. The lowest exergy efficiency was calculated
as 84.57% for 0.02% GO at 0.6 m*h flow rate and 36 C
temperature. According to Figure 5(b), the highest



exergy efficiency was obtained as 93.63% at a flow rate
of 0.9 m%h for 0.01% GO. The lowest exergy efficiency
was calculated as 87.14% at a flow rate of 0.6 m3/h for
0.02% GO. Exergy efficiencies of water and 0.01% GO
were higher compared to other fluids when the fluid
temperature was 40C. In Figure 5(c), a comparison of
exergy efficiencies for four different flow rates of
nanofluids at 44 °C is given. Exergy efficiencies for
water and 0.01% GO were calculated very close to each
other. The highest exergy efficiency for water was
calculated as 95.19% at a flow rate of 0.9 m%h. For
0.01% GO, the exergy efficiency calculated at the same
flow rate was 94.93%. The lowest exergy efficiency was
calculated as 87.37% again for 0.02% GO at 0.6 m%h
flow rate.

The comparison of exergy destruction for four different
flow rates of nanofluids at different temperature are given
in Figure 6.
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According to Figure 6 (a), the highest exergy destruction
was 52.42 W for 0.02% GO nanofluid at a flow rate of
0.6 m3/h. The second highest exergy destruction was
calculated as 51.77 W for 0.02% GNR nanofluid at 0.7
mé/h flow rate. The lowest exergy destruction was 25.77
W for water at a flow rate of 0.6 m%/h. The lowest exergy
destruction value was 30.41 W for 0.01% GO at 0.6 m3h
when compared to each nanofluid at a given temperature.
Figure 6(b) shows the changes of exergy destruction of
nanofluids at different flow rates at 40 °C. According to
obtained data, the lowest exergy destructions were
obtained for water at 0.7 m%h flow and 0.01% GO
nanofluid at 0.6 m%h flow and these values were
calculated as 40.84 W and 42.80 W, respectively. Exergy
destruction values are close to each other such as exergy
efficiency values for water and 0.01% GO nanofluid at
40 °C, and the highest exergy destruction difference is
6.86 W. The highest exergy destruction value is 73.93 W
which was obtained at a flow rate of 0.8 m%h for 0.02%
GNR nanofluid (Figure 6(b)). According to Figure 6(c),
the lowest exergy destructions obtained at 44 °C fluid
inlet temperature were calculated as 42.43 W for water
and 43.73 W for 0.01% GO at 0.7 m%h. The highest
exergy destructions were calculated for 0.02% GO as
104.42 W at 0.8 m%h and 104.01 W at 0.9 m%/h. It has
been observed that the exergy destruction values
calculated when the fluid inlet temperature is 44 °C are
higher than the exergy destruction values calculated for
36 °C and 40 °C fluid inlet temperatures. On the other
hand, exergy destruction values for water and 0.01% GO
was observed as a result of the calculations concerning
the exergy values calculated for water at 40 °C and 0.01%
GO oxide.

The graphs of exergy efficiency for water and all
nanofluids (0.01% GO, 0.01% GNR, 0.02% GO, 0.02%
GNR) are given in Figure 7, comparatively for all flow
rates at 36, 40, and 44 °C temperatures.

According to Figure (7), the graphs of exergy efficiency
for water and all nanofluids (0.01% GO, 0.01% GNR,
0.02% GO, 0.02% GNR) are given comparatively for all
flow rates at 36, 40, and 44 °C temperatures. The highest
exergy efficiency among all nanofluids and all
temperature values for a flow rate of 0.6 m%h is 94.48%
and 93.73% for water and 0.01% GO at 44 °C,
respectively. The lowest exergy efficiency which is
84.57% is obtained for 36 °C temperature and 0.02% GO
nanofluid. The highest exergy efficiency among all
nanofluids and all temperature values for a flow rate of
0.7 m¥h is 94.85% and 94.68% for water and 0.01% GO
at 44 °C, respectively (Khaleduzzaman et al., 2014). The
lowest exergy efficiency is obtained for 36 °C
temperature and 0.02% GNR nanofluid, and the exergy
efficiency is 86.57%. The highest exergy efficiency
among all nanofluids and all temperature values for a
flow of 0.8 m%h is 95.29% and 94.53% for water and
0.01% GO at 44 °C, respectively. The highest exergy
efficiency among all nanofluids and all temperature
values for 0.9 m3/h flow is 95.19% and 94.93% for water
and 0.01% GO at 44 °C, respectively. The calculated



exergy efficiency values for 0.01% GO nanofluid were
the highest at 6.33% compared to other nanofluids, and
water's exergy efficiency was generally between 1% and
2% higher than 0.01% GO compared to water (Gamal et
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al., 2021). The graphs of comparative exergy
destructions for water and all nanofluids are given in
Figure 8.
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Figure 7. Comparison of the exergy efficiency of water and nanofluids at different temperatures for all flow rates

According to Figure 8, the highest exergy destruction
value for a flow of 0.8 m3/h among all temperature values
and nanofluids is 88.63 W for 0.02% GO at 44 °C. The
lowest exergy destruction values are at 36 °C for water
and 0.01% GO, which are 25.77 W and 30.41 W
respectively. For the flow rate of 0.7 m%h, the lowest
exergy destruction value of 36 °C water and 0.01% GNR
were obtained, which are 27.58 W and 34.56 W
respectively. The highest exergy destruction was
calculated as 92.98 W for 44 °C temperature and 0.02%
GO nanofluid. Also, the exergy destruction value at 44
°C calculated for 0.01% GO nanofluid is 43.73 W and the
exergy destruction value at 40 °C is 47.70 W.

As seen in Figure 8, the highest exergy destruction was
calculated as 104.42 W at 44 °C for 0.02% GO nanofluid.
Among exergy destructions calculated for the flow rate
of 0.8 m%h, water has a lower exergy destruction value
than nanofluids at all temperature values. The nanofluid
with the lowest exergy destruction value at 40 °C and 44
°C is 0.01% GO. The nanofluid with the lowest exergy
destruction value for 36 °C is 0.01% GNR. The highest
exergy destruction value for the flow rate of 0.8 m3/h was
obtained as 104.01 W at 44 °C for 0.02% GO. It is seen
that the nanofluid with the lowest exergy destruction is
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0.01% GO. It has been observed that 0.01% GO has
lower exergy destruction at all temperatures and flow
rates compared to other nanofluids.

In Table 1, the exergetic analysis results are shown for all
fluids at 36, 40 and 44 °C. Exergy destruction and exergy
efficiency values are summarized in tabular form for a
better understanding of the graphs. In addition, entropy
generation values are also given. Exergy destruction in a
heat exchanger is dependent on the heat exchanger's dead
state and its inlet and outlet temperatures. Improvement
of these parameters will increase the exergy efficiency of
the system by reducing the exergy destruction of the heat
exchanger.

In many studies under the heading of exergy analysis,
changes in exergy destruction and exergy efficiency have
been evaluated in terms of flow rate, inlet temperature,
and particle concentration parameters. The positive and
negative results obtained as a result of the changes in
these parameters are attributed to some factors that occur
with the use of nanofluids. Increasing the nanoparticle
concentration provides higher thermal conductivity and
increases the heat transfer coefficient. In addition,
increasing the nanoparticle concentration increases the



viscosity and friction losses. It has been stated that this
situation provides an increase in the second law
efficiency (Gamal et al., 2021). Similarly, it has been
reported that the increase in flow rate and particle loading

improvement in exergy efficiency is observed with the
resulting particle migration, molecular level layering of
the liquid at liquid particle interface and hydrodynamic
effect of Brownian motion of nanoparticles (Khairul et

increases the heat transfer coefficient, and an al., 2014; Ahammed et al., 2016)
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Table 1. Exergetic analysis results for all fluid§ at 36, 40 and 44 °C ] i i i
Hitfluid EXdest  Sgen n EXdest  Sgen n EXdest  Sgen n
Fluid (m¥h) 36°C (W) (W/K) (%) 40°C (W) (W/KK) (%) 44°C (W) (W/K) (%)
water 0.6 25.77 0.088 92.24 46.23 0.158 90.78 39.07 0.134 94.48
0.7 27.58 0.094 92.89 40.84 0.140 93.00 42.43 0.145 94.85
0.8 29.04 0.099 93.45 43.04 0.147 93.62 44.37 0.152 95.29
0.9 25.94 0.089 94.79 50.99 0.175 93.25 50.98 0.175 95.19
0.01% GO 0.6 30.41 0.104 90.91 42.80 0.147 91.48 44.30 0.152 93.73
0.7 39.15 0.134 89.98 47.70 0.163 91.91 43.73 0.150 94.69
0.8 41.06 0.141 90.84 48.78 0.167 92.78 51.45 0.176 94.53
0.9 36.48 0.125 92.73 48.33 0.166 93.63 53.57 0.183 94.93
0.02% GO 0.6 52.42 0.180 84.57 62.34 0.213 87.15 88.63 0.304 87.37
0.7 44.24 0.152 88.49 69.76 0.239 88.06 92.98 0.318 88.63
0.8 46.58 0.160 89.56 66.57 0.228 90.01 104.42 0.358 88.84
0.9 48.43 0.166 90.38 71.58 0.245 90.49 104.01 0.356 90.10
0.01% GNR 0.6 35.54 0.122 89.16 60.98 0.209 87.79 67.72 0.232 90.28
0.7 34.56 0.118 91.00 62.25 0.213 89.37 75.13 0.257 90.81
0.8 39.83 0.136 90.87 65.27 0.224 90.28 80.03 0.274 91.49
0.9 43.23 0.148 91.22 66.32 0.227 91.18 80.24 0.275 92.40
0.02% GNR 0.6 44.49 0.152 86.67 62.28 0.213 87.60 84.75 0.290 87.88
0.7 51.77 0.177 86.57 66.50 0.228 88.60 89.16 0.305 89.13
0.8 45.94 0.157 89.60 73.93 0.253 88.98 90.29 0.309 90.44
0.9 48.99 0.168 90.24 72.11 0.247 90.53 93.04 0.319 91.25
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When the increase in exergy loss is examined for the inlet
temperature, it is concluded that the temperature
difference between the hot and cold fluids increases the
exergy loss, which is due to the finite temperature
difference, and this is the main reason for the exergy loss
in the heat exchangers (Dizaji et al., 2017). As the fluid
flow rate increases, it increases fluid disruption and
destroys the flow boundary layer. Additionally, graphene
nanoparticles in nanofluids are subjected to Brownian
forces for irregular Brownian diffusion and thermal
diffusion. Micro-convection oceurs between
nanoparticles and the base fluid, energy is transferred
from the nanoparticles to the base fluid, the boundary
layer is sharply disrupted, disturbance is heightened, and
heat transfer is enhanced (Wang et al., 2020).

CONCLUSION

In this study, the exergy analysis of graphene-based
nanofluids in a compact heat exchanger is examined.
Exergy efficiency and exergy destruction values were
calculated comparatively for distilled  water and
nanofluids. The results of the calculations can be
summarized as follows:

It was concluded that the exergy efficiencies of
nanofluids increased with the increase of the fluid flow
rates and inlet temperature to the heat exchanger
(Bahiraei and Mazaheri, 2021; Khairul et al., 2014; Saleh
and Sundar, 2021; Gamal et al., 2021; Sadighi et al.,
2016; Ahammed et al., 2016). The increase in the
number of Nusselt resulted in an increase in heat transfer
and an increase in the exergy efficiency of the nanofluid.
Enhanced exergy efficiency results from changes in
entropy generation of the fluid and irreversibility rates in
the system (Saleh and Sundar, 2021).

When the exergy destruction and entropy generation
were compared to the nanoparticle concentrations, it was
concluded that the exergy destructions increased with the
increase of the nanoparticle concentration. It can be
explained by the limited heat transfer temperature
difference, the fluid viscosity flow resistance, Brownian
motion, particle migration, etc. (Wang et al., 2020;
Pandya et al., 2020).

It was concluded that the exergy destruction and entropy
generation of nanofluids increased with the increase of
the flow rates (Bahiraei and Mazaheri, 2021). However,
it showed an increasing and decreasing trend by
oscillating in some conditions. It was determined that the
amount of increase in exergy destruction of GO nanofluid
was higher than that of GNR. Graphene nanofluid's lower
concentration enhances heat transfer more than fluid
viscosity's effect on performance (Wang et al., 2020).

When the exergy destruction values are compared with
the fluid temperatures, it was found that the exergy
destruction values increase with the increase of fluid inlet
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temperatures (Pandya et al., 2020; Esfahani and Languri,
2017; Sadighi et al., 2016).

In this study, it was concluded that the positive effect of
the nanofluids prevails to the adverse effects and fluid
flow rate, inlet temperature and particle concentration
play an important role in heat exchanger efficiency This
shows that the use of the nanofluid is a valuable method
to reduce the total irreversibility of the heat exchanger.

As a result, it has been determined that the exergy
efficiency of 0.01% GO nanofluid is better and the
amount of exergy destruction is less compared to 0.02%
GO nanofluid. The calculated values were found to be
comparable to previous studies in the literature
(Khaleduzzaman et al., 2014; Gamal et al., 2021, Jils and
Jesseela, 2021). Considering that the flow structure of
nanofluids will cause irreversibilities and entropy
generation, the nanoparticles in the fluid will cause a
turbulent flow structure, these values are quite
remarkable. Finally, further work is required to
investigate the effects of the economic efficiency of
nanofluids and the use of hybrid nanofluids.
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Abstract: This study presents the first results of a new turbulence model implementation in our compressible finite
volume CFD solver. The k — kL turbulence model is one of the newest two-equation models, and it is based on the
ideas of Rotta’s two-equation model. Various research groups progressively develop the model, and it is maturing
rapidly. Reports suggest that the k — kL turbulence model provides superior results compared to the other two-
equation turbulence models in specific problems. The improved solutions are observed mainly for the flows with high
adverse pressure gradients, the blunt-body wakes and jet interactions. We have implemented the k — kL model (with
the standard designation of k-kL-MEAH2015) in our solver, and we are testing it rigorously. This paper presents our
results on standard turbulence test cases: subsonic flat plate and subsonic wall-mounted bump. The results compare
well with the reference study previously presented and published by model developers. The design of the k — kL
model prevents excessive production of turbulence and dissipation; hence it preserves vortices significantly better than
the other two-equation models. The implemented model is also tested with a transonic fin trailing vortex case to support
this statement. Results show that the k — kL model yields considerably better results than the SST turbulence model in
cases including vortices.

Keywords: Turbulence models, k — kL model, Computational Fluid Mechanics

k-kL. TURBULANS MODELININ UYGULAMASI, DOGRULAMASI VE GiRDAP
YAKALAMA YETENEKLERININ DEGERLENDIRILMESI

Ozet: Bu calismada, sikistirilabilir akis sonlu hacimler ¢oziiciimiiz iizerinde yeni bir tiirbiilans modeli uygulamasmim
ilk sonuglar1 sunulmaktadir. k — kL tiirbiilans modelinin tarihsel kokleri Rotta’nmn iki denklemli modeline
dayanmaktadir. Birkag arastirma grubu tizerinde uzun siiredir ¢aligmalar yapmakta ve bu model gliniimiizde olgunluga
erismektedir. Gegmis c¢alismalar k — kL tiirbiilans modelinin diger iki denklemli tiirbiilans modellerine gore bazi
alanlarda daha iyi sonuglar verebildigini gostermistir. Ozellikler ters basing gradyanli akislar, kiit gévde arkasi iz
akiglar1 ve jet etkilesimleri igeren akislarda bu olumlu etki gbzlemlenmistir. Bu calisma kapsaminda, standart
notasyonda k-kL-MEAH2015 olarak gegen k — kL tiirbiilans modeli ¢oziiciimiize eklenmis ve ilk testleri baglamistir.
Ses alt1 diiz levha ve ses alt1 tiimsekli duvar problemleri iizerinde elde edilen sonuglar sunulmaktadir. Sonuglar model
gelistiricilerinin yayinladigi sonuglarla ortiismektedir. k — kL tiirbiilans modelinin, tiirbiilans denklemlerinin ¢6ziimii
sirasinda asir1 yliksek tiirbiilans tiretiminin olugmasini engelleyerek diger RANS modellerine gore daha iyi girdapli akis
tahminlerinin yapilmasina yardimci olmasi beklenmektedir. Bu sebeple, yeni eklenen model ile ses gecis hizlarinda
kanat ucu girdap problem iizerinde testler yapilmis ve Menter’in Shear Stress Transport tiirbiilans modeline gore daha
iyi sonuglar elde edilmistir.

Anahtar Kelimeler: Tiirbiilans modelleri k-kL modeli, Hesaplamali Akiskanlar Dinamigi

NOMENCLATURE SST  Shear Stress Transport
c Model constants

ARSM Algebraic Reynolds Stress Model 8ij Kronecker delta
CFD Computational Fluid Dynamics k turbulent kinetic energy
KSKL kvkL L Length scale
LES Large Eddy Simulation t time
NS  Navier-Stokes X Spatial direction
QCR Quadratic Constitutive Relationship U viscosity
u

RANS Reynolds Averaged Navier Stokes turbulent viscosity
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INTRODUCTION

Computational Fluid Dynamics is still a developing area
encompassing numerous numerical methods to address
different aspects of flow physics. Despite its currently
unresolved shortcomings, it is already accepted as a
standard design and analysis tool for most engineering
flows. CFD methods are based on solving Navier-Stokes
equations with various techniques. The discretization of
NS equations is often adequate for Laminar flows.
Turbulence is one of the essential flow features that
conventional CFD methods based on NS discretizations
cannot precisely simulate. The main reason for this is the
considerable gap between discretization sizes achievable
with today’s computer capacity and the scales of
turbulence. This shortcoming is frequently evaded by
applying turbulence models. These models allow
replicating turbulence effects into the mean flow on a
relatively coarser grid.

Most turbulence models are designed to add turbulence
effects by replacing viscosity with an artificial eddy
viscosity parameter. The eddy viscosity characterizes the
effect of turbulent fluctuations of the flow variables.
There are a couple of dsfferent turbulence models in the
literature with a different number of equations and
different complexities. Two-equation models are
successfully applied in practical applications. These
models rely on the idea that turbulence effects are
constituted by two independent scales, obtained from two
independent transport equations, as Launder and
Spalding (1983) explained.

The k — kL turbulence model was first developed by
Rotta (1951), and since then, there has not been
widespread use among the CFD community. This slow
adaptation is essentially associated with third-order
velocity gradient content contained in the equation set
(Menter and Egorov, 2010). A third-order gradient is
cumbersome to compute in practice for most finite
volume schemes; hence, the application of the solver
model did not materialize until recently. However, the
historical importance of k — kL remains. It should be
noted that this model constitutes the roots of major
families of two-equation models suchask — eand k —
w, which are incorporated in many modern CFD solvers
(Rodi, 2006). The model has been becoming prevalent in
the last few years after the efforts of Menter and Egorov
(2010) and Abdol-Hamid (2013, 2015).

The prominent distinguishing feature of Rotta’s model is
that it employs the turbulent length scale (L) concept in
the turbulence transport equations. According to this
model, the kL parameter is driven by the third velocity
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gradient with the assumption of homogeneous
turbulence. On the other hand, Menter and Egorov (2006)
suggest that a second-order velocity gradient should
drive the turbulent length scale. This approach helps to
avoid tedious computation of third derivatives, especially
for three-dimensional domains (Menter and Egorov,
2010). The second-order gradient term appears in the von
Karman length scale calculation, through which the two
turbulence transport equations are coupled. The revision
of the length scale discussion leads to the development of

k — (k) L (KSKL) model, where the preference of

\/mL parameter is based on historical reasons. KSKL
model provides an estimation of local breakups at
unstable regions of the flow. This feature may result in
an unsteady RANS analysis to exhibit an LES-like
behavior where several turbulent scales co-exist in the
computed flow field.

The most recent efforts have been made by Abdol-
Hamid, while he adapted k — kL model into NASA
solvers. After applying Menter’s idea to Rotta’s model,
he and his colleagues presented and verified the k-kL-
MEAH2015 model (Abdol-Hamid, 2016). It is
demonstrated that the k — kL model shows similar or
better performance than SST after testing on various
problems with different flow regimes. Other variations
where quadratic constitutive relationship (QCR) and
algebraic Reynolds stress models (ARSM) are
incorporated lead to performance improvements (Abdol-
Hamid, 2019).

The k — kL turbulence model is a promising method that
incorporates several advantages over standard two-
equation models. The main advantage of the model is that
the method involves several turbulent length scales. This
feature may provide an advantage in simulating flows
involving large vortices, whereas other two-equation
models produce excessive turbulent stresses, and vortices
dissipate rapidly. The fin-vortex may severely affect the
missile performance, and it is a challenging task in the
missile design process. To address this problem, we have
decided to implement the method and assess its
characteristics in such flow configurations.

In the current study, the k-kL-MEAH2015 turbulence
model is implemented into our in-house flow solver. We
used subsonic flat plate and subsonic wall-mounted
hump problems as initial validation cases. Test results are
presented in comparison with the results of the model
developers.

Another critical area that the k — kL turbulence model is
the inclusion of the turbulent length scale parameter, L.
The length scale allows the model to adapt scales of
turbulence to local flow characteristics. This feature
becomes vital in vortex structures, where the turbulence
production is over-predicted in classical models. A
compressible-flow fin trailing vortex test case is
presented in this study to assess vortex preserving
features of the k — kL turbulence model.



METHOD 34 P(kL)
Me =Ly k1/2

(6)

We have implemented the k-kL-MEAH2015 model in

our density-based finite volume solver. Our solver 2s k52

applies the HLLC method as the inviscid flux scheme min (P 20C, / (kL)) @)
(Toro et al., 1994) and implicit time integration. The

software is suited to widely used turbulence models, e.g., . . . .
Spalart-Allmarasand k — @ family. Hybrid RANS-LES Parameters used in kL-equation are given in Eq. 8. The
models are also supported. Software execution is done second-order gradient of the velocity field, U”, is utilized
fully parallel by MPI libraries. It is possible to input the N calculating the von Karman length scale, L., which
grids with various element topologies in a wide range of ~ @Ppears in the C,, function. While implementing the
formats. The implementation of the k — kL model is turbulence model into the solver, the gradient of the
completed, tests are run in parallel and solutions are velocity gradient components is constructed throughout
compared with the SST type k — w model. all face and cell centers.

Theor (kL)
Y Cp1 = |(1 Ca1 <kL k) l (8a)
The formulation of k — kL model developed by Abdol- "

Hamid (2015) is utilized to implement the current study.

The governing equations and other relations are Cy2 =G (8b)
presented here for completeness. NASA Langley
Turbulence Modeling Resource (Rumsey, 2021) is also Co2 =03 (8c)
utilized for necessary equations.
Scalar transport equations of variables k and kL are given Ly =k |F| (%2)
as described in k-kL-MEAH2015 in Egs. 1-2.
a(pk) a(pu,k) o p_ k572 U' = 2SS (9b)
at dx; k PkL) @
k 0 ok azu 0*u  0%u
—2u—+—[(u+au)—] 4
d* = ox 1 ox v ax? ay 2 oz
v 0*v 02
+ +—=+-= 9c
a(p(kL)) a(puj(kL)) _o D) <6 dy? 622) ()
o T oy, nTyk ow dw 0w\
(kL) ax? ' 9y? ' 9z2
—Cpopk®/? — 6u = fo 2 y
+_ ( ‘o )a(kL) Limiters and constants not given in this paper are used
HT OpHe identically with those described in the reference.

Boundary conditions for turbulence equations are given

Production term P, is computed for both k and kL  in Egs. 10 and 11 for farfield and wall boundaries,
equations using relations in Eqgs. 3 through 6. Here, the respectively.
production term is expressed in terms of the pure strain

tensor S;;. Formulations using the vorticity tensor for the ko =9 %10 %2 (10a)
production term are also applicable and can be included
as an option in our solver. The production term is limited (kL) o = 1.5589 X 10~ 6oy Aoy /Pos (10b)
by the expression given in Eq. 7, as introduced by
Abdolhamid. e = (kL) wau = 0 (11)
du;
P=1;-— @)
0x; VERIFICATION TEST CASES
20u 2 Zero pressure gradient flat plate
Tij = He (Zsij___kaij)__pkaij 4
30x; 3

The test case of the zero-pressure gradient flat plate is
1/0u, ou described in Figure 1. As perceived from the inlet
S; == <_l + _1> (5) boundary condition definitions, the test case is specified

T2\oy  ox for compressible flow solvers despite the low-speed free

115



stream flow (M, ~ 0.2). It is one of the AIAA 5th Drag
Prediction Workshop (Levy et al., 2014).

Flat Plate Boundary Conditions,
M=0.2, Re_ =5 million (L=1), T =540 R

farfield Riemann BC

~— PUP,=1.02828,
T = 1.008,

PIPy=1.0—>]
1 qu%m[\[', from interior

other quantities
from interior

syrmmetry adiabatic solid wall

start of plate at x=0
PR IR ST T T— NIRRT
0.5 0 0.5 1
X

Figure 1. Zero pressure gradient flat plate test case description
from Turbulence Modeling Resource website (Rumsey, 2021)

In order to keep all the numerical validation test
conditions the same, a grid provided on the NASA
Turbulence Modeling Resource website is used
(Rumsey, 2021). This test case is used among the
researchers, and many results are available. In addition to

the NASA Turbulence Modeling Resource website, two
AIAA led workshops used this test case, and extensive
reports are available (Rumsey, 2015), (Levy, 2014). We
will compare our results only with the reference study.
Other results with various turbulence models and solvers
are available on the website. The grid borrowed for the
current study is the structured hexahedral grid with
2x545x385 node points on each axis.

Bump-in-channel

The bump-in-channel test case is described in Figure 2.
This test case is specified for compressible flow solvers,
similar to the previous case. The bump in the middle
triggers flow separation, which is accepted as a
challenging test case for RANS models. Indeed, many
examples of RANS models are not proven to provide
credible results in the case of flow separation. In order to
keep all the inputs the same, a grid provided on the
NASA Turbulence Modeling Resource website is used
(Rumsey, 2021). The grid borrowed for the current study
is a structured hexahedral grid with 2x705x321 nodes on
each axis.

Bump-in-channel Boundary Conditions,
M=0.2, Re = 3 million (L=1), T =540 R

f

symmetry

- Pt/P_=1.02828,

TYT,, = 1.008,

1 quantity from interior P/P_=1.0, ———
other guantities
from interior

adiabatic solid wall

Close-up of Bump

0.08

adiabatic solid wall

0.06 AN\

N A\
SN

~T \\\
\

symmetry symmetry P
) Vd e
o y
start of plate at x=0~ end of plate at x=1.5 -0.02- start of plate at x=0 end of plate at x=1.5
RN EREATES ETSETE SVSTETTE SIS SR | P AR RSN RNUNENN RFUVENIN AYRVININ SAVETE SNRTETE S
-30 -20 -10 0 10 20 30 0] 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
X X
(@) (b)

Figure 2. Bump-in-channel test case description from Turbulence Modeling Resource website (Rumsey, 2021). (a) domain

dimensions, (b) bump details (x-y scales do not match)
RESULTS
Verification of the implementation

Verification of the new k — kL turbulence model
implementation is shown on zero pressure gradient flat
plate and bump-in-channel test cases. The data set given
in the NASA Langley Center Turbulence Modeling
Resource webpage (Rumsey, 2021) is used for
comparison purposes. Local flow field variables at
reference planes and variations of flow quantities within
the boundary layer at definite axial stations constitute the
basis of the comparisons. Results are presented and
discussed in the respective sub-headings.
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Zero-gradient flat plate

The zero pressure gradient flat plate case results have
been obtained by utilizing the newly implemented k —
kL turbulence model. Verification of current
implementation is done via flow field comparison
between new results and those presented by Abdol-
Hamid (2016). The computed turbulent viscosity ratio
within the boundary layer compares well, as given in
Figure 3. Note that the vertical axes are exaggerated for
assessment. The current result of the skin-friction
coefficient throughout the wall surface mostly coincides
with the reference results, except for the foremost region
where the gradient of this quantity approaches infinity



(Figure 4.(a)). Velocity, k and kL profiles at x = 0.97
station also compare very well to the results of the
reference study, as seen in Figure 4. Minor differences in

Z Axis
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the free stream turbulence quantities do not significantly
affect the flow field prediction within the boundary layer.
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Figure 3. Turbulent viscosity ratio within the boundary layer; zero pressure gradient flat plate; (a) — current, (b) — Abdol- Hamid et

al.
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Figure 4. Verification of k — kL implementation; zero pressure gradient flat plate; (a) to (d): skin friction throughout the plate,
velocity, k and kL profiles at x=0.97

Bump-in-channel

The results of the bump-in-channel case are, at first,
examined qualitatively, as in the previous case. Figure 5
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shows turbulent viscosity ratio fields computed by the
current implementation of Abdol-Hamid (2021). The
contour levels are relatively comparable to a particular
location near the downstream end of the bump geometry.
After this point, slightly higher turbulent viscosity levels



are predicted by the current implementation. The
difference between maximum values of turbulent
viscosity is considerably small. 1t should be noted that
this region is exposed to adverse pressure gradient
effects. Therefore various factors, e.g., flux scheme and
wall distance calculation method, may contribute to this
minor difference.

The skin friction coefficient is one of the most significant
parameters for this test case. This parameter matches
very well with the reference study, as seen in Figure 6.
The large skin friction coefficient at the end of the solid
wall is observed in most validation results with all
turbulence models published on the NASA turbulence

0.4 0é&

08 1

Figure 5. Turbulent viscosity ratio within the boundary layer; bump-in-channel; (a) — current, (b)

(2021)

Cp

0.0 4

— current
—— Abdol-Hamid et al. [2016]

0.2

(a)

o

page. Therefore deviations at this location can be
ignored. The same plot also shows that pressure
distribution is not affected, and it compares well with
Abdol-Hamid’s results.

This test case is surprisingly challenging due to the
adverse pressure gradient after the bump. The NASA
turbulence modeling website provides the boundary layer
profile plots at x=0.75 station, i.e., the peak point of the
bump geometry. Profile plots in Figure 7 show a good
correlation with the reference study, and minor
differences in free-stream turbulence are ineffective on
the boundary layer flow field, similar to the zero pressure
gradient flat plate case.
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Figure 6. Verification of k — kL implementation; bump-in-channel; pressure (a), and skin friction (b) distributions throughout the

plate
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Fin Trailing Vortex

An experimental study in Sandia National Laboratories
investigated the isolated fin aerodynamics in upstream
vortex flow generated by another fin (Beresh et al.,
2009). The test was conducted at various speeds in the
Mach number range between 0.50 and 0.80. The angles
of both fins were adjustable to have different flow
conditions. In this study, local flow measurements were
conducted without the existence of the aft fin. The
outcomes of this effort are considered helpful for
assessing the current study thanks to the measurements
of local flow quantities via particle image velocimetry
(PIV) technique. Various parameters such as local
velocity vector were measured in cross-planes at
different locations providing the wvelocity deficit and
vorticity quantities (Beresh et al., 2012).

Initial observations focused on the fin-tip vortex
development in the PIV planes located at four cross-
sections downstream of the fin at x/c = 0.51, 1.18, 2.18,
4.18, with ¢ being root chord length. It was seen that the
well-known RANS models could not accurately simulate
the vortex core region due to overestimated turbulent
viscosity and isotropic turbulence assumption. After k —
kL implementation, the fin trailing vortex case is
repeated with this turbulence model. The velocity fields
showing the vortex core behavior are depicted in Figure
10. Itis clear that the vortex is more intensively preserved
up to the most downstream cross-plane when k — kL
turbulence model is utilized. This behavior is much
closer to the experimental results at the most downstream
cross-plane location.

Turbulent viscosity ratio (TVR) distribution through
vortex core explains the better-preserved vortex behavior
of the k-kL turbulence model. Figure 8 explicitly shows
the influence of utilizing the k — kL turbulence model on
computed TVR compared to various forms of Shear
Stress Transport (SST) turbulence model (Menter, 1994).
In this context, we also applied rotation (R) (Dacles-
Mariani et al., 1995) and rotation-curvature (RC) (Shur
et al., 2000) correction implementations in order to
achieve improved results with the SST turbulence model.
The function of either correction is to limit the turbulence
generation in the vortex core, where the elements of
vorticity tensor are dominant over shear stress tensor.
The magnitude of TVR computed by k — kL turbulence
model is even below those predicted by the rotational
corrections applied on SST.

Tangential velocity profiles through vortex core obtained
with all these variants together with those with k — kL
are presented in Figure 9. Tangential velocity distribution
in the radial direction is significantly better predicted by
k — kL compared to all SST versions with and without
vortex corrections. This is considered another piece of
evidence that k — kL turbulence model better predicts the
vortex dynamics compared to SST.
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\.\

Figure 10. Velocity fields at several cross planes downstream of the fin; (a) experiment (Beresh et al., 2009), (b) SST (DeSpirito,
2016), (c) SST (current), (d) k — kL (current); M«=0.80, Re=19x10°m, a=10

CONCLUSION

In this study, the first results of k — kL turbulence model
implementation in our CFD code are presented.
Verification work is held using the data generated by the
original developers of the model. The results match with
a good margin.

The main aspect of the k — kL turbulence model is the
inclusion of the turbulent length scale L. The model
developers claim that this feature enables the model to
resolve different turbulence scales. This capability can be
beneficial to resolve separated flows.

The tip vortex generated by the missile fins is an
important and challenging topic. These vortices interact
with the missile body and other fin-sets and significantly
affect missile stability and flight characteristics.
Therefore, we have selected a fin-vortex test case to assess
the claimed turbulent length-scale resolution feature of
the k — kL model.

The fin trailing-vortex simulation results with k — kL
turbulence model predict the velocity profile at the vortex
core considerably better than other commonly used two-
equation turbulence models. The vortex strength is
preserved better, and significantly less dissipation is
observed. The reason for this superior vortex prediction
capability at vortices is investigated. It is claimed that the
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Turbulence Viscosity Ratio through the vortex core is
significantly lower than the other two-equation models.

We are currently conducting further validation tests in a
broad spectrum. The following studies will encompass
challenging industrial problems with intensive vortex
interactions.
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Abstract: n-heptane pool fire was numerically and experimentally investigated in a 1:100 scaled metro station. Fire
Dynamics Simulator (FDS v6.7.5) has been applied to investigate smoke and temperature distribution by implementing
different design curves in the station. Experimental and numerical studies were performed for 10 ml n-heptane fuel
under zero piston effect. To develop performance-based design and to obtain reliable fire simulation results for
structures, reasonable input conditions are essential for numerical studies. The aim of the study is to select most suitable
fire design curve and make the numerical study independent of the experimental results for small scale hydrocarbon
pool fires. In this study, t?, tanh, Eurocode 1 (BS EN 1991-1-2), exponential, and quadratic fire curves were investigated
and validated with experimental results. The numerical results obtained using FDS were validated with experimental
data and good agreement was observed for all design fire curves except quadratic one. It was observed that the
exponential design fire curve predicted more similarly to the experimental data over the fire duration including growth,
fully developed and decay phases. Regardless of the experimental results, it was seen that the temperature distribution
results obtained from the numerical study using exponential fire design curve and the radiation / turbulence parameters
obtained from the literature were found to have an average of 5% difference with the experimental results. It was also
seen that the t2 and tanh curves have acceptable differences of 6.92% and 9.02%, respectively, and the Eurocode HC is
less suitable than the other curves with a difference of 12.17%. Therefore, it can be said that in small scale hydrocarbon
pool fires, fire design can be done using exponential design curve.

Keywords: Fire development, Design fire curve, Pool fire, N-heptane, Fire dynamics simulator (FDS)

OLCEKLENDIRILMIi$ BIR METRO ISTASYONUNDA KUCUK OLCEKLI SIVI
HAVUZ YANGINLARININ YANGIN TASARIM EGRIiSi SECIMi

Ozet: n-heptan havuz yangm 1:100 Slgekli bir metro istasyonunda sayisal ve deneysel olarak incelenmistir. Fire
Dynamics Simulator (FDS v6.7.5) yazilim ile istasyonda farkli tasarim egrileri uygulanarak duman ve sicaklik dagilimi
arastirilmistir.  Sifir piston etkisi altinda 10 ml n-heptan yakit igin deneysel ve sayisal galismalar yapilmistir.
Performansa dayal1 tasarimu gelistirmek ve yapilar i¢in giivenilir yangin simiilasyon sonuglari elde etmek i¢in sayisal
calismalarda giivenilir girdiler tanimlamak gerekmektedir. Calismanin amaci, kiigiik 6l¢ekli hidrokarbon havuz
yangmlar1 i¢in en uygun yangm tasarim egrisini segmek ve sayisal ¢alismayr deneysel sonuglardan bagimsiz hale
getirmektir. Bu galismada, t2, tanh, Eurocode 1 (BS EN 1991-1-2), eksponansiyel ve ikinci dereceden yangin egrileri
incelenmis ve deneysel sonuglarla dogrulanmigtir. FDS kullanilarak elde edilen sayisal sonuglar deneysel verilerle
dogrulanmis ve ikinci dereceden hari¢ tiim yangmn tasarim egrileri ile uyumlu oldugu gézlenmistir. Yangm siiresi



boyunca biiyiime, tam gelisme ve bozunma asamalarini iceren eksponansiyel yangin tasarimi egrisinin deneysel verilere

daha yakin sonuglar verdigi gozlemlenmistir. Deneysel sonuglardan bagimsiz olarak, eksponansiyel yangn tasarim

egrisi kullanilarak yapilan sayisal ¢aligmadan elde edilen sicaklik dagilim sonuglar ile literatiirden elde edilen
radyasyon/tiirbiilans parametrelerinin deneysel sonuglarla ortalama %S5 farklilk gosterdigi goriilmiistiir. Ayrica t? ve
tanh yangmn tasarim egrilerinin de deneysel sonuglarla %6.92 ve %9.02 gibi kabul edilebilir farkliliklar gosterdigi,
Eurocode HC’nin ise %12.17’lik fark ile daha uzak oldugu gézlenmistir. Bu nedenle kiigiik 6l¢ekli hidrokarbon havuz
yanginlarinda eksponansiyel tasarim egrisi kullanilarak yangin tasariminin yapilabilecegi soylenebilir.

Anahtar Kelimler: Yangm gelisimi, Yangin tasarim egrisi, Havuz yangim, N-heptan, Fire dynamics simulator (FDS)

NOMENCLATURE

C,  Specific heat of air, J’kgt-K?

Cv Deardorff model constant, -

D*  Characteristic fire diameter, m

Dr Diffusivity of the fuel, m?s?

Dy Material diffusivity, m?-s

f Fuel, -

g Acceleration of gravity, m-s™

h Favre-filtered enthalpy, m2-s

k Time width coefficient, -

ke Thermal conductivity, W/m.K

ksgs  Turbulent kinetic energy, m*s

Ls Flame height, m

n Retard index, -

P Pressure, Pa

r Amplitude, -

q Radiative heat flux, W-m™

0 Peak heat release rate, kW

Q*  Fire Froude number, -

S, Flame spread, m's*

t Time, s

T Temperature, K

T.  Temperature of air, K

u,v,w Three components of velocity vectors, m-s?

u Average value of u at the grid cell center, m-s™

u Weighted average of u over the adjacent cells,
m-s?

u Favre-filtered velocity, m-s™

U Overall heat transfer coefficient, W-m?2-K™*

w,  Favre-filtered species source term, -

Ys Soot yield, kg-kg?

Y, Favre-filtered mass species concentration, kg'm™

Greek Letters:

a Fire growth rate, kW-s?

Ba Ratio between the integrated energy at time td,
(Etot, ta) and total energy released in the fire (Etor)

wes Turbulent viscosity, kg'm™-s?

A LES filter width, m

P Filtered density, kgm™

p  Density of air, kg'm™

T Shear force, N-m?
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mix  Mixing time, s

Tchem Chemical time scale, s

X Indicator of grid resolution
Subscripts:

i, j, k Three directions in co-ordinates
g Growth

d Decay

INTRODUCTION

Performance-based fire protection design is one of the
most widely used engineering approaches to reduce the
damage and devastating disasters caused by fire in
structures. Fire simulation is used to determine the
damage to the structure and measure the values such as
smoke spread, temperature distribution, visibility and the
amount of carbon monoxide in the environment, which
are necessary for the safe evacuation of people from the
structure during the development and propagation of the
fire. These design methods give also direction to the
building design at the point of taking passive fire
precautions and determining escape distances.
Combustion characteristics of materials including n-
heptane and generation of fire products were investigated
in detail in the literature (Tewarson, 1986; Khan et al.,
2015).

A pool fire is defined as the turbulent diffusion fire
burning above a horizontal pool of vaporizing
hydrocarbon fuel where buoyancy is the controlling
transport mechanism (Sudheer, 2013). The early works
on liquid pool fires were performed by Blinov and
Khudiakov (1957). Hottel (1959) and Hall (1973) studied
the rates of burning of pools of hydrocarbon liquids for
different diameters. Yao et al. (2013) developed a new
modeling approach of n-heptane pool fire and validated
by experimental data. Bordbar and Hostikka (2019)
numerically obtained the spectral characteristics of
radiation coming from a pool fire flame. Daobashi et al.
(2016) performed experiments for small and middle scale
n-heptane pool fires to understand the mechanisms of the
flame height growth at fire whirls. Yin et al. (2013) built



an altitude chamber where they configured different
dynamic pressure descent rates to simulate n-heptane
pool fire behaviors under different low pressures.
Burning rate, flame height, and fuel temperature
distribution of small scale thin-layer n-heptane pool fires
were experimentally studied for different pool diameters
by Kang et al. (2010). Xin et al. (2002, 2005a, 2005b,
2005c) used FDS software to work on various pool fire
scenarious. Hietaniemi et al. (2004) studied on several
diameter of n-heptane pool fires.

In order to obtain reliable fire simulation results, reliable
fire design curve and input parameters are essential. In
this sense, there are various studies in the literature
(Staffansson, 2010; Ciani and Capobellin, 2018; Baek et
al., 2017; Ingason, 2009; Drysdale, 2011). Also Numajiri
and Furukawa (1998) proposed a mathematical
expression of the heat release rate curve by a simple
equation. New fire design curves were suggested for the
utilization in fire simulations (Baek et al., 2017, 2018).
Literature study indicates a lack of knowledge about the
small scale (< 10cc) n-heptane pool fire. In this study, a
1/100 scale model of a real metro station was built and
heat release rate, temperature distribution and visibility
were investigated experimentally and numerically with
zero piston effect condition along the station. Fire
Dynamics Simulator (FDS v6.7.5) software was used to
simulate an n-heptane pool fire development by means of
available design fire curves in the literature to obtain the
closest results to the experimental data.

The aim of this study is to select most suitable fire design
curve and make the numerical study independent of the
experimental results by not using the experimental results
as numerical analysis input for small scale hydrocarbon
pool fires.

EXPERIMENTAL SETUP

The model is a scale of the Maltepe Station on Ankaray
Metro line located in Ankara/Turkey with a scale of
1:100. The Maltepe Station, built with the cut-and-cover
method, has a 90 m platform and rectangular cross-
section connection tunnels. In the design of the model,
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platform length was taken as the characteristic length to
be scaled. The model consists of three sections: inlet
tunnel, station and outlet tunnel. The model constructed
with heat resistant 5 cm thick autoclaved aerated concrete
block. The ceiling and floors are covered with a 1 ¢m
thick fiber-resin composite layer. In addition, the interior
and exterior of the model were plastered in four layers
with fireproof, heat-insulating plaster. Heat resistant
glass was used on the symmetry plane to view
experiments. Variable frequency driven fan located on
the inlet tunnel was used to provide different inlet flow
velocities. Besides, a honeycomb mesh was located on
the inlet tunnel in order to maintain uniform airflow. The
experimental setup of metro station consists of 3
rectangular sections including 900 mm x 324 mm x 220
mm (LxWxH) station and 1000 mm x 120 mm x 120 mm
(LxWxH) inlet and outlet tunnels as can be seen in Fig. 1
(Berberoglu, 2008).

During the experiments, the temperatures inside the
station were measured by means of a K-type
thermocouple located 5 cm above the 10 cm X 5 cm X 4
mm (LxWxH) in size. The pool contains 10 ml n-heptane
fuel.

NUMERICAL MODEL

In the present study, Fire Dynamics Simulator (FDS
v6.7.5) software was used to simulate an n-heptane pool
fire development under different design fire curves. FDS
is a computational fluid dynamics (CFD) model of fire-
driven fluid flow, which was developed by the National
Institute of Standards and Technology (NIST)
(McGrattan et al., 2021a). FDS numerically solves low-
speed, thermally driven flows, with an emphasis on
smoke and heat transport from fires using Navier-Stokes
equations (McGrattan et al., 2021a). Based on Navier—
Stokes equations and Large Eddy Simulation (LES)
model for turbulent flow, the governing equations are
presented on the next section.



Figure 1. (a) Front and (b) rear view of the experimental setup

Computational Domain and Mesh Structure

The computational domain as shown in Fig. 2 consists of
three rectangular sections including 900 mm x 324 mm x
220 mm (LXWxH) station and 1000 mm x 120 mm x 120
mm (LxWxH) inlet and outlet tunnels.

In the present study, n-heptane was used as fuel. The FDS
fuel library was used to set the physical and chemical
properties. HRRPUA (heat release rate per unit area)
approach was used in the study and the agreement with
experimental data was analysed. Four thermocouples
were placed at the middle and T1:35 mm, T2:50 mm,
T3:120 mm and T4:205 mm above the pool in order to
trace temperature variations.

The ratio D*/ X is an indicator of grid resolution where
D* is the characteristic fire diamater and 6x is the size of
agrid cell. Theratio of 5 to 10 usually produces favorable
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results at a moderate computational cost (Nureg 1824,
2007), (McGrattan et al., 2021b). D* is given as

. Q

D* = (m 2/ (1)
where Q is heat release rate (HRR), p.. is density of the
air, T is temperature of the air, C;, is specific heat of the
air, and g is acceleration of gravity (9.81 m/s?). Based on
Eqg. (1), D* is calculated as 7.8 cm, which corresponds to
D*/dx = 5 for 1.56 cm and D*/dx = 10 for 0.78 cm cell
size (dx), respectively.

The Governing Equations and Boundary Conditions

The finite difference method has been employed in the
solution of the three dimensional, time-dependent
conservation equations of mass, momentum, energy and
species.
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Figure 2. Computational model of the metro station

Thermal distribution and air flow are simulated by
solving conservation equations. The filtering operation
is applied to the three—dimensional time—dependent
Navier—Stokes equations in order to remove the small
turbulent scales of the total flow field and to obtain the
filtered conservation equations to conduct large—eddy
simulations (Aybay, 2010). The Favre-filtered
conservation equations can be written as follows:

Conservation of mass:

ap | 9pY;
at axj @
Conservation of momentum:
ot Sgs
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Conservation of energy:
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Conservation of species:
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o) | 2(pu;7)
. | + .
at axj

s (DS + W (5)
where K is the thermal conductivity, p is the filtered
density, " is the radiative heat flux, Dy is the material
diffusivity, ¥, is Favre-filtered mass species
concentration, h is the Favre-filtered enthalpy, i is the
Favre-filtered velocity, w, is the Favre-filtered species
source term and Dp/Dt is the material derivative. The

Favre-filtered quantities are denoted by @ = p@/p.

a — _——~ =
= —a—xj(pu,Yz - pu;Y)+

FDS major features in its default operation were used for
simulations in the present study (McGrattan et al.,
2021a). This major features are large-eddy simulation
(LES), low Mach number flow, explicit, second-order
discretization,  Kkinetic-energy-conserving numerics,
lumped species method, deardoff eddy viscosity subgrid
scale closure, constant turbulent Schmidt and Pranditl
numbers, simple immersed boundary method for
treatment of flow obstructions, eddy dissipation concept
(fast chemistry) for single-step reaction between fuel and
oxidizer, gray gas radiation with finite volume solution to
the radiation transport equation and the rest of simulation
parameters and boundary conditions are given in Table 1.
In Table 1, U represents the overall heat transfer
coefficient calculated based on local regulation for
thermal insulation requirements for buildings (TS 825,
2013).



Table 1. Simulation parameters and boundary conditions

Wall: U=1.228 W/m?K, u=v=w=0
. Ceiling: U=1.033 W/m?K, u=v=w=0
f

Surface Boundary Conditions Eloor: U=0.954 W/M2K, u=v=w=0

Glass: U=5.700 W/m2K, u=v=w=0
. aP aT ou v ow
Tunnel Outlets Boundary Conditions =0, -=0, —=—=—= 0
Environment Temperature 21°C

Grid Structured, uniform, staggered grid
Soot Yield 0.037 kg/kg

CO Yield 0.01 kg/kg

Fuel Heptane (C7Hu6)

Fuel Volume 10cc

Pool Dimension

0.1 m x 0.05 m x 0.004 m (LxXWxH)

HRR

1.89 kW

Turbulence Model

Turbulence model means the closure for sub-grid scales
flux terms in LES. In order to close both the SGS
momentum and scalar flux terms, the gradient diffusion
is the turbulence model used in FDS. There are two
turbulent transport coefficients: turbulent viscosity and
the turbulent diffusivity. Turbulent viscosity is a mixing
ratio that allows predicting the net effective mixing
between species and fluids at sub-grid scales that cannot
be resolved. The mesh size determines the smallest eddy
scale that the software can resolve. To estimate the net
effective mixing in each smaller cells, turbulent viscosity
uLES is determined and multiplied by the velocity
gradient of the fluid surrounding the cell. In order to
obtain the turbulent diffusivity the constant Schmidt
number and Prandtl number are used. In the present study
the turbulent viscosity uLES and turbulent kinetic energy
ksgs are obtained based on the Deardorff model, which
are given as follows (McGrattan et al., 2021a):

Urgs = pCyA ’ksgs (6)
kigs =3 (@-)' +(@-9)"+@-9) @

u, v, and w are weighted average of u, v, and w over the
adjacent cells, respectively.

Combustion Model

FDS uses mixing-controlled, infinitely fast combustion
model. The turbulence-chemistry interaction is handled
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with partially-stirred batch reactor model which is
implemented in each computational cell where only the
mixed composition can react. Here concentration is
computed for each species and mixing degree. Reactant
species are converted to product species at a rate
determined by a characteristic mixing time, tmix
expressed as follows (McGrattan et al., 2021a):
Tmix = MAX(Tepem MIN(Tq, Tys Tgs Triame)) ®
Physical processes associated with sub-grid scale (SGS)
advections, molecular diffusion, and the buoyant
acceleration are involved in Eq. (8).

Chemical time scale, Tchem, IS given as

Tchem~DF/(SL)2 (9)
Molecular diffusion time scale, g, is

AZ
Tg = D_p (10)

Turbulent advection mixing time scale, T, is expressed
as

= _Cud (11)
(2/3)ksgs
Buoyant acceleration mixing time scale, tq, is
1, = [20/g (12)



where SL is the flame spread, DF is the diffusivity of the
fuel, A is the LES filter width, Cu is the time scale
constant, g is the acceleration of gravity (9.81 m/s?), and
tflame is the acceleration controlled mixing time scale
for highly turbulent flames which is neglected since grid
spacings stay within a quarter of the minimum flame
dimension according to Heskestad correlation given
below (McDermott et al., 2011).

Ly

—= 3.7(Q*)?*/5 - 1.02 (13)
. Qc
Q - PoonToo\/g_DDz (14)

where Ly is the flame height, D is the effective diameter
of the base of the plume, Q* is the fire Froude number,
and @, is the global heat release of the plume. Ambient
values for temperature, specific heat, and density are
taken to be T.=293 K, Cp=1.01 kJ/kg-K and p«=1.20
kg/m3, respectively.

Table 2. Mesh descriptions

Grid Sensitivity Analysis

The studied cell sizes and the total number of cells are
given in Table-2. Mesh number 3 (D*/dx = 10) has been
selected which produces favorable results at a moderate
computational cost.

Figure 3 shows the comparison of the predicted
temperature variation 5 cm above the fire source with
respect to time using four different grid resolutions, i.e.,
the coarse grid with cell size of 1.5 cm, the medium grid
with cell size of 1.0 cm, the fine grid with cell size of 0.75
cm, and the extra-fine grid with cell size of 0.6 cm. The
predictions with the coarse grid were found to have the
largest discrepancies with the other grid resolutions. The
results obtained with the fine grid, as employed in the
present study, were found to be reasonably close to the
predictions with the medium and extra-fine grid results.
Therefore, the fine grid was chosen for the present study.

: Number of Cell
Mesh No Cell Size
[em] Inlet Tunnel Metro Station Outlet Tunnel Total
1 1.50 9648 23424 9648 42720
2 1.00 32400 79488 32400 144288
3 0.75 76608 188928 76608 342144
4 0.60 150300 367200 150300 667800
1400
--Course Grid
1200 Medium Grid
< 1000 / Fine Grid
o "/_——_\ Extra-Fine Grid
% 800 \
T 600 / \;—\
= =
£ ~
& 400 = S——
200
0
2 7 12 43 64 87 147 162 183 267 300
Time [s]

Figure 3. Grid sensitivity analysis



DESIGN FIRE CURVE

Performance-based design with numerical simulation is
one of the engineering approach to reduce the loss of life
and property due to fire. Validated user defined inputs
such as turbulence parameters, radiation parameters, and

[
>

HRR [kW] or Temperature [°C]

fire development curve should be used in order to obtain
reliable fire simulation results. The fire curve is generally
expressed as the variation of temperature or heat release
rate (HRR) over time. The main phases are defined as
growth, fully developed and decay shown in Fig. 4.

|4— Growth —>|4— Fully —p|4———Decay 4>| Time [s]

Developed

Figure 4. Typical schematic fire design curve

Table 3. Design fire curves used in the study

Case Fire Development
Number Growth Fully Developed Decay
tz . t2

i (NFPA 204, 2015) Lincat (NFPA 204, 2015)
2 tanh Linear ¢

(McGrattan et al., 2021c¢) (NFPA 204, 2015)
3 Eurocode 1 Linear 2

(BS EN 1991-1-2, 2002) (NFPA 204, 2015)
4 Exponential (Ingason, 2009)

Quadratic . Exponential

5 (Ingason et al, 2015) Linear (Ingason, 2009)

Fire growth is composed of the processes of ignition,
flame spread, and burning rate (Quintiere, 1997). Fully
developed phase starts when the growth phase has
reached its maximum and continues up to combustible
materials become run out. The final and usually the
longest phase of fire named decay is characterized a
significant decrease in fuel or oxygen, putting an end to
the fire. Design fire curves can be linear, quadratic or
exponential (Baek et al., 2017).

The design fire curve should be able to reflect the
characteristics of the overall fire. Besides that, in
particular, it is important to predict the behavior of the
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growth phase to ensure fire safety. Based on this
information, depending on the type of fire, the activation
temperature of fire protection equipment such as heat
detectors and sprinklers can be decided. Fire
development is also important to foreseen evacuation
times in metro stations and time required for the fire
brigade to arrive at the scene, respond to the fire. In this
study, several types of design fire curves in the literature
(BS ISO-TR 13387-2 1999), (Ingason, 2009), (NFPA
204, 2015), (BS EN 1991-1-2, 2002) were used in
numerical analysis to obtain the closest results to the
experimental data. Design fire curves used in the study
are tabulated and given on the Table 3.



t2 fire curve

The heat release rate (HRR) in the fire growth phase is
commonly expressed as follows. Q is the HRR (kW), t is
the time after ignition (s), and a is the fire growth rate
(kwW/s?).
0 = a.t? (15)
tanh fire curve

If the characteristic ramp-up time of the heat release rate
per unit area which is defined as TAU_Q in FDS is
greater than zero then the ramp up can be defined as tanh
(1/r) at the software (McGrattan et al., 2021c).
Hyperbolic tangent is a hyperbolic function that is the
ratio of sinh to cosh. It was observed that the growth
phase of the fire curve obtained from the experimental
results is similar to the tanh curve development.

T [°C]
1000 -

800 -
600 -
400 -
200 4

0 -

It is assumed that the fire starts to decay when 80% of the
fuel has been consumed as per International Fire
Engineering Guidelines (2005) and Staffansson (2010).

In this study, the og, a4, tg and ty values used in the
numerical analysis of the t> and tanh curves were
calculated with the help of experimental results given in
Fig. 5.

Eurocode 1 fire curve

Eurocode 1 hydrocarbon curve (BS EN 1991-1-2, 2002)
was used at the growth phase of the Case 3 as indicated
on Table 3. The curve of the growth phase was created
by finding the temperature values for each second for 65
seconds. The development of the Hydrocarbon (HC) fire
temperature curve is described by the following equation
(BS EN 1991-1-2, 2002).

T =20+ 1080(1 — 0.325¢~%167t — 0.675¢~25%) (16)

t [s]

0 50 100 150

300 330

Figure 5. 10cc n-heptane pool fire temperature-time graph measured from T point (Berberoglu, 2008).

Exponential fire curve

Ingason (2009) suggested a single exponential function
for fire design, instead of evaluating the fire development
in three separate time phases. Ingason’s (2009) fire
design is based on Numajiri and Furukawa’s works
(1998) and it is only applicable to fuel-controlled fires
with a small or negligible constant maximum heat release
rate period. Q" max is the maximum HRR (kW), Etot is
the total calorific value (kJ), and n is the retard index.
With the help of these parameters, the time to total fire
duration td (s), and the time to reach maximum HRR,
tmax (s), were calculated. Other parameters r and k are
calculated based on Q' max and Etot (Ingason, 2009).
The time dependent HRR (Q (t)) can be calculated with
the following equation:

Q(t) = Qpgy-n.7. (1 — e kE)n"1 gkt @17
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where k shows the time width and is calculated as
follows:

k = Qmax

(18)

Etot

In Eq. (17) r and n represent the amplitude and retard
index, respectively. The amplitude could be obtained as
follows:

r=(1- i)l'" (19)

n= O,742949(2-9Qmaxtmax/5tot) (20)

tmax and tq are calculated by the following equations:

In(n)
tmax = %

(1)



1 1
where
Ba = Etot,td/Etot (23)

and Eyoy ¢, is integrated energy at time td.

Quadratic fire curve

A time-dependent design fire curve for various road
tunnel fires with a quadratic growth from zero to time
tmax was proposed by Ingason (Ingason et al., 2015). The
design curve includes quadratic grow, constant
maximum HRR value to the time to decay tp and an
exponential decrease from the maximum HRR value to
zero. Time dependent HRR, time to reach maximum
HRR tmax (S) and time to start of decay period tp (s) can
be calculated with the following equations (Ingason et al.,
2015).

Q) = 4. t% (t <tmar), Q(t) =0y q. 2y (tmax <t <1p),

Q(®) = Qaxe P4 (t2 10) (24)
Qmax
tmax = P (25)
94
_ e 2, 1
tD - Qmax + 3 tmax apgq (26)

Since the maximum HRR is very low (Qmax=1.89 kW),
the time to decay obtained as negative value from the Eq.
(22). Therefore, the quadratic curve was not included in
the comparison study.
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RESULTS AND DISCUSSION

Numerical simulations were performed with the Fire
Dynamics Simulator (FDS v6.7.5) for an n-heptane pool
fire in a 1:100 scaled metro station model based on the
experimental study of Berberoglu (2008) to evaluate the
prediction performance of quadratic, exponential, linear,
t2 and combination of design fire curves. In addition, it
was aimed to perform numerical analysis and determine
the most appropriate parameters and fire curves for
predicting small scale pool fires without using
experimental data.

Design fire curves implemented in the FDS code are
shown in Fig. 6. The t?, tanh and exponential curves have
been dimensionalized by using instantaneous HRR over
peak HRR, and for Eurocode curve by using
instantaneous temperature over maximum temperature.
The values of the fire growth rate a for growth and decay
phases of the fire curve have been taken from
experimental data. It was observed that Eurocode and
tanh curves were more compatible with the curve
obtained from the experimental results.

Detailed results obtained for different fire development
curves have been presented in this part of the study. First
of all, the numerical results have been validated with
experimental results. Fig. 7 shows the time-temperature
curves obtained for mentioned fire designs and
experimental result. The data have been obtained 5 cm
above the pool.

1.0

0.8

0.6

0.4

Q' Qmax [KW/EW] or Ty/Typax]

0.2

— at’

tanh

Exponential

Eurocode

Experimental (Berberoglu, 2008)

0.0 \ .
100

Figure 6. Design fire curves
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Figure 7. Time-temperature curves for numerical and experimental results

The predictions with at2, tanh and exponential design
curves are reasonably good agreement with each other
and with the experimental data. Accordingly, it has been
observed that the most suitable fire design curve was
obtained as the exponential design curve which showed
an average difference of 4.59% with the experimental
results. It has been seen that the t? and tanh curves have
acceptable differences of 6.92% and 9.02%, respectively,
and the Eurocode HC is less suitable than the other curves
with a difference of 12.17%. It is also stated in the
literature that the exponential curve gives good results in
pool fires with a short or negligible fully developed phase
(Numajiri and Furukawa, 1998, Ingason, 2009, Ingason
et al, 2015).

The experimental and numerical analysis results obtained
from T1, T3 and T4 thermocouple positions given in Fig.
2 are compared in Fig. 8. The numerical data obtained
using the exponential fire development curve were found
to be in agreement with the test results. Since the T1
thermocouple is just above the fire and the graph reflects
the instantaneous data, oscillation was observed in the
numerical results. In the experimental study, it is seen
that the oscillation is low because the measurements were
taken at longer intervals.

The time — HRR curves obtained using different design
curves are given in Fig. 9. Accordingly, it is understood
that all results are compatible with each other. However,
as it is observed in Fig. 9, it is seen that the Eurocode

133

curve and Exponential curve are of higher order than the
other curves in the development and decay phase,
respectively.

Temperature distributions along the station at the level of
z=205 mm and z=120mm above the floor are obtained
from numerical analysis and given in Fig. 10. It is seen
that the temperature distribution is higher on the upper
plane and reaches up to 720 K. Also it is observed that
minimum temperature on the occupied zone is around
480 K which is higher than the tenability temperature.

The temperature distribution images obtained along the
plane passing through the center of the station at t=80s
(peak HRR) by using different fire design curves are
given in Fig. 11 below.

It is observed in Fig. 11 that different temperature
distributions are obtained especially in the ceiling region
of the station by using different fire design curves. It is
also observed that high temperature values are more
distributed along the ceiling compared with the
exponential case. In addition, it is seen that Eurocode 1
curve releases more heat than other curves in the period
up to tmax. Hence, it is understood that the fire design
selection is important to obtain accurate temperature
distribution. This is attributed to fire design curve (Fig.
6) which reaches higher temperatures sooner compared
with the other curves.
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Figure 8. Time-temperature curves for (a) T1, (b) T2, (c) T3, and (d) T4 thermocouple

2.5
—— FDS - at?
2.0 1 ——— FDS - tanh
FDS - Exponential

15 4 —— FDS - Eurccode
g‘ 1.0 +

0.5 4

0.0 +

0 50 100 150 200 250 300
t(s)

Figure 9. Time-HRR curves for different numerical results

134



(a)
720
6380
640

< 560
2
520
480
440
400

T (K)

x (o

(b)

720
680
640

560
520
480
440

400
440
m 430
- 520
- 560
=== 600
== 640
680
720

Figure 10. Temperature distributions at the level of z=205 mm (a) and z=120 mm (b) along the station

The soot distributions obtained along the same plane for
different time steps by using exponential design curve are
given in Fig. 12.

As can be seen from Fig. 12, it is understood that the soot
level in the station rises at the 60th second when the
combustion comes to peak heat release rate and the soot
remains at the same level for 2 minutes, then it is
exhausted from the tunnel outlets over time.

The carbon monoxide (CO) content obtained along the
same plane for different time steps by using exponential
design curve are given in Fig. 13.

According to NFPA 130 (2020) the maximum carbon
monoxide exposure should not be more than 1706 ppm
for sensitive populations up to four minutes. As can be
seen in Fig. 13 the amount of CO at 240 seconds (4™
minute) is found to be around 120 ppm and below the
value specified in the standard.

temp.
(K)

593
563 I

Figure 11. The temperature distribution along the station at the center of the station for (a) at?, (b) tanh, (c)

exponential, and (d) Eurocode 1 fire curves
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Figure 12. The soot distribution along the station during fire

The visibility obtained along the same plane for different
time steps by using exponential design curve is given in
Fig. 14. According to NFPA 130 (2020), in places where
emergency lighting and exit indicators should be
discernible at 30 m, and the visibility of doors and walls
should be at least 10 m in order not to hinder evacuation.

136

If the visibility is below these values, loss of vision due
to smoke could make the occupants lose their sense of
direction and thus cause heavier losses. As can be seen in
Fig. 14 the visibility is under 10 m after 60 seconds. For
this reason, it is understood that a forced ventilation
system should be installed in the metro stations.
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Figure 13. The CO content obtained along the station during fire

t=20s

t=40s

t=60s

=

Figure 14. Visibility along the station during fire

137

co,
(kg/ke)

0.0002
0,00018
0.00016

0.00014
0,00012
0,0001
Be-05
6e-05
4e-05
2¢-05

0

24

21




CONCLUSIONS

In this study, experimental and numerical simulations are
performed for an n-heptane pool fire in a 1:100 scaled
metro station model to evaluate the prediction
performance of quadratic, exponential, linear, t*> and
combination of the design fire curves. In addition, it is
aimed to perform numerical analysis and determine the
most appropriate parameters and fire curves for
predicting small scale pool fires without using
experimental data. The most important conclusions
depicted from the findings are presented below:

* The numerical results obtained using FDS are validated
with experimental data and good agreement is observed
for all design fire curves between 4.59% to 9.02%
except Eurocode HC one which is less suitable than the
other curves with a difference of 12.17%.

It is observed that the exponential design fire curve
predicted more similarly to the fire growth phase with
about 1.2% mean difference measured in the
experiment and duration of fire with about 4.49% mean
difference better than the design fire curves proposed
by other studies.

Results showed that the visibility is under 10 m after 60
seconds. For this reason, it is understood that a forced
ventilation system should be installed in the metro
stations.

It is observed that the carbon monoxide content
obtained as 120 ppm, which is far below the tenability
limit of 1706 ppm that affect human health in the
standards.

It is seen that the HRR obtained via Eurocode and
exponential curves is of higher order than the other
curves in the development and decay phase,
respectively. It was observed that there was an average
difference of 8.4% between the HRR values obtained
with the Eurocode and tanh fire development curves.

Regardless of the experimental results, it is seen that the
temperature distribution results obtained from the
numerical study using exponential fire design curve
and the radiation / turbulence parameters obtained from
the literature are found to have an average of 5%
difference with the experimental results. Therefore, it
can be said that in small scale hydrocarbon pool fires,
fire design can be done using exponential design curve.
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* Further numerical and experimental works are needed
in the future to have in sight of pool fires for different
type of fuels and sizes to validate fire design curves.
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Abstract: For the assessment of the thermal performance of heat pipes, a wide range of modeling is available in the
literature, ranging from simple capillary limit analyses to comprehensive 3D models. While simplistic models may
result in less accurate predictions of heat transfer and operating temperatures, comprehensive models may be
computationally expensive. In this study, a universal computational framework is developed for a fast but sufficiently
accurate modeling of traditional heat pipes, and an analysis tool based on this framework, named Heat Pipe Analysis
Toolbox, in short H-PAT is presented. As a diagnostic tool, H-PAT can predict the fluid flow and heat transfer from a
heat pipe under varying heat inputs up to the onset of dryout. During the initial estimation of phase change rates, the
solutions of particular thin film phase change models are avoided by specifying an appropriate pattern for the mass flow
rate of the liquid along the heat pipe rather than using finite element/volume based methods for the computational
domain. With the help of a modular structure, H-PAT can simulate heat pipes with different wick structures as long as
an expression for the average liquid velocity and corresponding pressure drop can be introduced. H-PAT is also capable
of analyzing heat pipes with variable cross-sections, favorable/unfavorable gravity conditions and utilizes temperature
dependent thermo-physical properties at evaporator, condenser and adiabatic regions together with heat input sensitive
vapor pressure. In addition, H-PAT performs the computation very fast which also makes it a perfect design tool for
researchers and design engineers in the field of thermal management.

Keywords: Heat pipe modeling, flat-grooved heat pipes, phase-change modeling, H-PAT

HIZLI VE ONGORULU ISI BORUSU TASARIM VE ANALIZ ARACI: H-PAT

Ozet: Is1 borularinin termal performansinin degerlendirilmesi igin, literatiirde basit kilcal limit analizlerinden kapsamli
3D modellere kadar genis bir modelleme yelpazesi mevcuttur. Basit modeller, 1s1 transferi ve ¢aligma sicakliklarinin
daha diisitk dogrulukla tahmin ederken, kapsamli modeller hesaplama agisindan yiik getirmektedir. Bu ¢alismada,
geleneksel 1s1 borularmnin hizli fakat yeterince dogru bir sekilde modellenmesi igin evrensel bir hesaplama yontemi
gelistirilmis ve bu yonteme dayali olarak Is1 Borusu Analizi Arag¢ Araci, kisaca H-PAT olarak adlandirilan bir analiz
aract sunulmustur. Bir tani araci olarak H-PAT, kuruma baslangicina kadar degisen 1s1 girdileri altinda bir 1s1
borusundan siv1 akigmni ve 1s1 transferini tahmin edebilir. Faz degisim hizlarinm ilk tahmini sirasinda, hesaplama alani
icin sonlu eleman/hacim tabanli yontemler kullanmak yerine, 1s1 borusu boyunca sivinin kiitle akis hizi i¢in uygun bir
model belirlenerek belirli ince film faz degisim modellerinin ¢éziimlerinden kagmilir. Modiiler bir yapinin yardimiyla,
H-PAT, ortalama sivi hiz1 ve buna karsilik gelen basing diisiisii i¢in bir formiilasyon sunulabildigi siirece farkl: fitil
yapilarina sahip 1s1 borularmi simiile edebilir. H-PAT ayrica degisken kesitli 1s1 borularini, yer¢ekiminin pozitif/negatif
yonde etki ettigi kosullarin1 da analiz etme yetenegine sahiptir ve 1s1 girdisine duyarli buhar basimnci ile evaporatér,
kondenser ve adyabatik bolgelerde sicakliga bagli termo-fiziksel 6zellikleri kullanir. Buna ek olarak, H-PAT
hesaplamayi ¢ok hizli gergeklestirir ve bu da onu termal yonetim alanindaki arastirmacilar ve tasarim miihendisleri i¢in
miikemmel bir tasarim araci haline getirir.

Anahtar Kelimeler: Is1 borusu modellemesi, diiz oluklu 1s1 borusu, faz degisimi modellenmesi, H-PAT.
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NOMENCLATURE

Symbols

g gravitational acceleration [m/s?]
G(z) geometric function

h height [m]

heg latent heat of evaporation [J/kg]
k thermal conductivity [W/m-K]
L length [m]

M molar mass of liquid [kg/mol]
m mass flow rate [kg/s]

n unit vector in normal direction
P pressure [Pa]

q heat transfer rate [W]

R meniscus radius of curvature [m]
R thermal resistance [K/W]

R, universal gas constant [J/mol-K]
T temperature [K]

U velocity [m/s]

|4 volume [m?]

w width [m]

Greek Symbols

g accommodation coefficient

é liquid film thickness [m]

€ convergence criterion

6 contact angle [rad]

p density [kg/m?]

u dynamic viscosity [Pa-s]

v kinematic viscosity [m?/s]

o surface tension [N/m]

A delta

Subscripts

a adiabatic

ax axial

b base

c condenser

cond  conduction

e evaporation

f fin

ft fin top

g groove

gf groove film

/ liquid

m mean

p.C phase change

s solid

tf thin film

tot total

v vapor

INTRODUCTION

Thermal management of electronics has always been an
essential part of device design to secure operation
without any thermal damage or performance degradation.
Today, this is of utmost importance for high density
electronics since the peak power density of modern chip
technology is limited by the heat spreading ability of the
thermal architecture. The key factor in the removal of hot
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spots in high heat flux electronics is the minimization of
thermal resistance of the path whereby the waste heat is
conveyed to the heat sink. When the heat is transported
through a solid media, thermal resistance is dictated by
its thermal conductivity, a material property with a
modest upper limit. This barrier, on the other hand, can
be overcome by heat spreaders utilizing the liquid-vapor
phase change mechanism to transport the energy. As the
most prevalent, heat pipes have been serving thermal
engineers for more than half a century (Grover et al.,
1964) in both terrestrial and space applications (Faghri,
1995; Reay et al., 2013), in most cases without an
alternative.

Heat pipe is a sealed container, in which liquid and vapor
phases of a pure substance, the working fluid,
continuously circulate to sustain the phase change heat
transfer. Various types of heat pipes based on the routes
of the phases exist, such as traditional heat pipes (cross
flow of the phases along the same axis), loop heat pipes
(different paths for the two phases) and pulsating heat
pipes (conjugate flow of the phases along the same
direction). Heat pipes can be manufactured in various
geometrical shapes (Reay et al., 2013) and their size can
range from nanometers to meters (Hoa et al., 2003;
Peterson et al., 1993; Akkus et al., 2019). Regardless of
their type, shape or size, all heat pipes share the same
working principle: passive transport of the working fluid
triggered by continuous phase change.

Capillary structures positioned at the inner wall of a heat
pipe (called the wick) are responsible for the
transportation of the liquid from the condenser to the
evaporator. Whilst wick structures are generally made of
porous material or parallel grooves, some heat pipes with
sharp-angled corners (generally called micro heat pipes)
utilize the inner corners as liquid arteries without a need
for an additional wick structure. Since the amount of
energy transferred via phase change is proportional to the
amount of liquid transport, the ultimate objective is to
maximize mass transfer through the wick, yet this is
restricted by the capillary limit. A proper estimation of
the capillary limit requires writing a balance between the
surface, body and pressure forces for flow modeling,
which is not straightforward due the complexity of
solving the inherently non-linear flow equations.
Introducing several simplifying assumptions is inevitable
in order to obtain a solution to the flow.

In the case of a porous wick, a common approach in the
literature (Vafai and Wang, 1992; Aghvami and Faghri,
2011; Ferrandi et al., 2013; Kolliyil et al., 2020) is to
apply Darcy's law, which, however, neglects the
boundary, inertial and variable porosity effects (Vafai,
1984). As a result, several modifications were suggested
for Darcy's law in the literature. Following the analysis
reported in (\Vafai and Tien, 1981), non-Darcian transport
of liquid was considered in (Zhu and Vafai, 1996; Zhu
and Vafai, 1999) by incorporating the boundary and
inertial effects. Inclusion of gravity as a body force into
the Darcy's equation was also attempted (Zhu and Vafai,
1996; Anand et al., 2008).



Due to the ease of controllable manufacturing and
developing associated numerical and analytical
solutions, grooved and micro heat pipes have been
widely studied in the literature (Babin et al., 1990; Kim
et al., 2008; Do et al., 2008; Alijani et al., 2018; Alijani
et al., 2019). In the case of flow in open channels,
gradually changing flow area does not lead to a sudden
acceleration or deceleration of the liquid enabling the
omission of inertial and boundary effects. This results in
a force balance between the Laplace pressure originating
from the curvature change of liquid-vapor interface,
viscous losses and gravity, which is in general, more
effective in grooved heat pipes compared to the ones with
a porous wick (Reay et al., 2013; Atay et al., 2019).
Counter flow of vapor and liquid results in viscous losses
due to shear stresses between liquid-wall, vapor-wall and
liquid-vapor at the interface. While the amount of mass
transported through the adiabatic region remains nearly
constant, the main change is along the evaporator and
condenser regions; consequently, additional models
(Akkus and Dursunkaya, 2016; Akdag et al., 2020) to
account for phase change rates along the evaporator and
condenser sections should be employed. When all of
these effects are considered, the solution approach is to
numerically solve the mass and momentum balance
equations in both domains together with the Young-
Laplace equation (Do et al., 2008; Lefévre et al., 2008;
Odabasi, 2014). One basic simplification is to estimate
the variation of phase change rates along the evaporator
and the condenser. Linear variation of the phase change
was assumed (Anand et al., 2008; Kim et al., 2003; Chen
et al.,, 2009; Desai et al., 2019; Singh, 2020) and
confirmed (Aghvami and Faghri, 2011; Odabasi, 2014)
in previous studies. Similarly, the assumption of uniform
heat flux in these regions also eliminated the need for
phase change models (Lips et al., 2011). On the other
hand, the most common assumption in flow modeling is
the decoupling of phase change and axial liquid flow by
assuming the liquid flow between the mid-planes of the
condenser and the evaporator (Faghri, 1995; Reay et al.,
2013; Jiang et al., 2014; Omiir et al., 2018). However,
this approach may lead to substantial errors in the
modeling of heat pipes with short or no adiabatic
sections.

Despite the presupposition of the phase change mass
transfer variation, the flow problem still remains complex
due to the alteration of both liquid and vapor pressures,
which are coupled via the Young-Laplace equation
throughout the flow domain. Momentum balance in both
domains with the Young-Laplace equation form a set of
ordinary differential equations, which was solved by
numerical methods (such as Runga-Kutta) in previous
studies (Anand et al., 2008; Kim et al., 2003). An
analytical solution, on the other hand, is viable when the
vapor pressure variation is not taken into consideration in
the Young-Laplace equation. In this case, liquid pressure
distribution can be obtained by integrating the
momentum equation and the Young-Laplace equation
can be employed to calculate the distribution of the
interfacial curvature. In fact, capillary limit analyses in
well-known textbooks (Faghri, 1995; Reay et al., 2013;
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Jiang et al., 2014; Peterson, 1994) also rely on the
assumption of a constant vapor pressure, which can be
the saturation pressure at the average working
temperature of the heat pipe. However, these analyses
still accounted for the vapor pressure loss by employing
correlations for the vapor pressure drop (Reay et al.,
2013; Chi, 1976; Faghri, 1989). In certain cases such as
short adiabatic region or low Reynolds number, the
omission of liquid-vapor shear (Lefévre et al., 2008) and
vapor pressure loss (Suman et al., 2005) were also
suggested, which further simplifies the problem and aids
in finding analytical solutions.

Even after the aforementioned simplifications, finding
analytical solutions to the momentum equation of the
liquid is still challenging due to the presence of free
surface boundaries such as menisci attached to groove
edges in grooved heat pipes or those in the corner regions
of micro heat pipes. Therefore, suitable correlations have
been employed to relate the pressure gradient with an
average flow velocity or mass flow rate. The crudest
approach is to utilize Darcy's law, derived for a circular
groove with a suitable effective flow diameter (Reay et
al., 2013). A better approach is to employ a cross-section
specific permeability in terms of a non-dimensional
parameter, the Poiseuille number, which can be viewed
as a friction factor and is commonly expressed by Shah
and London correlation (Faghri, 1995). However, a
correction is necessary to include the effect of liquid-
vapor interaction at the interfacial boundary (Kim et al.,
2003). Schneider and DeVos, 1980 suggested a
modification to the Poiseuille number to account for the
interfacial shear, and many subsequent studies (Anand et
al., 2008; Do et al., 2003; Omiir et al., 2018; Khrustalev
et al., 1995) adopted this approach to calculate the
viscous losses at liquid-wall and liquid-vapor boundaries.
Instead of utilizing shear stress correlations, direct
analytical solution of momentum equation for vapor
and/or liquid phases was also suggested by solving
Poisson's equation or assuming parabolic velocity
distribution in the literature (Zhu and Vafai, 1999; Chen
et al., 2009).

Modeling the fluid flow, thereby estimating the capillary
limit is crucial, but not adequate for the assessment of the
overall performance of a heat pipe due to several reasons.
First of all, some portion of the heat load is inevitably
transferred by the conduction in the axial direction
through the container walls. The ratio of the heat transfer
rate via phase change to the conduction heat transfer,
which can be viewed as an effectiveness parameter
(Akkus et al., 2019; Alijani et al., 2018), should be high
to ensure the proper functioning of the heat pipe.
Therefore, axial conduction should be incorporated in the
modeling. Moreover, depending on the heat input, the
amount of liquid and vapor changes considerably along
the heat pipe. The accumulation of the liquid in the
condenser, referred to as liquid block/pool or flooded
region (Ki et al., 2003; Do et al., 2008; Alijani et al.,
2019; Chen et al., 2009; Desai et al., 2019), affects not
only the effective flow length but also the thermal
resistance along both longitudinal and vertical directions



(Do et al., 2008). Furthermore, the axial distribution of
temperature directly affects the thermal properties of the
fluid along the heat pipe. Thus, the effective thermal
resistance of a heat pipe may change across varying heat
inputs (Li et al., 2015; Khalili and Shafii, 2016). As a
result, thermal modeling is inherently coupled to the flow
modeling, and they should be solved simultaneously,
which requires an iterative solution approach. In the
literature, in addition to the studies considering phase
change as the sole energy transport mechanism (Babin et
al., 1990; Chen et al., 2009; Singh, 2020; Suman et al.,
2005; Khrustalev and Faghri, 1995; Khrustalev and
Faghri, 1994; Longtin et al., 1994; Rulli¢re et al., 2007),
uni-directional (Do et al., 2008; Hung and Tio, 2010;
Hung and Tio, 2012; Chang and Hung, 2014; Tio and
Hung, 2015; Jafari et al., 2020) and multidirectional
(Kim et al., 2003; Lefevre et al., 2008; Desai et al., 2019;
Lips et al, 2011; Catton and Yao, 2016) thermal
resistance networks were implemented to model the heat
transfer in a heat pipe.

In summary, a massive body of literature exists for heat
pipe modeling from simple capillary limit analyses
(Faghri, 1995; Reay et al., 2013; Peterson, 1994) to the
comprehensive 3D models (Do et al., 2008; Lefévre et
al., 2008). While simplistic models may fail to capture
the flow domain properly, thereby result in inaccurate
predictions for the heat transfer; comprehensive models
are computationally expensive demanding long
computation times. The objective of the current study is
to draw a universal computational framework for a fast
but sufficiently accurate modeling of traditional heat
pipes and to develop an associated analysis tool named
Heat Pipe Analysis Toolbox, in short H-PAT, which is
also available as a MATLAB Toolbox for academic use.
H-PAT is capable of diagnosing the operation of a heat
pipe working under varying heat inputs up to the onset of
dryout. It targets to find an accurate liquid distribution
along the wick (including liquid pool if present) based on
the available analytical solutions and/or correlations for
the liquid ow, then establishing the corresponding 3D
thermal resistance network, which is composed of
evaporator, condenser and adiabatic region resistances.
During the initial estimation of phase change rates, the
solutions of particular thin film phase change models are
avoided by specifying an appropriate pattern for the mass
flow rate of the liquid along the heat pipe rather than
using finite element method for the computational
domain. Modular structure of H-PAT enables handling
heat pipes with different wick structures as long as an
expression can be introduced for the average liquid
velocity. H-PAT is also able to analyze heat pipes with
varying cross-sections, favorable/unfavorable gravity
conditions and utilizes temperature dependent thermo-
physical properties at the evaporator, condenser and
adiabatic regions together with heat input sensitive vapor
pressure, which makes the tool distinctive.

The paper is organized as follows: in Section 2,
computational scheme and modeling strategies in flow
and thermal models of H-PAT are introduced. In Section
3, H-PAT is validated with benchmark simulations for
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rectangular grooves with both constant and variable
cross-sections along the heat pipe. Concluding remarks
are provided in Section 4.

MODELING FRAMEWORK

Heat pipe modeling requires solving the fluid flow and
heat transfer. While the former basically determines the
overall mass flow rate and the amount of phase change
heat transfer thereof, the latter is linked to the overall
temperature distribution along the heat pipe. In fact, these
two are strongly coupled due to the conjugate heat and
mass transfer, especially when the phase change
mechanism is considered. Moreover, temperature
dependence of thermo-physical properties affects the
results to a certain extent. Thus, the fluid flow and heat
transfer should be simultaneously considered in
modeling, which can be accomplished by implementing
an iterative solution approach. In this section, first, the
details of flow model and thermal model are provided,
then the iterative solution procedure is presented.

Flow Model

Flow model considers only the liquid flow based on the
assumption of negligible shear stress associated with the
liquid-vapor interaction. The model adopts an analytical
approach for the solution of the liquid flow. A relation
between mass flow rate of the liquid and the pressure
variation along the heat pipe should be defined to find the
pressure distribution. Therefore, a geometrical function,
G(z), which depends on the type and geometry of the
wick structure, can be defined. Liquid flow along the heat
pipe axis is sustained by the pressure gradient in the same
direction. If the analytical solution of the liquid velocity
is available over the cross-sectional flow area, then the
pressure gradient term appears in the solution. Mass flow
rate can be calculated by integrating the velocity
distribution and mass flow rate along the heat pipe axis,
and expressed as the product of the pressure gradient and
the resultant function following the integration as:

dp

@ = [ow naa=e@(Z1f) @Y

where p and f;, are the liquid density and the constant
associated with a body force, respectively. The equation
for pressure distribution in the liquid is obtained by
integrating the prediction for mass flow rate variation
along the heat pipe as:

p(2) = f (% —f,,) dz, 0<z<Lf (2.2)

where L¢/7 is the effective axial flow length of the liquid.
Boundary conditions for the liquid pressure required for
the integration in Eq. (2.2) are directly linked to the
assumptions on the operation of the heat pipe. A proper
operation should be free from the occurrence of dryout in
the evaporator. The onset of dryout can be determined



based on the angle at the triple line, where three phases
(solid walls of the wick and liquid and vapor phases of
the working fluid) meet. This angle can decrease up to
the contact angle, 6.,, a characteristic property of a
liquid in contact with a certain solid surface. Further
stretching of the liquid beyond the contact angle may
result in sudden occurrence of dryout (Nilson et al.,
2006). Therefore, the pressure value at the evaporator end
of the heat pipe (z = 0) is calculated based on the contact
angle using Young-Laplace relation (Eq. 2.3a). At the
opposite side of the heat pipe, pressure gradient vanishes
at the point where the axial liquid flow ceases (z = L¢//).
This point is the physical end boundary of the heat pipe
if there is no pool region at the condenser, whereas, when
the pool region is present, the point corresponds to the
starting point of the flooded region since there is no
considerable axial flow along the liquid pool. In
accordance with these discussions, the boundary
conditions can be summarized as:
1 1
7%

+ (2.3a)

p(z=0)-p,=—0
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where p, and ¢ are vapor pressure and surface tension,
respectively. R, and R, are radii of curvature of the free
surface in principal directions. The mass flow rate of the
liquid, m;, along the heat pipe can be approximated to
change linearly in evaporator and condenser regions
considering the predictions of prior works (Odabasi,
2014; Chen et al., 2009; Rulliére et al., 2007; Hung and
Tio, 2012; Elnaggar et al., 2012; Huang and Chen, 2017),
while the axial liquid flow rate remains approximately
constant in the adiabatic region due to negligible phase
change. To this effect, m,; can be expressed as a linear
function of the axial coordinate, z, in the evaporator and
condenser. However, this approach is not accurate due to
presence of axial conduction in the solid, and in general,
will not vyield smooth transitions between the
evaporator/condenser regions in the adiabatic zone. By
the inclusion of axial conduction in the analysis and
solving the axial domain with fine increments resolves
this handicap. Therefore, the liquid domain is divided
into a number of slices in each region accordingly. Inside
each slice, the mass flow rate of liquid is approximated
as a linear function of z,i.e.m;; = d,; + d, ;z;, where
subscript i designates the corresponding slice. The
implementation of multiple slices in the numerical
modeling introduces additional boundaries in between,
where flow continuity serves as the boundary condition
for each slice as follows:

(&),

where m; is the flow rate at the intersection of the slices.
At the first iterative step, its value is assigned based on
initially estimation of the distribution of total liquid flow

(2.3b)

i,
G(z;)

(2.3c)
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along the heat pipe. In the following iterations, the
predictions of the previous iteration are employed.

The flow model is valid for different types of wick
structures or geometries. Each wick structure yields a
specific geometrical function G(z). Two versatile wick
structures are grooved and sintered wicks. While the
former is primarily investigated in the current study, the
extension of the current modeling for the latter is
provided in Appendix B by summarizing the
corresponding equations. Regardless of the geometry, the
capillary pressure associated with the varying topology
of the free surface drives the liquid flow, whereas viscous
forces due to the friction of the liquid with the walls
oppose it. Consequently, the force balance is established
between viscous and pressure forces similar to Poiseuille
flow in channels and the linear momentum equation in
the axial direction becomes Poisson's equation. To enable
the utilization of an available solution to this equation,
open channel (groove) flow is treated as the half-domain
flow in rectangular duct of width w and height 2h. Then,
the separation of variables is used to solve Poisson's
equation with homogeneous Dirichlet boundary
conditions. Finally, the mean velocity, U,,, is determined
by integrating the velocity distribution over the cross-
section as:

Um = (Wh)2 /,LLeff Z Z (B2, +A%)ﬁr2n12 (2.4)

where p is the dynamic viscosity of the liquid, 1,, =
@2n—-Dn/w and B, =02m—-1Dmn/2h. The
convergence of the series in Eq. 2.4 is fast; therefore, the
leading term gives a sufficiently accurate approximation.
Mass flow rate inside the groove can be determined by
multiplying the mean velocity with density and half
cross-sectional area of the rectangular duct. This
approach induces a restricted deviation when meniscus is
near at, i.e. the edge angle between meniscus and wall, 6,
is around 90°, because of the slight deformation of the
meniscus with respect to the total cross-sectional area of
the liquid. However, the meniscus deformation becomes
non-negligible near the evaporator end of the heat pipe;
therefore, a correction factor, I'(6), based on the ratio of
deformation area to total cross-sectional area is applied
in the calculation of mass flow rate. Finally, the
geometrical function, G(z), for the rectangular groove is
obtained as:

256  w3(2)h3(2)

C@) =T et + 42 ()]

(2.5)

where v is the kinematic viscosity of the liquid. The
width and height of the groove are written as a function
of z, which enables the calculation of pressure variation
in both constant and variable cross-sections in the
rectangular grooved heat pipes. The extension of the flow
model for sintered wicks is provided in Appendix B.
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Figure 1. Schematic representation of the thermal resistance model. Heat source and heat sink indicate the outside surface of the
heat pipe, where the heat load is applied and removed, respectively. Adiabatic region is the zone exposed to the exterior with no
heat input or output. The evaporator and condenser stand for the internal zones, where evaporation and condensation takes place,
respectively. T,, and T, are the internal vapor and external coolant temperatures, respectively. There are n, m, and k numbers of
slices for the heat source, adiabatic, and heat sink regions, respectively

Thermal Model

The thermal model establishes a thermal resistance
network to simulate the heat transfer through a heat pipe.
Similar to the approach adopted in the flow model, the
thermal model divides regions of the heat pipe into slices
as shown in Fig. 1. The model determines the direction
of the phase change in a slice by comparing the slice
(wall) and vapor temperatures. If the superheat (T,, — T,)
is positive, evaporation takes place and the slice is a part
of the evaporator; otherwise, it belongs to the condenser.
This modeling strategy is applicable for all wick types.
The axial heat conduction is accounted for by including
the pertinent thermal resistances (R,,) along the axial
direction. The transverse heat transfer is modeled
inserting the thermal resistances, which are specific to the
evaporator (R,) and condenser (R.) regions. In what
follows, the derivation of region specific thermal
resistances is performed for the wick structure with
rectangular grooves, as an example. The extension of the
thermal model for sintered wicks is provided in
Appendix B.

Figure 2 shows the transverse thermal resistance network
on an arbitrary cross-section in the evaporator. The
network is established between the base temperature (T;;)
and the vapor temperature (T,). It includes resistances
due to heat conduction in both solid and liquid, and the
phase change on the liquid-vapor interface. Since a
considerable amount of evaporation originates from a
micro-scale thin film region near the contact line (Akkus
et al. 2017), the resolution of the solution should be
increased in this region. Accordingly, the interfacial heat
transfer is handled in two regions: (i) thin film region (the
resistance associated with this region is Rf;) and (ii)
intrinsic meniscus region (the resistance associated with
this region is R; ;). In the actual case, 2D heat transfer
takes places throughout the cross-section. The current
approach, on the other hand, considers a 1D transfer of
heat in two parallel routes by ignoring the 2-
dimensionality of the problem. This is a reasonable
approach considering the thickness of the liquid films in
these regions. Thin film and meniscus regions are divided
into p — and g — slices. The details of these regions are
illustrated in Fig. 2B. The circuit representation of
transverse thermal resistances in the evaporator together
with the definition of each thermal resistance are

(A) (.9

iy (T
0.5w; ™' 0.5w,

Figure 2. (A) Outline of transverse thermal resistance network in the evaporator. (B) Detailed view of thermal resistance network

in thin film and intrinsic meniscus regions
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Figure 3. Circuit representation and the list of transverse thermal resistances in the evaporator

presented in Fig. 3. Formulations of these thermal
resistances are provided in Appendix A.1.

Figure 4 shows the transverse thermal resistance network
on an arbitrary cross-section in the condenser. Structure
of the network is similar to that in the evaporator, but the
thin film region expands on the fin top, where the
majority of the condensation occurs (Akdag et al. 2019).
This region is resolved by a denser thermal resistance
network, whose details are illustrated in Fig. 4B. While
the shape of the interface is defined as a circular meniscus
in the evaporator, the film profile (on the fin top) in the
condenser is determined based on a 4t" order polynomial
(Do et al. 2008). The circuit representation of transverse
thermal resistances in the condenser together with the
definition of each thermal resistance are presented in Fig.
5. Formulations of these thermal resistances are provided
in Appendix A.1.

The phase change process at the liquid-vapor interface
induces a pertinent thermal resistance. This resistance
depends on the rate of the phase change and the
interfacial temperature difference. Relations derived
from the kinetic theory of gases have been widely utilized
in the estimation of phase change rates. Among them
Schrage relation (Schrage, 1953) has been widely used
because of its ability to successfully predict the rates
during non-equilibrium phase change processes (Akkus
et al. 2021). When the interfacial temperature difference
is small, the approximate Schrage relation reduces to a
popular form (Sujanani and Wayner Jr., 1991) that
depends on the interfacial temperature and pressure
jumps:

mgc = a(Tlv - Tv) + b(pv - pl) (26)
where
26 M \Y?(Mp,h
Q= ”A( ) Poltyg (2.72)
2 — 6 \2nR, T, R,T,T;,
~ 1/2
b= ZUA( M ) ( PV ) 2.7b)
2-0 27TRuTlv RuTlv
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Figure 4. (A) Outline of transverse thermal resistance network
in the condenser. (B) Detailed thermal resistance network in
thin film (on the fin top) and intrinsic meniscus regions.

where R,,, M, and & are universal gas constant, molar
mass, and accommodation coefficient (taken as unity),
respectively. Moreover, hq, and V; are latent heat of
vaporization and molar volume of the fluid, respectively;
and including those, all the fluid properties are evaluated
at the vapor temperature in both thermal and fluid
models. The pressure jump term in Eqgn. (2.6) becomes
effective when the variation of curvature and/or the effect
of disjoining pressure are included. In the scope of this
work, a detailed modeling of evaporating contact line is
not performed, therefore the effect of pressure jump term
is not accounted for. By negating this term, the interfacial
phase change resistance can be written as follows:

1

(Ripe)i = ahygsiL; (2.8)

where s; and L; are the arc length of the interface and
axial length of the slice, respectively. While the
superscript (*) stands for the evaporator or condenser, the
subscript (...,pc) denotes the location of the phase
changing interface in the corresponding cross-section.

It should be noted that, unlike other capillary limit
analysis in the literature which utilize simpler models, the
multidimensional nature of HPAT necessitates the
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Figure 5. Circuit representation and the list of transverse thermal resistances in the condenser.

presence of several thermal resistances in the thermal
network for a more realistic simulation of the inherently
complex thermal phenomena. Several parameters,
including the axial location, affect the magnitude of the
resistances; and dominant paths of heat flow along the
wick axis may change due to the changing magnitude of
thermal resistances. Depending on the groove
dimensions and edge angles, at a particular location, thin-
film region thermal resistance may be at a minimum,
creating a favorable path for heat flow, particularly on the
evaporator side. Similarly, depending on the groove
width, groove height and the thermal conductivity of the
solid, the fin side and groove side thermal resistances in
the solid may be negligible compared to other resistances
in the thermal circuit. The fast computation ability of
HPAT enables the inclusion of the entire network of
resistances in the analysis, the relative significance of
which can only be identified at a post processing step.

Solution Procedure

The iterative solution procedure is presented in Fig. 6.
The lengths of the heat source length (L,), adiabatic
region (L,) and heat sink (L.), the details of the wick
structure, the cooling condition at the heat sink (R°™
and T,) or alternatively a constant outer wall (base)
temperature (T,?) and total heat input from the heat source
(q.0c) are input parameters for the numerical model. For
a given geometry and heat input, the phase change heat
transfer (q,.) and vapor temperature (T;,) are initially
estimated. First, the flow model is utilized to determine
the effective flow length (L¢//) and edge angle variation
along the heat pipe (6(2)) (i.e. R(2)). The resolution of
the flow solution is determined by adjusting the number
of slices in the axial direction, which can be set
independently in each region. Second, the thermal model
is utilized to determine q,., T,, and the temperature
distribution along the heat pipe. Similar to the flow
model, the resolution is determined by adjusting the
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Initial guesses for
phase change heat transfer
and vapor temperature
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‘ Terminate iteration |

Figure 6. Solution algorithm

number of slices in the axial direction (see Fig. 1).
Moreover, the frequency of slices utilized in resolving
the phase change process on the liquid films is adjusted
to ensure grid independence (see Fig. 2B and Fig. 4B).
Finally, the calculated g,. is compared against the
estimates at the beginning of the loop. If the convergence
criterion on g, is satisfied, the computation is
terminated. Otherwise, q,,. and T, are updated. Solution
procedure is repeated until the convergence criterion is
satisfied.

In the algorithm laid out in Fig. 6 the vapor temperature
is needed for the calculation of the thermo-physical
properties and phase change resistances, and during the
iterations it is back calculated upon the solution of the
thermal resistance circuit. This is a distinctive feature of
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the current solution algorithm, since other models solving
the differential equation form of the energy balance need
to use the vapor temperature as a boundary condition,
hence requiring the convergence of the vapor
temperature for the convergence of the combined heat
transfer/fluid  flow/phase  change/interface  shape
problem. In the current approach, the necessity of using
the vapor temperature as a boundary condition is
avoided, which results in a faster solution of the iterative
process. This is why the convergence of the solution is
checked based on the convergence of phase change heat
fluxes, g, rather than the vapor temperature, T,.
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RESULT AND DISCUSSION
Validation of the Flow Model

The flow model basically determines the variation of the
meniscus shape. The performance of the present flow
model can be evaluated by comparing its predictions with
the previous experimental measurements. To this effect,
two past works, which utilized rectangular grooved wicks
with constant (Lefevre et al., 2008) and varying (Lefévre
et al., 2010) cross-sections along the groove axis, are
selected for the validation of the flow model. Both studies
reported the variation of the radius of curvature of the
meniscus along the groove axis measured by confocal
microscopy. The details of the heat pipe configurations
utilized in Refs. (Lefévre et al., 2008) and (Lefevre et al.,
2010) are provided in Table 1 (please see Fig. 12 for the
geometric parameters).

Former study (with constant cross-section) (Lefevre et
al., 2008) was conducted for three different heat fluxes:
0.5 W/cm?, 0.7 W/cm? and 0.9 W/cm?. In addition to
the measurement of meniscus curvature, a
comprehensive 3D numerical model was also developed
in (Lefevre et al., 2008) by solving the mass and
momentum equations in both liquid and vapor domains
together with Young-Laplace equation and a multi-
directional thermal resistance network. Using the same
geometry and conditions (see Table 1), the experiments
are simulated by H-PAT. In order to match the vapor
(working) temperature kept constant at the experiments,
the cooling conditions at the heat sink are adjusted in H-
PAT similar to the practice adopted in the experiments.
The experimental and numerical findings of (Lefévre et
al., 2008) are compared with the predictions of H-PAT in
Fig. 7. Results show that the radius of curvature estimates
of H-PAT along the heat pipe are in excellent agreement
with the experiments. The predictions of comprehensive
numerical model developed in (Lefevre et al., 2008)
deviate with increasing heat loads, whereas H-PAT
matches the experiments for all heat loads applied.

H-PAT has the ability to simulate wicks with variable
flow area by defining the variation of wick dimensions as
a function of the axial direction (see Eq. 2.5). In order to
assess its computational performance on the rectangular
grooves with variable cross-section area, H-PAT is
utilized to simulate a pertinent previous experiment
(Lefevre et al., 2010), where the groove width varied
linearly (see Fig. 8A), i.e.w(z) = w; + w,(z). The
constants w, and w, are calculated as 1.1 x 10~*[m] and
2.43 x 1072, respectively, for the groove geometry in
(Lefevre et al., 2010).
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Although five different heat loads were applied, the
radius of curvature variation along the heat pipe was
significant only for the highest three heat loads
(4.4W/cm?, 64W/cm? and 8.4 W/cm?). Vapor
temperature was kept constant at 30°C for all heat uxes.
The experimental measurements of the radius of
curvature in (Lefévre et al., 2010) are compared against
the predictions of H-PAT in Figs. 8B-D. The results show
that for the majority of the experimental results, the
predictions of H-PAT match the experiments within the
uncertainty of measurements, the match being
particularly good in the adiabatic region. Small
deviations near the evaporator end can be attributed to the
transition of the wick geometry from a grooved to a pillar
structure at the evaporator in the experiment. To the best
of authors' knowledge, the numerical validation of the
experiments in (Lefévre et al., 2010) is performed for the
first time owing to the capability of H-PAT in handling
wicks with varying cross-sectional flow area.

Validation of Thermal Model

The output of the thermal model is the temperature
distribution along the heat pipe which can be used to
determine the effective thermal resistance (or effective
thermal conductivity) of a heat pipe subjected to a certain
heat load. As a first attempt for the validation of thermal
model, H-PAT is exercised to simulate the experiments
conducted on the heat pipes with rectangular grooves in
(Hopkins et al., 1999), where the experiments were
conducted for 15 different heat loads between 3.0 and
127 W, and the effective thermal resistances were
reported for each case.

Likewise, utilizing the same geometry and conditions
(see Table 1), H-PAT calculates the effective thermal
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resistance by dividing the temperature difference
between the two ends to the total heat input. As shown in
Fig. 9, there is an excellent match between the
predictions of the current model and the experimental
results in (Hopkins et al., 1999) across a wide range of
heat loads. Hopkins et al., (1999) attributed their
decreasing thermal resistances with heat loads to the
thinning liquid film at the evaporator. In essence, the
liquid distribution is adjusted along the entire groove
such that the liquid film may become thicker or form a
liquid pool near the condenser end, while it becomes
thinner at the evaporator. H-PAT is able to catch these
variations, and accordingly, it is successful in capturing
the converging pattern of resistance with heat loads up to
the onset of dryout.
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Figure 9. Variation of thermal resistance with heat load. Blue
circles are the experimental results of Hopkins et al. (1999).
Yellow line shows the predictions of H-PAT.



As a second attempt, the performance of H-PAT is
assessed by conducting a benchmark experiment on a at
plate heat pipe setup constructed for the current study.
The experimental heat pipe assembly consists of five
parts, namely main frame, grooved base plate,
transparent top cover, heat source, and heat sink (see Fig.
10). In the experimental setup Edward RV3 two stage
rotary vane pumps, Agilent 34972A data acquisition/data
logger switch unit, Thermo/Neslab digital refrigerated
bath circulator (+0.01°C), Omega T-type thermocouple
(¥0.5°C) were used. This modular structure enables
testing wicks with different geometries and materials by
simply changing the grooved base plate, which was
aluminum for this particular experiment set. T-type
thermocouples were placed inside the holes machined at
the bottom of the groove frame. Transparent top cover is
manufactured from acrylic to enable a clear visualization
of the groove frame. Sealing between the main and top
frames as well as that with the main and grooved base
plate were secured by vacuum grade o-rings. Moreover,
the heat sources and heat sinks with different
sizes/geometries can be interchangeably utilized in this
setup. At the beginning of the experiment, the heat pipe
was filled with the working fluid, IPA. Then, the heat
pipe was operated under the heat load of 2.1 W /cm?
until steady state was reached. Following this, an
incremental amount of IPA was aspirated from the heat
pipe and testing was commenced. This procedure was
repeated until no IPA remains in the heat pipe. The
temperature data was recorded throughout the entire test.
The point with minimum temperature difference was
obtained from these experiments was accepted as the
optimum working point of the heat pipe. The parameters
and working conditions, the experiment is also simulated
by H-PAT for the operating condition corresponding to
the optimum point. Predictions of H-PAT are compared
with experimental wall temperature measurements for

-~ Pressure

Sensor

Vacuum
Pressure
-acquisiton

acquisition
system

Transparent
/top n'am‘e
<~ Main

Heat source

Figure 10. Experimental setup

both heat pipes in Fig. 11. As shown, the thermal model
successfully captures the temperature variation along
both heat pipes. Slightly overestimated temperatures near
the heat source of the heat pipe with smaller grooves
might be attributed to parasitic experiments were
conducted for two different heat pipes (geometries given
in Table 1). Utilizing the same geometrical heat loss to
the ambient, although insulation was applied in every
experiments. As shown in Fig. 11, H-PAT is able to
provide vapor temperature, which can be viewed as the
working temperature of the heat pipe. Intersection of
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Figure 11. Variation of wall temperature along the heat pipe. Blue circles are experimental results and experimental uncertainty is
smaller than the size of the circles. Yellow solid and gray dashed lines shows the wall temperature and vapor temperature predictions

of H-PAT, respectively.
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vapor temperature and wall temperature marks the point
of transition between evaporator and condenser sections.

As demonstrated by preceding validations, H-PAT is
highly successful in simulating the operation of a heat
pipe working for different heat loads. Moreover, the
simulation time is fast (in the order of seconds) owing to
its unique solution approach that accounts for the all
geometric variations in both wick structure and liquid
film profile in the construction of thermal model, but
avoids the solution of particular thin film phase change
models by specifying and iterating the axial mass flow
rate in the flow model, which eliminates the need for
solving a multi-dimensional flow problem. This
approach enables the prediction of the amount of overall
heat transfer via phase change together with vapor
temperature. Considering its accuracy along with fast
computation, H-PAT positions itself not only as a
diagnostic tool, but also as a design tool that can be
confidently utilized by thermal design engineers in
iterative design processes.

CONCLUDING REMARKS AND OUTLOOK

Heat Pipe Analysis Toolbox, in short H-PAT, is a fast
diagnosis and design toolbox for the simulation of heat
pipes. H-PAT can predict the fluid flow and heat transfer
in a heat pipe under varying heat inputs up to the onset of
dryout. In other words, H-PAT captures the capillary
limit of the heat pipe, whereas sonic, entrainment, and
viscous (vapor pressure) limits are not taken into
consideration in the current version, which does not
include vapor zone in its solution domain. In addition,
boiling heat transfer is not covered by H-PAT based on
the assumption of bubble-free evaporation throughout the
evaporator. Adaptable structure of H-PAT allows the
simulation of heat pipes with different wick structures. A
heat pipe responds to heat input changes by simply
varying the liquid distribution along the wick. H-PAT is
able to capture these variations including the rarely
considered pool region in the condenser. Reliability of H-
PAT is proved with benchmark simulations for
rectangular grooves with both constant and variable
cross-section along the heat pipe. The latter remarks a
distinctive feature reflecting the potential of H-PAT in
the assessment of heat pipes having wicks with varying

topology.

Because of its high accuracy and fast computation
together with a user friendly interface, H-PAT is a
candidate for frequent use by researchers and design
engineers in the field of thermal management, and
available via MathWorks File Exchange. Although its
accuracy and fast computation, H-PAT has some
restrictions. First and fore-most, it requires the analytical
solutions and/or correlations for the liquid flow along the
wick, which may not be available for unconventional
complex geometries. Moreover, skipping the solution of
detailed thin film phase change models may prevent
obtaining the precise variation of the liquid film at a
cross-section due to the absence of near wall effects such
as dispersion and structural components of disjoining
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pressure (Akdag et al., 2020; Setchi et al., 2019). In
addition, in its current form, H-PAT does not solve the
vapor flow, thereby neglecting the associated viscous
losses, and assumes uniform vapor properties along the
heat pipe. Despite its negligible role in the benchmark
studies considered in this work, resolving vapor flow
may be crucial in certain heat pipe applications,
especially in the case of thin heat pipes with small vapor
spacing. Finally, operation with partial dryout is not
considered in the current version of H-PAT. In the light
of these our future research efforts will focus on adding
the following features to H-PAT: the inclusion of vapor
flow and porous wick structures, and simulation in the
presence of partial dryout.
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APPENDIX A. Formulation of Thermal Resistances
in Grooved Wicks

Formulations of thermal resistances utilized in the both
evaporator and the condenser are listed below. Note that
the superscript (*) in the following equations is replaced
with “e” for the evaporator and “c” for the condenser.

_ h’b + hg - O.S(xend - xo)

s ks (0.5wp)L; (A1)
h
Rl = —t—— (A.2)
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Figure 12. Grooved heat pipe
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where hg, is the latent heat of vaporization, k;, k;, and
k,, are the thermal conductivity of the wall material,
working liquid, and wick structure, respectively. All the
geometric parameters are shown in Fig. 12. In addition to
these resistances, the fin top resistances due to
condensation of the liquid at the condenser occur and
formulated as:

)
R¢ — n o A.8
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Finally, overall resistances for evaporating and
condensing cross-sections are:
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APPENDIX B. Extension of the Model for Sintered
Wicks

In this section, the extension of the fluid flow and thermal
models are given for cylindrical heat pipes with sintered
wicks. A relation between mass flow rate of the liquid
and the pressure variation along the heat pipe for sintered
wicks can be written using Darcy equation:

K AP
= E—Leff (B.1)

Awick - TL’(TVE - riz) (BZ)

where k is the permeability, and the r; and r,, are the
corresponding radius values shown in Fig. 13A. The
pressure distribution equation for the liquid can be
obtained by combining mass flow rate prediction along
the heat pipe with the mass flow rate equation as follows:

p(z) = f (% — fb> dz, 0<z<L¥f (B.3)
where
G(z) = szll—lk (B.4)

where v; kinematic viscosity of the liquid. It should be
noted that geometric function, G, is not the function of
axial distance due to the assumption of constant flow
area. Formulations of the resistances forming the thermal
resistance network are shown in Fig. 13B are as follows:



oy _ In( /1)
(Ry)i = 2k L, (B.5)
. _In( /1)
Ry = =
( ax)i - n[ks(roz _ TM%) 4 keff(r\n% _ riZ)] (B7)

where effective thermal conductivity of the porous wick
structure can be defined as:

o [2+ (ki /ky) —2e(1 — ki /K]
off T TW 2 4 (ki /ky) + (1 — ki /ky)]

(B.8)

where ¢ is the porosity of the wick, kg, k;, and k,,, are the
thermal conductivity of the wall material, working liquid,
and wick structure, respectively.
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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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Bejan A, 1998, Advanced Engineering
Thermodynamics (First Ed.), Wiley, New York.

Tirkoglu H. and Farouk B., 1993, Modeling of
Interfacial Transport Processes in a Direct-Contact
Condenser for Metal Recovery, Proc. of 73 Steel
Making Conference, Detroit, 571-578.

Tiirkoglu H., 1990, Transport Processes in Gas-Injected
Liquid Baths, Ph.D. Thesis, Drexel University,
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Internet, 2004, Tirkiye Istatistik Kurumu, Atiksu
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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
klavuzuna www.tibtd.org.tr adresinden ulasilabilir.
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