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Unvan

Fakilte
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Prof. Dr. Timur
Aydemir

Mihendislik
Fakultesi

14.02.2017
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o . of effect of vortex finder diameter
hazirlanan ma kale, blldll'l, and inlet velocity on flow field and

collection efficiency of Stairmand

patent sayisi cyclone separators

N

Laminar Forced Convection Over
An Inclined Flat Plate With
Unheated Starting Length

[

Uysal, D., OM. Dogan, B.Z.
Uysal, Absorption of Carbon
Dioxide into Sodium Metaborate
Solution,  Gonderildigi  Dergi:
Chem. Eng. Comm.

Eal

D. Uysal, J. Safarov, O.M. Dogan,
E. Hassel, B.Z. Uysal, Total carbon
dioxide absorption capacity of
calcium acetate solution.
Gonderildigi dergi: Energy Journal

o

D. Uysal, J. Safarov, O.M. Dogan,
E. Hassel, B.Z. Uysal, Apparent
molar volumes V¢ of calcium
acetate (Ca(CH3COO0)2 (aq)) at
T=(273.15 to 353.15)K  and
pressures upto 100 MPa.
Gonderdildigi dergi: Journal Of
The Serbian Chemical Society

=

D6nem igerisinde Kabul | 23 TurgutO.,CeIen_F.,Evran O. Tigli | Ekte verilmistir.
N N B., 2017. Numerical Study of Flow

Edilen makale, b||d|r|, and Heat Transfer in a Curved

Square Duct with Longitudinal
patent SaylISE Triangular Rib Using Al203/Water
Nanofluid, 1st Annual International
Conference on Mechanical
Engineering, pp. 30, 17-20 July
2017, Athens, Greece: Abstract
Book, Athens Institute  for




Education and Research, Edited by
Gregory T. Papanikos. ISBN: 978-
960-598-163-1.

2. Turgut O., Erol H. I, Tigh B.,
2017. iki Farkli Siklon Cikis Boru
Capt Igin Siklon Verimliliginin
Sayisal Olarak Incelenmesi, 21.
Ulusal Ist Bilimi ve Teknigi
Kongresi, 13-16 Eylil 2017,
Corum.

3. Turgut, O., Arslan, K. 2017.
Periodically ~ fully  developed
laminar flow and heat transfer in a
2-D  horizontal channel  with
staggered fins, Thermal Science,
21(6A): 2437-2449, doi:
dx.doi.org/10.2298/TSCI1150315160
T.

4. E. Kizihrmak, O. Turgut, G. O.
Kizilirmak, 2017. Three-
Dimensional Turbulent Flow, Heat
Transfer and Second-Law Analysis
in a Circular Duct with Single
Baffle, Iranian Journal of Science
and Technology Transactions of
Mechanical Engineering, 41:293-
303,
doi: dx.doi.org/10.1007/s40997-
016-0064-y

5. C. Cicibiyik, D. Uysal, B.Z. Uysal
(2017), “Parabolik oluklu giines
kolektoriiniin  performans analizi”,
ULIBTK’17 21. Ulusal Is1 Bilimi
ve Teknigi Kongresi, Corum.

6. Ayse Elif Sanli, Merve Gordesel,
Eyup Semsi Yilmaz,

Suleyman Kursat Ozden, Goksel
Gunlu, Bekir  Zuhtu  Uysal,
Performance improvement in direct
borohydride/ peroxide fuel cells, i n
ternationaljournal o f
hydrogen energy 42 (2017) 8119-
8129

~

0. Yérik, D. Uysal, B.Z. Uysal
(2017). Capturing sulfur dioxide
from flue gas by iron(l1)hydroxide,
Proceedings of 10th International
Conference on Sustainable Energy
and Environmental Protection,
Volume of Water and Air Quality,
p. 23-30, Bled, Slovenia.

o

Uysal, D., Dogan, O.M., Uysal,
B.Z. (2017). Kinetics of Absorption
of Carbon Dioxide into Sodium
Metaborate Solution. International
Journal of Chemical Kinetics,
49(377-386).

9. Omir, C., Uygur, A. B., Horuz, 1.,
The effect of manufacturing
limitations on groove design and its
implementation to an algorithm for
determining heat transport
capability of heat pipes, J. of
Thermal Science and Technology,
37-1, pp. 159-170, 2017.

10. Omiir, C., Uygur, A. B., Giirgiig
Isik, H. and Horuz, I.,
Manufacturing phase embedded
design optimization of extruded
heat pipes for space applications,



http://dx.doi.org/10.2298/TSCI150315160T
http://dx.doi.org/10.2298/TSCI150315160T

Applied Thermal Engineering, Vol.
126, pp. 436-446, 2017. An
Industrial Vapor Absorption Air
Conditioning Application

11. Kurtulmus, N., and Horuz, 1., An
Industrial Vapor Absorption Air
Conditioning Application, J. of
Thermal Science and Technology,
37-2, pp. 49-60, 2017.

12. Omiir, C., Uygur, A. B., Horuz, 1.,
Investigation of the effect of
liquid/vapor shear interaction on the
heat transport performance of
grooved heat pipes, 21. Ulusal Ist
Bilimi ve Teknigi Kongresi, Corum,
13-16 Eylul 2017.

13. D. Uysal, J. Safarov, O.M. Dogan,
E. Hassel, B.Z. Uysal (2017). Total
carbon dioxide absorption capacity
of calcium acetate solution,
Proceedings of 10th International
Conference on Sustainable Energy
and Environmental Protection,
Volume of Water and Air Quality,
p. 31-38, Bled, Slovenia.

14. K. Suleymanli, D. Uysal, R.
Hamidova, A. Aliyev, J. Safarov, A.
Shahvardiyev, E. Hassel (2017),
Heat Capacity and Speed of Sound
of 1-Butyl-3-Methylimidazolium
Hex-afluoro-phosphate and 1-
Butyl-3-Methylimidazolium
Trifluoro-Methanesulfonate Over
Wide Range of Temperature,
Proceedings of 10th International
Conference on Sustainable Energy
and Environmental Protection,
Volume of Water and Air Quality,
p. 39-48, Bled, Slovenia.

15. K. Suleymanli, D. Uysal, R.
Hamidova, J. Safarov, A. ALIYEV,
A. Shahverdiyev, E. Hassel (2017).
Density of 1-butyl-3-
methylimidazolium
hexafluorophosphate and methanol
binary mixtures, ULIBTK’17 21.
Ulusal Is1 Bilimi ve Teknigi
Kongresi, Corum.

16. G. Huseynova, D. Uysal, R.
Hamidova, J. Safarov, M. Bashirov,
E. Hassel (2017). “Carbon dioxide
solubility in 1-ethyl-3-
methylimidazolium
methanesulfonate ionic liquid,
ULIBTK’17 21. Ulusal Is1 Bilimi
ve Teknigi Kongresi, Corum.

17. K.Suleymanli, D.Uysal,
R.Hamidova, A.Aliyev,J.Safarov,
A. Shahverdiyev, E.Hassel, (2017).
Heat Capacity and Speed of Sound
of Some lonic Liquids Over Wide
Range Of Temperature, Azarbaycan
Milli EImlar Akademiyasinin
Xabarlari Fizika-texnika vo
riyaziyyat elmlori seriyast, fizika vo
astronomiya, No, 74-79.

18. A. Biyikoglu, T. Diz, “Konut Tipi
Binalarda Optimum Isil Gegirgenlik
Degerlerinin Belirlenmesi”, Antalya
Iklimlendirme Sempozyumu, iklim
2017, 15-16 Aralik 2017, Antalya




MMO.

19. M.F. Evren, A. Biyikoglu, A.
Ozsunar, B. Kilkis, “Determination
of Heat Transfer Coefficient
between Heated Floor and Space
Using the Principles of
ANSI/ASHRAE Standard 138 Test
Chamber” ASHRAE Winter
Conference, Las Vegas, USA, 2017

20. M. Erbas, A. Biyikoglu, “Flow
Passage Design For Radial And
Mixed Flow Pumps And
Compressors Using Inverse Design
Procedures For HVAC
Applications” ASHRAE Winter
Conference, Las Vegas, USA, 2017

21. M.Z. Yilmazoglu, A. Biyikoglu, A
newborn incubator with a laminar
flow unit, ASHRAE Winter
Conference, Las Vegas, USA, 2017

22. G. Gakir, B. Kilkis, A. Biyikoglu,
PVIT Sistemlerinin Performans
Deneyleri Igin Standart
Gelistirilmesi, ULIBTIK17, Hitit
Univ.13-16 Eyliil 2017, Gorum.

23. Akin USLU, Ali PASHAEI,
Nabeel ALTANNEH, M. Timur
AYDEMIR, Design of a
Photovoltaic Power and Hydrogen
Based Stand-Alone Hybrid
Renewable Energy System on a
Mobile Platform,

Lisansistl Tez Tez Adi Aciklama
sayisli
D6nem i(;e risinde 12 1.Sodyum I_E_’,orhidri]rden Katalitik | 7, Ebru Arinan
. Hidrojen Uretimi icin Katalizor (Yiiksek Lisans)
planlanan Yuksek Gelistirilmesi : .
Lisans/Doktora tez sayisi 2. Hilal Seda Demirel
y 2.Lateritik Nikel-Kobalt cevherlerinin | (Doktora)
lic sonrasi kademelerinden farkli | 3. Janset Sine Sekerci
iyon degisim regineleri kullanarak (Yiksek Lisans)
degerleri metallerin kazanim 4ibrahim Yasin
3.Yikksek Basingta Asit Ligi ile TEI."ZIOg Tu 3
Uretilen ~ Nikel-Kobalt Hidroksit | (YUksek Lisans)
Uriiniinden Yiiksek Saflikta Kobalt | 5.Umut Baris Yiimaz
Siilfat ~ Uretimi  Igin  Yéntem (Yiksek Lisans)
Gelistirilmesi 6.1brahim Yilmaz
4. Tavandan sogutmanin (Ylksek Lisans)
karakteristiginin niimerik olarak 7.Aysenur .EI‘ tem
incelenmesi (Yiksek Lisans)
o 8.Hande Gezer
5.Karayolu tunellerindeki  boyuna (Yilksek Lisans)
havalandirma sisteminde jet fan 9.Fsrafil SGvi
yerlesimi optimizasyonunun 4 :cra ! ‘_’y er
nimerik ve deneysel olarak | (YUksek Lisans)
incelenmesi 10.Nusret Aydin
(Yiiksek Lisans)
6.Kat1 yakith roket motorlarinda 11.Mige Eker
buyuk burga¢ benzetimi ve Euler- - ,
Euler yaklagmm ile iki fazli akig (YUkse_k Lisans)
modellemesi 12.veli Asici
(Yiiksek Lisans)

7.Tozlarin Is1l Kapasitelerinin ve Isil
iletkenliklerinin Analitik ve
Deneysel Olarak Belirlenmesi

8.Metal tozlarin  1s1l  iletkenlik
katsayilarinin  ve 6zgiil 1silarinin
belirlenmesi

9.Bir Organik Rankine Cevriminde

Bilgiler ekte verilmistir.



kullanilacak Faz Degistiren Is1
Depolama Unitesinin Tasarimi ve
Optimum fsletim Parametrelerinin
Tayini
10. Turkiye’deki konut tipi binalar
icin 1sitma ve sogutma etkisi
altinda ~ U-deger  Haritasinin
Olusturulmasi
11. Enerji Verimliliginin
Artirllmasma  Yonelik  Binalar
I¢in Isil Gegirgenlik Limitlerinin
Tayin Edilmesi
12. insansiz hava araglarinin
kontroline  yonelik olarak
sentetik jet kullaniminin kanat
tizerindeki akig alanina etkisinin
aragtirilmasi

Donem icerisinde | - - NOT: Tamamlanan her
tamamlanan Yuksek bir yiiksek
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Merkez Sorunlan o Idari ve teknik Talep yazisi
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e Uygun sartlarda
laboratuvar ihtiyact
e Aragtirmaci ihtiyact
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ON iZLEME

ON iZLEME

A.1 - PROJE ON BILGILERI

A1.1.

Gegici Proje Numarasi 55689

Projenin Adi Elektrikli Araglarda Batarya Sarj isleminde Kullanilacak Temassiz Giig Aktarim Sisteminin Gelistirilmesi
Proje Baslama Tarihi 01.09.2016 Proje Bitis Tarihi 31.08.2018
Destek Baslama Tarihi 01.09.2016 Destek Bitis Tarihi  [31.08.2018
Proje Suresi 24 ay Destek Suresi 24 ay
Teknoloji Grubu ELEKTRIK-ELEKTRONIK TEKNOLOJILERiI GRUBU

Proje Onerisinin Icerdigi Bilimsel ve Teknolojik Alanlar

40.110.40 - Teknik Bilimler > Elektrik-Elektronik Mihendisligi > Gig Elektronigi

A1.2.

Proje Yurdtucusu

Adi, Soyadi MEHMET TiMUR AYDEMIR TC Kimlik No 16136856220

Unvani/Gorevi

Dog. Dr. / Ogretim Uyesi

Yazisma Adresi

GAZi U. MUHENDISLIK F. ELEKTRIK ELEKTRONIK MUHENDISLIGI B. ANKARA

Telefon 312-5823350 Faks 312-2308434
E-Posta aydemirmt@gazi.edu.tr ikincil E-Posta aydemirmt@gmail.com
A.1.3.

Danisman

A.1.4.

Musteri Kurulus Proje Sorumlusu

Adi, Soyadi MEHMET POLAT

TC Kimlik No 14792192454

Unvani/Gdrevi Uzman Mihendis / Sistem Tasarim Mihendisi

Telefon 312-5923777 Faks 312-5923030
E-Posta mpolat@aselsan.com.tr

ON iZLEME

ON iZLEME



ON IZLEME ON IZLEME
A.2 - KURULUS BILGILERI
A.2.1 - ASELSAN ELEKTRONIK SAN. VE TiC. A.S.(Miisteri Kurulus)
A2.1.1.
Kurulus Yetkilisi YAVUZ SUAT BENGUR-UGES Sektér Bagkani
Musteri Kurulus Proje Sorumlusu MEHMET POLAT
Kurulus Tard Anonim Sirket
Vergi Dairesi YENIMAHALLE
Vergi Sicil No 0860042250
Kurulus Tescil Tarihi 14.11.1975
Ticaret Sicil No 31177
Kurulusun Ortak Oldugu Kuruluslar (Tizel Kisilik) ve Ortaklik Paylari
1 |Adi BIST
Ortaklik yuzdesi 15 %
2 |Adi TSKGV
Ortaklik yizdesi 84 %
A2.1.2
Kurulus Yetkilisi
Adi, Soyadi YAVUZ SUAT BENGUR |TC Kimlik No |1 1845124028
Unvani/Gorevi Genel Midur Yardimcisi / UGES Sektoér Baskani
Telefon 312-5921000 [Faks [312-3541302
E-Posta bengur@aselsan.com.tr
A.2.1.3.
Kurulus Personel Dagilimi
Birimi Doktora Yiksek Lisans Lisans Teknik/ Meslek Lise Diger Toplam
Uretim 3 90 241 503 436 1273
Ar-Ge 164 1508 998 156 140 2966
Diger 12 186 462 159 384 1203
Toplam 5442
A2.1.4.
Y1l/Dénem 2014/4
Odenmis Sermaye 500.000.000
Net Satis Hasllati 2.142.643.300,56
Yurtdisi Satislar Toplami 451.791.081,06
Ar-Ge Giderleri 71.327.849,94
Kurulusun Bir Onceki Y1l Ozgiin Uriin Satis Hasllat 1.740.799.050
yeya Scn ara aniagug"er DénenVarliklar 3.179.977.594,51
(TL) Ortaklardan Alacaklar 0
Yillara Yaygin Insaat Maliyetleri 24.786.766
Kisa Vadeli Borglar 2.013.048.841
Hakedis Gelirleri 22.156.618
Kisa Vadeli Banka Borglar 189.515.124
Ozkaynaklar 1.336.675.766,31
Kurulusun Son Ug Yil Net  |1.782.334.042
Satislar Ortalamasi (TL)
A.2.1.5.
Firmanin Diger Ar-Ge Projeleri:
Diger Projeler: ASELSAN'a ait diger projelerle ilgili bilgi ekler arasinda verilmektedir.
(Ek-2 Firmanin Diger Ar-Ge Projeleri)
Firmanin Ozgiin Uriin Ornekleri:
Ozgiin Urinler: Tim @riin listesi proje eki olarak verilmistir (Ek-4: Firmanin Ozgiin Uriin Ornekleri)
1/34
ON IZLEME ON IZLEME




ON IZLEME ON IZLEME
A.3 - PROJE YURUTUCUSUNUN DIGER PROJELERI
A.3.1
Proje Yiiritiiciisiiniin TUBITAK Destekli Projeleri
Proje No Proje Adi Baslama/Bitis Tarh.
107E231  |Uydu Yénelim Sistemlerinin Gercek Zamanl Benzetimi Ve Kapali Déngii igerisinde Donanim Sinamasi|  01.02.2008/01.08.2010
108E255 |Uyarlamali Diisiim Yéntemi ile Paralel Galisan DA/DA Dénistiiriiciilerin Akim Paylasiminin 01.03.2009/01.03.2010
Saglanmasi
111E176 |Glnes Enerjisi Sistemleri Igin Kuplajli Enduktorler Kullanan Yiksek Kazangli Z-Girisli Da-Da Ve Da-Aa| 01.04.2012/01.10.2013
Donusturtcu Tasarimi ve Gergeklestiriimesi
A3.2

Proje Yuruttcusunin Diger Projeleri (DPT, BAP, AB Cerceve Programlari vb.)

Proje No Proje Adi Baslama/Bitis Tarh.
670STZ2014 [Kesintisiz Giig Kaynagi Ozellikli Yerli Lityum-lyon Batarya Grubu Tasarimi, Gelistiriimesi ve imalati 01.02.2015/31.10.2017
00616.STZ. [Kesintisiz Gli¢ Kaynaklari icin Yariiletken Aktarim Anahtari Gelistiriimesi 01.09.2010/31.08.2012
78STZ2007 [200 Amper, Yiksek Frekans Anahtarlamali, DC ve AC/DC Kaynak Makinalarinin Gelistiriimesi 01.02.2008/31.01.2010
0532.8T7Z.2 |Ug Fazl Asenkron Alternatif Akim Motorlar igin Akilli Siiriicii Donanimi 01.02.2014/30.09.2015
914STZ2015 |Cok Amagli 300 A Evirici Tip Kaynak Makinesi Tasarimi 01.01.2016/31.12.2016

2/34
ON IZLEME ON IZLEME



ON iZLEME ON iZLEME

B.1 - PROJE KISA TANITIMI

B.1.1.
Proje Tanitimi

Son yillarda elektrikli araglara olan ilginin artmasiyla birlikte bu araglarin batarya sarj sistemleri ile ilgili de yogun bir ¢alisma baslamistir. Bataryanin
sarj edilmesi igin gerekli elektriksel gli¢, kablolu ya da kablosuz (temassiz) olarak bataryaya aktarilabilmektedir. Temassiz gli¢ aktarim sistemleri
arasinda ise en ¢ok 6ne ¢ikan teknoloji endiktif gi¢ aktarimidir (EGA). EGA sistemlerinde glg, hava araligi Gzerinden primerden sekondere
elektromanyetik endiksiyon yoluyla aktariimaktadir. Aktarimin temassiz gergeklestiriimesi, kullaniciya birgok avantaj saglamaktadir.

Arada bir temas olmamasi nedeniyle EGA sistemleri; ylksek guvenlik, yiksek givenilirlik, disik bakim maliyeti ve uzun kullanim stiresi gibi
UstlnlUkleri beraberinde getirir. Bu Ustunluklerinden dolayi EGA sistemlerine karsi olan ilgi tum dinyada gln gegtikge artmaktadir.

Bu projede, EGA ilkesine gore calisan 3.3 kW glicuinde sabit bir sistemin tasarimi gergeklestirilecektir. Proje kapsaminda gelistirilecek su bilesenler
icin analiz ve tasarim calismalari yUrutilecektir: Primer ve sekonder gui¢ devreleri, bu devrelerde kullanilacak kompanzasyon yapilari, primer ve
sekonder sargilari, kontrol ve haberlesme sistemleri.

Analizlerde benzetim programlarindan ve sonlu elemanlar yazilimindan yararlanilacaktir.

B.1.2.
Anahtar Kelimeler
Elektrikli Araclar, Endiiktif Glg Aktarimi; Temassiz Gug Aktarimi; Batarya Sarj Sistemleri

B.1.3.
Projenin Baslatiima Gerekgesi ve Amaci (OZET)

ASELSAN askeri projelere ek olarak yuksek teknoloji gerektiren sivil uygulamalara da ¢6zim Uretmektedir. 2014 yilinda olusan yeni yapilanma ile
Eylul ayindan itibaren ASELSAN sivil sektdrde Ulasim, Glvenlik, Enerji ve Otomasyon Sistemleri (UGES) Uzerinde rln, alt sistem ve sistem
gelistirmek amaciyla 5. sektér baskanligini olusturmustur. Bu dizenlemeler kapsaminda elektrikli arag gelistirme calismalarina da baslanmis olup,
bu alanin tim bilesenleri ile ilgili bilgi birikimi ve deneyim kazanilmasi hedeflenmistir. Yiksek gigli tasitlarla ilgili galismalara hazirliklar,
kapsaminda bu projenin baslatiimasi uygun gértlmdastir.

B.1.4.

Projenin Yenilikgi Yonii (OZET)

Temassiz sarj sistemlerine yonelik ilgi Ulkemizde de gittikge artmaktadir. Ancak, ydratilen bir kag ylksek lisans tez ¢galismasi disinda heniiz bu
alanda gergeklestiriimis, sonu¢ alinmis bir proje bulunmamaktadir. Ote yandan, projenin amaci yalnizca Turkiye i¢in yeni bir Griin gelistirmekten
ibaret degildir. Bir yandan klasik yontemle calisacak bir sistem gelistirilirken, bir yandan da, proje kapsaminda ydurutilecek iki doktora tezi ile hem
glg elektronigi, hem de sargi yapisi ile ilgili galismalar gerceklestirilecektir. Sistemin kontroll i¢in de hem primer hem de sekonder tarafta birlikte
calisacak bir kontrol algoritmasi gelistirilecektir.

B.1.5.

Uygulanacak Yéntemler (OZET)

Projenin hazirlik asamasinda kapsamli bir literatiir incelemesi yapilmistir. Proje siiresince bu calismaya devam edilecektir. Ozellikle ABD, ispanya
ve Avustralya gibi bazi tlkelerdeki arastirma merkezlerinden gikan yayinlar yakindan izlenecektir.

Bu sistemler i¢in henliz standartlasmis tasarim adimlari tanimlanmamistir. Onerilen tasarim ydntemlerinin iyice analiz edilerek gelistiriimesi
hedeflenmektedir.

ilk asamada hem gii¢ elektronigi hem de elektromanyetik bilesenler igin iyi bilinen evirici ve sargi yapisi galisilacaktir. Ancak ana amag, her iki
alanda da yenilik¢i yapilar gelistirmektir. Bunun igin sonlu elemanlarla analiz yazilimi ile gi¢ elektronigi yazilimini birlikte kullanan benzetimlerden
yararlanilacaktir.

Tasarlanan sistemler Uretilerek laboratuvar ortaminda test edilecektir.

Calismalar sirasinda sistemin insan sagligina olumsuz etkilerinden sakinmak amaciyla koruma dnlemleri alinacaktir.

B.1.6.
Ekonomik ve Ulusal Kazanimlar (OZET)

Proje giktisi olan Griinler yurt disinda dretilen Griinlerle rekabet edebilir seviyede olacaktir. Bu sayede yurt igi pazardaki ithalat intiyacini azaltacak
ayrica yurt disi pazara aglilarak {ilkemizin ihracat hedeflerini saglamaya katkida bulunacaktir. Ulkemizin milli elektrikli arag gelistirme hedefi
kapsaminda, batarya sarj sistemi icin milli ve 6zgiin temassiz gli¢ aktarim sistemi tasarlanmis olacaktir. Ulkemizin éniimiizdeki yillarda ulasim
sektdrtne ciddi yatirnm yapacagi 6n gérulmektedir. Temassiz Gug¢ Aktarim Sisteminin 6zellikle kullanim kolayligi, bakim onarim maliyetlerinin
azaltiimasi, cevre estetigi, glivenlik vb. konularda belirgin avantaj saglayacagi degerlendirilmektedir.
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B.2 - BASLATILMA GEREKCESI, UYGULANACAK YONTEMLER VE AR-GE ASAMALARI

B.2.1.
1 - Projenin baslatiima gerekgelerini agiklayiniz.

ASELSAN A.S. Turk Silahli Kuvvetlerini Giglendirme Vakfi'na bagh bir kurulustur. Ginimizde savunma sanayinin lider kurulusu olan ASELSAN,
kuruldugu 1975 yilindan bu yana milli kaynaklari etkin sekilde kullanarak, deniz, hava, kara ve uzay platformlari icin askeri sistemler
gelistirmektedir. Askeri haberlesme sistemleri, kripto ve bilgi glivenligi sistemleri, elektrooptik sistemler, aviyonik sistemler, hava ve fliize savunma
sistemleri, komuta kontrol sistemleri, silah sistemleri, radar sistemleri ve elektronik harp sistemleri ASELSAN'in Grlnleri arasinda yer almaktadir.

ASELSAN askeri projelere ek olarak yiiksek teknoloji gerektiren sivil uygulamalara da ¢6zium Uretmektedir. 2014 yilinda olusan yeni yapilanma ile
Eylil ayindan itibaren ASELSAN sivil sektérde Ulasim, Guvenlik, Enerji ve Otomasyon Sistemleri (UGES) Gzerinde urin, alt sistem ve sistem
gelistirmek amaciyla 5. sektor baskanligini olusturmustur.

Dinyada Temassiz Gig¢ Aktarimi sistemlerinin 6zellikle elektrikli ara¢ ve otoblis gibi uygulamalarda kullaniimaya baslandigi ve giderek
yayginlastigi goézlenmektedir. Mevcut durumda, Tulrkiye'de Temassiz Gug¢ Aktarimi konusunda galisma yapan bir firma veya kurum
bulunamamistir. Bu proje ile konu Gizerinde bilgi birikiminin arttirimasi ve tecriibe kazaniimasi hedeflenmektedir. Elektrikli ara¢ pazarinda rekabet
glcinin arttinlarak ASELSAN olarak 6nc firma olunmasi igin gelistirme ¢alismalarina simdiden baslanmasi gerektigi degerlendiriimektedir.

Konunun énemi nedeniyle tim dinyada Universitelerde temassiz gu¢ aktarim sistemleri Gzerinde ciddi arastirma ¢alismalari yapilmaktadir. Bu
sistemlerin tasarimlari hem akademik bilgi birikimi hem de pratik deneyim gerektirmektedir. Bu nedenle, taraflar bu proje kapsaminda isbirligi
yapmaya karar vermistir.

2 - Projenin amacini aciklayiniz.
(Format sorunu nedeniyle literatiir 6zeti ekli dosya olarak (Ek-1: Literatiir Ozeti) sisteme yiiklenmistir.)

Projenin amaci, binek elektrikli araglarin bataryalarinin dolumu igin kullanilabilecek temassiz bir sistemin gelistiriimesidir. Bu projede elde edilecek
deneyim ve bilgi birikimi ile uluslararasi pazarda rekabet edebilecek Urinler gelistirebilmenin 6éni acilacaktir.

3 - Proje ciktilarini tanimlayip, ciktilarin uyacadi varsa ulusal/uluslararasi standartlari, projenin somut hedeflerini ve basari élcitlerini belirtiniz.

Bu projenin amaci 3.3 kW glclinde, enduktif glic aktarim (EGA) ilkesine gore c¢alisan, batarya sarj isleminde kullanilabilecek bir sistem
tasarlamaktir. Primer sargisinin ve gli¢ kaynaginin yol tzerinde kuruldugu, sekonder sargisi ve toplayici devrenin ise sarj edilecek aracin lizerinde
bulundug@u sistemin laboratuvar prototipi gergeklestirilecektir. 10-20 cm civarinda bir hava araligi Gzerinden aktarilacak giic ile batarya sarj
edilebilecektir. Proje kapsaminda gerekli gui¢ elektronigi devrelerinin tamami, haberlesme ve kontrol sistemleri, manyetik elemanlar tasarlanacaktir.,
Yumusak anahtarlama teknigi kullanilarak yiksek frekansta galisilacaktir. Kurulacak sistemin, hava araligi mesafesine ve hizalamaya bagli olarak
nominal kapasitede, en az %80 verimlilikte olmasi hedeflenmektedir. Proje kapsaminda tek fazl, ticarilesecek bir Griin yaninda, daha yuksek
gliclerde kullanilabilecek yenilikgi bir ¢ fazli manyetik yapi da gelistirilecektir.

Proje ¢iktilari sunlardir:

Proje Ciktisi 1) Tasarim Algoritmasi: Belirlenen bir gli¢ diizeyinde kullanilacak bir Temassiz Gii¢ Aktarim (TGA) sisteminin kaba boyutlandirmasini
yapabilecek bir algoritma.

Basari Olglitii: Tanimlanacak farkli geometri ve kompanzasyon yaplilari igin, hedeflenen giic diizeyinde kararli olarak galisabilecek sargi boyutlarini
(sarim sayilari ve kesitler) Ureten ve sonlu elemanlar yazilimi sonuglari ile en az %90 oraninda uyumlu olan bir algoritma.

Proje Ciktisi 2) TGA sistemi.
Basari Olgutu: Sebeke gerilimiyle calisan, ¢ikis guicii 3.3 kW olan, sargilar tam hizaliyken 10 cm hava araliginda %90'nin Gzerinde verimle glic
aktarabilen, toplam verimi (giris-cikis) en az %80 olan, klasik yapida bir TGA sistemi.

Proje Ciktisi 3) Kontrol Algoritmasi: Hem primer hem de sekonderde ayni anda galisan bir kontrol algoritmasi.
Basari Olgitl: Yontemin galistiginin benzetimle gdsterilmesi

Proje Ciktisi 4) Kontrol Algoritmasi: Primerde sifir faz agisinda ¢alismayi saglamak igin frekans degisimini ve sifir gerilim anahtarlama igin kollar
arasindaki faz farkini ayni anda kontrol etmeye calisan melez bir kontrol algoritmasi
Basari Olgitl: Yontemin galistiginin benzetimle gdsterilmesi

Proje Ciktisi 5) Ug fazli bir manyetik sargi yapisi
Basari Olgliti: Yuksek gigli (200 kW) uygulamalarda kullanilabilecegi sonlu elemanlar yazilimi ile kanitlanmis bir sargi sistemi.

4 - Proje Ar-Ge faaliyetlerinde uygulanacak yontem, uygulamalar, kullanilacak teknik ve araglari planladiginiz is akisi kapsaminda uyulacak
standartlari belirterek agiklayiniz.

Onerilen projenin yiiriitilmesinde uygulanacak yéntemler séyle 6zetlenebilir:

1)Oncelikle, proje 6nerisi hazirlama siirecinde yapilan literatiir arastirmasi derinlestirilecek ve benzer nitelikli Griinlere iliskin bilgiler derlenecektir,
Bu bilgiler sistem gereksinimlerinin belirlenmesi asamasinda kullanilacaktir.

2)Literatiirde temassiz gli¢ aktarim sistemlerinin tasarimi ile ilgili kesin kabul gelmis yontemler tanimlanmamistir. Ancak, bu alanda galisma yapan
bilim insanlari tarafindan énerilmekte olan genel tasarim adimlari bulunmaktadir. Projenin baslangic asamasinda, yinelemeli hesaplamalara dayali
bu yéntemler yardimiyla bir 6n tasarim yapilacak, daha sonra sonlu elemanlar yéntemi ve sayisal benzetim teknikleri ile bu tasarimin dogrulugu
sinanacaktir.

3)Yurtdisindaki benzer sistemler incelendiginde, elektrikli binek araglar i¢in 3.3 kW ve 22 kW gl¢ degerlerinin standartlastigi gértlmektedir,
Otobusler ve hafif rayli araglar i¢in ise 200 kW ve Uzerinde sarj sistemleri gelistiriimektedir. Bu projede, elektrikli araglar i¢in 3.3 kW gi¢ degeri
secilmistir.

4)Sistem gelistirme faaliyetleri kapsamindaki tim donanim ve yazilim bilesenlerinin isterleri belirlenecek ve prototip Uretimi yapilacaktir. Yapilan
literatir arastirmalarinda temassiz gli¢ aktarimi igin dairesel sargi yapilarinin segildigi, kompanzasyon igin seri-seri, seri-paralel,

paralel-paralel ve paralel-seri yapilarindan birinin segildigi, gu¢ elektronigi devrelerinin yiksek frekansta anahtarlanmasi gerektiginden dolayi
rezonans yapilarinin kullanildigr ve SiC, GaN gibi yiksek ylksek hizli yari iletkenlerin tercih edildigi gérilmektedir. Tasarim faaliyetlerinde bu
tespitlerden faydalanilacaktir. Ayrica, SPS, SPP gibi yeni kompanzasyon yapilarinin da literatiirde yer almaya basladigi gérilmekte olup, bu
sistemler de incelenecektir.

5)Proje ciktisi sistemin fonksiyonel testleri yapilacaktir. Yapilacak testlerde olasi hata durumlari (donanim, yazilim ya da kullanici kaynakli)
olusturularak sistemin guvenli bicimde calismaya devam ettigi gosterilecektir.

6)Oncelikle lizerinde calisilacak gii¢c devresi yapisi Ek-1'de (Sekil Ek-2) verilmektedir.

Proje ¢alismalarinda sonlu eleman yazihmlarindan ve benzetim programlarindan etkin olarak yararlanilacaktir.

Temassiz gu¢ aktarim sisteminin kullanimi sirasinda gevreye yayilacak manyetik alanin, insan saghgina tehdit olusturmamasi igin referans
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degerlerin altinda tutulmasi gerekmektedir. Bu konuyla ilgili IEEE tarafindan belirlenmis ICNIRP referans degerler bulunmaktadir. Tasarim
asamasinda, alan degerlerinin bu sinirlar igerisinde tutulmasi igin gerekli énlemler alinacaktir. Ayrica, son yillarda kabul gérmekte olan SAE
standartlari incelenerek, tasarimin bu standartla da uyumlu olmasina calisilacaktir.

5 - Onerdiginiz projede planladiginiz Ar-Ge asamalarinin asagidakilerden hangilerini kapsadigini belirtip kisaca aciklayiniz.

Kavram Gelistirme, Teknolojik/Teknik ve Ekonomik Yapilabilirlik Etiidi, Gelistirilen Kavramdan Tasarima Gegis Siirecinde Yer Alan Laboratuar
Calismalari v.b. Calismalar, Tasarim, Tasarim Gelistirme ve Dogrulama Calismalari, Prototip Uretimi, Pilot Tesisin Kurulmasi, Deneme Uretimi ve
Tip Testlerinin Yapilmasi, Satis Sonrasinda Uriin Tasarimindan Kaynaklanan Sorunlarin Cézlimdi Faaliyetleri

Tasarim, Tasarim Gelistirme ve Dogrulama Calismalari: Oncelikle bir tasarim algoritmasi gelistirilecektir. Gelistirilen algoritma kullanilarak bir
sistem boyutlandiriimasi yapilacaktir. Boyutlandirilan sistemin sonlu elemanlar analizi yazilimi yardimiyla analizi yapilacaktir.

Prototip Uretimi: Sonlu elemanlar analizi ile dogrulanan tasarimin prototipi gergeklestirilecektir. Prototip lizerinde, proje basari élgitlerinin
saglandigini géstermek amaciyla testler gerceklestirilecektir.

Kavram Gelistirme: Projenin devaminda yapilacak calismalarda kullaniimak lizere yenilikgi kontrol teknikleri gelistirilecektir.

— — 5134
ON iZLEME ON iZLEME




ON iZLEME ON iZLEME

B.3 - YENILIKCI VE OZGUN YONLERI

B.3.1.

1- Projede hedeflenen;

a. Urtin ve/veya stireg yeniliginin,

b. musteri kurulusun mevcut Uriin veya sureclerinde yapacagi yeniliklerin,
pazar ve sektdrdeki (misteri kurulus iginde, yurt icinde veya disinda) benzerlerine gére éngoértlen farkhliklarini, avantajlarini, Gstinliklerini
belirtiniz.
Proje ortadi kurulusta, énerilen proje ¢iktisi ile kiyaslama yapilabilecek benzer bir triin/slire¢ bulunmamaktadir. Proje kapsaminda Trkiye'de ilk
defa elektrikli araglar icin Temassiz Glg Aktarim Sistemi gelistirilecektir. Gelecek 10 yil icerisinde elektrikli arag bilesenlerinin yerli katki orani ile
karsilanmasinin devlet politikasi olarak benimsendigi degerlendiriimektedir. Projede 6nerilen sistemin arastirma ve gelistirme faaliyetleri, yurt igcinde
acilacak bu yeni sektor igin 6ncu ve 6zglin bir calisma niteliginde olacaktir. 3.3 kW ¢ikis glgli temassiz glic aktarim sistemi tasariminda elde
edilen tecrlibeler, daha yuksek gicli araglar ve elektrikli otobusler ve hafif rayli araglar igin gelecekte kurulmasi planlanan temassiz gii¢ aktarim
sistemlerine altyapi olusturacaktir.

ASELSAN, TEMSA ile elektrikli otobiis gelistiriimesi konusunda Subat 2015 tarihinde isbirligi anlasmasi imzalamistir. Bu anlasma ile birlikte
ASELSAN, Turkiye'de ilk defa yerli imkanlari kullanarak milli ve 6zgin bir elektrikli otobls gelistirme galismalarina baslamistir. Bu proje
basvurusunun ciktisi olacak temassiz gl aktarim sisteminin gelecekte daha da gelistirilerek ASELSAN tasarimi yerli otobuslerde ve dider ticari
araglarda kullaniimasi planlanmaktadir.

Gelistirilecek olan sistem, mevcut durumda yurtdisinda bulunan érnekleriyle benzer teknolojiyi kullanacaktir. Bununla birlikte, proje kapsaminda
ileriye yonelik olarak yapilacak ¢calismalarda yenilik¢i kontrol tekniklerinin, gui¢ devrelerinin ve sargi yapilarinin incelenmesi ve buna gére tasarimin
sekillendiriimesi hedeflenmektedir. Bu ¢alismalarin sonuglarinin prototipte kullaniimasi durumunda rakiplerine goére daha Ustin Griinlerin elde
edilmesi de s6z konusu olabilecektir.
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Firma ve Uriin Frekans Giig Hava Araligi Verim (*)
(kHz) (kw) (cm) (%)
mtT";';go 85 3.3 15-20 90
Qualcomm Halo 85 3.3-22 13-18 80-90
Conductix-Wampfler 20 60-180 4 >90
Bombardier PRIMOVE 20 200 Bilgi Yok 80-90
Momentum Dynamics Bilgi Yok 3.3-10 61 92
Bosch Plugless 195 33 7-13 85-89
Proje Ciktisi 85 33 10-13 >90

(*) Sarimdan sarima verim
Yukarida belirtilen 6zelliklere ek olarak, proje ¢iktisi Griiniin gelismis kontrol algoritmalari sayesinde farkli topolojilere uygun tasarimi da gozetilecektir.
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2-Projede yer alan ve yukarida vurgulanan yenilik faaliyetlerinde firmanin 6zgiin katkilarini agiklayiniz.

Elektrikli araclarin kullanimi henuz yayginlasmamistir. Bu nedenle bu araglarin batarya sarj sistemleri de ¢ok yaygin uretiimemektedir. Mevcut
durumda elektrikli araglara yonelik temassiz sarj sistemi Uireten firma sayisi son derece azdir. Bu firmalarin Grtinleri incelendiginde timinun benzer
tasarimlar icerdigi gorilmektedir. Primer ve sekonder devrelerinde kullanilan kompanzasyon devreleri ile aktarilabilecek gu¢ miktari yukseltilirken
kayiplar sinirli tutulmaya ¢alisilmaktadir. Saygin dergilerde yapilan yayinlar incelendiginde, 6zellikle ABD, Almanya ve Yeni Zelanda'daki bazi
Universitelerde bu konuda belirleyici calismalarin yapildigi gérilmektedir. Bu ¢alismalarin pek cogunda sistem tasarimi icin yéntemler gelistiriimeye
calisiimaktadir. Henuiz standartlasmis tasarim yontemi bulunmamaktadir. Yapilan ¢alismalar agirlikh olarak kontrol sistemleri ve manyetik tasarim
Uizerine yogunlasmaktadir. Giris tarafinda sabit frekans kullanmanin da degisken frekans kullanmanin da belli kosullarda sakincalari oldugu
gorilmektedir (¢catallanma olayi gibi). Bilim insanlari bu sorunlarin Ustesinden gelecek ¢ézim yollari énermektedir.

Bir baska arastirma alani sargi tasarimi Gizerinedir. Sargilarin baglasim diizeyini yikseltmek igin dairesel yerine dikdértgen seklinde yapilar
denenmekte, kacak akilari azaltmak icin pad yapilari Gzerine yenilik¢i ¢alismalar yapilmaktadir.

Projemizde, literatlirde énerilmekte olan tasarim adimlari kullanilarak bir 6n tasarim yapilacaktir. Ancak elde edilen bu tasarimin dogrulugu, sonlu
elemanlar yazilmlari ve sayisal benzetim programlari birlikte kullanilarak test edilecektir. Hedeflere uygun bir tasarim elde edildikten sonra prototip
gelistirme galismalari yapilacaktir.

Proje kapsaminda, sanayi kuruluslarinda ve akademide konu ile ilgili yapilan yenilik¢i calismalar gézden gegirilerek, guincel teknolojiye sahip, kisa
sirede ticarilesebilir bir Griin gelistirilecektir. Buna paralel olarak da iki doktora 6grencisinin tez ¢alismasi dogrultusunda 6zgun yapilar
incelenecektir. Projenin yenilik¢i ydnleri su basliklar altinda toplanabilir:

1) Sekonder tarafindaki dogrultma devresi ve batarya sarj devresi igin kullanilan gli¢ elektronidi devrelerinin denetiminin birlestirilebilmesi ve primer
ve sekonder taraflarinda ortak kontrol algoritmalarinin denenmesi lizerine galismalar yapilacaktir. Bdylece hem daha verimli hem de daha kararli
bir yapi elde edilmesi hedeflenmektedir.

2) Verimi yiikseltmeye yonelik kompanzasyon sistemlerinin (LCL gibi) kullanilabilirligi arastirilacaktir.

3) Sifir faz agisi (ZPA) ile calismanin kuplaj ile nasil degistidine iliskin arastirma yapilacaktir. Degisken frekansli kontrol igin, Sifir faz agisinda
galisma igin gerekli frekansin belirlenmesini ve sifir gerilimle anahtarlama igin eviricinin kollari arasindaki faz agisinin belirlenmesini ayni anda
gerceklestirebilecek melez bir kontrol yontemi gelistiriimeye calisilacaktir.

4)Ozgiin bir l¢ fazh manyetik yapi gelistirilecektir. [42-44] numarali kaynaklarda (Ek-1 Literatiir Ozeti) dinamik 3 fazl IPT sistemi incelenmistir,
Bipolar ve unipolar olarak siniflandirilan bu sistemlerde, bir yol boyunca uzanan 3 fazl sargilar ve ferit niiveler toplam sistem maliyetini
arttirmaktadir. Statik ¢ fazl sistemlerde, asimetrik aki dagilimlari nedeniyle geleneksel transformatér yapisindan farkli nive yapilari
gerekmektedir. [45-46]'da temassiz eneriji transferi igin 3 fazl nlive yapilari incelenmistir. Ayni niive gekirdegi, boyutlari ve uyartim akimi altinda (30
A, 30 kHz) E, T, Y,delta ve Y yay seklindeki niive yapilari karsilastinimistir. Geleneksel E tipi Ui¢ fazli transformatérlerde, asimetrik yapidan dolayi
orta bacaktaki aki yogunlugu yiksektir. Bu da demir kayiplarini arttiracagindan verimi ve manyetik kuplaji azaltir. Bu nedenle de geleneksel (¢ fazl
cekirdek tipi transformatorlerde diger bacaklara gére orta bacak daha kalin yapilir. [46]'da E tipi ¢cekirdegin her bacag esit kesitte oldugundan
manyetik kuplaj distktir. Simetrik aki dagilimi icin Y veya delta seklindeki nliveler 6n plana ¢gikmaktadir. Niivelerin késeli yapisinda sikisan akilar,
nlve kayiplarina neden olacagindan [46]'da Y yay seklindeki nive yapisi dnerilmistir. Ancak aki dagilimlari dikkate alindiginda delta nuvede
transformatoriin Ust ve alt delta seklindeki baglanti nlvelerinde aki yogunlugu Y niiveye gore daha dusuktir. Yani daha ince kesitli nive
kullanilabilir. Bu da niive agirhigini ve demir kayiplarini azaltacaktir. Bu proje kapsaminda kablosuz enerji transferi igin Ek-1'de (Sekil Ek-1) 6nerilen
delta niive yapisinin Ustlinlikleri arastirilacaktir.
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iP NoliP Adi 1k B K B[ o [10 |11 [12 [13 [14 15 |16 [17 [18 |19 [20 |21 22 [23 |24

1 Sistem Mimarisinin Olusturulmasi

1.1 | Literatlr Arastirmasi

1.2 | Kaynak Arastirmasi

1.3 | Sistem Tasariminin Yapilmasi

2 | On Tasarim

Gug elektronigi donustiriici yapisinin

21 belirlenmesi

2.2 | Anahtarlama frekansinin secgimi

2.3 | Yariiletken malzemelerin segimi

2.4 | Benzetim galismalari

Maksimum verim elde etmeye ydnelik

25 teorik hesaplamalarin yapilmasi
Manyetik yapinin secimi ve

26
boyutlandirilmasi

07 Kompanzasyon devrelerinin

elemanlarinin hesaplanmasi ve secimi

3 Ayrintili Tasarim

Glg, kontrol ve haberlesme

31| -
sistemlerinin tasarimi
39 Manyetik devrenin sonlu elemanlar
" | yontemiyle analiz ve tasarimi
33 Kararlilik analizi ve denetleyici

sistemin katsayilarinin belirlenmesi
3.4 | Benzetim galismalari

4 Donanim Kurulumu ve On Testler

Glg elektronigi devrelerinin baski
4.1 | devresinin gelistiriimesi ve devrelerin
kurulumu

4.2 | Manyetik yapinin dretilmesi

Sistem bilesenlerinin ayri ayri ve
birlikte fonksiyonel testleri

Sistem Dogrulama ve Gegerli Kilma
Faaliyetleri

43

5.1 | Duzenlemeler

5.2 | Testler

5.3 | Raporlama

6 Ozgiin Tasarim Calismalari

6.1 | Denetleyici Tasarimi

Manyetik Yapinin Sonlu Eleman

6.2 Analizi ve Tasarimi

6.3 | Manyetik Yapinin Uretimi ve Testleri

10/34
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C.1.2. s Paketleri Listesi

is Paketi Sira No Basvuru Génderilince Belirlenecek (is Paketi Kodu:192148)

is Paketi Adi Sistem Mimarisi'nin Olusturulmasi

Baslama-Bitis Tarihi ve Siresi 01.09.2016-30.11.2016 90 giin

ilgili Kuruluslar GAZi U. MUHENDISLIK F. ELEKTRIK ELEKTRONIK MUHENDISLIGI B.

1- Is paketi faaliyetlerini listeleyiniz.

Konu ile ilgili yapilan tarama sonucu bulunan makalelerin derinlemesine incelemesi yapilacaktir. Konunun guncelligi g6z éniine alindiginda,
dergilerde ve konferanslarda ¢ok sayida yeni yayin gikacagi dngoérilmektedir. Bu nedenle, makale incelemesinin genisletiimesi ve derinlestiriimesi
gerekmektedir.

Ayrica, uluslararasi piyasada bulunan ticari Grlnlerle ilgili daha ayrintil bir inceleme yapilacaktir.

Yapilan inceleme sonucunda sistem mimarisi ortaya konacaktir.
2- Is paketinde kullanilacak yéntemleri agiklayip, incelenecek parametreleri listeleyiniz.
Ozellikle IEEE ¢ikish konferans bildirileri ve dergi makalelerinin incelenmesi.

Witricity ve benzeri Gruinler hakkinda ayrintili bilgi toplanmasi

Sistem mimarisinin hazirlanmasi

3- is paketindeki deney, test ve analizleri listeleyiniz.

Bu is paketinde herhangi bir test veya analiz bulunmamaktadir.
4- Is paketi giktilarini ve basar! kriterlerini belirtiniz.

Cikti: Literatiir ve Kaynak Ozeti
Basar Olgutl: En az 40 makalenin ve dort ticari Grinin ayrintili raporu

Cikti: Sistem Mimarisi
Basari Olgitl: Tasarlanacak sistemin tim bilesenlerini ve bilesenler arasini gdsterir blok diyagrami

5- Elde edilen ciktilarin diger is paketleriyle iliskisini belirtiniz.
Bu paket sonucunda elde edilecek bilgi ile 8n tasarim yapilacaktir.

— 11134
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is Paketi Sira No

Basvuru Génderilince Belirlenecek (is Paketi Kodu:192149)

is Paketi Adl

On Tasarim

Baslama-Bitis Tarihi ve Siresi

01.12.2016-28.02.2017 89 gun

ilgili Kuruluslar

GAZi U. MUHENDISLIK F. ELEKTRIK ELEKTRONIK MUHENDISLIGI B.

1- Is paketi faaliyetlerini listeleyiniz.

Yariiletken malzemelerin segimi
Benzetim galismalar

Gug elektronigi donisturticl yapisinin belirlenmesi

Maksimum verim elde etmeye yonelik teorik hesaplamalarin yapiimasi
Manyetik yapinin secimi ve boyutlandiriimasi

Kompanzasyon devrelerinin elemanlarinin hesaplanmasi ve segimi
Tasarim algoritmasinin gelistiriimesi

2- Is paketinde kullanilacak yéntemleri agiklayip, incelenecek parametreleri listeleyiniz.

gelistirilecektir.

1) Sistem tasarimina yonelik genel kabul goren bir yaklasim bulunmamaktadir. Literatlirde goriilen en kapsamli ¢alisma "J. Sallan, J. L. Villa, A.
Llombart, and J. F. Sanz, "Optimal design of ICPT systems applied to electric vehicle battery charge," in IEEE Trans. on Industrial Electronics, vol,
56, no. 6, pp. 2140-2149, June 2009." makalesinde verilmektedir. Ancak bu makalede bazi hususlar gizlenmis ve/veya kasith olarak hatali
sunulmustur. ilk olarak ayni noktadan hareket eden, hatalardan arindiriimis ve boyutlandirma igin kullanilabilecek bir tasarim yazilim

2) Glg elektronigi donustiriculerinin benzetimi ve tasarimi: Pspice, Matlab-Simulink, Simplorer gibi yazilimlar kullanilarak dondistiricilerin
benzetimi yapilacaktir. Standart triin galismasinda sert anahtarlamali, klasik tek fazli tam kdpri yapisi kullanilacaktir.

3) Kompanzasyon yapisi: Ongériillen kompanzasyon yapisi Seri-Seri yapidir. Buna yénelik olarak kompanzasyon sisteminin eleman degerleri
hesaplanacaktir. Ancak, diger yapilar (klasik olan ve olmayan) da incelenecek ve benzetimleri yapilacaktir.

Bu paket kapsaminda yapilan calismalarda sistem verimini %80'in Gizerinde tutacak bir tasarim elde edilmeye calisilacaktir.

3- Is paketindeki deney, test ve analizleri listeleyiniz.

Benzetim programlari yardimiyla akim-gerilim sinirlamalari, gecici durum tepkileri incelenecektir.

4- Is paketi ciktilarini ve basari kriterlerini belirtiniz.

Sistem gereksinimleri belgesi
Benzetim raporu

yapilmis olmasidir.

Bu is paketinin basan 6l¢itd, 3.3 kW gliciinde, %80'in lizerinde verimle galisabilecek bir sistemin elekirik ve manyetik bilesenlerinin 6n tasariminin

5- Elde edilen ciktilarin diger is paketleriyle iliskisini belirtiniz.

Ayrintili tasarim calismasi, bu adimda elde edilen bilgiler kullanilarak gerceklestirilecektir.

12/34
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is Paketi Sira No Basvuru Génderilince Belirlenecek (is Paketi Kodu:192150)

is Paketi Adl Ayrintili Tasarim

Baslama-Bitis Tarihi ve Siresi 01.03.2017-30.06.2017 121 glin

ilgili Kuruluslar GAZi U. MUHENDISLIK F. ELEKTRIK ELEKTRONIK MUHENDISLIGI B.

1- Is paketi faaliyetlerini listeleyiniz.

Glg, kontrol ve haberlesme sistemlerinin tasarimi

Manyetik devrenin sonlu elemanlar yéntemiyle analiz ve tasarimi
Kararllik analizi ve denetleyici sistemin katsayilarinin belirlenmesi
Benzetim calismalari

2- is paketinde kullanilacak yéntemleri aciklayip, incelenecek parametreleri listeleyiniz.

1) On tasarim galismasi sonucunda elde edilecek sistemin ayrintili tasarimi yapilacak. Bu amagla sistem sonlu elemanlar analizi yazilimi ile analiz
edilecek ve hedeflenen ciktilarin elde edilip edilemeyecegi incelenecektir. Hedeflerin elde edilecegdi goriilince analiz sonlandirilacaktir.

2) Sistemin denetim mantigi gelistirilecek. Oncelikli amag hem primerde hem de sekonderde ayni anda kontrol yapilmasini saglayacak bir
algoritma gelistirmektir. B plani olarak, iki tarafta ayri kontrol yéntemlerinin kullaniimasi s6z konusudur.

3) Benzetim yazilimlar yardimiyla dinamik analiz yapilacak ve denetim sisteminin isledigi kanitlanacaktir.

4) Haberlesme sistemi secenekleri incelenecek ve uygun olanina yénelik bir tasarim yapilacaktir.
3- Is paketindeki deney, test ve analizleri listeleyiniz.

Manyetik alan analizi.
Kararllik analizi.

4- Is paketi ciktilarini ve basari kriterlerini belirtiniz.

Gug donusturiculerin yerlesim planlari, baski devre gizimleri
Sarg! yapisi, sarim sayilari, iletken boyutlari

Manyetik malzemenin tipi ve boyutlari

Manyetik aki dagilimi raporu

Haberlesme sistemi tasarimi belgesi

Kontrol sistemi tasarimi belgesi

Denetleyici benzetim galismalari raporu

Bu is paketinin basari 6lgltt, hedeflenen gu¢ diizeyinde istenen verimde calisabilecek sistemin tim bilesenlerinin benzetim yoluyla kanitlanmis
ayrintili tasariminin elde edilmesidir.

5- Elde edilen ciktilarin diger is paketleriyle iliskisini belirtiniz.
Gelistirilecek sistemde bu paket sonucunda elde edilen veriler kullanilacaktir.
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is Paketi Sira No Basvuru Génderilince Belirlenecek (is Paketi Kodu:192151)

is Paketi Ad Donanim Kurulumu ve On Testler

Baslama-Bitis Tarihi ve Siresi 01.07.2017-31.12.2017 183 glin

ilgili Kuruluslar GAZi U. MUHENDISLIK F. ELEKTRIK ELEKTRONIK MUHENDISLIGI B.

1- Is paketi faaliyetlerini listeleyiniz.

Glg elektronigi devrelerinin baski devresinin gelistiriimesi ve devrelerin kurulumu

Manyetik yapinin Gretilmesi

Sistem bilesenlerinin ayri ayri ve birlikte fonksiyonel testleri

Manyetik alan degerlerinin ICNIRP referans degerlerin altinda kalmasini saglayacak énlemlerin arastiriimasi ve uygulanmasi

2- Is paketinde kullanilacak yéntemleri agiklayip, incelenecek parametreleri listeleyiniz.
Elde edilen tasarim laboratuvar ortaminda test edilecektir.
3- Is paketindeki deney, test ve analizleri listeleyiniz.

Gig elektronigi devreleri igin akim-gerilimler gézlemlenecek ve verim olclilecek. Asiri akim, gerilim ve 1sinma durumlarina karsi gelistirilen
onlemlerin calisip ¢alismadiginda bakilacak.

Manyetik devrenin mesafe-kuplaj dlgiimleri yapilacak ve verimi dlglilecek.

Cevreye yayillan manyetik alan élcilecek.
4- Is paketi ciktilarini ve basari kriterlerini belirtiniz.

Bu is paketinin ¢iktisi prototip devredir.

Bu is paketinin basar dl¢utu:
Prototipin belirlenen anahtarlama frekansinda guivenli bicimde calismasi (asir sicakliga karsi korumali, kisa devre korumalr).
ICNIRP referans degerlerine uyumluluk

5- Elde edilen ciktilarin diger is paketleriyle iliskisini belirtiniz.
Bu is paketi sonucunda elde edilecek veriler dogrultusunda sisteme son hali verilecektir.
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is Paketi Sira No Basvuru Génderilince Belirlenecek (is Paketi Kodu:193044)

is Paketi Adl Ozgiin Tasarim Calismalari

Baslama-Bitis Tarihi ve Siresi 01.07.2017-31.08.2018 426 glin

ilgili Kuruluslar GAZi U. MUHENDISLIK F. ELEKTRIK ELEKTRONIK MUHENDISLIGI B.

1- Is paketi faaliyetlerini listeleyiniz.

Uggen sargi yapisinin manyetik analiz ve tasariminin yapiimasi

Tasarim dogrultusunda manyetik yapinin retilmesi ve sinanmasi

Cift tarafli denetim tekniginin gelistiriimesi

Melez denetleyici yapisinin gelistiriimesi

LCL ve benzeri kompanzasyon yapilarinin uygulanabilirliginin incelenmesi

2- Is paketinde kullanilacak yéntemleri agiklayip, incelenecek parametreleri listeleyiniz.

Literatr incelemesi
Benzetim
Sonlu Elemanlar Yontemi ile Analiz ve Tasarim

3- Is paketindeki deney, test ve analizleri listeleyiniz.
Kontrol sistemleri i¢in benzetim programlari yardimiyla analiz ve fonksiyon testleri yapilacaktir.

Manyetik yap! icin 3.3 kW giiciinde bir prototip Uretilecektir. Uretilen sistem {izerinde mesafe-giic, mesafe-verim testleri yapilacaktir.
4- Is paketi ciktilarini ve basari kriterlerini belirtiniz.

Benzetim Sonuglarini igerir Tasarim Raporu

3.3 kW giiclinde Ug fazh tggen baglantili transformatoér yapisi

Bu is paketinin basarn oélgutd,

3.3 kW giiciinde, 20 cm mesafede aktarim verimi %90 lzerinde olan ug fazli yapi
Kararli calistigi benzetim teknigi ile kanitlanmis denetleyici yapisi

5- Elde edilen ciktilarin diger is paketleriyle iliskisini belirtiniz.
Bu is paketinin basarili olmasi durumunda yeni bir trlin elde edilecektir. Basarisizligi, diger paketleri etkilemeyecektir.

- 15134
ON IZLEME ON IZLEME




ON iZLEME ON iZLEME

is Paketi Sira No Basvuru Génderilince Belirlenecek (is Paketi Kodu:192152)

is Paketi Adl Sistem Dogrulama ve Gecgerli Kilma Faaliyetleri

Baslama-Bitis Tarihi ve Siresi 01.01.2018-31.08.2018 242 glin

ilgili Kuruluslar GAZi U. MUHENDISLIK F. ELEKTRIK ELEKTRONIK MUHENDISLIGI B.

1- Is paketi faaliyetlerini listeleyiniz.

On testlerin sonuclarina gére diizenlemelerin yapilmasi ve testlerin yenilenmesi

2- Is paketinde kullanilacak yéntemleri agiklayip, incelenecek parametreleri listeleyiniz.
Hedeflenen sonuglar alinana kadar diizenlemeler ve testler yapilacak.

3- Is paketindeki deney, test ve analizleri listeleyiniz.

Mesafe-verim, mesafe-gu¢ deneyleri
Dinamik tepki testi (Kontrol sistemi)
Haberlesme yaziliminin testi.

4- Is paketi ciktilarini ve basari kriterlerini belirtiniz.
Bu is paketinin ¢iktisi nihai Grindir.

Bu is paketinin basan élgutd,

Belirlenen anahtarlama frekansinda ¢alisan,

230 V sebeke geriliminden beslenen,

Nominal ¢ikis guct 3.3 kW olan

Gug Aktarim Verimi (10 cm hava araliginda tam hizada sargidan sargiya) en az %90 olan
Sistem Verimi (10 cm hava araliginda tam hizada) en az %80 olan

bir Griindn elde edilmesidir.

5- Elde edilen ciktilarin diger is paketleriyle iliskisini belirtiniz.
Bu is paketinin basariyla tamamlanmasi durumunda nihai Urtin elde edilecektir.
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C.1.3. Ara Ciktilar Listesi

Ara Ciktinin Tanimi

Gerceklesmesi Beklenen Zaman Araligi

1 |Sistem gereksinimleri belgesi

01.03.2017 - 01.05.2017

2 [Tasarim Belgesi

01.08.2017 - 30.09.2017

3 |Prototip

01.04.2018 - 31.05.2018
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C.2 - PROJE YONETIMi VE ORGANIZASYONU

Proje Yonetimi Ile ilgili Aciklamalar
Yapilacak her turli literatlr incelemesi dénemsel olarak raporlanacak ve proje ortadi ile de paylasilacaktir.

Tum benzetim, analiz ve tasarim galismalari rapor haline getirilerek proje ortagi ile paylasilacaktir.
Proje calismalarindaki gelismeler, iki haftada bir yapilacak toplantilarla proje ortadi ile paylasilacaktir.

Proje Konusu Ozel Durum

Proje konusunun Etik Kurul Onay Belgesi ve yasal/6zel izin belgeleri gerektirdigi durumlarda, bu hususa iliskin planlama hakkinda detayl bilgi
veriniz.

Ozel onay gerekmemektedir.

C.2.1 - Proje Ekibi

ASELSAN ELEKTRONIK SAN. VE TiC. A.S.
Personel Adi | Unvan TC Kimlik/Pasp.No | Egt. Durumu | Lisans Mez.Trh. |ise Baslama Trh.

GAZI U. MUHENDISLIK F. ELEKTRIK ELEKTRONIK MUHENDISLIGI B.

Kurulus Kadrolu Calisanlari
Personel Adi MEHMET TIMUR AYDEMIR |Unvan Dog. Dr. Egt. Durumu Doktora
TC Kimlik No 16136856220 Gorevi Proje Ydratuciusi ise Baslama Trh. 14.10.1995

Gorev Tanimi |Calismalarin yonlendirilmesi ve izlenmesi
Tez danismanhgi
Kurumla koordinasyonun yuritilmesi

Raporlama
Personel Adi EMIN YILDIRIZ Unvan Yrd. Dog. Dr. Egt. Durumu Doktora
TC Kimlik No 17422919308 Gorevi Arastirmaci ise Baslama Trh. 01.01.2015

Gorev Tanimi Manyetik tasarim calismalarini ylriitmek

Proje Bursiyerleri
Personel Adi  |EMRULLAH AYDIN [TC Kimlik No  [21094813468 [Egt. Durumu [Yiiksek Lisans
Gorev Tanimi Manyetik yapilarin tasarimi, analizi, Gretimi ve testi.

Personel Adi Ali Pashaei |Pasaport No |958721 16 |Egt. Durumu |Y[]ksek Lisans
Gorev Tanimi___ |Guig elektronidi sistemlerinin tasarimi, Uretimi ve testi. Yazilim gelistirme.

Personel Adi |ERSAN KORAY ERSAN  |TC Kimlik No  |67132020450 [Egt. Durumu |Lisans

Gorev Tanimi Tam kopri donusturicl tasarimi ve benzetimi.
Yazilim ¢alismalari.

— 18134
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PROJE YORUTUCUSU
Do¢. Dr. M. Timur Aydemir

Miisteri Kurulus Proje
Sorumlusu

Mehmet Polat

GUC DEVRESI VE
KONTROL SISTEMi
CALISMALARI

1) Ali Pashaei (Doktora Ogrencisi

— Bursiyer)

2) Ersan Koray Ersan —
ASELSAN (Yiiksek Lisans
Ogrencisi)

MANYETIK SiSTEM
TASARIMI VE
GELISTIRILMESI

1) Y. Dog. Dr. Emin YILDIRIZ
(Diizce Universitesi — Yardimci
Arastirmact)

2) Emrullah Aydin (Doktora
Ogrencisi — Bursiyer)

HABERLESME SiSTEMI
TASARIMI
1) Ali Pashaei (Doktora
Ogrencisi — Bursiyer)
2) Ersan Koray Ersan —
ASELSAN (Yiiksek Lisans

Ogrencisi)
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C.3 - KURULUSLARIN ALTYAPISI

C.3.1.

Projeye iliskin olarak; yurttiicti kurulusun Ar-Ge olanaklarini, proje ekibinin deneyimini ve yeni Urlin/stire¢ gelistirme yetenegini asagidaki basliklar
altinda aciklayiniz:
a. Yuratict kurulusun Ar-Ge personeli, laboratuar, test ortamlari,  alet-techizat, yazilim araglari, kiitiphane gibi Ar-Ge altyapisi,
b. Proje ekibinin proje konusuyla ilgili gegmiste yaptigi Ar-Ge galismalarina dayanan deneyim ve bilgi birikimi,
c. Gergeklestirilen galismalara iliskin dokiimantasyon sistematigi,
d. Proje ekibinin kamu, 6zel sektor, diger Universiteler ve arastirma kuruluslariyla danismanlik, hizmet alimi, ortak ¢alismalar gibi tanimli ve
surekli iliskileri,
Proje, Gazi Universitesi Elektrik-Elektronik Miihendisligi biinyesinde bulunan Gii¢ Elektronigi laboratuvarinda yiriitiilecektir. Laboratuvarda su
cihazlar bulunmaktadir:
Osiloskoplar (bir tanesi 4 kanalli, izole)
Cesitli guc kaynaklar
Programlanabilir AA Gerilim Kaynagi
DA Elektronik Yk
Muhtelif Olgii Aletleri
Lehimleme istasyonu
Tek fazl gii¢ kalite analizéri
Sinyal Ureteci
Veri toplama cihazi

Bu donanimin bir bélimd proje igin yetersiz kaldigindan, proje kapsaminda yeni cihazlarin alimi planlanmaktadir.

Elimizde Maxwell yaziliminin lisansh egitim kopyasi bulunmaktadir. Proje kapsaminda bir sanayi kurulusu ile ¢alisilacagindan, bu yazilimin
kullaniimasina izin verilmemektedir. Bu nedenle, uygun lisansl bir yazilimin alinmasi gerekmektedir.

Ayrica, gerek duyulmasi halinde musteri kurulusun olanaklarindan da yararlanilabilecektir. Misteri kurulusun altyapisi ile ilgili bilgiler asagida
verilmektedir.

a.)Ar-Ge Personeli: ASELSAN'In yaklasik 5500 kisiden olusan genis kadrosu iginde ytzde elli oraninda yuksek nitelikli Ar-Ge personeli
bulunmaktadir. Personelin gogu uzmanlik alanlarinda ylksek lisans, doktora galismalarini tamamlamis veya devam etmektedir.

Laboratuarlar: Yiksek frekans, analog ve sayisal test ve 6l¢glim, sistem entegrasyon, optik sistemler, termal sistemler, lazer sistemleri,
gldim/ataletsel seyrusefer sistemleri, aviyonik, 1sil/mekanik analiz ve test, gevre kosullari (is1, nem, titresim, toz, sizdirmazlik vb) alanlarinda 6zel
altyapilari barindiran ¢ok sayida laboratuar mevcuttur. Laboratuarlarda ¢cok sayida modern cihazlar bulunmaktadir.

Yazilim araglari: ASELSAN, arastirma ve gelistirme ¢alismalarinda diinyada kabul gérmis ¢ok sayida yazilim araci kullanmaktadir. Radio Frekans
devre tasarimi igin ADS, PSPICE yazilimlari, Sayisal devre tasarimi i¢in VHDL sentezleyici, derleyici ve benzetim yazilimlari, MENTOR Graphics
baski devre tasarim yazilimi, Haberlesme sistemlerinin gelistirmesi igcin SDL Development Tool (SDT) ve OPNET, her tirlii matematiksel analiz igin
MATLAB yazilimi, Baski devre kartlarinin gelistiriimesi icin MENTOR Graphics Board Station, IDEAS, ProEngineer gibi Mekanik Tasarim araglari,
DOORS Gereksinim Yonetim araci, Yazilim Gelistirme Amacli Rhapsody, MS.NET, MS VC++, Eclipse, Tornado/Workbench, Konfigiirasyon
Yoénetim igin ClearCase, MS Source Safe ve Hata Yo6netim igin ClearQuest yazilimlari bu araglara érnek olarak verilebilir.

Kutliphane: 180 elektronik, 130 basili dergi aboneligi ve 17.000 basili, 10.000 elektronik kitap ve ¢ok sayida standart abonelidi bulunmaktadir.

Bilgi Birikimi: 30 yili askin suredir, Elektronik Harp, Komuta Kontrol, Radar, Silah Sistemleri, Askeri ve Sivil Haberlesme, Gidim, Navigasyon,
Elektrooptik, Aviyonik gibi genis sahalarda degisik projeler altinda 6zgln Uriin gelistiriimis, ayrica ¢ok sayida prototip ¢alismasi, ortak proje
yapilmis ve NATO cgalismalarina katilim sadlanmis olup bu sahalarda genis bir bilgi birikimi kazanilmistir.

b.) ASELSAN'In kurulusundan baslayarak sistematik bir dokiimantasyon sistemi bulunmaktadir. Doklimantasyon, kitiphane ve arsiv birimleri
Uretilen teknolojinin sistematik olarak saklanmasi ve kurumsal hafizanin yeni gelenlere aktarimi i¢in de olanak saglamaktadir. Bunlar disinda
bilginin kaynagi olan insan kaynaklarini gelistirme, verimini arttirma konusu titizlikle ele alinmaktadir.

c.) ODTU, BILKENT, Hacettepe, ITU, TOBB ETU, Ankara Universitesi gibi tiniversitelerden, TUBITAK Enstitiilerinden, TSK Giiglendirme Vakfi
kuruluslarindan, AYESAS, MILSOFT gibi firmalardan danismanlik, hizmet alimi ve ortak ¢alismalar uzun siredir yapilmaktadir. NATO kaynakli
danismanlik hizmetlerinden de yararlaniimaktadir.

C.3.2.

Mdusteri kurulusun proje ciktisi Uriin/stireci kullanma potansiyelini asagidaki basliklar altinda agiklayiniz:

a. Musteri kurulusun mevcut Uriin ve hizmetlerinin tanitimi,

b. Musteri kurulusun Urilin ve hizmet sunmadaki glgli ve zayif yonleri,

c. Musteri kurulusun proje ¢iktisi Griin/surecin ilgili oldugu sektoérdeki faaliyetleri,

d. Proje giktisi Grtin/strecin kullanimina yénelik tretim, laboratuar, test ortami vb. altyapi ile insan kaynagi,

e. Gergeklestirilen calismalara iliskin dokiimantasyon sistematigi,

f. Yeni bir urtiniin ticarilestiriimesi ya da yeni bir sirecin kullaniimasina yonelik olarak tniversite/lkamu arastirma kurumu ya da diger kuruluslarla
yapilan isbirliklerini belirtiniz.
ASELSAN sistem gelistirme, yazilim gelistirme ve donanim gelistirme siregleri CMMI (Capability Maturity Model Integration) 3. Seviye standardina
gbre hazirlanmis olup, yiiksek hassasiyet ve glvenilirlik gerektiren sistem, donanim ve yazilim gelistirmeye uygundur. Silah sistemleri, atis kontrol
sistemleri, aviyonik sistemler, hava ve flize savunma sistemleri, haberlesme ve radar sistemleri ASELSAN'In gelistirdigi yliksek hassasiyet ve
guvenilirlik seviyesine sahip sistem, donanim ve yazilim ¢gézimlerine érnektir.

ASELSAN askeri projelerde kullaniimak lizere sargi tasarimi, yiiksek verimli evirici, gevirici, dogrultucu vb. ekipmanlari tasarlamis ve uretmistir. Bu
ekipmanlarin igeriginde bulunan analog/sayisal kart tasarimi, algoritma tasarimi ve yazihm tasarimi faaliyetleri basarili bir sekilde yurGtiimektedir.
Bu tecrlbelerden faydalanilarak Universite isbirligi ile milli ve 6zgilin temassiz gli¢ aktarim sistemi gelistirme calismalarina baslanmasi
hedeflenmektedir.

Proje kapsaminda alinacak egitim ve danismanliklar, ASELSAN'In gelistirecegi donanim ve yazilim tasarimlarina dogrudan katki saglayacaktir.
Alinan egitim ve danismanliklardan elde edilen bilgiler firmada raporlanacaktir. ligili raporlar dokiimantasyon sistemine kaydedilecek, gelistirilen
yazilim ve donanimlar ASELSAN dokiimantasyon sistemine sistematik ve kalici olarak kaydedilecektir.
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D.1 - EKONOMIK ONGORULER

1- Proje ciktisinin ticarilesme potansiyelini, yurt ici/disI pazar payini, ithal edilen bir trtiniin yerini alma olasihgini belirtiniz.

Temassiz Gug Aktarim Sistemi elektrikli otomobil, elektrikli otobls ve hafif rayli araglar icin gelistirimektedir. Temassiz gu¢ aktarim sistemlerinin
giderek yayginlasmasiyla birlikte dnimuzdeki 10 yil igerisinde yurtici pazar payinin 50 Milyon USD ve yurtdisi pazarinin 1 Milyar USD civarinda
oldugu 6ngérulmektedir. Temassiz gug¢ aktarim sisteminin milli kaynaklarla gelistirimemesi durumunda yurti¢i pazardaki bu ihtiyag, yurtdisindan
karsilanacaktir. Gelistirilen sistemin milli elektrikli arac ve elektrikli otobulslerde kullaniimasi ile yurtici pazara erisim saglanmis olacaktir.

2- Hedeflenen pazarda misteri kurulusun mevcut durumu ve pazar payi hakkinda detayl bilgi veriniz.

ASELSAN askeri projelere ek olarak ileri teknoloji gerektiren sivil uygulamalara da ¢dzim Uretmektedir. 2014 yilinda olusan yeni yapilanma ile
Eylul ayindan itibaren ASELSAN sivil sektérde Ulasim, Guvenlik, Enerji ve Otomasyon Sistemleri (UGES) uzerinde urln, alt sistem ve sistem
gelistirmek amaciyla 5. sektdr baskanlhidini olusturmustur. Yaklasik 1.5 yildir, elektrikli araglar ve sarj sistemleri Uizerinde galismalarina devam
etmektedir. Bu teknolojinin, ASELSAN'a kazandiriimasi ile birlikte ASELSAN'in elektrikli ara¢ pazarinda rekabet tstunligl saglayabilecegi; ayrica
ileride askeri ve sivil alanlarda (kullanici elektronigi (cep telefonu, diz Ustl bilgisayar, televizyon vb.), kablosuz aydinlatma ve saglik sektori gibi)
farkli uygulamalara da katki saglayacagi degerlendiriimektedir.

3- Proje sonucunda mdsteri kurulusun trlinleri veya hizmetleri icin hedefledigi pazar ve bu pazardaki talep potansiyelini degerlendiriniz. Proje
sonucunda olusabilecek pazar degisimi hakkinda ayrintili bilgi veriniz.

Proje kapsaminda gelistirilecek 3.3kW gikis gulgli sistem, proje bitimini takip eden on alti ay sonrasinda elektrikli otomobiller igin kullaniimaya
baslanacaktir. Sistem basina yaklasik 5.000 USD kazanim beklenmektedir. Proje bitimini takip eden 3 yilin sonunda (2021 yilindan sonra)
yurtdisina da ihracatlarin baslamasi dngoérilmektedir. Ayrica proje bitimi takip eden 5 yil igerisinde elektrikli otobusler ve hafif rayli araglarin sarj
islemlerinde kullanilabilecek daha yuksek ¢ikis gugcli sistemin tasariminin tamamlanmasi da hedeflenmektedir. Bdylece milli ve 6zgiin temassiz
gl¢ aktarim sistemlerinin yurt i¢i ve yurt disi pazar payinin giderek artacagi diusiinilmektedir. Yurti¢i ve yurtdisina yapilacak teslimatlar ile
harcanan kaynak geri kazanilabilecektir.

4- Hedeflenen pazardaki rekabet durumunu degerlendiriniz. Misteri kurulusun hedeflenen pazardaki rakiplerine gore giicli ve zayif yonlerini
degerlendiriniz. Misteri kurulusla rekabet eden firmalarin sayisi, 6lcegi, niteligi vb. hususlarinda detayli bilgi veriniz.

WITRICITY, QUALCOMM, BOSCH gibi firmalarin 3.3kW temassiz gii¢ aktarim kapasitesine sahip rln gelistirme faaliyetleri mevcuttur. Son
zamanlarda BRUSA firmasi da WITRICITY ortakligiyla calismalar yurGtmektedir. Bu firmalarin tasarim ve gelistirme ¢alismalari ginimizde de
devam etmekte olup, ticari olarak yayginlasan sistemleri heniiz mevcut degildir. Gelistirme faaliyetleri yirttilen Grtinlerin teknik 6zellikleri (kapasite,
belirlenmis mesafede gli¢ aktarim verimliligi, yabanci nesne ve canli nesne algilayici 6zellikleri, hizalamaya bagli verim degisimi vb.) incelenmistir,|
Proje kapsaminda gelistirilecek Uriiniin diinyadaki benzerleri ile rekabet edebilir sekilde sunulabilmesi hedeflenmektedir.
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D.2 - ULUSAL KAZANIMLAR

1- Projenin yan sanayi olusturma ve gelistirmeye, ilgili sektor ve diger sektorlere katkisini belirtiniz.

Temassiz Gug¢ Aktarimi teknolojisinin 6zellikle elektrikli arag, otobls ve hafif rayli araglar gibi uygulamalarda kullaniimaya basladigi ve giderek
yayginlastigi gézlenmektedir. Ayrica cep telefonu, tasinabilir elektronik cihazlar ve ev elektronigi vb. cihazlar i¢in de kullanim alanlari
bulunmaktadir.

Elektrikli araclarda Temassiz Gli¢ Aktarimi teknolojisinin kullanimi ile birlikte, cevredeki kablo karmasasi ve kirliliginin azaltiimasi saglanacak,
kullanicilar i¢cin zahmetli ve sikici kabul edilen sarj islemi, daha hizli, zahmetsiz, gevre estetigine uyumlu ve glvenli bir sekilde
gergeklestirilebilecektir. Proje sonuglarinin uygulamaya sokulmasi ile birlikte teknik kalitenin ve hizmet kalitesinin artmasi sonucu elektrikli arag
kullanicisinin yasam standartlari yukselecektir.

Bu teknolojinin ASELSAN'a kazandirilmasi ile birlikte, ileride askeri ve sivil alanlarda farkli uygulamalara da katki saglanacagi
degerlendirilmektedir. Ornegin temassiz gii¢ aktariminin kullaniimasi ile birlikte kayar bilezik ihtiyaci azaltilabilecek veya kayar bilezik yapilari
basitlestirilerek sistem gulvenilirligi iyilestirilecektir.

Tasarima temel olacak konularda uluslar arasi bilimsel ve akademik ortamlarda makale ve bildiri olarak sunumlar gergeklestirilebilecek, ulusal ve
uluslar arasi literatlire katki saglanabilecek, yuksek lisans tezi ve doktora tezi hazirlanabilecektir. Ayrica projenin ilerleyen asamalarinda elde
edilebilecek veriler ve degerlendirmeler dogrultusunda milli yeni projeler olusturulabilecektir.

Proje ciktisi Uriinlerin Turkiye ve diinya pazarinda orta ve uzun vadede ¢ok sayida pazarlanmasi muhtemeldir. Bu dogrultuda Glkemizde elektrikli
araclarin kullaniminin arttiriimasi, milli kaynaklarla gelistiriimesi ve kullaniminin 6zendirilmesi sonucunda buylk kentlerdeki ¢evre kirliliginin
azalmasi da mimkin olacaktir.

D.2.1.

2- Proje ciktilarinin ithal edilen Griin/teknolojilerin yerini alma potansiyelini somut verilere dayanarak aciklayiniz.

Turkiye'de elektrikli arag pazarinda temassiz gug¢ aktarim teknolojisi konusunda yurtdisindan ithal edilen Griin bulunmamaktadir. Mevcut durumda,
Tirkiye'de Temassiz Glg Aktarimi konusunda kayda deger ¢alisma yapan bir firma veya kurum bulunmamaktadir. Konu lzerinde bilgi birikimi ve

tecriibe elde ederek 6nci firma olunmasi ve temassiz gii¢ aktarimi sayesinde elektrikli arag pazarinda rekabet giiciiniin arttiriimasi igin gelistirme
calismalarina simdiden baslanmasi gerektigi degerlendiriimektedir.

3- Proje ciktilarinin ihrag potansiyelini somut verilere dayanarak agiklayiniz.

Projenin tamamlanmasini takip eden onaltinci ayin sonunda yurtiginde kullanmak Ulzere degisik miktarlarda satislar gergeklestiriimesi
hedeflenmektedir.

2020-2022 yillar arasinda 3 yil boyunca yurtiginde;

- Elektrikli otomobillerde kullaniimak lGizere en az 50 adet sistem satisinin yapilmasi 6ngértiimektedir.

2021 yilindan sonra yurtici satislarin yaklasik %10'u oraninda da yurtdisina satis yapilabilecegi tahmin edilmektedir.

7.yil sonunda yurt ici ve yurt ici pazar payinin en az 5 kat daha artacagi 6ngériilmektedir.

4- Proje galismalarinda bilimsel yayina konu olabilecek giktilari belirtiniz..

Asagidaki konularda yapilacak ¢alismalarin uluslararasi dergilerde makaleye donusme olasiligr ylUksektir.
1) Gelistirilecek yeni tasarim algoritmasi ile ilgili calismalar.

2) Cok seviyeli evirici yapisinin kullanimina iliskin ¢alismalar

3) Ug fazli yenilikgi manyetik yapiya yénelik calismalar.

Ayrica, proje kapsaminda iki tane doktora tezi bir tane de yiksek lisans tezi galismasi yUrutilecektir.

Bunlarin disinda, Turkiye'de bu alanda yeterli miktarda ¢alisma yapilmadigi igin, yapilacak ¢alismalarin timu ulusal konferans ve dergilerde
yayinlanabilir.

5- Projede patent, faydali model ve endistriyel tasarim tesciline konu olabilecek ciktilari belirtiniz.

Tasarim Algoritmasi
Ug fazli manyetik yapi

6- Projenin ve ciktilarinin varsa sosyo-kiiltirel hayata etkisini, egitim, saglik, bélgeler arasi gelismislik, istihdam gibi konularda iyilestirme saglama
potansiyelini belirtiniz.

Proje kapsaminda yapilacak galismalar, elektrikli araclarin yayginlasmasina ve bu araglarin batarya sarj islemlerinin daha temiz ve hizl
yapilmasina katkida bulunacaktir.

7- Proje faaliyetleri ve ciktisinin gevreye ve canlilara olan olumlu olumsuz etkilerini belirtiniz.

Calismanin gevreye olumlu etkisi olacaktir. Hem elektrikli araglarin yayginlasmasi ile gevre kirliligi azalacaktir hem de sarj islemi kablosuz olarak
yapildidi igin gorintu kirliligi yasanmayacaktir.

Olusacak manyetik alanin insan saglig Gzerinde olumsuz etki olusturmamasi igin 6nlem alinacaktir.
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D.3 - PROJE EKONOMIK BiLGIi OZETi

Proje No -
Proje Adi Elektrikli Araclarda Batarya Sarj isleminde Kullanilacak Temassiz Giig Aktarim Sisteminin Gelistiriimesi
D.3.1.
1-Proje galismalarinin temel amacini olusturan gelistirme tirini belirtiniz.
Yeni Uriin Gelistirme Sireg Gelistirme
Firmada mevcut bir Grtiiniin yeni modeli Maliyet diislirmek veya standart ylkseltmek amaciyla yeni
teknikler
Firma icin yeni bir Grin X __|Yeni bir yéntem veya teknoloji
Firma igin yeni bir platform-iriin X
Ulke icin yeni bir {iriin X
Dunya icin yeni bir Griin
2- Proje sonucu elde edilecek ciktiya iliskin 6ngdriilerinizi belirtiniz.
iyilestirme projesi oldugu durumda; beklenen uygulamaya konma siiresi iyilestirme projesi degildir.
Ticarilesebilir bir ¢ikti oldugu durumda; beklenen pazara c¢ikis suresi 16 ay
Mevcut satislar icindeki payi (%) 0
ilk tig yil igin satislarda beklenen artis ic % 40
Dis % 0
ilk tig yil igin pazar payinda beklenen artis ic % 90
Dis % 20
Tahmini proje verimliligi (Beklenen karlilik / proje maliyeti) 90
Beklenen katma deger (Tahmini birim satis fiyati ile birim maliyeti arasindaki fark) 5000 USD
3- Beklenen diger ekonomik kazanimlarinizi belirtiniz.
Maliyet dusisi - % 0
Verimlilik artisi - % 0
Kalite etkisi 3
istihdam etkisi (yiiksekokul ve iistii mezunlarin istihdamina etkisi) Nitelikli mUhendis istihdamini artiracaktir.
Patent alinma durumu ve lisans/know-how satis beklentisi Manyetik tasarim ile ilgili patent alinabilir.
Diger

- _23/34
ON IZLEME ON IZLEME




ON iZLEME ON iZLEME

D.4 - PROJE SONUGLARI UYGULAMA PLANI

1- Musteri kurulusun gelecege yonelik hedeflerini ve proje ciktisi Uriin/siirecin bu hedeflere ulasmakta saglayacagi katkiyi agiklayiniz.

Temassiz Gug¢ Aktarimi teknolojisinin 6zellikle elektrikli arag, otobls ve hafif rayli araglar gibi uygulamalarda kullaniimaya basladigi ve giderek
yayginlastigi gézlenmektedir. Ayrica cep telefonu, tasinabilir elektronik cihazlar ve ev elektronigi vb. cihazlar i¢in de kullanim alanlari
bulunmaktadir. Turkiye'de elektrikli ara¢ pazarinda temassiz glg¢ aktarim teknolojisi konusunda yurtdisindan ithal edilen Griin bulunmamaktadir,
Mevcut durumda, Turkiye'de Temassiz Gig Aktarimi konusunda kayda deger ¢alisma yapan bir firma veya kurum bulunmamaktadir. Konu
Uzerinde bilgi birikimi ve tecriibe elde ederek 6ncil firma olunmasi ve temassiz gli¢ aktarimi sayesinde elektrikli ara¢ pazarinda rekabet giicinin
arttirilmasi igin gelistirme galismalarina simdiden baslanmasi gerektigi degerlendiriimektedir.

ASELSAN askeri projelere ek olarak yuiksek teknoloji gerektiren sivil uygulamalara da ¢6zim Uretmektedir. 2014 yilinda olusan yeni yapilanma ile
Eylul ayindan itibaren ASELSAN sivil sektérde Ulasim, Guvenlik, Enerji ve Otomasyon Sistemleri (UGES) uzerinde urln, alt sistem ve sistem
gelistirmek amaciyla 5. sektoér baskanlgini olusturmustur.

2- Proje sonugclarinin uygulanabilmesi icin musteri kurulusun ek altyapi (bina, tretim altyapisi vb.) ve insan kaynagi gereksinimleri hakkinda detayl
bilgi veriniz. Ek altyapi gereksinimi varsa yapilacak yatirimlarin tahmini biitgesini ve finansman kaynaklarini belirtiniz.

Proje ciktisinin ticarilesmesi/ekonomik getiri saglar hale gelmesi igin; ilave yatirim ihtiyaci ya da ilave personel istihdamina gerek yoktur.

3- Proje sonuglarinin musteri kurulusun mevcut veya yeni uriin/surecleri ile nasil butiinlestirilecegini detayli olarak agiklayiniz.

Bu teknolojinin ASELSAN'a kazandiriimasi ile birlikte, ileride askeri ve sivil alanlarda farkli uygulamalara da katki saglanacagi
degerlendiriimektedir. Ornegin temassiz gl¢ aktariminin kullaniimasi ile birlikte kayar bilezik ihtiyaci azaltilabilecek veya kayar bilezik yapilari
basitlestirilerek sistem guvenilirligi iyilestirilecektir.

4- Proje sonucunda musteri kurulusa aktarilacak bilginin misteri kurulus iginde kalicihginin ve sirekliliginin saglanmasina yonelik faaliyetlerinizi
belirtiniz.

Proje kapsaminda alinacak egitim ve danismanliklar, ASELSAN'In gelistirecegi donanim ve yazilim tasarimlarina dogrudan katki saglayacaktir.
Alinan egitim ve danismanliklardan elde edilen bilgiler firmada raporlanacaktir. ligili raporlar dokiimantasyon sistemine kaydedilecek, gelistirilen
yazilim ve donanimlar ASELSAN dokiimantasyon sistemine sistematik ve kalici olarak kaydedilecektir.

5- Proje sonuglarinin uygulanmasi siirecinde ortaya ¢ikabilecek teknik sorunlarin ¢6zimiine yonelik planinizi detayl olarak aciklayiniz.

Yiksek glcte temassiz eneriji transferi sistemleri ile ASELSAN'da daha énce bir galisma yapilmamis olmakla birlikte bu sistemlerin gl¢ elektronigi
bilesenleri ile ilgili herhangi bir problem beklenmemektedir. ASELSAN askeri projelerde kullaniimak Uzere sargi tasarimi, yuksek verimli evirici,
gevirici, dogrultucu vb. ekipmanlari tasarlamis ve Uretmistir. Bu ekipmanlarin igeriginde bulunan analog/sayisal kart tasarimi, algoritma tasarimi ve
yazihm tasarimi faaliyetleri basarih bir sekilde yurutilmektedir. Bu tecrliibelerden faydalanilarak tniversite isbirlidi ile milli ve 6zglin temassiz gug,
aktarim sistemi gelistirme ¢alismalarina baslanmasi hedeflenmektedir.

Literatur incelemesinden, glictin verimli aktarimi, kararlilik ve insan saglhidi ile ilgili konularda risklerin bulundugu anlasiimaktadir.

Gug aktariminin verimli olabilmesi igin manyetik tasarimin ¢ok dikkatli yapilmasi gerekmektedir. Bu zorluk, ASELSAN'In sahip oldugu manyetik
hesaplama birikimi ve Gazi Universitesi'nden alinacak teknik destekle asilacaktir. Bir baska risk, baglasim katsayisinin yiiksek oldugu durumlarda
rezonans frekansinin sapmasi (¢atallanma) olgusudur. Gelistirilecek denetim sisteminin bu tiir durumlarda kararli bir galismayi saglayacak bigimde
gurblz olmasina gayret edilecektir. Temassiz gli¢ aktarim sisteminin kullanimi sirasinda gevreye yayilacak manyetik alanin, insan saghgina tehdit
olusturmamasi igin referans degerlerin altinda tutulmasi gerekmektedir. Bu konuyla ilgili IEEE tarafindan belirlenmis ICNIRP referans degerler
bulunmaktadir. Tasarim asamasinda, alan degerlerinin bu sinirlar igerisinde tutulmasi icin gerekli dnlemler alinacaktir.

6- Proje sonucunda yeni bir Griin gelistirilmesi durumunda musteri kurulusun yeni Urtini pazara sunma stratejisi hakkinda detayli bilgi veriniz.

ASELSAN, her yeni gelistirdigi trine yénelik olarak "Kurumsal, Pazarlama, Uretim ve Tedarik Stratejileri" belirlemektedir. Elektrikli araglarda
Temassiz Gug Aktarimi teknolojisinin kullanimi ile birlikte, bliylik kentlerde gevredeki kablo karmasasi ve kirliliginin azaltilmasi saglanacak, elekitrikli
arac kullanicisinin yasam standartlari ylkselecektir. Yiksek guvenlik, ylksek givenilirlik, disuk bakim maliyeti ve uzun kullanim siresi gibi
Ustanlikleri ile birlikte kablosuz sarj isleminin kullaniciya getirdigi tim kolayliklar/avantajlar, Griiniin pazara sunumundan énce gorsellestirilecek ve
kullaniminin ézendiriimesi saglanacaktir.

7- Ciktilarin Musteri Kurulus Tarafindan Uygulamaya Aktarim Takvimi
Sira Proje Ciktisi Uygulama Adim ve Mekanizmalari Ay/Yil

1 3.3 kW Temassiz Gug¢ Aktarim Sistemi Kurulus iginde gelistirilecek hizalama kontrol sistemi ve yabanci nesne 1/2020
algilama sistemi ile buttnlestirilip, can givenligi ile ilgili nihai
dizenlemeler yapildiktan sonra ticarilestirilecektir.

— 24134
ON iZLEME ON iZLEME




ON iZLEME ON iZLEME
<t
M011 - 1 SURELI SOZLESMELI PERSONEL GIDERLERI %
N
Bu bélimde gider belirtiimemistir.
ON IZLEME ON IZLEME



ON iZLEME ON iZLEME

<
M011 — 2 BURSIYER GIDERLERI g
N
Adi Soyadi Calisiyor mu? Egitim Durumu Burs Tiri Burs Tutari Ay Toplam
EMRULLAH AYDIN Evet Yuksek Lisans Veri girilmemistir. 400 24 9.600
Ali Pashaei Hayir Yuksek Lisans Veri girilmemistir. 2.000 24 48.000
ERSAN KORAY ERSAN Evet Lisans Yiiksek Lisans Oncesi 100 24 2.400

ON iZLEME ON iZLEME



ON IZLEME ON IZLEME
<t
M012 - SEYAHAT GIDERLERI ?\3
N
is Paketi Proje Geneli
Gider | Seyahati Yapacak Kisinin Adi Firmadaki Unvani Seyahat Agiklamasi Seyahatin Proje Faaliyetleriyle iliskisi Sehir/Ulke Eko. Sinif. Tutar (TL)
S.No Soyadi Kodu
MEHMET TIMUR AYDEMIR Konferans katilm Calisma sonuglarinin bildiri olarak Belli degil/Belli degil 03.3.3.01 4.000
sunulmasi
EMIN YILDIRIZ Uluslararasi konferans katilimi Calisma sonuglarinin sunulmasi Belirsiz/Belirsiz 03.3.3.01 4.000
EMRULLAH AYDIN Uluslararasi konferans Calisma sonuglarinin sunulmasi Belli degil/Belli degil 03.3.3.01 4.000
Ali Pashaei Uluslararasi konferans Calisma sonuglarinin sunulmasi Belli degil/Belli degil 03.3.3.01 4.000
MEHMET TIMUR AYDEMIR Ulusal Konferans Ulusal konferans Belli degil/Turkiye 03.3.1.01 1.000
EMIN YILDIRIZ Ulusal konferans Calisma sonuglarinin sunulmasi Belli degil/Turkiye 03.3.1.01 1.000
EMRULLAH AYDIN Ulusal Konferans Calisma sonuglarinin sunulmasi Belli degil/Turkiye 03.3.1.01 1.000
Ali Pashaei Ulusal Konferans Calisma sonuglarinin sunulmasi Belli degil/Turkiye 03.3.1.01 1.000
ON IZLEME ON IZLEME



ON iZLEME

ON iZLEME

MO013 - ALET/TEGHIZAT/YAZILIM/YAYIN ALIMLARI

28/34

is Paketi

Proje Geneli

Gider
S.No

Alet/Tecghizat/ Yazilim/Yayin Adi

Adet

Kapasite

Teknik Ozellik

Proje Faaliyetlerindeki Kullanim
Amaci

Proje Sonrasi Miilkiyet

Eko. Sinif. Kodu

Birim Fiyati
L)

Toplam Tutar (TL)

YK

MK

Ansys Yazilim

1 kullanicli

Bundle of low frequency
electromagnetics (Maxwell)
and system level (Simplorer
Advanced) simulation
technology, also includes
RMXprt, Pexprt & MCAD
AnsoftlLinks interfaces.

Manyetik alan analizleri

06.3.1.01

50.000

50.000

Osiloskop

350 MHz

(4) 350MHz analog channels,
(1) 350MHz RF channel, 10M
record length

Dinamik degisimlerin
incelenmesi

06.1.3.04

40.000

40.000

Elektronik Yk

4.5 kW

50-350V 0-45A 4,5KW DA-AA
ayarlanabilir yuk

Transformatoriin ve sistemin DA
ve AA ylkleme testlerini
yapabilmek icin gereklidir.

06.1.2.04

57.000

57.000

LCR Metre

20Hz10/5/1MHz 0.1% Basic
Accuracy & 6 Digits
Measurement Resolution
Large LCD Display with
Intuitive User Interface DC
Resistance Measurement
Multi Step Mode Graph Mode

Tasarlanan endluktor ve
transformator sargilari Gzerinde
olgim yapabilmek igin gerekli

06.1.2.04

31.000

31.000

Manyetik Alan Analizéru

NARDA EHP200A
ISOTROPIC E&HFIELD
ANALYZER, 9 kHz30
MHz INCLUDING:

N.2 Optical plastic fiber cable
10m

Optical/USB adapter
Table tripod

Isolating extension rod
PCControlSoftware
AC/DC battery charger (all
plugs, 100 240 V)
8053SC carrying case

Manyetik alan dlglimleri yapmak
icin

06.1.2.04

30.000

30.000

Glg analizori

WT3004E30A4/
G6/C12/C5/C7/FLIFQ/MTR
PRECISION POWER
ANALYZER

Sistemin gug¢, harmonik ve diger
guc kalitesi parametresi
olciimleri

06.1.2.04

115.000

115.000

Bilgisayar (Ozel donanim)

1TB

2 x Intel Xeon Processor E5-
2620 v3

Intel® C612Chipset
Windows 8.1 Pro (64Bit)
Turkish, Windows 8.1 (64Bit)
MUI Resource DVD

64GB 2133MHz DDR4 ECC /
MAX 1TB

16 / islemci basina 8 DIMM
slot

2x900 SAS 10K harddrive

Sonlu Elemanlar Yazihmini
Calistirabilecek kapasitede bir
bilgisayar olmali

06.1.2.02

20.000

20.000

ON iZLEME

ON iZLEME



ON iZLEME

ON iZLEME

Nvidia Quadro K5200 8GB
8x DVD-/+RW Slimline
19-in-1 Media Card Reader
2* PCle x16 Gen 3 (ikinci
islemci ile opsiyonel ); 1*
PCle x16Gen 3 wired x4;
1*PCle x16 Gen 2

wired x4; 1*PCl 32bit/33MHz,
8* 2,5 HDD yuvasi , 1*5,25
Optik Sdrtcu yuvasi , 1*Slim
kart okuyucu yuvasi

1300W %90 Efficient Chassis
Turkish (QWERTY) Dell
Standard Quietkey USB
Keyboard Black, Dell Laser
Scroll USB (6 Buttons) Black
Mouse

Dell Backup and Recovery
Manager Basic for Windows
8, Dell Precision T7910
Resource DVD

29734

Dizistu Bilgisayar (Standart)

Standart dizustu bilgisayar

Raporlama ve benzetim
calismalari

06.1.2.02

3.500

7.000

Yazici

Tarayicili Lazer yazici

Rapor basimi, yazih belgelerin
taranmasi vb.

06.1.2.05

1.000

1.000

Toplam

351.000

ON iZLEME

ON iZLEME



ON iZLEME

ON IZLEME
v
MO015 - HIZMET ALIMLARI g
™
is Paketi Proje Geneli
Gider | Danismanlik ve Diger Hizmetlerin Alindigi Kurulus Hizmetin Agiklamasi Proje Faaliyetleriyle iliskisi ve Firma Disi Yaptiriima Gerekgesi Eko. Sinif. Kodu Tutar (TL)
S.No
Tari: Yurtigi-KOBI Olgeginde Kurulus TarG: Diger Tasarlanan kartlarin Gretimi 03.5.9.90 20.000
Belirlenecek Baski devre uretimi
Tard: Yurtigi-KOBI Olge_ginQie Kurulus Tard: Diger Ortak kurulusun bu tur bir hizmeti bulunmamaktadir 03.5.9.90 24.780
EKO Mak. Otomasyon lth. Ihr. Sargi sisteminin testi icin hareketli,
ayarlanabilir sehpa sistemi tasarimi
ON IZLEME ON IZLEME



ON IZLEME ON IZLEME
v
M016 - MALZEME ALIMLARI Q0
™
is Paketi Proje Geneli
Gider Malzeme Adi Proje Faaliyetlerindeki Kullanim Miktari ve Birimi Miktarin Gerekgelendiriimesi Eko. Sinif. Kodu Birim Fiyati (TL) Toplam Tutari (TL)
S.No Amaci
Elektronik Sarf Malzeme Elektronik kartlarda kullanilacak 5.0 takim _ Enaziki prototip gelistirilecek. 03.2.6.01 6.000 30.000
yariiletkenler, entegre devreler vb. Ozelliklle yariiletkenlerin ve entegre
devrelerin yedekli olmasi gerekiyor.
Mekanik Sarf Malzeme Gelistirilecek sistemde kullanilacak 3.0 takim iki prototip ve yedekler 03.2.6.01 3.000 9.000
mekanik baglanti elemanlari
Elektrik Sarf Malzeme Gelistirilecek sistemde gerekli olan 5.0 takim iki adet prototip ve yadekler 03.2.6.01 2.000 10.000
réleler, sigortalar vb.
Kirtasiye Malzemesi Dosyalama, Raporlama calismalari 2.0 takim Proje ekibinin timu icin gerekli 03.2.1.01 1.000 2.000
icin gerekli
Toplam 51.000
ON IZLEME ON IZLEME



ON IZLEME ON IZLEME
<t
M030 - DONEMSEL GIDERLER TABLOSU (TL) %
1)
Gider Kalemi Toplam
Personel Giderleri 0
Bursiyer Giderleri 60.000
Seyahat Giderleri 20.000
Alet/Techizat/Yazilim/Yayin Giderleri 351.000
Yurtici Hizmet Aiim Giderleri 44.780
Yurtdisi Hizmet Alim Giderleri 0
Malzeme Alimlari 51.000
Proje Giderleri Toplami 526.780
Degerlendirme Kapsamina Alinan Toplam Adam-Ay 0 adam-ay|
ON IZLEME ON IZLEME



ON IZLEME ON IZLEME
v
M035 - PROJE TESVIK IKRAMIYESI FORMU g
o
™
GAZi U. MUHENDISLIK F. ELEKTRIK ELEKTRONIK MUHENDISLIGI B.
Adi Soyadi Projedeki Gorevi Kurulusta ise Baslama Tarihi Kimlik No/Pasaport No Projede Baslama Tarihi Calisacagi Sure(Ay) Katki Orani
MEHMET TiIMUR AYDEMIR Proje Yrittictsi 14.10.1995 16136856220 01.09.2016 24 1
EMIN YILDIRIZ Arastirmaci 01.01.2015 17422919308 01.08.2016 24 1
ON IZLEME ON IZLEME



ON iZLEME ON iZLEME

EKLER

EK-1
Ek Adi : Literatiir Ozeti
Ek Aciklamasi : Konu ile ilgili incelenen makalelerin 6zetleri ve ilgili sekiller

EK-2
Ek Adi : Firmanin Diger Ar-Ge Projeleri
Ek Aciklamasi : Cok sayida proje bulundugundan ve projeler otomatik olarak sisteme girilemediginden proje bilgileri toplu olarak verilmektedir.

EK-3
Ek Adi : proforma faturalar
Ek Aciklamasi : Alimi planlanan cihaz ve yazilima ait teklifler

EK-4
Ek Adi : Firmanin Ozgiin Uriin Ornekleri
Ek Aciklamasi : ASELSAN'in 6zgiin Urinleri topluca verilmektedir.

EK-5
Ek Adi : Proje Ekibi Ozgegmisleri

EK-6
Ek Adi : Sézlesmeli Personel Emsal Ucret Tablosu

EK-7
Ek Adi : isbirligi S6zlesmesi

EK-8
Ek Adi : TUBITAK Biitge Tablosu

Bilgi : Yukarida belirtilen proje nerisi eklerinin igeriklerine PRODIS uygulamasindan erisebilirsiniz.

— _34/34
ON IZLEME ON IZLEME




GAZzi UNIVERSITESI BILIMSEL ARASTIRMA PROJELERI
BASVURU FORMU
KONTROL LISTESI

PROJE ADI : Kriyo-Dondurma Yontemiyle Yapilan Kanser Tedavisi igin Bio-Isi Transferinin Deneysel Olarak
incelenmesi

V) 1.1. Proje Yoneticisine iliskin bilgiler belirtildi.
V) 1.2. Projedeki diger elemanlarin bilgileri belirtildi.
v) 1.3. Projenin Adi yazildi.
V) 1.4. Projenin turd belirtildi.
V) 1.5. Projenin siresi belirtildi.
) 1.6. Universite disindan destekleyen diger kuruluslar belirtildi (varsa).
v)  1.7.1 Bitge detayi yazildi.
v) 1.7.2 Biitge icmali yazildi.
V) 1.7.3 Projeye iliskin gerekli malzemelerin ayrintili gider listesi dolduruldu.
V) 2.1. Projenin amaci ve énemi belirtildi.
V) 2.2. Arag, gereg ihtiyaci ve ydntemler hakkinda ayrintili bilgi verildi.
v)  2.3. Arastirma ekibinin daha 6nce yaptigi ¢alismalara iliskin belgeler eklendi.
V) 2.4. Arastirma olanaklari hakkinda bilgi verildi.
v) 2.5. (1) Talep edilen makine teghizatin hangi amagla kullanilacagi belirtildi.
v) 2.5. (2) Talep edilen makine teghizatin kullanimina iliskin bilgi verildi.
vY) 2.5. (3)istenilen cihazin mevcut durumuna iliskin bilgi verildi.
V) 2.5. (4) Projenin tamamlanmasindan sonra cihazin degerlendiriime sekli belirtildi.
v) 2.5. (5) Cihazin teknik 6zelliklerine iliskin ayrintili bilgiler verildi.
V) 2.5. (6) Cihazin tahmini fiyatina iliskin fatura eklendi.

V) 3.1. Proje ile ilgili olarak yapilan ¢alismalar, arastirmanin bunlar arasindaki yeri belirtildi ve ¢alismalara iliskin
referans listesi verildi.

(V) 3.2. Daha 6nce arastirma yapilmis ise bu ¢alismalarla ilgili bilgi verildi.

(v)  3.3. Galismalari gosteren bir uygulama plan verildi.

(v')  3.4. Arastirma giderlerinin gerekgeli dokim verildi.

(V) 3.5. Onerilen projenin Tirkge ve bir yabanci dilden ismi ve 6zeti verildi.

(v)  3.6. Turkege ve ingilizce olarak proje konusu ile ilgili anahtar kelimeler verildi.
(

V) 3.7. Gerektiginde hakem olarak yararlaniimak tzere en az ikisi Gazi Universitesi haricinden olmak iizere,
proje konusu ile ilgili 3 uzman hakemin isim, adres, telefon ve e-posta adresleri belirtildi.

) 3.8. Deney hayvani veya klinik ¢alismalar icin gerekli Etik Kurul onay belgesi sunuldu.
V) 3.9. Yuksek lisans, doktora veya uzmanlik tezi olarak onaylandiginin resmi belgesi sunuldu.
v)  3.10. Arastirmacilarin 6zgegmis ve konu ile ilgili baslica yayinlarinin listesi sunuldu.
)

3.11. Proje Yéneticisinin Gazi Universitesi Bilimsel Arastirma Projeleri tarafindan desteklenen diger projeleri
belirtildi.

Proje Yéneticisin

Unvani, Adi Soyad: DOC.DR. OGUZ TURGUT
Fakiilte/Y.Okulu: Mihendislik Fakiiltesi
Tarih:

imza:



Form-1
Proje Kod:

~ GAZIUNIVERSITESI
BILIMSEL ARASTIRMA PROJESI
BASVURU FORMU

PROJEYE ILISKIN IMZALAR

GOREVI UNVANI,ADI SOYADI BOLUMU TARIH IMZA
PROJE - , - N
YONETICIS] |POS-DR- OGUZ TURGUT MAKINA MUHENDISLIGI
BOLUM/A.D - , - N
BASKANI PROF. DR. RAHMI UNAL MAKINA MUHENDISLIGI

1. GENEL BILGILER

1.1.PROJE YONETICISI

Unvani, Adi ve Soyadi :

DOGC.DR. OGUZ TURGUT

Bolima : Makine Miihendisligi

Fakiilte, Enstitli veya Yiksekokulu : Muihendislik Fakdltesi

Ev Adresi: isgi Bloklari Mah. Armagan sitesi A Blok no:7
100.YILCANKAYA ANKARA

Ev Tel No: 2848998

Belgegecer No:

e-posta adresi: oturgut@gazi.edu.tr

Is Tel No: 5823446

1.2 PROJEDEKI DIGER ELEMANLAR

Unvani, Adi ve Soyadi Fakiilte / Enstitil / Bélim/AD Projedeki Gorevi
Yiksekokulu
DOKTORA MUHENDISLIK FAKULTESI  |MAKINA MUHENDISLIGI ARASTIRMACI
OGRENCISI,ERKAN
KIZILIRMAK

1.3 PROJENIN ADI

Kriyo-Dondurma Yéntemiyle Yapilan Kanser Tedavisi igin Bio-IsI Transferinin Deneysel Olarak incelenmesi




1.4 PROJENIN TURU

a) Altyapi Projeleri

b) Bagimsiz Bilimsel Arastirma Projesi (BAP)

c) Cok Disiplinli Arastirma Projeleri

¢) Destek Projeleri

d) Lisansisti Tez Projeleri

Yiiksek Lisans

Doktora

Tipta Uzmanlik

Dis Hekimligine Uzmanlik

Eczacilikta Uzmanlhk

e) Patent Destek Projeleri

f) Sanayi Isbirligi Projeleri

1.5 PROJENIN SURESI

Projenin

Teklif(Yonetici)

Teklif(Uzmanlar Gr.)

Kabul(Bap Komisyonu)

Siresi

24

1.6 PROJEYI UNIVERSITE DISINDAN DESTEKLEYEN DIGER KURULUSLAR

Destek Saglayan Kurulusun Adi

Destek Miktari

Toplam

1.7 PROJE BUTGESI

1.7.1 BUTCE DETAYI

ANALITIK BUTGE
KODU

EKONOMIK
SINIFLANDIRMA

I I |\

PROJE YONETICISI

UZMANLAR GRUBU

BAP KOMISYONU

1.YIL (2.YIL |TOPLAM

1. YIL |2. YIL |TOPLAM

1.YIL (2. YIL |TOPLAM

03 2

[TUKETIME YONELIK MAL VE
MALZEME AL

3.987,56 3.987,56

Kirtasiye ve Biiro Mal.Alimlari

248,8 248,8

01

Kirtasiye Alimlar

248,8 248,8

02

Biiro Malzemesi Alimlari

Diger Yayin Alimlari

05

Baski ve Cilt Giderleri

90

Diger Kirt. & Biiro Malz.Alimlari

Enerji Alimlar

02

IAkaryakit ve Yag Alimlar

Yiyecek Igecek ve Yem Al.

03

lYem Alimlari

Ozel Malzeme Alimlari

3.738,76 3.738,76

01

Lab. Malzemesi ile Kimyevi ve
[Temrinlik Malzeme Alimlari

2.750,26 2.750,26

03

Zirai Malzeme ve llag Alimlar

ICanli Hayvan Alim, Bakim

90

Diger Ozel Malz. Aimlari

988,5 988,5

Diger Tiketim Mal ve Malzemesi
Alimlari




1.7.1 BUTGE DETAYI

ANALITIK BUTGE
KODU

EKONOMIK
SINIFLANDIRMA

v

PROJE YONETICISI

UZMANLAR GRUBU

BAP KOMISYONU

1.YIL (2.YIL |TOPLAM

1. YIL |2. YIL |TOPLAM

1. YIL

2.YIL

TOPLAM

01

Bahge Malz. Yap.Bak. Giderleri

90

Diger Tik. Mal-Miz Alimlarni

03 3

IYOLLUKLAR

Yurtici Geg. Gor.Yolluklar

01

Yurtici Geg.Gor.Yolluklar

Yurtdig1 Geg.Gor.Yolluklar

01

Yurtdisgi Geg.Gor.Yolluklar

03 5

HIZMET ALIMLARI

Miisavir Firma ve Kisi Odeme.

01

Etlt-Proje Bilirkisi Ekspertiz Gd.

05

Harita Yapim ve Alim Giderleri

920

Diger Misavir Firma-Kisilere Od.

Haberlesme Giderleri

01

Posta ve Haberlesme Giderleri

02

Telefon Abonelik-Kullanim Ucr.

[Tagima Giderleri

03

lYlik Tasima Giderleri

Tarifeye Bapli Odemeler

01

llan Giderleri

Kiralar

01

Dayanikli Mal ve Malzeme Alim.

02

[Tasit Kiralamasi Giderleri

03

ls Makinesi Kiralamasi Giderleri

08

lYlizer Tasit Kiralamasi Giderleri

10

Bilgisayar ve Bilg.Sist.Yazillm
Kiralama Giderleri

Diger Hizmet Alimlan

03

Kurslara Katilma Giderleri

90

Diger Hizmet Alimlari

03 7

IMENKUL MAL, GAYRIMADDI
HAK ALIM BAKIM VE ONARIM
GIDER

Menkul Mal Alim Giderleri

01

Biiro,Isyeri Mal ve Malz.Aliml.

02

Biiro,isyeri Mak.ve Tegh.Aliml.

03

IAvadanlik,Yedek Parga Alimlari

90

Diger Dayanikh Mal.-Miz.Aliml.

IGayri Maddi Hak Alimlari

01

Bilgisayar Yazim Alimlari

02

Fikri Hak Alimlar

Bakim ve Onanm Giderleri

02

Makine Techizat Bakim On.Gid.

06 1

MAMUL MAL ALIMLARI

20.636,66 20.636,66

Biiro,isyeri Mak-Tegh.Alimlari

20.636,66 20.636,66

01

Biro Makineleri Alimlari

02

Bilgisayar Alimlari




1.7.1 BUTGE DETAYI

ANALITIK BUTQE EKONOMIK PROJE YONETICIiSI |UZMANLAR GRUBU |BAP KOMISYONU
KODU SINIFLANDIRMA 4 'y |2, YIL [TOPLAM (1 YL (2. YIL [TOPLAM 1 Y|L (2. YIL |TOPLAM
| 1l 1l v
03 [Tibbi Cihaz Alimlar
04 [Laboratuar Cihazi Alimlari 20.636,66 20.636,66
90 [Diger Makine Techizat Alimlar
6 IYayin Alimlari ve Yapimlari
01 Basili Yayin Alimlari ve Yapimlari
03 [Elektronik Ortamda Yayin
Alimlari ve Yapimlar
06 3 IGAYRI MADDI HAK ALIMLARI
4 Patent Alimlan
01 [Patent Alimlari
1.7.2 BUTCE iCMALI
__ANAL|T|K EKONOMIK PROJE YONETICISI UZMANLAR GRUBU BAP KOMISYONU
BUTCEKODU |  SINIFLANDIRMA |4, viL |2, yIL |TOPLAM [4,YIL [2.YIL [TOPLAM |4,Y|L |2, YIL |TOPLAM
03-2 Tli'f';';"\ﬂMEEXPNEUK MAL VE 3.987,56 3.987,56
03-3 YOLLUKLAR
035 HIZMET ALIMLARI
03-7 MENKUL MAL, GAYRIMADDI é—g\K
IAL IM BAKIM VE ONARIM GID!
06-1 MAMUL MAL ALIMLARI 20.636,66 20.636,66
06-3 IGAYRI MADDI HAK ALIMLARI
GENEL TOPLAM 24.624,2% 0 24.624,2% 0 0 0 0 0 0
1.7.3 AYRINTILI GIDER LISTESI
Malzeme Tahmini -
Birimi Birim Fiyati Toplam Fiyati
1 A4 Fotokopi Kagidi 80gr 50010 2 Paket 15,43 30,86]03.2.1.01
2 Genis Mavi Plastik Klasor 2 Adet 16,45 32,9/103.2.1.01
3 Kapakl Cepli Sekreterlik Mavi 2 Adet 18,33 36,66(03.2.1.01
4 |Makas (17.8cm) 1 Adet 7,42 7,42(03.2.1.01
5 |Metal Agizh Blylik Boy Maket Bigagi 1 Adet 5,86 5,86|03.2.1.01
6 |Yapistirict 11gr 2 Adet 2,88 5,76/03.2.1.01
7 |Genis Mika Biro Cetveli 50cm 1 Adet 11,61 11,61103.2.1.01
8 |Plastik Silgi Mavi Beyaz 2li 2 Adet 2,84 5,68[03.2.1.01
9 |igne Uclu Kalem Mavi (0.5mm) 2 Adet 10,33 20,66]03.2.1.01
10 |Uclu Kalem (0.5mm) 2 Adet 31,81 63,62/03.2.1.01
11 |Kalem Ucu 2B (0.5mm) 2 Adet 1,06 2,12]03.2.1.01
12 [Spiralli Defter A4 Kareli 72 Yaprak 5 Adet 5,13 25,65|03.2.1.01
13 |Esnek tipler igin ¢gap dislricu 2 Adet 25,24 50,48(03.2.6.01
(4mm’den 1.6mm’ye)
14 |Esnek tlpler i¢in ¢ap dusuricu 3 Adet 25,74 77,22(03.2.6.01
(Amm’den 2.4mm’ye)
15 |Esnek tupler icin ¢ap dusirtcu 2 Adet 23,33 46,66(03.2.6.01
(3.2mm’den 1.6mm’ye)
16 |Esit bacakli Y-konnektor (1.6mm’den 3 Adet 34,88 104,64103.2.6.01
1.6mm’ye)
17 |Esit bacakli Y-konnektdr (2.4mm’den 3 Adet 34,88 104,64 (03.2.6.01
2.4mm’ye)
18 |Esit bacakli Y-konnektor (3.2mm’den 3 Adet 34,88 104,64103.2.6.01
3.2mm’ye)




1.7.3 AYRINTILI GIDER LISTESI

Malzeme Tahmini o
Birimi Birim Fiyati Toplam Fiyati
19 |Esit bacakli Y-konnektor (4mm’den 2 Adet 42,93 85,86(03.2.6.01
4mm’ye)
20 |i¢ gapi 1.6 mm dis ¢api 2.0 mm 1 Paket 92,04 92,04(03.2.6.01
teflon laboratuvar hortumu (10m/Pkt)
21 |ic capi 2.4 mm dis ¢api 3.0 mm 1 Paket 122,93 122,93103.2.6.01
teflon laboratuvar hortumu (5m/Pake)
22 |ic capi 3.2 mm dis gapi 4.0 mm 3 Paket 30,11 90,33(03.2.6.01
teflon laboratuvar hortumu (2m/Pake)
23 |i¢ capi 4.0 mm dis capi 5.0 mm 5 metre 12,98 64,9(03.2.6.01
teflon laboratuvar hortumu
24 |5 adet T-tipi termokapuldan olusan 2 Adet 510,61 1.021,22]03.2.6.01
birlesik termokapul duzenegi
25 |Ylzey Sicaklik Sensorllii Termokapul 2 Adet 74,27 148,54103.2.6.01
T-tipi
26 |Silikon Hortum 1 Paket 370,3 370,3(03.2.6.01
(5m/Pake)
27 |Esnek tlpler igin ¢cap disuriicu (6.4 1 Adet 25,51 25,51103.2.6.01
mm’den 4mm’ye)
28 |Esnek tupler i¢in gap disirici 5 Adet 25,51 127,55(03.2.6.01
(4mm’den 3.2mm’ye)
29 |Esnek tupler i¢in gap districi 4 Adet 28,2 112,8(03.2.6.01
(3.2mm’den 2.4mm’ye)
30 |Dana Karacigeri 30 Kg 32,95 988,5(03.2.6.90
31 |Sirkiilatérli Su Banyosu 1 Adet 6.785 6.785(06.1.2.04
32 [Kriyoterapi Cihazi 1 Adet 5.054,4 5.054,4106.1.2.04
33 |Peristaltik Pompa 1 Adet 8.797,26 8.797,26]06.1.2.04
1.8. PROJE YONETICISININ GAZi UNiVERSITESI BILIMSEL ARASTIRMA PROJELERI
TARAFINDAN DESTEKLENEN DIGER PROJELERI
iQni - " i EK PROJE ILE ILGILI
NO | PROJE KODU PROJE ISMI SURE BUTCESI BUTCE YAYINLAR
1 06/2003-29 Binalarin gatisina diiz olarak 12 13.230 0| Three dimensional numerical
yerlestirilen glines kollektdriine and experimental study of
riizgarin arkadan gelmesi forced convection heat transfer
durumunda kollektor on solar collector surface,
ylzeyinden riizgarla olusan isi International Communications
kayiplarinin deneysel ve teorik in Heat and Mass Transfer,
olarak arastiriimasi 36(3): 274-279,
doi:

dx.doi.org/10.1016/j.icheatmas
stransfer.2008.10.017, Nevzat

Onur, 2009
2 06/2005-06 Sabit Sicakliktaki Bulunan Iki 12 20.720 0
Dikey Paralel Levha Arasindaki
Mesafenin Levhalar Arasinda
Gerceklesen Dogal
Konveksiyon Ustline Etkisinin
Kitle Transferi lle Deneysel
Olarak Incelenmesi
3 06/2006-08 Sabit duvar sicakliginda yamuk 12 20.000 0|Experimental and Numerical
kesitli kanal icinde tam gelismis Investigation of Laminar Heat
akis sartlarinda isi1 transferinin Transfer Inside Trapezoidal
numerik olarak incelenmesi Duct, 7th International

Conference on Heat Transfer,
Fluid Mechanics and
Thermodynamics, p.853-858,
19-21 July 2010, Antalya,
Turkey, Nevzat Onur, Kamil
Arslan, 2010




1.8. PROJE YONETICISININ GAZI UNIVERSITESI BILIMSEL ARASTIRMA PROJELERI
TARAFINDAN DESTEKLENEN DIGER PROJELERI

iQni ¥ " i EK PROJE ILE ILGILI
NO | PROJE KODU PROJE ISMI SURE BUTCESI BUTCE YAYINLAR
4 06/2008-38 Hidrodinamik Ve Isil Olarak 24 10.000 5.000|Altigen Kesitli Bir Kanal
Gelismekte Olan Altigen Kesitli Icerisinde Gegis Bdolgesi Igin
Bir Kanalda Isi1 Transferinin Hidrodinamik ve Isil Olarak
Deneysel ve Sayisal Olarak Gelismekte Olan Tirbulansh
Incelenmesi Akisin Deneysel ve Sayisal
Olarak Incelenmesi, 14.
Bilgisayar Destekli Mihendislik
ve Sistem Modelleme
Konferansi, 05-06 Kasim 2009,
ODTU, ANKARA, O. Turgut, M.
Sari, 2009
Experimental and numerical
study of turbulent flow and heat
transfer inside hexagonal duct,
Heat and Mass Transfer 49(4):
543-554, 2013,
doi: dx.doi.org/10.1007/s00231-
012-1101-z, Mehmet Sari,
2013
Numerical investigation of
laminar flow and heat transfer
in hexagonal ducts under
isothermal and constant heat
flux boundary conditions, (IJST)
Iranian Journal of Science and
Technology Transactions of
Mechanical Engineering,
38(M1): 45-56, , 2014
5 06/2008-39 Hidrodinamik Olarak Tam 24 10.000 5.000|Numerical investigation of
Gelismis Isil Olarak Gelismekte laminar flow and heat transfer
Olan Altigen Kesitli Bir Kanalda in hexagonal ducts under
Isi Transferinin Deneysel ve isothermal and constant heat
Sayisal Olarak Incelenmesi flux boundary conditions, (IJST)
Iranian Journal of Science and
Technology Transactions of
Mechanical Engineering,
38(M1): 45-56, , 2014
6 06/2009-02 BIR MINI TURBININ 24 15.000 3.000
TASARIMI, ANALIZI ve
DENEYSEL INCELENMESI
7 06/2009-04 Hidrodinamik Ve Isil Olarak 24 14.510 2.900 (| Three-Dimensional Turbulent
Gelismekte Olan Kanatgikli Flow, Heat Transfer and
Dairesel Kesitli Kanalda Isi Second-Law Analysis in a
Transferinin Deneysel ve Circular Duct with Single Baffle.
Sayisal Olarak Incelenmesi doi: dx.doi.org/10.1007/s40997-
016-0064-y, Iranian Journal of
Science and Technology
Transactions of Mechanical
Engineering , E. Kizilirmak, O.
Turgut, G. O. Kizihrmak, 2017
8 06/2010-17 ENGELLI- OLUKLU BIR 24 11.988 0|Engelli-oluklu dikdortgen kesitli
DIKDORTGEN KESITLI bir kanal igerisindeki tlrbulansli
KANAL ICERISINDEKI akisin sayisal olarak
TURBULANSLI AKISIN incelenmesi, 18. Ulusal Isi
SAYISAL OLARAK Bilimi ve Teknigi Kongresi, 7-10
INCELENMESI Eylil 2011, ZONGULDAK,
Onur N., Turgut O., Arslan K.,
Kahraman S., 2011
9 06/2010-59 Hidrodinamik Olarak Tam 24 15.000 0|Effects of Reynolds number,
Gelismis ve Isil Olarak baffle angle, and baffle
Gelismekte Olan Kanatgikli distance on 3-D turbulent flow
Dairesel Kesitli Kanalda and heat transfer in a circular
Turbulansh Is1 Transferinin pipe, Thermal Science, 19 (5),
Sayisal Olarak Incelenmesi 1633-1648
doi:
dx.doi.org/10.2298/TSCI112101
1045T, Erkan Kizilirmak, 2015




1.9. TUBITAK PROJELERI

NO PROJE KODU PROJE iSMi PROJEDEKIi GOREVi
1 2002 K120250-13 Is1 Degistirgeglerinde Kullanilan Degisken Geometrili Arastirmaci
Kanallardaki Is1 Transferinin Teorik ve Deneysel Olarak
Incelenmesi
2 DPT 97 K121160 Binalarin Cati ve Pencerelerine Monte Edilen Isitma Amagch Arastirmaci
Gilnes Kollektorlerinden Isi Kayiplarinin Deneysel ve Teorik
Olarak Arastiriimasi




2. PROJE HAKKINDA BiLGILER

2.1. Projenin Amaci ve Onemi:

Timor biliylimesi siklikla bazi biiylik kan damarlarinin iizerinde veya bu
damarlarin yakininda olugmaktadir. Damar yakininda tiimor olusumunun cerrahi
olarak yok edilmesi ve ayni doku bdlgesinde tekrarlanmamasi ve baska dokulara
yayilmamasi arzu edilir. Kriyocerrahi en az niiks etme ve hastanede kalis siiresi kisa
olan kanser tedavisi olmasi nedeniyle, kullanilmasi siklikla ¢ekici bir segenek olarak
goriilmektedir. Yapilacak olan bu ¢alismada ise, kriyo-dondurma yontemiyle yapilan
kanser tedavisi esnasinda tiimorlii dokudaki ve bu dokuya yakin bir bolgede bulunan
termal etkinligi diger damarlara gore ihmal edilemeyecek kadar biiyiik kan
damarlarindaki bio-1s1 transferinin dokular i¢in sicaklik ve dondurulan bolgedeki
donma alani biiyiikliigiine olan etkisini tespit etmek icin deneysel ¢alisma yapilmasi
amaglanmistir. Bu c¢aligma sonucunda, klinisyenlere dondurulacak tiimorlii bolgenin
dondurulmasi i¢in gerekli olan zaman hakkinda bilgi verilmesi amaglanmaktadir. Bu
amaca ulagmak i¢inde tiimoriin biiytlikliigii (dondurulacak boélgesinin biiyiikliigii), kan
damarinin dondurulacak bélgeye olan uzakligi, kullanilacak sivi nitrojen debisi ve
kullanilacak prob ucunun ¢ap1 hakkinda bilgi verilmesi hedeflenmektedir.

Bu amaca ulagmak i¢in, igerisinde s1vi nitrojen bulunan basingli nitrojen tiip,
akig, sicaklik ve basing kontrol cihazlari, kriyoproblar ve peristaltik pompa
kullanilacaktir. Bu caligmanin sonunda elde edilen teorik anlayis ile Ozellikle
timorlerin karmagsik biiyiikk kan damarlarinin bulundugu bdlgelerde iyilestirilmis
kriyocerrahi prosediirlerinin tasarimi yapilarak, klinisyenlerin termal olarak 6nemli
kan damarlarmin yakinindaki tiimorlerin kriyoterapi ile yok edilmesi etkinligini
arttirmak i¢in daha iyi bir tedavi planinin hazirlamasina yardimci olunulmasi
amaglanmaktadir. Kriyo-dondurma isleminin basar1 ile gergeklestirilebilecek tibbi
operasyonlar sonucu hastalarin iyilesme yilizdesinin arttirilabilmesi amag¢lanmaktadir.

Projenin sonuglanmasi ile bu konuda bilim insanlarinin yetismesi saglanmig
olacaktir. Ayrica, bu ¢alisma lilkemizde bu konuda c¢alisacak arastirmacilar i¢in bir 6n
calisma olmus olacaktir. Bu konuda diger arastirmacilar1 da cesaretlendirecektir.
Boylesine 6nemli bir konuda caligmalarin artmasi ile pahali tedavi yontemi olan
kemoterapiye alternatif bir yontem iilkemizde de uygulanmaya baglanmis olacak ve
iilke ekonomisine biiylik katkilar1 saglanmis olacaktir. Kanser tedavisinde kriyo-
dondurma yontemi heniiz ililkemizde uygulanmaya baslamamistir. Bu yontemin
uygulanmaya baslanilmas1 ile daha mutlu ve saglikli bir toplum 6ngoriilmektedir.
Kriyo dondurma yonteminin iilkemizde yayginlagmasi ile birlikte gerekli ara¢ ve
gereclerin temin edilmesi hususunda sanayide bu alanda bir canlanma saglanacaktir
ve bu alanda yeni is istthdamlar1 ortaya ¢ikmigs da olacaktir.

2.2. YOntem:

Bu c¢alismada uygulanacak yontem ve arastirma teknikleri asagida
siralanmigtir. Deneysel ¢alisma laboratuvar ortaminda yapilacaktir. Kriyo dondurma
islemi i¢in kriyo-terapi cihazi alinacaktir. Bu cihazda basingli sivi nitrojen bir igne
valfi tarafindan kontrol edilmektedir. igne valfi acikken sivi nitrojen, kriyoprobun
icine akacaktir. Alet Gzerinde bulunan manometre ile tip basinci ayarlanabilmektedir.
Sivi nitrojen kriyoprobun i¢inde bulunan bir i¢ tiipe akmakta ve sivi nitrojen,
kriyoprobun ig¢indeki i¢ borudan gectikten sonra kriyoprobun ucunun yakininda
buharlasarak kriyoprobun dis duvari ile i¢ boru arasinda bir ara tabakadan akmaktadir.



Piyasadan temin edilen inek karacigerleri, kriyo-dondurma islemini ve damar yapisini
aragtirmak icin in-vitro deneylerde biyolojik doku olarak kullamlacaktir. Inek
karacigerlerinden teflon malzemeden yapilmis kanallar gecirilecektir. Ciinkii
teflondan yapilmis kanallar kan damarlarinin yapisina ¢ok benzemektedir. Kan damari
olarak diisiiniilen teflon kanallarin i¢inden maddesel 6zellik olarak kana ¢ok benzeyen
su kullanilacaktir. Teflon kanal olarak piyasada mevcut olan i¢ ¢ap1 1.6, 2.4, 3.2 ve
4.0 mm olan teflon kanallar kullanilacaktir.

Teflon kanaldan akan suyun akis hizi ve debisi bir peristaltik pompa ile
saglanacaktir. Kriyoprob ve teflon kanaldan akan suyun sicakligi termokapul telleriyle
Olciiliirken doku sicakliklarini 6lgmek iginde farkli yerlere yerlestirilmis icerinde
termokapullar bulunan termokapul problar kullanilacaktir. Veriler, bir veri kaydedici
tarafindan belirlenecektir. Bu veri olger Gazi Universitesi Miihendislik Fakiiltesi
Makine Miihendisligi Boliimii Deneysel ve Sayisal Is1 Transferi Laboratuvarinda
mevcuttur. Deneyde, sicaklik okumalart veri kaydedici tarafindan ¢esitli zaman
araliklarinda kaydedilecektir. Kullanilan deneysel diizenegin sematik bir diyagrami
Sekil 1'de gosterilmistir.

Deneyler; icerisinde damar bulunmayan tumérlu bir dokuya uygulanan kriyo-
dondurma, icerisinden atar damarlar gecen timorlt bir dokuya uygulanan kriyo-
dondurma ve yakinindan atar damarlar gecen tiimorlii bir dokuya uygulanan kriyo-
dondurma islemleri i¢in gerceklestirilecektir.

1. Basingli siv1 nitrojen tiipiit 7. Termokapullar

2. Igne valfi 8. Teflon kanal

3. Manometre 9. Sogutmali sirkiilatorlii su banyosu
4. Doku (dana karacigeri) 10. S1v1 akis metresi

5. Termokapul problar 11. Veri kaydedici

6. Kriyoprob 12. Peristaltik pompa

Sekil 1. Deney setinin sematik gosterimi

Yapilacak simiilasyonlardan birinin goriintimii Sekil 2'de gosterilmistir.
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kriyoproblar kriyoproblar
1B

s

atar damarlar

Sekil 2. Igerisinde ikiye dallanan atar damar gegen ve dallar Gizerinde de bulunan
tmorll dokulara uygulanan kriyo-dondurma tedavisinin goranimu

Damar i¢inde akan kanin hizinin ve buna bagl sicaklik etkisinin degisimi,
damarin igerisindeki 1s1 transfer yiizeyinin artist ile optimum kriyo-dondurma
isleminde gerekli olan sicaklik ve donma alani verileri atar damar yapisin1 ve
boyutlarin1 veren damar cap1 (D) ve damar uzunlugu (L) olmak tizere farkli damar
yapis1 parametrelerine baglidir. Bu parametreler i¢in deneyler tekrarlanacaktir.

Bu calismada asil amag, farkli damar yapisi, sayis1 ve farkli tiimor konumlari
icin optimum kriyo-dondurma islemi igin gerekli olan sicaklik ve donma alani
verilerini belirlemektir.

Amaca ulasmak i¢in Oncelikle literatiirde mevcut olan bir deneysel ¢alisma
aynen tekrarlanarak ¢alismanin dogrulugu gosterildikten sonra asil yapilmak istenilen
deneysel ¢aligmalara gegcilecektir. Boylece, farkli damar yapisi, sayis1 ve farkli tiimor
konumlar1 i¢in optimum kriyo-dondurma islemi i¢in gerekli olan sicaklik ve donma
alan1 verileri ¢ikarilacaktir. Cerrahlar i¢in yapilan operasyonun basari yiizdesinin
arttirilmasina katkida bulunulabilmesi 6ngoriilmektedir.

2.3. Arastiricilarin Deneyimi:
Proje ekibi yeterli deneysel ve sayisal caligma tecriibesine sahiptir. Proje
yurdticusinin ve proje ekibinin deneysel ve sayisal ¢alismalarindan bazilar1 asagida
tamamu ise 6zgegmislerinde sunulmustur.

Proje Yiiriitiiciisii: Do¢. Dr. Oguz TURGUT
Tamamlanan Projeler:

1 | “Hidrodinamik Olarak Tam Gelismis ve Isil Olarak Gelismekte Olan Kanatgikli
Dairesel Kesitli Kanalda Tiirbiilansh Is1 Transferinin Sayisal Olarak
Incelenmesi”, Gazi Universitesi Arastirma Fonu Projesi, Proje Kodu:
06/2010-59, Kesin Rapor Tarihi: Haziran 2012. Yuruticu

2 | “Engelli-Oluklu Bir Dikdortgen Kesitli Kanal Igerisindeki Tiirbiilansli Akisin
Sayisal Olarak Incelenmesi”, Gazi Universitesi Arastirma Fonu Projesi, Proje

Kodu: 06/2010-17, Kesin Rapor Tarihi: Haziran 2012. YUratuci

3 | “Hidrodinamik Ve Isil Olarak Gelismekte Olan Kanatg¢ikli Dairesel Kesitli

Kanalda Is1 Transferinin Deneysel ve Sayisal Olarak Incelenmesi”, Gazi
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Universitesi Arastirma Fonu Projesi, Proje Kodu: 06/2009-04, Kesin Rapor
Tarihi: Haziran 2012. YUratucu

“Bir Mini Tiirbinin Tasarimi, Analizi ve Deneysel Incelenmesi”, Gazi
Universitesi Arastirma Fonu Projesi, Proje Kodu: 06/2009-02, Kesin Rapor
Tarihi: Haziran 2012. Yurattcu

“Hidrodinamik ve Isil Olarak Gelismekte Olan Altigen Kesitli Bir Kanalda Is1
Transferinin Deneysel Ve Sayisal Olarak incelenmesi”, Gazi Universitesi
Arastirma Fonu Projesi, Proje Kodu: 06/2008-38, Kesin Rapor Tarihi: Aralik
2009. Ydrutucut

“Hidrodinamik Olarak Tam Geligmis Isil Olarak Gelismekte Olan Altigen Kesitli
Bir Kanalda Is1 Transferinin Deneysel Ve Sayisal Olarak Incelenmesi”, Gazi
Universitesi Arastirma Fonu Projesi, Proje Kodu: 06/2008-39, Kesin Rapor
Tarihi: Aralik 2009. YUurutucu

“Sabit Sicaklikta Bulunan Iki Dikey Paralel Levha Arasindaki Mesafenin
Levhalar Arasinda Gergeklesen Dogal Konveksiyon Ustiine Etkisinin Kiitle
Transferi Ile Deneysel Olarak incelenmesi”, Proje No: 06/2005-06, Gazi

Universitesi Bilimsel Arastirma Projesi, Aralik 2006. Y{ritiic

“Sabit Duvar Sicakliginda Yamuk Kesitli Kanal Icinde Tam Gelismis Akis
Sartlarinda Is1 Transferinin Niimerik Olarak incelenmesi”, Gazi Universitesi
Arastirma Fonu Projesi, Proje Kodu: 06/2006-08, Kesin Rapor Tarihi: Aralik
2006. Yuratucu

“Is1 Degistirgeclerinde Kullanilan Degisken Geometrili Kanallardaki Is1
Transferinin Teorik ve Deneysel Olarak Incelenmesi”, Proje Kodu: 2002
K120250-13 (DPT Projesi) Kesin Rapor Tarihi: Aralik 2005. YUrattcu

10

“Is1 Degistiricilerinde Kullanilan Yamuk Kanallardaki Is1 Transferinin Teorik
Olarak Arastirilmasi”, Gazi Universitesi Arastirma Fonu Projesi, Proje Kodu:

06/2003-22, Kesin Rapor Tarihi: Aralik 2004. Arastirmaci

11

“Binalarin Catisina Diiz Olarak Yerlestirilen Gilines Kollektoriine Riizgarin
Arkadan Gelmesi Durumunda Kollektor Yiizeyinden Riizgarla Olusan Is1
Kayiplarinin Deneysel ve Teorik Olarak Arastirilmasi1”, Gazi Universitesi
Arastirma Fonu Projesi, Proje Kodu: 06/2003-29, Kesin Rapor Tarihi: Mart
2004. Yarutuct

12

“Binalarin Catisina Diiz Olarak Yerlestirilen Giines Kollektorii Yiizeyinden
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Riizgarla Olusan Is1 Kayiplarinin Deneysel ve Teorik Olarak Arastirilmasi”,
Gazi Universitesi Arastirma Fonu Projesi, Proje Kodu: 06/2002-17, Kesin
Rapor Tarihi: Mart 2004. Arastirmaci

13

“Giines Kollektorlerinin Yiizeylerinde Olusan Konvektif Is1 Kayiplarina Riizgar
Etkisinin Deneysel ve Teorik Olarak Incelenmesi”, Gazi Universitesi Arastirma
Fonu Projesi, Proje Kodu: MMF 06/2001-32, Kesin Rapor Tarihi: Mayis 2003.

Arastirmaci

14

“Binalarin Cat1 ve Pencerelerine Monte Edilen Isitma Amacli Giines
Kollektorlerinden Is1 Kayiplarinin Deneysel ve Teorik Olarak Arastirilmas1”,
DPT Projesi, Proje Kodu: DPT 97 K121160, Kesin Rapor Tarihi: Haziran 2001.

Arastirmaci

15

“Dikey Konumda Bulunan Biri Yalitilmis Digeri Sabit Sicaklikta Bulunan Iki
Paralel Levha Arasindaki Mesafenin Levhalar Arasinda Gergeklesen Dogal
Konveksiyon Ustiine Olan Etkisinin Deneysel Olarak Arastirilmas1” Gazi
Universitesi Fen Bilimleri Enstitiisii Tarafindan Destekli Arastirma Fonu
Projesi, Proje Kodu: 18/2000-01, Kesin Rapor Tarihi: Haziran 2001.

Arastirmaci

16

“Biri Yalitilmis Digeri Yalitilmanus Iki Paralel Yatay Diizlem Levha Arasindaki
Mesafenin Levhalar Ararsinda Gergeklesen Dogal Konveksiyon Ustiine Etkisinin
Deneysel Olarak Arastirilmasi1”, Gazi Universitesi Arastirma Fonu Projesi,

Proje Kodu: MMF 06/99-23, Kesin Rapor Tarihi: Nisan 2000. Arastirmaci

17

“Iki Yatay Diizlem Levha Arasindaki Mesafenin Levhalar Arasinda Gergeklesen
Dogal Konveksiyon Ustiine Etkisinin Deneysel Olarak Arastirilmas1”, Gazi
Universitesi Arastirma Fonu Projesi, Proje Kodu: MMF 06/98-14, Kesin
Rapor Tarihi: Haziran 1999. Arastirmaci

18

“Birbirine Paralel Dikey iki Saydam Levha Arasindaki Hava Akimimin Giines
Enerjisinden Faydalanarak Isitilmasiin Deneysel Analizi”, Gazi Universitesi
Arastirma Fonu Projesi, Proje Kodu: MMF 06/96-10, Kesin Rapor Tarihi:
Ekim 1997. Arastirmaci

19

“Binalarda Olan Is1 Kayiplarin1 Azaltmaya ve Giines Enerjisinden Yararlanmaya
Yénelik Pencere Gelistirilmesi”, Gazi Universitesi Arastirma Fonu Projesi,

Proje Kodu: MMF 06/94-15, Kesin Rapor Tarihi: Eylil 1995. Arastirmaci
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Uluslararasi SCI Indexli Dergilerde Taranan Yavyinlar:

SCI dergilerindeki yayinlar

1

Oguz Turgut, Kamil Arslan, Periodically fully developed laminar flow and heat
transfer in a two-dimensional horizontal channel with staggered fins, Thermal Science,
2015. doi: dx.doi.org/10.2298/TSCI150315160T. Basimda.

E. Kizihirmak, O. Turgut, G. O. Kizilirmak, Three-Dimensional Turbulent Flow, Heat
Transfer and Second-Law Analysis in a Circular Duct with Single Baffle, Iranian
Journal of Science and Technology Transactions of Mechanical Engineering,
doi: dx.doi.org/10.1007/s40997-016-0064-y. Basimda
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2.4. Arastirma Olanaklari:

Mevcut calisma icin Gazi Universitesi Miihendislik Fakiiltesi Makine

Miihendisligi Boliimii “Deneysel ve Sayisal Is1 Transferi Laboratuvari” alt yapisi
kullanilacaktir. Laboratuvar daha O©nceden tamamlanmis projelerden alinan
malzemeler ile alt yapiya sahiptir.

Sicaklik oOl¢tim ve kaydedici cihaz olarak 40 kanalli bir datalogger

laboratuvarimizda mevcuttur.
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2.5.1. Cihazin Teknik Ozellikleri ile Tlgili Ayrintili Bilgiler:
2.5.1. Kriyoterapi Cihazi

Uzimct Kryo Terapi Cihazy, anestezi
ve cerrahi insizyon gerektirmeden
farkh prob secenekleri ile jinekoloji,
dermatoloji ve proktoloji gibi cerrahi
alanlarda azot ve karbondioksit gazinin
dondurucu etkisinden yararlanilarak
tedavi olanag sunan bir cihazdir,

Standart Problar

linekaloji
M, =
LT

oL joz  jo3

I

Istegie Bagh Problar

Prokioloji

I
T L ]
il i |

Istege Bagh Problar

Dermatoloji
whhn

Kriyoterapi Cihazina ait Katolog (Sayfa 1/2)



KRY-10S

Detay Ozellikier
< Prob Segenekleri

* Standart ve opsiyonel olarak verilen farkl prob
secenekleri ile jinekoloji, dermatoloji ve proktoloji gibi
cerrahi alanlarda yaygin kullanim olanag

< Hizli Etki
+ Tetige basildig anda prop 1sisini 10 saniye icerisinde
-70 dereceye kadar distrme, tetigin birakilmasiyla
birlikte 6 saniye icerisinde prop 1s1sin1 oda sicakhiina
yikseltme dzelligi

< Basinc Ayarn

« Tiip basincini ayarlama ve izleme olanagi
sunan manometre

-

ELEKTROKOTER
CIHAZLAR

< Tasima ve Konumlandirma

= Tiip tasima sehpasi ve hareket kabiliyeti yliksek
tekerlek yapist ile her tGrli muayene ortaminda
kullamma uygunluk

43

Kriyoterapi Cihazina ait Katolog (Sayfa 2/2)
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2.5.1.2. Peristaltik Pompa

323E/D manual control variable speed pump
¢ 313D pumphead produces flow rates to 2000mi/min

* 271 speed control ratio

*  Snap-fit 313X extension pumpheads provide up to five channels

Digital speed control from 15 to 400rpm in Srpm steps. Instantly reversible, rapid-loading 313
flip-top pumphead accepts five tube sizes. Switchable between 100-120V or 220-240V.

323E drives may also be fitted with 314 four roller pumpheads if lower pulsing is required, or with
31302 or 314D2 pumpheads which accept 2.4mm wall thickness tubing for higher pressure operation
or pumnping more viscous fluids.

See the 300 series drive and pumpheads section on page 8 for details.

323E/D flow rate ranges (ml/min)
Pump Speed range 1.6mm 3.2mm 4.8mm G.4mm 8.0mm
B323E/D 15 to 400rmm. 4,1-110 15-400 33-880 54-1400 T5-2000

323S/D high-performance manual control variable speed pump
¢ High-performance microprocesser controlled pumps

e 323S5/D can be extended with 313X extension pumpheads to five channels
¢ Flow rates to 2000ml/min and 133:1 speed control ratio

3238/D speed adjusts in 1rpm steps from 3 to 400rpm. Instantly reversible, rapid-loading flip-top
pumphead accepts five tube sizes, keypad lock prevents tampering or accidental changes, auto
restart for mains failure recovery, switchable between 100-120V or 220-240V, two year
comprehensive warranty, MemoDose facllity for accurate single shot dosing.

3235 drives may also be fitted with 314 four roller pumpheads if lower pulsing is required, or with

31302 or 31402 pumpheads which accept 2.4mm wall thickness tubing for higher pressure operation

or pumping more viscous fluids.

For law-flow purnping, up to ten channels, 3235 drives may be fitted with 314MGC (four-roller) and 318MC
(eight-roller) microcassette pumpheads, which can be extended to ten channels by adding one 314MCX or
318MCX extension pumphead. See the 300 series drive and pumpheads section on page 8 for details,

3238/D flow rate ranges (ml/min)
Pump Speed range 1.6mm 3.2mm 4.8mm 6.4mm 8.0mm
3238/D 3.0 to 400mpm 0.81-110 3.0-400 6.6-880 11-1400 15-2000

Ordering information for 323E/D and 3235/D pumps

Pump Pumphead fitted Speed range Supply Product code
323E/D 313D thwee mller pumphead 15 to 400rpm 100-120/220-240V 50/60Hz 1ph 100VA  030.3124.300°
3235/D 3130 three roller pumphead 3.0 to 400rpm 100-1200220-2400 50/60Hz 1ph 100VA  030.31:34.3D0"
“Roplace last 0 with A, E or U for Ameri E or UK mains lead

Extension pumpheads Product code
313X threg-rolier ir fiver - se@ pago 9 033.3431.000
323E and 3235 specifications

Waights 4. Tkg Dimensions H132 % WZ30 x L225mm

Standards ENG0S29 (IP31) GE

For tubing for the 323E/D and the 3235/D, see table on page 10.

Peristaltik Pompaya ait Katolog (Sayfa 1/1)
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2.5.1.3. Silikon Hortum 6.4 mm x 1.6 mm (i¢ ¢ap x Et kalhinhgr)

Silikon Hortuma 6.4 mm x 1.6 mm (i¢ ¢ap x Et kahnhg)) ait Katolog (Sayfa 1/1)

314MC pumphead flow rate ranges (ml/min) - maximum 10 channels. Note speed must not exceed 110rpm.

Speed range  Orange/Black  Orange/Red Orange/Blue  Orange/Green  Orange/Yellow
Drive 0.13mm 0.19mm 0.25mm 0.38mm 0.50mm
3238, 323V, 323Dy 3.0-110pm  0.002:0.09 0.M-0.3 0.01-05 0.03-09 0.05-1.7

Speed range Orange/White  Black/Black Orange/Orange White/White Red/Red
Drive 0.63mm 0.76mm 0.88mm 1.02mm 1.14mm
3238, 3230, 323Dy 3.0-110rpm  0.08-3.1 0.13-46 0.17-6.4 0.22:81 0.27-9.9

Speed range Grey/Grey Yellow/Yellow  Yellow/Blue Blue/Blue Green/Green
Drive 1.20mm 1.42mm 1.52mm 1.65mm 1.85mm
3238, 323U, 323Du  3.0-110pm  0.356-13 0.4617 0.52-19 0,60-22 0.76-28

Speed range Purple/Purple  Purple/Black  Purple/Orange Purple/White
Drive 2.05mm 2.28mm 2.54mm 2.79mm
3238, 323UV, 3230u 3.0-110rpm 0.80-33 1.1-40 1.3-47 1.4-53
318MC pumphead flow rate ranges (ml/min) - 10k Is. Note speed must not exceed 110rpm.

Speed range Orange/Black  Orange/Red Orange/Blue  Orange/Green  Orange/Yellow
Drive 0.13mm 0.18mm 0.25mm 0.38mm 0.50mm
3238, 323V, 323Du  3.0-110pm  0.002-0.09 0.01-03 0.01-0.5 0.02-08 0.04-1.4

Speed range Orange/White  Black/Black  Orange/Orange White/White  Red/Red
Drive 0.63mm 0.76mm 0.88m 1.02mm 1.14mm
3238, 323U, 323Du  3.0-110mm  0.07-26 01139 0.14-53 0.18-6.6 0.24-8.8

Speed range  Grey/Grey Yellow/Yellow  Yellow/Blue Blue/Blue Grean/Greon
Drive 1.20mm 1.42mm 1.52mm 1.65mm 1.85mm
3238, 323U, 3230u  8.0-110mpm  0.27-10 08312 0.38:14 0.46-17 0.55-20

Speed range Purple/Purple  Purple/Black  Purple/Orange  Purple/White
Drive 2.05mm 2.29mm 2.54mm 2.79mm
3238, 323U, 323Dy 3.0-110mm 0.65-24 0.79-28 0.80-33 0.98-36
Tubing for 323E/D, 3238/D, 323U/D, 3230u/D and 323Dz/D
Tube number 14 16 25 17 18
Tube bore 1.6mm 3.2mm 4.8mm B.4mm 8.0mm
Bioprene 903.0016.016  903.0032.016 a03.0048.016 903.0064.016  903.0080.016
Marprene 9020016016 9020032016  902.0048.016  902.0084.016  902.0080.016
Sta-Pure 960.0016.016  960.0032.016 S60.0048.0186 SB0.0064.016  960.0080.016
Platinum silicone 913.A016.016  913.A082.016  913.A048.016 913.A064.016  913.A080.016
Neoprene S20.0016.016  920.0032.016 920.0048.018 920.0064.016 9200080016
PVC 950,0016.016  950.0032.016  950.0048.016  950.0064.016  ©50.0080.016
Chem-Sure 965.0016.016 965.0032.016 965.0048.01 6 965.0064.016  965.0080.016

Double pump segment manifold pump tubing for 314MC and 318MC microcassette pumpheads

Colour code Bora lavabls PVC
Marprene

Orange/black 0.13mm 881.0013.000
Orange/red 0.19mm 981.0019.000
Orange/blue 0.25mm 979.0025.000 979.0025.00+ 981.0025.000
Orange/green 0.38mm B79.0038.000 479.0038.00+ 981.0038.000
Orangelyellow 0.50mm 979,0050,000 979.0050,00+ 981,0050,000
Orange/white 0.63mm 478.0063,000 979.0063.00+ 981.0063.000
Black/black 0.76mm 979.0076.000 979,0076.00+ 981.0076.000
Orange/orange 0.88mm 9780088000 975,0088.00+ 981.0088.000
White/white 1.02mm 979.0102.000 979.0102.00+ 981.0102.000
Red/red 1.14mm a78.0114.000 7014004+ 981.0114.000
Grey/grey 1.29mm 879.0129.000 979.0129.00+ 981.0129.000
Yellow/yellow 1.42mm a79.0142.000 979.0142.00+ 881.0142.000
Yellow/blue 1,62mm 979.0152.000 979.0152.00+ 981.0152.000
Blue/blue 1.865mm G79.0165.000 A79.0165.00+ 881.0165.000
Green/green 1.85mm 979.0185.000 979.0185.00+ 981,0185.000
Purple/purple 2.06mm H79.0205.000 979.0205,00+ 981.0205.000
Purple/black 2.28mm 979.0229.000 979.0229.00+ 981.0229.000
Purple/orange 2.54mm 979.0254.000 a79.0254.00+ 981.0254.000
Purple/white 2.79mm 979.0279.000 979.0279.00+ 981.0279.000

283.0063.000
983,0076.000
B83,0088.000
989.0102.000
983.0114.000
983.0120.000
GE3.0142,000
9630152000
983.0165.000
983.0185.000
983.0205.000
083.0229.000
083.0254.000
983.0278.000
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2.5.1.4. Esnek tiipler icin c¢ap diisiiriicii (6.4 mm’den 4mm’ye) (Esnek tlpler igin cap
diisiiriiciilere ait katalogda gosterilmistir.)
2.5.1.5. Esnek tiipler icin ¢ap diisiiriicii (4mm’den 3.2mm’ye) (Esnek tupler i¢in ¢ap
diistiriiciilere ait katalogda gosterilmistir.)
2.5.1.6. Esnek tiipler icin cap diisiiriicii (3.2mm’den 2.4mm’ye) (Esnek tlpler icin ¢ap
diistiriiciilere ait katalogda gosterilmistir.)
2.5.1.7. Esnek tiipler icin ¢ap diisiiriicii (4mm’den 1.6mm’ye) (Esnek tipler i¢in ¢ap
diisiiriiciilere ait katalogda gosterilmistir.)
2.5.1.8. Esnek tiipler icin ¢ap diisiiriicii (4mm’den 2.4mm’ye) (Esnek tupler i¢in ¢ap
diistiriiciilere ait katalogda gosterilmistir.)
2.5.1.9. Esnek tiipler icin ¢ap diisiiriicii (3.2mm’den 1.6mm’ye) (Esnek tlpler icin ¢ap
diisiiriiciilere ait katalogda gosterilmistir.)

Straight reductions
For flexible tubing

24 mm | 1.6 mm 1D 3.2 mm 1D o 1.6 mm 1D
NOOT/004-6005 EL:H:U 1 o
i 1D ho 16 i . - mm 1D o 2.4 mm D .
prebbiipgiag ] u:n N1k, 6008 [I:Ej:_l
22 mm 1D o 2.4 mm 1D A0 mm 0 16 mm 1D |
N230/220-6005 (i NO25/004-6005 =
4.0 mm |0 1o 2.4 mm 10 K 4.0 mm ID 1w 3.2 mm D
NO25/007-6005 LL_:EEE‘_‘D NO25/013-6005 C [—‘ﬁ:[j
4.8 mim 1D 10 1.6 mm 1D I } 4.6/mm 10 to 2.4 mm 10 =
1050-6005 D__ JHSID Nussmo? 6005 [] b )
4.8 mm 1D 18 3.2 mm 10 4.8 e 103 b0 4.0 i 1D E;
NO35/013-6005 — —r NO35/025-6005 i —
amisis: mmiims
3.2 mm I B man 10 b0 4.0 mim I3
NOB5/013-6005 e : NO55/025-6005 e
(T D ] _ﬁiz}:
6.4 mm 1D 1o 4 8 mm 10 8.0 mm I 0 mm D
NO55/035-6005 = —D NOB5/025-6005 [—"— = I =
el - l T

8.0 mm 1D 1o 4.8 mm 10
NOG5/035-6005 [ —-E— ﬁ_:ﬁ
Na?omia-sons

;|>—4

Weind, w1

= =

0.6 mm 1D b 6.4 mm 1D

NE70/655-6005 ‘:'—@_[i

Esnek Tupler Icin Cap Diisiiriiciilere ait Katalog (Sayfa 1/1)
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2.5.1.10. Esit bacakh Y-konnektér (1.6mm’den 1.6mm’ye) (Esit bacakli Y-
konnektorlere ait katologda gosterilmistir.)

2.5.1.11. Esit bacakh Y-konnektér (2.4mm’den 2.4mm’ye) (Esit bacakli Y-
konnektorlere ait katologda gosterilmistir.)

2.5.1.12. Esit bacakh Y-konnektér (3.2mm’den 3.2mm’ye) (Esit bacakli Y-
konnektorlere ait katologda gosterilmistir.)

2.5.1.13. Esit bacakh Y-konnektor (4mm’den 4mm’ye) (Esit bacakli Y-konnektorlere
ait katologda gosterilmistir.)

Straight reductions
For flexible tubing

25.4 mam I 1o 16,0 men 1D
C16-10WP

— i
. — - g
‘
— |
| S— —
25.4 mm ID 1o 19.2 mm ID

C16-12WP A S ‘ i R

= 7 |" T
— H
] ===t SR

—

Also see the Panel Mount section for further tube to tube options.

Y-connectors, equal legs
For flexible tubing

1.6 mm i 24 mm ID

¥210-6005 Xu_u ¥220-6005 %ID
3.2 mm 1D A0 mm D

¥230-6005 %}ID] ¥240-6005 %

4.8 mm 1D 6.4 mm 1D
¥250-6005 Y260-6005

i, zee the technical section, For additional materals, ploasi see our price sl
1D = Tubing e chamater, All lustrabons in scaks 1:1

Esit Bacakh Y-Konnektorlere ait Katolog (Sayfa 1/1)
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2.5.1.14. i¢ capr 1.6 mm dis capr 2.0 mm teflon laboratuvar hortumu (Teknik

Ozellikleri ile ilgili ayrintilar 2.5.2.14. nolu boliimdeki faturada gosterilmistir.)

2.5.1.15. i¢ cap1 2.4 mm dis capr 3.0 mm teflon laboratuvar hortumu (Teknik

Ozellikleri ile ilgili ayrintilar 2.5.2.15. nolu bélimdeki faturada gosterilmistir.)

2.5.1.16. i¢ cap1 3.2 mm dis capr 4.0 mm teflon laboratuvar hortumu (Teknik

ozellikleri ile ilgili ayrintilar 2.5.2.16. nolu boliimdeki faturada gosterilmistir.)

2.5.1.17. i¢ cap1 4.0 mm dis capr 5.0 mm teflon laboratuvar hortumu (Teknik

Ozellikleri ile ilgili ayrintilar 2.5.2.17. nolu bolimdeki proforma faturada gosterilmistir.)

2.5.1.18. Sirkulatoérlii su banyosu (6 L’LiK)

Thermo Scientific SAHARA Series Heated Bath Circulators

(CONTINUED)

Transparent Acrylic Baths
These baths are ideal when visibility of your

application is required.

Temperatures are maintained from
ambient plus 13°C to a maxmum of B0°C.

ACMIC

Ambient +13°C to 80°C

Useful Accessories:
= Lifting Platform

« Tap Water Cooling Coil

* Test Tube Racks
+ Solenoid Valve for Tap Water Cooling Coil (AG200 controller and above)

= Auto-refill (AC200 controller and above)
+ External Temperature Probe (AC150 controller and above)

Bath
56100 | Ambient +13 10 80°C Ambient +13 1 80°C
s e Ambiont +13 10 80°C Aanbieot +13 10 B0°C
AC150 | Amblent +13 to 80°C
AC200 | = Aenitdent +13 to 80°C
Bathvoume fltersy | 5 12
Work aea (DxWelimmin | 1504136223/ 5954163 150X 302 148.9/5.9%11.9X50
Net weight ko) | 53/138 737161
Comprance CEROHI/WEEE CEMOHSAVEEE
Grdering information:
Madel BET s
Voltapes | vswo | 7m0 | ooso-s0 | 1ime0 | 23050 | 100/50-60
[ SC100 plus Bath | 1502088 | 1522081 | 1seaee | tszoize | tsezizt | 1522126
| SclsophmBatn | smoss | veoe | issoms | isaens | isenan | 1saizs
AC150 pius Bath I 1228 | 1ss2izt | 1582126
o o Lo S !

Sirkilatorli Su Banyosuna ait Katolog (6 L’LiK) (Sayfa 1/1)

1562128 1562121 | 1562126

See page 22 for complete list of avallable accessories.

Amblent +13 to 807G
hmbient +13 o 80°C
Ambéent +13 10 80°C
Ambient +13 to S0°C
9
150% 02 x326.9/59x11.9% 129
BT/191
CEROHSAWEEE

S10T
115060 290050 | 100/50-60
e | 152 | 1522196
1532198 | 1532101 | 1532196
1521 | 1sszien | 156219

1562198 1862191 1562196

Overall dimensions can be found on page 26-27
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2.5.1.19. 5 adet T-tipi termokapuldan olusan birlesik termokapul diizenegi (Teknik
Ozellikleri ile ilgili ayrintilar 2.5.2.19. nolu bolimdeki proforma faturada gosterilmistir.)

a
=
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= [ _: F—_ X
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P o T e ]
b o o S
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+ +F 53 =% &3 & v
Al ey T
£
S o
o @
o C
ﬁ —
J %
HJ" s
— TRl g}_g
&~ |-
10mm o &
e —i &1
==
1,5mm @ =
X |-
[
L T
=<
0w
kontak’
NOKTAS! ot wawben \knokIas cam._-m nail . infoiEkortoknokingi comtr T (U21Z1876-B507 F - (DRZ876-A780 724 | 0507 F0S5185

5 adet T-tipi Termokapuldan Olusan Birlesik Termokapul Diizenegine ait
Teknik Resim (Sayfa 1/1)

2.5.1.20. Termokapul T-tipi yiizey sicaklik sensorlii 20x20MM K.2MT(2x0,50TT)
(Teknik ozellikleri ile ilgili ayrintilar 2.5.2.20. nolu bdlumdeki proforma faturada
gosterilmistir.)

2.5.1.21. Dana Karacigeri (30 kg) (Teknik 6zellikler bulunmamaktadir.)

2.5.1.22. Kirtasiye (Teknik 6zellikler bulunmamaktadir.)
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2.5.2. Cihazin Tahmini Fiyatim Gosteren Faturalar:
2.5.2.1. Kriyoterapi Cihaz (1 nolu proforma faturada yer almaktadir.)

TEKLIF MEKTUBU
Teklif No : 1701018 o - x .
Teklif Tarihi . 03.01.2017 Uzimen Tibbi Cihaz ve Medikal Gaz Sistemleri San Ve Tic A.$.
Teklif Sahibi  : lsmail AKTURK Merkez
Revizyon Tarih Ankara-Konya Devlet Karayolu 29.km.

06830 Golbagi / Ankara - TURKIYE
RevizyoniKo Tel : (312) 615 53 53 Faks : (312) 615 53 90

E-mail : uzumcu@uzumeu.com.ir
Erkan KIZILIRMAK
Gazi Universitesi Mhendislik Fakultesi Makine Mihendisligi Balumil Kat:4 Eti Istanbul Bélge Miidirliga )
Mah. Yokselig Sok. No:5 06570 Mallepe Orug Reis Mah. Tekstilkent Cad. Tekstilkent Koza Plaza B Blok
Ankara-Tirkiye Kat:10 34235 Esenler / Istanbul - TURKIYE

: Faks : (212) 436 39 49

Tel . 0533617 03 40 Tel: (212) 438 39 00 Faks : (212)
Fax -

Konu : Kryo Terapi Cihazi
Sayin :

Talep etmis oldugunuz cihazlar ile ilgili teklifimiz agagid

No  Oriin Kodu  Oriin Adh Miktar  Birim  Kdv (%)  Birim Fiyat Tutar
10 KRY-105 KRYO TERAPI CIHAZI, SEHPASI VE TUPU ILE BIRLIKTE 1 AD 8 4.680,00 4.680,00 L
Toplam : 4.680,00 TL
Kdv Toplami : 374,40 L
Genel Toplam : 5.054,40 TL

Garanti Siresi ©  2Yil

Teslim Siiresi : 4 Hafla

Teslim Sekli  :  Ucret Alict
Odeme Sekli
Gogerlilik o 01.01.2030 (4746 giin)
Agiklama : Buteklif siparig onay: verilmesi halinde taraflar arasinda yapilan bir sézlegme niteliindedir. Bu leklif elekironik ortamda
gonderildijinden kage-imza yer
almamaktadir.
Siparig Onay:
l?:»—lmza
JLE: Ly || PR R —
Banka Bilgisi:
Halkbank Merkez Sube Iban No (TL) : TR37 0001 2008 1940 0010 2604 89
Iban No (EUR) :  TR16 0001 2009 1940 0058 0000 96
Tiirkiye Finans Katilim Bankas: Ankara Subesi Iban Ne (TL) TH31 0020 5000 0100 0478 7200 02
Iban No (EUR) :  TR47 0020 6000 0100 0478 7201 02
|—_ | E- Fatura miikellefiyiz
Ziraat Bankasi Balgat Girigimei Subesi Iban No (TL) - TR42 0001 0022 7138 7858 6250 33 —
Iban No (EUR) :  TRS85 0001 0022 7138 7859 6250 35 [ | E- Fatura makellefi degiliz
WAW,UZUMEU.COm 1

1 nolu i:’fofbrma Fatura (Séyfa 1/1)



2.5.2.2. Peristaltik Pompa (2 nolu proforma faturanin 1. sirasinda yer almaktadir.)

2.5.2.3. Silikon Hortum 6.4 mm x 1.6 mm (i¢ cap x Et kalinhg) (2 nolu proforma
faturanin 2. sirasinda yer almaktadir.)

2.5.2.4. Esnek tiipler icin c¢ap diisiiriicii (6.4 mm’den 4mm’ye) (2 nolu proforma
faturanin 3. sirasinda yer almaktadir.)

2.5.2.5. Esnek tiipler i¢cin ¢ap diisiiriicii (4mm’den 3.2mm’ye) (2 nolu proforma
faturanin 4. sirasinda yer almaktadir.)

2.5.2.6. Esnek tiipler icin c¢ap diisiiriicii (3.2mm’den 2.4mm’ye) (2 nolu proforma
faturanin 5. sirasinda yer almaktadir.)

2.5.2.7. Esnek tilpler i¢in ¢ap diisiiriicii (4mm’den 1.6mm’ye) (2 nolu proforma
faturanin 6. sirasinda yer almaktadir.)

2.5.2.8. Esnek tiipler icin cap diisiiriicii (4mm’den 2.4mm’ye) (2 nolu proforma
faturanin 7. sirasinda yer almaktadir.)

2.5.2.9. Esnek tiipler icin c¢ap diisiiriicii (3.2mm’den 1.6mm’ye) (2 nolu proforma
faturanin 8. sirasinda yer almaktadir.)

2.5.2.10. Esit bacakh Y-konnektor (1.6mm’den 1.6mm’ye) (2 nolu proforma faturanin
10. sirasinda yer almaktadir.)

2.5.2.11. Esit bacakh Y-konnektor (2.4mm’den 2.4mm’ye) (2 nolu proforma faturanin
11. sirasinda yer almaktadir.)

2.5.2.12. Esit bacakh Y-konnektor (3.2mm’den 3.2mm’ye) (2 nolu proforma faturanin
12. sirasinda yer almaktadir.)

2.5.2.13. Esit bacakh Y-konnektor (4mm’den 4mm’ye) (2 nolu proforma faturanin 13.
sirasinda yer almaktadir.)
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Gazi Universitesi Miihendislik Falkiiltesi
Makine Miihendisligi Boliimii Kart:4 Eri Mah.
Yiikselis Sok No:5 06570 Maltepe/ ANKARA
Sn. Erkan KIZILIRMAKR dikkatine

Proforma

Tarih
Referans

- 19/06/2017

- 0617-BE-027711

Parca No

Tanum

Miktar

Bivim Fiyat
(GBP)

Toplam Fiyat
(GBP)

0303134 3DE

Watson-Marlow marka 32350 model
peristaltik pompa

e 24 saat kesinfisiz calismaya
uygun, karbon fircasiz, bakim
gerektinmeyen sessiz calisan
DC motor.

* 3 roller'h 313D pompa bashg
ile birlikte.

» Istenildiginde pompa baghg
ilavesiyle 5 kanala kadar
galisma imkani.

¢ 1 rpm hassasivette 3 - 400 rpm
dijital ayarh luz konfrolii.

* Eullamlan tubinge gire akis

1 Adet

1.639.25

1.639.25

913 .A064.016

Watzon Marlow Silikon Hortum
6.4 mm x 1.6 mm ( I¢ cap x Et
kalinlify)

3 metre / paket

1 paket

6000

69,00

N025/013-6005

Watson Marlow
Straight reductions For flexible tubing
4rmm to 3.2mm

5 adet

4.75

23,75

L

N230/220-6005

Watson Marlow
Straight reductions For flexible tubing
3.2mm o 2 4mm

4 adet

5,25

21.00

TERRALAB LABORATUVAR MALZEMELERI SANAYIVE TICARET A.S.
Merkez: Cetin Emeg Bulvan, 1326. Sokak No: 14 /9 - A Ovegler 06460 ANKARA
Tel 10312472 73 96 - 2 hat f Faks: 0312 472 73 98
istanbul Tel: 0216 327 52 70 / Faks: 0216 327 57 02

http:/fwww terralab.com.tr « info@terralab.com.tr
113

2 nolu Proforma Fatura (Sayfa 1/2)

32



N025/004-6005 Watson Marlow 2 adet 470 9.40
Straight reductions For flexible tubing
Amm to 1,6mm

N025/007-6005 (Watson Marlow 3 adet 480 14,40
Straight reductions For flexible tubing
Amm to 2 Amm

N013/004-6005 (Watson Marlow 2 adet 435 8,70
Straight reductions For flexible tubing
3.2mm to 1,6mm

10

Y210-6005  |Watson Marlow 3 adet 6.50 19,50
'Y-connectors, equal legs
1,6mm to 1,6mm

11

Y220-6005  |Watson Marlow 3 adet 650 19.50
Y-connectors, equal legs
2. 4mm to 2 4mm

Y230-6005 |Watson Marlow 3 adet .50 10.50
Y-connectors, equal legs
3.2mm to 3.2mm

13

Y240-6005  |Watson Marlow 2 adet 8.00 16,00
'Y-connectors, equal legs
Amm to 4mm

Toplam Teslim Fivan| 2235.75

(Ozel indirimli Toplam Fivat|  1860,00

Fivatlara EDV(%18) dahil degildir.

Fiyatlar Ingiliz Sterlini{GBP) Gizerinden verilmis olup, fatura tarihindeki gegerli TCMB daviz satig
kum fizerinden Tiirk Lirast'na (TL) cevrilecektr.

Odeme teslimatta pesin olarak yapilacaktir.

Malzeme siparisi izleven 8-10 haftada teslim edilir.

Teklifimiz 30 giin icin gecerlidir.

TERRALAB LABORATUVAR MALZEMELERI SANAYIVE TICARET AS.
Merkez: Cetin Emeg Bulvan, 1328. Sokak No: 14 /9 - A.L'jvel;ler 05450 ANKARA
Tel : 0312 472 73 96 - 2 hat / Faks: 0312 47273 98
istanbul Tel: 0216 327 52 70/ Faks: 0216 327 57 02

http:/ifwww terralab com.ir « info@terralab.com.tr
212

2 nolu Proforma Fatura (Sayfa 2/2)
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2.5.2.14. I¢ ¢ap1 1.6 mm dis ¢capi 2.0 mm teflon laboratuvar hortumu (3 nolu faturada

yer almaktadir.)
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3 nolu Fatura (Sayfa 1/1)
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2.5.2.15. I¢ ¢ap1 2.4 mm dis ¢capi 3.0 mm teflon laboratuvar hortumu (4 nolu faturada

yer almaktadir.)

4 nolu Fatura (Sayfa 1/1)
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2.5.2.16. I¢ ¢ap1 3.2 mm dis ¢cap1 4.0 mm teflon laboratuvar hortumu (5 nolu faturada

yer almaktadir.)

5 nolu Fatura (Sayfa 1/1)
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2.5.2.17. I¢ ¢apr 4.0 mm dis ¢apr1 5.0 mm teflon laboratuvar hortumu (6 nolu
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6 nolu Proforma Fatura (Sayfa 1/1)
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2.5.2.18. Sirkiilatérlii su banyosu (6 L’LiK) (7 nolu proforma faturanin 1. sirasinda yer
almaktadir.)

-
PRIZMA LABORATUAR ORUNLERI SAN. VE TIiC. LTD. §TI.
4.Cadde 1317 Sokak No:2/1 A.Gvegler ANKARA
Tel: 0312 472 39 B& Faks: 031247239 70
e-posta; info@pri com web: www.pri b.com

TEKLIF OZET

Firma Ad : GAZ| UNIVERSITESI MUHENDISLIK FAKULTESI
MAKINA MUHENDISLIGI
Adres : G.U Mih-Mimarlik Fak.Eti Mah.Yiikselis
Sok.Maltepe
ANKARA
iigili : ERKAN KIZILIRMAK Tarih : 28.03.2017

Referans :  HILA-AKVHRR
Teklif Konusu :  SIRKULATORLU SU BANYOSU

01-THERMO SIRKULATORLU SU BANYOSU

| STOK KODU AGIKLAMA MIKTAR BIRIM F_|YAT TUTAR]
01  PR-1522061 SC100-S6T 230V 1ADET 5.750,00 5.750,00 TL
02  PR-1532061 SC150-S6T 230V 1 ADET 7.400,00 7.400,00 TL

TEKLIF SARTLARI

1.Fiyatlarimiza KDV (%18) dahil degildir.

2 Fiyatlanimiz 30 gin gegerlidir.

3.Teslim siiresi: Kesin siparigten sonra 6-8 Hafta.

4.0deme: Teslimde pesin.

5.Fiyatlarinuz EURO olup édeme tarihindeki Yapi Kredi Bankasi efektif satis kurundan TL'ye gevirilir.

PRIZMA LABORATUAR URUNLERI SANAY| VE TICARET LTD. $Ti.

7 nolu Proforma Fatura (Sayfa 1/1)
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2.5.2.19. 5 adet T-tipi termokapuldan olusan birlesik termokapul diizenegi (8 nolu

proforma faturanin 1. sirasinda yer almaktadir.)
2.5.2.20. Termokapul T-tipi yiizey sicaklik sensorlii 20x20MM K.2MT(2x0,50TT) (8

nolu proforma faturanin 2. sirasinda yer almaktadir.)

Telefon :(0212) 876-8687 Kentalk
Kontak Noktasi - Sedat Aksoy Faks (0212) 876-1789 ol 1
Enddistriyel Olqim Kayit Kontrol Enstrlimantarn ve Sistemleri San.Tic, 7124 Gsm - 0507 705-6186
Yakuplu Mah,188.5k Koyunlu Ap No: VA Beylikdizn / Istanbul E-Mail : info@kontaknoklasi.com.ir
Beylikdizi VD. 63829209672 Internat - www kontaknoklasi.com.ir / www.triech biz mm

Kodu ) Diizenleme Tarihi 30 / 03 / 2017
Unvani Gazi Universitesi Mihendislik Fakiiltesi Erkan Kizilirmak— —. Fatura Vade / 03 / 2011
= Makine Mithendisligi Balimi Kat:4 Eti Mah. / N \.ﬁ Irsaliye No.
g Adres Yiikselis Sok. No:3 06570 Maltepe/ﬂNKﬁRR ( ) )
E e
i.'..i Tel  (0533) 617-0340
o ., PROFORMA
Vergi Dairesi e FATURA

Vergi Numarasi

BiRLESIK TERMOKUPL DUZENEG 1 HDET 432,7180 43272
TERMOKUPL T_TiPi YOZEY SICAKLIE SENS, 1 ADET 62,0408 62,94
20X20MM E2MT(2X0,507T)
EUR/TRY 1 EURO : 3,9338 TL
YALNZ. BESYUZSERSENDORT TL SERSENSEKZ KR.
b Falura muihigveyal, mal vie Kstueamin eanndan itibaren 8 gun iinde ez edimedi taiudinde #ynen kabul edieis sayiv Toplam 495‘66
* Vadesnda ddenmeyen faluratar igin aphk %......... vad2 fad uydany, Kdv 55122
Oncetd Baliyeniz Fatura Tutan Simdiki Bakiyenz Genel Toplam 58488

0,00 TL 564,08 TL 564,88 L

§anl¢a Hesap Mumaralanmiz ;
Is Bankasi Hadimkoy $b./ 1224 : Hesap, 19678 (TL) IBAN : TR4T 0006 4000 0011 2240 0196 78

8 nolu Proforma Fatura (Sayfa 1/1)



2.5.2.21. Dana Karacigeri (30 kg) (9 nolu faturada yer almaktadir.)

MiGROS Ti1CARET A.S.
MIGROS ANKARA TANDOGAN SATIS MAGAZASI
G.M.K. BULVARI NO:138

TANCOGAN/ANKARA TEL:0(850)310 2117
BUYUK MUKELLEFLER V.D.6220525513
http://www.migros,com. tr

MERKEZ ADRES{: ATATORK MAH. TURGUT 0zZAL
BULV, NO:7 ATASEHiR/1STANBUL

MERSIS NO: 0522052951300016

TARIH:05/04/2017 SAAT:13:42
MALT OLMAYAN FiS NO: 98

*MAL1 DEGER1 YOKTUR=

E-ARS1V FATURA
BilLG1 BELGESi

BU BELGEYE {STINADEN 10720024807170405
ISLEM REFERANS NUMARASI {LE
20612352540 - ERKAN KIZILIRMAK
ADINA E-ARS{V FATURASI DUZENLENECEKTIR.

1SBU BELGE UZERINDEK {MZA {LE

433 SER1 NO.LU VUK GT GEREGH
IRSALIYE YERINE GECER.

0,100KG X 32,95 TL/KG

DANA CIGER E6) *3,30

ARATOP *3,30
TORPKDV *0, 24
TOPL.AM *3,30

#515755xwwxxx9048  CORTAK POS x3,30

KDV %8 ®0,24 *3,30

E-ARSIV FATURASINA,
https://earsiv.migros. com, tr
ADRES! UZER1INDEN,

BU BELGE UZER{NDEK{

REFERANS NO VE VKN/TCKN NUMARASI
GIRILEREK ALISVERIS TARiHiNi
TAKIP EDEN GUMDEN 1T{BAREN ULASILABILIR.

BU BILDIRIM TTK NEZDINDE
TEBLIG HUKMONDED{R,

KASTYER 008  KEVSER ASLANBAS
.4807 1072/002/008 + 05/04/17 13:43 AC-00

EKU NO:8 Z NO:2388
*MAL.1 DEGER1 YOKTURw>
TG 43496517

9 nolu Fatura (Sayfa 1/1)




2.5.2.22. Kirtasiye (10 nolu proforma faturada yer almaktadir.)

A akalkurumsal

Tarihi :

05.04.2017

PROFORMA FATURA

Yetkili

Firma : ** Erkan KIZILIRMAK 1 Erkan KIZILIRMAK
Telefon
Gazi Universitesi Mithendislik Fakiiltesi Faks :
Makine Miihendisligi Boliimii Kat:4 Eti.Mah. [~ | T
Yiikselig Sok. No:5 06570 Maltepe/ ANKARA FesimacTannl | 05
Odeme Sekli Pesin Odeme (KU}

Uriin KDV% Miktar / Birim Birim Fiyat Tutar

COPIER BOND FOTOKOP] KAGIDI A4 80GR/M2 500L0 8 1 PAKET 14,29 14,29
NOKI MEMO YAP. NOT KAG. 38X51MM SARI 100 X 12Li 18 1 ADET 11,15 11,15
LEITZ 1010 PLASTIK KLASOR GENIS MAVI 18 1 ADET 13,94 13,94
NOKI 4820 HD TELLI DOSYA MAVI 25L1 18 1 ADET 13,51 13,51
ESSELTE 414170 AYRAGLI A4 POSET DOSYA 12 SAYFA 18 1 ADET 20,38 20,38
ESSELTE 6320 SUNUM DOSYASI 20SAYFA MAVL 18 1 ADET 8,97 8,97
ESSELTE AYRAG A4 10 RENK 18 1 PAKET 3,88 3,88
NOKi 59029 HD AYRAG A-Z HARF 18 1 ADET 5,47 5,47
MAS 523 PERFORE EVRAK RAFI GRI 3LU 18 1 ADET 56,19 56,19
ESSELTE 3901 KAPAKLI CEPLI SEKRETERLIK MAVI 18 1 ADET 15,53 15,53
ESSELTE 610-3 MAKAS (17.7CM) 18 1 ADET 6,29 6,29
MAS 565 METAL AGIZLI BUYUK BOY MAKET BIGAGI 18 1 ADET 4,97 4,97
MAX ZIMBA TELI NO:24/6 1000LI 18 1 ADET 1,63 1,63
LEITZ 5590 TEL SOKOCU 18 1 PAKET 5,67 5,67
LEITZ 5500 ZIMBA MAKINASI 24/6 MAVI 18 1 ADET 44,74 44,74
STD P-300 GUG TASARRUFLU DELGEC SIYAH (30 SAYFA) 18 1 ADET 50,05 50,05
MAS 210 ATAS NO:1 100L0 18 1 PAKET 0,99 0,99
PRITT STICK YAPISTIRICI 10GR 18 1 ADET 2,44 2,44
HATAS 0200 GENIS MIKA BURO CETVELI 50CM 8 1 ADET 10,75 10,75
FABER CASTELL 7082 PLASTIK SILGI MAVI BEYAZ 2Li 8 1 ADET 2,63 2,63
PILOT V5 GRIP IGNE UCLU KALEM MAVI 18 1 ADET 8,75 8,75
ROTRING RAPID VERSATIL KALEM (0.5MM) BORDO 18 1 ADET 26,96 26,96
TOMBOW MIN KALEM UCU (0.5MM) 28 18 1 ADET 0,90 0,90
UMUR 2003 SPIRALLI DEFTER A4 KARELI 72 YAPRAK 8 1 ADET 4,75 4,75

Akal Kurumsal Hizmetler Tic. A.S.
Dodan Arash Cad. No:149/35 Esenyurt /

Tel: 0850 220 60 70 Faks: (212) 259 49 43

10 nolu Proforma Fatura (Sayfa 1/2)
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A akalku ru msal Tarihi : 05.04.2017

PROFORMA FATURA
Firma : ** Erkan KIZILIRMAK Yetkili : Erkan KIZILIRMAK
Telefan
Gazi Universitesi Mithendislik Fakiiltesi Faks
Makine MllhEndlSllgl Béliimii Kat:4 Eti Mah. I Teslimat Tarihi 05.04.2017
Yiikselig Sok. No:5 06570 Maltepe/ ANKARA | Odeme Seki | Pesin Odeme (KU)
Oriin KDV% Miktar [ Birim Birim Fiyat Tutar
FATURA TOPLAMI : 334,83
KDV'siz Toplam : R _3;83
KDV Toplami H 57,02
Genel Toplam : 391,85

Yalmz  : UgYizDoksanBir TL SeksenBes Kurug

BiLGi VE DEGiSIKLIKLER iGiN TELEFON: 0850 220 60 70

Akal Kurumsal Hizmetler Tic. A.S.

Dofjan Arash Cad. No:149/35 Esenyurt / Istanbul
Tel: 0850 220 60 70 Faks: (212) 259 49 43

10 nolu Proforma Fatura (Sayfa 2/2)

42



3. Diger Bilgiler

3.1.1.

Bu c¢alismada, kriyo-dondurma yontemiyle yapilan kanser tedavisi esnasinda
tiimorlii dokudaki ve bu dokuya yakin bir bolgede bulunan biiyiik kan damarlarindaki
bio-1s1 transferinin farkli damar yapilarinda ve sayisinda bulunan dokular i¢in sicaklik ve
akis Ol¢timii ile akig goriintiileme ve dondurulan bolgedeki donma alani biiyiikliigiine
olan etkisi deneysel olarak incelenecektir.

Klasik biyo-is1 transferi denklemi, genel 1s1 difiizyon denklemine benzemektedir.
Kan ile doku arasindaki 1s1 transferi viicudun kan mikro dolagim sisteminde gerceklesir.
Metabolizma, enerjiyi iireten hiicrelerde gerceklesen kimyasal reaksiyonlar ve yasami
stirdiirmek igin gerekli olan temel materyal olarak tanimlanir. Literaturde belirli bir viicut
kiitlesi ve aktivitesi icin metabolik siirecten dolay1 olusan 1sinin nispeten sabit oldugu
gbzlemlenmistir (Deng, Z., Liu, J., Wang, H. 2008).

Damar i¢inde akan kanin hizinin ve buna bagli sicaklik etkisinin degisimi,
damarin dallanma sayisina bagli 1s1 transfer yiizeyinin artis1 ile optimum kriyo-dondurma
isleminde gerekli olan sicaklik ve donma alani1 verileri Sekil 2°de gosterilen (bkz. sayfa 4)
dallanmis bir atar damar yapisini ve boyutlarini veren damar ¢apit (D), damar uzunlugu
(L), dallanmis damarlar arasi ac1 (o) ve dallanmis damarlar aras1 mesafe (s) olmak iizere
farkli damar yapis1 parametrelerine baglidir.

Literatirde deneysel olarak yapilmis ve kriyoterapi uygulanan igerisinde biiylik
damarlar ve doku/tumdr bulunan bolgelerin sicaklik gelisimleri incelenecek olup ilk
olarak literatiirde bulunan mevcut sonuglar ile bu ¢alismada yapilacak deneysel sonuglar
birbiriyle kiyaslanarak dogrulugu gosterilecektir.

Bunun i¢inde dogrulugu gosterilen deney sonuglart sonrasinda literatiirde
bulunmayan ve daha Onceden calisilmamis labaratuvar deneyleri yapilacak ve farkli
damar yapisi, sayist ve farkli tiimor konumlari i¢in optimum kriyo-dondurma islemi igin
gerekli olan sicaklik ve donma alani verileri ¢gikarilacaktir.

Dogrulugu ispatlanan modelde, optimum kriyo-dondurma islemi igin gerekli
sartlar miihendislik acisindan belirlenmeye calisilacak ve cerrahlar i¢in 6zellestirilmis bir
uygulama plan1 icinde yapilmasmin saglanmasi ile yapilan operasyonun basari
ylizdesinin arttirilmasina katkida bulunulmasi amaglanmaktadir.

Craciunescu ve Clegg (2001) yaptiklar1 ¢alismada kan dolasimi titresimlerinin
biyolojik 1s1 transferi lizerindeki etkisini arastirmislardir. Sonuglar sunu gostermektedir:
titresen eksenel hiz titresen sicaklik dagilimi diretir; Akisin tersi, aortda ve buyik
damarlarda meydana gelir ve sicaklik profilinde 6nemli zaman degisimleri meydana
gelir. Titresim oraninin degistirilmesi, biliylik damarlar i¢in damar ¢ap1 ve kan arasindaki
enerji tasimaciliginda bir degisiklik getirmektedir. Atim hiz1 ile atil kan akis hizi
nedeniyle zaman ortalamali kararsiz 1s1 dagilimi arasinda kiigiik bir fark oldugu goz
oniine alindiginda, biyolojik 1s1 transferini tahmin etmek igin titresimsiz kan akis hizinmi
varsaymak mantiklidir.

Monte Carlo yontemi, kanserli hiperterminin tedavi planlamasinda genellikle
karsilasilan dogrudan bio-1s1 transfer problemlerini ¢6zmek i¢in uygulanmaktadir. Cesitli
zaman veya konuma bagli smir kosullari, kan dolasimi, metabolik hiz ve dokular i¢in
hacimsel 1s1 kaynag ile biyolojik cisimlerin i¢indeki sicaklik gegisleri i¢in Deng ve Liu
(2002) tarafindan ¢esitli algoritmalar gelistirilmistir. Parametrik hesaplamalar, mevcut
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Monte Carlo algoritmalarinin teknik uyarlanabilirligini test etmek icin yapilmustir.
Elektromanyetik 1sinlama ile iiretilen hacimsel 1s1 olusum hizin1 ve olusan sicaklik
dagiliminm hesaplamak i¢in Thiebaut ve Lemonnier (2002) heterojen ortamda {i¢ boyutlu
sayisal bir model gelistirilmistir. Dokulardaki elektromanyetik giic birikimi frekans
bolgesindeki Maxwell alan denklemleri ¢ozerek incelenmis ve termal siire¢ Pennes'in
bio-1s1 transfer denklemi ile tanimlanmustir. Hedef, ¢evredeki saglikli dokularda 42°C'yi
asmadan tiimorde miimkiin olan en yiiksek sicakligin elde edilmesidir. Calisilan
konfiglrasyonlar bir timorin derine gomiilii oldugu pelvik bolge ile ilgilidir. Bolgesel
hipertermi i¢in bir tedavi planinda optimizasyon rutininin etkinligini bildirmislerdir.

Khaled ve Vafai (2003) tarafindan yapilan aragtirmada akis ve biyolojik
dokulardaki 1s1 transferi incelenmistir. Biyo 1s1 denkleminin gelistirilmesi (biyolojik
dokularda 1s1 transferi denklemi) ve biyo 1s1 denklemi ile iligkili uygulamalarin
degerlendirilmesi analiz edilmistir. Diflizyon uygulamalarinin belirgin 6rnekleri ve
konveksiyon ile momentum taginimi bu ¢aligmada ele alinmistir. Biyolojik dokularda 1s1
transferi icin gozenekli ortam teorisinin, farkli biyo 1s1 modellere kiyasla daha az
varsayim icerdiginden en uygun yaklasim oldugu ifade edilmistir.

Deng ve Liu (2004) yaptig1 ¢alismada son zamanlarda dondurmaya dayanan yeni
bir tliimoér yok etme modeli hemen ardindan hizli ve giiglii bir 1sitmanin geleneksel
kriyoterapiden daha etkili ve esnek oldugu kanitlandig1 belirtilerek yapilan calismada
birlesik dondurma ve 1sitmaya tabi tutulan biyolojik dokularin ii¢ boyutlu (3-D) evre
degisim problemlerini ¢6zmek i¢in etkin 1s1 kapasitesi yontemine dayanan sayisal bir
algoritma olusturulmustur. Mevcut algoritmanin birlesik kriyocerrahi ve hipertermi
tedavisi ic¢in degerli bir tedavi planlama araci olmasi beklenmistir. Ying vd. (2004)
yaptiklar1 calismada yasayan dokulari cevreleyen damarlar icindeki kan dolagim
sicakliginin genel olarak daha ¢ok kan akis orani ile ilgili oldugu ve 6zellikle bu dokular
arasindaki 1s1 transferinde Onemli bir rol oynadigini disiinmiislerdir. Yaptiklari
calismanin amaci, tek boyutlu bir termo-sivi modeli ile viicut sicakligi iizerindeki kan
akis hizinin etkisini incelemek olarak belirtmislerdir. Damar duvarlarinin biikiilme
sertliginin etkisinin yani sira kan viskozitesinin kan basinci ve sicakligina etkisini
incelemislerdir.

Devashish ve Robert (2005) yaptiklar ¢calisgmada damar-damar ve damar-doku 1s1
transferi hizlari, genel Dirichlet sinir kosullart ile ilk etapta esit olarak 1sitilmis, sonlu
rastgele yerlestirilmis iki dairesel damarin bulundugu dairesel bir doku bdlgesi igin
tamimlamis ve agiklayarak belirtmislerdir. Sonuglar ilk olarak hem damar-damar hem de
damar-doku 1s1 transfer hizlarinin damar duvart sicaklik dalgalanmalarimin etkisinin
onemli oldugunu gdstermistir. Ikinci olarak, damar duvar1 sicaklik dalgalanmalarinin
aksine, dis doku smirindaki dalgalanmalarin sadece damar-doku 1s1 transfer oranini
etkiledigi, damar-damar 1s1 transfer hizlarimi etkilemedigi goriilmektedir. Uciincii olarak,
damar duvarlarinda ve dig doku sinirinin sekil faktorleri tizerinde gugli dalgalanmalar
mevcut oldugunda dalgalanmanin sekline bagl oldugu ve bunun ¢ok 6zel bir problem
olusturdugu goriilmektedir.

Kriyoablasyon prosediirii esnasinda buz topunun kan damarlarinin ve/veya biiytlik
kan damarlarinin kopmalarindan kaynaklanan kanamalarin bloke edilmesi saglikli
dokulara veya organlara istenmeyen hasar verebilir. Deng ve Liu (2006) tarafindan
yapilan c¢aligmada kriyocerrahi tedavisi sirasinda biiyiilk kan damarlarinin gecici doku
sicaklik dagilimlar tizerindeki etkilerini incelemek icin tiimor hipertermi sirasinda doku
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sicakliginin simiilasyonunda yaygin olarak kullanilan bazi tipik kan damar1 ag1 modelleri
uygulanmistir. Sonuglar, farkli kan damar1 ag1 modellerini belirli bir dondurucu patern
icin 6nemli derecede farkli sicaklik gecisi iiretti§ini gostermistir. Biiylik ve sicakkan
damarlarinin 1sitilmas1 nedeniyle hedeflerin yetersiz sogutulmasi, timor hiicrelerinin
rejenerasyonuna yol acabilir.

Dondurma parametrelerinin manipiilasyonunun amaci, c¢evredeki saglikli
dokudaki kriyo yaralanmanin en aza indirgenmis belirli bir uzaysal alan ig¢indeki kanser
hiicrelerinin imhasimni en iist dlizeye ¢ikarmaktir. Bir karaciger tiimori igindeki
dondurma- ¢o6ziilme kriyoterapi siirecine giren hiicre yok etme oranini incelemek igin
Chua vd. (2007) tarafindan bir analitik model gelistirilmistir. Kalibre edilmis model,
farkli donma hizlari, donma-¢6zilme donguleri ve ¢ok-problu dondurmanin, bir karaciger
tiimoriindeki hiicre hasarma etkilerini incelemek i¢in kullanilmistir. Bu ¢alismanin
sonuclari, termal etkileri ve tiimorlerde hiicre yikiminin boyutunu igeren, optimize
edilmis bir kriyocerrahi protokolil tasarlamak i¢in temel olusturmaktadir. Khanafer vd.
(2007) yapmis olduklar1 sayisal ¢alismada titresimli laminer akis ve 1sitma uygulamasinin
tek bir kan damarindaki ve hipertermi tedavisi goren tiimor dokusundaki sicaklik dagilimi
iizerine etkisini incelemislerdir. Yapilan calismada 50 ve 300 araliginda degisen
Reynolds sayilarinda bir fizyolojik dinlenme dalga formundan hem de bir siniis dalga
formundan yararlanilmistir. Atar damar duvari ortalama-hacim gd6zenekli ortam
denklemleri kullanilarak modellenmistir. Sonuglar dalga se¢iminin O6nemli Olglide
hipertermi tedavisi sirasinda olusan sicaklik dagilimi ve 1s1 transfer oram ile ilgili
bulgular1 etkiledigini goOstermistir. Bu arastirmanin sonuglari biiyiikk damarlarin
hipertermi tedavisi goren dokularin 1s1 transferi 6zellikleri iizerinde biiylik bir etkiye
sahip oldugunu gostermistir. Stolwijk modeline dayali olarak gelistirilen ¢ok parcali
matematiksel bir model viicut kisimlar1 ve c¢evresinde ¢iplak insanin termal ve
diizenleyici tepkilerini arastirmak icin Salloum vd. (2007) tarafindan gelistirilmistir.
Ciplak viicut modeli giyim katmanlari iizerinden 1s1 ve kiitle diflizyonuna dayali lifler
tarafindan nem emme O6zelligine sahip giyim modeline entegre edilmistir. Bu insan
biyoisi modeli viicudun cilt, zar ve i¢ kisim sicaklikligi, ter oranlari ve her viicut
kisminda gerceklesen kuru ve belirti gdstermeyen 1s1 kayiplar1 gibi ¢iplak insanin gegici
fizyolojik tepkilerini tahmin edebilen bir yetenege sahiptir. Hem ¢iplak hem de giyinik
insan modeli tiim viicut 1s1 kazan¢ veya kayiplari icin %8 den az bir dogruluk
hassasiyetine; ¢iplak insan modeli cilt sicakligi degerleri i¢in ise £ 0.48°C araliginda da
bir dogruluk hassasiyetine sahiptir. Hipertermi kanser tedavilerinde dokuya zarar
vermemek i¢in tlimori ¢evreleyen normal doku sicakligini belirli bir esik degerin altinda
tutmak ¢ok 6nemli bir sorundur. Bu durumda, tiim tedavi bolgesinin sicaklik alaninin
elde edilme sirecini kontrol etmek Onemlidir. Wang vd. (2007) yapmis oldugu bu
caligmada ¢ok sayida kan damari ile gémiilii ti¢c katmanl cilt yapisinda en uygun sicaklik
dagilimmi elde etmek icin bir model ve sayisal bir yontem gelistirmislerdir. Is1
elektromanyetik (EM) radyasyon ile iletilmistir.

Biyolojik doku termal relaksasyon zamani dikkate alinarak, Dai vd. (2008) Pennes
modelini modifiye etmislerdir. Cilt ¢ok diizeyli kan damarlari, atar damar ve toplardamar
boyutlart ile bir {i¢ katmanl gémiilii dendritik ters akimli olan ii¢ boyutlu bir yap1 olarak
goriilmekte olup ¢ok diizeyli kan damarlar1 i¢indeki kan akis1 ¢ok 6l¢ekli agag bigimli 1s1
degistiricilerine ait yapisal teoriye gore belirlemislerdir. Deng vd. (2008) kriyocerrahi
sirasinda biiyilkk damarlarin termal etkileri hem simiile edilmis hem de hayvan
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deneylerinin izlenmesinde kizil Otesi termografi sistemi getirilerek deneysel olarak
aragtirmiglardir. Tiim deneyler i¢in dondurma, sivi nitrojenin gectigi 5 mm caplt bir
kriyoprob ile saglamislardir. Hem simiile edilen hem de hayvan deneyleri biiyiik
damarlarda akan kanmn 1sinma niteliginin dik sicaklik gradyanlar iretebilecegini ve
dondurulmus dokularda yetersiz sogutma {iretebilecegini ve bu nedenle kriyocerrahi
sirasinda tlimdriin basarisiz oldiiriilmesine ciddi sekilde katkida bulunabilecegini ileri
stirmuslerdir.

Manyetik akigkan hipertermi, hipertermi kanser tedavisinin yeni bir alt sinift olup
cevredeki saglikli dokulara zarar vermeden secilen bir tiimori 1sitma islemidir. Bazi
aragtirmacilar, manyetik olarak aracilik edilen bir tiimdriin sicaklik dagilimini, tumor
icindeki nanopargaciklarin homojen dagilimini varsayarak incelemistir (Chua, K. J.,
Chou, S. K. 2009). Kriyoterapinin ana amaci, timorlii bir bolgenin yakininda
tanimlanmis hiicreleri oldiirmektir. Biyolojik dokudaki hiicreleri etkin bir sekilde
oldurmek i¢in, donma sirasindaki yaralanma ii¢ boyutlu olarak diizenlenirken bazi kritik
sicaklik ve donma halleri araliklarinda sogutma/¢6ziilme oranini kontrol etmek dnemlidir.
Chua ve Chou (2009) biyolojik bir sistem dondurularak-eritilerek 1s1l islemin incelenmesi
i¢cin bir model gelistirmislerdir. Farkli dondurma-¢6zme dongiisii semalarini uygulamanin
biyolojik dokudaki buz-topu gelisimi ve sicaklik profilleri lizerindeki etkilerini nicel
olarak arastirmiglardir. Buna ek olarak modelin hayatta kalan hiicre miktar1 ile
birlestirilerek biyolojik dokudaki hiicre hasarinin derecesi iizerinde de ¢alismiglardir. Shi
vd. (2009) tarafindan yapilan ¢alismada kan damarlarinin biyolojik dokunun sicaklik
dagilimi iizerindeki etkisi arastirilmistir. Kan damarlar1 fraktal yontemlerle damar
agaclar1 olarak kabul edilmistir. Biyolojik doku gozenekli ortam olarak kabul edilir ve
biyolojik dokuda faz degisiminde 1s1 aktarimi i¢in sayisal bir model olusturulmustur.
Kriyocerrahi sirasinda damar agaci geometrisinin biyolojik dokudaki faz degisiminin 1s1
transferi lizerindeki etkisi de analiz edilmistir.

Huang vd. (2010) tarafindan yapilan ¢alismada hipertermi sirasinda optimizasyon
yapilirken emilen gii¢ ve sicaklik dagilimlarinda kan damarlarinin énemi arastirilmstir.
Tedavi edilen timor bolgesi karst bir damar ag1 ile gdmiilmiis ii¢ boyutlu bir (3D) doku
modeli kullanilarak simiile edilmistir. Cok diizgiin olmayan bir 1s1 dagilimi bulunan bir
tedavi bolgesinde kabaca yapilan optimizasyon ¢oziimleme sonuglart kan damarlarinin
giiclii bir sogutma etkisine sahip oldugunu gostermistir. Tiim viicut hipertermisi (WBH),
malign tlimoriin tedavisinde umut verici bir yol olarak tanimlanmistir. Biyolojik 1s1
transferinin tim mekanizmalar1 arasinda, kan akis1 yoluyla tasinim insan viicuduna harici
1s1 iletilmesini kolaylastirmak i¢in oldukga etkili bir yol olarak hizmet etmistir. Damar
olarak zengin cildi WBH'yi bozulmayacak sekilde tercih edilen 1s1y1 yiiklemek i¢in Jia ve
Liu (2010) tarafindan kapsamli bir sekilde degerlendirilme yapilmistir. Spesifik olarak
her bir elle ve ayak boélgesinin biiyiik bir bolimiinii 20 W ile asir1 1sitma, WBH sirasinda
cekirdek sicakliginin 1°C’den daha fazla artmasina neden olmustur ve sonug¢ olarak
sirasiyla radyasyonlu WBH'de ve girisimsel WBH'de 1sitma siiresini 0,6 saat veya 0,3
saate diisirmiistiir. Ek olarak, radyasyondan kaynaklanan asir1 1sitma ylizey sogutmasi ile
arttirtlabildiginden 10 °C’de soguk bir pedin verilen giicii ikiye katladig1 ve boylece 0,3
°C’den daha fazla sicaklik artis1 oldugu elde edilmistir. Majchrzak ve Tarasek (2010) tek
kan damar1 ve onu ¢evreleyen biyolojik doku arasindaki termal etkilesimlerini analiz
etmiglerdir. Kan damar1 boyunca kan sicakligindaki degisimi belirleyen denklem yeterli
enerji dengesi temelinde formiile edilirken, doku igindeki sicakligini Pennes denklemiyle
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tanimlamislardir. Bu denklemler kan damar1 duvarinda verilen sinir kosuluyla birlikte
verilmistir.

Pratik olarak, enjekte edilen nanoparcaciklar genel olarak tiimoriin tamaminda
diizgiin dagilmamakta ve nanopartikiiller olmadan timoriin  bazi1  kisimlarimi
birakmaktadir. Chua (2011) ¢ok damarli dondurma modelini benimseyerek, diizensiz
sekilli karaciger tiimorii icin simiilasyonlar gerceklestirmistir. Secilen matematiksel
tedavi ve simiilasyon teknigi, diizensiz sekilli tiimorlerdeki kanser hiicrelerini yok etmek
icin ¢ok sayida kriyoprob kullanilmasi gerektigini gostermistir. Bu ¢alisma, cerrahlarin
tiimoriin sekil ve boyutundaki diizensizlik derecesine dayanarak en etkili cerrahi protokol
hakkinda bilingli kararlar vermelerine izin vermek igin gerekli bir ¢erceve
olusturmaktadir. Peng vd. (2011) yaptiklar1 ¢alismada ameliyatla ¢ikarma tekniklerinin
kotl prognoza sahip cerrahi parca alma tekniklerine gore kanserli timarlerin tedavisi icin
yaygin bir segenek haline geldigi belirtilmistir. Ancak, kapsami ve ameliyat bolgesinin
sekli hem Ol¢ililmesi ve hem de dogru modellenmesi zor olan kan akmasi sonucu olusan
151 kayb1 nedeniyle onemli 6l¢ilide etkilenebilir. Burada iki denklem birlestiginde olusan
bir biyo-1s1 modeli gézenekli bir ortam olarak dikkate alinan damar sistemi tarafindan kan
akis1 ve cevresindeki biyolojik doku arasindaki 1s1 degisimini modellemek icin
sunulmustur. Damar sisteminin farkli jenerasyonlarinin sogutma etkisi modelde ayr1 ayri
incelenmistir.

Geleneksel olarak, en uygun gii¢ biriktirme dagilimlarint belirlemek igin basit bir
birinci dereceden sicaklik tabanina uyarlamali gii¢ diizenini kullanarak, olmasi muhtemel
termal olarak onemli damarlar1 dikkate almadan tiimor bolgesi tedavi edilmistir. Huang
vd. (2012) tarafindan yapilan bu ¢alismanin amaci, tek bir biiylik kan damar1 dikkate
alindiginda bu yaklasimin zorlugunu ortaya ¢ikarmak ve iizerine getirebilecek geleneksel
olarak sicaklik tabani ile uyumlu gii¢ diizeni i¢in yedek olabilecek yeni bir hiz diizeni
onermektir. Glg¢ duzenine uyumlu sonuglar, termal olarak 6nemli kan damarinin varlig
gdz Online alindiginda tiimor bolgesinde yiiksek hassasiyetle en uygun 1s1 dagilimini
veren hizli bir yaklagimin ve enerji yogunlugu dagilimimin saglamligini gostermistir.
Karacigerdeki kan damari sistemlerinin uygun geometrik bir modeli, kan akisini
modellemek i¢in organ ve organizmanin geri kalan kismi arasindaki baglanti i¢in ¢ok
onemlidir. Schwen ve Preusser (2012) tarafindan yapilan ¢aligmada farkli geometrik
ozellikler bakimindan analizler yapilmistir. Bu topolojik Strahler kan damari aginin
diizenlenmesi, istatistiksel testler ve ortalamayr igermektedir. Mevcut "Constrained
Constructive Optimization" algoritmasinin sonuglar1 ger¢ek kan damari ag1 verileri ile
karsilagtirtlmistir. Temel amaci, termal olarak 6nemli kan damarlarindaki pulsatil kan
akimi ve canli dokularin termal olarak gevseme zamani ikilisinin termal tedaviler
sirasinda sicaklik dagilimlar lizerine etkisini aragtirmak olan Shih vd. (2012) tarafindan
yapilan caligmada kat1 dokularda 1s1 transferi yayilma hizinin, deneylere gore aslinda
sonlu oldugu gercegini goéz Oniine alindiginda, geleneksel Pennes biyoist transferi
denklemi (PBTE) bir dalga biyoisi iletimi denklemine (WBTE) modifiye edildiginde
denklem igeriginde bulunan ve termal gevseme zamani ile karakterize edilen hem dalga
tasiniminin hem de diflizyonun birbirleriyle yaristigi goriilmiistiir. Gevseme zamani
biiylik oldugunda dalga davranisi daha baskin olacaktir. Kan damar akisi i¢in bir enerji
nakil denklemi ile birlikte WBTE birlestirilerek mevcut tiimor kan damari sisteminin
sicakliginin degisimini tanimlamak i¢in kullanilmigtir ve denklemler sayisal olarak
oldukca hassas dogruluk Olgiisiine sahip Chebyshev pseudospektral yontemle
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cOziilmiistiir. Mevcut ¢alismada, onemli oldugu tahmin edilen ve kalp atisi ile olusan kan
akis1 nabiz frekansinin termal davranis olarak, oldukca etkisiz oldugu ortaya cikarilmistir.
Solovchuk vd. (2012) tarafindan yapilan caligmada karaciger tiimorlerinin yiiksek
yogunlukla yapilan ultrason (HIFU) ile ortadan kaldirilmasi uygulamasi sirasinda kan
damarlarmin sicaklik dagilimi {izerindeki etkisi arastirilmistir. Karacigerdeki kanserli
bolgenin sicaklik alanini hesaplamak icin ii¢ boyutlu bir akustik-termal-akiskan baglanti
modeli simiile edilmistir. Bu ¢alismada, karaciger tiimorlerinin yiiksek yogunlukla
yapilan ultrason (HIFU) ile ortadan kaldirilmasi uygulamas: sirasinda kan damarlarinin
sicaklik dagilimi tizerindeki etkisi arastirilmistir. Karacigerdeki kanserli bolgenin sicaklik
alanin1 hesaplamak i¢in ii¢ boyutlu bir akustik-termal-akiskan baglanti modeli simule
edilmistir. Bu {i¢ boyutlu baglanti caligmasinda biiylik kan damarindaki hem konvektif
sogutma hem de akustik akisin kan damarlarmin yakinindaki sicaklik alanini ve termal
lezyonu onemli olgiide degistirebildigi bulunmustur. Zhao ve Chua (2012) tarafindan
yapilan caligmada kriyoterapinin, kriyo-lezyonu indiiklemek icin son derece diisiik
sicaklik kullanarak secilemeyen tiimorler i¢in uygun bir tedavi oldugu bilinmekte oldugu
bununla birlikte dokudaki biiyiikk kan damarlariin hedef bolgede donmasi yetersiz
kalabildigi belirtilmektedir. Yapilan c¢alismada, CT-taranmig goriintiilerden alinan
kompleks bir kan damar1 agina sahip tiimorler 6zel olarak dondurularak dondurucu bir
model gelistirilmistir. Kullanilan model bir insan karacigeri tedavisinde optimal bir
kriyoterapinin incelenmesi i¢in uygulanmistir. 265K’deki 1s1 egrisi hareketleri ve kan
akimmin termal etkisi arastirllmistir. Elde edilen sonucglara gore biiylik damarlarin
biribirine yakin olmasi bu damarlarin buz cephelerinin seklini 6nemli o6lgiide
etkileyebilecegini, ancak oliimciil sicaklik smirinin gelisimi tizerinde daha az etkili
oldugunu gdstermistir. Pragmatik olarak, bu ¢alisma cerrahlara, cerrahi basariy1 daha ¢ok
artirmak i¢in 6nemli parametreleri tam olarak nasil ayarlayabilecekleri konusunda temel
bilgiler saglamistir. Zi-Qiao vd. (2012) biiyiik kan damarlarinin gémiilii oldugu timor
dokularmi tamamen dondurmak i¢in nano-kriyosiirjik yontem kullanilan ilk in vivo
hayvan deneyleri sunarak bu konunun farkli bir yontemle arastirilmasinin olduk¢a zor
oldugunu belirtmislerdir. Nanopargaciklarin basarilt bir sekilde uygulanmasi biiyiikk kan
damarli tiimor bolgesini tamamen ortadan kaldirmakta ve kriyocerrahinin dondurucu
etkinligini arttirmada klasik zorluklarin {istesinden basariyla ¢iktigindan bahsederek bu
arastirmanin ge¢ evre tiimorii tedavisinde oldukga etkili bir dondurma stratejisi oneren
nano kriyocerrahi i¢in pratik ve teorik temelleri pekistirdigini belirtmislerdir.

Chua (2013) tarafindan yapilan diger bir ¢alismada ise damar agi yapisinin
basitlestirilmis bir matematiksel tanimini i¢eren hesaplamali bir kriyo-dondurma modeli
olusturulmustur. Degisik kan akim hizlar1 olan kompleks damar agi basitlestirilmis ve
aga¢ gibi dalli fraktal ag olarak modellenmistir. Farkli nanopartikiillerin termal
ozelliklerine bagli olarak, komsu dokuya istenmeyen kriyo-yaralanmay1 en aza indirmek
icin 1s1 iletimi artirabilir veya donma geciktirebilir. Bu nedenle bazi 6nemli
nanopartikdllerin kriyo-dondurma yontemiyle tiimérlic dokunun yok edilmesine yardimei
dondurma maddeleri olarak gorev yaparken bazilarinin ise timorii gevreleyen saglikli
dokular1 koruyabildigi de gosterilmistir. He vd. (2013) biyolojik 1s1 transferinin iig
boyutlu (3D) simiilasyonu, fizyolojik siirecleri analiz etmek ve yiiksek sicakliktan algak
sicaklik tibbina kadar bircok terapdtik/teshis uygulamasini degerlendirmek icin ¢ok
onemli oldugunu belirterek, yapilan g¢alismada alternatif bir yonde tam sonlu fark
yontemine (ADI-FDM) dayanan 3D gegici biyoisi transfer denklemlerini ¢ozmek i¢in
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verimli bir sayisal sema gelistirmislerdir. Sayisal ve deneylerin kapsamli sonugclari,
mevcut ¢aligmada gelistirilen algoritmanin, hipertermi ve kriyosirurji sirasinda sicaklik
dagilimim tahmin etmede ¢ok etkili oldugunu gostermislerdir. Yapilan caligmaya gore
yakin gelecekte hipertermi ve kriyocerrahi i¢in hesaplamali bir planlama aracinin
gelistirilmesinde 6nemli bir rol oynayabilecegini ifade etmislerdir. Huang ve Sheu (2013)
tarafindan yapilan ¢alismada amag cilt ylizeyinin altindaki sicaklik dagilimini alinmis ve
1stya maruz birakilmis damarlarda akan ve tersi yonde akan kanin nasil etkiledigini ortaya
koymaktir. Sicaklik arttik¢a azalan viskozite nedeniyle kan akis hizinda artis oldugu bu
calismada bulunmustur. Hem yatis hem de ayakta durus pozisyonlarinda mevcut yaki
caligmas1 incelenmistir. Ayakta durus pozisyonunda ortalama hizda daha biiyiik bir
degisiklik olacagi tahmin edilirken yatis pozisyonu i¢in, kan akisinin daha yiiksek bir
ortalama hiza sahip oldugu goriilmiistiir. Termal enerji acisindan bakildiginda, yatis
pozisyonunda ortaya ¢ikan yiiksek kan akigi hizinin biitiin viicutta daha etkin bir 1s1
transferine sebep olmasi nedeniyle yatis pozisyonunun daha iyi bir se¢im oldugu
gorilmiistiir. Sarifuddin vd. (2013) yaptig1 sayisal ¢alismada daralan atardamar yoluyla
gerceklesen 1s1 transferi ile birlikte kararsiz Newtonian olmayan kan akisinin
matematiksel bir modeli gelistirilmistir. Akan kan, tiim eritrositlerin siispansiyonu olan
Eringen’in mikropolar sivis1 olarak kabul edilerek gosterilmistir ve atardamar duvarinda
Iimenden kaynaklanan sert olusumlu farkli sekilli stenozlardan dolay1 gesitli anormal
biliylimelerin ya da plak olusumunun bulundugu kabul edilmistir. Sonuclar baslangicta
sifir olmayan bir microspin hizinda atardamar duvari iizerinde erken akis ayirilmalarinin
olabildigini ve ¢ok sayida ayrilma boélgesinin sifir olmayan microspin smir kosulu
parametresi S ile birlikte, diizensiz darlik gosteren ayr1 ayr1 boliimlerin sinirlari izerinde
plirtizlii ¢gukurlarin ve ¢ikintilarin olusturdugunu gostermistir. Tripathi (2013) tarafindan
yapilan ¢aligmada sonlu uzunluktaki bir gozenekli kanal {lizerinden gegici peristaltik 1s1
akis1 lizerine analitik ve sayisal ¢alismalar sunulmustur. Diisiik Reynolds sayis1 (Re — 0)
ve uzun dalga boyu yaklasimi (a >> A — o0) varsayimi altinda sicaklik alani, eksenel hiz,
enine hiz, basing gradyani, yerel duvar kesme gerilmesi, hacimsel debi, ortalama hacim
akisi, mekanik verimlilik ve akis fonksiyonu sonuglar1 elde edilmistir. Bu ¢alismadan
cikartilacak ana sonuglara gore peristaltik 1s1 akisi daha gozenekli ortamlara direng
gosterirken, peristaltik 1s1 akisi, Grashof sayisi ve 1s1l iletkenlik arttik¢a artmaktadir. Xue
vd. (2013) yaptiklar1 ¢alismada yerel sogutma ve sicak kompres tedavisi sirasinda insan
diz ekleminin biiylik kan damarlarinin termal etkileri iizerine kapsamli bir arastirma
yapmuslardir. Klasik Pennes biyo-1s1 transferi denklemine dayanarak, diz noktalarinin
sicaklik dagiliminin ve biiyiikk damarlardan gelen 1s1 akisinin zaman igindeki gelisimini
elde etmislerdir. Sonuglar biliyiik damarlarin termal etkilerinin tedavi islemi sirasinda diz
ekleminin sicaklik dagilimin1 6nemli dlgiide etkileyebilecegini gostermistir. Kan dolagim
hiz1 ve metabolik 1s1 tiretim hizindaki dalgalanmalar, bliyiik damarlarin termal etkileri
iizerinde ¢ok az etkili oldugunu bulmuslardir. Bu sonuglar, diz organizmasinda termal
olarak onemli olan biiyiik damarlarin temel ve uygulamali arastirmalarinda bir kilavuz
olusturmustur.

Attar vd. (2014) nanopargaciklarin tiimor i¢indeki homojen dagilimimin dokularin
sicaklik profillerini etkiledigini varsaymislardir. Problemi kutupsal koordinat sisteminde
c¢Oozmiislerdir. Ayrica, domuz karaciger dokusunda manyetik sivinin 1sitma etkisi
deneysel olarak incelenmistir. Kandala vd. (2014) kan damarinin melanom doku
bozulmasi olan veya olmayan bir cilt yiizeyinin gegici termal tepkisi tzerindeki temel
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etkilerini arastirmislardir. Deri tabakalarinda 1s1 transferi ve doku bozulmasi Pennes biyo-
1s1 denklemi ile incelenirken, kan damar sabit 1s1 transfer katsayisi ile tam gelismis boru
akis1 olarak modellenmistir. Bu makalede kan damar1 ¢api, doku bozulmasina gore kan
damarmin yanal konumu, kan akis hizi ve cilt yiizey sicaklik dagilimi gibi ¢esitli
parametrelerin etkisini incelemislerdir. Sonuglar kan damarinin cilt ylizeyinin ve bozulan
doku sicaklig1 ve ¢evresindeki saglikli doku iizerinde belirgin bir etkiye sahip oldugunu
gostermistir. Shih vd. (2014) termal olarak 6nemli kan damarindaki titresimli kan
akisinin tiimor dokusunun etkin termal iletkenliginde ve termal tedaviler sirasinda
sicaklik dagilimlarinda kati dokulardaki termal relaksasyon zamaninin birlestirilmis
etkilerini incelemislerdir. Canli dokularin kan dolagimina bagl 1s1 iletkenliginde artis g6z
oniine alindiginda etkili doku 1s1l iletkenligini arastirmislardir. Hizli 1sitma durumlarinda
zirve sicakliginin olugmasi, termal gevseme siiresinin etkisinden dolay1 zaman gecikmesi
sergilemektedir. Aksine yavas 1sitma vakalarinda zirve sicakligi 1sitma siiresinin
bitiminden Once gerceklesebilir. Son yillarda HAD yliksek performansli donanim ve
yazilimlarindan dolayr koroner atar damar hastaliginin biyomedikal arastirmalarinda
giderek daha fazla kullanilmaktadir. Suna vd. (2014) yaptig1 bu sayisal ¢calismada HAD
teknikleri insan viicudunda dolasan kan akisinin davranisini 6ngérmek i¢in simiilasyon
araglart vasitastyla hemodinamigin calisilmasi i¢in uygulanmistir. Bu arastirmada,
aterosklerotik plaklar, plak progresyonu ve plak lokasyonuna ve kompozisyonuna gore
bolgesel hemodinamiklere bagli kopma biyomekanigi de dahil olmak {izere koroner atar
damar hastaliginda HAD uygulamalar1 genel hatlariyla incelenmesi amaglanmistir. Yuan
vd. (2014) yaptiklar1 ¢aligmada merkezi bir bdlgede bir 1sitma ile kiiresel bir dokunun
sicaklik tepkisini tahmin etmek i¢in gozenekli bir modeli kullanmiglardir. Bilinen Pennes
biyo-1s1 transfer denkleminin sonuglar ile karsilastirma yapildiginda gézenekli model ile
hesaplanan niimerik sonuglarin kan damari capi, kan hiz1 ve gozeneklilik ¢ok kiigiik
oldugunda Pennes modeli tarafindan hesaplanan niimerik sonuclar ile uyustugunu
gormiislerdir. Damar ¢ap1 ve kan hizi arttikca giiglii 1s1 tasinimu kabiliyetli, alt akis
yoniinde hareket eden dokunun sicaklik dagilimini sagladigr i¢in kanin tasinim etkisi
goriinlir hale gelmistir. Yue vd. (2014) tarafindan yapilan aragtirmada manyetik sivi
hipertermi (MFH) tedavisindeki kitle ve 1s1 transfer mekanizmalarin1 analiz etmek
amaglanmis ve bir kan damar1 bifurkasyonundaki kan akiginin termal dozun dogru
mekansal kontrolii tizerindeki etkisi ortaya konmustur. Kan akis hiz1 dagilimini, manyetik
stvinin konsantrasyon dagilimini ve tedavi edilen timor dokulariin sicaklik dagilimini
elde etmek i¢in li¢ boyutlu bir ¢oklu fiziksel model gelistirilmistir. Hesaplanan sonuglar,
bir bifurasyon damarinin yapisinin boyutunun ve konumunun MFH tedavisi i¢in
enjeksiyon parametrelerinin secimini blyUk oOl¢iide etkiledigini gostermistir. Bununla
birlikte manyetik akiskanlarin isitma etkisini ortadan kaldirmak amaciyla enjeksiyon
bolgesi ile kan damar1 arasindaki mesafe nispeten kisaysa daha yaygin bir enjeksiyon
modelinin avantajli oldugu belirtilmistir. Zare vd. (2014) canli bir dokudaki kan
damarlarma uygulanan radyasyonla 1s1 transferinin etkilerini incelemislerdir. Ug boyutlu
alandaki sicaklik dagilimlar sayisal olarak siireklilik, momentum ve enerji denklemlerini
cozerek degerlendirmislerdir. Cilt, dairesel kesit alanlar1 en iyi sekilde dagilmis, karsi-
akim damarlari ile gomiilii iic katmandan olusan asagidakileri i¢eren bir {i¢ boyutlu bir
yapi olarak goriilmistiir. Sicaklik dagilimindan elde edilen sonuglar toplardamarlar doku
iist kismindan disariya 1s1y1 tagirken atar damarlarin 1s1 alicilart olarak hareket ettigini
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gostermislerdir. Radyasyon altindaki dokunun sogutulmasi i¢in kanin roliiniin daha
onceki ¢aligmalarda kabul edilmis olandan daha 6nemli oldugunu gérmiislerdir.

Ge vd. (2015) tarafindan yapilan ¢alismada kriyo cerrahi, minimal invaziv dogas1
nedeniyle istenmeyen kanserli dokunun ortadan kaldirilmasi i¢in uygun bir tedavi
secenegi olarak kabul edilmistir. Bu calismada dalmig sinir yontemi (IBM) kullanilan,
kriyo dondurma geciren bir biyolojik karaciger dokusu iizerinde bir sonlu farklar
caligmas1 sunulmustur. Sonuclar gostermistir ki biyo 1s1 transferi denklemi daldirilmis
damar i¢inde kan akis1 nedeniyle olusan 1s1 kaynagi bolgesinde doku sicaklik profilleri ve
termal gradyan geg¢misleri i¢in anlamli etkiler olusturmustur. Lokal hipertermide hedef,
hedef doku sicakliklarint normal dokulara minimal zarar vermek suretiyle esit bir
terapotik sicakliga (yani 41-45 °C) yukseltmektir. Huang vd. (2015) hipertermi ile tedavi
edilen bir tiimore ters akimli kan damarlar (arteryein) mevcut oldugunda, yeni bir hizl
uyarlanabilir gii¢ semasini incelemislerdir. Yiksek dereceli giic¢ depolama semast (7.
siraya kadar), iki ters akimli kan damar1 ve genis atar damar ile toplardamar arasindaki
cesitli mesafeler bilgisayar simiilasyonlarinda inceleyerek ve test etmislerdir. Sonuclarin,
yeni semanin tahmin edilenin altinda birden fazla biiylik kan damar ile giiclendirildigini
gostermislerdir. Tiimor mikro ortaminda 1s1 ve kiitle taginimu ¢ifti icin sofistike bir
matematiksel model Nabil vd. (2015) tarafindan tiiretilmis ve nanopartikiil iletimini ve
kanserin hipertermi tedavisini incelemek i¢in uygulanmistir. Alternatif bir manyetik alan
tarafindan uyarilmis siiper paramanyetik nanopargaciklarla miidahale edilen bir timor
kiitlesi igcindeki zamanla degisen ve parcaciklarin mekansal dagilimi ve sicaklik dagilimi
analiz edilmistir. Sayisal deneylerle nano bazli hiperterminin tiimdr boyutuna ve damar
sistemine nasil bagl oldugunu gosteren Ol¢ekleme yasalart sentez edilmistir. Sarkar vd.
(2015) tarafindan yapilan c¢alismada c¢ok katmanli bir yapidaki sabit Pennes bio-1s1
transfer denklemi icin analitik bir ¢6ziim sunulmustur. Her tabakadaki sicaklik dagilimi
ayr1 olarak tiiretilir ve komple ¢6ziimii belirlemek i¢in arayiiz sicakligi ve 1s1 akisi
uyumluluk kosullar1 kullanilmistir. Bu ¢6ziim, bes katmanli bir yap1 olarak modellenen
deride bir tiimore termal tedavi sirasinda 1s1 iiretiminin etkisini analiz etmek i¢in
kullanilmistir. Model, gesitli fiziksel parametrelerin sicaklik dagilimi tizerindeki etkisini
analiz etmek i¢in kullanilmistir. Singh vd. (2015) cilt yilizeyinde sogutmali lazere bagh
hipertermiler sirasinda doku sicakliginin uzaysal ve zamansal gelisimini ele almiglardir.
Ug farkl1 cilt yiizey sogutma metodolojisi, yani optik pencere temasli sogutma, kriyojenik
spreyli sogutma ve kriyojen sogutmali optik pencere temasl sogutma diistiniilmektedir.
Doku lazerle aktarilan 1smmim transfer denklemi kullanilarak modellenmistir. Optik
pencerelerin ve kriyojenlerin farkli kombinasyonlar1 i¢in eksenel ve radyal (cilt
ylzeyindeki) sicaklik dagilimlar1 analiz edilmistir. Wang vd. (2015) tarafindan yapilan
calismada kanser tedavisinde kullanilan kriyocerrahi ve hipertermi tedavilerinden elde
edilen tedavi sonuclar1 dikkate alinarak damar ag1 etkilerini niceliksel olarak
degerlendirmek icin ¢ok dlgekli bir ii¢ boyutlu hiicre-doku modeli gelistirilmistir. Burada
bio-1s1 transfer denklemi hem tiimérlii hem de normal dokulardaki termal gelisimi
incelemek i¢in kullanilmistir. Damar agacinin hem termal gegmis hem de dokulardaki
hiicre i¢i buz olusumu iizerine etkileri arastirilmistir. Tiimor ve kan damari arasinda sabit
tutulan bir mesafe i¢in lgilincii veya daha diisiik damar agaci seviyeleri termal olarak
anlamli degilken, birinci damar ag1 seviyesi i¢in termal olarak anlamli oldugu
belirtilmistir. Zhang vd. (2015) yaptig1 calismada fotonlar ve doku yapilar1 arasindaki
matematiksel olarak tanimlanmis geometrik iliskiyi kullanan bir ii¢ boyutlu (3D)
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geometrik Monte Carlo (MC) metodu kullanilarak biyo-dokularda 151k yayilimi ve enerji
depolamas1 hesaplanmistir. Bu yontemin dogrulugu ve verimliligi voksel tabanli MC
yontemiyle karsilastirilmis olup: 10 mm voksel boyutlu VMC'den 25 kat daha hizli
oldugu bulunmustur. Coklu-es eksenli damar kiimesindeki 151k yayilimi sonuglar1 benzer
bir kan hacmi fraksiyonuyla gercek dokulardaki emilim ozelliklerini incelemek igin
yapay bir damar dagiliminin kullanilabilecegini ifade etmislerdir.

Attar vd. (2016) tarafindan yapilan arastirmada manyetik sivi hipertermi,
hipertermi kanser tedavisinin yeni bir alt sinifi olup, ¢evredeki saglikli dokulara zarar
vermeden secilen bir tiimorii 1sitma islemi oldugu belirtilerek bazi yazarlarin manyetik
olarak aracilik edilen bir tiimdriin sicaklik dagilimini, tiimor igindeki nanopargaciklarin
homojen dagilimini varsayarak incelediklerinden bahsedilmektedir. Yapilan ¢aligmanin
amaci timorli ve saglkli sigir karaciger dokusunun termo-visko-elastik davranigini
arastirmak oldugundan bahsedilmistir. Kumar ve Srivastava (2016) yaptiklar1 sayisal
calismada biyolojik doku pargalarina uygulanan lazerli 151 tedavisinde biiyiik boyutlu
kan damarlarinda dogal nabizdan kaynaklanan kan akisinin sicaklik dagilimi iizerinde
etkilerinin incelenmesi vurgulanarak doku-kan damari g¢evresi lizerindeki 1s1k yayilimi
fenomeni gecici 1s1mm tasima denklemi (RTE) ile modellemislerdir. Kalp atim hizi,
zaman-ortalama kan girig hiz1 ve kan damar biiyiikliigii gibi cesitli parametrelerin kan
damarinin i¢indeki sicaklik dagilimina olan etkisini sunmuglardir. Lazerli 1s1n tedavisinde
sicaklik artis1 nedeniyle kan damarlari olmayan doku pargalarinda elde edilen sicaklik
artisgt i1le kan akimma bagli olarak olusan konvektif sogutmanin etkileri
karsilastirildiginda lazerli 151n tedavisindeki sicaklik artisinin nispeten daha diisiik
oldugunu belirtmislerdir. Vallez vd. (2016) tarafindan yapilan sayisal calismada canli
dokuda 1s1 transferi hesaplamalar1 icin sayisal simulasyon yontemleri uygulanmistir.
Modelde, cesitli viicut bolgeleri i¢in (bas, govde, kollar, eller, bacaklar, ayaklar) bu
bolgelerde bulunan doku tiplerinin ve dagiliminin temel materyal 6zellikleri belirtilmistir.
Hesaplamali sema ayrica terleme, titreme, vazokonstriksiyon/vazodilatasyon ve termal
cevre degisikliklerine izin vermektedir. Bu gibi durumlarda, hastalar saglik iizerinde
olumsuz etkilere sahip olan hipotermiye duyarlidirlar. Viicudun 1s1 kayiplarina karsi
koymak icin konvektif 1sitmali bir battaniye kullanilmistir. Bir battaniye/manken
deneyinden elde edilen veriler tasimim bilgisini saglamis ve hesaplama modeline
uygulanmustir.
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3.4. Arastirma giderlerinin gerekceli dokiimii:

SIRA No Satin Alinmasi Talep Edilen Talep Edilen Makine ve Techizatin
Makine ve Techizatin Ady/Tanimi Satin Alinma Gerekgesi
1 Kriyoterapi Cihazi Kriyo-dondurma islemi i¢in kullanilacaktir.
5 Peristaltik Pompa Karacigerin icinden gegen teflon kanal icinde akan
suyun pompalanmast icin kullanilacaktir.
3 Silikon Hortum 6.4mm x 16 mm 2 nolu sirada yer alan peristaltik pompaya ait
(I¢ cap x Et kalinlig1) calisma hortumu
4 Esnek tiipler i¢in ¢ap disiiriicti Taklit edilecek karaciger kan damarlarmin ¢apini
(6.4 mm’den 4mm’ye) degistirmek icin kullanmilacaktr.
5 Esnek tiipler i¢in ¢ap disiiriict Taklit edilecek karaciger kan damarlarmin ¢apini
(4mm’den 3.2mm’ye) degistirmek icin kullanmilacaktr.
6 Esnek tipler i¢in ¢ap diisiirticti Taklit edilecek karaciger kan damarlarmin ¢apini
(3.2mm’den 2.4mm’ye) degistirmek icin kullanmilacaktr.
7 Esnek tiipler i¢in ¢ap disiiriicti Taklit edilecek karaciger kan damarlarmin ¢apini
(4mm’den 1.6mm’ye) degistirmek icin kullanmilacaktr.
8 Esnek tiipler i¢in ¢ap disiiriicti Taklit edilecek karaciger kan damarlarmin ¢apini
(4mm’den 2.4mm’ye) degistirmek icin kullanmilacaktr.
9 Esnek tiipler i¢in ¢ap disiiriict Taklit edilecek karaciger kan damarlarmin ¢apini
(3.2mm’den 1.6mm’ye) degistirmek icin kullanmilacaktr.
10 Esit bacakli Y-konnektor Karaciger kan damarlarmin dallanmasini taklit
(1.6mm’den 1.6mm’ye) etmek icin kullanilacaktir.
11 Esit bacakli Y-konnektor Karaciger kan damarlarinin dallanmasin taklit
(2.4mm’den 2.4mm’ye) etmek icin kullanilacaktir.
12 Esit bacakli Y-konnektor Karaciger kan damarlarmin dallanmasini taklit
(3.2mm’den 3.2mm’ye) etmek icin kullanilacaktir.
13 Esit bacakli Y-konnektor Karaciger kan damarlarmin dallanmasini taklit
(4mm’den 4mm’ye) etmek icin kullanilacaktir.
fc capt 1.6 mm dis cap1 2.0 mm Kara.ciger iginclive ver qlgn biiyiik kan dama.rlarlm
14 temsilen karacigerin icinden gecmek suretiyle
teflon laboratuvar hortumu
kullanilacaktir.
15 I¢ cap1 2.4 mm dis ¢ap1 3.0 mm Karaciger kan damarlarmin dallanmasini taklit
teflon laboratuvar hortumu etmek icin kullanilacaktir.
16 I¢ cap1 3.2 mm dis cap1 4.0 mm Karaciger kan damarlarmin dallanmasini taklit
teflon laboratuvar hortumu etmek icin kullanilacaktir.
17 I¢ cap1 4.0 mm dis ¢ap1 5.0 mm Karaciger kan damarlarmin dallanmasini taklit
teflon laboratuvar hortumu etmek icin kullanilacaktir.
Deneylerde kullanilacak karacigerin icinden gegen
18 Sirkiilatorlii su banyosu (6 L’LiK) teflon kanal icinde akan suyun sicakligini 37°C’de
tutmak i¢in kullanilacaknr.
5 adet T-tipi termokapuldan olusan Deney esnasinda {cz’iy(.)dondurnfa é'l?.cesinde. Ve
19 birlesik B .. sonrasinda karacigerin sicakligini 6lgmek i¢in
irlesik termokapul diizenegi
kullanilacaktr.
Termokapul T-tipi ylizey sicaklik Kriyocihazi iginde akan nitrojenin sicakligini ve
20 sensorlii 20x20MM teflon kanal i¢inde akan suyun sicakligini dl¢mek
K.2MT(2x0,50TT) icin kullanilacaktir.
21 Dana Karacigeri (30 kg) Deneylerde biyolojik doku olarak kullanilacaktir.
29 Kirtasiye Dokiimantasyon, veri kayit ve veri muhafazasi i¢in
kullanilcaktir.
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3.5. Projenin Tiirkce ve Ingilizce ismi ve Ozeti:

Kriyo-Dondurma Yontemiyle Yapilan Kanser Tedavisi icin Bio-Is1 Transferinin
Deneysel Olarak Incelenmesi

Proje Ozeti

Projenin amaci, diinyada uygulanmakta olup fakat iilkemizde heniliz uygulamaya
gecmemis olan kanser tedavi yontemi olarak kullanilan yontemlerden biri olan kriyo-
dondurma yontemiyle kanser tedavisinde bio-i1s1 transferinin deneysel olarak
incelenmesidir.

Kriyoterapi, kriyoproblar vasitasiyla biyolojik dokuda donmayi1 saglayarak
timori yok etmek icin kullanilan etkili bir tibbi tedavi yontemidir. En az niiks etme ve
hastanede kalis stiresi kisa olan kanser tedavisi olmasi1 nedeniyle iyi bir tedavi secenegi
olarak kabul edilmektedir. Hizli, uygulamasi kolay ve ucuz olmasi en Onemli
avantajlarindandir. Poliklinik sartlarinda yapilabilir ve anestezi gerektirmez. Islem
sonrasi kanama riski son derece azdir ve sonrasi normal yasantida degisiklik gerektirmez.
Ureme potansiyeli (izerinde olumsuz bir etkisi yoktur. Ciddi yaralanma ya da
komplikasyon riski son derece disiiktiir. Bu tedavi yontemi, prostat ve karaciger
tiimorlerinin yok edilmesi i¢in yurtdisinda kullanilmaya baglanmustir, fakat tilkemizde
heniiz bu konuda herhangi bir ¢alismaya rastlanilmamistir.

Kriyo-dondurma yonteminin kanser tedavisinde uygulanmasi ile ilgili yapilmis
caligmalar atar damarin tiimore olan uzaklig1 ve ters akishi damar ¢ifti icindir. Yapilacak
olan mevcut c¢alismada tiimoriin kriyo-terapi tedavisi ile yok edilmesinde 6nemli
parametreler olan damar igerisinde akan kan hizi ve buna bagl olan sicaklik degisimi,
damarlar aras1 mesafe, atar damar boyutlar1 ve damar uzunlugu deneysel olarak
incelenecektir, bu ise yapilacak calismanin 6zgilin degerini olusturmaktadir.

Mevcut calisma igin Gazi Universitesi Miihendislik Fakiiltesi Makine
Miihendisligi Boliimii “Deneysel ve Sayisal Ist Transferi Laboratuvari” alt yapisi
kullanilacaktir. Laboratuvar daha 6nceden tamamlanmis projelerden alinan malzemeler
ile gerekli baz1 alt yapiya sahiptir. Deneysel kisimda igerisinde sivi nitrojen bulunan bir
silindir tlip icerisindeki sivi nitrojen, bir kriyoprob icine akacaktir. Sivi nitrojen,
kriyoprobun igindeki i¢ borudan gectikten sonra kriyoprobun ucunun yakininda
buharlasarak kriyoprobun dis duvari ile i¢ boru arasinda bir ara tabakadan akacaktir. Bu
da kriyoprob ucunun kriyo-dondurma isleminin saglanabilmesi i¢in uygun negatif
sicaklik degerlerine ulagilmasini saglayacaktir. Piyasadan temin edilen sigir karacigerleri,
kriyo-dondurma islemini ve damar boyutlarini arastirmak igin in-vitro deneylerde
biyolojik doku olarak kullanilacaktir. Sigir karacigerlerinden teflon malzemeden yapilmis
kanallar gegirilecektir. Kan damar1 olarak diisiiniilen teflon kanallarin icinden maddesel
ozellik olarak kana ¢ok benzeyen su kullanilacaktir. Kriyoprob ve teflon kanaldan akan
suyun sicaklig1 termokapul telleriyle dlgiiliirken doku sicakliklarini 6lgmek iginde farkli
yerlere yerlestirilmis i¢erisinde termokapullar bulunan termokapul problar kullanilacaktir.
Deneylerde, sicaklik okumalar1 bir veri kaydedici tarafindan ¢esitli zaman araliklarinda
kaydedilecektir.

Bu ¢alismanin giiniimiizde en 6nemli saglik sorunlarindan birisi olan kanser
hastaliginin tedavi edilmesinde iilkemiz tip endiistrisine O6nemli katkilarinin olacagi
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diistiniilmektedir. Makine mithendisliginin uzmanlik alaninda, Diinyada kriyo-dondurma
yontemiyle yapilan kanser tedavisi konusunda ¢ok az akademik calisma yapilmis olup
heniiz tilkemizde bu konuda akademik bir calismaya rastlanilmamistir. Bu arastirmada
makine miihendisligi acgisindan optimum kriyo-dondurma islemi igin gerekli sartlar
belirlenerek kriyo-dondurma isleminin cerrahlar i¢in 6zellestirilmis bir uygulama plani
icinde yapilmasinin saglanmasi i¢in literatiire katkida bulunulacaktir. Diger tedavilere
gore uygulanist oldukca kolay ve klasik yontemler kadar basarili sonuclar elde edilen
yontem sayesinde, yasi veya mevcut hastaliklar1 (diabet, hipertansiyon, kalp-damar
hastaliklar1 gibi) nedeniyle ameliyat edilemeyen hastalar da tedavi olma sansina sahip
olacaklardir. Etkili ve ekonomik bir yontem olan Kriyo-dondurma yonteminin tlkemizde
gelistirilmesiyle pahali olan diger kanser tedavisi yontemlerine kiyasla tlilke ekonomisine
onemli Olciide katkida bulunulacaktir.

Experimental and Numerical Investigation of Bio-Heat Transfer for Cancer
Treatment Using Cryo-Freezing Method

Project Summary

The aim of this project is to investigate bio-heat transfer in cancer therapy
experimentally by using cryo-freezing method which is one of the methods that have
been started to be applied in the world but has not yet been implemented in our country.

Cryotherapy is an effective medical treatment that is used to destroy tumors by
placing cryoprobes that cause frozen tissue in the biological tissue. The least recurrence
and the length of stay in the hospital is considered a good treatment option because of the
short duration of cancer treatment. It is the most important advantages of being fast, easy
to apply and cheap. It can be carried out in policlinic conditions and does not require
anesthesia. The risk of bleeding after the procedure is extremely low and does not require
a change in the normal course of life. There is no negative effect on reproductive
potential. The risk of serious injury or complications is extremely low. This treatment
method is widely used for the destruction of prostate and liver tumors.

Studies on the application of cryo-freezing in the treatment of cancer are based on
the locus distance of the atrial vein and the opposite-flow vein pair. In the current study
to be performed, important parameters in destroying the tumor with cryotherapy
treatment are the blood velocity flowing in the vein and the temperature change due to it,
the number of branches in the vein, the angle between the branched veins and the
distance between the veins, the structure and dimensions of the arterial veins, the distance
from the vein to the locus will be examined experimentally and numerically, which
constitutes the original value of the work to be done.

For the current study, the "Experimental and Numerical Heat Transfer
Laboratory” substructure of Gazi University Faculty of Engineering Department of
Mechanical Engineering will be used. The laboratory has a substructure with materials
from previously completed projects. In the experimental study, liquid nitrogen within a
cylindrical tube will flow into a cryoprobe. Liquid nitrogen, after passing through the
inner tube in the cryoprobe, is evaporated near the cryoprobe tip and flows through an
intermediate layer between the outer wall of the cryoprobe and the inner tube. This will
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provide the appropriate negative temperature at the tip of the cryoprobe to be able to
supply cryo-freezing. Cattle livers from the market will be used as biological tissue for
in-vitro experiments to investigate the cryo-freezing process and the structure of vascular
branches. Channels made of teflon material will be passed through the cattle liver.
Among the teflon channels which are thought to be blood vessels, water which is very
similar to blood is used as material property. While measuring the temperature of the
water flowing through the cryoprobe and teflon channel with thermocouple wires,
thermocouple probes with thermocouples placed in different locations are used to
measure the tissue temperatures. The data will be determined by a datalogger. In the
experiment, temperature readings will be recorded at various time intervals by a
datalogger.

This study will make an important contribution to the medical industry of our
country in the treatment of the cancer disease which is one of the most important health
problems today. In the area of expertise in mechanical engineering, very little academic
work has been carried out on cryo-freezing cancer treatment in the world, yet no
academic work has been found in our country yet. This study will contribute to the
literature in order to determine the conditions for optimum cryo-freezing in terms of
mechanical engineering and to ensure that the cryo-freezing process is performed in a
customized application plan for surgeons. Patients who can not be operated on due to age
or existing diseases (such as diabetes, hypertension, cardiovascular diseases) will have
the chance of being treated by the method which is very easy to apply according to other
therapies and results as successful as classical methods. The development of an effective
and economical method of cryo-freezing in our country will make a significant
contribution to the national economy as compared to other expensive cancer treatment
methods.

3.6. Tiirkce ve Ingilizce Anahtar Kelimeler:

Anahtar Kelimeler: Kriyo-dondurma, bio-1s1 transferi, kanser tedavisi, kan akist,
kan damarlari.

Keywords: Cryo-freezing, bio-heat transfer, cancer treatment, blood flow, blood
vessels.

3.7. U¢c Uzman Hakemin Isim, Adres, Telefon ve e-posta Adresleri:

v’ Prof. Dr. Nuri YUCEL
Gazi Universitesi, Miithendislik Fakiiltesi, Makine Miihendisligi Béliimii, 06570
Maltepe-ANKARA
Tel: (0312) 582 34 22
e-mail: nuyucel@gazi.edu.tr

v' Prof. Dr. Hasmet TURKOGLU
Cankaya Universitesi, Miihendislik Fakiiltesi, Makine Miihendisligi B&liimil,
Eskisehir Yolu 29. Km, Yukartyurtgu Mahallesi Mimar Sinan Caddesi No:4
06790, Etimesgut/ANKARA
Tel: (0312) 233 13 06
e-mail: hasmet@cankaya.edu.tr

62



v Prof. Dr. Nevzat ONUR
Cankaya Universitesi, Miihendislik Fakiiltesi, Makine Miihendisligi Béliimii,
Eskisehir Yolu 29. Km, Yukariyurtgu Mahallesi Mimar Sinan Caddesi No:4
06790, Etimesgut/ ANKARA
Tel: (0312) 233 1383
e-mail: nevonur@cankaya.edu.tr

3.8. Deney hayvani ve klinik ¢aligmalar1 s6z konusu degildir.

63



3.9. Tez konusunun kabul edildigini gosteren resmi belge:

GAZI ONIVERSITES]

FEN BILIMLER! ENSTITOSU

NC N
ADESOYAD] 4 Erkon KIZILIRMAK
NEIMARAS! ¢ 1IR0504
AMABILIM DL > Moking Mdhendisligi
DANESHLANE ¥ Ler Dr. Ofur TURGHUT KURUM SKIL b0y 24451
DOKTURA YETERLILIK
SIHAVINAGIRIHG! TARIH ¢ ™, @3 J0is
TR2 ATH (Famm 4'e goce| D KRIYO-DONDURMA YONTEMIYLE YAPILAY KANSER TEDAFISEICIN BIO-IS! TRANSFERININ

ANALIZ!

Tydei L
TERADI Cepinklioamal ™ s ) DONDURAMA YONTEMIYLE YAPIUAN KANSER TEDAVISIICIN 81045/
TRANSFERININ ANALIZS

SINAV TUTANAGI
Tez ltkeme Komitesi (TIK) 13 ‘a“.‘f.l_flot 6. iarthinde taplanarak adi geyen Bgrencinin (82 kanugu onerisini incelomis

e yapikan s0210 ssvunme sonras agafdaki sonuca varUmisur,

{ KaBuLEDiLDI [0 REDDEDILDFT O OGRENCI SINAV A GIRMED]

OV2, e A

Tl i ¥atdor oTRTAS ol le st TLARES LU
Deg.lir Oy TUAGUT eq et Kader oHTH Frgtbe.Ba
. Dannmay Usg {ve L Denesmag (annmys iscl

W1 sadbs

FEN BILEMLERI ENSTHTT MODURLUG GNE

Yokande ads, 503241 verllen Aabitin Dalima Doktors Arencisinin Doktora Tez Ooerisi s gl Tex tAeme Komitesinin
aldi karor wuianak altna alinmagir. Bilgilerinize gyl arz ohwnar

-~
AV
Y f qQK(no Un. ol 1 1 ,
ENSTITO YONETIM KURULY KARARI Karar Ne: L [y /{ | Tarih sl sl dnelds
Yukesida ady gogen dgrencinin Swoav Tutana@r' nds belirildigi Gzere Ter Cmensi Saviswnast sanucy /
54
7 KABUL EDILMISTIR [] REDDEGILMISTIR -
'
Bt Bof A GOKCEN
Exsfftc Mudars
Aldegn: ol /

(7} Tez ad b vz konueu kapeami) ok dofegryorsis Tez Konum Goean Fome (Fam 4) yericion dizznikoneoek ve bu T ekerecsi.
1 Yﬁ.uﬁ\tﬁrmmba;amﬁ@vnmgoqalJayﬁm'nhdanpam@mkmusuMmTFHén'm&Mdﬂk A
2. |kioei Danigmankar TIK Kombesing kalllabliv, dmra atadlli, Gug! oy hullanwmazlar,

4, B form b ndehia Soldurisrak Engtitdpe dadlecektr,

3 B oma i sivfn mmema kogulud, $00rsn Bz callémasinn dzsti sriee ek '@}{h{ :
i ¥

64



3.10. Arastirmacilarin 6zge¢misleri ve konu ile ilgili bashca yayinlari:

3.10.1. Do¢. Dr. Oguz TURGUT

A. SAHSI BiLGILER

Soyadi
Adi

B. EGITIM
1989-1993

1993-1996

1996-2001

: Turgut
: Oguz

: Lisans

Gazi Universitesi
Mihendislik Mimarlik Fakiiltesi

Makina Miihendisligi Bolimii/ANKARA

: Yiuksek Lisans

Gazi Universitesi
Fen Bilimleri EnstitUsi/ANKARA

: Doktora

Gazi Universitesi
Fen Bilimleri Enstitisti /ANKARA

C. CALISTIGI KURUMLAR VE iDARI GOREVLER

04.08.2016-

- Gazi Universitesi Miihendislik Fakiiltesi Fakiilte Kurulu

Uyeligi

04.03.2016-20.07.2016: idari Isler Dekan Yardimciligt

Kasim 2014

Ydnetim

Subat 2014 —
27.01.2014 -
2010 (5 ay)

Gazi Universitesi, Miihendislik Fakiiltesi
: Temiz Enerji Arastirma ve Uygulama Merkezi (TEMENAR)

Kurulu Uyesi
: Is1 Bilimi ve Teknigi Dergisi Yardimer Editor
: Dogent Dr., Gazi Universitesi, ANKARA
. Georgia State University, Atlanta, USA

02.02.2010-29.04.2010: Gazi Universitesi Mihendislik Fakiiltesi Fakiilte Y®6netim

Kurulu Uyeligi
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2006 - : Turk Is1 Bilimi ve Teknigi Dernegi Genel Sekreteri

2006 - : Tiirk Is1 Bilimi ve Teknigi Dernegi Yonetim Kurulu Uyesi
21.06.1994-2001 : Arastirma Goérevlisi, Gazi Universitesi, ANKARA
21.03.2001-21.07.2002: Askeri Hizmet

2002-2003 : Ogretim Gorevlisi, Gazi Universitesi, ANKARA
2003 (18.07.2003) — 27.01.2014 : Yardimc1 Dogent, Gazi Universitesi, ANKARA
2004 (10 hafta) . California State University, San Bernardino, USA

2003 (03.09.2003) -2005 (04.09.2005) : Gazi Universitesi, ANKARA

Makina Miihendisligi Boliim Bagkan Yrd.

D. ARASTIRMA iLGi ALANLARI

- Deneysel Is1 ve KiitleTransferi
- Nano Akiskan Ile Is1 Transferi
- Mikrokanallarda Is1 Transferi
- Yenilenebilir Enerji Sistemleri

- Giines Kollektérleri Uzerinde Riizgar Etkisinin Incelenmesi

- Giines Enerjisinden Yararlanan Hava Isitmali Pencere Tipi Giines Kollektorleri

- Sayisal Akiskanlar Dinamigi ve Is1 Transferi
- Kullanilan Muhendislik Programlari

- CFD 2000 V3.45

- Mathematica 3.0
Fluent

E) UZMANLIK ALANI
- Is1 ve Kiitle Transferi
- Termodinamik

- Giines Enerjisi

F)  ALINAN BIiLIMSEL ODULLER
- TUBITAK Bilimsel Yaym Odiilleri

- Gazi Universitesi Bilimsel Yaym Odulleri
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- ASHRAE (American Society of Heating, Refrigerating and Air-Conditioning
Engineers) 2016 Student Design Project Competition, Applied Engineering Challenge,
Third Place (January 29, 2017)

G) MESLEKI VE DIGER KURULUSLARA UYELIK
- Is1 Bilimi ve Teknigi
- Tiirkiye Makina Miihendisleri Odas1 Birligi (TMMOB)

H) TAMAMLANAN PROJELER

1.  O. Turgut, “Hidrodinamik Olarak Tam Gelismis ve Isil Olarak Gelismekte Olan
Kanatgikli Dairesel Kesitli Kanalda Tiirbiilansli Is1 Transferinin Sayisal Olarak
Incelenmesi”, Gazi Universitesi Arastirma Fonu Projesi, Proje Kodu: 06/2010-
59, Kesin Rapor Tarihi: Haziran 2012.

1. O. Turgut, “Engelli-Oluklu Bir Dikdértgen Kesitli Kanal Icerisindeki Tiirbiilansl
Akisin Sayisal Olarak Incelenmesi”, Gazi Universitesi Arastirma Fonu Projesi,
Proje Kodu: 06/2010-17, Kesin Rapor Tarihi: Haziran 2012.

2. O. Turgut, “Hidrodinamik Ve Isil Olarak Gelismekte Olan Kanat¢ikli Dairesel
Kesitli Kanalda Is1 Transferinin Deneysel ve Sayisal Olarak Incelenmesi”, Gazi
Universitesi Arastirma Fonu Projesi, Proje Kodu: 06/2009-04, Kesin Rapor
Tarihi: Haziran 2012.

3. O. Turgut, “Bir Mini Tiirbinin Tasarimi, Analizi ve Deneysel Incelenmesi”, Gazi
Universitesi Arastirma Fonu Projesi, Proje Kodu: 06/2009-02, Kesin Rapor
Tarihi: Haziran 2012.

4.  O. Turgut, “Hidrodinamik ve Isil Olarak Gelismekte Olan Altigen Kesitli Bir
Kanalda Is1 Transferinin Deneysel Ve Sayisal Olarak Incelenmesi”, Gazi
Universitesi Arastirma Fonu Projesi, Proje Kodu: 06/2008-38, Kesin Rapor
Tarihi: Aralik 2009.

5. O. Turgut, “Hidrodinamik Olarak Tam Gelismis Isil Olarak Gelismekte Olan
Altigen Kesitli Bir Kanalda Is1 Transferinin Deneysel Ve Sayisal Olarak
Incelenmesi”, Gazi Universitesi Arastirma Fonu Projesi, Proje Kodu: 06/2008-
39, Kesin Rapor Tarihi: Aralik 2009.
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10.

11.

12.

13.

N. Onur ve O. Turgut, “Makine Miihendisligi Lisans Egitimini Gelistirmek
Amaciyla Ogrenci Laboratuvar1 Gelistirilmesi ve Kurulmas1”, Gazi Universitesi
Arastirma Fonu Projesi, Proje Kodu: 06/2004-32, Kesin Rapor Tarihi: Aralik
2006.

O. Turgut, “Sabit Sicaklikta Bulunan iki Dikey Paralel Levha Arasindaki
Mesafenin Levhalar Arasinda Gergeklesen Dogal Konveksiyon Ustiine Etkisinin
Kiitle Transferi Ile Deneysel Olarak Incelenmesi”, Proje No: 06/2005-06, Gazi
Universitesi Bilimsel Arastirma Projesi, Aralik 2006 .

O. Turgut, “Sabit Duvar Sicakliginda Yamuk Kesitli Kanal i¢inde Tam Gelismis
Akis Sartlarinda Is1 Transferinin Niimerik Olarak Incelenmesi”, Gazi Universitesi
Arastirma Fonu Projesi, Proje Kodu: 06/2006-08, Kesin Rapor Tarihi: Aralik
2006.

N. Onur ve O. Turgut, “Gazi Universitesi Makina Miihendisligi Boliimiinde
Bilgisayar Destekli Tasarim, Miihendislik Arastirma ve Uygulama Laboratuvarinin
Kurulmas: ve Denenmesi”, Gazi Universitesi Arastirma Fonu Projesi, Proje
Kodu: 06/2003-78, Kesin Rapor Tarihi: Aralik 2005.

N. Onur ve O. Turgut, “Is1 Degistiricilerinde Kullanilan Yamuk Kanallardaki Is1
Transferinin Teorik Olarak Arastirilmasi”, Gazi Universitesi Arastirma Fonu
Projesi, Proje Kodu: 06/2003-22, Kesin Rapor Tarihi: Aralik 2004.

O. Turgut, “Binalarin Catisina Diiz Olarak Yerlestirilen Giines Kollektoriine
Riizgarin Arkadan Gelmesi Durumunda Kollektoér Yiizeyinden Riizgarla Olusan Is1
Kayiplarinin Deneysel ve Teorik Olarak Arastirilmasi”, Gazi Universitesi
Arastirma Fonu Projesi, Proje Kodu: 06/2003-29, Kesin Rapor Tarihi: Mart 2004.
N. Onur ve O. Turgut, “Binalarin Catisina Diiz Olarak Yerlestirilen Giines
Kollektorii Yiizeyinden Riizgarla Olusan Is1 Kayiplarinin Deneysel ve Teorik
Olarak Arastirilmasi”, Gazi Universitesi Arastirma Fonu Projesi, Proje Kodu:
06/2002-17, Kesin Rapor Tarihi: Mart 2004.

N. Onur ve O. Turgut, “Giines Kollektorlerinin Yiizeylerinde Olusan Konvektif Is1
Kayiplarina Riizgar Etkisinin Deneysel ve Teorik Olarak Incelenmesi”, Gazi
Universitesi Arastirma Fonu Projesi, Proje Kodu: MMF 06/2001-32, Kesin
Rapor Tarihi: Mayis 2003.
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14.

15.

16.

17.

18.

19.

N. Onur, ve O. Turgut, “Binalarin Cat1 ve Pencerelerine Monte Edilen Isitma
Amagh Giines Kollektorlerinden Is1 Kayiplarinin Deneysel ve Teorik Olarak
Arastirilmas1”, DPT Projesi, Proje Kodu: DPT 97 K121160, Kesin Rapor Tarihi:
Haziran 2001.

N. Onur, ve O. Turgut, “Dikey Konumda Bulunan Biri Yalitilmis Digeri Sabit
Sicaklikta Bulunan Iki Paralel Levha Arasindaki Mesafenin Levhalar Arasinda
Gergeklesen Dogal Konveksiyon Ustline Olan Etkisinin Deneysel Olarak
Arastirilmas1” Gazi Universitesi Fen Bilimleri Enstitiisii Tarafindan Destekli
Arastirma Fonu Projesi, Proje Kodu: 18/2000-01, Kesin Rapor Tarihi: Haziran
2001.

N. Onur, ve O. Turgut, “Biri Yalitilmig Digeri Yalitilmamis Iki Paralel Yatay
Diizlem Levha Arasindaki Mesafenin Levhalar Ararsinda Gergeklesen Dogal
Konveksiyon Ustiine Etkisinin Deneysel Olarak Arastirilmasi”, Gazi Universitesi
Arastirma Fonu Projesi, Proje Kodu: MMF 06/99-23, Kesin Rapor Tarihi: Nisan
2000.

N. Onur, ve O. Turgut, “iki Yatay Diizlem Levha Arasindaki Mesafenin Levhalar
Arasinda Gergeklesen Dogal Konveksiyon Ustiine Etkisinin Deneysel Olarak
Arastirilmas1”, Gazi Universitesi Arastirma Fonu Projesi, Proje Kodu: MMF
06/98-14, Kesin Rapor Tarihi: Haziran 1999.

N. Onur, ve O. Turgut, “Birbirine Paralel Dikey Iki Saydam Levha Arasindaki
Hava Akiminin Giines Enerjisinden Faydalanarak Isitilmasinin Deneysel Analizi”,
Gazi Universitesi Arastirma Fonu Projesi, Proje Kodu: MMF 06/96-10, Kesin
Rapor Tarihi: Ekim 1997.

N. Onur, M. Sivrioglu, ve O. Turgut, “Binalarda Olan Is1 Kayiplarin1 Azaltmaya
ve Gilines Enerjisinden Yararlanmaya Yonelik Pencere Gelistirilmesi”, Gazi
Universitesi Arastirma Fonu Projesi, Proje Kodu: MMF 06/94-15, Kesin Rapor
Tarihi: Eyltl 1995.
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Abstract

The main reason of global warming is the increase in concentration of greenhouse gases in atmosphere,
especially CO2, which is mostly emitted from power plants. There are several systems conventionally
used to prevent this increment like absorption of CO2 from flue gases with ammonia or amine solutions.
The drawback of these conventional systems is that they require so much energy to operate due to
pressures and temperatures involved, resulting in the decrease of overall power plant efficiency. Calcium
acetate could be an alternative sorbent due to its alkaline nature and the ability to react with CO>. In this
work, the total CO2 absorption capacities of calcium acetate solutions were investigated. In the
experiments, calcium acetate (Sigma-Aldrich BASF Quality, > 99%) binary solutions with 8 different
concentrations (ranging between 0.7719-22.3204 wt-%) in water were used. The experiments were
performed in a stainless steel measuring cell in equilibrium by using the isochoric method at 3 different
pressures (0.485 MPa, 0.988 MPa, 1.530 MPa) and 4 different temperatures (ranging between 273 —
333K). It was found out that with increasing pressure and decreasing temperature, the absorption
capacity of the solutions increased. The pressure, however, was observed to have less profound effect at
high values.

Keywords: carbon dioxide, absorption capacity, calcium acetate.

1 INTRODUCTION Arising from these problems,. there 'is an
inevitable need for a new alternative solution for
carbon dioxide capture systems. Calcium acetate,
a benign material, can be the answer for this
problem. Calcium acetate is an environment-
friendly, noncorrosive and relatively inexpensive
material. The biggest advantage of this system is
the solubility of it in water being high thus
making it possible to be used in absorption
systems (preferred to CaCOs and Ca(OH)2
because they are slurry systems). Moreover, it is
an inorganic system; thus decomposition is not a
concern. Furthermore, it is an inexpensive
chemical. All of these advantages of calcium
acetate are making itself a perfect candidate for
the alternative solution being sought.

In this work, the total absorption capacity of
calcium acetate solutions with different

Global warming, being one of the most important
issues of the world, is a current threat for the
environment [1]. It is proven that the greatest
factor of global warming is the carbon dioxide gas
concentration in the atmosphere [2]. Thus,
currently it is important to prevent the increment
of carbon dioxide amount in the atmosphere. This
should be done by capturing the carbon dioxide
from point sources, i.e., from the flue gases of
plants [3,4]. There are many researches and
projects about capturing and sequestrating carbon
dioxide from flue gases; but the conventional
systems require so much energy that the CCS
(carbon dioxide capture and storage) unit in a
power plant decreases the overall efficiency of
that plant by approximately 2% which is a non-
negligible value regarding the amount of total
energy being produced [4-6].
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concentrations were investigated at elevated
pressures and different tempreatures.

2 MATERIALS AND METHODS

2.1 Preparation of Calcium Acetate-Water
Binary Solutions

In order to investigate the total carbon dioxide
absorption capacity of calcium acetate solution at
elevated pressures and different temperatures,
firstly calcium acetate — water binary solutions
with different concentrations were prepared.

To prepare these binary solutions, calcium acetate
powder (Sigma Aldrich BASF Quality, > 99%)
was dehydrated due its to the hydrophilic nature
in a closed flask, under vacuum for 24 hours. Also
distilled water was degassed by applying vaccum
to its flask, in order to get rid of any dissolved
gases. Then the dehyrated calcium acetate
powder and degassed distilled water were
combined in a special apparatus under vacuum to
obtain calcium acetate-water binary solution.

2.2 Experimental Setup

The experiments for the determination of total
CO: absorption capacity of calcium acetate
solution were done with the experimental setup
shown in Figure 1.

Here, calcium acetate solution with previously
measured volume was poured into the measuring
cell. Then, after sealing up the system, COz in the
gas chambers at certain pressure was sent to
measuring cell. Whilst the operation, the pressure
inside the cell was measured continuosly. As CO2
was absorbed by the solution, the pressure inside
the cell decreased until the equilibrium was
reached. By the pressure point at which the
equilibrium was reached, it was possible to
calculate the CO2 absorption capacity of the
solution at that certain pressure and temperature.
When the equilibrium was reached for that certain
pressure, the temperature was decreased at the
same chamber pressure.

4 & 6 7 8

1 — Gas reservoir, 2 — Heating, 3, 4 — Gas chambers (150 cm?),
5 — Pressure transducer, 6,18 — PT100 Rod Sensor, 7 - Emergence valve,
8 — Gas balloon (300 cm®), 9 —Connection for the evacuation of gas from
system, 10 — PC, 11 — Reducer, 12 — External CO, gas cylinder,
13 — Pressure transducer of measuring cell, 14 — Emergence valve of
measuring cell, 15 — Coble with the filled sample, 16 —Electronic tracking
system, 17 — Isolation, 19 — Measuring cell, 20 — Magnetic coupling,
21 — Magnet, 22 — Thermostat, 23 — Vacuum indicator, 24 — Liquid
nitrogen trap, 25 — Vacuum pump, 26,27,28,29 — Valve, 30 — Metal
reservoir for heating of measuring cell.

Figure 1. Experimental setup

By this method, the total absorption capacities of
8 different calcium acetate solutions (0.7719,
1.4598, 3.6274, 5.4390, 11.9642, 14.4661,
17.6164 and 22.3204 wt-%) were obtained at 3
different pressures (0.485 MPa, 0.988 MPa, and
1.530 MPa) and 4 different temperatures (273.15,
293.15, 313.15 and 333.15 K).

These calcium acetate-water binary solutions
were prepared regarding the maximum solubility
of calcium acetate in water which is 24.8 g
calcium acetate/100 g solution [7,8].

The reason of selecting the highest temperature as
333.15 K was that the maximum operating
temperature of the conventional absorption
system is 60°C.

In Figure 2, an example data graph for single
experiment can be seen.
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Figure 2. Experimental data graph (calcium
acetate solution concentration: 0.7719 wt-%,
initial chamber pressure: 0.482 MPa)

As it can be clearly seen from the figure, the
initial conditions for the experiments were
adjusted as the chamber pressure (which was
selected as 0.485 MPa, 0.988 MPa, and 1.530
MPa, as mentioned before) and the highest
temperature (which is 333.15 K or 60°C). When
there was not any decrement in pressure, the
temperature was then decreased to 313.15 K (or
to 40°C). As the solubility of the gases increases
with decreasing temperature, at a lower value of
temperature than previous, the absorption process
proceeded and a new equilibrium pressure point
was reached. As a result, it was possible to
calculate the total absorption -capacities for
different temperatures at different pressures.

3 RESULTS

In order to investigate the total carbon dioxide
absorption capacity of calcium acetate solutions,
the experiments were done with 8 different
calcium acetate solution concentrations at 3
different pressures and 4 different temperatures.
The result for the effect of pressure at different
temperatures can be seen in Figure 3.

As it is clearly seen from the figure, as the
pressure increases, the absorption capacity of the
solution also increases. The absorption capacity
values are very close to each other at higher
pressures while there is a big gap between the
capacity values obtained at approximately 0.5
MPa and 1 MPa and particularly at lower
temperatures. Regarding the results, it is
reasonable to say that, it may not be worth to

operate the absorption system at high pressures as
the increase in the capacity (thus the yield of unit)
may not compensate the increase in operating
costs. The importance of pressure increment
becomes unimportant at higher temperatures, due
to the fact that the solution of gases in liquids
decrease with increasing temperature.
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Figure 3. The change in the total CO>
absorption of constant calcium acetate
solution concentration (0.7719 wt-%) with
respect to temperature at different

pressures
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Figure 4. The change in the total CO2
absorption at constant chamber pressure (1
MPa) with respect to concentration of
solution at different temperatures

As it is seen from Figure 4 and Figure 5, as the
concentration of the calcium acetate solution
increases, the total absorption capacity of it also
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increases. Again as seen in Figure 4, it is better to
operate the system at lower temperatures. As
calcium acetate lowers the freezing point of
water, operating the system at lower temperatures
would not cause any problem. But the lower the
temperature is (than the ambient temperature), the
higher the operating cost would be. It is also
clearly seen from the figure that the slope of
increase in the absorption capacity at lower
concentrations is higher than that of at higher
concentrations. So selecting an optimum value of
concentration rather than operating the system
with saturated calcium acetate solution would be
feasible.
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Figure 5. The change in the total CO-
absorption for constant temperature (293.15
K) with respect to concentration of solution
at different pressures

The same result can be said for the results
presented in Figure 5. The increment in pressure
result in higher absorption capacity, but it also
results in higher operating costs.

So, when adapting these experimental results to
COz capture unit, the optimum values should be
determined for the parameters regarding the
operational costs and the efficiency of the unit.

4 CONCLUSIONS

In this work, the total carbon dioxide absorption
capacity of calcium acetate solution was
investigated. The experiments were done at
elevated pressures at several temperatures with
different calcium acetate solution concentrations
and the effects of these parameters were
discussed. The main conclusion is that, the

capacity of carbon dioxide absorption of calcium
acetate solutions increases with increasing
pressure, solution concentration and with
decreasing temperature. The important point here
is that, the effect of these parameters on operating
cost should be considered in optimization.
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Abstract lonic liquids are interesting to be useful in various branches of chemical
industry. The wide range of application of them requires high quality
thermophysical properties of them. In this work, we present the heat capacity and
speed of  sound measurements of 1-butyl-3-methylimidazolium
hexafluorophosphate [BMIM][PF¢] and 1-butyl-3-methylimidazolium
trifluoromethanesulfonate [BMIM][TFO] at the wide range of temperature. The
constant pressure heat capacity cp(po, T)/J-kg™!-K™! of these IL’s measured at ambient
pressure and at wide range of temperature T = (273.15 to 413.15) K using the Pyris
1 DSC Differential Scanning Calorimeter. The accuracy of evaluation of constant
pressure specific heat capacity Cp(po,T) is = 0.1%. The speed of sound values
U(po,T)/m-s™! at ambient pressure and temperatures at T = (278.15 to 343.15) K are
investigated using the Anton Paar DSA 5000M vibration tube densimeter and sound
velocity meter within an uncertainty of Au== 0.1 m's™.. The obtained experimental
values of constant pressure heat capacity Cp(Po,T) and speed of sound values u(po,T)
are compared with the available literature values.
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1 Introduction

Room temperature ionic liquids (IL's) are salts that are liquids at ambient temperatures
and have a stable liquid range of over 300 K. They are excellent solvents for a broad
range of polar organic compounds and show partial miscibility with aromatic
hydrocarbons. An expanding interest in ionic liquids has been observed during the last
decade. IL's are composed of bulky ions, have very small vapor pressure, low melting
point, high solvating capacity, high ionic conductivity, which make them attractive for
practical applications. IL's have been suggested as potentially “green” replacements for
conventional organic solvents since they are nonvolatile, nonflammable and recyclable.

While scientific and technological interest in the properties of room-temperature IL's and
their mixture with other fluids are rapidly increasing [1-4], their thermodynamical and
structural properties have not yet been studied systematically [3-6]. The thermodynamic
and reaction kinetics processes in IL's are different from those in conventional media [7].
This creates new opportunities for reaction, separation, photochemical and
electrochemical processes. Binary mixtures of IL's and other fluids have been used for
electrochemical applications (solar cells) and considerable improved the performance in
the device [8, 9]. ILs also has thermophysical properties that very suitable for heat transfer
and short heat term storage in power plants (Valkenburg et al. [10]).

Before the measurements, we have analysed the literature results of these IL's and the
results of heat capacity measurements of [BMIM][PFs] and [BMIM][TFO] in literature
were summarized in Table 1-2, where are listed information on heat capacity and speed
of sound measurements with temperatures or temperature ranges of this investigations,
the techniques used and short characteristics of substances.

Table 1: Summary of the heat capacity measurements for [BMIM][PF6]

First anthor Year Method Properties Temperature, Pressuze, Uncertainty,  Purity Company of Purchase
TK PMPa 2p

Eredlake 2004 MIDSC o Lcp 298151032315 0.101 (25w4)%  909% NA

Eabo 2004 AC 2T cx 196.80 1031131 0.101 =0.4% 99.56 % Covaleat Associates, Inc.

Azevedo 2005 Cale. Lppu 298.15 t0 323.13 0110100 =0.2% Water < 75 ppm Quill labaratery

Troncoso 2006 DSC 2T 283151032815 0.101 02% 203% Quill faboratory

Yu 2009 DSC Lo 2932103582 0.101 1% 20.981 TCI Ce.

NictoDe Castro 2010 DSC Lo 308.16 1042322 0.101 =1% Chleside < 510 mass fr. Quill laboratery

Suleymanli 2017 DsC Tep 2831510 41313 0.101 0.1% 40 ppm Merck
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Table 2: Summary of the heat capacity measurements for [ BMIM][TFO]

First author Year Method Properties Temperature, Pressure, Uncertainty. Purlty Company of Purchase
X PMPa Ap

Fredlake 2004 MTDSC 5T co 298150 327.19 0.101 Q25t4)% 909% NA

Diedrichs 2006 TSM T 31510 425 03 =59 NA Merck

Garcia-Miaja 2008 DsC 5T cr 293150 318.15 0.101 03 % 0.999 Solvent Innovation

Ge 2008 DsC T 2930358 0.101 29% >989% Merck

Garcia-Miaja 2000 M T 20315 t0 318.15 0.101 201 kg NA Solvent Innovation.

Garcia-Miaja 2009 DsC P T 293150 318.15 0.101 0.1 kg >0.985 Solvent Innovation

Lin 2009 DsC Tuc 3032103532 0.101 2% <0.009 TCI Co.

Yo 2009 DSC el e 303210 358.2 0.101 2% 20.981 TCI Co.

Paulechka 2010 AC T e 292,86 to 367.78 0.101 =04 % 996 NA

Valderrama 2011 GCM e 250110 425 0.101 NA NA NA

Calvar 2013 DsC T 29815 t0 323.15 0.101 5% >0.98 ToliTec

Farahani 2013 DsC T 188.06 to 663.10 0.101 36% NA NA

Soleymanli 2017 DsC T 28315 to 413.15 0.101 0.1% 40 ppm Merck

MTDSC; Mettler-Toledo differential scanning calorimeter; TSM, Three-step method;
DSC, differential scanning calorimeter; CM, Calvet microcalorimeter; AC, adiabatic
calorimetry; GCM, group-contribution method; p, density; T, temperature; cp, heat
capacity at constant pressure; u, speed of sound; o; surface tension; NA, not available;

2 Experiments

1-butyl-3-methylimidazolium hexafluorophosphate [BMIM][PFs] (CAS No 174501-64-
5, chemical formula CgHisNoFe, product number 4900500100, purity > 98%,
M,=0.28418 kg'mol') and 1-butyl-3-methylimidazolium trifluoromethanesulfonate
[BMIM][TFO] (CAS: 174899-66-2, chemical formula CoH;sF3N>OsS, product number
4900240100, purity > 98%, M=0.28829 kg-mol™") were purchased from Merck. In order
to remove all volatile impurities the sample was dried under vacuum during 48 hours at
temperature T=423.15 K. Mass fraction of water determined after drying by means of
Karl-Fisher titration was less than 40 ppm.

The constant pressure heat capacity Cp(Po,T) measurements of [BMIM][PFs] and
[BMIM][TFO] at ambient pressure and experimental temperature interval of (p,p,T)
measurements for the calculation of other thermophysical properties, like as heat
capacities at constant pressure Cp(p,T) and volume c(p,T), also speed of sound u(p,T) at
high pressures and temperatures is required [11]. In this case, the constant pressure
specific heat capacity Cp(Po, T) of the investigated ionic liquids is measured at T = (283.15
to 413.15) K using the Pyris 1 DSC Differential Scanning Calorimeter. The accuracy of
evaluation of constant pressure specific heat capacity Cp(po,T) is £ 0.1%. The obtained
experimental data were used for the calculation of specific heat capacities Cp(p,T) and
cv(p,T) at high pressures and temperatures, in which the densities of the investigated ionic
liquids are experimentally investigated.

The speed of sound values u(po,T) of investigated ionic liquids at ambient pressure and
temperatures at T = (283.15 to 343.15) K are investigated using the Anton Paar DSA
5000M vibration tube densimeter and sound velocity meter with intervals of AT= (5-10)
K and an uncertainty of Au= + 0.1 m-s™". These high accuracy values are necessary to
check the accuracy of calculated speed of sound values U(po,T) at p=0.101 MPa.
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Specific heat capacity values of investigated ionic liquids at ambient pressure Cp(Po,T)
were fitted to the polynomial equation:

2 -

Cp(poaT):zaiTl (1)
i=0

where @; are the coefficients of eqn. (1) and presented in Table 3.

Table 3. Coefficients a;, of eqn. (1).

[BMIM][PF,]
a/J kg K 634.685289248021
ai/J kg K2 3.19689261968619
a/Jkg K3 -0.171804377292917-10°
[BMIM][TFO]
a/J kg K! 896.5314826
a/J kg K2 2.1577936223
a/J kg K3 -0.45613543147-10°

The eqn. (1) describe the obtained specific heat capacity values at ambient pressure within
max. in ACy(Po, T)/Cp(Po, T) = £0.02 % average percent deviation.

Figures 1 and 2 presents the plot of deviation of literature heat capacities Cy(Po,T) values
of investigated IL’s at constant ambient pressure from our measured values Vversus
temperature.
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Figure 1. Plot of deviation of literature heat capacities Cp(Po,T) values of [BMIM][PF¢]
at constant ambient pressure from our measured values versus temperature.

The literature heat capacities C, values of [BMIM][PF¢] have good agreement with our
results except the values Holbrey et al. [12].
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Figure 2. Plot of deviation of experimental Cpexp.(Po, T) and literature Cp 1it.(Po, T) heat
capacities of [BMIM][TFO] at p = 0.101 MPa versus temperature.
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afluoro—phosphate and
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1-Butyl-3-Methylimidazolium Trifluoro-Methanesulfonate

The literature heat capacities Cp values of [BMIM][TFO] have good agreement with our

results.

Speed of sound values of investigated IL's at ambient pressure Usi.(Po, T) were fitted to the

polynomial equation:

2 .
u(p,,T)= bT'
i=0

where b; are the coefficients of eqn. (2) and presented in Table 4.

Table 4. Coefficients aj, of eqn. (2).

2

[BMIM][PF]
bo/m-s’! 2413.34314835316
by/m-s1K! -4.11638421961098
by/m-s" K2 0.288736429969561-10
[BMIM][TFO]
bo/m-s’! 2270.23018863204
by/m-sK! -3.62707403572968
bo/m-s K2 0.227904272860968 102

The eqn. (2) describe the obtained speed of sound values at ambient pressure in Au/u =

+0.033 % average percent deviation for [BMIM][PFs] and Au/u

[BMIM][TFO].

= +0.010 % for
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Figure 3 and 4 presents the plot of deviation of literature speed of sound u(po, T) values of
investigated IL's at constant ambient pressure from our measured values Vversus
temperature.
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Figure 3. Plot of deviation of literature speed of sound Uii.(Po, T) values of [BMIM][PF¢]
at ambient pressure from our measured Uexp, and calculated Uca. values versus
temperature.

The literature speed of sound Uit (Po, T) values of [BMIM][PFs] have good agreement with
our results. Only the values of Azevado et al. have some deviation from other values.
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DENSITY OF 1-BUTYL-3-METHYLIMIDAZOLIUM HEXAFLUOROPHOSPHATE
AND METHANOL BINARY MIXTURES
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Ozet: Iyonik sivilar ve organik karisimlarinin absorpsiyonda, sogutmada ve solar 1sitma sistemlerinde 1s1 aktarim
akigkani olarak kullamlmalar: oldukca ilgi cekmektedir. Bu sistemlerde yiksek kaliteli termofiziksel 6zelliklere sahip
maddeler aranmaktadir. Bu calismada, 1-bitil-3-metilimidazolium hekzaflorofosfat [BMIM][PFs] ve bunlarin meta-
nol karigimlarinin genis bir sicakhik arahginda [T=(278.15 to 413.15) K] ve p=140 MPa'a varan basinglarda (p,p,T)
oOzellikleri arastirnlmistir. Deneylerde Anton-Paar DMA HPM vibrasyon-tip yogunluk élcer kullanilmig olup, bagil
birlesik standart belirsizligi yogunluk dlgtimlerinde Ap/p= +(0.01 to 0.08) % olarak belirlenmistir. [BMIM][PFe¢] ve
metanol karisimlarinin yogunluk ve ses hizi 6l¢iimleri, ortam basincinda Anton-PAAR DSA 5000 kullanilarak yapil-
mustir. Is1 kapasiteleri cp(po,T)/J-kg-K? ortam basincinda ve farkh sicakliklarda diferansiyel tarama kalorimetresi
kullanilarak él¢ilmustr.

Anahtar Kelimler: iyonik sivi, yogunluk, asirt molar hacim, géruntr molar hacim, termofiziksel 6zellikler

Abstract: lonic liquids and their organic mixtures are interesting to be useful as heat transfer fluids in absorption
refrigerating and solar heating systems. Such application of substances requires high quality thermophysical
properties. In this work, we present the new (p,p,T) properties of 1-butyl-3-methylimidazolium hexafluorophosphate
[BMIM][PFs] and methanol mixtures at the wide range of temperature [T=(278.15 to 413.15) K] and pressures up to
p=140 MPa with an estimated experimental relative combined standard uncertainty of Ap/p= +(0.01 to 0.08) % in
density, which were investigated using a Anton-Paar DMA HPM vibration-tube densimeter. The density of
[BMIM][PFs] and methanol mixtures at ambient pressure were measurements using the Anton-Paar DSA 5000
density and sound of speed measurements. The heat capacities at ambient pressure cy(po, T)/J-kg:-K™ and various
temperatures were measured using the differential scanning calorimeter.

Keywords: lonic liquid, density, excess molar volume, apparent molar volume, thermophysical properties.

INTRODUCTION

The general trend of increasing costs of fossil fuels for
electricity generation has made absorption technology an
attractive alternative to conventional refrigeration equip-
ment for both domestic and industrial applications [1].
The absorption refrigeration machines and heat pumps
have received growing attention in recent years from the
refrigeration and air-conditioning industry, especially the
aspects of energy saving and protection of the environ-
ment.

Solutions for absorption refrigerating machines widely
apply the aqueous solutions of LiBr and LiCl. The se-
rious problems in using these pairs as a working fluid are
crystallization and corrosion, because the high absorber
temperature caused by the air-cooling needs a higher

absorbent concentration of the working fluid to maintain
low vapor pressure in the absorber.

The application of new environmentally clean, ozone
friendly refrigerants and heat transfers to the absorption
refrigerating machines and absorption heat pumps is
actually today. This reesarch area becomes scientifically
and practically important, because of control over the
production, and even prohibition, of several ozone-
destroying refrigerants. In recent years, researchers pro-
posed ionic liquids (ILs) as novel alternative absorbent
combined with refrigerants such as water, ammonia, al-
cohols, and hydro fluorocarbons [2].

ILs are salts that are liquids at ambient temperatures and
have a stable liquid range of over room temperature.
They are excellent solvents for a broad range of polar
organic compounds and show partial miscibility with
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aromatic hydrocarbons. An expanding interest in ILs has
been observed during the last decade. They are com-
posed of bulky ions, have very small vapor pressure,
large liquidus range, high thermal stability, low melting
point, high solvating capacity, high ionic conductivity,
large electrochemical window, ability to solvate compo-
unds of widely varying polarity, which make them at-
tractive for practical applications. IL's have been sug-
gested as potentially “green” replacements for conven-
tional organic solvents since they are nonvolatile, non-
flammable and recyclable [3].

In this work, thermophyiscal properties of [BMIM][PFs]
and methanol mixtures were studid for the potentioal
application as new working fluid pair in absorption refri-
geration machines and heat pump.

EXPERIMENTAL

[BMIM][PFs] (CAS No 174501-64-5, chemical formula
CsH1sN2Fg, product number 4900500100, purity > 98%,
M=0.28418 kg-mol™?) was purchased from Merck AG.
In order to remove all volatile impurities the sample was
dried under vacuum during 48 hours at T=423.15 K.
Mass fraction of water determined after drying by means
of Karl-Fisher titration was less than 40 ppm.

Methanol for analysis EMSURE® (>99.9 mass %) was
supplied from Merck KGaA company of Germany. The
water content of the purchased solutes was less then
0.05% per specification. Methanol was used without
further purification and was carefully degassed.

The density values at ambient pressure p(po,T)/kg-m3
and temperatures T = (278.15 to 413.15) K are investi-
gated using the Anton Paar DMA 5000M, DSA 5000M
and DMA HPM vibration tube densimeters with an
uncertainty of Ap = £ (5-10° to 3-10%) kg-m. These
values are necessary to check the accuracy of the investi-
gated high pressure — high temperature (p,p, T) data.

The density at high temperatures T=(278.15 to 413.15) K
and pressures p=(0.101 to 140) MPa was determined by
means of high pressure — high temperature Anton-Paar
DMA HMP vibrating tube densimeter [4]. The tempe-
rature steps were AT=(5 to 20) K, whereas for pressures,
typical steps (for pressures above 5 MPa) were AT=(5 to
10) MPa. The viscosity correction (onem-p)/ovem IS
included in the density measurements according to rela-
tion [5]:

Prem ~P 104482,/ -0.1627]-10%, (1)
PHPM

To use egn. (1) it is necessary to know (ouem-p)/ prem as
a function of viscosity, # versus temperature and pres-
sures at the same T and p range as density measure-
ments. We measured the dynamic viscosity n/Pa-s of
[BMIM][PFs] and methanol mixtures at ambient pres-
sures and in the temperature range T= (278.15 to 413.15)
K using an Anton Paar SVM 3000 Stabinger Viscometer
and Anton Paar Rheometer MCR 302, accuracy of these
viscosity measurements according the manufacture inst-
ructions are = 0.35 % and 1%, respectively.

The constant pressure heat capacity cp(po,T) measure-
ments of [BMIM][PFe] and methanol mixtures at ambi-
ent pressure and experimental temperature interval of
(p,p,T) measurements for the calculation of other ther-
mophysical properties, like as heat capacities at constant
pressure cy(p,T) and volume c,(p,T), also speed of sound
u(p,T) at high pressures and temperatures is required [6].
In this case, the constant pressure specific heat capacity
Cp(po,T) of the investigated ionic liquids is measured at T
= (283.15 to 413.15) K using the Pyris 1 DSC Diffe-
rential Scanning Calorimeter. The accuracy of evaluation
of constant pressure specific heat capacity cp(po,T) is +
0.1%. The obtained experimental data were used for the
calculation of specific heat capacities cy(p,T) and c.(p,T)
at high pressures and temperatures, in which the den-
sities of [BMIM][PFs] and methanol mixtures are experi-
mentally investigated.

The speed of sound values u(po, T)/m-s* of [BMIM][PF]
and methanol mixtures at ambient pressure and
temperatures at T = (278.15 to 343.15) K are investi-
gated using the Anton Paar DSA 5000M vibration tube
densimeter and sound velocity meter with intervals of
AT=(5-10) K and an uncertainty of Au=+ 0.1 m-s%.

RESULTS

Investigated density values of [BMIM][PFs] and metha-
nol mixtures at ambient pressure p(po,T)/kg-m= were
fitted to the polynomial equation and versus mole frac-
tion x of methanol shown in Figure 1:

3 i 3

W .
P(Poors: T, W) :izo“[m/massfr.j j:odij (TKY, (@
where d; are the coefficients of egn. (2), which describe
the obtained densities at ambient pressure within APD in
10.0158 %.
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Fig. 1: Plot of density p(po,T) of [BMIM][PFs] and methanol
mixtures versus mole fraction x of methanol at various
temperatures: 4, 278.15 K; M, 283.15 K; A, 293.15 K; @,
298.15 K; <, 303.15 K; [, 313.15 K; A, 333.15 K; O, 353.15
K; >, 373.15 K; X, 393.15 K; +, 413.15 K.

The obtained (p,p,T) results as a function of pressure,
temperature and mole fraction of methanol are fitted to
the equation of state (1) from Ref. [7]:

p(o, T)/MPa = A(T,w) - (plg-cm?)? +
B(T,w)- (plg-om®)® + C(T,w)- (pfg - om?)2’
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where the coefficients A, B and C of Eqgn. (3) are
functions of temperature and mole fraction of methanol:

A= ZT Zau( /massfr)l,
B= ZSZT'ZSZb,J( /massfrjj, 4)

i=0

C:ZS: Zc“[ /massfrjj.
i=0

The eqns. (3-4) describe the experimental results of
density of investigated mixtures within the uncertainties
of measurements.

Specific heat capacity values at ambient and saturated
pressures Cp(Po or s, T)/J-kg™t-K were fitted using polyno-
mial equation:

3 i 3
W .
Cp(Poors: T,W) = 20 [m/massfr.) jzoeij (TIK)L, (5)

The speed of sound values u(po,T)/m-s at ambient
pressure and temperatures at T = (278.15 to 343.15) K
were fitted using polynomial equation:

3 i 3
u(po,T,w) = Z(%/mass fr.j Z f; K, (6)
i=0 i—0

The isentropic exponent xs(po,T) at ambient pressure was
calculated using the Laplas equation:

1
s ) 7
<P o) u(pa T @

Plot of isentropic exponent xs(po,T) of [BMIM][PFs] and
methanol mixtures versus mole fraction x of methanol at

various temperatures are shown in Figure 2.
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Fig. 2: Plot of isentropic exponent xs(po,T) of [BMIM][PFe]
and methanol mixtures versus mole fraction x of methanol at
various temperatures: ¢, 278.15 K; W, 283.15 K; A, 293.15
K; @,298.15 K; <, 303.15 K; 1, 313.15 K; A, 323.15 K; O,
333.15 K; *, 343.15 K.

The values of isothermal compressibility «r(p,T), isoba-
ric thermal expansibility a(p,T), thermal pressure
coefficient y(p,T), internal pressure pine(p,T), isobaric
cp(p,T) and isochoric cy(p,T) heat capacities, speed of
sound u(p,T) and isentropic exponent xs(p,T) of mixtures

were calculated from the Eqgns. (3-4) using the funda-
mental equations of thermodynamics [6,8].

Isothermal compressibility xr(p,T), which is a measure
of its relative volume change in response to a pressure
change at constant temperature and concentration:

K (p.T) = ( J(ap” p)j , (7)
P o )t

1
2 8 -8
2A(T)p” +8B(T)p" +12C(T)p
Isobaric thermal expansibility ¢ is the tendency of the
matter to change in volume in response to a change in
temperature at constant pressure and concentration:

ay(p.T)=L (8p(T p)] (GD(T p)] )
P P T

KT(va) =

T op

AM+BMP°+CMP°
2A(T)+8B(T)p® +12C(T)p*°
here: 4°, B” and C" are the derivatives of the A, B, and C:

4 . 3
A= iaT™, ()= DinTi,
i=1 i=1

ap(p,T) =

3
C(m)=>licT™ (11)
i=1
Thermal pressure coefficients y(p,T) were calculated
using the following equation:

a,(p,T
7(p,T) = M )
Ky ( prT)
Internal pressure pint(p,T), which is defined as a partial
derivative of internal energy with respect to volume at
constant temperature and related to thermal pressure
coefficient y(p,T).

(12)

T-ay(p,T) ~
k1 (p,T)

Specific heat capacities [at constant pressure cy(p,T) and

constant volume cy(p,T)] of [BMIM][PFe] and methanol

mixtures at high pressures and temperatures were
calculated using the following thermodynamic relations

Bl ~2
cv(p,T)=cv(po,T>—TJ(ap—Wj % s
b oT B p

Pine (P, T) = (13)

T(ap(T,p)jz
¢, (p,T)=c,( T)+L (15)
PP =S T T )
G
:
2
~ _ap(p,T)~T
co(pT) =0, (pT) =" 2 (16)

Definition of cy(po,T) in eq. (14) makes it possible to
calculate cv(p,T) in Eqn. (14) and cy(p,T) in Egn. (15) at
high pressures and temperatures in which the density of
[BMIM][PFs] and methanol mixtures has been experi-
mentally investigated. cy(po,T) can be calculated using
the experimental cp(po,T) values at the ambient pressure
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and experimental temperatures of (p,p,7) data, see also
Egn. (16) for the ambient pressure situation. The
calculated differences in specific heat capacities [cp(p,T)
- ¢v(p,T)] at high pressures were used for the calculation
of constant pressure heat capacity cy(p,T) in Egn. (15) at
high pressures and temperatures.

After determination of specific heat capacities of
[BMIM][PFs] and methanol mixtures, it is possible to
establish the speed of sound at high pressures and vari-
ous temperatures u(p,T) using the following thermody-

namic equation:
Cp(pﬂ[ap(r,p)J
T

2 _
D=2 e o &0

The isentropic exponent xs(p,T) can be obtained using
the following relation:

_p(.T) S(PT) (op(T,p)
k(P T) =70 cv(p,T)( op l'(m)

Excess properties of [BMIM][PFs] and methanol
mixtures

Excess molar quantities are properties of mixtures,
which characterize the nonideal behaviour of real mix-
tures. Excess molar volumes are the difference between
the real partial molar volume of the mixture and the ideal
partial molar volume [9].

The excess molar volumes V,= /cm3-mol of investigated

mixtures were calculated from experimental (p,p,T)
values of solutions using Eqn. (22):

Vir =M, + (1= )M } p
= XMyl pa =(A=X)M 1 py,
where: V,E is the excess molar volume of mixtures, x is

mole fraction of pure methanol, M, and M, are the mo-
lar masses, p. and pi_ are the densities of pure methanol
and [BMIM][PFg], respectively. The densities of metha-
nol, which need in Eqgn. (19) were measured in our
laboratory and through compared with the all possible
literature values in last century.

(19)

Plot of excess molar volume of mixtures V.= of versus

mole fraction x of methanol at various temperatures are
shown in Figure 3. The excess molar volume becomes
more negative with increasing temperature. The minimum
of the excess molar volume lies in the methanolrich region.

Negative values of excess molar volumes V.5 can be

visualized by the strong hydrogen bonding effects be-
tween unlike molecules. An increase in alcohol chain

length resulted in an increase in the values of V.=, while
an increase in temperature resulted in a decrease in V.= .

E

The excess molar heat capacity cp'm/J-mol'LK'l of pure

methanol and [BMIM][PFs] is an important thermody-
namic property because it provides also information
about molecular interactions in mixtures. The excess
molar heat capacity can be calculated with knowledge of

the heat capacity values of pure components and
compositions at various temperatures:
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Fig. 3: Plot of excess molar volume VmE of [BMIM][PFe] and

methanol mixtures versus mole fraction x of methanol at
various temperatures: 4, 278.15 K; W, 283.15 K; A, 293.15
K; @, 298.15 K; <, 303.15 K; I, 313.15 K; A, 333.15 K; O,
353.15 K; %k, 373.15 K; X, 393.15 K; +, 413.15 K.

E

Com =Cpm (23)

_X'Cp,ma_(l_x)'cp,mlL’
where: cEvm is the excess molar heat capacity of fuel
blends; x is mole fraction of alcohols; ¢, ,, ¢, . and
Cpmi. are the molar heat capacities of mixtures,

methanol and [BMIM][PFg], respectively.

SYMBOLS
p density,

u speed of sound values

Cp heat capacity,

n viscosity,

KT isothermal compressibility,
o isobaric thermal expansibility
y thermal pressure coefficient,
Ks isentropic exponent,

VE  excess molar volume,

cEvm excess molar heat capacity,
w mass fraction.

M molar mass.
ACKNOWLEDGEMENT

Azerbaijan Technical University, Gazi University and
University of Rostock thanks for the support of this re-
search work.

REFERENCES

1. Li, X.,, Wu, W.,, Zhang, X., Shi, W., Wang, B. Ener-
gy saving potential of low temperature hot water sys-
tem based, on air source absorption heat pump, Appl.
Therm. Eng. 2012, 48, 317-324.



ULIBTK’17 21. Ulusal Is: Bilimi ve Teknigi Kongresi
13-16 Eylul 2017, CORUM

2. Curras, M.R., Mato, M.M., Sanchez, P.B., Garcia, J.
Experimental densities of 2,2,2-trifluoroethanol with
1-butyl-3-methylimidazolium hexafluorophosphate at
high pressures and modelling with PC-SAFT, J.
Chem. Thermodynamics 2017, 113, 29-40.

3. Zhang, S., Sun, N., He, X., Lu, X., Zhang, X.
Physical Properties of lonic Liquids: Database and
Evaluation, J. Phys. Chem. Ref. Data 2006, 35, 4,
1475-1517.

4. Safarov, J., Millero F.J., Feistel, R., Heintz, A.
Hassel, E. Thermodynamic properties of standard
seawater: extensions to high temperatures and
pressures, Ocean Science 2009, 5, 235-246.

5. Segovia, J.J., Fandifio, O., Lopez, E.R., Lugoa, L.,
Martin, M.C., Fernandez, J. Automated densimetric
system: Measurements and uncertainties for comp-
ressed fluids, J. Chem. Thermodynamics 2009, 41,
632-638.

6. Safarov, J.,, Hamidova, R., Zepik, S., Schmidt, H.,
Kul, 1., Shahverdiyev, A., Hassel, E. Thermophysical
Properties of 1-hexyl-3-methylimidazolium bis(triflu-
oromethylsulfonyl) imide at high temperatures and
pressures, J. Mol. Lig. 2013, 187, 137-156.

7. Safarov, J.T. The investigation of the (p,p,T) and
(ps,0s, Ts) properties of {(1-x)CH3sOH + xLiBr} for the
application in absorption refrigeration machines and
heat pumps, Chem. Thermodynamics 2003, 35, 1929-
1937.

8. Safarov, J., Ahmadov, B., Mirzayev, S., Shahver-
diyev, A., Hassel, E. Thermophysical properties of 1-
butanol over a wide range of temperatures and pres-
sures up to 200 MPa, J. Mol. Liqg. 2015, 209, 465-
479.

9. Safarov, J., Hassel, E., Ashurova, U., Shahverdiyev,
A. Thermophysical Properties of Ethanol or 1-
Butanol and Diesel Fuel Blends at High Pressures
and over wide range of temperatures, Proceedings of
11" International Colloquium Fuels, p.185-197,
ISBN: 978-3-943563-32-0, 27-29 June 2017,
Stuttgart/Ostfildern, Germany.



ULIBTK’17 21. Ulusal Is: Bilimi ve Teknigi Kongresi
13-16 Eylul 2017, CORUM

CARBON DIOXIDE SOLUBILITY IN 1I-ETHYL-3-METHYLIMIDAZOLIUM
METHANESULFONATE IONIC LIQUID
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Ozet: Son yillarda cesitli ekolojik problemler atmosferde ve toprakta kirlilige yol agmaktadir. Ornegin, atmosferdeki
sera gazlarimn konsantrasyonunun artmasi (en 6nemli sera gazi olarak karbon dioksitin) dinyamn yizeyinden
yansiyan kizildtesi enerjinin emilimine neden olmakta ve dolayisiyla da troposferdeki sicakligin artmasi ile
sonuclanmaktadir. Yiksek gaz absorpsiyon &zelliklerine sahip yeni kimyasallarin aranmasi giinimizdeki bilimsel
arastirmalarin konularindandir. Tyonik sivilar (IS) cevre dostu kimyasallardir ve bircok amag icin alternatif ¢ozelti
olarak kullanilmas: konusunda da cok 6nemli ilerlemeler kaydedilmistir. Sera gazlarinin absorpsiyonunda da
kullanilabilmektedirler. Oldukca genis arahklarda, mikemmel kimyasal ve termofiziksel &zelliklere sahip olmala-
rindan dolayi, karbon dioksitin absorpsiyonunda oldukca basarilidirlar.

Anahtar Kelimler: iyonik sivi, karbon dioksit, ¢éziinurlik, Henry Yasasi sabirleri, ¢oztinme 6zellikleri.

Abstract: The various ecological problems of last decades increasing the pollution of atmosphere and Earth surface.
For example, the increasing of greenhouse gases amount in atmosphere (one most important is carbon dioxide) absorb
infrared energy radiated from the earth, which results in an increase in the temperature of the troposphere. The
searching of new chemicals with high gas absorption properties is actually in today’s scientific investigations. lonic
liquids (ILs) are environmentally-benign solvents and significant progress has been made in the application of them
as alternative solvents for many purposes. They can apply for the absorption of greenhouse gases. They have very

good CO- capture due to their wide range excellent chemical and thermophysical properties.
Keywords: lonic liquid, carbon dioxide, solubility, Henry’s law constants, solvation properties.

INTRODUCTION

Over the last century a number of greenhouse gases have
shown an increasing concentration in the atmosphere. It
should be noted that climate change in both directions,
cooling and heating, has occurred many times in earth
history, and thus, some questions concerning the current
climate heating, remain still open. However, the green-
house gases absorb infrared ensergy radiated from the
earth, which results in an increase in the temperature of
the troposphere. The big industrial countries have at-
tempted to develop various political programs to restrict
and reduce the levels of greenhouse gases in our atmos-
phere [1]. One of the most important greenhouse gase is
carbon dioxide (COy). The continued burning of fossil
fuels will continue to increase CO; in the atmosphere
and its removal from fuel gases has been a crucial
technique for the availability of the fuel sources.

lonic liquids (ILs) are regarded as environmentally-
benign solvents due to their immeasurably low vapor

pressure. Recently, significant progress has been made in
the application of ILs as alternative solvents for CO;
capture [2] due to their broad range of liquid tempera-
tures, excellent thermal, chemical stabilities and other
physico-chemical properties.

The solubility of gases in ILs is required for the design
and operation of many processes. ILs minimize environ-
mental pollution problems and highly reduce working
exposure hazards in comparison with the conventional
organic solvents being used in industries today because
of their insignificant vapor pressures.

There are various important applications of solubility of
gases in ILs, for example gas and liquid separation
process [3]. It is crucial to know the solubility of the gas
in ILs in order to select an efficient IL as a gas
separation medium. The nonvolatility of ILs would not
cause any contamination to a gas stream. Thus, this fea-
ture gives ILs a big advantage over conventional sol-
vents used for absorbing gases [4].
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EXPERIMENTAL

The sample 1-ethyl-3-methylimidazolium methanesulfo-
nate [EMIM][MeSOs] (CAS # 145022-45-3, Product #
4.90286.0100) used in this work was supplied by Merck
Co. LLC (Germany). The supplier furnished its purity
assay (NMR)>99 mass %. Before use, the IL sample was
degassed under vacuum and dried at about 423 K for a
minimum time period of 48 h. Water contents were
determined using Karl Fischer titration (a Metrohm 831
KF Coulometer in Canberra and a KEM MKC-510 in
Sendai) and found to be less than 40 ppm. CO, from
Westfalen AG, Germany, with a purity of 99.9%. was
used without further purification.

The experiments to determine the high pressure solu-
bility of CO; in [EMIM][MeSQg] at various temperatu-
res are performed in a stainless steel measuring cell in
equilibrium by using the isochoric method [5]. The
installation consists of three main parts: (a) gas reservoir,
(b) stainless steel measuring (equilibrium) cell, (c)
electronic tracking system box. Temperature in the gas
reservoir is controlled using the heating system and was
measured using the (1TS-90) PT100 thermometer (1/10
DIN Class B) with an experimental error of +45 mK.
The stabilization of the temperature in the measuring cell
at T = (273.15 to 413.15) K is controlled using the
external thermostat with an error £(30 to 100) mK using
the (ITS-90) PT100 thermometer, which is connected to
the thermostat via PT-100 Libus Modul. The pressure
transducer indicates the pressure of CO: filled to the gas
reservoir, which is measured by pressure transducers
PAA33X-V-100 with an experimental uncertainty 0.1%.

Experiments were carried out as a function of tempe-
ratures ranging from T = 413.15 K to T = 273.15 K in
decrements of 20 K at selected pressures controlled by a
PC with the LabView program and in four different
pressure steps: in the first step, the maximum possible
pressure (about 5 MPa) is created in the gas reservoir.
The other pressure steps are: second - about 3 MPa, third
— about 1.5 MPa, and finally — about 0.5 MPa. The
estimated total uncertainty of CO; solubility in IL using
this method is approximately Am = +0.001 mol-kg* or
Ax = +0.00005 mole fraction.

Figure 1 show the plot of CO, solubility, mole fraction,
in [EMIM][MeSOs] vs pressure p. Figure 2 shows the
influence of the total pressure on the ratio of CO,-
fugacity f (in gaseous phase) to CO,-mole fraction x (in
liquid phase) - experimental results at various tempera-
tures.

CORRELATION OF THE GAS SOLUBILITY
The Henry’s law for an ideal solution with a standard-
state fugacity based on infinitely dilute solution is used

for the correlation of gas solubility.

Henry’s law for a binary system for a non-ideal gas
phase can be written as [6]:
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Figure 1. Plot of CO2 solubility, mole fraction, in
[EMIM][MeSQz] vs pressure p: 4, 273.15 K; W, 293.15K; A,
313.15K; @, 333.15 K; <, 353.15 K; [, 373.15 K; A, 393.15
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Figure 2. Influence of the total pressure on the ratio of CO2-
fugacity f (in gaseous phase) to CO2-mole fraction x (in liquid
phase) - experimental results at various temperatures: (O,
273.15K; A, 293.15K; [, 313.15 K; <, 333.15 K; @, 353.15
K; A,373.15K; W, 393.15 K; ¢, 413.15K) and (___) linear
fit.

Yco,%co,P = Xco,Kn,co, (T) 1)
Since the ionic liquids have very small vapor pressure,
the vapor phase of measuring cell can be considered as
pure COa.

The fugacity coefficient of pure CO. ¢, (T,p) at
equilibrium temperature and pressure can be estimated
by dividing the fugacity fco,(T,p) of pure CO: to the
total measured pressure p of binary (IL + COy) solution:
co, (T.P) = feo, (T.P)/p, 2

The equation of state of Span and Wagner [7] for the
pure CO, were used during the calculation of fugacity

fco,(T,p) of pure CO,. The obtained values of fugacity
feo, (T,p) of pure CO2 and experimental pressure p/MPa

were used for the calculation of fugacity coefficient of
pure carbon dioxide ¢eo (T,p) at equilibrium tempera-
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ture and pressure in the all temperature of measurements,
including the supercritical area up to T = 413.15 K.

The CO; + IL equilibrium condition results in the exten-
ded Henry’s law for carbon dioxide [8]. Henry’s cons-
tant of CO; in [EMIM][MeSOs3] can be defined as

dividing the fugacity fcq,(T,p) of pure CO, [7] to the
mole fraction of pure CO; in binary (IL + CO,) solution.

K .co, (T:P) = feo,/X. ®)
The Henry’s constant Ky ¢, (T) is the linear relation-

ship between CO; concentration and experimental pres-
sure, and can be determined from the extrapolation
procedure using experimental results for the solubility
pressure of CO. in [EMIM][MeSOs]:

: fco, (T, P)
Knco, ()= lim {2— - (4)
P— PEmiMIMeso3] =0 X
Figure 3 shows the Henry’s constant of CO in
[EMIM][MeSQs] at zero pressure.
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Figure 3. Henry’s constant of CO2z in [EMIM][MeSOs] at zero
pressure: (@) extrapolated experimental results in this work;
(—) correlation, this work.

Thermodynamic properties of solution (CO, +
[EMIM][MeSQOs3]) are calculated from the correlation of
Henry’s constant given above by applying the well-
known thermodynamic relations [8]:

K. co, (T’ p)J 5)

0

Ay = RTln[
p

kir,co, (T p)j

8In( 5
p
AgH =R ' (6)
8
T

A H-A, G
( sol = sol ), (7)

OA,H
Asolcp = (S—PI.I] ) (8)
p

AsoIS =

Where AsolG, AsolH, Asols, and Asole, are the GIbbS free
energy of solvation, enthalpy of solvation, entropy of
solvation and heat capacity of solvation. Their values at
eight discrete temperatures between T = (273.15 and
413.15) K, respectively. The values of Gibbs free
energy, enthalpy and entropy of solvation increase with
increasing temperature whereas, heat capacity of
solvation decreases with increasing temperature. The
negative enthalpies of solvation indicates an exothermal
solvation process. Similarly, the entropy of solvation
values are also negative which indicate an increase in
order of the solvent molecules surrounding the solute.

The measured CO; solubility results in IL as a function of
temperature and pressure are fitted to the following virial
equation using the mole fraction dependence:

3 3
Xx=">"(p/MPa)" > a;(TIK)/, 9)
i=0 =0
where ajj are the coefficients of equation (9).
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Figure 4. Plot of deviation of experimental xexp. and calculated
Xcal. Values of COz2 solubility in [EMIM][MeSOs] vs pressure p
at various temperatures T.

SYMBOLS

AsoiG  Gibbs free energy of solvation,
AsoH  enthalpy of solvation,

AsqlS  entropy of solvation,

AsoiCpq  heat capacity of solvation,

m molality,

X mole fraction.
ACKNOWLEDGEMENT

University of Rostock, Germany thanks for the support
of this research work.

REFERENCES

1. Wong C.S., Tishchenko P.Y., Johnson W.K. 2005,
Effect of high CO, molality on the carbon dioxide
equilibrium of seawater, J. Chem. Eng. Data 50, 822-
831.



ULIBTK’17 21. Ulusal Is: Bilimi ve Teknigi Kongresi
13-16 Eylul 2017, CORUM

2. Maginn EJ. DOE Award Number: DE-FG26-
04NT42122, Oct 31, 2006.

3. Bara J.E., Gabriel C.J., Lessmann S., Carlisle T.K.,
Finotello A., Gin D.L., Noble R.D. 2007, Enhanced
CO; Separation Selectivity in Oligo(ethylene glycol)
Functionalized Room-Temperature lonic Liquids,
Ind. Eng. Chem. Res. 46, 5380-5386.

4. Sudhir Aki N.V.K., Mellein B.R., Saurer E.M.,,
Brennecke J.F. 2004, High-Pressure Phase Behavior
of Carbon Dioxide with Imidazolium-Based lonic
Liquids, J. Phys. Chem. B 108, 20355-20365.

5. Safarov J., Hamidova R., Stephan M., Schmotz N.,
Kul 1., Shahverdiyev A., Hassel E. 2013, Carbon
dioxide solubility in 1-butyl-3-methyl-imidazolium-
bis(trifluormethylsulfonyl)imide at wide range of
temperatures and pressures, J. Chem. Therm., 67,
181-189,

6. Poling B.E.; Prausnitz J.M.; O’Connell J.P. The
Properties of Gases and Liquids, 5™ Edition,
McGraw-Hill Professional, 2000.

7. Span R., Wagner W. 1996, A new equation of state
for carbon dioxide covering the fluid region from the
triple-point temperature to 1100 K at pressures up to
800 MPa. Journal of Physical Chemistry Reference
Data, 25, 1509-1596.

8. Kamps A.P.-S., Tuma D., Xia J., Maurer G. 2003,
Solubility of CO- in the lonic Liquid [bmim][PFs], J.
Chem. Eng. Data, 48, 746-749.



AZORBAYCAN MILLI ELMLOR AKADEMIYASININ XOBORLORI
Fizika-texnika va riyaziyyat elmlori seriyasi, fizika vo astronomiya 2017 Ne5

PACS 536.77:547.442
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Accepted: 26.09.2017 lonic liquids are interesting to be useful in various branches of chem-
ical industry. In this work, we present the heat capacity and speed of
sound measurements of 1-butyl-3-methylimidazolium hexafluoro-
phosphate [BMIM][PFs] and 1-butyl-3-methylimidazolium trifluo-
romethanesulfonate [BMIM][TFO] at the wide range of tempera-
ture. The constant pressure heat capacity cp(po, T)/J-kgt-K? of these
IL’s measured at ambient pressure and at wide range of temperature
T=(273.15 to 413.15)K using the Pyris 1 Differential Scanning Cal-
orimeter (DSC). The accuracy of evaluation of constant pressure
specific heat capacity cp(po,T) is £0.1%. The speed of sound values
u(po, T)/m-s* at ambient pressure and temperatures at T=(278.15 to
343.15)K are investigated using the Anton Paar DSA 5000M vibra-
tion tube densimeter and sound velocity meter within an uncertainty
of Au= £ 0.1 ms™. The obtained experimental values of constant
pressure heat capacity cy(po, T) and speed of sound values u(po,T) are
compared with the available literature values.

Keywords: ionic liquid, heat capacity, Differential Scan-
ning Calorimeter, speed of sound, velocity meter.

INTRODUCTION

Room temperature ionic liquids (IL's) are salts that are liquids at ambient temperatures and have a
stable liquid range of over 300 K. They are excellent solvents for a broad range of polar organic com-
pounds and show partial miscibility with aromatic hydrocarbons. An expanding interest in ionic liquids
has been observed during the last decade. IL's are composed of bulky ions, have very small vapor pres-
sure, low melting point, high solvating capacity, high ionic conductivity, which make them attractive for
practical applications. IL's have been suggested as potentially “green” replacements for conventional or-
ganic solvents since they are nonvolatile, nonflammable and recyclable.

While scientific and technological interest in the properties of room-temperature IL's and their mix-
ture with other fluids are rapidly increasing [1-4], their thermodynamical and structural properties have not
yet been studied systematically [3-6]. The thermodynamic and reaction kinetics processes in IL's are dif-
ferent from those in conventional media [7]. This creates new opportunities for reaction, separation, pho-
tochemical and electrochemical processes. Binary mixtures of IL's and other fluids have been used for
electrochemical applications (solar cells) and considerable improved the performance in the device [8, 9].
ILs also has thermophysical properties that very suitable for heat transfer and short heat term storage in
power plants (Valkenburg et al. [10]).
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Before the measurements, we have analysed the literature results of these IL's and the results of heat
capacity measurements of [BMIM][PFe] and [BMIM][TFO] in literature were summarized in Table 1-2,
where are listed information on heat capacity and speed of sound measurements with temperatures or
temperature ranges of this investigations, the techniques used and short characteristics of substances.

EXPERIMENTS

1-butyl-3-methylimidazolium hexafluorophosphate [BMIM][PFs] (CAS No 174501-64-5, chemical
formula CsHisN2Fs, product number 4900500100, purity >98%, Mw=0.28418kg-mol™) and 1-butyl-3-
methylimidazolium trifluoromethanesulfonate [BMIM][TFO] (CAS: 174899-66-2, chemical formula
CoH15F3N203S, product number 4900240100, purity >98%, Mw=0.28829kg-mol™) were purchased from
Merck. In order to remove all volatile impurities the sample was dried under vacuum during 48 hours at
temperature T=423.15K. Mass fraction of water determined after drying by means of Karl-Fisher titration
was less than 40 ppm.

The constant pressure heat capacity cp(po,T) measurements of [BMIM][PF¢] and [BMIM][TFO] at
ambient pressure and experimental temperature interval of (p,p,T) measurements for the calculation of
other thermophysical properties, like as heat capacities at constant pressure cp(p,T) and volume c.(p,T),
also speed of sound u(p,T) at high pressures and temperatures is required [11]. In this case, the constant
pressure specific heat capacity cp(po,T) of the investigated ionic liquids is measured at T=(283.15 to
413.15)K using the Pyris 1 DSC Differential Scanning Calorimeter. The accuracy of evaluation of con-
stant pressure specific heat capacity cp(po,T) is £0.1%. The obtained experimental data were used for the
calculation of specific heat capacities cp(p,T) and cv(p,T) at high pressures and temperatures, in which the
densities of the investigated ionic liquids are experimentally investigated.

The speed of sound values u(po,T) of investigated ionic liquids at ambient pressure and temperatures
at T=(283.15 to 343.15)K are investigated using the Anton Paar DSA 5000M vibration tube densimeter
and sound velocity meter with intervals of AT= (5+10)K and an uncertainty of Au=t 0.1m-s™%. These high
accuracy values are necessary to check the accuracy of calculated speed of sound values u(po,T) at
p=0.101MPa.

Specific heat capacity values of investigated ionic liquids at ambient pressure cy(po,T) were fitted to
the polynomial equation

2 .
Co(PoT)=2aT", 1)
i=0
where a; are the coefficients of eqn. (1) and presented in Table 3.
Table 3
Coefficients a; of eqn. (1).
[BMIM][PFe] [BMIM][TFO]
an/)-kg K™ 634.685289248021 agJ-kgLK? 896.5314826
a/d-kglK? 3.19689261968619 a/J-kgLK? 2.1577936223
all-kgLK?® -0.171804377292917-1072 all-kgLK?® -0.45613543147-10°

The eqn. (1) describe the obtained specific heat capacity values at ambient pressure within max. in
ACp(po, T)/co(po, T) =+0.02 % average percent deviation.

Fig.1 and Fig.2 presents the plot of deviation of literature heat capacities cp(po,T) values of investi-
gated IL’s at constant ambient pressure from our measured values versus temperature.
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Fig.1
Plot of deviation of literature heat capacities cp(po, T) values of [BMIM][PFe] at constant ambient pressure
from our measured values versus temperature.

The literature heat capacities ¢, values of [BMIM][PFe] have good agreement with our results ex-
cept the values Holbrey et al. [12].
The literature heat capacities ¢, values of [BMIM][TFO] have good agreement with our results.

Speed of sound values of investigated IL's at ambient pressure uii.(po, T) were fitted to the polynomi-

al equation
2 .
u(pe, T) =D bT" )
i=0
where bj are the coefficients of eqn. (2) and presented in Table 4.
Table 4
Coefficients a;, of egn. (2)
[BMIM][PFe] [BMIM][TFO]
bo/m-s? 2413.34314835316 by/m-s 2270.23018863204
bym-stK? - 4.11638421961098 bym-stK? -3.62707403572968
bo/m-sLK2 | 0.288736429969561-107 bo/m-s K2 0.227904272860968-107

The egn. (2) describe the obtained speed of sound values at ambient pressure in Au/u =+0.033 %

average percent deviation for [BMIM][PFs] and Au/u =+0.010 % for [BMIM][TFO].

Fig. 3 and Fig. 4 presents the plot of deviation of literature speed of sound u(po, T) values of investi-

gated IL's at constant ambient pressure from our measured values versus temperature.
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GENIS TEMPERATUR INTERVALINDA iSTILiK TUTUMU VO SOS SUROTI

X.SULEYMANLI D.UYSAL, RHOMIiDOVA, O.0LiYEYV,
J.SAFAROV, A.SHAHVERDIYEV, E.HASSEL

Yiiksok keyfiyyatli istilik-fiziki xassalorine malik ionlu mayelor kimya sanayesinin miixtalif saholorinds istifadasi maraq
dogurur. Bu mogaloda 1-butil-3-metilimidazolium heksafluorofosfat va 1-butil-3-metilimidazolium trifluorometansulfonatin
genis temperatur intervalinda istilik tutumu vo 6zliililyii analiz olunmusdur. Sabit tozyigds istilik tutumu cp(po, T)J-kg2-K® Pyris
1 DSC Differential Scanning Calorimeter vasitosi ilo atmosfer tozyiginds vo T=(273.15 to 413.15)K temperatur intervalinda
Acy/cp=10.1% Xata ilo dl¢iilmiigdiir. Todqiq olunmus ionlu mayelorin T=(278.15 to 343.15)K temperatur intervalinda Sos siirati
Anton Paar firmasimn istehsali olan DSA 5000M sixliq vo Sas siirati 8lgan qurgu vasitasi ilo Au=+0. m's™* xata ilo Slgiilmiisdir.
Alinmug naticalor adabiyyatlarda miimkiin olan naticalarlo miigayise edilmigdir.

M3MEPEHME TEINIOEMKOCTH U CKOPOCTH 3BYKA MOHHBIX )KUJIKOCTEM B IIMPOKOM
TEUINIEPATYPHOM MHTEPBAJIE

X.CYJIEMMAHJIH, 1. YVCAJL, P.TAMHUIOBA, A.AJINEB,
JI.CA®APOB, A.IIIAXBEPJIUEB, 5T'OH XACCE.I

VloHHBIE >KHIKOCTH ¢ BBICOKOKAQUEeCTBEHHBIMH TEIUIO(QH3MUYSCKIMHI CBOMCTBAMU MPECTABIIFOT UHTEPEC U HCTIONB30-
BAHMS B Pa3IMYHBIX OTPACISIX XUMIYECKON MPOMBINUICHHOCTH. B JaHHOM cTaThe MpeNCTaBIICHBI Pe3yNbTAaThl UCCIICIOBAHM
TEIUTOEMKOCTH W CKOPOCTH 3ByKa 1-0yTin-3-MeTmmmMunazonmii rekcagropdocdara u 1-0yrmn-3-MeTrmmmMuia3onmii Tpudryo-
poMmeTaHCyNb(OHATA B IIMPOKOM HHTEPBAJIC TEMIIEpATyp U aTMOCHEpPHOM JaBlICHUH. TeIUIOEMKOCTh MPH MOCTOSHHOM aTMO-
cheproM naBnenun Co(Po, T)A-kg™-K? u Temneparypax T=(273.15 to 413.15)K usmepena ¢ nomomipo KanopuMerpa audde-
perrmanpHoro ckanuposanusi DSC Pyris 1 ¢ morpemsoctsio ACy/Cp = £ 0.1%. CkopocTs 3ByKa HCCICIOBAHHBIX HOHHBIX KU
KOCTEH aHATM3MUPOBAHA C TIOMOIIBEO H3MEPHUTEIIS TUIOTHOCTH M CKOPOCTH 3ByKa C NOTpernHocThio AU=+0.1m-s. Tlomydennsie
Pe3yJIbTaThl CPABHEHBI ¢ UIMEIOLLIMMH JIUTEPATyPHBIMU JaHHBIMH.

79




Antalya iklimlendirme Sempozyumu - iklim 2017

KONUT TiPi BINALARDA OPTIMUM ISIL GECIRGENLIK
DEGERLERININ BELIRLENMESI

ATIiLLA BIYIKOGLU, Prof. Dr., Makina Miihendisligi Béliimii Miihendislik Fakiiltesi,
Gazi Universitesi, Maltepe, 06570 Ankara / Tel: +90 312 5823409 / Fax: +90 312 2319810

/ E-posta: abiyik@gazi.edu.tr

TiMUR DiZ, iZODER, Serifali Mah. Hendem Cad. No:58 Yukar1 Dudullu 34775 Umraniye
/ istanbul / E-posta: timur@tebar.com.tr

71



Antalya iklimlendirme Sempozyumu - Tklim 2017

OZET

Bu ¢ahismada, 2023 hedeflerine ulagma dogrultusunda, Tiirkiyedeki binalarm enerji verim-
liliginin artirlmasina yonelik olarak 1s1l gegirgenlik limitlerinin belirlenmesi hedeflenmistir.
Hesaplamalar 1sitma ihtiyacina yonelik olarak 1sil gegirgenlik limitlerinin tayinini igermekte-
dir. Isitma Thtiyacinin belirlenmesinde, TS 825 Hesaplama Metodolojisi kullanilmistir. TS 825
standardinda yapilan Derece Giin tasnifleri ve U-degerleri referans olarak alinmustir. Gergek
bina verileri kullanilarak dort farkl 6zellikte konut ve herbirine karsilik gelen TS 825 U-deger
limitlerinde referans binalar sanal olarak olusturulmustur. U-deger limitlerinin belirlenmesinde
iki farkli yaklasim baz alinmistir: Bunlardan ilki referans binaya gore saglanan tasarrufa dayali
optimizasyon, ikincisi ise toplam maliyet minimizasyonuna dayali optimizasyon yontemidir.

Tasarrufa dayal yontemde, U-degeri igin alt limit olarak tasarrufsuz duruma kargilik gelen
deger, iist limit olarak tasarrufu maksimum yapan deger ahnmstir. Toplam maliyete dayal
yontemde ise, alt limit olarak bagabag noktas1 U-degeri, tist limit olarak ise toplam maliyeti
minimum yapan U-degeri alinmustir. Iki farkli senaryo kurgulanarak, yakit olarak dogal gaz
kullanan dort farkli bina igin dort farkli derece giin bolgesinde, duvar, déseme ve tavan U-limit-
leri belirlenmistir. Sonug olarak, bina enerji verimliliginin artirilmasima y&nelik olarak TS 825
limitlerinin giincellenmesi igin tavsiye limit degerleri tespit edilmigtir.

1. GRIiS VE AMAC

Teknolojinin gelismesi, yakit fiyatlarinin artmasi Karsisinda insanlarin daha az enerji maliyeti
harcayarak daha konforlu ortamlarda yasama istegi, yalitim kullanimina 6nem verilmesine yol
agmakta ve yalitim sektdriiniin gelismesini saglamaktadir. Mevcut 1s1 yalitim ydnetmeliginin ve
TS825 standardiin yiiriirliige girmesi ile yalitim sektoriintin gelismesine énemli katki sagla-
mustir [Oral G., 2006]. Bu kapsamda diinyada ve 6zellikle Tiirkiye’de yapilan bir takim galig-
malardan elde edilen kazanimlar asagida 6zetlenmigtir.

Pencerenin yonii, biiytikliigii, cergeve degeri, temizligi, camin yansima faktérii, havanin agik
kapal1 olmasi gibi faktorlere bagli olarak % 15 ila 20 arasinda enerji tasarrufu saglanmasinin
miimkiin oldugu tespit edilmistir. [Anon, 1979]. Mevcut binalarda yalitim malzemesinin de-
gistirilmesi ile duvar alaninda on yil igin 21 $/m?’nin iizerinde bir enerji tasarrufu elde edilebi-
lecegi ve polistiren malzeme igin 1-1.7 y1l, tas yiinii malzeme igin ise 1.3-2.3 y1l arasinda geri
ddeme siireleri hesap edilmistir [Hasan,1999].

Comakli ve Yiiksel (2003), Tiirkiye'nin en soguk ti¢ sehri Erzurum, Kars ve Erzincan igin
optimum yahitim kalinligini derece-giin yéntemini kullanarak arastirmiglardir. Elde ettikleri
sonuglara gore polistiren yalitim malzemesi ve yakit olarak kémiir kullamildiginda optimum
yalitim kalinliklari Erzurum igin 0.10 m, Kars i¢in 0.10 m ve Erzincan i¢in 0.08 m, bu yalitim
kalinliklarina karsilik gelen enerji tasarruflarini 12.13 $/m?, 12.72 $/m* ve7.99 $/m* olarak he-
sap etmislerdir. Bayer (2006) ¢aliymasinda duvar 1s1 yalitimi igin yapilan yatirim maliyetinin
bina maliyetine yaklasik oraninin % 3,8 ve geri 6deme siiresinin 4-5 y1l arasinda oldugunu be-
lirlemistir. Yu vd,( 2009), yaptiklar ¢alismada Cin’deki dort sehir i¢in P1-P2 ekonomik metodu
ile farkli yonlere ait derece-saat degerleri ve 5 farkli yalitim malzemesi kullanarak optimum
yalitim kalinliklarini hesaplanuslardir. Buna gore 20 yillik dmtr iizerinden, optimum yalitim

etmislerdir.
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Parali (2009) gergeklestirmis oldugu yiiksek lisans tez ¢alismasinda, 1s1 yalitiminda kullanilan
malzemeler ve 6zelliklerini incelenmis ve 1s1 yalitiminda malzeme se¢im kriterlerini sunmustur.
Ormnek bir konut ele alarak farkh 1s1 yalitim sistemlerine gére 1s1 yahtim ve maliyet analizleri
yapilarak; yalitimsiz system ile EPS, XPS ve Gaz Beton kullamlarak yapilan yalitim sistem-
lerinin maliyetleri ve geri odeme siireleri karsilasgtirilmistir. Tiirkiye Gaz Beton Ureticileri
Birlignin hazirlamig oldugu hesap programi kullanilarak system analiz edilmis ve uygulanan
yalitim sisteminin standarda uygunlugu hesaplanmustir. Ornek konut projesinin EPS ile yalitim
uygulamasinda toplam maliyet 15.700 TL olarak hesaplanmigken, ikinci sistem olan XPS ile
yalitim sistemi 17.850 TL olarak hesaplanmus; gaz beton uygulamasinda ise sistemin maliyeti
22.155 TL olarak hesaplanmustir. Distan binay1 bir biitiin olarak saran EPS ve XPS uygulamalan
kiyaslandigi zaman ise, EPS ile olusturulan sistemin daha ekonomik oldugu goriilmustiir. EPS
icin geri 6deme siiresi 2,9 y1l, XPS i¢in 3,3 ve Gaz Beton igin 4 yil olarak hesaplanmuistir.

Ulas (2010) iilkemizde en ¢ok kullamlan binalardan olan herhangi bir okul binasi dis kabugunun
yalitimli ve yalitmsiz bes farkli durumu ile ¢ farkl yakit kullamlmast durumu incelemistir.
Calismada yalitim malzemesi olarak EPS, XPS ve mineral cam yiinii(tugla duvar XPS yalitim,
tugla duvar mineral yiin yalium, sandvig tugla duvar EPS yalitim) ile iki farkli yalitimsiz du-
rumuna gore tiim bolgelere gore hesaplamalar yapmistir. Yagam dongiisti maliyetleri agisindan
uzun vadede en avantajli bina dis kabugu, tiim bdlgeler igin sandvig tugla duvar ve EPS yaliim
olarak belirlenmistir. ikinci en avantajli yapi kabugu ise tugla duvar ve XPS yaliimidir. Ayrica
calismada, en diisiik optimum yalitim kalinhigi 1. bolgede 5,1 cm ile mineral yiin yalitimh tugla
duvarda linyit komiirii kullanilarak elde edilmistir. 1. bélgede yine linyit komiir kullanildigin-
da XPS yalitimh tugla duvarda yahitim kalinligi 5.3 cm, EPS yalitimli sandvig¢ tugla duvarda
yalitim kalinlig1 ise 7,2 cm hesaplanmistir. Yalitim malzemesinin fiyati arttikga optimum yalitim
kalinhigi diismektedir.

Yal¢in (2012) Yiiksek Lisans Tez ¢aligmasinda, Elazig ili igin bina 1sitmasinda; komiir, dogal-
gaz ve clektrik den olugan ii¢ farkl yakit tiirti kullanilarak ti¢ farkli duvar modelinde (yatay
delikli tugla duvar, sandvig duvar ve gazbeton) distan yalitimda Tas Yiint, XPS ve EPS uy-
gulanmasinda dig duvarlarda gerekli optimum yaliim kalinliklar ve geri 6deme siireleri he-
saplanmustir. Yapilan ¢alismada yatay delikli tugla duvara yalitim malzemesi olarak Tas Yiind,
XPS ve EPS uygulanmasi ve yakit olarak da Dogalgaz, Kémiir ve Elektrik kullaniimasi halinde
optimum yalitim kalinliklar1 0.0374 m ile 0.1141m arasinda, yaliim maliyeti 16.89-54.46 TL/
m? arasinda, yillik enerji kazanci 39.09-292.81 TL/m? arasinda, enerji tasarrufu % 77.75-41.93
arasinda, geri 6deme siiresi 0.94-2.81 yil arasinda degismektedir. Yapilan ¢alismada Sandvi¢
duvara yalitim malzemesi olarak Tag Yiinii, XPS ve EPS uygulanmasi ve yakit olarak da Dogal-
gaz, Komiir ve Elektrik kullanilmasi halinde optimum yalitim kalinliklar1 0.0302 mile 0.1081m
arasinda, yalitim maliyeti 15.03-50.37 TL/m? arasinda, yilhk enerji kazanci 18.86-196.34 TL/
m? arasinda, enerji tasarrufu % 27.36-70.56 arasinda, geri ddeme siiresi 1.27-3.80 yil arasinda
degismektedir. Yapilan galigmada Gazbeton duvara yalitim malzemesi olarak Tag Yiind, XPS
ve EPS uygulanmasi ve yakit olarak da Dogalgaz, Komiir ve Elektrik kullanilmasi halinde op-
timum yalitim kalinliklart 0.0246 m ile 0.1045m arasinda, yalittm maliyeti 13.58-47.19 TL/
m? arasinda, yillik enerji kazanci 10.41-150.92 TL/m? arasinda, enerji tasarrufu % 18.18-65.22
arasinda, geri 6deme siiresi 1.53-4.57 y1l arasinda degismektedir.

Bolattiirk ve Dagidir (2013), birinci derece-giin bélgesinde bulunan Adana, Antakya, Antalya,
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Aydin, {zmir ve Mersin illeri igin, giines radyasyonlu ve radyasyonsuz 1sitma ve sogutma yiik-
leri kullanilarak optimum yalitim kalinhgi hesaplamalar1 yapmislardir. Calismada Giines rad-
yasyonu dikkate alinmadan 1sitma yiiklerine gore elde edilen optimum yalitim kalinhig: 0.034
m iken, giines radyasyonu hesaba katildiginda kalinlik 0.030 m olup az da olsa bir diisiis gos- -
termektedir. Sogutma yiikiine gére hesap yapildiginda ise, giines radyasyonu optimum yalitim
kalinligin oldukea arttirmaktadar. Radyasyonsuz durumdaki optimum yalitim kalinlig1 0.016 m
iken, bu deger giines radyasyonu ile 0.09 m’ye kadar ¢ikmaktadir (Antalya ili icin). Dolayisiyla
Antalya gibi sicak iklime sahip bolgelerde optimum yalitim kalinligi, giines radyasyonunun
dikkate alindig1 sogutma yiikiine gore yapilmasi gerektigi anlasiimaktadir.

I.H. Demir (2014) Yiiksek Lisans tez ¢aligmasinda, Tiirkiye nin yedi farkli bolgesinden segilen
Balikesir, Kayseri, Malatya, Mersin, Mugla, Sanhurfa ve Trabzon illerinin, kémiir yakiti ve
ekstriide polistren kopiik (XPS) ve genlestirilmis polistren kopiik (EPS) yalitim malzemeleri
i¢in optimum yalitim kalinliklarini hesaplamigtir. Bu hesaplamalar distan yalitimh ve sandvig
duvar olmak tizere iki farkli duvar modeli tizerinde yapilmistir. Hesaplamalar neticesinde
en digik maliyet analizlerine gére Mersin ili igin distan yahtilmis duvar modeli ve yaliim
malzemesi olaraktan ekspande polistren (EPS) koptik kullanilarak geri doniisiim siiresi 0.3
yil, enerji maliyeti tasarrufu 629 $/m2, en yiiksek maliyet Kayseri ili, sandvi¢ duvar modeli,
yalitm malzemesi ekstriide polistren (XPS) kullanilarak geri doniisiim siiresi 4.3 yil, enerji
maliyeti tasarrufu 21.047 $/m2.olarak tespit edilmistir. Yalitim malzemesinin birim fiyatina ve
buna bagli olaraktan optimum yalitim kalinhginin biitiin verilerde goriildiigii gibi ekspande
polistren (EPS) képiikte daha avantajh oldugu belirlenmistir. Kullanilan duvar modelininse
distan yahtilmis duvar modelinin enerji maliyeti agisindan daha iistiin oldugu saptanmistir.

2. Bina Modellerinin Kurulumu

Bu ¢alismada, Tiirkiye'de kullammda olan dért farkh bina tipi belirlenmis ve bu binalara
ait tiim fiziksel parametreler gercek bina projerinden temin edilerek temsili bina modelleri
olusturulmustur. Bina tipleri, alan-hacim (A/V) oranlari dikkate alinarak belirlenmistir. Dért
farklt A/V orani (0,30, 0,38, 0,40, 0,55) segilerek her bina icin fiziksel parametreler gercek
bina projelerinden alinarak model binalar kurgulanmigtir. Bina model hesaplamalari, TS825
Hesap Metodolojisine dayali olarak excel yazilimi kullanilarak gergeklestirilmistir. Model
binalara esdeger referans binalar olusturulmus ve TS825 limit degerleri kullanilarak tiim hes-
aplamalar esdeger referans binalar i¢in de yapilmistir.

3. Optimum Isil Gegirgenligi Tayin Y 6ntemi
Optimum 1s1] gegirgenligin belirlenmesinde tig farkli yaklagim kullanilmistir;

1. Yillik yakit tasarruf miktarini maksimum yapan 1s1] gegi;gcn]ik degeri belirlenmistir.
Yakit tasarrufu saglayan thaksimam 1s1] gecirgenlik ile maksimum yakit tasarrufu elde

edilen optimum 1s1] gegirgenlik degerleri kullanilarak 1s1 gegirgenlik araligi belirlen-
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mistir,

2. 30 yillik 1sitma maliyetinin yalitm maliyetini karsiladigi yahtim kalinligi, bagabas

yalitim kalinlig1 olarak tanimlanmigtir. Basabag yalitim kalinligina karsilik gelen deger
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-

grafikten okunarak bagabasg 1s1l gegirgenlik degeri belirlenmigtir.

3. Toplam maliyeti minimum yapan yalitim kalinligi optimum yalitim kalinligi olarak
alinmistir. Optimum yalitim kalinhigina karsilik gelen deger grafikten okunarak opti-

mum 1s1l gegirgenlik belirlenmistir.

4, SONUCLARIN GECERLILIK TESTI

Sekil 8.1°de sunuldugu iizere, ECOFYS 2016 yilinda yiirtitmis oldugu bir ¢aligma ile
Tiirkiye'yi 6 Derece Giin Bolgesine ayirmis ve elde etmis oldugu sonuglar IZODER

tarafindan web sayfasinda [37] yaymnlanmistir.

Cizelge 9.1. ECOFYS Sonuglarn ile Karsilagtirma

~ Bolge -

Pencere

sICAK |EcoFys | 0.30 1,80
i =
& DGl ey | MY | 0200|030 ke
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Bu ¢alismada sunulan sonuglar, dort farkh degerlendirme durumu dikkate alinarak elde edilm-
istir; maksimum tasarruf, tasarrufsuz, bagabas noktasi ve minimum toplam maliyet. Cizelge
8.1a’da sunulan sonuglar dikkate alinacak olursa; Duvar igin maksimum tasarrufu saglayan
U degeri, U =0,15 W/m’K (Cephe i¢in U =0,40 W/m’K), tasarrufsuz duvar
icin U = 0,50 W/m’K (tasarrufsuz cephe U = (0,85 W/m’K), basabas noktasi
olusmadifi i¢in U degeri belirlenememistir. Minimum toplam maliyeti veren duvar U degeri,

i 0,30 W/m’K (cephe U = 0,50 W/m’K) olarak elde edilmistir. Sonuglarin

karsilastirilmasinda dikkat edilmesi gereken nokta, bu ¢alismada sogutma etkilerinin dikkate

max tasarruf
tasarrufsuz

tasarrufsuz

min malivet

alimmamis olmasidir. Ayrica, ECOFYS firmas: tarafindan yapilan hesaplamalarin, sogutma
etkisinin yani sira, gevresel etkileri de igine alan bir fonksiyonun minimize edilmesi yak-

lasimina dayanmakta oldugu unutulmamalidir.

5. SONUCLAR

Bu calismada yapilan hesaplamalar 4 farkli bina ve bu binalara esdeger olarak olusturulan
TS825 limit degerlerini kullanan referans binalar tizerine uygulanmistir. Her bina ve refer-
ans modeli ile birlikte toplam 8 bina i¢in hesaplamalar yapilmistir. Gergek bina ile referans
bina hesaplamalar karsilastinilarak, yalitim kalinliklarinda yapilan iyilestirmelerin referans

binaya (TS825 limitlerine) gore sagladifi tasarruf miktarlar belirlenmistir.

Parametrik ¢alisma gergeklestirilerek, segilen parametrelerin optimum yahtim kalin-
ligina etkileri aragtirilmistir. Analiz edilen tiim durumlar igin 4 farkli derece giin bolgesindeki
4 farkh binanin cephe, cati ve doseme igin optimum yalitim kalinliklar tayin edilmistir. 3
farkli yalitim malzemesi ve 3 farkli yakit igin optimum yalitim kalinhiklarindaki degisiklikler
aragtinlmustir. Ayrica, 6 farkli U degerine sahip péncere tipinin cephe 151l gegirgenliklerine
etkisi aragtirilarak farkli bina tipleri igin kullanilmasi gereken pencere tipleri tayin edilmeye

calisilmastir.

[ZODER tarafindan 2016 yilinda ECOFYS firmasina yaptirilan aragtirma sonuglari
ile bu galismamin sonuclarini kargilagtirmak amaciyla, benzer bir bina olusturulmustur.
Bu calismamin parametreleri kullanilarak benzer senaryolar iretilmis ve elde edilen 1s1l
gegirgenlikler karsilagtirilmgtir. Oncelikle, Cephe 1s1l gegirgenligi, pencere tipi (U-degeri)
ve bina tipine (A/V oran1) kuvvetli olarak Bagnﬁl] oldugu i¢in maksimum tasarruf saglayacak
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pencere tipi ile bina tipi eslestirmesi yapilmaya galistlmigtir. Buna yonelik olarak, 6 farkl
pencere tipi ile 4 farkl bina tipi eslestirilerek cephe 1sil gecirgenligi analiz edilmistir.

Bu analiz sonuclarina gore; DG1 bolgesinde, 1s1l gegirgenligi 2,4 W/m’K olan
pencerenin, analizi yapilan bina tipleri i¢in tasarruf saglamayacagi, bu nedenle kullaniminin
miimkiin olmadig1 anlasilmistir. Bu ¢alisma sonucunda, pencere tiplerinin cephe U degerlerine
etkisi incelenmis ve DG1 bolgesinde incelenen bina tipleri igin tasarrufu agisindan degerlendi-
rildiginde en uygun pencere tipinin 1s1l gegirgenligi 1,0 W/m’K olan pencere oldugu tespit

edilmistir.

Cizelge 8.1’de pencere 1s1l gegirgenlfginin cephe yalitimina etkileri sunulmustur. Cizelge
8.1 incelendiginde, 151l gegirgenligi 1,0 W/m’K olan pencere tipinin se¢ilmesi ile 30 y1l siiresince
cephe toplam maliyetinin % 41°i oraminda tasarruf etmenin miimkiin oldugu goérilmektedir.
Diger pencere tipleri ile elde edilebilecek maksimum tasarruf miktarlar kargilastirildiginda, en
yiiksek pencere 1s1l gegirgenligi ile en yiiksek tasarrufu veren pencere tipinin isil gegirgenligi 1,0
W/m?K olan pencere oldugu tespit edilmistir. Bu pencere tipinin se¢ilmesi ile, 1s1l gegirgenligi
1,8 W/m?K olan olan pencere sonuglar ile karsilagtirma yapildiginda, yalitim kalinhklarinda
% 20’lik diisiis yasanmasinin yani sira 30 yillik tasarrufun toplam maliyete oranlarinda ise %
35°1ik artis yasandig gozlenmistir. Sonug olarak, tiim bolgelerde her bina igin en azindan 1sil

gecirgenligi 1,0 W/m?K olan pencere kullanimi 6nerilmektedir.

Cizelge 8.1. PENCERE ISIL GECIRGENLIGININ CEPHE YALITIMINA ETKISI

Pencere U degerleri - (W/miK)
24 18 12 10 09 08
Maksimum
Tasarruf Cepne
U deger MD 0,62 045 0,40 042 040
(W)
Maksimum
Taserwl |y |M/D | M/D| 26 |28 (30| 27 |30 33 20 |24 |27 |6 | 17 |20 (3]s |7
Cephe Yalitm
Kaliniigs [em)
Minimum
Maliyet Caphe = i
e WO 070 0,55 0,49 047 045
ot
Minimum
Malivet Cephe | M/D [MD [MD] 12 [ 1af1a] nf a3 | v oz a2 el on 2|
Yalum Kalinhds
tem)
30Vl Yakat
Tasareufu/30 : ; :
Yillik Cephe M/D 7 25 - e LI 417 - 45
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30 Yillik Toplam MO gs 5 1 - 70
Maliyet (TLim2)
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5.a. Tasarruf Tabanli Optimum Is1l Gegirgenlik

Alan-hacim oranlarina gore olusturulan dort farkli bina tipi i¢in, cephe yalitim mal-
zemesi olarak 1s1] iletkenligi A = 0.040 W/mK olan EPS kullanildig1 durumda, yillik
toplam maliyete gore elde edilen yilhik yakit tasarruf oranlarmin U degerlerine gore
degisimi Sekil 8.2 de sunulmustur. Sekil 8.2 incelendiginde, A/V oran1 0.30 olan bina
i¢in optimum cephe 1si1l gegirgenliginin 0.40 W/m’K oldugu tespit edilmektedir. Tasar-
rufu maksimize eden yaklasima gore elde edilen optimum toplam 1s1 transfer katsayi-
lari; A/V=0.38 icin Uccphe= 0.40; A/V=0.40i¢in U _ =0.45; A/V=0.551i¢inU__ =0.40

cephe phe
W/m’K olarak elde edilmistir.
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5.b. Toplam maliyet minimizasyonuna dayali optimum 1s1l ge¢irgenlik

Dogal gaz yakith Derece Giin 1 bélgesinde, Alan hacim orant A/V=0,30 olan bir bina i¢in
iletkenligi, A=0,040 W/mK olan yahitim malzemesi ve Upmzl.O W/m?K olan bir pencere kul-
lanildiginda; 30 yillik 1sitma maliyeti, cephe yalitim maliyeti, toplam maliyet ve 30 yillik ta-
sarruf miktarinm cephe yalitim kalinlig: ile degisimi Sekil 8.13’de sunulmustur. Sekil 8.13
incelendiginde, yalitimin 6 cm artirilmasi ile 30 yillik 1sitma maliyetindeki azalma 10 TL/m? ve
tasarruf edilen miktar, 10 TL/m? ile buna karsilik yalitim maliyetindeki artig, 5 TL/m* ve bunun

toplam maliyete yansimasi, 5 TL/m? diisiis, gozlenebilmektedir.

Sekil 8.13 incelendiginde, 1sitma maliyetiniﬁ, cephe yalitim maliyeti seviyesine diistiigii nokta,
basabas noktasi olarak adlandirilmigtir. Sekil 8.13’te goriildiigii {izere bagabag noktasi, 25 cm
cephe yalitim kalinligina karsilik gelmektedir. Bagabas noktasinda elde edilen tasarruf miktari
(38 TL/m?) ve 1sitma maliyetindeki diigiis (18 TL/m?), Sekil 8.13’te goriildigii tizere cephe ya-
littm maliyetine (38 TL/m?) denk gelmektedir.

—&— 30 Yilhk Isitma Malyeti —&— Cephe Yalitm Maliyeti b= Toplam Maliyet =30 yillik yalkt tasarrufu

Yakit DG
go 4 DG1
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=~ Up-en:1 0 | I Sen "Taplam Maliyet” Nokta "0,0870" | Q
c:% 80 1l ! | (0,0870, 73.31) i__ le 3
d 1 | ®
| =A [ o
= 50 +— =
= ! 3
g 30 4 E
= 3
£ 20 +— c
> | Yahtim Omri, N=30 yd g,
& 10 ! Yullik Faiz: % 10 L 10
! | Enflasyon orami: % 10,5
0 ; ! ‘ — 0
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Cephe Yalitim Kalmhgi, Oeaphe [M]

Sekil 8.13. 30 Yullik Isitma Maliyetinin Cephe Yalitim Kalinhg ile Degisimi (A/V=0.30)

Sekil 8.13. 30 Yillik Isitma Maliyetinin Cephe Yalitim Kalinligi ile Degisimi (A/V=0.30)

6. Sonuglarin Degerlendirilmesi ve Oneriler

Bu ¢alismada, TS825 hesap metodolojisi kullanilarak, Tiirkiye genelinde, dort farklh bina tip
icin cephe, tavan ve déseme 1s1l gegirgenlik degerleri tayin edilmeye galisilmigtir. Sonuglarin

tutarlihgini test etmek amaciyla, ECOFYS firmasi tarafindan gergeklestirilen ¢alismada kulla-
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nilan bina i¢in benzer ¢alisma yirttilmistiir. Karsilastirma sonuglarn incelendiginde, ¢ati ve
duvarda ayni, dosemede %10 sapma ile benzer sonuglar elde edildigi goriilmistiir. Dolay1st
ile, bu galigmada gelistirilen yontem kullanilarak elde edilen sonuglarin giivenilir oldugu séy-

lenebilir.

Giivenilirlik testinin ardindan, Tiirkiye genelinde kullanilan binalarin tipleri dikkate alinarak
dort farkli bina tipi belirlenmis ve bu binalara ait gergek veriler kullanilarak binalarin model-
leri olusturularak 1s1l gegirgenlik degerleri hesaplanmistir. Dogal gaz i¢in elde edilen genel
sonuglar 15181nda, farkli 1s1l iletkenlik degerlerine sahip yalitim malzemeleri i¢in elde edilen
sonuglar dikkate alinarak yalitim malzemesinden bagimsiz olarak 1s1l gegirgenlik degerleri
belirlenmigtir. Is1l gegirgenlik tavsiye degerleri dort farkli bina igin asagidaki ¢izelgelerde

dzetlenmistir.

Onerilen degerlerin cephe yalitiminda kullaniimasiyla, TS825 limit degerlerine oranla, DG1
bolgesinde, toplam yillik maliyetin % 6’s1 oraninda tasarruf saglanabilecegi tespit edilmistir.
Bu tasarrufun déseme yaliimiyla % 3, ¢ati yalitimiyla %2 oraninda artacagi belirlenmistir.
Onerilen degerlerin cephe yalitiminda kullanilmasiyla, TS825 limit degerlerine oranla, DG2
bélgesinde, toplam yillik maliyetin % 8’i oraninda tasarruf saglanabilecegi tespit edilmistir.

Bu tasarrufun déseme yalitimiyla % 3, ¢ati yalitimiyla %2,5 oraninda artacagi belirlenmistir.

Onerilen degerlerin cephe yalitiminda kullanilmasiyla, TS825 limit degerlerine oranla, DG3
bélgesinde, toplam yillik maliyetin % 8’1 oraninda tasarruf saglanabilecegi tespit edilmigtir.
Bu tasarrufun dogseme yalitimiyla % 4, ¢ati yaliimiyla %10 oraninda artacagi belirlenmistir.
Onerilen degerlerin cephe yalitiminda kullanilmasiyla, TS825 limit degerlerine oranla, DG4
bolgesinde, toplam yillik maliyetin % 5’1 oraninda tasarruf saglanabilecegi tespit edilmistir.

Bu tasarrufun déseme yalitmiyla % 1, ¢ati yahitimyla %1 oraninda artacagi belirlenmigtir.

10 yillik yalitim omrii dikkate alinarak yapilan hesaplamalar gostermistir ki; bu siire¢ zarfin-
da, hi¢bir yalitim kalinliginda, tasarrufun toplam maliyeti kargilama olasilig1 yoktur. Bununla
birlikte, 1sitma maliyetindeki azalmanin yalitim maliyetine ulastigi nokta basabas noktasi ola-

rak tanimlanmis ve buna gére basabas yalitim kalinliklari belirlenmistir.
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Cizelge 9.2. Tavsiye Edilen U-Degerleri — Bina Tip I (A/V=0,30) ve Bina Tip II (A/V=0.,38)

ve Upmm =1,0 (Ugli Cam)

DOGAL GAZ= U-degeri - W/niK DOGAL GAZ= U-degeri-W/mK
AN=0,30 : Mevcut Binalar AN =0'38 Mevcut Binalar
Upreen=1,0W/mK |- : Upe=1,0W/m K
Yalum Omei 2 5 g Yol Oroe Sl 8 §,
et -t o 9 s Tk Camy Shg e 8
B | OG' | 030 | 030 |0s50 BEEmE | Oc' | 028 | 030] 050
B | oc2 023 | 020|025 Bl | oo 0,21 0,30 | 0,40
| oo 0,16 0,10 | 0,20 EEm | oo 021 0,30 | 035

DG4 0,16 0,15 | 0,15 DG4 0,21 0,15 | 0,15

Cizelge 9.4. Tavsiye Edilen U-Degerleri — Bina Tip 11l (A/V=0,40) ve Bina Tip IV (A/
V=0,55) ve U =1,0 (Uglii Cam)

pencere

DOGALGAZ= |  U-degeri-winik ' U-degeri - W/mK
'  Meveut Binalar - MevcutBinalar
é S &

Bl | 0o 0,32 0,30 | 0,50 Bl | °¢ 0,30 0,30 | 0,50
Il | oG 0,24 0,10 | 0,20 B | 0c2 0,23 025 |0,30
B | oc3 0,24 0,10 | 0,20 BEEE | 0G3 0,23 0,20 | 0,25
ool = 0,15 0,15 | 0,15 | pbG4 016 | 015|015
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ABSTRACT

In this study, heat transfer coefficients for radiant floor
heating systems were investigated in a special test chamber
that is one of the very first implementations of ANSI/ASHRAE
Standard 138 in the world. Radiant systems offer high energy-
and exergy-efficient sensible heating and cooling potential.
These systems can be directly coupled with low enthalpy,
renewable, or waste heat resources. Heat transfer coefficients
areimportant design parameters for radiant systems that effect
the heat transfer capacity of the heated/cooled surface to the
indoors. In this study, radiant, convective, and total heat trans-
fer coefficients for radiant floor heating were investigated
experimentally. Experiments were conducted in a special test
chamber that was established according to ANSI/ASHRAE
Standard 138 with minor differences. The test chamber dimen-
sionsare2.74 x 2.25 x 2.45m (8.99 x 7.38 x 8.04 ft) and there
are no floor coverings during the test. Coefficients were deter-
mined through two difference methods. Heat fluxes from the
heated floor that calculated via both methods and obtained
from the “Design Graph for Sensible Heating and Cooling
with Floor and Ceiling” in ASHRAE Handbook—HVAC
Systems and Equipment (ASHRAE 2008). According to the
experimental results, total heat transfer coefficients for the
radiant heating system were obtained between 8.8 and 12.1 W/
m’K (1.43 and 2.13 Btu/h-f*-°F).

INTRODUCTION

Residential and commercial buildings are responsible for
more than 40% of total energy consumption in the United
States. HVAC loads and domestic heat water loads make up an
important part of total energy consumption of buildings (EIA
2015a, 2015b. Low-exergy radiant heating/cooling systems

offer a proper solution for both reducing energy consumption
and to maintain thermal comfort. These systems can be
directly coupled with renewable energy sources or waste heat
resources (ASHRAE 2008).

Ceiling panel cooling systems have become more popular
recently and some specific applications or renovations require
ceiling panel heating. Standardization of performance ratings
for different commercial ceiling heating/cooling panels was a
necessity and ANSI/ASHRAE Standard 138—Method of
Testing for Rating Ceiling Panels for Sensible Heating and
Cooling was developed to meet this necessity. “Standard 138
establishes uniform methods of laboratory testing for rating
the thermal performance of ceiling panels manufactured for
radiant panel heating and cooling of indoor spaces” (ANSI/
ASHRAE 2013).

The standard requires a well-insulated special test cham-
ber that have temperature controlled interior surfaces (floor
and 4 walls). In this study, the test chamber ceiling was
designed as dual mode and the interior surface temperature
can be controlled or ceiling control can be switched to passive
mode. The purpose of this study is to obtain heat transfer coef-
ficients between heated floor and space in the test chamber.

Heat transfer coefficients between radiant panel heating/
cooling surfaces and indoor space are very important design
parameters for both experimental and numerical studies.
There were many studies that were conducted to calculate
these coefficients in the literature for radiant floor, wall or ceil-
ing heating/cooling. According to EN 1264-5, the total heat
transfer coefficient /,,, can be used as 10.8 W/m>K (1.9 Btu/
h-ft>-°F) for floor heating and ceiling cooling, 6.5 W/m*K
(1.44 Btu/h-ft>-°F) for floor cooling and ceiling heating, and
8 W/m?K (1.41 Btu/h-ft>-°F) for wall heating or cooling (EN
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1264-5 2008). ASHRAE Handbook—HVAC Systems and
Equipment, Panel Heating and Cooling chapter, suggests 9.26
W/m?K (1.63 Btu/h-ft>-°F) for a horizontal surface with heat
flow up, 9.09 W/m?K (1.6 Btu/h-ft>-°F) for a vertical surface,
and 8.29 W/m?K (1.45 Btu/h-ft>-°F) for a horizontal surface
with heat flow down for convective heat transfer coefficient /1,
(ASHRAE 2008). Olesen et al. investigated the coefficients
for floor cooling at different heights and different reference
temperatures ina 6 x 4 x 2.8 m (19.69 x 13.12 x 9.19 ft) high
test chamber. In case of operative temperature selected as
reference temperature, average 4,,, at 0.6 m (1.97 ft) height
was calculated as 10.1 W/m?K (1.78 Btu/h-ft*-°F) and was
calculated as 8.3 W/m?K (1.46 Btu/h-ft>°F) at 1.1 m (3.61 ft)
height. On the other hand, if globe temperature is selected as
reference temperature, average ,,, calculated as 7.5 W/m*K
(1.32 Btu/h-ft>°F) (Olesen et al. 2000).

Causone et al. experimentally investigated heat transfer
coefficients for both radiant ceiling heating and cooling in a
4.3 x2.7x256m(14.12 x 8.86 x 8.40 ft) high test chamber.
According to the their results, 4,,, is 13.2 W/m?:K (2.32 Btu/
h-ft?-°F) for cooled ceiling and 5.8 W/m?K (1.02 Btu/h-ft?-°F)
for heated ceiling (Causone et al. 2009)

Several other experimental and numerical studies also
exist in the literature. Some premise studies were conducted
with small, free-edge heated plates. After that, some studies
were conducted in full-size test chambers with different prop-
erties. Some others were investigated in both full-size test
chambers and small boxes to determine dimensional effects
for heat transfer coefficients (Awbi and Hatton 2000; Awbi
and Hatton 1999; Awbi 1998; Khalifa 2001a; Khalifa 2001b;
Cholewa et al. 2013).

In this study, experiments were conducted in a full-size
(2.74 x 2.25 x 2.45 m [8.99 x 7.38 x 8.04 ft]) test chamber,
which is established according to ANSI/ASHRAE Standard
138 (ANSI/ASHRAE 2013). All interior surfaces are
temperature controlled and the radiant panels were designed
for short response time. In total, 95 precise and calibrated
sensors were attached in the test chamber to measure average
surface temperatures, dry-bulb air temperature, globe
temperature, air velocity, and relative humidity. ANSI/
ASHRAE Standard 138 is relatively newly developed and
there have not been many applications established yet. Appli-
cations of the standard will be expanded in near future and the
researchers will need more experimental literature related to
the standard. There are two main purposes of this study—the
first one is to get precise heat transfer coefficients for radiant
floor heating in the standard test chamber for further experi-
mental and numerical studies that are related to the standard,
and the second one is to add these heat transfer coefficients to
the literature for other general radiant floor heating applica-
tions.

THEORY

Equation 1 is the generic form of Equations 2—4 that were
used in order to, respectively, determine radiant, convective,

and total heat transfer coefficients between heated floor and
space (Causone et al. 2009). Generic forms of all three equa-
tions are the same, but the reference temperatures for the
calculation of each coefficient differ according to the heat
transfer mode (radiant, convective, or mixed).

g =L = W(T,y-Ty) (1)
7
9,
q, = =~ = h(T ;~ AUST) )
4,
where
O, = radiant heat flux from heated floor surface to other
surfaces in the test chamber, W
Ay = floor area, m? (ft?)
Ty = average floor surface temperature, K
h, = (linearized) radiant heat transfer coefficient,
W/m?K (Btu/h-ft>-°F)
AUST = area-weighted average unheated (uncooled)

temperature of such surfaces exposed to the panels,
K

AUST can be calculated using Equation 5 (ASHRAE
2008; Causone et al. 2009; ANSI/ASHRAE 2013).

0

q. = A_; = hc(Tﬂ_Ta) (3)
where
Q. = convective heat flux from heated floor surface to
indoor ambient of the test chamber, W
h, = convective heat transfer coefficient, W/m?-K
(Btu/h-ft>-°F)
T, = interior dry-bulb air temperature of test chamber, K
0
Aot = A;m = hzot(Tﬂ_ T,) “)
1
where
O, = total heat flux from heated floor surface of the test
chamber, W
h,, = totalheattransfer coefficient, W/m*K (Btu/h-ft>-°F)
T, = operative temperature in the test chamber, K

T, can be calculated using Equation 6.

Here 4, 4,, 43,44, and 4, are the surface areas of Walls
1 through 4 and the ceiling, respectively, and 7', 75, T5, T4, and
T,,, are average surface temperatures of Walls 1 through 4 and

the ceiling, respectively.

AT+ ATy + ATy + ATy + A, T

AUST = £ (5
A+ Ay + A3+ A, + A4,

Operative temperature is defined by ISO Standard
7730— Ergonomics of the Thermal Environment as:
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Operative temperature is uniform temperature of an
imaginary black enclosure in which an occupant would
exchange the same amount of heat by radiation and
convection as in the actual non-uniform environment.
(ISO 2006)

Operative temperature can be calculated with several
methods, the most common method being the average of the
mean radiant and ambient air temperatures, weighted by their
respective heat transfer coefficients. This definition can be
simplified in many typical conditions. According to ANSI/
ASHRAE Standard 55, operative temperature can be calcu-
lated using Equation 6 for occupants who are in near-seden-
tary activity, exposed low air velocity (<0.2 m/s [0.66 ft/s]),
and also not exposed to direct sunlight (ANSI/ASHRAE 2004;
ASHRAE 2013).

— Tmr+ Ta

T, 3

(6)

There are two parameters in Equation 6. 7, dry bulb air
temperature, can be directly measured by a proper calibrated
sensor. T, mean radiant temperature, can be calculated with
several methods. According to ANSI/ASHRAE Standard 138,
mean radiant temperature can be calculated with Equation 7 in
the standard test chamber (ANSI/ASHRAE 2013). On the
other hand, Equation § presents a general calculation method
for mean radiant temperature. The prior studies showed that
both of the two equations would give the similar results in the
test chamber under only radiant heating/cooling conditions
(Evrenetal. 2015; Evren 2015). In this study, the mean radiant
temperature is calculated via Equation 7.

_ AT+ ATy + AT+ AyTy+ A4, T, + AﬂTﬂ

ce  ce

mr

A1+A2+A3+A4+A66+Aﬂ

(N
4 110 x 108706 1/4
Tmi‘ = {(Tgl) + T(Tgl— Ta)J
(®)
Where
Ty = globe temperature, K
v, = air velocity, m/s
e = emissivity of the black globe sensor
D = diameter of the globe sensor (0.15 m for this study)

Total heat flux from the heated floor is the summation of
radiant heat flux and convective heat flux from the surface, as
given in Equation 9. In the study, two different methods are
used to determine the total heat flux from the floor surface. In
the first method (Method 1), ¢, and ¢, were calculated via
empirical equations from the literature (see Equations 10 and
11). In the second method (Method 2), ¢,,, was measured. For
comparison, both methods are used in the study.

Gior = 4+ 4, ©

LV-17-007

Radiant heat flux can be calculated with Equation 10
(ASHRAE 2008).

g, = 5x 10°[(T )* ~ (AUST)*] (10)

Convective heat flux for heated floor can be calculated
with Equation 11. Here, D, is equivalent diameter of floor (4 x
area/perimeter) and is 2.46 for the floor of the test chamber
(ASHRAE 2008).

\Tﬂ— Ta\“l(Tﬂ— T

q. =242 508
Dy

(11)

EXPERIMENTAL SETUP

In this study, experiments were conducted in a special,
operative, temperature-controlled test chamber that was estab-
lished according to ANSI/ASHRAE Standard 138 with minor
differences (ANSI/ASHRAE 2013). These differences effects
only standard performance panel rating. Figure 1 shows the
enumeration of the test chamber surfaces. In the study, walls,
ceiling, and floor were respectively enumerated as 1, 2, 3 and
4, ce, and fl. Figure 2 shows schematics of the hydronic pipes
that embedded into walls.

Interior surfaces of the chamber were coated with flat-
painted aluminum plates that have 0.9 thermal emittance.
Walls, ceiling, and floor insulation resistance is 2.7 m2~K/W,
(15.3 ft>-h-°F/Btu) and door insulation resistance is 2 m*K/W
(11.4 ft*>-h-°F/Btu). Between peroxide cross-linked polyeth-
ylene (Pe-Xa) hydronic pipes and insulation material, a radi-
ant shield was used to minimize radiant heat loss. Wall layers
can be seen in Figure 2.

Figure 1 Enumeration of the test chamber surfaces.
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Each surface of the test chamber designed as a zone to
control their surface temperature independently. In total, 18
ON/OFF control valves (3 valves for each zone) were used in
order to maintain interior surface temperatures of the test
chamber. Each valve has 10 s ON/OFF positioning time to
achieve short response time. The hydronic system diagram is
presented in Figure 3.

A 3kW (10,236 Btu/h) electric boiler was used to provide
hot water demand and an 8 kW (27,297 Btu/h) air-source heat
pump was installed to provide cold-water demand. Figure 4
shows two views of the experimental facility.

In total, 80 calibrated K-type thermocouples were
attached to the interior surfaces to measure average surface
temperature. A black globe sensor and a thermal anemometer
were located at the center of volume. Figure 5 shows an inte-
rior view of the test chamber. Measurements of the thermo-
couples were logged by data loggers. An automatic control

Hydronic
Pipe

Chipboard

Radiant
Shield

(11

>‘r... FL—E‘_I:ctrlc
BEE  soier
(1] ]
(1]

gl

N
ENE
L)

Air Source 7
Heat Pump

§ Control
Valves

2% N\

Figure 4 Views of the experimental facility.

unit was driven by the data loggers. The black globe sensor and
hot-wire anemometer were coupled to a multifunctional
measurement tool. Figure 6 shows diagram of the experimen-
tal facility. Detailed information about heating/cooling
systems equipment and measurements tools are given in
Table 1.

EXPERIMENTS

In this study, all interior surfaces of the test chamber were
set to given set points shown in Table 2. All data were logged
after the experimental facility reached steady state conditions.
Averages of 30-minute measurement periods for each exper-
iment were used in the calculations.

RESULTS

Measured and calculated temperature values are given in
Table3.Here, T, T,, 13, T4, T, Tf and 7, are directly measured

—0 % = % <9— cowp

ELECTRIC % WATER

BOILER TANK
g 1

SOURCE

HEAT PUMP
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Figure 5 A view from the inside of the test chamber.

by proper sensors. A UST is calculated using Equation 5 and 7,
and 7, are calculated with Equation 6 and Equation 7, respec-
tively.

Heat transfer coefficients are given in Table 4 and
Figure 7. Here h,, h,, and h,,, are calculated using Equations 2
through 4, respectively. The coefficients are calculated with
the measurements taken at the volumetric center of the test
chamber. The results are consistent with the previous studies
in the literature. Coefficients calculated by Method 1 and
Method 2 are slightly different. However, obtained results
from both methods are close to each other.

Average total heat transfer coefficient was obtained as
9.9 W/m?-K (1.74 Btu/h-ft?>-°F) by Method 1 and 10.1 W/m?*-K
(1.78 Btw/h-ft>°F) by Method 2. The average linearized radi-
ant heat transfer coefficient for floor heating was obtained as
5.4 W/m>K (0.95 Btw/h-ft>-°F) and the average convective
heat transfer coefficient was obtained as 3.7 W/m*K
(0.65 Btu/h-ft>°F). The difference between the average of
total heat transfer coefficients that obtained by the two meth-
ods, M, is 0.2. Detailed comparisons for each experiment
can be seen in Figure 8.

As expected, the coefficients slightly increase with the
increase of the floor surface temperature. Although coeffi-
cients obtained by Method 2 show a slight oscillation, the
trend of the distribution is also inclined to increase by the
rising of floor temperature. Therefore, the average of those
coefficients can be accepted. Moreover, the literature, espe-
cially ASHRAE Handbook—HVAC Systems and Equipment
(ASHRAE 2008) and related standards, prefer to give an aver-
age value to provide convenience. This approach is practical

11 Air Temperature
Sensors
Black Globe, Air ~ FEEEE
Velocity Sensors

__ || Surface Temperature Sensors £

A

<«

Figure 6 Experimental facility diagram.
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Table 1. Equipment in the Experimental Study

Equipment Info

Heating capacity,

8 kW (27297.14 Btu/h)
Cooling capacity,

6 kW (20472.85 Btu/h)

Air-source heat pump

200 L (7.06 ft*) capacity
Heating capacity,
3 kW (10236.42 Btu/h)

Electric boiler

Cold-water tank 200 L (7.06 %) capacity

Circulation pump 3.8 m/h (134.18 ft’/h)

ON/OFF control

Automatic control valves R
10 s positioning time

Data logger 80 channel

80 calibrated

Th 1
ermocouple K-type thermocouples

Thermal air velocity and

Hot-wire anemometer .
air temperature probe

Black globe sensor Calibrated black globe sensor

Multifunctional climate mea-

Measurement instrument
surement tool

Heat meter Ultrasonic heat meter

and reasonable; thus, in this study, average values of the coef-
ficients are compared.

All heat transfer coefficients are calculated in the litera-
ture to be able to calculate heat fluxes from the heated surfaces.
On the other hand, the Design Graph for Sensible Heating and
Cooling with Floor and Ceiling Panels published in the
ASHRAE Handbook—HVAC Systems and Equipment, Chap-
ter 6, which is reproduced in Figure 9, is commonly used in
engineering applications to calculate heating or cooling fluxes
through other known design parameters or vice versa. Thus,
comparison of the Design Graph (Method 3) and the calcula-
tion of heat the heat fluxes via obtained coefficients (Methods
1 and 2) is important.

As can be seen from Figure 9, the heat flux from the
heated floor for the seventh experiment was measured as 49.1,
48.5, and 49 W/m? (15.56, 15.37, and 15.53 Btw/h-ft?) via
Method 1, Method 2, and Method 3, respectively. Obtained
heat fluxes and their differences from each other are presented
in Table 5. Here, q,,,.1, 4012, and ¢,,,.3 are heat fluxes obtained
by Method 1, Method 2, and Method 3, respectively. Ag,,,.12,
Ng,0-13 and Ag,,, 03 respectively show the differences between
Method 1 and Method 2, Method 1 and Method 3, and
Method 2 and Method 3. The differences can also be seen in
Figure 10. As can be seen from Figure 10 and Table 5, averages
of the differences are very low.

Table 2. Control System Set Points

for the Experiments

nl;::lﬁego 7,°C 1,°C 1,°C 1,°C  1,,°C 13,°C
1 18.0 18.0 18.0 16.0 18.0 22.0
2 22.0 22.0 22.0 22.0 20.0 25.0
3 24.0 24.0 24.0 21.0 24.0 27.0
4 24.0 24.0 24.0 22.0 24.0 27.0
5 25.0 25.0 25.0 22.0 25.0 28.0
6 27.0 27.0 27.0 24.0 26.0 31.0
7 27.0 27.0 27.0 24.0 26.0 31.0
8 29.0 29.0 29.0 26.0 28.0 33.0
9 31.0 31.0 31.0 28.0 30.0 35.0
Experi- op 1 OF  £,°F 1,°F 1,°F 15,°F
ment No. P » » ® ce el
1 64.4 64.4 64.4 60.8 64.4 71.6
2 71.6 71.6 71.6 71.6 68.0 77.0
3 75.2 75.2 75.2 69.8 75.2 80.6
4 75.2 75.2 75.2 71.6 75.2 80.6
5 77.0 77.0 77.0 71.6 77.0 82.4
6 80.6 80.6 80.6 75.2 78.8 87.8
7 80.6 80.6 80.6 75.2 78.8 87.8
8 84.2 84.2 84.2 78.8 82.4 91.4
9 87.8 87.8 87.8 82.4 86.0 95.0
CONCLUSION

In this study, heat transfer coefficients between the radiant
floor heating and the space were determined in a special test
chamber established according to ANSI/ASHRAE Standard
138 (ANSI/ASHRAE 2013). Two different methods were
used to calculate the coefficients. In the first method, the
amount of radiant, convective, and total heat fluxes from the
heated floor surface was calculated through empirical equa-
tions (Equations 10 and 11) from the literature. The second
method, the supplied total heat was measured with a heat
meter and the amount of heat loss was deducted from the
measured one.

According to the results, the average total heat transfer
coefficient between heated floor and the space was respec-
tively determined as 9.9 W/m?K (1.74 Btu/h-ft?) via Method
1 and 10.1 W/m?K (1.78 Btu/h-ft?) via Method 2. The linear-
ized radiant heat transfer coefficient and the average convec-
tive heat transfer coefficient were obtained as 5.4 and 3.7
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Table 3. Temperature Measurements and Calculations

ExperimentNo.  #,°C  £,°C  #,°C  #,°C  £,°C  1,°C  ,°C  AUST,°C  t,,°C  t,°C
1 18.3 18.3 18.5 16.4 17.8 22.4 17.5 17.9 18.7 18.1
2 21.7 21.9 22.1 19.4 20.9 25.2 20.6 21.2 21.9 21.3
3 23.8 24.0 23.5 20.9 22.7 27.4 23.2 23.0 23.8 23.5
4 23.7 23.8 24.0 21.5 23.0 27.5 22.7 233 24.0 23.4
5 25.5 25.9 25.4 22.5 24.4 293 24.7 24.8 25.6 25.1
6 26.5 26.8 27.1 24.1 25.5 31.7 25.8 26.0 27.0 26.4
7 27.3 27.7 26.8 24.1 26.0 31.7 26.5 26.4 273 26.9
8 293 29.8 29.2 26.6 28.3 33.8 28.7 28.7 29.5 29.1
9 314 31.9 30.8 27.9 29.9 35.7 30.6 30.4 313 30.9

Experiment No.  #;, °F t,, °F t3, °F t4, °F topr °F ty °F t,, °F AUST, °F Ly °F t,, °F
1 65.0 64.9 65.3 61.5 64.1 72.4 63.5 64.2 65.6 64.5
2 71.1 71.5 71.7 67.0 69.6 77.4 69.1 70.2 71.5 70.3
3 74.9 75.2 74.4 69.6 72.8 81.3 73.7 73.5 74.8 74.2
4 74.7 74.9 75.2 70.7 73.4 81.5 72.9 73.9 75.1 74.0
5 77.9 78.6 77.8 72.6 75.9 84.8 76.4 76.7 78.0 77.2
6 79.7 80.2 80.8 75.4 77.9 89.0 78.4 78.9 80.6 79.5
7 81.2 81.9 80.3 75.4 78.8 89.1 79.6 79.6 81.2 80.4
8 84.7 85.6 84.5 79.9 82.9 92.9 83.7 83.6 85.1 84.4
9 88.4 89.3 87.5 82.3 85.9 96.3 87.1 86.8 88.4 87.7

W m?K (0.95 and 0.65 Btu/h-ft?), respectively. The resultsare ~ ACKNOWLEDGMENTS

consistent with the literature and the related standards
(Cholewa et al. 2013; EN 1264-5 2008).

Moreover, in the study, differences between the heat fluxes
obtained by Method 1, Method 2, and the Design Graph
published in the ASHRAE Handbook—HVAC Systems and
Equipment, Chapter 6 (Method 3) are determined. Determination
of the differences between the heat fluxes that obtained by the
three methods is important, because the main reason for calculat-
ing the heat transfer coefficients is to be able to determine the
amount of the heat flux from heated surface. The average of the
differences between the three methods are very low.

The obtained results can be used for both standard test
chambers established according to ANSI/ASHRAE Standard
138 (ANSI/ASHRAE 2013) and other general radiant floor
heating applications that operated without any floor coverings.
For further studies, heat transfer coefficients for other surfaces
in the test chamber can be calculated. Moreover, by increasing
the precision of the heat meter, more accurate coefficients can
be obtained by the second method.
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NOMENCLATURE

Ay, Ay, A3, Ay A A = surface area of walls 1,2, 3, and 4, ceil-

ing, and floor, respectively, m? (ft*)

e

AUST = area-weighted average unheated
(uncooled) temperature of surfaces
exposed to panels K for all formulas,
°C (°F) for tables

h = heat transfer coefficient (generic),
W/m?K (Btwh-ft>-°F)

0 = heat flux, W (Btu/h)

q = heat flux for unit area, W/m?
(Btw/h-ft?)

q. = natural convective heat flux for unit

area, W/m? (Btu/h-ft?)
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Table 4. Heat Transfer Coefficients for Floor Heating

Method 1 Method 2
Experiment No. h, , Wm*K h., Wim*K Bypry WimEK hyppy WimAK Ahypy 12, Wim*K
1 5.0 3.7 9.4 9.3 0.1
2 5.2 3.6 9.4 9.5 -0.1
3 5.3 3.5 9.7 9.8 -0.1
4 5.3 3.6 9.6 11.1 -1.5
5 5.4 3.6 9.8 11.3 -1.5
6 5.5 3.9 10.2 12.1 -1.9
7 5.5 3.8 10.1 9.9 0.2
8 5.6 3.7 10.2 8.6 1.6
9 5.7 3.7 10.4 8.8 1.6
Average 54 3.7 9.9 10.1 -0.2
Experiment No.| h,, Btu/h-ft>-°F h,. , Btu/h-ft?-°F hy, » Btu/h-ft2-°F Iypr» Btu/h-ft2-°F Ahyyy 1, Btu/h-ft2-°F
1 0.89 0.65 1.66 1.64 0.02
2 0.92 0.64 1.66 1.67 0.01
3 0.94 0.62 1.71 1.73 0.03
4 0.94 0.64 1.70 1.95 0.26
5 0.95 0.64 1.73 2.00 0.27
6 0.97 0.69 1.80 2.13 0.33
7 0.97 0.66 1.79 1.75 0.04
8 0.99 0.66 1.81 1.52 0.29
9 1.01 0.66 1.83 1.55 0.28
Average 0.95 0.65 1.74 0.98 0.65
Ahtot
Heat Transfer Coefficients 75 16 16
140 15 ° o
g 120 o 10
'S O <o | 0.2
- o o © 0 0 ©° o 9o 0O Jal_s 3w :
g T 80 S s - - = T=
%E 60 o [m] (] [m] (m] O [m] [m] (] 1.0 15 .15
= 4.0 A A A A A A A A A 15 ° ) -19
g 20 20 o
= =
0.0 =25
0 3] 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7/ 8 9 1
Exp. Nu. Exp. Nu
Ohr Ahc Oh_tot (Method 1) ¢ h_tot (Method 2) O Ahtot == Average
Figure 7 Heat transfer coefficients. Figure 8 Comparison of Method 1 and Method 2.
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AVERAGE WATER (BRINE) TEMPERATURE (t,,), °C
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Figure 9 Design graph and example illustration for experiment 7 (ASHRAE 2008).

q, = radiant heat flux for area, W/m? MNyor-12 = difference of total heat fluxes obtained
(Btwh-ft%) by Method 1 and Method 2
1ot = total (radiant + natural convgctive) Ag,.13 = difference of total heat fluxes obtained by Method 1
heat flux for unit area, W/m
and Method 3
(Btwh-ft?)
o s B3y g Lo Ty — average surface temperature of walls Nq,,,.23 = difference of total heat fluxes obtained by Method 2
1,2, 3, and 4, ceiling, and floor, and Method 3
respectively, °C (°F)
REFERENCES

T\, 15,15, Ty, T,y Ty = average surface temperature of walls
1,2, 3, and 4, ceiling, and floor,

: ANSI/ASHRAE. 2013. Standard 138—Method of testing for
respectively, K

rating ceiling panels for sensible heating and cooling.

a

t = dry-bulb air temperature, °C (°F)

Atlanta; ASHRAE.

Ty globe temperature, K ANSI/ASHRAE. 2004. Standard 55—Thermal environmen-
Lo mean radiant temperature, °C (°F) tal conditions for human occupancy. Atlanta: ASHRAE.
T, operative temperature, K ASHRAE. 2008. ASHRAE Handbook—HVAC systems and
f, operative temperature, °C (°F) equipment. Chapter 6—Panel heating and cooling.
Ny 1o difference of total heat transfer coeffi- Atlanta: ASHRAE.
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cients obtained by Method 1 and
Method 2

ASHRAE. 2013. ASHRAE Handbook—Fundamentals.
Chapter 9—Thermal comfort. Atlanta: ASHRAE.
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Table 5. Heat Fluxes
Experiment No.  ¢,,,.1, W/m? Q1120 W/m? Q1or3s W/m? AQpor1zy W2 Aque 13 WM Agy,23, W/m?
1 41.1 42.1 42.0 -1.0 -0.9 0.1
2 37.7 38.7 33.0 -1.0 4.7 5.7
3 38.2 39.2 35.0 -1.0 3.2 4.2
4 39.7 46.4 37.0 -6.7 2.7 9.4
5 41.5 48.4 44.0 -6.9 -2.5 4.4
6 53.8 64.2 54.0 -10.4 —0.2 10.2
7 49.1 48.5 49.0 0.6 0.1 -0.5
8 48.4 40.9 52.0 7.4 -3.6 -11.1
9 49.5 42.2 48.0 7.2 1.5 -5.8
Average -1.3 0.5 1.8
Experiment No. Gtor-1» Btu/h G101-2» Btu/h G10-3» Btu/h Aqyr.120 Btu/h Aqypr.13, Btu/h Aq 123, Btu/h
1 13.05 13.37 13.33 -0.33 -0.29 0.04
2 11.97 12.28 10.48 -0.31 1.49 1.80
3 12.12 12.45 11.11 -0.33 1.01 1.34
4 12.61 14.74 11.75 -2.13 0.87 2.99
5 13.17 15.35 13.97 -2.18 -0.80 1.38
6 17.07 20.39 17.14 -3.31 -0.07 3.24
7 15.59 15.39 15.56 0.20 0.03 -0.17
8 15.35 12.99 16.51 2.36 -1.16 -3.52
9 15.70 13.41 15.24 2.29 0.46 -1.83
Average -0.41 0.17 0.59
Awbi, H.B. 1998. Calculation of convective heat transfer
coefficients of room surfaces for natural convection.
Comparison of the Heat Fluxes Energy and Buildings 219-27.
15.0 Awbi, HB., and A. Hatton, A. 1999. Natural convection
100 o o from heated room surfaces. Energy and Buildings 233—
50 & g ¢ ¢ 44.
B 5 & o o A B A Awbi, H.B., and A. Hatton. 2000. Mixed convection from
< . A A heated room surfaces. Energy and Buildings 153—66.
oo © o Causone, F., S.P. Corgnati, M. Filippi, and B.W. Olesen.
o 4 2009. Experimental evaluation of heat transfer coeffi-
L . . e s e cients between radiant ceiling and room. Energy and
B, e Buildings 622-28. doi:10.1016/j.enbuild.2009.01.004.
Cholewa, T., M. Rosinski, Z. Spik, N.R. Dudzinska, and A.
Oiqtot=12[Wl| SlqotASlIW] SiAgtot23 W] Siuta-Olcha. 2013. On the heat transfer coefficients

Figure 10 Comparison of the heat fluxes obtained by the
three methods.
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Using Inverse Design Procedures for
HVAC Applications
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ABSTRACT

In this study, the inverse design procedures are introduced in detail and the three-dimensional blade geometries for radial and mixed flow pumps and
compressors are investigated for specified machine inlet and exit parameters. The performances of blade design are compared for each methodology. The
quick, designer friendly and robust form of inverse design formulation using swirl distribution is introduced in detail. The guidelines for the design of flow
passage of turbo machinery are particularly given for the formulation. The two examples for HV . AC applications are systematically analyzed to examine
and compare the performances of each flow passage of blades. This technique is used to reduce the design time and save efforts in the computational fluid

dynamics analyses.

INTRODUCTION

The demand for high efficiency HVAC systems is increasing, due to energy efficiency and high energy cost. The
efficiency of HVAC systems relies on high efficiency turbomachinery. Thus, efficient and robust method for high
efficiency turbo-machinery components design must be established.

Pump and compressor design procedure starts with determination of inlet and operational parameters of
impeller. These parameters must be adjusted for high efficiency design, but tuned parameters are not sufficient to
guarantee efficient operation. Impeller geometry must be constructed accordingly. Diffusing flow structure, especially
in pumps and compressors, may cause boundary layer separation inside impeller passage, which causes severe drop in
efficiency. Therefore, the flow inside impeller passage must be constructed carefully, and flow angles must be
determined accordingly.

The direct design is simple, but time consuming approach for designing turbo-machinery impellers. In direct
design approach, impeller geometry specified and tried to be optimized until satisfactory impeller geometry obtained.
The design process needs highly experienced stuff with long testing time. The second method is the inverse design
method. In the inverse design procedure, the flow inside a turbo-machinery is modeled, and then this flow is tuned
for optimum efficiency. Finally, impeller flow angles and other parameters are obtained.

Inside turbo-machinery passages, fluid do not follow impeller blade angles exactly, but deviates accordingly flow
characteristics. Thus, the determined flow angles are corrected to obtain blade angles of impellers.

In this study, the inverse design methodology for pump and compressor impellers are given in detail. Then, one
pump and one compressor impellers designed accordingly. Inverse design procedure are used for significant design



time reduction

Westra (2008) used differential inverse design method to design centrifugal pump impellers. This method is
similar to method in current paper instead of parametric representation of problem, differential representation is used.
Differential inverse design method is detailed, but more time consuming.

Ceylanoglu (2009) and Cevik (2009) used detailed inverse design method coupled with design of experiment and
artificial neural networks optimization for compressor impellers. Ceylanoglu focused radial compressor design, and
Cevik focused mixed flow compressor design. Cevik shows that mixed flow compressors have higher efficiency than
centrifugal compressors. They both improved compressor performance.

Schiff (2013) studied centrifugal compressor design. Classical preliminary and detailed design procedure is
described thoroughly.

Airfoils are used in axial compressors, pumps and turbines. Their optimization and inverse design procedures are
good references for understanding radial and centrifugal compressors and turbines.

Sun, Sun, and Wang (2015) used artificial neural networks to optimize airfoils. They used parametric curves to
generate airfoil geometries. They created more efficient airfoil design method than classical airfoil design methods.
Shahrokhi, and Jahangirian (2007), Quagliarella, and Vicini (2001) made similar studies using genetic algorithms.
Ahmadabadi, Ghadak, and Mohammadi (2013) made similar study using Ball-Spine algorithm.

Leifsson, and Koziel (2014) used low fidelity models to decrease time required for high fidelity models for
optimization of airfoils.

FLOW DESCRIPTION OF PUMPS AND COMPRESSORS

The flow in pumps and compressors are described using velocity triangles at inlet and exit stations of impellers.
The velocity triangles are given in Figure 1, and their equations are given at Table 1. Slip factor for general impellers
are given by Aungier (2000).

Table 1. Velocity Triangle Equations of Impellers

Description Equation
Rotational speed w= 27N /60

Exit impeller speed U, =wr,

Inlet impeller speed at mean radius U =&,
Exit meridional speed C.. =oU,

Inlet speed C,=C ,xy1+ [COt(O!l)]2
Exit speed C,=C,y1+ [0012(012)]2

Exit relative flow angle cot(3,) =1/¢, —cot(a,)
—C,pxcot(x
Inlet relative flow angle COt(,Bz) = Y, me X ( 1)
Crnax
Mass flow rate m=2ar,p,(1-B,)C,,
Work transferred to fluid W= muU,C,., [COt(az) - & COt(Oll)]
. \/sin .
Slip factor o =1—#Sln(0{c)
70
U U-C,cot(s)
Impeller blad 1 cot =— - “m= V7
mpeller blade angle (By) C oC

m m
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Figure1 (a) Inlet velocity triangle (b) exit velocity triangle.

PRELIMINARY DESIGN OF IMPELLERS

The design study of compressors and pumps start with inlet conditions, pressure ratio and flow rate of pump or
compressor. Design correlations for high efficiency pumps and compressors are formed to decrease complexity of
design procedure. The designs are made using specific speed and specific diameter correlations are given in Equation

1 and 2.

Ng = wy/Q @

The cordier diagram is formed using data of high efficiency compressor and pump designs by Dixon and Hall
(2010). A curve, fitted to cordier diagram for centrifugal and mixed flow compressors and pump, is given in Equation

3. The design ranges of pumps and compressors are given in Table 2.

L 9841102 .N?+4618-10" N, —2.718-10° 3)
D

S



Table 2. Specific Speed Ranges for Pumps and Compressors

Type Lower Limit Upper Limit
Centrifugal Pumps 0.2 1.2
Mixed Flow Pumps 1.2 2.6
Centrifugal and Mixed Flow Compressors 0.5 2.0

IMPELLER DETAILED DESIGN USING INVERSE DESIGN

Energy transfer to working fluid in the impeller passages is modeled using Euler turbo machinery equation, given
in Equation 4. This equation is not only applicable to inlet and exit stations, but also any point in the turbo machinery
passages. Thus, inverse design equations are derived using Euler turbo machinery equation for representation of flow
in the impellers. Impeller switl (ng) and meridional speed (Cm) distributions must be described by smooth cutrves for
satisfactory impeller designs.

dw =d(UC,)=wd(rC,)=wd(APA,) )

Inverse design equations are used to construct geometry impeller. Inlet and exit conditions are determined by
flow in the impeller. The conditions for are given in Table 3.

Table 3. Inverse Design Equations

Description Equation Notes
Inverse design equation rC,(s) = F(t) streamline length:s, Bezier curve parameter:t
Inlet condition rCy(0) =rCp
Exit condition rc, (32 ) =r,C,,
r
Leading edge unloading condition M =0
S
Trailing edge unloading condition M =0
S
Free vortex equation rC, = constant for hub to tip angle distributions

Bezier curves are used in impeller parameter distribution, because these curves are very smooth and easily
controlled for specified values. Formulation of Bezier curve is given in Equation 5 and 6.

7= ¢, |3 (c,), B0 o
c.| 7.
_ (n)! i1 4\
B 0= Gt ¢Y ©)

Bezier curves need reference points. The first and last reference points are inlet and outlet conditions of impeller.
The slope of first and last point is same as slope of the line between the selected point and adjacent point.

The reference points for Bezier curves are given in Table 4. The values of reference points are selected to satisfy
inverse design equation conditions. The inlet and exit flow speed are specified using reference point 0 and 4. The



leading edge and trailing edge unloading conditions are satisfied using reference point 1 and 3. Control point is used to
tune flow characteristics.

Table 4. Bezier Curve Reference Points

Point Number Streamline Length Impeller Swirl Meridional Speed Notes
0 0% rC, Cou Inlet point
1 5% rCu Inlet slope point
2 50% a B Control point
3 95% r,C,, Exit slope point
4 100% r,Cy, C.n Exit point

Relative flow speed distribution is the most important parameter for impeller performance. The diffusion of
flow inside impeller causes boundary layer separation at pressure surface. The local diffusion factor is numerical value
for diffusion of flow and it is the most important factor for designing high efficiency impellers. The local diffusion

factor is given in Equation 7.

1(oW
D‘_W(Ej g

The maximum local diffusion factor for a compressor must be as low as possible for an impeller to maximize
efficiency. The control point values (a and b) for impeller switl and meridional speed distribution can be manipulated
to decrease maximum value of diffusion factor.

The flow deviate impeller blade angle as fluid flow through impeller passage. The blade angle is determined by

slip factor.

RESULTS

The design of impeller geometry for high efficiency compressors and pumps are described above. One
compressor and one pump are designed to show the procedure in detail.

Preliminary Design Results for Compressor. The parameters of designed compressor are given in Table 5.
Pressure ratio for compressor is selected randomly, inlet properties is selected as room conditions.

Table 5. Preliminary Design Results for Compressor

Parameters Values
Inlet pressure 100 kPa (14.5 psi)
Inlet temperature 300 K (540 R)

Pressure ratio 1.5

Revolution speed(N) 20000 rpm

Mass flow rate (M) 0.465 kg/s (1.025 1b/s)

Specific speed (Ng) 0.5

Specific diameter (D) 5.6

Inlet flow angle ( 1) 259

Exit flow angle ( 2) 56"

Power requied (vv) 21.5 kW (15858 Ibf.ft/s)

Preliminary Design Results for Pump. The parameters of designed pump atre given in Table 6. Pressure ratio



for pump is selected randomly, inlet properties is selected as room conditions. Due to high density of water, power

required is lower than compressors.

Table 5. Preliminary Design Results for Pump

Parameters Values
Inlet pressure 100 kPa (14.5 psi)
Inlet temperature 300 K (540 R)
Pressure ratio 5
Revolution speed(N) 2000 rpm
Mass flow rate (M) 0.402 kg/s (0.866 1b/s)
Specific speed (Ny) 0.4
Specific diameter (D) 7.1
Inlet flow angle ( 1) 470
Exit flow angle( 2) 780
Power required (vv) 175 W(129 Ibf.ft/s)

Detailed Design Results for Compressor Impeller. Flow velocities of designed compressor impeller are
shown in Figure 2. The relative velocity of the flow is faitly constant. The diffusion factor of compressor impeller is
given in Figure 3. Flow diffusion is not very high locally, because pressure ratio of compressor is low. Diffusion factor
increases dramatically with increasing pressure ratio. The blade angle and relative flow angle is given in Figure 4. The
blade angle distribution is used to generate compressor impeller geometry.

Flow Velocities of Compressor Impeller
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Figure 2 Flow velocities of compressor impeller.



Diffusion Factor of Compressor Impeller
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Figure 3 Diffusion factor of compressor impeller.
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Figure 4 Diffusion factor of compressor impeller.

Detailed Design Results for Pump Impeller. Flow velocities of designed pump impeller are shown in Figure
5. The relative velocity of the flow is increasing. This decreases risk of boundary layer separation in flow passage that
decreases efficiency dramatically. The diffusion factor of compressor impeller is given in Figure 6. The blade angle
and relative flow angle is given in Figure 7. The blade angle distribution is used to generate pump impeller geometry.



Flow Velocities of Pump Impeller
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Figure 5 Flow velocities of pump impeller.

Diffusion Factor of Pump Impeller
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Figure 6 Diffusion factor of pump impeller.
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Figure 7 Diffusion factor of pump impeller.

CONCLUSION

The refrigeration cycle efficiencies are very sensitive to compressor efficiency. Increasing compressor efficiency
and decreasing design time need for high performance compressor impellers are very important for high efficiency
HVAC systems. Pumps are similar to compressors.



Inverse design procedure is fairly simple method for designing compressor and pump impellers. The time
required for more detailed studies (computational fluid dynamics analyses and experiments) decrease. The results of
inverse design and more detailed studies can be compared. Inverse design results guide designers where to focus and
make evaluation of results of further studies easier.

NOMENCLATURE
N = rotational speed
r = radius
Z = number of blades
w = rotational speed

“

streamline length

density

A
\

= slip factor

QQ
1

relative flow angle

= absolute flow angle

] R

= angle between streamline and axis of rotation

=
I

impeller blade angle

= absolute flow velocity

SIS
Il

relative flow velocity
= impeller velocity

= inlet mean radius to exit radius ratio
= inlet meridional velocity ratio inlet to exit
= flow coefficient

flow blockage

= mass flow rate

= work required

= specific speed

Oz 3® S8 ™G
I

n

= specific diameter

Subscripts

= meridional

tangential

inlet station

N = @ X
|

exit station
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A newborn incubator with a laminar
flow unit

M. Zeki Yilmazoglu, PhD Atilla Biyikoglu, PhD
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ABSTRACT
A premature baby is defined as the baby born in the 22nd-37th week of the pregnancy. A baby, born before the 28th week of the pregnancy, can live

inside of a newborn incubator with a thermoregulation system. Newborn’s death occurs by water and heat loss due to diseases. A decrement in body
temperature causes hypothermia and an increment in body temperature causes hyperthermia that result by the death of the neonatal. For the survival of
these babies, a suitable and controllable environment has to be provided. Closed type incubators have been used for many years with accessories such as
radiant heater, flow controller etc. The main problem for the closed type incubator occurs when the cover is lifted in an emergency case. The baby exposed
to the environment directly which means at least 14°C temperature difference. In the case of radiant heaters without a cover, water loss from the skin of

the baby increases. In order to handle these problems, a novel newborn incubator with a laminar flow unit is offered.

In this study, numerical and experimental analyses of a newborn incubator with a laminar flow unit are investigated. In the first part of the study, a
closed type conventional newborn incubator is simulated in ANSYS Fluent with different inlet velocities and inlet temperatures. The calibration
procedure of these devices is accepted as the verification model of the CED analyses. In the second part of the study, a new design with a laminar flow nnit
is modeled. The new design is manufactured and a neonatal test simulator is used in the experimental part of the study in order to evaluate temperature
and velocity profiles. A particle tracking study is also performed in order to decide the efficiency of the proposed system. The results show that the velocity
on the baby is similar to the closed type incubator. Also, none of the particles reach the baby.

INTRODUCTION

World Health Organization (WHO) defines the premature baby as the baby born in the 22nd-37th week of the
pregnancy (Rojczyk and Szczygiel 2011). A baby, born before the 28th week of the pregnancy, can live inside of a
newborn incubator with a thermoregulation system. Newborns can be classified as their weights into four categories.
These categories vary between 800 and 2500 grams. Thermoregulation is obtained as these weights. New-born baby
mortality rate is very high, especially in developing countries. Figure 1 shows the infant mortality rate (CIA 2015).
Infant mortality rate is the number of deaths of infants under one-year-old per 1,000 live births. It is generally
accepted as an indicator of the level of health in a country. In Turkey in 1950-1955 periods, the new-born infant
mortality rate was around 217.77 while in 2010-2015 it was reduced by up to 12.77. Figure 1 shows that this rate was
fewer than 5 in Canada, Europe, Japan, and Australia. In EU, this was found to be 4. The highest new-born infant
mortality rates occur in underdeveloped countries. The new-born infant deaths, particularly the highest in African
countries, were discussed by (Hippolite 2012) according to the status of the incubators, operational procedures, and
control systems. New-born deaths occur due to disease-induced water loss. The decrease and increase in body
temperature cause hypothermia and hyperthermia, respectively those results in death. For the survival of the babies,

Author Yilmazoglu is working as an energy director for Gazi University Hospital and researcher in Dept. of Mechanical Eng., Gazi University, Ankara, Turkey.
Author Biyikoglu is a professor in the Department of Mechanical Engineering, Gazi University, Ankara, Turkey.



born before the expected date, a suitable environment has to be provided that close to the womb conditions and the
condition inside the environment has to be adjusted. The parameters to be controlled are temperature, humidity,
sound, and O level.

Especially premature new-born babies, born before the 32th week, if the body weight is below 1500 grams the
thermoregulation are not like normal babies. 85% of the heat exchange is provided through the placenta in the fetus
and 15% of the heat exchange is provided via skin. After the birth, these babies whose skin is immature can be
affected even 1°C temperature difference. Therefore, thermoregulation has a great importance for the premature
newborn babies and should complete their growth in an incubator according to the body temperature and birth week.

m oo | |

W 1015

30-40
I a0-50

W s0-60
M s0-70
M 080
M s0.90
Il 90-100
M 100110
M No data

Figure 1 Infant mortality rate in 2013 (CIA 2015)

There are different types of incubators, available in the market. The most common incubator type separates the
interior of the incubator by a plexiglas material. The temperature, humidity, and Oz level have to be controlled in this
closed environment. A photo of the closed type incubator is shown in Figure 2(a). The plexiglas cover prevents the
ingress of the bacteria into the incubator. However, (Hippolite 2012) showed that in the case of aperiodic cleaning of
the incubators increase the possibility of the bacterial growth. In the case of an emergency, removal of the cover
exposes the baby a large temperature difference. The incubators with radiant heaters, shown in Figure 2(b), regulate
the temperature difference but cause moisture loss from the skin of the new-born baby that is critical for the survival.

(ASHRAE 1989) defines the body heat balance as follows:

M _W = st + Qres = (C + R + Ersw + Edif ) + (Cres + Eres) (1)

In this equation, M is the metabolic energy production, W is the mechanical work, Qsk and Qyes are the heat loss
from skin and the heat loss by inhalation, respectively. The term, C, in the right hand side of the equation shows the
heat loss by convection from skin and R is the heat loss via radiation. Erw and Eagr are the heat losses by the
evaporation from skin and heat loss from skin by moisture diffusion. Cies and Ers ate convective and evaporative heat
losses by inhalation.



a) b)
Figure 2 (a) Closed type incubator (b) Incubator with radiant heater

(Wongkamhang et al. 2012) obtained temperature and velocity distribution inside the closed type incubator by
utilizing COMSOL CFD commercial code. They investigated heating of the incubator with an air velocity of 0.5 m/s
after 1800 second. The air introduced into the incubator from the head side of the baby and exhausted from the foot
side of the baby. (Rojczyk and Szczygiel 2013) obtained temperature and velocity distribution for an incubator with
radiant heater. The velocity distribution on the baby was found to be 0.1 m/s. (Fic et al. 2010) obtained CFD results
of an incubator with a radiant heater. In the analysis, heat input for radiant heater was given as 600 W. Also, the body
temperature of the baby and convective heat loss were given as 37°C and 0 W, respectively. Heat loss from the baby
was calculated for various cases. (Ginalski et al. 2007) investigated temperature distribution for 32, 34, and 36°C inlet
air temperatures in a closed type incubator and compared the results with experimental study. (Perez et al. 2013)
suggested a laminar flow type incubator. The laminar flow type incubator aimed to solve excessive moisture loss
problem in incubators with radiant heaters, access and temperature variation problems when the cover is opened for
the closed type incubators.

In this study, experimental and numerical investigation of a laminar flow type incubator is performed. In the
experimental study, a neonatal test simulator was used in order to obtain velocity, temperature, humidity, and sound
results. This device is also used to calibrate the incubators in the hospitals. Initially, the closed type incubator
experiments were performed. For the next step, laminar flow type incubator was manufactured and tested. In the
numerical part of the study, closed type incubator was modeled. The proposed laminar flow unit type incubator was
also modeled and the results were compared.

NUMERICAL STUDIES

In the numerical studies, a closed type incubator was modeled. In order to determine the difference between
closed and laminar flow type, a solid model of the laminar flow type incubator was modeled. ANSYS Fluent 15 was
used in the numerical analysis. Continuity, momentum, and energy equations wete used and the equations were given
below.
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For the accuracy of the solution, the selection of the turbulence model has a great importance. In the analyses,
the flow is accepted as laminar. In addition, k-w Low Reynolds Corrections Model was used in the simulations. Air is
fed into the closed type incubator with the values given in Table 1. The body temperature of the neonatal is accepted
as 30.5°C. According to the mesh independency results total mesh of the model was found to be approximately
834,500.

Table 1. Boundary Conditions for a Closed Type Incubator
Air Inlet Temperature (°C) | Air Inlet Velocity (m/s)

Case 1 32 0.41
Case 2 34 0.41
Case 3 36 0.41

The boundary conditions of the laminar flow type incubator are given in Table 2. The body temperature of the baby is
accepted same as closed type incubator. The optimum mesh for laminar flow type incubator was found to be 594,295.

Table 2. Boundary conditions for a laminar flow type incubator

Air Inlet Temperature (°C) | Air Inlet Velocity (m/s)
Case 1 36 0.30
Case 2 34 0.30
Case 3 36 0.20
Case 4 36 0.10
Case 5 36 0.05

RESULTS

The velocity and temperature contours of the closed type incubator were given in Figures 3(a) and 3(b). The
velocity on the baby was found to be 0.02 m/s. It can be concluded that a uniform temperature distribution was
obtained inside the incubator. According to the Figure 3(b), the highest velocity was obtained at the top of the
incubator that is not affected to the baby.
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Temperature and velocity distributions for the laminar flow type incubator were shown in Figures 4(a) and 4(b).
Air is introduced into the flow field with a temperature of 34°C and the temperature on the baby was found to be
36°C. The boundary condition of the sutface, representing the baby, was given as 36.5°C. It can be concluded that a
heat loss was occurred on the baby. However, it can be adjusted by increasing the temperature of the air that is higher
than 34°C. It is obvious that the air flow behaves like a cushion on the baby. The air velocity on the baby was found
to be 0.1 m/s which is less than the velocity limit, indicated in the standard TS EN 60601-2-19. A particle study was
also carried out in order to evaluate the effects of the particle penetrations. Particles were modeled as PM 10 physical
parameters. The animation results show that none of the particles were able to penetrate inside the incubator.
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Figure 4 (a) Temperature and (b) Velocity distributions inside the laminar flow type incubator

According to the Figure 4(a), the air temperature on the baby was maintained above 34°C and uniform
temperature distribution was obtained around the baby. The velocity was increased above the baby due to plate
mounted at the upper part of the air inlet. This plate is used to increase the air velocity at the top of the flow field and
functions as an air cushion generator above the baby.

The velocity results were obtained for different inlet air velocities. Figure 5 shows the velocity distribution for
various heights inside the air flow field. The baby was located between 325-625 mm and the air flows in the direction
of decreasing x values. According to the results, the velocity on the baby is around 0.05 m/s for all inlet air velocities.
However, it can be concluded that the velocity should be between 0.05 m/s to 0.1 m/s at the air inlet.
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Figure 5 Velocity results for different heights inside the laminar flow field

EXPERIMENTAL STUDIES

In the experimental part of the study, closed type incubator was tested initially in order to examine the velocity
profile inside the incubator. According to the standards, TS EN 60601-2-19 April 2012, it was given that the velocity
above the baby should be less than 0.1 m/s. In the expetiments incubator test unit was used.

In the first step of manufacturing of the laminar flow type incubator the plexiglas cover was removed. A HEPA
cabinet was used in the manufacturing process that was mounted at one side of the incubator. Straws were located
inside the HEPA cabinet in order to flatten the air flow. A photo during the experiments of the laminar flow type
incubator is given in Figure 6(a). The air velocity was measured to be 0.4-0.5 m/s at the outlet of the HEPA cabinet.
However, the air velocity was measured to be 0.06 m/s, as shown in Figure 6(b). Although the incubator is open to
the environment, the air velocity was found to be less than the closed type incubator. It means that the laminar flow
type incubators accomplish the negative effects of the closed type incubators.



Figure 6 (a) Laminar flow type incubators and (b) Air velocities around the baby

CONCLUSIONS

In this study, a laminar flow type newborn incubator was investigated. In the numerical part of the study, initially
a closed type incubator was modeled. The temperature and velocity distribution inside the incubator were obtained. In
the second part of the numerical study, a laminar flow unit mounted incubator was modeled. The results show that a
uniform air flow field can be obtained. A particle study was also carried out in order to determine the particle
penetration inside the flow filed. Even though these devices are used in acclimatized environments, the particle study
shows that none of the particles were able to penetrate into the flow field. In the experimental part of the study, the
laminar flow type incubator was manufactured. A closed type incubator was used for the manufacturing. The plexiglas
cover was removed and a HEPA cabinet was mounted. The air velocity results are in good agreement with numerical
results which shows that these types of incubators can be an alternative for newborn neonatal.
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PV/T SISTEMLERININ PERFORMANS DENEYLERI ICIN STANDART
GELISTIRILMESI

Gokge CAKIR*, Prof. Dr. Birol KILKIS**, Prof. Dr. Atilla BIYIKOGLU***
* BOTAS Genel Miidiirliigii, Insaat ve Kamulastirma Daire Baskanligi, Ankara, gokce.cakir@botas.gov.tr
** Baskent Universitesi, Makine Miihendisligi Boliimii, Ankara, bkilkis@baskent.edu.tr
*** Gazi Universitesi, Makine Miihendisligi Boliimii, Ankara, abiyik@gazi.edu.tr

Ozet: Melez fotovoltaik-giines toplag (PV/T) sistemleri, iizerine diisen giines 1simimlarmi es zamanh olarak elektriksel
giice ve 1s1ya donlistiiren sogurma yiizeyine sahip sistemlerdir. Bu sistemler ticari kullanima yeni arz edilmekle birlikte,
kullamimlar1 ile ilgili standartlar ve benzeri diizenlemeler heniiz olugturulmamustir. PV/T sistemlerinin kullaniminin
yayglastirilmasi i¢in ticari kullanima sunulmadan 6nce niteleme egrilerinin olusturulmas: gereklidir. Niteleme
egrilerinin olusturulmasi igin uygun yontemlerin sunuldugu bir standart gelistirilme ihtiyact bulunmaktadir. Yapilan
detayli aragtirmalar sonucunda, literatiirde gilines topla¢ sistemlerinin ve PV sistemlerinin performanslarinin
belirlenmesi i¢in ayr1 ayr1 standartlarin bulundugu, buna karsilik PV/T sistemlerinin performanslarinin belirlenmesi i¢in
bir standardin mevcut olmadigi tespit edilmistir. Bu c¢alismada, PV/T sistemlerinin nitelemesi icin standart
olusturulmasina yonelik arastirmalar yapilarak mevcut durum tespit edilmis ve izlenmesi gereken yontem hakkinda
Oneriler sunulmustur.

Anahtar Kelimeler: Giines enerjisi, Fotovoltaik-giines toplaci, PV/T

STANDARD DEVELOPMENT FOR PERFORMANCE EXPERIMENTS OF PV/T
SYSTEMS

Abstract: Hybrid photovoltaic thermal (PV/T) solar collector is the system which has absorption surface that converts
the solar radiation directly to electricity and thermal energy simultaneously. These systems are recently coming into
use, so that standardizations and regulations about the systems have not built yet. For widespread use of PV/T systems,
characterization curves should be formed before commercial use is served. There is a need for developing standards
that describes appropriate methods to form characterization curves. As a result of detailed literature survey, it is
determined that thermal solar collector systems and PV systems have standards for determining performances
individually; but there is not such a performance determination standard for PV/T systems. In this paper, current
situation is determined by standardization research for the characterization of PV/T systems and methods to be followed
for this purpose is suggested.

Keywords: Solar energy, Photovoltaic thermal solar collector, PV/T

1. GIRIS Tirkiye’nin, giines kusagi icinde yer almasi
dolayisiyla, gilines enerjisi  potansiyeli ve
giineslenme siiresi yiiksek olmasina karsin, bu

Giines enerjisi; potansiyeli, kullanim kolayligi, potansiyel iilkemizde birim metre kare giineslenme
temizligi, yenilenebilirligi ve ¢evre dostu olmasi gibi alant acisindan yeterince akilci ve verimli
nedenler ile diger yenilenebilir enerji kaynaklarina kullanilamamaktadir.

gore daha kolay bir sekilde yayginlasabilecek

durumdadir.



Tiirkiye’de giines enerjisi uygulamalari, yaygin olarak
sadece giines toplaglart vasitasiyla diigsiik sicaklikta
sicak su tiretimi ile sinirli kalmaktadir. Enerji ve Tabii
Kaynaklar Bakanlig1 verilerine gore 2012 yili itibariyle
iilkemizde kurulu olan giines topla¢ alani yaklasik
18.640.000 m* dir [1]. Ulkemizdeki giines toplag
kurulu alani Diinya’da 4. sirada yer almasina ragmen,
s0z konusu sistemler diigiik verimle ve genellikle diisiik
sicaklikta su dretimi amaciyla c¢aligmaktadir.
Ulkemizdeki giines enerjisinden daha  verimli
faydalanabilmek i¢in, birim metrekareden daha fazla
yararlanmak amaciyla yeni sistemlerin gelistirilmesine
ihtiyag vardir.

Tiirkiye de dahil olmak iizere giines enerjisinden
binalarda en verimli sekilde yararlanmaya olanak
verecek arastirma ve uygulamalar siirmekle birlikte,
binalarin enerji gereksinim tiirlerine ayni anda cevap
verebilecek bir tiimlesik sistem mevcut degildir. Bu
yonde yapilan c¢aligmalarda ise gelinen en giincel
noktada fotovoltaik (PV) giines panellerinde olusan
isinin - da  kullanildigt PV/T, yani ayni sogurma
yiizeyinden ayni anda elektrik giicii ve 1st {ireten
sistemler gelistirilmistir [2].

PV/T sistemlerinde PV hiicresi, kapali sistemde
dolasan is akigkani (su, hava, vb.) ile sogutulurken, PV
hiicresinden is akiskanina dogru bir 1s1 ve dolayisiyla
da ekserji transferi olmakta; ancak s6z konusu 1sinin
kalitesi diismektedir. Is akiskanina olan 1s1 transferinin
miktar arttirilarak kalitesinin yiikseltilecegi bir sistem
tasarlanmak istenirse, bu kez PV hiicresinin yeterli
sogutulmasi1 saglanamayacak ve sistemden elde
edilecek elektrik enerjisi miktar1 diisecektir. Soz
konusu ikileminin  giderilebilmesi i¢in PV/T
sistemlerinin optimum diizeyde calisabilecegi, yani
toplam ekserji ¢iktisinin (elektrik ve 1s1) en fazla
olacagi debi kontroliiniin saglanmasi dnemlidir.

PVIT sistemlerinde, hem fotovoltaik (PV) hem
de giines toplag sistemlerini bir araya getirmek, birgok
farkli iireticinin birgok farkli tipte iirliniiniin halen
piyasaya girmekte oldugu, yeni bir yaklasimdir. Bu
sistemlerin pazarda heniiz yeni yeni yayilmaya
baglamigs olmasi ve bu sistemlere ait standartlarin,
normlarin ve sertifikasyonlarin olmayis1 gibi énemli
sinirlayict kosullar, PV/T sistemleri i¢in biiyiik bir
teknik bilgi eksikligine yol agmaktadir [3].

PV/T sistemlerinin daha fazla gelistirilebilmesi i¢in, bu
sistemlerin performanslarinin belirlenmesi ve bu gibi
melez sistemlerin optimizasyonu ve iyilestirilmesi
amaciyla sisteme 6zgii standart deneyler yapilmalidir.
Diger bir deyisle, sdz konusu deneylerin gelistirilecek
bir yontem gercevesinde ve belli bir standarda uygun
olarak yapilmas1 gerekmektedir.

Literatirde giines toplag sistemlerinin  ve PV
sistemlerinin performanslarinin belirlenmesi i¢in ayri
ayr1  standartlar  bulunmaktadir; ancak PV/T
sistemlerinin performanslarinin belirlenmesi i¢in bir
standartla karsilagilmamistir. Bu nedenle mevcut PV/T
sistemleri Avrupa’da ve ABD’de ya sadece giines
toplag ya da sadece PV standardi ile denenmeye

caligilmaktadir. Bu yontemin PV/T sistemlerinin dogru
analizinin yapilmasina imkan vermemekle birlikte
gercekci sonuglar sunmayacagi asikardir. S6z konusu
PV/T sistemlerinde, PV ve toplag sistemlerinin bir
arada caligmalar1 esastir ve Dbunlar birbirlerini
performans a¢isindan biiyiik dlgiide etkilerler. PV/T’ye
uygun standartlarin gelistirilmis olmamasi, gelecek
vadeden bu teknolojinin diinya genelinde kullaniminin
yayginlagmasma ve geligmesine engel  teskil
etmektedir.

2. 0ZGUN PV/T SISTEM TASARIMI

Sekil 1’ de 6zgiin bir su sogutmali PV/T sistemine ait
toplag katmanlar1 gosterilmektedir. Bu sistem esas
olarak PV modiilli ve sogutma sisteminden
olugmaktadir. Bu katmanlarda digaridan iceriye dogru,
camdan bir kapak (1), PV hiicresi (2), Tedlar (PV
hiicresinin iizerine monte edildigi) katman (3), diiz
plaka sogurucu (4) ile sogurucuya yapisik sogutucunun
dolasimu i¢in borular (5) ve tiim sistemin kenarlarinda
ve en altinda yalitim bulunmaktadir (6) [4].

Sogurucu

Tedlar Cam Kapak
> V Hicresi
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Sekil 1. Ozgiin bir PV/T sistemine ait toplag yapis

Sekil 2°de, sogutucu olarak su kullanan 6rnek bir PV/T
sisteminin elemanlar1 gosterilmektedir [5].
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Sekil 2. Sulu PV/T sisteminin sematigi

2.1. PV/T Sistemlerinin Simiflandirilmasi



Son yillarda, literatiirde PV/T sistemlerinin degisik yaymlanmugtir.  Bu tir melez sistemlerin  genel
aragtirma ve gelistirme agilarini igeren bir¢ok deneysel siiflandirmasi Sekil 3’de gosterilmektedir [6].
makaleler, teorik makaleler ve derleme makaleleri

PV/T Sistemlerinin
Siniflandiriimasi
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l \L \L PV/T
Koruyuculu Koruyuculu Koruyuculu
Camlive Camli ve Camlive -
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Camsiz Camsiz Camsiz PV/T
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Yuvarlak tip

) . iki sogurucu
Cift gecisli sogurucu :

Orta dogrusal parabolik mercek ve dogrusal
Karesel/dikdort Serbest akig Fresnel mercek

gensel sogurucu
Yiiksek 3D Fresnel

mercek
Sekil 3. PV/T sistemlerinin siniflandirilmasi [6]
2.2. PVIT Sistemlerinin Performansin1 Etkileyen
Faktorler
PV/T Sistemlerinin Performansini Etkileyen Faktorler
\l/ A 4 \L
iklim Parametreleri Tasarim Parametreleri Isletme Parametreleri
Gunes Igimasi > Boru/kanal/kolektdr uzunlugu L> Kitlesel debi
Bagil nem > Boru/kanal/kolektér derinligi > Isil direnc
Riizgar hizi > Kolektdr sayisi > Akigkanin girig ve ¢ikig sicakligi
Ortam sicakligi > Giines takip sistemi 1> Isi kayip katsayisi
Birikmig toz > Glglendirici difliz reflektdr l> Doldurma orani
> Kolektdr egim agisi 1S Fanlarin etkisi
> PV modil tipi > Metal cubuklarin etkisi
> Koruyucu cam sayisi ve cam kalinligi LS Diger sogutucularin etkisi
F> Yansimaya karsi kaplama
<> Sogurucu plaka tasarim parametreleri
Tiip cap!
Tipler arasi bogluk
Kanatcik kalinhgi
> Oluk sekli
> Oluk konumu
> Tedlarin isil iletkenligi
> Isil yalitim
> Sogurucunun etkisi (malzeme, sogurma katsayisi, kalinlik)
> Kanatgiklarin etkisi

Sekil 4. PV/T sistemlerinin performanslarini etkileyen faktorler [6]

Literatiirde yapilmig olan ¢aligmalara goére PV/T
sistemlerinin performansin etkileyen faktorler de Sekil
4’de gosterilmektedir [6].



3. MATEMATIKSEL MODEL

Sekil 5’de gosterilen PV/T modiilii; cam kapak, giines
11811 elektrik enerjisine ¢eviren PV modiilii, gilines
151811 sogurmaya yarayan bakir plaka, sogurucu
plakaya yapisik tiipler, sogurucu plaka tarafindan
depolanan 1s1y1 bosaltan tiiplerin i¢indeki sogutucu
(su)’dan olusmaktadir. Cam yiinii, sogurucu plaka ve
tiplerden olan 1s1 kaybimi minimize etmek igin
kullanilir [7].

S6z konusu sistemin kuramsal ¢6ziimlemesi igin bazi
kabuller yapilmstir [7];

Glnegigimasi

Cam yansimasi

Sogurma

PV yansimasi

elec

hcond,pa b—> e

hcond.i%

- Toplag bilesenlerinin fiziksel Ozelliklerinin sabit
oldugu,

- Borularin igindeki suyun kiitlesel debisinin diizenli
oldugu,

- Borularin ve is akiskaninin sicaklig1 y-ekseni boyunca
degismedigi,

- Gokyiiziliniin siyah cisim oldugu,

kabul edilmistir.

Bu kabullere gore, PV/T toplag sisteminin igindeki
degisik bilesenlerin 1s1 transfer esitlikleri asagida
verilmektedir [7];

: )
: hruzgar I hray,g—)env
: 1
Cam kapak

& )
g
k]
: hcon\/,pv—}g I hray,pv—)g

L=t PV modiili

Sogurucu plaka

Tup

duun

hconv,l—éf

Afpa—— Aliskan
h ‘I lzolasyon
‘cond,i—>1

\ 4 hngar

Sekil 5. PV/T modiili

Cam kapak igin,
darT,
PgyCq dar G + Rray,gsen, (Tsky - Tg)
+ hwi (Tamb - Tg)
+ (hray,pv—nq + hconv,pveg)(Tpv

- g)

0%Ty(x, y)
+ k04 <—6x2
+ azTg(xl y))

5, &)

PV modiili i¢in,
Py 0y C —P— G
Pv = Pv Py dt bv-Tg
+ (hray,pv—ng + hconv,pv—ng)(Tg
- Tpv) — Egec
+ hcond,pv—mab (Tpab - Tpv)
2
+ k 6 a Tpv(x’ Y)
Pv-Pv 0x2
0°T, (x,y)
N p_y)

e @



Sogurucu plaka igin,

dT,a
ppab Spab Cpab dpta
= Reond,py—pab (Tpv - Tpab)
Apan,t
+ e hcond,pab—»t(Tt - Tpab)

Apab
+ hcond,pab—»i(Ti - Tpab)

02T, 00 (x, ¥)
pab \*»
+ kpab 8pab (T

02Ty (x,y)
pab\A»
_ 3
o ) 3
Tiip i¢in,
dT;
pe6AedyCy E = Apab,thcond,pab—»t(Tpab - Tt)
+ Peheon,, e rdy(Ty — Tt)
+ Ai,thcond,tAi(Ti - Tt)
0T,
+ k6 97y “)
Tiipiin i¢cindeki su i¢in,
dTe
PfAfdny E = Pehconv,tﬁfdy(Tt — Tf)
izolasyon igin,
dar; Ay
pi6;iC; Frie heona,t—i A, (T: = T})
+ hcond,pabai(Tpab - Ti)
+ hwi (Ta‘rrzlb - Ti)
0°Ti(x,y)
ki (a—
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4. PV/T SISTEMLERI iCIN EKSERJi ANALIZI

PV/T sistemleri, nitelik olarak farkli olan iki enerji
cesidinin karsilagtirilabilmesi igin ekserji analizine
dayal1 olarak da incelenmelidir.

Bu amagla PV/T sistemlerinin ekserji verimi i¢in genel
bir esitlik tanimlanmugtir [8].

Yrv
T
) T . .
Qi <1 - _Ts?/v) + 770[1 - B(Tcell - Ta,ref)] S = Ep

(1)

5. YENILENEBILIR ENERJi SISTEMLERI iCiN
GENEL DEGERLENDIRILME KRiTERLERI

Yenilenebilir enerji sistemlerinin
degerlendirilmesinde, daha fazla kirletici enerji
kaynaklarmin kullanilmamasiyla, sakinilan cevresel
etkinin de g6z dniinde bulundurulmasina ihtiyag vardir.
Bu etki, sistem tarafindan iiretilebilecek enerji
miktarina ve ayrica ikame edilen enerji ¢esidine gore
degisir. S6z konusu faktorler, yerel kosullara gore
degisir ve bu da degisik ¢alismalardan elde edilecek
degerlerin dogrudan karsilastirilamayacagt anlamina
gelmektedir [9].

Literatiirde ~ yapilan  ¢aligmalarin  birgogunda,
yenilenebilir enerji sistemlerinin degerlendirilmesi i¢in
belirli sistemlerin yillar igindeki enerji geri kazanim
zamam (EPBT) veya sera gazi emisyonu (GPBT)
iizerinde durulmustur. Enerji geri kazanim zamani
(EPBT), sistemin imalati igin gerekli olan enerji
miktarinin (malzemenin ¢ikarilmasi, iglenmesi, iiretimi
ve ingaat sahasmna taginmasit ve imalat) aynisinin
iiretilmesi i¢in sistemin kag¢ y1l isletilmesi gerektiginin
Ol¢timiidiir. Geri kazanim zamani bu nedenle sistemin
isletme asamasindaki enerji performansina bagh
oldugu gibi, sistemin nerede ve nasil iretildigine de
baglidir [9].

EPBT (yillar) i¢in sadelestirilmis hesaplama metodu,
Esitlik (7)’ de gosterilmektedir. Burada CED, sistemin
olusturulmasi i¢in gereken kiimiilatif enerji miktarini;
Eyue (KW-h/y1l) ise, sistemin yillik enerji ¢iktisini
tanimlamaktadir [9].

CED
Eout

EPBT =

®)

Enerji geri kazamim zamani esitliginde, sistemin ve
bilesenlerinin tahmini 6mrii hesaba katilmamaktadir.
Bu da enerji geri kazanim zamani esitliginin, sistemin
tahmin edilen isletme Omriinden daha uzun Omri
olacagi anlamina gelmektedir. Bu nedenle, enerji
yatirimlarinda enerji doniisiimii (EROI) diye baska bir
esitlik tanmimlanmistir. Enerji geri kazamim zamani
esitligine bagl olarak gelistirilen Esitlik (8)’de; L,
sistemin tahmin edilen isletme omriidiir. Eger EROI
degeri birden kiigiikse, sistemin isletme 6mrii boyunca
net enerji ¢iktist yok demektir [9].

L
EROI = —— 9
EPBT ®
PV/T sistemlerinin enerji geri doniis siirelerini (EPBT)
kestirmekteki karmagik faktor ise, sistemin enerji
ciktisinin elektrik ve 1s1 olarak iki enerji formuna
dagitilmig olmasidir. S6z konusu iki ¢iktinin (elektrik



ve 1s1) karsilagtirilabilmesi igin ¢evrim faktdrlerinin
veya metotlarin kullanilmasi gereklidir. Bunun i¢in de
en dogru yontem ekserji analizidir.

Ayrica, farkli PV/T sistemlerinin enerji geri doniis
stirelerini dogru olarak karsilastirilabilmesi i¢in de belli
bir standart dogrultusunda yapilacak olan deneyler
neticesinde sistemden elde edilecek enerji ¢iktisinin
dogru olarak hesaplanmasi gerekmektedir. Dolayisiyla
enerji yatirimlart i¢in bilylik 6nem arz eden enerji geri
kazanim zamanlarinin farkli farkli sistemler igin
kiyaslanabilmesi igin, s6z konusu sistemlere ait
deneylerin belli bir standart dogrultusunda yapilmasi
gereklidir.

6. PV/T SISTEMLERIYLE IiLGiLIi OLAN
SISTEMLERIN STANDARTLARI

Hem giines topla¢ hem de fotovoltaik sistemler icin
belirlenen uluslararas: standartlar incelendiginde, s6z
konusu standartlarin PV/T sistemleri igin de
uygulanabilirligine karsi bir ibare bulunmamasina
ragmen; s6z konusu PV/T sistemlerinde, PV ve giines
toplag sistemlerinin bir arada ¢aligmalar1 ve bunlarin da
birbirlerini performans agisindan biiyiik 6l¢iide
etkilemeleri sebebiyle, PV/T’ ye uygun standartlarin
belirlenmesine ihtiya¢ duyulmaktadir.

6.1. Isil Giines Toplaclar1 icin Uluslararasi
Standartlar

Isil toplaglar, mevcut durumda EN 12975-1 ve EN
12975-2 standartlarma  gore  denenmektedir. Bu
standartlar giines toplag sistemleri ve bilesenleri i¢in
genel kurallar1 (Boliim 1) ve deney metotlarini (Boliim
2) tamimlamaktadir. Bahse konu standartlar
incelendiginde, PV/T sistemlerinin agik bir sekilde EN
12975-1,2  standartlarindan  hari¢  tutulmadigi
goriilmektedir. Dolayisiyla, PV/T  sistemlerine  bir
giines toplag bakis agisiyla yaklasilirsa, mevcut giines
toplag test standartlar1 kapsaminin PV/T sistemlerine
de uygulanabilecegi degerlendirilebilir.

6.2. Fotovoltaik (PV) Sistemler icin Uluslararasi
Standartlar

Karasal fotovoltaik modiiller; IEC 61215:2005 (kristal
PV) ve IEC 61646:2008 (ince film PV) standartlariyla
test edilmektedir. Bu testler tasarimin tasdik edilmesi

ve tip sertifikasyonu igin
gerceklestirilmektedir. Ayrica, IEC 61730-1,2:2004
standartlarina gore de fotovoltaik modiillerin giivenlik
testlerinin yapilma zorunlulugu vardir. IEC 61215 ve
IEC 61646 standartlar1; modiillerin elektriksel ve temel
islevselligi iizerine odaklanmis ve tipik isletme
kosullarinda elektriksel performanslarinin  kararl
olmalarini saglamayi temin etmektedir. Eger, PV/T
sistemlerine  bir PV modiili bakis  agisiyla
yaklasilirsa, PV modiilleri i¢in yukarida sz edilen IEC
standartlar1 kapsammin PV/T sistemleri igin de
uygulanabilecegi degerlendirilebilir.

7. YAKLASIM

EN 12975 ve IEC 61215 standartlarinda giivenilirlik
testleri ve performans testleri Ongorilmiistiir. Bu
dogrultuda PV/T sistemleri i¢in standart gelistirilme
asamasinda da benzer bir yontem izlenebilir.

Bununla birlikte PV/T sistemlerinin hem giines toplag
hem de PV modil teknolojisini ihtiva etmesinden
Otiirl, bu sistemlerin hem EN 12975 hem de IEC 61215
standartlarinin ~ giivenilirlik  testlerini  karsilamasi
beklenmelidir. Bu dogrultuda s6z konusu iki standardin
birlestirilmesiyle, =~ PV/T  sistemlerine  ydnelik
giivenilirlik testleri belirlenebilir. Ancak bu durum, iki
standardin  birlestirilmesinin, PV/T sistemlerinin
giivenilirlik testleri i¢in yeterli olacagi anlamina
gelmemekte olup; yapilacak olan degerlendirmelerle
yeni test kriterleri olusabilecektir.

Diger taraftan yukarida da ifade edildigi {izere PV/T
sistemlerine ~ 6zgli  gelistirilecek  standarttaki
performans testleri igin ise yeni bir metodolojinin
gelistirilmesine ihtiyag¢ vardir.

Testler, EN ISO 17025 standardina gore akredite
edilmis test laboratuvarlarinda, ilgili biitiin test
standartlarini kapsayacak sekilde yapilmalidir.

8. PVIT STANDART DENEY VE
DEGERLENDIRME ONERISi

PV/T sistemlerinin daha fazla gelistirilebilmesi i¢in, bu
sistemlerin performanslarinin belirlenmesi ve bu gibi
melez sistemlerin optimizasyonu ve iyilestirilmesi
amaciyla sisteme 0zgii standart deneyler yapilmalidir.

Bu amacla yapilacak olan deneyler icin Sekil 6’ da
gosterilen sistem tasarlanmistir.
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Sekil 6. Tasarlanan PV/T sisteminin agiklamali sematigi

Deneysel caligmalar sirasinda, PV/T sisteminin tizerine
diisen giines 1siniminin yogunlugu, kolektdre giren ve
c¢ikan suyun sicaklifi, PV hiicresinin sicakligi,
tasarlanan sistemdeki agik devreden elde edilecek
elektriksel akim ve voltaj degerleri dlciilecektir.

PV/T sistemlerinin performanslarinin
degerlendirilmesi, bu sistemlerin 1s1l ve elektriksel
¢iktilarinin karsilikli etkilesimlerinden &tiirii oldukga
karmagiktir.  Bu  nedenle  tasarlanan  deney
diizeneginden elde edilecek veriler, PV/T sistemlerinin
performanslarinin dogru degerlendirilebilmesi i¢in en
uygun metot olarak, termodinamigin ikinci yasasina
dayali gelistirilen ekserji analizinde kullanilacaktir.

Bahse konu sistemlerin toplam ekserji ¢iktilar
hesaplanirken, sistemlerin hem 1si1l ekserji hem de
elektriksel —ekserji  ¢iktilar1  degerlendirilmelidir.
Bununla birlikte PV modiiliinden elde edilecek net
elektriksel ekserji ¢iktisinin hesabinda, kapali sistemin
sirkiilasyonunu  saglayan pompanin harcayacagi
elektriksel giiclin goz oniine alinmasi gereklidir. Diger
taraftan sistemden elde edilecek 1s1l ekserji hesabinda,
sistemden olan enerji kayiplarmin (tank, vb.)
degerlendirilmesi ve ayrica sistem i¢in gerekli olan ek
wsitict ihtiyacimin da genel ekserji hesaplamalarida
kullanilmas1 dogru sonug¢ elde edilmesi agisindan
onemlidir.

Bu ¢ercevede degisik isletme kosullarinda (1s1nim, su
debisi, vb.), sistemden elde edilecek toplam ekserji
ciktis1 asagidaki esitlik kullanilarak bulunabilir;

Ex=(@{"v):-096+p V() Cp ’ (Tgiris - thkzs) ’
(1 _—Tfef) (10)

T(,‘lkl$

Tasarlanan deney diizeneginden hedeflenen asil sonug
ise; sistemden elde edilecek toplam ekserji ¢iktilarina
bagli olarak, degisik isletme kosullari altinda, PV/T
sistemlerinin  standart performans egrilerini elde
etmektir. Ayrica standart performans egrileri
aracihigiyla, egrilere iliskin Esitlik (11)’deki a, b ve ¢
parametreleri de bulunabilecektir.

E,

T=a-Vm—b-Tg”iris+c (11)

Bu amagla Sekil 7 ve Sekil 8’de sirasiyla 1sinim ve giris
sicakligi sabit tutularak elde edilen toplam ekserji
¢iktis1 - debi grafigi ile debi ve giris sicakligi sabit
tutularak elde edilen toplam ekserji ¢iktisi - 1ginim
grafigine ait 6ornekler gosterilmistir.

Toplam Ekserji Ciktisi
Isinim ve Su Girig
Sicakhig Sabit

Sekil 7. Isinim ve giris sicakligi sabit tutularak elde edilen
toplam ekserji ¢iktisi - debi grafigi



Toplam Ekserji Ciktisi
Debi ve Su Girig
Sicakligi Sabit

Sekil 8. Debi ve giris sicakligr sabit tutularak elde edilen
toplam ekserji ¢iktisi - 151n1m grafigi

9. SONUC

Modiillerin ve sistemlerin belgelendirilmesi ve
sertifikalandirilmas1 ~ 6nemlidir.  Yatinm  yapilan
alanlarda; idari merciler, bankalar, finansman
kuruluglar1  tarafindan  bu  sertifikalar  kabul
gormektedir. Uriinlerin finansal kurallar ¢er¢evesinde
ve yetkili kurullar tarafindan kabul edilmesi igin,
akredite edilmis laboratuvarda test edilmesi ve
belgelendirilmesi gerekir.

Mevcut durumda, piyasada PV/T sistemleri igin
standart ve sertifikasyon eksikligi vardir. Bu durum,
piyasadaki iireticiden ve saticidan miisteriye ve yetkili
kurullara kadar biitin piyasa katilimcilar1 igin
belirsizlige ve kafa karigikligina yol agmaktadir. Bu
belirsizligin piyasa iizerindeki engellemesini ortadan
kaldirmak igin, piyasanin bu sektoriinde net ve agik
kurallarin gelistirilmesi gereklidir [10].

Bu c¢ercevede Oncelikli olarak PV/T sistemlerinin
performanslart belirlenmelidir. Bu amagla PV/T
sistemlerinin performans deneylerinin yapilacagi test
diizeneginin ve yapilacak olan deneyler igin bir
standardin ortaya konmasi gerekmektedir.

PV/T sistemlerinden hem elektrik giicii hem de 1s1 elde
edilmesinden otiirli, bu sistemlerin performanslarinin
belirlenmesi i¢in gelistirilecek standartta, verim ve
performans  dlgitlerinin  termodinamigin  birinci
yasasina gore belirlenmesi dogru sonu¢ vermeyecektir.
Ciinkii  elektrik giliciinlin  ve 1simin  ekserjileri
birbirlerinden ¢ok farklidir ve termodinamigin birinci
yasasl1 enerjinin kalitesini yani ekserjiyi ayirt edemez.
S6z konusu olgiitler, elektrik giicli ile 1s1 arasindaki
ekserji farki gozetilerek termodinamigin ikinci
yasasina gore yani ekserji analiziyle gelistirilmelidir
[11].

SEMBOLLER

Ep Pompa tarafindan tiiketilen elektrik
giicii [W]

Qcn Kullanilabilir 1s1 kazanimi [W]

S$=G-A Giines 1s1masinin yogunlugu [W]

B Sicaklik katsayist

Mo Referans elektriksel verim
Yoy 7 PVIT sisteminin ekserji verimi
E, Toplam ekserji ¢giktist [kJ]

i Elektriksel akim [A]

v Elektriksel voltaj [V]

Yo, Yogunluk [ kg/m3]

V(j) Suyun akis hizi [m/s]

C, Suyun 6zgiil 1s1s1 [k] /kg - K]
Tyiris Suyun giris sicakligi [K]
Teies Suyun ¢ikis sicakligi [K]
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Abstract

Renewable energy sources can be utilized together to supply
the needs of houses. Gazi University Clean Energy Research
and Application Center (TEMENAR) has built a mobile
platform to study and promote renewable energy systems.
The platform includes PV panels and a hydrogen fuel cell. In
its current form these units operate independently. The
purpose of this paper is to design a controller and DC-DC
converters to efficiently operate the system.

Keywords: Renewable Energy Systems, Photovoltaic Power,
Fuel Cell, Hybrid Renewable Energy Sources, Electrolysis

1. Introduction

Renewable energy sources can be utilized to power houses in
remote areas where the ac grid is not available. Depending on the
available sources a hybrid system can be designed to supply the
loads. In this case a main controller is necessary to determine
which source will be utilized to supply the load, to charge the
battery or to generate hydrogen, if there is a fuel cell stack in the
system.

Solar energy is abundant in many areas of Turkey and a PV
system should be at the center of any such system. As the voltage
of the PV panels vary depending on the drawn current they should
be operated at the maximum power point of their i —v
characteristics. This is achieved by employing a proper Maximum
Power Tracking Algorithm (MPPT) in the control of the dc-dc
converters which are connected at the output of PV panels. MPPT
algorithm continuously track output voltage of the dc-dc
converter and changes the duty cycle of the pulse width
modulation signal to follow the reference voltage. It is
implemented with voltage feedback PI control technique that
provides constant output voltage.

Many algorithms have been proposed such as Incremental
Conductance [1], Perturb and Observe (P&O) [2], Constant
Voltage and Current [3], Hill Climbing algorithms. P&O
algorithm is widely used and known for its simple
implementation.

Fuel cells are electrochemical devices that convert the energy
of the chemical reaction to electrical energy. In this paper PEMFC
(Proton exchange membrane fuel cell) was used because it has
high power density, low operating temperature, zero or low
emission, low weight and volume. Like in solar panels, it has a
unique i — v curve which represents maximum power point
(MPP) and it is necessary to force the PEMFC in operating

condition which matches MPP with the help of DC-DC
converters [4,5,6].

In this paper a hybrid system consisting of PV panels and a
fuel cell is introduced. The system was designed and built by the
Clean Energy Research and Application Center of Gazi
University. Its units were originally designed to operate
independently. The purpose of this paper is to suggest an
integration scheme, a main controller and dc-dc converters.

This paper is organized as follows: Section 2 discusses the
structure of the proposed system and the design of the controller.
In Section 3 design of the converters and simulation results are
presented.

2. System Structure

The Clean Energy Van (CEV) has PV panels, a fuel cell and
electrolysis devices. These units can be integrated together in a
system shown in Figure 1. The energy received from the PV
panels can charge a battery with an MPPT algorithm. The battery
is used to supply the ac loads through an inverter. If the solar
energy is excessive, it can be used to generate hydrogen through
electrolysis. An efficient dc-dc converter can be utilized for this
purpose. If the battery and PV panels are not able to supply the
load, the stored hydrogen can be used to generate electricity
through the fuel cell. The generated voltage is applied to the
common dc bus through another dc-dc converter.
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Figure 1. Schematic diagram of the system

The CEV has 24 PV panels, 85 Wp each placed at the top and
a 1.2 kW fuel cell placed inside. The energy received from the
panels is used to charge batteries. The battery stack is designed
for 48 V and it is allowed to go up to 52-53 V. There is no dc-dc
converter currently in between the panels and the batteries. The
proposed structure includes a dc-dc boost converter running with



Perturb-and-Observe (P&0) MPPT algorithm. The inverter
which is fed from the battery generates the ac voltage required by
the ac loads.

When the solar energy is enough to meet the demand by the
load fuel cell is kept in stand-by mode. If there is more energy
than needed the excess energy is used to charge the battery. If the
batter is also full, the excess energy can be used to generate
hydrogen through the electrolysis process. Generated energy can
be stored in special metal tanks. If the solar energy is not enough
or not available at all, the battery supplies the load. If the battery
voltage drops below a certain level the fuel cell kicks in to
generate the required power.

A controller is needed to perform all these steps. In this section
the function and operation of this controller is discussed.

Electrolysis is performed when the battery voltage reaches a
certain level. In this application the voltage level has been chosen
as 52 V. The electrolysis process which is shown in Figure 2 can
continue until the battery voltage drops to 50 V. This hysteresis
nature of the controller makes sure that the electrolysis process
does not continuously switch between two states.

4 4
1 < v

Electrolysis on

Electrolysis off

L4

=

w

50 52 Bus Voltage

Figure 2. Hysteresis control structure for electrolysis

A similar hysteresis controller can be used for the fuel cell
stack. When the load is supplied by the battery alone, its voltage
drops sharply. When the voltage level drops to 49 V fuel cell
kicks in and takes over the load. Depending on the load and the
available solar energy, battery level may stay constant at 49 V or
may increase slowly. If the voltage level increases and reaches to
51 V then the fuel cell is disabled and the load is taken over by
the battery. The hysteresis control is shown in Figure 3.
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Figure 3. Hysteresis control structure for fuel cell stack

The performance of the controller has been tested with a model
built in MATLAB Simulink for various operation modes. Three
of these modes are given here to show the principles.

Mode 1: In this mode available solar power is more than the
load demand and therefore the battery voltage also rises. When
the voltage reaches to 52 V, the electrolysis process starts. In the
simulation, PV power is fixed to 1000 W while the load is 500 W.
The bus voltage initial value was kept slightly below 52 V. The
battery voltage reaches 52 V at 132 ms as shown in Figure 4 and
electrolysis process is started. The simple electrolysis model

implemented in MATLAB shows that 25 W is consumed at this
stage. As the difference between the load and available power is
big, battery voltage keeps increasing. More hydrogen production
or less power difference will change these parameters.
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Figure 4. Hydrogen production and electrolysis power
consumption in Mode 1.

Figure 5 shows bus voltage variation in this mode. Fuel cell
output current is zero since there is no energy drawn from it. The
small oscillations are due to the filter across the output.
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Figure 5. Bus voltage and fuel cell output current in Mode 1.

Mode 2: In this mode the solar energy is used to generate
hydrogen, and the load is supplied by the battery. As a result the
battery voltage slowly drops. When the voltage drops to 50 V the
electrolysis process is stopped. In the simulation load power is
kept at 4000 W and the initial value of the battery voltage is
slightly over 50 V. The battery voltage drops to 50 V as seen in
Figure 6.

Wm T T T T T T T T
R WWMM
: ]

. . . L L L L L
0 0.02 0.04 0.0s 0ns 01 0.12 014 016 018 02
40 T T T T T T T T T

20 -
2 ofiiht o)
-0
40 L L L 1 1 1 1 1 L
0 0.02 0.0s 005 008 i n12 014 0.16 018 02

Time (s)
Figure 6. Bus voltage and fuel cell output current in Mode 2.

When the battery voltage reaches down to 50 V, the
electrolysis is stopped and hydrogen production ends (Figure 7).
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Figure 6. Hydrogen production and electrolysis power
consumption in Mode 1.

Mode 3: In this mode the load is supplied mainly by the
battery. When the battery voltage drops down to 49 V the fuel cell
kicks in. In the simulations load power is fixed to 4000 W and
initial value of the battery is set to 49.1 V. When the fuel cell
starts generating electricity its controller operates it at constant
current mode at the rated current. The principal waveforms are
shown in Figure 8.
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Figure 7. Bus voltage, fuel cell current and hydrogen
production in Mode 3.

Figure 8 shows the fuel cell current, voltage and power in this
mode. As the current increases towards the rated current value,
the voltage drops from open circuit voltage towards the rated
value and the power increases towards the rated current.
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Figure 8. Fuel cell current, voltage and power in Mode 3.

3. Power Stage and DC-DC Converters

The main parameters of the photovoltaic systems are given in
Table 1.

Table 1. Main Parameters of the PV system

Parameter Value
Number of PV cells 36
Maximum Power (Pmax) 85W
MPP Voltage (Vpm) 17.1
MPP Current (Ipm) 4.97
Open Circuit Voltage (\Voc) 21.1
Short Circuit Current (Isc) 3.8

The boost converter at the output of the PV panels increases
the voltage from the MPP voltage (around 17 V) to the bus
voltage which is 48 V by using MPPT algorithm. The closed loop
controller structure is shown in Figure 9.
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Figure 9. The boost converter operating with MPPT algorithm

Temperature

Voltage sensor

Design parameters of the boost converter are given in Table 2.

Table 2. Design parameters for the boost converter

Input Voltage Range 12-20V
Rated Output Voltage 48V
Switching Frequency 20 kHz
Power 1200 W
Current Ripple % 15
Voltage Ripple %1

The design process yields an inductance value of 40 pH and a
capacitance value of 2 mF. This is for simulation purposes and
there is actually no need to have this much capacitance as the
output is connected to a battery.

A PID controller has been designed for the control and the
transfer function of the controller has been obtained as
1410752 +4.9107 %5+ 4.4

Gc(s) = S

)

The open loop Bode diagrams for the controllers are given in
Figure 10. Figure 11 shows the performance of the controller in
different conditions.
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Figure 10. Open loop response of the PID controller

Figure 11. Output voltage (top) and inductor current (bottom)
response to variation of radiation from 1000 W/m? to 800
W /m?at 25 °C.

A synchronous buck converter has been designed for the
electrolysis system. Electrolysis voltage is low and freewheeling
voltage of the standard buck converters reduce the efficiency
enormously. Therefore, a synchronous MOSFET use is the
natural choice as shown in Figure 12.
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Figure 12. Synchronous buck converter for electrolysis

The design parameters of the converter are given in Table 2.

Table 2. Design parameters for the synchronous converter

Input voltage 12-20V
Output voltage 3-4V
Switching frequency 20 kHz
Rated power 200W
Current ripple %15
Voltage ripple %10

Calculations yield a filter inductance of 30 pH and capacitance
of 147 uF. Open loop transfer function of the controller is
obtained as

17 (2)

4.5%107%52+12%10735+4.5x1073

Ti(s) =

Open loop bode plots are given in Figure 13.
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Figure 13. Open loop bode plots for the converter

A compensator with the transfer function given in (3) has been
designed for the controller and the closed loop bode plots of
Figure 14 are obtained.

s+23%10% ®)
3.7%x1075s+(s+43,4%103)

Tc(s) =
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Figure 14. Closed loop bode plots for the electrolysis process

Figure 15 shows the response of the converter to a disturbance.
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Figure 15. Response of the converter to disturbances

The third converter needed for the operation of the system is
for the fuel cell output. When the fuel cell runs it generates a
voltage that varies between 26 — 44 V. This voltage is step up to
48 V which is the dc bus voltage. The parameters of the boost
converter for this operation are given in Table 3.

Table 3. Converter parameters for the fuel cell

Parametre Aciklama Deger
Prax Maximum output power 1200 W
fow Switching frequency 60 kHz
Ve Rated input voltage 26V
ymax Maximum input voltage 44V

v, Rated output voltage 48 V

lo Output current 20 A

V. /V, Output voltage ripple <%l
Al Current ripple <5A

Figure 16 shows the Simulink model used in the simulations.
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Figure 16. Simulink model for the FC and converter

Figure 17. FC output current response

4. Conclusion

Hybrid renewable energy systems present a solution to the
power requirements of remote houses. In this paper a solar —
hydrogen hybrid system was designed for a mobile platform
designed by the Clean Energy Research and Application Center
of Gazi University. A controller is proposed to manage the source
allocation and power converters have been designed for PV
panels, electrolysis unit and fuel cell. More work needs to be done
to efficiently use the system.
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Numerical Study of Flow and Heat Transfer in a Curved
Square Duct with Longitudinal Triangular Rib Using
Al203/Water Nanofluid

A numerical study in a curved square duct with longitudinal rib
has been carried out to investigate the effects of rib size, Dean number
and volume fraction of nanofluid on flow and heat transfer.
ALOs /water nanofluid is used as the working fluid. ANSYS Fluent 15.0
software is used for numerical simulation. Study is conducted for six
Dean numbers changing from 230 to 1500, three different rib heights
and seven volume fractions varying from 0.1 to D percent. Present
results are compared with the results of literature. It is seen that present
results are in good agreement with the results given in literature.
Results show that Dean number, rib size and volume fraction affect the
flow and heat transfer. It is also seen that using nanofluid in base fluid
increases heat transfer. The square curved duct with longitudinal
triangular rib used in this numerical study is shown in Fig, 1. Constant
heat flux boundary condition is applied to the outer wall of the curved
duct and to the walls of the rib. Other surfaces are assumed as
insulated.
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IKi FARKLI SIKLON CIKIS BORU CAPI iCiN SIKLON VERIMLILiGININ SAYISAL
OLARAK INCELENMESI

Oguz TURGUT, Halil ibrahim EROL, Burak TIGLI
Gazi Universitesi, Mihendislik Fakiiltesi, Makina Miihendisligi Boliimii-Temiz Enerji Arastirma ve Uygulama
Merkezi (TEMENAR) 06570 Maltepe, Ankara
oturgut2006 @gmail.com, halileroll@gmail.com, buraktigli@gmail.com

Ozet: Endiistride yaygin olarak kullanilan kati-gaz ayirici biiyiik ¢apl siklonlarin ¢ikis ¢apmin basing diisiimii ve toz
tutma verimi Uzerine olan etkisi sayisal olarak incelenmistir. Sayisal ¢aligmada ANSYS Fluent 17.0 paket programi
kullanilmistir. Calisma sikistirilamaz tiirbiilansh akis sartlarinda ti¢ boyutlu olarak gerceklestirilmistir. TUrbulans modeli
olarak Reynolds Stress Modeli kullamlmistir. Coziimler tek ve ¢ift fazhi olarak gergeklestirilmistir. Partikiil olarak talas
kiili kullanilmistir. Caligma gévde ¢ap1 700 mm olan iki farkli ¢ikis boru gapina sahip siklonlar igin gergeklestirilmistir.
Bu siklonlardan ilki ¢ikis ¢ap1 350 mm olan yiksek verimli Stairmand siklonu ve ikincisi ise ¢ikis ¢ap1 280 mm olan
degistirilmis Stairmand siklonudur. Caligma tegetsel girisli siklonda farkli hiz degerleri i¢in yapilmistir. Siklondaki
toplam basing diisiimii, hiz bilesenlerinin siklondaki degisimleri ve siklon verimlili§i incelenmistir. Sonuglarin
literatirdeki sonuglarla uyum igerisinde oldugu gorilmistiir. Cikis ¢apinin 350 mm’den 280 mm’ye degismesi
durumunda siklondaki toplam basing kaybinin sayisal ¢alismada %88,1 artis gosterdigi gozlenmistir. Artan giris hiz1 ve
azalan siklon ¢ikis boru ¢api ile siklon toz tutma veriminin arttig1 gozlenmistir.

Anahtar Kelimeler: CFD, Siklon, Sayisal analiz.

NUMERICAL INVESTIGATION OF CYCLONE EFFICIENCY FOR TWO DIFFERENT
CYCLONE OUTLET PIPE DIAMETERS

Abstract: The effect of the outlet pipe diameter of solid gas separator large-scale cyclone, which are widely used in
industry, on both pressure drop and dust collection has been studied numerically. Numerical study has been carried out
using ANSYS Fluent 17.0 software for incompressible, three dimensional turbulent flow. Reynolds Stress Model is
chosen as the turbulence model. Solutions are implemented for single and two-phase. Sawdust ash is used as particle. The
present study is implemented for two different cyclones with cyclone diameter 700 mm. One of these cyclones, high
efficiency Stairmand cyclone, has the outlet pipe diameter with 350 mm, and the other cyclone is the modified Stairmand
cyclone with outlet pipe diameter 280 mm. The work is done in a cyclone with tangential inlet for different inlet velocity
values. Total pressure loss in cyclone, the variation of velocity components in cyclone and cyclone efficiency are
examined. It is seen that present results are in agreement with the literature results. It is also observed that when the
cyclone outlet pipe diameter changes from 350 mm to 280 mm the total pressure drop in cyclone has an increase of
%88.1. It is seen that cyclone efficiency increases with increasing inlet velocity and with decreasing cyclone outlet pipe
diameter.

Keywords: CFD, Cyclone, Numerical analysis.

GIRIS oldugunu gostermistir (Lapple, 1951; Barth, 1956;

Muschelknautz, 1970; Chan ve Lippmann, 1977; Dietz,

Tegetsel girisli siklonlar endustride yaygin olarak gaz-kati
aywricilart  olarak kullamilirlar. Siklon tasariminda en
Onemli iki parametre diisiik basing kayb1 ve partikiil tutma
verimidir.

Literatiir taramasi siklondaki basing diistisii ve siklon
veriminin hesaplanmasina yonelik bir c¢ok caligmanin

1981; Mothes ve Loffler, 1988; loza ve Leith, 1990;
Liden ve Kenny, 1991; Avci ve Karagoz, 2000, 2001,
2003; Karagoz ve Avci, 2005; Elsayed ve Lacor, 2013).
Toz yiki ile basing diisiimiiniin iligkili oldugu bazi
caligmalarda ele alinmstir (Gil vd. 2002). Leith ve Litch
(1972) siklonlarda partikl tutma verimlerini hesaplamak
icin sayisal olarak ¢aligmiglardir. Dirgo ve Leith (1985)


mailto:oturgut2006@gmail.com
mailto:halileroll@gmail.com
mailto:buraktigli@gmail.com

ULIBTK’17 21. Ulusal Is: Bilimi ve Teknigi Kongresi
13-16 Eylul 2017, CORUM

siklon partikil tutma verimini deneysel ve teorik olarak
incelemislerdir. Slack vd. (2000) govde ¢ap1t D=0,205 m
olan  Stairmand siklonunda niimerik  ¢aligmalar
yapmuglardir. Hoffman vd. (2001) siklon uzunlugunun
basing diistimii ile partikil toplama verimi lizerine etkisini
deneysel ve sayisal olarak incelemislerdir. Xiang ve Lee
(2005) ve Chuah vd. (2006) yaptiklar1 g¢alismada
siklonlardaki  konik kismin dip ¢apmnin  siklon
verimliligine etkisini sayisal olarak incelemislerdir.
Derksen vd. (2008) yaptiklart sayisal ¢alismada girdap
yogunlugunun etkisini incelemiglerdir. Kaya ve Karagdz
(2008, 2009) calismalarinda tegetsel girigli Stairmand
siklonu Uzerinde farkli tiirbiilans modelleri iizerinde
caligmiglardir. Brar vd. (2015a, 2015b) siklon ¢ikis
capmin siklon performans: {iizerindeki etkisini sayisal
olarak incelemislerdir.

Literatlr taramasi incelendiginde siklon ¢ikis capinin
siklon  performans:t  {izerine  etkisini  inceleyen
aragtirmalarin kiiciik govdeye (350 mm’den kiigiik) sahip
siklonlar i¢in oldugu gorilmistir. Ayrica kullanilan
partikiillerin ~ ise  yliksek  yogunluklu  olduklar
goriilmistiir. Bu nedenle gergeklestirilen bu g¢aligmada
biiyikk oOlgekli siklonlarda siklon c¢ikis capmin siklon
performansi iizerine olan etkisi diisiik yogunluklu partikiil
i¢in sayisal olarak incelenmistir (Erol, 2016).

SAYISAL CALISMA

Caligmada kullanilan tegetsel girigli siklonun genel
goriniimii  Sekil la’da verilmistir. Kullanilan siklon
parametre degerleri su sekildedir: a/D=0,5, b/D=0,2,
¢/D=1, h/D=1,5, H/D=4, B/D=0,375, s/D=0,5, h/D=1,5,
D/D=0,4, 0,5. Burada D-siklon gévde c¢ap1 olup degeri
D=700 mm olarak alinmistir. D, ise siklon ¢ikis borusu
capidir. Calismada iki farkli siklon ¢ikis boru ¢api
D.=0,5D standart Stairmand siklonu ve D.=0,4D
degistirilmig Stairmand siklonu kullanilmistir. Sekil 1b’de
ise siklonun ana kisimlar1 verilmistir. Bir numarali kisim
siklon c¢ikis grubu, iki numarali kisim tegetsel giris
kanalini, ii¢ numarali kisim siklon govdesini, dort
numarali kisim siklon konik kismini ve bes numarali
kisim ise konteynirdir.

T 1 Siklon ¢ikas
D, grubu
Y 2 Tegetsel ging
?ll [:’:.L s kanal
W00em + A 3 Siklon
b givdesi
k D 4 Komk
1T0em | II_' kisim
1 |' H
II II
III II
270 em | [ 5 Konteymr
'|\ J
f
B

® ®)
Sekil 1. (a) Stairmand siklonu parametreleri (b) Stairmand
siklonunun boltimleri

Sikistirillamaz ¢ boyutlu tiirbiilanshi akigta siireklilik ve
Navier-Stokes denklemleri sirasiyla su sekildedir;

6ui _

P 0 1)
. . 2. -

%‘l‘ljj%:—lﬁ‘*‘v a ul _i(ulujj (2)

ot X pOxj  Oxjox j Ox j

Burada uj-ortama hiz, P-ortalama basing, x;-koordinat
sistemi, v-kinematik viskozite ve p ise yogunluktur.

(u'iu'jj ise Reynolds stress terimidir. Es. 1 ve 2’de

verilen korunum denklemleri tirbulans modelinden gelen
Es. 3 ile verilen denklemler ile birlikte ¢ozulir.

8 (T
uka (U|UJ] =DU+P’-]+0’-]_£U (3)

Burada Dj-molekiler difiizyon terimi, Py-tiirbilans
gerilmeleri terimi, 6j-basing gerilme korelasyon terimi ve
gjji-disipasyon terimi olup su sekildedir;
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Gij = P| —-+—3 (6)
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Reynolds sayis1 su sekilde hesaplanir;

Re= pDpU/ p 8)

Burada, p-akigkanin  yogunlugu, Dy-hidrolik ¢ap
[=4xAlan/Cevre], U-akigkan giris hizi ve p-akiskanin
dinamik viskozitesidir. Akiskan ozellikleri 293K’de

almmistir.  Sayisal g¢alismada Ayrik faz  modeli
kullanilmistir.  Siklon toz tutma verimi su sekilde
hesaplanir;

_ ”P,yakalanan
n(dp) = ©)

Ip,siklona gonderilen™ ”P,hesap edilemeyen

Es. 9’da n-oransal partikiil ayrisma verimi, dy-hesap
edilmek istenen partikll ¢ap1, Mpyakatanan- Op ¢apindaki
yakalanan partikiil sayisi, Tpsikiona gonderiten - Op Gapinda
siklona gonderilen partikiil sayist Ve Mphesap edilemeyen- Op
capinda partikiillerin siklonda hesap edilemeyen partikdl
sayisidir.

Sinir Sartlar:

Tek fazli akista siklonun iki numaral1 bolgesi olan tegetsel
giris bolgesine Uniform hizla (11,5 m/s, 12,8 m/s, 15 m/s,
16,5 m/s ve 19 m/s) girdigi kabul edilmistir. C6zUm
alaninin cidarlarinda kaymanin olmadigi simir sartt kabul
edilmistir. Tki fazli akis ¢oziimiinde ise tek faz icin verilen
sinir gartlarina ek olarak giris ile ¢ikis bolgesinde kagis
smir sarti, duvarlarda yansima siir sartt ve siklonun g
numaralt kismi olan konik kismin dip ¢apr duvar sinir
sartindan yakalama sinir sartina degistirilmistir.

SONUCLAR VE TARTISMA
Sayisal Calismanin Dogrulugunun Test Edilmesi

Sayisal ¢aligmanin dogrulugu i¢in Boysan vd. (1983)’nin
deneysel calismasi ve Slack ve arkadaglarimin (2000)
sayisal ¢aligmast D=205 mm i¢in burada tekrarlanmustir.
Bu c¢aligmada kullanilan hiicre yapilari ANSYS ICEM
CFD 17.0 yazilimi ile olusturulmustur. Mevcut sayisal
caligmada Slack ve digerleri (2000)’nin Onerdikleri gibi
kiibik  (hexagonal)  seklindeki  hiicre  elemanlari
kullanilmistir. Tipik hiicre yapisi siklon ¢ikis boru ¢api
D.=0,5D (standard Stairmand siklonu) icin Sekil 2a’da
goriildiigic.  gibidir.  Sonuglarin  hiicre  sayisindan
bagimsizligt saglanmigtir. Eksenel ve tegetsel hiz
profillerinin radyal yondeki degisimleri sirasiyla Sekil 2b
ve Sekil 2c’de gosterilmigstir. Yapilan sayisal caligma
sonuglarinin literatiir sonuglart ile uyum igerisinde oldugu
gOrulmistiir.

(@) 15 : : 0 | ©
== Boysanvd. Mevenut ¢absma (b) 35
(1983) | [ 0 i:\ i
10 + —4—=Slack vd. —3 \\ ’(
7 (2000) /( 725 7?’ 4
. i SR
E 2 AmEr
5 0 % Meveut gahsma ¥¥ i !
5 A ;‘: E}IO | =4— Boysan vd. }
3 o = sk (1983) A%FL
0 _+S]ack vd.
2000
-10 | -5 : :
-0.12 -0.08 -0.04 0.00 0.04 0.1 012 0.04 0.00 0.04 0.08 0.12

Radyal konum (m)

Radyal kormum (m)

Sekil 2. (a) Hiicre yapisinin goriiniimii; Eksenel (b) ve tegetsel (C) hizin radyal yondeki degisimi

Mevcut Sayisal Calisma Sonuclari

Sayisal ¢aligmanin literatiir sonuglar ile test edilmesinden
sonra asil yapilmak istenilen ¢alismaya gecilmistir.
Burada siklon govde g¢api sabit kalmak tizere (D=700
mm) siklon ¢ikis caplari D=0,5D ve D.=0,4D olan
siklonlar i¢in farkli giris hizlarinda sayisal calisma
gerceklestirilmistir.

Eksenel hiz partikiillerin  konteynira  tasinmasini
saglarken, tegetsel hiz ise merkezka¢ kuvveti olusturarak
partikiiliin tozdan ayrilmasim saglayarak dogrudan siklon

performansi ile ilgilidir. Sekil 3’de siklon icerisinde (¢
farkli eksenel konumdaki eksenel ve tegetsel hiz
bilesenlerinin radyal yondeki degisimleri siklon giris
hizimin 16,5 m/s olmasi durumunda verilmistir.
Goriildiigi tizere eksenel hizin 100 cm konumunda
(gbvde icerisinde) D.=0,5D siklonundaki radyal yondeki
degisiminin gévde merkezine gbre simetriye sahip oldugu
soylenebilir. Tki siklondaki maksimum eksenel hiz
degerlerinin bulundugu yarigap biiyiiklikleri siklon ¢ikis
caplari ile paralellik gostermektedir. Eksenel hizin 170 cm
konumundaki (konik kisim igerisi) D,=0,5D olan siklonda
eksenel hizin radyal yondeki degisimi gévde merkezine
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gore simetrisi biraz bozulmaktadir. Siklon yarigapt 9
cm’de eksenel hizin maksimum degerleri yaklasik olarak
3 m/s ve 7 m/s degerini alirken siklon merkezinde -1 m/s
ve govde duvarlarinda -2 m/s minimum degerlerini

cm mesafedeki durumda ise eksenel hizin maksimum
degerini D,=0,5D siklonunda yaricap 12 cm’de 2 m/s ve
10 m/s degerlerini ve siklon merkezinde ise 2 m/s
maksimum degerini aldigi goriilmektedir. Her iki siklonda

almaktadir. Eksenel hiz D,=0,5D siklonunda maksimum da hiz profillerinin  benzer davrams gosterdigi
degerini R=12 cm’de alirken D,=0,4D siklonunda ise R=9 gorilmektedir.
cm’de maksimum degerini almaktadir. Eksenel yonde 270
8 12 ‘
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Sekil 3. Giris hiz1 16,5 m/s igin (a) 100 cm, (b) 170 cm, (c) 270 cm konumunda bulunan istasyonlardaki eksenel ve tegetsel hiz

bilesenlerinin gérinimi

Sekil 3’de goriilecegi iizere tegetsel hizin radyal yondeki
degisiminin her U¢ konumda da gévde merkezine gore
simetriye sahip oldugu soylenebilir. Siklon ¢ikis boru
capimin  kiiglmesi durumunda tegetsel hizin degisim
aralig1 alan kiigiilmesinden dolayi artis gostermistir. Diger
bir ifade ile, tegetsel hiz biiyiikliigii araligi siklon ¢ikis
boru ¢ap1 kiigiiliince artmstr.

' 2.25a+01 F
2 10e+01
1.94e+01
1.79e+01
1.6de+01
1.49e+01
1.33e+01
1.18e+01
1.03e+01
8. 76e+00
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1. 14e-+00
-3.8de-01
-1.91e+00
-3.43e+00
-4 BGe+00
-6.48e+00
£.01e+00

Eksenel (D.=0.4D) Eksenel (D.=0.311)

2.Tee+01
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4. T1e+00
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«5.T2e-01
-2.330+00
4. 09e+00
-5.86a+00
-7.62e+00

Eksenel ve tegetsel hiz bilesenlerinin siklon boyunca
degisimi her iki siklonda giris hizinin 16,5 m/s olmasi
durumunda Sekil 4’de verilmistir. Hiz skalasindan da
goriilecegi tlizere siklon ¢ikis boru ¢apimnin kiigiilmesi hiz
bilesenlerinin degerlerinin artmasina neden olmustur.

6.12e+00
4.40e+00
2.86e+00
1.23e+00
-3.90e-01
-2.03e+00
-3.66e+00
1 -5.28e+00
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. 2160401
-2.320401 1
-2 48a+01
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Tegetsel (D.=0.4D)
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3. B3a+00
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-2 33e-01
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Sekil 4. Tegetsel giris hiz1 16,5 m/s icin siklon merkezinde siklon uzunlugu boyunca eksenel ve tegetsel hiz konturlarinin goériiniimii
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Sekil 5°de dort farkli hiz degeri i¢in D,=0,4D ile D,=0,5D Giris hizinin  artmasiyla Dbirlikte eksenel hiz artig
siklonlarindaki eksenel ve tegetsel hiz degerlerinin radyal gOstermektedir. Goriildiigi tizere boyutsuz tegetsel hizin

yondeki degisimleri 170 cm konumunda gosterilmistir. hemen hemen ayni kaldig s6ylenebilir.
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Sekil 5. Dort farkli giris hiz degeri i¢in 170 cm konumundaki istasyonda boyutsuzlastirilmig eksenel ve tegetsel hizlarin radyal yondeki
degisimleri

Giris hizlar1 15 m/s ve 16,5 m/s olan D¢=0,4D verilmistir. Goriildiigii lizere artan hiz degeri ile hiz
siklonundaki eksenel hiz, tegetsel hiz ve basing bilesenleri ve siklondaki basing degerleri de artis
konturlarinin siklon boyunca olan degisimi Sekil 6’da gOstermektedir.
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Sekil 6. Tki farkl1 hiz degeri icin D,=0,4D siklonundaki eksenel hiz, tegetsel hiz ve basing konturlarinin gériiniimii
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Giris hiz degerinin siklondaki basing diisiimii iizerine
etkisi iki farkli siklonda Sekil 7 ile gosterilmistir. Sekil
7’de ayrica giris hizinin 12,8 m/s olmas: durumunda her
iki siklondaki basin¢ konturlar1 da gosterilmistir. Artan

Gerek giris hizinin basing kaybr ile degisim grafiginden,
gerekse basing kontur grafiginden goriildigii tizere sabit
girig hiz1 i¢in azalan siklon boru ¢apinda basing kaybinin
arttig1 da goriilmektedir. Basing kaybinin artig1 ise gerekli

hiz degeri ile siklondaki basing kayb1 artis gostermektedir. enerjinin artist anlamina gelmektedir.
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Sekil 7. Siklon giris hizina gore basing diisiisii ve siklon girig hiz1 12,8 m/s i¢in her iki siklondaki basing konturlari

Sekil 8’de D.=0,5D siklonuna génderilen partikdllerin
siklonda izledigi yol gorulmektedir. Goruldigii Uzere
siklonun i¢ duvarlarindan asagiya dogru birinci girdap
olusmaktadir. Daha biiylik partikiilleri asagida birakip,
kiigiikk  partikiillerle beraber hava akimi siklonun
merkezinde ikinci bir girdap hareketini yukariya dogru
olusturarak sistemi terk etmektedir.

/s
V74

™~
{
\

Sekil 8. Cikis boru ¢apt D.=0,5D olan siklona gdnderilen
partikiillerin izledigi yol

Siklona gonderilen partikiil (agag talast) ¢apmin d, =1 um
- 11 um olmasi durumunda yapilan analiz degerlerinden
elde edilen sonuclar ile partikiil capina gore bulunan
oransal partikil verimi giris hizimin 16,5 m/s olmasi
durumunda Sekil 9’da verilmistir. Gorildigi tizere 9

pum’den  kicuk partikiller icin  bu iki siklon
kiyaslandiginda siklon boru ¢ikis ¢aplari De=0,4D olan
siklonun D¢=0,5D’ye gore %22,1 daha verimli oldugu
gOrlilmistiir.
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g 040
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Sekil 9. Partikiil gaplarina gore hesaplanan ortalama partikiil
tutma verimi

Enduistride yaygin olarak kullanilan siklonlarin en 6nemli
tasarim kriteri toz tutma verimliligi ve toplam basing
diistigiidiir. Birinci kriterde partikiil biiylkliigii ve tehlike
smifi dikkate alinarak tasarima yon verilebilir. Bu
calismada kullamlan aga¢ talagi killii eger tehlikeli
partikill olsaydi toz biyikligiinin 9 pm’nin Uzerinde
olmasi1 durumunda her iki siklonda partikiillerin tamami
tutulacagi igin ikinci parametre olan toplam basing
diisiistine gore tasarim kriteri belirlenebilir. Toplam basing
diisiistiniin  artmas1 durumunda fanda tlketilen elektrik
sarfiyat1 artacagindan siklon ¢ikis ¢ap1 biiyiik, toplam
basing diisiisii daha kii¢iikk D,=0,5D olan siklon 9 pm’den
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blyuk partikiller icin tercih edilebilir. Partikiil biyikligi
9 pum'nin altindaki pargaciklar igin ise De=0.4D olan
siklon daha iyi sonug vermektedir.

TARTISMA

Bu caligmada tegetsel girisli ¢ikis boru ¢ap1 D=0,5D olan
standard Stairmand siklonu ve ¢ikis boru ¢ap1 D=0,4D
olan degistirilmis Stairmand siklonu i¢in tek fazli ve ¢ift
fazli olmak iizere sayisal c¢aligma yapilmstir. Partikil
olarak talag kiilii kullanilmigtir. Sayisal ¢calisma farkl: giris
hizlarinda (11,5-19 m/s) tekrarlanmigtir.  Sayisal
calismada ANSYS Fluent 17.0 paket programi
kullanilmustir. Tirbiilans modeli olarak Reynolds Stress
Tirbulans modeli kullanilmistir. Calismanin dogrulugu
literatiir sonuglari ile test edilmistir. Siklon ¢ikis ¢apinin
D=0,5D’den D¢=0,4D’ye degistirilmesi sonucunda
siklondaki tegetsel hizin arttigi gorilmistiir. Giris hizi
16,5 m/s icin 9 um ve Ustlndeki partikiller icin her
siklonda partikiillerin tamamini tutmustur. Partikiil
biiytikligii 9 pm’nin altindaki pargalarda siklon ¢ikis
capimnin  D=0,5D’den  D.=0,4D’ye  degistirilmesi
durumunda partikil tutma veriminin  %22,1 arttig
hesaplanmuistir. Giris hizt 16,5 m/s i¢in siklon ¢ikis borusu
cap1 D=0,5D’den D.=0,4D’ye degistirilmesi durumunda
toplam basing diislisii %80’den fazla artarken, partikdil
tutma verimi 9 pm’nin altindaki degerlerde %20
oranlarinda artmaktadir.

Hava kirliliginin kontroliinde izin verilen ¢evre emisyon
degerlerini yakalayabilmek i¢in bu g¢aligmadaki bilgiler
kullanilabilir.  Aksi taktirde siklon sonrasi filtre
kullanilmasi tehlikeli partikiiller i¢in kaginilmazdir. Bu ise
hem fazladan yatinm hem de fazladan isletme maliyeti
anlamina gelmektedir.
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The 2-D periodically fully developed laminar forced convection fluid flow and heat
transfer characteristics in a horizontal channel with staggered fins are investigat-
ed numerically under constant wall heat flux boundary condition. Study is per-
formed using ANSYS Fluent 6.3.26 which uses finite volume method. Air (Pr =0.7)
and Freon-12 (Pr = 3.5) are used as working fluids. Effects of Reynolds number,
Prandtl number, fin height, and distances between two fins on heat transfer and
friction factor are examined. Results are given in the form of non-dimensional av-
erage Nusselt number and average Darcy friction factor as a function of Reynolds
number for different fin distances and Prandtl numbers. The velocity and tempera-
ture profiles are also obtained. It is seen that as the fin distance increases, behavior
approaches the finless channel, as expected. Also, thermal enhancement factors
are given graphically for working fluids. It is seen that heat transfer dominates the
friction as both the distance between two fins and Prandtl number increase. It is
also seen that fins having blockage ratio of 0.10 in 2-D periodically fully developed
laminar flow is not advantageous in comparison to smooth channel without fins.
Key words: laminar flow, heat transfer, parallel plate channel, fin,
periodic flow, ANSYS Fluent

Introduction

Many compact heat exchangers operate in the laminar flow regime owing to small
velocities and passage sizes. In addition, the passage lengths are too long. Hence, the flow is
fully developed over much of the duct’s length.

The laminar flow and heat transfer characteristics in 2-D channels with baffles or fins have
been studied by many investigators. The investigation of forced convection in the 2-D duct attracts
much interest due to its wide applications in many industrial systems, such as heat exchangers, nu-
clear reactors, and electronic cooling systems. To increase the heat transfer rates over the laminar
fully developed values, devices such as ribs, fins or baffles that interrupt the development of the
boundary-layers are usually placed on the channel walls with in-line or staggered arrangement.

When two series of fins are placed on the respective walls of a channel, the flow is ex-
pected to reach a periodic fully developed character after a short entrance length [1, 2]. A com-
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prehensive review of laminar flow results up to the eighties was performed by Shah and London
[3]. Webb and Ramadhyani [4] carried out numerical investigation of laminar forced convec-
tion conjugate heat transfer in two parallel plates mounted baffles on the surfaces with staggered
arrangement. Constant heat flux boundary condition was applied on the top and bottom surfaces
of the parallel plates. Periodically fully developed flow condition was observed in the channel.
Different Reynolds numbers, Prandtl numbers, and geometries were investigated. Kelkar and
Patankar [5] investigated numerically the flow and heat transfer in two parallel plates mounted
baffles with staggered arrangement on the surfaces under constant wall temperature condition.
It was observed that periodic flow condition was obtained in the channel at a certain distance
from inlet of the channel. Lazaridis [6] investigated the heat transfer in a parallel plate channel
with staggered fins. An equation was generated from data of Kelkar and Patankar [5]. Cheng
and Huang [7] investigated numerically laminar forced flow in two parallel plates having fins
with staggered arrangement. The channel walls are kept at uniform but different surface tem-
peratures. Velocity and temperature distributions of the periodically fully developed flow were
examined through a stream function-vorticity method with a finite difference scheme. Based
on the obtained solutions of flow field, the effect of Reynolds number and other geometric
parameters on the heat transfer coefficient and the friction factor were evaluated. Luy et al.
[8] conducted a 2-D numerical study to investigate the effect of series of fins, mounted on the
bottom wall, on laminar fluid flow, and heat transfer. Two walls are kept at constant temperature
but unequal temperature. Kim and Anand [9] studied numerically the laminar fully developing
flow condition in the two parallel plates mounted blocks on the surfaces. Surfaces were isolated,
and heat generating blocks were placed in the channel. Numerical investigation was conducted
for different Reynolds numbers, block heights, thicknesses of the blocks, and thermal conduc-
tivities of the blocks. Wang et al. [10] examined numerically heat transfer for unsteady flow in
parallel plates mounted fins with staggered and in-line arrangements. Yuan et al. [11] carried
out a numerical study for the periodically fully developed flow in 2-D channels with stream-
wise-periodic round disturbances on its two walls. Tehrani and Abadi [12] investigated numer-
ically laminar flow and heat transfer in the entrance region of a 2-D horizontal channel, with
in-line ribs, for constant surface temperature boundary condition. Results were obtained for
the Reynolds numbers ranging from 100 to 500, Prandtl number of 0.7, and different blockage
rates ranging between 0.1 and 0.3. It was reported that periodically fully developed condition
for air takes place after the third to the sixth rib depending on the Reynolds number. Mousavi
and Hooman [13] numerically investigated 2-D laminar fluid flow and heat transfer in the en-
trance region of a channel with staggered baffles at constant temperature boundary condition
for Reynolds numbers between 50 and 500 and baffle heights ranging from 0 and 0.75. Onur
et al. [14] conducted 2-D numerical analysis of laminar forced convection fluid flow and heat
transfer between two isothermal parallel plates with baffles. Baffles were placed in staggered
arrangement in the channel. The effect of the number of baffle and Reynolds number on flow
and heat transfer was examined for hydrodynamically fully developed and thermally develop-
ing flow. It has been seen that the number of baffles and Reynolds number have important effect
on flow and heat transfer. Results have also shown that increase in the Reynolds number and
baffle number causes an increase in average Nusselt number and friction factor. Sripattanapipat
and Promvonge [15] presented a numerical study of 2-D laminar periodic flow in a channel con-
taining staggered diamond shaped baffles. Turan and Oztop [16] analyzed 2-D laminar flow in a
channel containing cutting edged disc using finite volume technique. Xia et al. [17] numerically
studied periodically fully developed laminar flow in parallel plate channel for three groups of
crescent-shape protrusions. Garg et al. [ 18] numerically investigated 2-D laminar flow and heat
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transfer in a channel having diamond-shaped baffles. Turgut and Kizilirmak [19] conducted a
numerical study to investigate the turbulent flow and heat transfer in a circular pipe with baffles.
It was reported that the flow shows periodic behavior after a certain baffle.

Literature survey showed that most of the investigations stated above investigated the
entrance region problem for air at constant temperature boundary condition. However, different
behavior is anticipated when Prandtl number is greater than unity. Also, boundary condition
affects the heat transfer performance in laminar flow. Therefore, in this study, periodically fully
developed forced convection laminar flow and heat transfer characteristics in a 2-D horizontal
channel mounted fins on the surfaces with staggered arrangements have been investigated nu-
merically at constant wall heat flux boundary condition. The ANSY'S Fluent 6.3.26 commercial
code is used for numerical study. This investigation has been carried out for seven different
Reynolds numbers (100 < Re < 500), two different Prandtl numbers (0.7 and 3.5), one fin
height (F/H = 0.10) and the special case of finless state (F/H = 0), and five different distances
between two fins (1.0 < .S/H < 4.0). This study is motivated by the increasing use of compact
heat exchangers in industry.

Numerical investigation

When two series of fins are placed on the respective walls of a channel, flow is expect-
ed to reach a periodic fully developed regime, where the velocity field repeats itself from mod-
ule to module, after a short entrance

region [1, 2]. It is, therefore, possible Computational region
to calculate the flow and heat transfer t A D

in a typical module such as ABCD

shown in fig. 1, without the need for e . i H T J7/ / J Houtlet

the entrance region calculation. The —— e T Moo g g — s siis ===

computational domain of numerical T H \L ‘ H
b ]

investigation is designated in fig. 1. X B
The fins with fin height, F, are placed S S
uniformly at a pitch, L, in each fin
series. Thickness of the fin, #, and
channel height, H, are kept constant, Figure 1. The computational model of the problem
and their values are 0.0015 m and
0.060 m, respectively. The values of other four parameters are varied in the following range:
S/H=1.0-4.0,Pr=0.7,and 3.5, Re=100-500, and F/H = 0 and 0.10. Flow is assumed laminar at
Re =500, because Berner ef al. [2] indicated that flow is laminar for the Reynolds number of
600. Thus, blockage ratio, F/H, changes from 0 (smooth channel) to 0.10.

Numerical solutions are obtained using commercial software ANSYS Fluent 6.3.26.
Air (Pr=0.7) and Freon-12 (Pr = 3.5) are used as working fluid.

The continuity, momentum, and energy equations in Cartesian co-ordinate system for
2-D, steady, incompressible, Newtonian, constant properties, and periodically fully developed
laminar viscous flow of a fluid with negligible body forces, viscous dissipation, and radiation
heat transfer are given:

L

ou Ov

- — =

ox Oy
Ou N ou 10p [qu 82u]

U—FV =+ V| —5 +—5
ox oy p Ox ox° Oy

0 (1)

(2a)
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Boundary conditions are needed to solve the equations previously given. The velocity
components u and v in a periodically fully-developed flow can be written with:

u(x,y)=u(x+L,y) 4
v(x,p) =v(x+L,y) )
The pressure is expressed by:
P(st’):_ﬁx*'ﬁ(xa)’) (6)
where, the quantity p(x,y) is evaluated:
P(x,y)=px+L,y) (7)

The inlet and outlet temperature boundary conditions can be written:

T(x,y)-T, :T(x+L,y)—TW

®)
T, (x)—T, I, (x+L)-T,
where
TdA
T, (x) :jﬂ”m ©)

Equations (4), (5), (7), and (8) describe the inlet and outlet boundary conditions. Con-
stant heat flux, ¢, =40 W/m?, and no-slip boundary conditions are used on the fin surfaces and
channel walls, i. e.:

o _ 4w
on k

Non-dimensional Reynolds number, average Nusselt number, and average Darcy fric-
tion factor are defined:

u=0, v=0, (10)

Re=M (11)
Y7
h_D

Nu,, “Th (12)
Ap D,

fm=2p§27“ (13)

Average convective heat transfer coefficient can be evaluated as shown in eq. (14):

hy = (14)

=
2
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where T, is evaluated:
1
To=- [rda

In order to compare the performance of all configurations tested, the results are given
with thermal enhancement factor [20-23]:

Nu

m

Nu
n=——mn (15)

[ﬁnle
o

The physical properties of the fluid are assumed to remain constant and taken at the
bulk temperature of 300 K [24].

Computational method

In this study, a general-purpose finite-volume based commercial CFD software pack-
age ANSYS Fluent 6.3.26 has been used to carry out the numerical study. The code provides
mesh flexibility by structured and unstructured meshes.

Computations are performed for laminar flow conditions. The energy equation is
solved neglecting radiation as well as viscous dissipation effects. Quadrilateral cells are created
with a fine mesh near the walls in Gambit 2.3.

A non-uniform grid distribution was employed. NETRL L T
Typical grid distribution in the vicinity of fin ' 3! 1
and channel wall is depicted in fig. 2. Close to
each wall and fin surfaces, the number of grid
points or control volumes are increased to en-
hance the resolution and accuracy. This is done
to provide a sufficiently clustered mesh near the
duct walls and to avoid sudden distortion and
skewness. :
The grid 1ndep§ndence s:tudy IS P Figure 2. Typical mesh distribution of the
formed for all computational studies by refining  ¢omputational domain
the grid size until the variation in both the aver-
age Nusselt number and the average Darcy fric- 70
tion factor are less than 0.7%. Typical variation
of the average Nusselt number and the average
Darcy friction factor with mesh size is given in
fig. 3 for S'H =2.0, F/H = 0.10, Re = 500, and
Pr = 0.7. Nine grid systems are tested in order %

to investigate the grid size effect for S/H = 2.0, L-%‘O—Q
F/H = 0.10, Re = 500, and Pr = 0.7. Grid siz- 531

es are changed from 789 to 24377. It is seen
that the increase of grid number from 12286 to 50 : : : : :

. . . 0 5000 10000 15000 20000 25000
24377 has no significant effect in the calculated Mesh size
values of average Nusselt number and average  Figure 3. Variation of average Nusselt number
Darcy friction factor. Therefore, grid size is as-  and average Darcy friction factor with mesh size
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sumed to be fixed and equal to 12,286 for S/H = 2.0, F/H = 0.10, Re = 500, and Pr = 0.7. For
other parameters analyzed here, the grid independence study is obtained in a similar manner.

Steady segregated solver is used with second order upwind scheme for convective
terms in the mass, momentum, and energy equations. For pressure discretization, the standard
scheme is employed while the SIMPLE algorithm is used for pressure velocity coupling dis-
cretization. No convergence problems are observed. To obtain convergence, each equation for
mass, momentum and energy is iterated until the residual falls below 1-107.

Results and discussion

Variation of average Nusselt number and average Darcy friction factor with distance
between two fins, Reynolds number, and Prandtl number has been investigated numerically.
Numerical results obtained under steady-state conditions are presented in figs. 4-16.

Before presenting the new results, it is appropriate to validate the solution pro-
cedure to ascertain the accuracy and reliability of the flow and heat transfer results. For this
purpose, the numerical computation is carried out for air flowing in a parallel plate channel at

. . F/H = 0.10 and S/H = 2.0 for Re = 200. The
Table 1. Comparison of numerical . L X
result with literature result of this computation is compared with the
5 T T d result of Kelkar and Patankar [5] and Cheng and
resen elkar an eng an . .
Suthy | Dottt 3] | S 7] Huang [7] sho_wn in tab. 1. It is seen Fhat the
present numerical result for Darcy friction fac-
/. Re/(fRe),| 1.23 1.2 1.2 el ) ,
tor is in good agreement with the literature.
Comparison of the x-velocity profile of

1.8

16 S g:‘eizaf;ﬂ:;a"g 711 this present study and the results of Cheng and
g 14l e N | Huang [7] is given in fig. 4 in the fully devel-
121 J g N . oped flow for F/H = 0 (i. e. smooth channel)
1od y \\ . at Re = 100. Figure 4 shows that the results of

present study are in good agreement with those
of Chen and Huang [7].

0.8+
0.6 1

04 ] The typical velocity and temperature dis-
02 | tributions of air-flow in duct for different Reyn-
00 ‘ ‘ ‘ ‘ olds numbers are given in figs. 5 and 6, respec-
00 02 o4 06 ®8 yy 0 tively, for S/H = 1.0. It is obtained that velocity
magnitudes increase with increasing Reynolds

Figure 4. The x-velocity profile in the fully > .
developed flow for F/H =0 number. However, increasing Reynolds number

decreases the magnitudes of the local tempera-
ture at a point in a channel. As can be seen in fig. 5, velocity field is affected due to presence
of fin.

The temperature distribution in duct at Re = 500 for flow of air (Pr = 0.7) and Fre-
on-12 (Pr=3.5) is given in figs. 7(a) and 7(b), respectively, for S/H = 1.0. It is seen in the figure
that the temperature distribution in duct changes with changing working fluid.

Figure 8 shows the typical streamline profiles of the air-flow in the computational do-
main for different Reynolds numbers at S/H = 1.0. After the flow enters the channel, it separates
from fin tip, and re-circulation area occurs after fin. It is seen that large re-circulation region
occurs as Reynolds number increases. Thus, the re-attachment point moves away from fin, on
the bottom wall, when Reynolds number increases. Also, the strength of the re-circulation flow
increases with increasing Reynolds number. As can be seen in fig. 8, flow is deflected due to fins
but do not impinge upon opposite wall.
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Figure 7. Temperature distribution at Re = 500 for (a) air, (b) Freon-12

The results of the computations are given in figs. 9 and 10 in terms of the ratios
Nu,/Nu, and f, Re/(fRe), where the subscript “o” refers to the unfinned parallel plate channel.
The values of Nu, and (fRe), are 8.23 and 96, respectively [24].
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Figure 8. Streamline profiles of the air-flow
in the duct; (a) Re =100, (b) Re =300, (¢)
Re =500

The normalized average Nusselt number is plotted in figs. 9(a) and 9(b) as a function
of Reynolds number at different S/H for air and Freon-12, respectively. It is seen that increasing
the distance between the two fins increases heat transfer. Nusselt number increases 20 and 16%
as S/H changes from 1.0 to 4.0 for air and Freon-12, respectively. As the fin distance increases,
the behavior approaches that in a finless channel. In other words, Nu, /Nu, approaches unity. As
can be seen in fig. 9, Nu,_/Nu, is less than unity. It is also seen that the ratios Nu_/Nu, slightly
decreases as Reynolds number increases. This result agrees with the results of Kelkar and Pa-
tankar [5] and Tehrani and Abadi [12]. It can be interpreted as that fins with //H = 0.10 do not
have important effect to inflict flow on the opposite walls (please see fig. 8). The length of the
re-circulation region increases as Reynolds number increases (please see fig. 8). That is, direct
contact between fluid and wall decreases as Reynolds number increases. Thus, decreased direct
contact length results in low heat transfer.
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5 S
= =
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Figure 9. Variation of normalized average Nusselt number with Reynolds number for
different S/H; (a) Pr=0.7, (b) Pr=3.5

The normalized average Darcy friction factor as a function of Reynolds number is
sketched in figs. 10(a) and 10(b) at different S/H for air and Freon-12, respectively. As can be
seen from figs. 10(a) and 10(b), increasing the distance between the two fins decreases the fric-
tion factor at a given Reynolds number. In other words, closer spacing causes higher pressure
drop. It is also seen that the ratios f, Re/(fRe), increases as Reynolds number increases. On
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200 300 400

Figure 10. Variation of normalized average Darcy friction factor with Reynolds number
for different S/H; (a) Pr=0.7, (b) Pr=3.5

average, friction factor decreases 24% as S/H changes from 1.0 to 4.0 for both air and Freon-12.
As can be seen in fig. 10, as the fin distance becomes large, the behavior approaches that in a
finless channel. That is, f, Re/(fRe), approaches unity.

Typical average Nusselt number as a function of fin distance is presented in fig. 11(a)
at Re = 100 for Pr = 0.7 and Pr = 3.5. As shown in fig. 11(a), the average Nusselt number for
Pr = 3.5 is higher than that of Pr= 0.7 at a given fin distance. It is seen that as the fin distance be-
comes large, the behavior approaches that in a finless channel. In other words, the value of Nu, /Nu,
approaches unity. The phenomenon is similar to that observed by Kelkar and Patankar [5].

Figure 11(b) shows the normalized average Darcy friction factor as a function of fin
distance at Re = 100 for Pr=0.7 and Pr = 3.5. As shown in fig. 11(b), Prandtl number does not
affect the friction factor. It is also seen that friction factor decreases with increasing distance be-
tween two fins. In other words, as the distance between two fins increases, the result approaches
the result of finless channel and that is, f, Re/(fRe), approaches unity. This result is similar to
that observed by Kelkar and Patankar [5] and Garg ef al. [18].

Effect of Prandtl number on heat transfer and friction is shown in figs. 12(a) and 12(b),
respectively, for S/H=1.0. Attention now is focused to the fig. 12(a). It is observed that aver-
age Nusselt number for Freon-12 (Pr = 3.5) is higher than the average Nusselt number for air
(Pr=0.7). As for the friction factor, it is seen from fig. 12(b) that average Darcy friction factor
is the same for both air and Freon-12. It is also seen that average Darcy friction factor increases
while the Reynolds number increases.

Thermal enhancement factors of the configuration for different S/H are shown as a
function of Reynolds number in figs. 13(a) and 13(b) for air and Freon-12, respectively. It is
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Figure 12. Variation of normalized average Nusselt number (a) and average Darcy
friction factor (b) with Reynolds number for two different Prandtl numbers

seen that thermal enhancement factor of the configuration increases with the increasing distance
between two fins for a constant Reynolds number. It can be explained that heat transfer dom-
inates the friction while distance between two fins increases at a constant Reynolds number.
It is also seen that thermal enhancement factor of the configuration slightly decreases as the
Reynolds number increases. In other words, friction dominates the heat transfer as the Reynolds
number increases at constant S/H. As can also be seen from fig. 13, as the fin distance increas-
es, thermal enhancement factor approaches the finless channel for which # = 1. It is also seen
that the enhancement factor for all S/H is below unity. This indicates that this blockage ratio,
F/H = 0.10, is not advantageous in comparison to smooth channel without fins in periodically
fully developed laminar flow. This result agrees with that of Promvonge et al. [25], he conclud-
ed that enhancement factor for the 90° baffle indicates a decrease trend for blockage ratio less
than or equal to 0.2.
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Figure 13. Variation of thermal enhancement factors of the configuration with Reynolds
number for (a) Pr= 0.7 and (b) Pr=3.5

In order to see the thermal enhancement factor of the configuration with two different
Prandtl numbers, thermal enhancement factors of the configuration are depicted as a function
of Reynolds number in fig. 14 for S/H = 1.0. It is seen that thermal enhancement factor of the
configuration is higher for Pr= 3.5 than Pr=0.7. That is, it can be said that heat transfer domi-
nates the friction while the Prandtl number increases from Pr = 0.7 to 3.5 at constant Reynolds
number.

Typical dimensionless axial velocity profiles «/U, for air are plotted along channel
height in fig. 15 at x = 0.002 m distance after the fin on the bottom wall for S/H = 1.0 at
Re =100 and 500. Axial velocity values are scaled to the inlet velocity. The negative velocities
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indicate the presence of re-circulation behind 076

the fin on the bottom wall. It is seen from in- 7 DA
set, fig. 15, that the intensity of reverse flow 074 ] '

increases with increasing Reynolds number,
thus reverse flow with high intensity results
in high pressure loss and high friction factor.
This conclusion can also be seen in fig. 8.
The variation of dimensionless reat-
tachment length x,/H, evaluated from after
the bottom baffle in the flow direction, with 0.68 ‘ : . .
. . 0 100 200 300 400 500 600
Reynolds number is shown in fig. 16 for Re
S/H = 1.0. Tt is seen that the re-attachment  gigyre 14. Variation of thermal enhancement
length increases as Reynolds number increas-  factor of the configuration with Reynolds number

0.72 1

0.70

S/H =1.0

es. This result can also be seen from fig. 8. for air and Freon-12
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Figure 15. Typical dimensionless axial velocity =~ Figure 16. Re-attachment length
profiles after the fin on the bottom wall for air vs. Reynolds number
at Re =100 and Re =500

Conclusions

In this study, 2-D laminar fluid flow and heat transfer characteristics between two hor-
izontal parallel plates with staggered fins are investigated numerically under periodically fully
developed conditions. The ANSYS Fluent 6.3.26 commercial code is used in this investigation.
Constant heat flux boundary condition is applied on the surfaces of the channel and fins. Study
is implemented for one fin height (#/H = 0.10) and the special case of finless state (F/H = 0),
different Reynolds numbers (Re = 100-500), Prandtl numbers (Pr = 0.7 and 3.5), and different
distances between two fins (S/H = 1.0-4.0). It is obtained that heat transfer in the channel slight-
ly decreases with increasing Reynolds number, but it increases with increasing fin distance for
the blockage ratio of 0.10 in 2-D periodically fully developed laminar flow. It is also seen that
heat transfer in the channel for Pr = 3.5 is higher than that of Pr = 0.7. Friction factor increases
with increasing Reynolds number. However, it decreases with increasing fin distance. It is seen
that friction factor is the same for both air and Freon-12. Thermal enhancement factor of the
configuration increases with fin distance and with the range of investigated Prandtl number, but
slightly decreases with Reynolds number. It is concluded that fins having blockage ratio of 0.10
in 2-D periodically fully developed laminar flow is not advantageous in comparison to smooth
channel without fins.
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Nomenclature

A — channel cross section area, [m?] S — distance between two staggered fins, [m]

D, — hydraulic diameter, (= 2H), [m] T — temperature, [K]

F  — fin height, [m] T, - bulk temperature, [K]

/.. — average Darcy friction factor, [] T, — inlet temperature, [K]

f. — average Darcy friction factor in T, — outlet temperature, [K]

finless duct, [] T, — wall temperature of the duct, [K]
H - channel height, [m] t  — fin thickness, [m]
h,, — average convective heat transfer U, - inlet velocity magnitude, [ms™']
coefficient, [Wm=K™] u, v — the velocity components in x- and

k - thermal conductivity, [Wm'K™] y-co-ordinates, [ms™]

L — length of the periodic zone, [m] x, — re-attachment length, [m]

Nu,, — average Nusselt number, [] x, y — Cartesian co-ordinates

Nu, — average Nusselt number in finless duct, [-] Greek symbols

Pr — Prandtl number, [—]

p — fluid pressure, [Pa] a  — thermal diffusion coefficient, [m?s™]

Ap — pressure loss, [Pa] f  — global pressure gradient, [Pa-m™']

p — periodic variation term, [Pa] n  — thermal enhancement factor, [-]

g.. — heat flux, [Wm?] i — dynamic viscosity, [kgms™]

Re — Reynolds number, [] v — kinematic viscosity, [m?s™]

p  — density, [kgm~]
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Abstract Three-dimensional turbulent-forced convection C, Constant (—)
flow, heat transfer and second-law analysis in a circular duct D Diameter of the circular duct (m)
having single baffle have been examined numerically under  f Averaged Darcy friction factor (—)
uniform constant wall heat flux boundary condition at steady Gy Production rate (kg m~' s7°)
state. Baffle is attached in the entrance, middle and exit h Averaged heat transfer coefficient (W m 2K
regions of the test section. ANSYS Fluent 15 which uses £ Specific enthalpy (kJ kg™
finite-volume method has been employed for numerical H Baffle height (m)
analysis. The effects of Reynolds number Re changing from & Turbulent kinetic energy (m?* s™2)
3000 to 50,000 and dimensionless position of baffle S/D = 1, Ketr Effective thermal conductivity (W m! Kil)
16.1 and 25 are investigated for Prandtl number of Pr = 0.7 K Thermal conductivity (W m~' K™)
and baffle angle of o = 90°. It is seen that circular duct with L Length (m)
single baffle has a higher Nusselt number, friction factor and L, Length of the entrance section (m)
entropy generation rate compared to the circular duct without L, Length of the test section (m)
baffle. Itis also seen that the duct with baffle in the inlet region ~ m Mass flow rate (kg s7h
has a higher value of Nusselt number and friction factor. The Nu Averaged Nusselt number (—)
duct having baffle in the middle region has a maximum P Pressure (Pa)
thermal performance and low entropy generation rate. The AP Pressure drop along the duct (Pa)
accuracy of the results is validated by comparing the obtained  Pr Prandtl number (—)
results with the results of smooth duct. q" Heat flux on the wall (W~m'2)

Q Total heat transfer rate (W)
Keywords Friction - Heat transfer - Entropy generation - R Gas constant for air (J kg™' K™
Heat flux - Turbulent flow - Baffle R Duct radius (m)

Re Reynolds number (—)

List of Symbols Distance between test section inlet and baffle (m)

N
: 2 . _
Ac Cross-sectional area (m”) S Rate of entropy generation (W K™ ')
Cp Specific heat at constant pressure (J kg™' K™') ¢ Baffle thickness (m)
T Temperature (K)
w Velocity component in the z-direction (m s~ ")
b4 O. Turgut ) x,y, z Cartesian coordinates (—)
oturgut@gazi.edu.tr
! Department of Mechanical Engineering and Clean Energy Greek Letters
Research and Application Center (TEMENAR), Faculty of o Baffle angle (°)
Engineering, Gazi University, Maltepe, Ankara, Turkey ¢ Turbulent dissipation rate (m2 5*3)
2 Department of Mathematics, Faculty of Science, Gazi n  Thermal performance factor (—)
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i Viscosity (kg m™' s7h)

p Density (kg m™)

T  Shear stress on the wall (Pa)
T The stress tensor (kg m~! 572)
Subscripts

b Bulk

fd  Fully developed

in  Inlet

m  Mean

o Smooth channel

out Outlet

t Turbulence

w Wall

Z Peripherally averaged local

1 Introduction

Increasing convection heat transfer coefficient or increas-
ing heat transfer surface area enhances heat transfer from a
surface. To increase the heat transfer coefficient, a fan or
pump is used, or a larger one is used instead of the existing
one, depending on its availability. An alternative way to
enhance the heat transfer from a surface is to enhance the
heat transfer surface area. Using fins or baffles on the
surfaces of the channels increases heat transfer surface area
(Cengel and Ghajar 2011).

Turbulent flows in a circular duct are encountered in
many engineering applications such as cooling of elec-
tronic devices, cooling of gas turbines, nuclear and chem-
ical reactors, combustion chambers, filtration and
desalination, radiators for space vehicles and automobiles,
cooling of evaporators, thermal power plants, solar col-
lectors, and shell and tube heat exchangers. Turbulent flow
and heat transfer in a circular duct have been investigated
by a number of investigators. Patankar et al. (1979)
examined turbulent flow and heat transfer for tubes and
annuli with longitudinal internal fins. Al-Arabi (1982)
investigated the effect of entrance condition on turbulence-
forced convection heat transfer in a circular duct for con-
stant heat flux and constant wall temperature boundary
conditions. El-Sayed et al. (1997) conducted an experi-
mental study to investigate the detailed module-by-module
pressure drop characteristics of turbulent flow inside cir-
cular ducts having longitudinal internal fins. Lai and Yang
(1997) carried out a numerical study to investigate turbu-
lence suppression in a pipe with a ring device installed in
the near-wall region for Reynolds number of 240,000.
Average friction factor and heat transfer coefficient for
turbulent flow in pinned annular region of a double-pipe
heat exchanger have been investigated experimentally by
Nieckele and Saboya (2000). Seo et al. (2000) numerically

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

studied the fully developed turbulent flow in a tube with
circumferential fins and circular disks. Laminar heat
transfer in a circular duct with longitudinal fins having
tapered lateral profiles was numerically investigated by
Alam and Ghoshdastidar (2002). Kim et al. (2002)
numerically investigated the combined convection and
radiation in a circular duct with circumferential fins and
circular disk for steady laminar flow. Zeitoun and Hegazy
(2004) studied the fully developed laminar heat transfer in
a circular duct with longitudinal fins. Heat transfer and
pressure drop for porous rings attached to a pipe for tur-
bulent flow have been examined numerically by Akansu
(2006). Ring space, ring height and Reynolds number are
the investigated parameters of the study. Yucel and Dinler
(2006) carried out a numerical study to investigate two-
dimensional turbulent flow through a duct having fins
placed circumferentially. Effects of fin height and number
of fins were examined. Tandiroglu and Ayhan (2006)
conducted an experimental study to investigate the energy
dissipation of transient heat transfer for turbulent flow in a
circular duct with baffles inside for Reynolds number of
3000 through 20,000 under constant heat flux boundary
condition. Baffle spacing and baffle orientation angle are
used as the characteristic parameters. Tandiroglu (2006)
investigated experimentally the effect of baffle spacing and
baffle orientation angle on transient heat transfer for tur-
bulent flow in a circular duct with baffles inside. Study was
carried out for Reynolds number ranging from 3000 to
20,000 for constant heat flux boundary condition. Dinler
and Yucel (2007) conducted a numerical study to investi-
gate two-dimensional turbulent flow and heat transfer in a
circular duct with a fin placed on the inner wall of the duct.
The effect of fin height, Prandtl number, Reynolds number
and fin location on flow and heat transfer was investigated
for constant wall temperature boundary condition. Heat
transfer in a circular duct for laminar, transitional and
turbulent regimes has been examined numerically by
Abraham et al. (2009). Wang et al. (2009) carried out a
numerical study of turbulent flow and heat transfer for
tubes having longitudinal internally finned tubes. Z-shape,
S-shape and V-shape were employed as fin profile. Heat
transfer in a circular duct with semi-circular hollow baffles
was studied experimentally and numerically by Rezwan
et al. (2013). Hussein (2015) conducted an experimental
and numerical study to investigate the turbulent flow and
heat transfer in a double-pipe heat exchanger with semi-
circular disk baffles. A numerical investigation was per-
formed to investigate the periodic laminar flow in a circular
duct with 45° V-baffles under constant surface temperature
boundary condition by Jedsadaratanachai et al. (2015). An
experimental study was performed by Nayak et al. (2015)
to study the laminar flow of solar water heater with inserted
baffle within the tube. Sen and Ghosh (2015) numerically
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investigated the turbulent flow and heat transfer charac-
teristics in a circular duct having inline baffles. Turgut and
Kizilirmak (2015) numerically investigated steady-state
three-dimensional turbulent-forced convection flow and
heat transfer characteristics in a circular pipe having nine
baffles inside pipe under constant wall heat flux boundary
condition. Study has been carried out for Reynolds number
of 3000-50,000, Prandtl number of 0.71, dimensionless
baffle distances of 1, 2 and 3, and baffle angle of 30°-150°.
Zheng et al. (2016) conducted a numerical study to
investigate the laminar flow in a circular duct with vortex
rods under constant surface heat flux boundary condition.

Second-law analysis is performed to minimize the loss
of available energy. There have been a number of inves-
tigations about entropy generation in a circular duct with or
without baffle for forced convection laminar and turbulent
flow (Sekulic et al. 1997; Sahin 1998; Khaliq 2004; Ben-
Mansour and Sahin 2005; Dagtekin et al. 2005; Tandiroglu
2007; Yilmaz 2009).

The literature survey shows the lack of information
about steady-state three-dimensional turbulent heat trans-
fer, pressure drop and second-law analysis for circular
ducts having baffle inside. In the present study, steady-state
three-dimensional turbulent flow, heat transfer and second-
law analysis in a circular duct having one baffle placed in
the entrance, middle and exit regions of the test duct are
studied numerically using commercial software ANSYS
Fluent 15 under constant wall heat flux boundary condition.
The difference of this study from that of Turgut and

(@)

ZAT

7

7

| _~Flow
2

Kizilirmak (2015) is that, in this study, only one baffle was
placed inside a circular duct and the effect of the position
of this baffle on flow, heat transfer and entropy generation
was investigated, while nine baffles were used inside the
duct in Turgut and Kizilirmak (2015) where the effects of
the distance between two baffles and angle of baffle on
flow and heat transfer were investigated. Standard k—¢
turbulence model which converges relatively easily is used
as a turbulence model. Study has been conducted for the
Reynolds number Re ranging from 3000 to 50,000, Prandtl
number of 0.71 and baffle angle o of 90°. It is hoped that
the results of this investigation will provide more infor-
mation about three-dimensional turbulent convective heat
transfer in complex geometries.

2 Problem Description and Mathematical
Formulation

Figure 1 shows the geometry of computational domain and
characteristics of the circular duct used in this study.
Computational domain consists of inlet section and test
section. Inlet section and test section have lengths of
Ly =2.0m and L, = 1.0 m, respectively. The length-to-
diameter ratio L,/D is chosen as 64.5 for the inlet section,
which is assumed to be adequate to obtain hydrodynami-
cally fully developed flow in the inlet section (White
2008). In other words, turbulent flow enters the test section
where heating begins at hydrodynamically fully developed
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out

//:r_. /,r*«‘"
NF =
F
©
L+ 2 4
v R
o .
%) _______ %% _______ lz ______ Hl: J___(ID
D
16.1D
25.0D

Fig. 1 Schematic view of the computational domain: a, b on x—y—z plane, ¢ on y—z plane
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condition. The length-to-diameter ratio in the test section is
chosen to be 32.3. Both sections are mathematically
modeled separately for numerical computations. Due to the
symmetry with respect to the y—z plane, only one half of the
duct is analyzed for computational domain which is shown
in Fig. 1b. Fluid flows in the z-direction. In Fig. 1, o is the
baffle angle, L, is the length of the inlet section, L, is the
length of the test section, ¢ is the baffle thickness, H is the
baffle height, and D is the diameter of the circular duct.

Single baffle is attached in the higher half of the
circular duct to enhance heat transfer. Numerical study is
conducted for three different baffle positions in the test
section. The baffle is located in the test section at
z=1.0D, z=16.1D and 25.0D, respectively, see
Fig. lc. In Fig. 1c, z = 16.1D is equal to L,/2. Constant
heat flux ¢” boundary condition is used along the sur-
faces of duct and baffle. Baffle thickness 7, duct diameter
D, length-to-diameter ratio L;/D for the inlet section and
length-to-diameter ratio for the test section L,/D are kept
constant at 1, 31, 64.5 and 32.3 mm, respectively.
Coordinate axis is placed at the beginning of the test
section. So that L;/D and L,/D changes at the range of
—64.52 < L;/D <0 and O < L,/D <3226, respec-
tively, for the coordinate axis given. Baffle height-to-
diameter ratio H/D is chosen as 0.5. For each case,
numerical study has been done for 13 different Reynolds
numbers between 3000 and 50,000.

Turbulent flow enters the test section with a fully
developed velocity profile and constant temperature. The
three-dimensional Navier—Stokes and energy equations are
employed to describe the flow and heat transfer in the
computational domain. The three-dimensional steady-state
incompressible Newtonian flow with negligible viscous
dissipation and buoyancy effects has been regarded as
turbulent. Physical properties are assumed to be constant
and taken at the inlet temperature of 290 K. The governing
equations for continuity, momentum, energy and standard
k—¢ turbulence model are given as:

V-i=0 (1a)
V- (pit) = —VP+ V- (7) (1b)
V- (ﬁph) = V(keffVT) (]C)
a%(puik) :E% Kﬂ-’-g—;) aa—)]:l] + G — pe (1d)

0 0 Oe e
2 (o) = & Kﬂ—i—%) a} FiaGe—ewe)  (10)

where T, ke, pt; and Gy are defined, respectively, as

T=(u+pu) {(vmvrf) —%V-ﬁf} (2a)

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

ket = K + Cplut/Prt (2b)

He = Cupkz/s (2¢)
Ou; (Ou; Ou;

G = u — 2424 2d

k e 6Xj (axj + 6x,~) ( )

Turbulence model constants used are given as: Pr, = 0.85,
ok=10,0,=13,¢,=0.09, ¢, =144, c;, = 1.92.

Firstly, the continuity, momentum and turbulence
equations are solved using ANSYS Fluent 15 in the inlet
section. Fluid enters the inlet section with uniform velocity
at z = —L4, ie.,

u=0, v=0, w=Wy,
e = Cyk'*/0.03R

- 2
k = 0.005W2, ()

No-slip boundary conditions are applied to the wall of the
inlet section, i.e.,

u=0, v=0, w=0, k=0, J¢/on=0 (3b)

where n points out the direction of the outer normal to the
boundary. At the outlet of the inlet section where the flow
is assumed to be fully developed, pressure outlet boundary
condition is used. That is, zero-flux condition for all vari-
ables except pressure is assumed at the outlet boundarys;
gauge pressure is selected as zero at the outlet of the inlet
section. That is, boundary conditions at the outlet of the
inlet section (at z = 0) are

Ou/d0z =0, 0v/0z=0,
0k/0z =0, 0¢/0z=0

ow/0z =0, (3¢)

Symmetry boundary condition is applied on the symmetry
plane of the inlet section (ABEF plane, see Fig. 1b), i.e.,

u=0, Ov/ox=0, Ow/ox=0, 0k/0x=0,

de/ax = 0 (3d)

Next, the continuity, momentum, energy and turbulence
equations are solved in the test section. The fluid enters the
test section with a fully developed velocity profile. The
necessary pertinent parameters acquired numerically at the
outlet of the inlet section are recorded in a file, and the
information within this file is given as input to the inlet of the
test section. A uniform fluid inlet temperature is assumed at
the inlet of the test section, i.e., T = T;,. No-slip boundary
condition is used on the duct wall and baffle surfaces. Con-
stant wall heat flux boundary condition is used on the duct

wall and baffle surfaces as shown in Fig. 1c, i.e.,
u=>0, T /on= 4" /K,

k=0,

v=0, w=0,

de/on = 0 (4a)

Symmetry boundary condition is used on the symmetry
plane of the test section (BCDE plane, see Fig. 1b), i.e.,



Iran J Sci Technol Trans Mech Eng (2017) 41:293-303 297
u=0, Ov/ox=0, Ow/ox=0, OT/x=0 Average Darcy friction factor is given as
6k/7ax =0 68/’6)6 =0 , ’ (40) 2
’ f=2(AP/L) (D/pW}) (10)

At the outlet of the test section (at z = L,), the pressure
outlet boundary condition of ANSYS Fluent 15 is used, i.e.,

Ou/d0z=0, 0v/0z=0, Ow/0z=0, (40)
c
0T/0z=0, 0k/0z=0, 0¢/0z=0
Reynolds number Re is defined as
Re = pWinD/p (5)

The flow and heat transfer results are presented in terms of
the dimensionless Darcy friction factor and Nusselt num-
ber. The peripherally averaged local Darcy friction factor f,
and Nusselt number Nu, for circular ducts are given,
respectively, as

fo= 8TW,Z/pWi%1
Nu. = gy, . D/K(Tw(2) — Tp(2))

(6)
(7)

Bulk temperature Ty,(z) at an axial location z is calculated
as

Thermal performance factor # at a given pumping power is
given as (Promvonge et al. 2011; Potdar et al. 2012)

n = (Nu/Nuo)/(f/fo)'" (11)

Air is used as the fluid (Pr = 0.71). Assuming air as an
ideal gas, the rate of entropy generation at steady state is

expressed as (Moran et al. 2015)

: Tou | €

§ =] cyIn 2 _ gipPon| _ £ (12)
in Pin w

3 Numerical Scheme

ANSYS Fluent 15, a commercial finite-volume-based CFD
program, is used for numerical analysis. Standard k — ¢
turbulence model with enhanced wall treatment is
employed as a turbulence model. Reynolds averaged
Navier—Stokes equations are solved numerically in con-

Ty(z) = / wTdAc/AcWm (8)  junction with the turbulent transport equations. Near-wall
Ac regions are solved for y* < 1.1. Non-uniform tetrahedral
The average Nusselt number is defined as grids are used for all numerical solutions. Typical mesh
o distribution on x—y—z and y—z planes is shown in Fig. 2a, b,
Nu = hD/K = qw,z D/K(TW — 05(’Tm + Tout)) (9) respectively.
Fig. 2 Mesh distribution on x— (a) (b)
y—z plane (a) and on y—z plane
(b) in the computational
domain. ¢ Average Nusselt
number and Darcy friction NS
factor versus mesh number y K ?ﬁ::::ﬁ& ‘
x J ,.:.‘;A"’:.:::B o AN AT
» J D AYAD T
2\ o' B AVAVAVATATA' NS NN
AV B AV AV AV AV A A A AV AT AV A s YAVAVAVATANAVAVAT,
VAN AVATAYAN e (VAN AV AV S VAVAVAVAVAVAVAVAY Y
VA a3 % v N AN AYANAVAVAY Y AVAVAVAVZ SNATAVAVA
(© 200 : : : 200
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160 o= . < < £ 1160
Lol
Z140{ © ° * oNo 440 =
A >
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Mesh number x10
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The grid independence study is conducted to reduce
the effect of number of grid size on Nusselt number and
Darcy friction factor. Mesh size in the computational
domain is changed until the variation in both Nusselt
number and Darcy friction factor is <0.4 and 0.9%,
respectively. Steady segregated solver is employed.
Second-order upwind scheme is used for convective
terms. SIMPLE algorithm is used for pressure—velocity
coupling. In order to test grid independence solutions,
five different grid sizes varying from 483,745 to
998,958 for Re = 50,000 are conducted for baffle at
z=1.0D. It is seen that further refinement of grids
from 738,409 to 998,958 for baffle at z = 1.0D for
Re = 50,000 does not have a significant effect on the
results in terms of average Darcy friction factor and
average Nusselt number as shown in Fig. 2c. Based on
this observation, 738,409 mesh size is used for the
calculations of baffle at z = 1.0D. No convergence
problems are encountered. To obtain convergence, each
equation for mass, momentum and turbulence has been
iterated until the residual falls below 107>, while
energy equation has been iterated until the residual falls
below 107°.

(@)
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4 Validation

To verify the accuracy of the turbulence model and
numerical method, the results of fully developed Nusselt
number and friction factor obtained in the present study for
circular duct without baffle are compared with those given
in the literature. For this reason, peripherally averaged
local Darcy friction factor are plotted along inlet and test
sections (i.e., between —64.52 < z/D < 32.26) for differ-
ent Reynolds numbers in Fig. 3a. As shown in Fig. 3a,
friction factor takes its maximum value at the duct
entrance, then it decreases with increasing distance in the z-
direction and reaches a constant value in the hydrody-
namically fully developed region. As shown in Fig. 3a,
friction factor decreases with increasing Reynolds number,
as expected.

Likewise, the peripherally averaged local Nusselt num-
ber along the test section (i.e., 0 < z/D < 32.26) is plotted
for different Reynolds numbers in Fig. 3b. It is seen that
local Nusselt number begins with a maximum value at the
beginning of the test section, where heating occurs, and
then gradually decreases until it reaches a constant value.
In other words, flow reaches the thermally fully developed
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Fig. 3 a Local Darcy friction factor and b local Nusselt number along the duct. ¢ Fully developed Nusselt number and d friction factor versus

Reynolds number
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Table 1 Correlations for Nu
and f for fully developed

turbulent flow in a circular duct Nugg = (/8)(Re—1000)Pr

T1+12.7(F/8)" (P23 1)

(f/8)RePr

Nuyy = —>1~2/——~
= Torr12.7(7/8) (Pr2/i—1)

fia = (0.790 InRe —1.64)7 for 3 x 10° < Re < 5 x 10°
fia = 0316 Re™ % for 4000 < Re < 10°

Nugg = 0.023 Re®® Pr'”? for Re > 10,000
for 3 x 10> <Re <5 x 10°

for 10* < Re < 5 x 10°

Colburn (13)
Gnielinski (14)

Petukhov (15)

Petukhov (16)
Blasius (17)

conditions at the outlet of the test section. It is also seen
that Nusselt number increases with increasing Reynolds
number, as expected.

Fully developed Nusselt number and Darcy friction
factor correlations given in Cengel and Ghajar (2011) and
White (2008) for turbulent flow in a circular duct with
smooth surfaces are given in Table 1. The results of present
numerical study compared with the results obtained from
correlations are given in Table 1.

Fully developed turbulent flow Nusselt number results
of present study are compared with those of Colburn,
Gnielinski and Petukhov in Fig. 3c. On average, the Nus-
selt number obtained in the present study is about 6.8, 17.6
and 19.4% higher than the results obtained from correla-
tions of Colburn, Gnielinski and Petukhov, respectively. It
is seen that present results are in good agreement with the
literature results. The results of present study are expressed
as

Nugg = 0.0444 Re®7% (18)

With regard to friction factor, fully developed Darcy fric-
tion factor results of the present study for smooth duct with
the Petukhov and Blasius correlations are depicted in
Fig. 3d. On average, the difference between the Darcy
friction factor obtained in this present study and the results
obtained from correlations of Petukhov and Blasius are
about 8.7 and 16.1 %, respectively. It is seen that predicted
friction factor results show good agreement with previous
results. The results of present study are correlated as

fia = 0.778 Re™ 0340 (19)

5 Results and Discussion

The characteristics of a three-dimensional turbulent flow
and heat transfer in a circular duct having a single baffle
inside at different positions are examined numerically
under constant wall heat flux boundary condition. The
effects of Reynolds number Re and position of the baffle
inside duct on flow and heat transfer are investigated.
After verifying the accuracy of the numerical model,
simulations are performed for the flow inside duct with
baffle. Typical streamline contours for the duct having

baffle in the entrance region, i.e., at z = 1.0D, of the test
section are given in Fig. 4 for three different Reynolds
numbers. It is seen that the presence of a single baffle
which is placed in the higher half of the pipe causes a
reduction in velocity in this region, while it causes an
increase in the lower half of the duct. As shown in Fig. 4,
recirculation occurs after baffle. Maximum velocity is
obtained for Re = 50,000.

In Fig. 5a, the peripherally averaged local Nusselt
number is depicted along the duct having baffle in the
entrance region of the test section to study the effects of
Reynolds number on heat transfer. It is seen that Nusselt
number increases with increasing Reynolds number. Nus-
selt number has three maximum values along the test
section. First maximum location of the Nusselt number is
at the inlet of the test section, i.e., at point A’. Second
maximum location is after the baffle, i.e., at point F'. Last
maximum location of the Nusselt number is the point 7',
which is the reattachment point. After the reattachment
point, Nusselt number begins to decrease along the duct
and reaches a constant value, i.e., fully developed value.
Numerical solutions show that reattachment points for
Reynolds number of 3000 and 50,000 are at z/D = 1.77
and 2.42, respectively. In other words, reattachment length
increases with increasing Reynolds number. Here, z is
measured at test section inlet.

To show the effect of Reynolds number on pressure loss,
typical variation of local Darcy friction factor along the test
section where baffle is placed in the entrance region of the
test section, i.e., at z = 1.0D, is presented in Fig. 5b for
three different Reynolds numbers. It is seen that local
Darcy friction factor decreases with increasing Reynolds
number. Local Darcy friction factor is maximum at two
points along the test section. In order to easily show
maximum points, local Darcy friction factor for
Re = 50,000 is plotted again along the test section having
baffle in the entrance region, i.e., at z = 1.0D, in Fig. 5c.
As shown in Fig. 5c, first maximum point is behind the
baffle at point F’. Other maximum point is the point I”
which is before the reattachment point.

In order to investigate the effect of baffle position on
heat transfer, the typical variation of local Nusselt number
along the test section is plotted in Fig. 5d at Reynolds
number of 20,000 for three different baffle positions,

2
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Fig. 4 Velocity streamlines
along the duct having baffle in
the entrance region of the test
section for three different
Reynolds numbers

Re=3000

Re=50,000

z = 1.0D, 16.1D and 25.0D. It is seen that local Nusselt
number depends on baffle position.

To show the effect of baffle position on pressure loss,
typical local Darcy friction factor is presented along the
test section in Fig. 5e for three different baffle positions,
z = 1.0D, 16.1D and 25.0D. Examination of Fig. Se shows
that pressure loss in the circular duct with baffle depends
on baffle position. It is seen that friction factor for the duct
having baffle at the entrance region is higher than that of
the duct having baffle at the exit region.

To investigate the effect of baffle position inside the test
section on heat transfer, the typical variation of average
Nusselt number with Reynolds number is presented in
Fig. 6a. The results of smooth pipe are also shown in
Fig. 6a. It is seen that Nusselt number for a duct with single
baffle is higher than the Nusselt number for smooth pipe.
As shown in Fig. 6a, heat transfer depends on baffle
position. Nusselt number of the duct with baffle placed at
z = 1.0D is lower than that of the duct having baffle placed
at z = 16.1D until Reynolds number is 30,000. After
Reynolds number of 30,000, it is seen that Nusselt number
for duct having baffle at z = 1.0D is higher than the
Nusselt number for duct having baffle at z = 16.1D. How-
ever, the difference between the Nusselt number of the duct
having baffle at z = 1.0D and the Nusselt number of the
duct having baffle at z = 16D is not important. It is seen

2, &) Springer

that the baffle placed at z = 1.0D and z = 25.0D increases
Nusselt number by 20 and 11%, respectively, when com-
pared with smooth pipe. It is seen that more heat is
transferred from wall to fluid when baffle is placed inside
duct. To show the effect of baffle position on pressure loss,
typical variation of average Darcy friction factor is plotted
as a function of Reynolds number for different baffle
positions in Fig. 6b. Smooth duct results are also presented
in Fig. 6b. It is seen that pressure loss depends on the baffle
position. It is also observed that the duct having baffle at
the entrance region (i.e., at z = 1.0D) has a higher friction
factor value than the duct having baffle at the exit region of
the test section (i.e., at z = 25.0D). As shown in Fig. 6b,
friction factor decreases with increasing Reynolds number.
On average, friction factor value for the duct having baffle
at z = 1.0D is about five times higher than the friction
factor for the smooth duct.

The results of present study show that heat transfer and
pressure loss increase when baffle is used inside duct.
Therefore, in Fig. 6¢, the Nusselt number and friction
factor values are compared. Thermal performance factor is
plotted as a function of Reynolds number for three different
baffle positions, z = 1.0D, 16.1D and 25.0D, in Fig. 6¢. As
shown in Fig. 6c¢, the thermal performance factor decreases
with increasing Reynolds number. In addition, maximum
thermal performance is obtained for the duct having baffle



Iran J Sci Technol Trans Mech Eng (2017) 41:293-303 301
.\7
Al Bl CV G' HV I" Il Jl
F )
7z D'E (
1.0D
(a) s00 ¢
A
400 A r
300 4 b Re = 50000 L
N
3
=
200 4 r
100 A L
04, ‘ ‘ F
0 5 10 15 20 25 30
z/ID
(b) 0.5 (©) 030
Re = 50000 was o3
—_—— Re = 20000 ; 1] 025
0443 Re = 3000 ; : 020
0.2041 | “0u1s
‘: | |%
0.37 2% Re = 3000 o 010
N o 0154, | 005
! 000
0.2 1 20000 | Re = 50000 00 02 04 06 08 10 12 144
~\j: 50000 ;
0.1 4 5™\ / I
0 Nreererreimniieinneeeeecen g et neea . '
y I i - s , :
0.0 + T T T - - .
0 5 10 15 20 25 30
zID
d e
( ) 250 + . ( ) 0.4
Re = 20000 Re = 20000
200 A 0.3 -
N —
S 150 z=1.0D 221610 osop
100 4 i
50 L - T T - -
0 5 10 15 20 25 30 0 10 20 30
z/D z/ID

Fig. 5 Variation of local Nusselt number (a) and local Darcy friction
factor (b) along the duct having baffle at z = 1.0D for different
Reynolds numbers and ¢ for Re = 50,000. Variation of local Nusselt

at z = 16.1D, i.e., at the middle region of the duct. This
result is not surprising because heat transfer is approxi-
mately the same for the ducts having baffle at z = 1.0D and
z = 16.1D (see Fig. 6a). However, friction factor decreases
when baffle moves from z = 1.0D to z = 16.1D (see

number (d) and local Darcy friction factor (e) along the duct for
different baffle positions

Fig. 6b). Therefore, decreasing friction factor results in
increasing thermal performance. It is also seen that the
thermal performance factor is less than unity for three
different baffle positions. In other words, fluid friction has
dominates the heat transfer.
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Fig. 6 Effect of baffle position on average Nusselt number (a), average Darcy friction factor (b), thermal performance factor (c¢) and

dimensionless entropy generation rate (d)

Minimizing entropy generation is important to improve
the efficiency of thermal systems, because the quality of
energy, i.e., exergy, decreases while entropy generation
occurs. In Fig. 6d, the dimensionless rate of entropy gen-
eration which shows the amount of irreversibilities is
plotted as a function of Reynolds number for three different
baffle positions. As shown in Fig. 6d, entropy generation
rate, i.e., irreversibility, increases with increasing Reynolds
number. Increasing entropy generation with increasing
Reynolds number results in decreasing the thermal per-
formance factor due to increasing the loss of available
energy as shown in Fig. 6¢. It is also seen that baffle placed
inside a circular duct enhances the rate of entropy gener-
ation. This result agrees with the result of Nassab et al.
(2014). The duct having baffle at the entrance region, i.e.,
at z = 1.0D, gives maximum entropy generation. In con-
trast, minimum entropy generation is obtained for the duct
having baffle at the middle region for which maximum
thermal performance factor is obtained (please see Fig. 6¢).
It is seen that entropy generation increases up to eight times
compared with duct without baffle in the range of Reynolds
number studied in this work.

@ Springer

6 Conclusions

In this study, the effects of Reynolds number and baffle
position in a circular duct are numerically examined for
steady-state three-dimensional turbulent flow under constant
heat flux boundary condition. Numerical study has been
carried out for three different baffle positions: z = 1.0D,
16.1D and 25.0D. Reynolds number is changed between
3000 and 50,000 for each baffle position. Air is used as the
working fluid. The values of fully developed Nusselt num-
bers and Darcy friction factors obtained in the present study
for smooth pipe without baffle are compared with those given
in the literature to validate the accuracy of the turbulence
model and numerical method. It is seen that heat transfer,
pressure losses and the entropy generation rate are higher for
ducts having baffle. It is also seen that heat transfer, pressure
loss, thermal performance factor and entropy generation rate
for a circular duct with single baffle depend on the Reynolds
number and baffle position in the duct. Maximum and min-
imum heat transfers are obtained for the duct having baffle at
z = 1.0D and 25.0D, respectively. It is seen that the baffle
placed at the entrance region of the test duct, i.e., at
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z = 1.0D, causes higher pressure losses and higher entropy
generation rate. Minimum Darcy friction factor and mini-
mum entropy generation rate are obtained for the ducts
having baffle at the exit and middle region of the test section,
respectively. The baffle placed at the middle and exit regions
of the test duct gives maximum and minimum thermal per-
formances, respectively. It is seen that thermal performance
factor i decreases with increasing Reynolds number.
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PARABOLIK OLUKLU GUNES KOLLEKTORUNUN PERFORMANS ANALIZi
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Ozet: Diinyada artan niifus ile orantili olarak enerji ihtiyaci giin gegtikge artmaktadir. Giiniimiizde enerji ihtiyaci esas
olarak fosil yakitlardan saglanmaktadir. Fosil yakitlarin kullanilmasi sonucu meydana gelen emisyonlar ¢evre kirliligi
yaratmakta ve gliniimiiziin 6nemli bir ¢evre sorunu olan kiiresel 1sinmaya yol agmaktadir. Ayrica fosil kaynaklarin
giderek tiikenmesi ve iilkelerin ekonomik 6zgiirliikklerini kisitlamasi, aragtirmacilart enerji ihtiyaci i¢in yenilenebilir
enerji kaynaklarina yoneltmistir. Yenilenebilir enerji kaynaklar1 igerisinde giines enerjisi, sahip oldugu potansiyeli,
zararll emisyonunun olmamasi ve teknolojik gelismelerinin artmasiyla 6n plana ¢ikmaktadir.

Bu caligmada yogunlastirilmis giines enerjisi sistemlerinden biri olan parabolik oluk tipi giines kollektdrii incelenmistir.
Parabolik oluklu giines kollektoriiniin yansitici ylizey, emici boru ve cam Ortii tasarimlar1 yapilarak 1sil deneyler igin
prototip imalati yapilmistir. Tasarlanan 1,40 x 3,00 m boyutundaki parabolik oluk tipi giines kollektoriiyle yapilan
deneyler sonucu optik ve 1s1l verim hesaplamalar1 yapilarak 1s1 transfer sivisina aktarilan faydali enerji belirlenmistir.
Deneysel veriler kullanilarak yapilan hesaplamalar sonucunda sistemin ortalama 1s1l veriminin % 86 ve ortalama optik
veriminin yaklasik % 18 oldugu goriilmiistiir. Optik verimi dnemli oranda etkileyen cam ortii optik veriminin ortalama
% 24 oldugu goriilmiistiir.

Anahtar Kelimler: Giines enerjisi, Konsantre giines giic sistemleri, Parabolik oluklu kollektor.

PERFORMANCE ANALYSIS OF A PARABOLIC TROUGH SOLAR COLLECTOR

Abstract: In line with the growing population of the world, energy demand is increasing day by day. Today, energy
supply is mainly provided by fossil fuels. Emissions caused by fossil fuels lead to environmental pollution and global
warming which leads to an important environmental issue. Also the depletion of fossil resources and increasingly
restricted country's economic freedom, led researchers to renewable energy sources for energy needs. Among renewable
energy sources, solar energy comes to the fore by its potential, the lack of deleterious emissions and the increasing
technological developments.

In this study parabolic trough collector, one of the concentrated solar power systems, was studied. Parabolic trough
collector’s reflecting part, absorber tube and glass covering were designed and a prototype was manufactured for
thermal experiments. Optical and thermal efficiencies of the parabolic trough collector in size 1,40 x 3,00 m were
calculated experimentally and the useful energy which transferred to the heat transfer fluid was also determined. As a
result of calculations the mean thermal efficiency of the system was found as 86 % and the mean optical efficiency as
18 %. Efficiency of the glass cover which affects the systems optical efficiency significantly, was determined as 24 %.
Keywords: Solar energy, Concentrated solar power, Parabolic trough collector.

GIRIS

Enerji, insan yasaminin ve ekonomik kalkinmanin en
6nemli araglarindan birisidir. Diinya iilkelerinde tiiketilen
enerjinin yaklasik % 39’unu petrol, % 27’sini komiir ve
% 21’ini dogalgaz, % 13’lnii hidroelektrik ve
yenilenebilir enerji kaynaklart olusturmaktadir (Pamir,
2006). Bu rakamlara bakildiginda, diinyada tiiketilen
enerjinin % 87’si fosil yakitlardan saglanmaktadir. Fosil
yakitlarin kullanilmasi kiiresel 1sinma ve gevre kirliligine

yol agmakta, insan saghgini olumsuz etkilemektedir.
Bunun nedeni fosil kaynakli yakitlarin bilesiminde
bulunan karbon, hidrojen, siilfiir ve diger elementlerdir.
Bu elementler yanma sonucunda tepkimelere girerek
cesitli zararli emisyonlar olusturmaktadirlar. Ozellikle
karbon dioksit ve metan salimi1 nedeniyle olusan kiiresel
isinma  sonucunda  iklim  degisikligi =~ meydana
gelebilmektedir. Iklim degisikligi sonucu su kaynaklari
azalmakta, kuraklik ve orman yanginlari meydana
gelmekte, bulagict hastaliklar artmaktadir. Giin gectikce
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ormanlarin azalmasiyla bu siire¢ daha da hizlanmaya
baslamistir. Bir bagka 6nemli husus da fosil kaynaklarin
rezervlerinin simirli olmasi ve bu kaynaklarin diinyanin
belirli bolgelerinde bulunmasidir.

Biitiin bu nedenlerle arastirmacilar, fosil kaynaklara
alternatif olabilecek siirdiiriilebilir ve yenilenebilir enerji
kaynaklarina yonelmistir. Yenilenebilir enerji kaynaklar
tilkkenmezdir, fosil kaynakli yakitlar gibi ¢evreyi kirletici
etkisi yoktur ve diinya lizerinde daha homojen bir dagilim
gosterir. Diinyanin her yerinde bu kaynaklarin var olmasi
ilkeleri enerjide disa bagimli hale gelmekten
kurtarmaktadir. Yenilenebilir enerji kaynaklari i¢inde en
¢ok kullanilan giines enerjisidir. Giines diinyanin en
biiyiik enerji kaynagidir. Zararli emisyonu yoktur,
dolayisiyla g¢evre kirliligi yaratmaz ve yararlanilmasi
kolaydir.

Giinesin yaydig1 toplam enerji 3,8x10%° MW tir ki bu da
giinesin yiizeyinde 63 MW/m? degerindedir. Bu enerji her
yonde 1gmir. Sadece 1,7x10% kW’hk kisim diinyaya
ulagir. Diinya fiizerine diisen bu i1smim siddetinin 30
dakikalik kismi diinyanin yaklagik bir yillik enerji
gereksinimine denktir (Anderson, 1977).

Tiirkiye diinya lizerindeki konumu itibariyle giines kusagi
icerisinde yer almakta olup giines enerjisinden yararlanma
potansiyeli, Dogu Karadeniz Bolgesi hari¢ tiim
bolgelerimiz i¢in Onemle ele alinmasi gereken bir
biiyiikliiktedir.

Giines enerjisinden yararlanmada kullanilan sistemlerden
biri de yogunlastirilmig giines enerjisi sistemi olarak
bilinen parabolik oluklu kollektorlerdir. Bu sistemlerde,
yansiticl ylizeye gelen gilines 1sinlari paraboliin odak
noktasinda bulunan boydan boya uzanan absorban boruya
yonlendirilir. Burada yogunlasan giines 1sinlar1 ile elde
edilen 1s1, absorban boru igerisindeki ¢alisma sivisina
gecer. Akigkana aktarilan bu 1s1 elektrik iiretimi igin
standart enerji iiretim ¢evrimlerinde kullanilabilir.

Bu ¢alismada parabolik oluk tipi giines kollektorlerinin
boyutlandirilmasi, optik ve 1s1l analizleri incelenmistir.

MATERYAL VE METOD
Deney Sistemi ve Ozellikleri

Parabolik oluk tipi giines kollektorleri glinesten gelen
isinlart odak noktasinda bulunan emici boru iizerine
cizgisel yogunlastirma yapan sistemlerdir. Kollektor
yansitici yiizeyine diisen direkt giines 1sinlari, yansitici
ylizey malzemesinin 1sinlart sogurma ve yansitma
katsayilarina bagl olarak, odak boyunca uzanan emici
boruya yansitilir. Yansitict yiizeyin, gelen 1ginlan
istenildigi gibi yansitabilmesi ve optik verimin yiiksek
olmas1 igin tasarim (geometrik) hatalar1 en aza
indirilmelidir. Emici kisim 1sinlart sogurma katsayisi
yiiksek olan bir emici boru ve onun iizerini kaplayan cam
borudan olusmaktadir. Cam boru, yogunlastirma islemi
sonucunda sicakligi yiikselmis olan emici borudan

cevreye olan 1s1l  kayiplarimi azaltmak amaciyla
kullanmilmaktadir. Burada kullanilacak olan cam boru
malzemesinin giines 1smlarin1  gecirgenligi  yiiksek,
yansiticiligi ve sogurmasi diisiik olmalidir. I¢ kisimda
bulunan emici borunun giines 1ginlar1 yansiticiligi diisiik,
sogurma katsayisi yiikksek olmalidir. Emici borunun
yansiticiligint  diigiirmek ve 1sinlart daha iyi absorbe
edebilmesi  igin  lizeri segici malzemeler ile
kaplanabilmektedir. Emici boru igerisindeki 1s1 transfer
stvist yiiksek sicakliklara ¢ikabilecegi i¢in emici boru
yiiksek sicakliklara dayanikli olmalidir.

Bu caligmada parabolik oluk tipi giines kollektoriinde
yansitict yiizey olarak segilen parlatilmis krom sac
malzeme kullanilmistir. Bu malzemenin sec¢iminde
piyasada kolay bulunabilir olmasi, islenmesinin kolaylig
ve 151n1m yansitma oraninin yiiksek olusu etken olmustur.
Kullanilan krom sacin giines 1simimi yansitma orant
0,88’dir. Parlatilmis 0,6 mm kalinhigindaki krom sac
malzeme parabol iskeletine monte edilmistir.

Kollektor sistemi i¢in yansitict ylizeyin uzunlugu (L)
3000 mm, agikligir (Wy) 1400 mm ve kollektor derinligi
(Hx) 250 mm olarak secilmistir (Sekil 1). Odak uzaklig1
(f) 490 mm, kenar agis1 (6,) 71.1°, maksimum yansitici
yiizey yarigap1 (r;) 740 mm ve ve H, mesafesi 240 mm
olarak hesaplanmistir.

Cam ortii

Emici boru

Sekil 1. Parabolik oluk tipi giines kollektorii dizayn
parametreleri

Tasarlanan ve imalat1 yapilan kollektoriin karakteristik ve
teknik 6zellikleri Tablo 1°de verilmistir. Is1 transfer sivisi
olarak bu ¢aligmada su kullanilmistir.

Isil Hesaplama Metodu

Yansitict yiizeye gelen giines 1sinlari optik kayiplara
ugradiktan sonra odak noktasinda yer alan emici boruya
ulagir. Burada emici boruya ulasan giines isinlarinin
biiyiik kismi absorbe edilir. Absorbe edilen giines 1ginlari,
boru dis yiizeyinden i¢ yiizeyine kondiiksiyon ve boru igi
yiizeyinden akigkana konveksiyon mekanizmalari ile 1s1
enerjisi olarak 1s1 transfer akigkanina aktarilir ve
akigskanin sicakligi yiikseltilmis olur. Giines 1gmlarinin
yogunlastig1 emici boru iizerinde meydana gelen sicaklik
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ile ¢evre sicakligi arasinda fark olusur. Boylece yiiksek
sicaklikta olan emici borudan diisiik sicakliktaki ortama
dogru da 1s1 transferi meydana gelir (Sekil 2).

Tablo 1. Tasarlanan parabolik oluk tipi giines
kollektoriiniin ~ karakteristik ve teknik degerleri
(Cicibiyik, 2012).

Kollektér Uzunlugu 3,0 m
Kollektor Agikligt 1,4m
Kollektor Agiklik Alam 4.2 m?
Odak Uzaklig 49 cm
Kenar Agisi 71,075°
Minimum Gerekli Emici 13,7 mm
Boru Cap1
Yogunlagtirma Orani 16,5
Yansitic1 Yiizey Malzemesi | Parlatilmis Krom
Nikel Sac
Yansitici Yiizey Yansiticilik 0,88
Degeri
Kesisim Faktorii 0,95
Emici Boru Malzemesi Siyah Mat
Boyali Karbon
Celik
Emici Boru Dis Cap1 27 mm
Emici Boru Et Kalinlig 2,3 mm
Emici Boru Uzunlugu 32m
Emici Boru Is1 iletkenlik 16,3 W/m.K
Katsayisi
Emici Boru Emicilik Degeri 0,94
Cam Ortii Malzemesi Diisiik Demirli
Borosilikat Cam
Boru
Cam Ortii Dis Capi 56 mm
Cam Ortii Et Kalinlig 2,5 mm
Cam Ortii Uzunlugu 3,0m
Cam Ortii Is Iletkenlik 1,09 W/m.K
Katsayisi
Kullanilan Is1 Transfer Su
Stvist
Gilines Takip Mekanizmast Dogu - Bati
Eksenli Maniiel

Borunun dis yiizeyinden gevreye olan 1s1 transferi; emici
boru dis ylizeyiyle cam Ortiiniin i¢ ylizeyi arasinda
konveksiyon ve 1g1nim, cam Ortii i¢ yiizeyi ile dis yiizeyi
arasinda kondiiksiyon, cam ortii dis yiizeyiyle gevre
arasinda konveksiyon ve 1simmim seklinde olmaktadir
(Duffie ve Beckman, 2006).

Parabolik oluk tipi kollektorde, 6lgiilen 1s1 transfer sivisi
giris ¢ikig sicakliklarindan faydalanilarak sivida kazanilan
faydali 1s1 miktar1 (Q))

Qfaydall =m. Cp-AT (D

olarak yazilabilir. Oy emici boru dis ylizeyinde toplanan
giines 1ginlarindan siviya aktarilan kullanilabilir enerjidir.
Oy emici borudan siviya, metal boru et kalinligindan

kondiiksiyon yoluyla ve metal boru i¢ yiizeyinden siviya
taginim yani konveksiyon yoluyla aktariimaktadir.

Emici boru

O geten

O rayip

Sekil 2a. Is1 transfer akigkanindan gevreye olan 1s1 transfer

semast
T4
Tetim
R ﬂm\n‘n%(‘y)r‘imm
Radyasyen
g + Taginim .
Tig
Tagmmm % Toore

\Qu-m-
-~

N

Sekil 2b. Is1 transferi termal direng akim

(dLm)mpLk
Qp =TS (T = Tr) @
Qf = hiAmbi(Tmbi = Tore) 3)

Bu denklemlerin diizenlenmesiyle,

_ _Ambi(Tmbd—Tort)
Qr = 1L, A% Axmb( Tmbi )] (€]
hi " kmp \(AdLM)mb

ele edilir. Burada,

h;=1s1 transfer s1visi icin 1s1 katsayisi katsayis;, W/m?.K
kwmp» = metal boru 1s1 iletim katsayisi, W/m.K
Ax = metal boru et kalinlig
Ti,g+Ti,§)
2
A= Metal boru ig yiizey alan1 (1. d,yp;. L), m?

Tore = Stv1 ortalama sicakligt (

Is1 transfer Kkatsayisi, /;, Toy sicakligindaki sivinin
ozelliklerine gore, drnegin laminar akis i¢in Sieder- Tate
denkleminden hesaplanabilir.

Nu = "m0 —— 1,86 (RePr)'/3 (%)1/ 3 (L)O’“’ )

Hwi
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Denklem 3’e gore metal boru i¢ duvar sicakligi ve

Denklem 4’ten metal boru dis duvar sicaklig
hesaplanabilir. Metal boru dis duvar sicakligi
kullanilarak, borudan ¢evreye olan 1sil kayip

Qk = AmbaUmba(Trmpa — Ta) (6)

olarak yazilabilir. Burada, Umba boru dis yiizeyi ile gevre
arasindaki toplu 1s1 transfer katsayisidir ve asagidaki
denklemden hesaplanabilir (Duffie ve Beckman, 2006;
Cicibiyik, 2012).

-1

Umba = [ha”ihar ] + (dcb; )R (dcbd )[; +hay]

: , dmba) P \dppg/l"etT T
Burada, "
Cn e (10)
Rep = ff”(dT)" (
Xy = cbdz_dcbt (12)
hy, = Sce?Uabd’~Td") (13)

(Teha—Ta)

Cam Ortiiden c¢evreye konveksiyon ile 1s1 transfer
katsayis1 (hq4:) hesaplamasi asagidaki gibi yapilabilir
(Duffie ve Beckman, 2006).

Nu = {0,40 + 0,54 Re®52 icin 0,1 < Re < 1000}
- 0,30 Re®® icin 1000 < Re < 50000
(14)
Nu = ha,::cbd (15)
Re = 4¥aP (16)

u
Burada, vy dis ortamdaki riizgar hizidir.
Isil Verim Hesabi

Emici boruya gelen kullanilabilir enerji, Qg, 1s1 transfer
sivisina aktarilan kullanilabilir enerji Qy; ve emici boru ile
cevre arasinda olusan 1s1l kayiplar, Oy toplamina esittir.

Q¢ = Q5 + O (17)
Sistemin 1s1l verimi, 1,5,;, 151 transfer sivisina aktarilan

faydali enerjinin emici boruya gelen kullanilabilir
enerjiye orant ile bulunabilir.

(18)

Q
Misu = Q_f %100
G

Cam Ortiiyli gecip, emici boruya gelen enerji miktari,
giinesten gelen 151n1m akisina (Gg) bagh olarak;

Q¢ = G X Agka

(19)

seklinde yazilabilir ve parabolik  kollektdriin
gdlgelenmeyen yansitict ylizey alani Agkq,
Agka = W, X L) — (L Xdcpq) (20)
kullanilarak hesaplanabilir. Bu calismada kullanilan
sistem i¢in Agq = 4,032 m?2°dir.

Optik Verim Hesabi

Emici boruya ulasan giines iginlar1 akist (Gg) , yansitict
yiizeye gelen direkt giines 1smlari akisinin (Ga) cam
ortiiden gegip boruya kadar izledigi yolda olusan optik
kayiplar sonunda geri kalandir.

Gp = Gy XNy (21)
Denklem (21)’den 1, _, hesaplanabilir. Ayrica,
Ni-a = MM2M3Ma (22)

seklinde yazilabilir. Burada, n;, gelme acis1 diizeltme
faktoriidiir. Giinlin ¢caligma saatlerinde giines saat agilari
g0z Oniine alinarak gelme agisi, 8, 18° olarak secilmistir.

n, = K = cos(18) =0,95 olmaktadir. 17,, segilen
malzemeye gore degismektedir. Yansitict ylizey
malzemesi olarak parlak yiizeyli paslanmaz ¢elik

se¢ilmistir ve yansiticihik degeri (n,) 0,88’dir. Yansitici
yiizey odaklama verimi 75 ideal sartlar i¢in 0,95 olarak
secilmigtir. Cam ortii optik verimi, 174, secilen malzemeye
gore ve tasarim kosullarina gore degismektedir. Emici
boru ve cam Ortii arasinda hava oldugu i¢in 7, {in tam
olarak hesapla belirlenmesi miimkiin degildir ve her
caligma i¢in deneysel olarak hesaplanmigtir. Cam Ortii
optik verimi, 7, Deneklem (22)’den hesaplanabilir.
Ayrica, emici borunun giines 1smlarin1 emicilik degeri
(ms) ile gosterilirse, parabolik oluk tipi giines kollektori
optik verimi,

Noptik = M1M2M3Mals = N1-41s (25)
esitliginden hesaplanabilir. Bu ¢aligmada kullanilan
sistem i¢in 5= 0,94 tiir.

BULGULAR VE TARTISMA

Deneysel ¢aligmalarda suya aktarilan enerji degisimlerini
belirlemek i¢in farkli akig hizlarinda ¢alisilmistir. Yapilan
calismalarda elde edilen deneysel verilerden 6rnek olarak
05.06.2012 tarihinde 0,4 L/dak su debisi i¢in elde edilen
veriler Sekil 3’te gosterilmistir.  Yine &rnek olarak,
Meteoroloji Genel Miidiirliigiinden (MGM) alinan ayni
tarihteki giines 1s1mim degerleri de Sekil 4’te verimistir.

Onceki kisimda verilen hesaplama yéntemi kullanilarak
elde edilen bulgular Tablo 2’de verilmistir.
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Giines enerjisinin yogun oldugu saatlerde 7, yaklasik 0,2
ile 0,3 arasinda degismistir.  Denklem 25 dikkate
alindiginda, toplam optik verimi nopiik etkileyen en 6nemli
faktoriin cam Ortii optik verimi m4 oldugu agikea
anlagilmaktadir.

Tablo 2. 05.06.2012 tarihli ¢aligma i¢in hesaplanan optik
ve 1s1l analizlerin sonuglari

90
80 - @Tgiris
L[]
70 [~ MTgkis —..—I—I.“—.
~ [
g 60 guus «*"%%0
= 50 .l PR
% 40 ”"'¢
2 30
7
20
10
0
10:19 11:31 12:43 13:55 15:07
Saat (UTC+3)

Sekil 3. 05.06.2012 tarihli caligmada suyun kollektdre giris ve
¢ikis sicakliklart degisimi

1200
@ Direkt Rad.
1000 m
B Toplam Rad. gn H
800 <
1 .0‘ "’!
£ 600 u
> "a
400
L -
B
200 o °
0 ]
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Sekil 4. 05.06.2012 tarihinde direkt ve toplam giines 151n1m
degerlerinin degigimi

Is1 transfer sivisina aktarilan faydali enerjinin emici
boruya gelen kullanilabilir enerjiye oran1 olarak
tanimlanan sistemin 1si1l verimi, 77,5, zamanla c¢ok
degisiklik gostermemektedir ve ortalama olarak %85,6
olarak belirlenmistir. Bu, yeterli kabul edilebilir bir
degerdir. Yansitici yiizeye gelen direkt giines 1sinlarindan
faydalanilma verimi olarak tanimlanabilecek optik verim
ise saat 11 ve 14:30 arasinda, artan giines enerjisi akisi ile
artis gostermektedir ve en yogun giines enerjisi akisi
oldugunda bu verim yaklasik %23 degerine ulagmaktadir.
Bu da benzer sistemler i¢in kabul edilebilir makul bir
degerdir (Karaduman 1989; Yesilata, 1990; Sayigh, 1991;
Geng, 1998; Haifeng, ve Zhenyan, 2003).

Cam ortii optik verimi, #4,se¢ilen malzemenin 6zelligine
bagli olarak degismekle beraber, kullanilan sistemde cam
ortli ve emici boru arasindaki hava ve nemden dolay1 bu
deger diisebilmektedir. Yapilan ¢aligmada optik verimi
etkileyen parametrelerden yansitici yiizey odaklama
verimi 73 ideal kosullar gbz 6niine alinarak segilmistir.
Fakat kullanilan sistemde giines takip islemi el ile
gerceklestirilmekte ve bunun etkisi ile yansitic1 ylizey
odaklama verimi yapilan kabuliin biraz daha altinda
olabilir. #; giin igerisinde zamanla degisebilecegi i¢in tam
olarak belirlenememis ve bunun etkisi hesaplamalarda
optik verimi etkileyen unsur olarak cam ortii optik verimi
icinde diigiiniilmistiir. Bu sekilde hesaplanan cam orti
optik verimi, 74 degerleri de Tablo 2’de gosterilmistir.

har

Saat Na Noptik % Misu
11:00 0,088 0,066 85,61
11:10 0,17 | 0,1267 | 87,68
11:20 0,201 | 0,1506 | 88,17
11:30 0,224 0,1672 88,01
11:40 0,224 0,1672 88,01
11:50 0,221 0,1652 87,59
12:10 0,235 | 0,1753 | 8628
12:20 0,242 0,1806 86,10
12:30 027 | 02011 | 86,53
12:45 0,3 0,2245 86,50
13:15 0,262 0,1957 85,55
13:30 0,263 | 0,1962 | 8437
13:40 024 | 0,1804 | 83,18
13:50 0,227 | 0,1695 | 8225
14:00 0,301 0,2252 83,35
14:10 0,294 | 02196 | 8325
14:20 0,313 0,2338 84,15
14:30 0,3 0,2228 | 83,90
Ortalama | 0,243 0,1815 85,6
SEMBOLLER
Ampa  Metal boru dis yiizey alani [m?]
Agra  Golgelenmeyen kollektor alani [m?]
Ambi Metal boru i¢ ¢ap1 [m]
dmba Metal boru dis ¢ap1 [m]
debi Cam boru i¢ ¢ap1 [m]
depa Cam boru dis ¢ap1 [m]
Dpnin Emici boru minimum boru ¢api [m]
f Odak uzakligi [m]
Gaa Atmosfer digindaki giines 1s1nim miktari
[W/m?]
G4 Atmosferde kayiplara ugradiktan sonra arabolik
yiizeye direkt gelen giines 1sinlar1 [W/m?]
Gs Gelen giines 1s1nlar1 akisinin emici boruya
ulasabilen kism1 [W/m?]
Hy Parabolik yansitic1 yilizey derinligi [m]
hy Cam ortliden ¢evreye olan 1s1 transfer katsayisi

[W/m?K]
Metal boru ile cam ortii aras1 olan 1s1 transfer
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katsayis1 [W/m? K]

h; Is1 transfer sivisi taginim 1s1 transfer
katsays1 ([W/m? K]

kb Metal boru 1s1 iletim katsayisi [W/m K]

k Is1 iletim katsayis1 [W/m K]

kesr Bosluktaki hareketsiz havanin etkin 1s1l
iletkenligi [W/m K]

L Kollektorii uzunlugu [m]

O Emici boruya gelen kullanilabilir enerji [W]

O Is1 transfer sivisina aktarilan faydali enerji [W]

Ok Emici borudan ¢evreye olan 1s1 kayb1 [W]

Ta Dis ortam sicaklig [°C]

Tevd Cam boru dis duvar sicakligi [°C]

Tevi Cam boru i¢ duvar sicakligi [°C]

Tonpa Metal boru dis duvar sicakligi [°C]

Tobi Metal boru i¢ duvar sicakligi [°C]

Tort Is1 transfer sivisi ortalama sicakligi [°C]

Tig Is1 transfer sivist kollektor giris sicakligi [°C]
Tic Is1 transfer sivisi kollektor ¢ikis sicaklig [°C]
Emici boru ile ¢evre arasindaki toplu 1s1 transfer
katsayis1 [W/m? K]

Wi Kollektorii aciklik eni [m]

Nusselt sayisi [=hD/k]

Re Reynolds sayis1 [=VpD/u]

Pr Prandtl sayis1 [=C,w/k]

0, Kollektor kenar agist

ry Maksimum yansitic1 yiizey yarigapi [m]
Noptix ~ Kollektor optik verimi [-]

Nisu Kollektoriin 1s1] verimi [-]
TESEKKUR

Deney sisteminin yapilmasinda Cosar Is1 Cihazlar1 San.
Tic. Ltd. Sti ¢aliganlarina ve Makina Miih. Saym Ergiin
Cosar’a sonsuz tesekkiirlerimi sunariz.

KAYNAKLAR

Anderson, B., 1977, Solar Energy: Fundamentals in
Building Design, McGraw-Hill, New York.

Cicibiytk, C., 2012. Parabolik Oluk Tipi Giines
Kollektorii Ile Enerji Uretimi, Yiik. Lisans Tezi, Gazi
Universitesi, Ankara.

Duffie, J. A., Beckman W. A., 2006, Solar Engineering of
Thermal Processes, (Third Ed. ), John Wiley & Sons, Inc.,
New York.

Geng, A., 1988. Giinesi Tek Eksende Takip Eden
Parabolik  Oluk  Tipi  Giines  Yogunlastiricisinin
Performans  Deneyleri, Yik. lisans Tezi, Gazi

Universitesi, Ankara.

Haifeng, X., Zhenyan, L., 2003 , Performance of Solar
Cooling Tube With Non- Tracking Concentrator, Science
Pres, 24 (6), 750-757.

Karaduman, A., 1989. Parabolik Giines Kollektorii
Sisteminin Tasarumi ve Yapimi, Yik. Lisans Tezi,
Ortadogu Teknik Universitesi, Ankara.

Pamir, N., 2006, Kiiresel Gelismeler Paralelinde
Tirkiye’de Enerji Sorunu, Ulusal Bagimsiziik Igin
Tiirkiye Iktisat Politikalar1 Kurultay1 Bildiriler Kitabi,
Inénii Universitesi, Malatya, 95-110.

Sayigh, A.AM., 1991, Solar Energy Engineering,
Academic Pres, New York.

Yesilata, B., 1990. Giines Hareketini Izleyen Parabolik
Yogunlastirict Tip Giines Kollektorlerinin Tasarimi,
Dizayni ve Isil Veriminin Arastirilmasi, Yik. Lisans Tezi,
Firat Universitesi, Elaz1g.



INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 42 (2017) 8119—8129

journal homepage: www.elsevier.com/locate/he

Available online at www.sciencedirect.com

ScienceDirect

International Journal of

Performance improvement in direct borohydride/
peroxide fuel cells

@ CrossMark

Ayse Elif Sanli “", Merve Gordesel °, Eyup Semsi Yilmaz ¢,
Suleyman Kursat Ozden ?, Goksel Gunlu ?, Bekir Zuhtu Uysal b

@ Turgut Ozal University, Electrical-Electronics Engineering Department, Ankara, Turkey
® Gazi University, Engineering Faculty, Chemical Engineering Department, Ankara, Turkey

ARTICLE INFO

Article history:

Received 27 June 2016

Received in revised form

15 August 2016

Accepted 17 August 2016
Available online 2 November 2016

Keywords:

Borohydride

Peroxide

Fuel cell design

Short term performance

ABSTRACT

Direct borohydride/peroxide fuel cells (DBPFCs) show progressively deteriorating perfor-
mance during operation for various reasons such as decreasing reactant concentrations,
gas evolution and uneven distribution of liquids. The present study aims to emphasize the
importance of certain design parameters, such as bipolar plate materials, flow fields and
manifold design, in determining the DBPFC performance. Bipolar materials and flow
channel design have been investigated. A power density of 67 mW cm 2 has been obtained
with composite graphite and parallel flow channel bipolar plates. It has increased to
87 mW cm~? using sintered graphite and then to 93.3 mW cm 2 using sintered graphite
with serpentine flow fields. The stacking of DBPFCs results in a loss of performance and
unstable output. The performance has remained nearly unchanged as the cell number was
increased by applying an independent cell liquid distribution network (ICLDN). Using an
ICLDN, power densities of 98.3, 83.3 and 82 mW cm ™2 have been obtained for single-cell, 3-
cell and 6-cell stacks, respectively. Finally, a controlled oxidant feeding system (COFS) has
been developed to provide stable output power, and it has demonstrated a stable output
power of 6 W for 2.5 h.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

capability, fuel storability, environmentally benign properties,
fast response characteristics and a simple system design [1,2].
Air is commonly used at the cathode in this type of fuel

Fuel cells that directly use borohydride are known as direct
borohydride fuel cells (DBFC). DBFCs as liquid fuel cells have
many advantages for portable applications and trans-
portation. They have a high theoretical cell potential of 1.64 V
(CH30H/02:1.19 V, Hy/0,:1.23 V, HCOOH/O,:1.45 V, NyH,/Oy:
1.56 V), a high maximum power density of 32.8—250 mW cm 2,
(DMFC: 30—100 mW cm 2, PEMFC: 300—1000 mW cm~?), a high
energy density of 9300 Wh kg™* (Lithium battery: 250 Wh kg™,
Lead acid battery: 20—50 Wh kg%, nickel-metal hydride bat-
tery: 60—100 Wh kg~?), easy cooling capability, easy refueling

* Corresponding author. Fax: +90 312 551 5019.
E-mail address: aecsanli@gmail.com (A.E. Sanli).
http://dx.doi.org/10.1016/j.ijjhydene.2016.08.105

cells. In recent years, direct borohydride/peroxide fuel cells
(DBPFC) that use peroxide instead of air have been developed,
and their cell performances have been improved. DBPFCs are
gaining popularity because of their high energy content, safe
transport, nontoxicity, non-explosiveness and the conve-
nience of low operating temperatures [3,4]. The DBPFC
showed excellent performance with increasing H,0, concen-
trations. H,0, concentration affects the borohydride utiliza-
tion efficiency. Luo et al. showed that utilization of 50% H,0,

0360-3199/© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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resulted in more than 30% higher output voltage compared
to lower peroxide concentrations [4]. The fuel efficiency
increased from 10% to 90% by increasing the H,0, concen-
tration from 10% to 90% and can be increased to 90% and 40%
using 50% H,0, and 20% H,0,, respectively [1]. Additionally,
Luo et al. projected a DBPFC stack with 165 cells for future
Unmanned Undersea Vehicle (UUV) programs and with an
overall mission duration >30 days. They found the highest
power density of 1.5 W cm ™2 at a temperature of 65 °C and
achieved the highest efficiency of 95% using the high test
peroxide HTP (95% H,0,). Unfortunately, using (HTP) leads to
safety concerns and psychological barriers for underwater
applications [4].

DBPFCs are still under investigation due to the complex
nature of reactions and complex charge- and mass-transfers
occurring at their anodes and cathodes. BH; hydrolysis as-
sociates with the anodic reaction and produces the hydrogen.
Moreover electrooxidation mechanism of BH; involves un-
stable and adsorbed intermediates:

Anodic oxidation:

BH;  +80H —BO, + 6H,0 + 8e~
Hydrolysis:

BH47 + H20—>BH3(OH)7 + Hz

BH;(OH)” + H,O—BO,™ + 3H,

Unstable intermediates:

BH, <BH, +e”
BH,  + OH™ < BH;" + H,0

BH37 HBHg +e

Adsorbed intermediates:

BH; + M—BHyas +M

BHya4s + OH™ > BH3 405 + HoO + €7

Therefore, there is a need to develop more active electro-
catalysts and membranes with higher conductivity. Hydrogen
evolution should be hindered to improve the DBPFC perfor-
mance. It strongly depends on anode catalyst. Some metal
catalysis depress the hydrolysis of borohydride. Carbon sup-
ported binary Pt, Au and Pd catalysis are catalytically active
and promote the electro-oxidation of borohydride [5—12].

Despite the lack of consensus, the literature shows that
there have been exhaustive studies of the electrochemical
reaction mechanisms of borohydrides. Verma et al. and Sanl
et al. developed mathematical kinetic models for DBFC and
DBPFC, respectively [13,14]. However, the DBPFC performance
is sensitive to design and operating parameters. The relation
between cell design and performance has not been described
clearly and a practical design model for DBPFC cells and stacks
has not yet been suggested. Stroman et al. recently reported
the development of a 2-D DBFC model and investigated the
effects of cell channels on major losses [15].

DBPFCs exhibit several challenges during stacking and
scaling up. They require a complex design to be scaled up. The

DBPFC stack suffers from insufficient electrical performance,
mainly due to improper anode and cathode catalysis. The
primary challenge of the DBPFC stack is the evaluation of the
hydrogen and oxygen gases produced from the electro-
oxidation of borohydride and electro-reduction of peroxide,
respectively. The hydrogen and oxygen block the electrode
surfaces, cause non-uniform thermal and mass distribution
and decrease the current density. Additionally, the membrane-
electrode-assembly (MEA) components of the middle cells can
be damaged by the increase in pressure. Prevention of gas
evolution and removal of the gas products from the stack
should be issues of high priority. However, few studies address
the DBFCP design. Design parameters such as cell geometry
and component design have not been sufficiently examined.

First, bipolar plates and their designs have importance
strong impacts on performance, stack weight and cost. In
addition to using more active anode and cathode catalysts,
they can be improved using a suitable bipolar plate material
and through proper design of the flow fields. The main flow
channel types are the serpentine and parallel channels. The
parallel channel leads to the formation of dead zones in flow
fields and increases flow difficulties, pressure drops, and
current and voltage fluctuations [16]. The transport of elec-
trolyte solutions through the channels increases the electric
resistivity because of the motion of charged species. This can
be reduced by designing flow channels that are narrower and
shallower. Narrower channels create a vertical potential
gradient in the y-direction and thus lead to stronger electrical
field transport trough the membrane, whereas shallower
channels provide more volumetric power by enabling the
construction of more cells in the same volume and by facili-
tating higher fuel utilization [15]. Graphite and stainless steel
are the most commonly used mono- and bipolar plate mate-
rials in the construction of a DBPFC. Although carbon graphite
is not as strong as stainless steel, it is commonly used as a
bipolar plate instead of stainless steel in order to reduce the
stack weight.

Kim et al. developed a DBFC for portable applications. They
reported a 4.2-fold reduction in weight by the use of carbon
graphite bipolar plates instead of stainless steel. Their design
also shows uniform fuel distribution by adopting a parallel
anode channel and serpentine cathode channels to the 5-cell
DBEC stack [17]. The performance decreased to 30% of that of
the stainless steel DBFC cell. This reduction was attributed to
weaker contact between the MEA and the end-plates. They
also designed a corrugated anode to assist the evacuation of
hydrogen. The corrugated anode provided 27% higher per-
formance than that of the classical flat type anode [18]. Liu
et al. used the 316 stainless steel plates with serpentine flow
fields, which enabled the expulsion of gas bubbles [3].

Another major problem of stacking is the performance loss
with increasing cell number and the formation of shortcuts
between neighboring cells [19,20]. The stack performance
decreases with increasing cell number due to the evolution of
hydrogen and oxygen gases. Liu et al. constructed 10-cell and
20-cell DBFC stacks. The fuel and air flow rates were
0.15 L min~! and 5 L min~?, respectively. The powers were
monitored and found to be 17 W for the single cell and 6 W for
the 10-cell stack [3]. They found the largest performance loss
during stacking, which was caused mainly by hydrogen
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evolution. The middle cells of the DBFC stack exhibited the
lowest performance data. This was attributed to hydrogen
evolution and uneven fuel distribution in the stack. When
20 cells were stacked, the loss increased. Therefore, a divided
parallel supply was suggested for the 20-cell stack to decrease
the performance loss [3]. In comparison with Liu's study, Kim
et al. constructed a 5-cell stack with parallel anode plates and
achieved relatively stable performances. The power densities
were found to be 200 mW cm™? for a single cell and
183 mW cm~2 for a 5-cell stack with 7.5% performance loss
[17]. Luo et al. demonstrated a way to achieve high power
density with short (single and 2-cell) stacks rather than multi-
cell (24-cell) stacks. They achieved power densities of
600 mW cm~2 with a single DBPFC, 313 mW cm 2 with 2-cell
stacks and 150 mW cm~2 with 24-cell stacks connected seri-
ally [21]. The production of the aforementioned gases should
be prevented by developing active catalysts, or they should be
rapidly removed from the stack by using a proper manifold
system.

Highly conductive reactants decrease the resistance be-
tween the cells and cause a drop in voltage and power. An
effective way to increase the resistance and stack voltage is to
use longer and more isolated outer manifolds. Luo et al.
developed a cell-isolated fuel distribution network (CIFDN) for
a kilowatt DBPFC stack, solved the complicated manifold issue
and improved the stack performance and lifetime [21].

The reactant feed is another parameter that affects the
DBPFC performance. It is known that a parallel fuel-feed
provides more power than a serial connection [21]. The seri-
ally connected DBPFC tends to have increased stack pressure
due to the excess gases generated during the operation. On the
contrary, despite its corrosion characteristic, a parallel feed
reduces gas evolution and increases the cell power. Therefore,
mixed feeding models were applied for better performance by
Kim et al. [17].

The main challenges and future targets for DBPFCs can be
summarized as follows: NaBH, production at low cost,
metaborate recycling, H, gas evaluation at the anode, O, gas
evaluation at the cathode, short lifetime of DBPFC compo-
nents, need for better cooling in the stack, short circuits be-
tween the cells because of highly conductive reactants,
insufficient and unstable output power and inefficient and
unsafe operating conditions. In the present study, we aimed;

i. to reduce the negative effects of hydrogen and oxygen
gases on the DBPFC performance and
ii. to achieve a stable output power from DBPFC

by applying a convenient DBPFC architecture and by using
electronic feeding control. Traditional fuel cell architectures
are not suitable for DBPFC applications because of the two-
phase flow nature of DBPFCs on both sides and the highly
conductive nature of the reactants. This results in gas accu-
mulation and the blockage of flow channels, low performance,
short circuits and insecure working conditions. Therefore, the
independent cell liquid distribution network system (ICLDNS)
was applied in order to maximize the output power [21].
Additionally, we developed a controlled oxidant feeding sys-
tem with an electronic control unit to achieve a stable working
output.

Experimental
DBPFC system assembly and single cell performance tests

Stack material

In the present study, graphite plates were used as the body
material. Two type of graphite plates (composite and sintered
graphite) were tested. The properties of two graphite mate-
rials are given in Table 1.

Designing the flow channels

Two types of flow geometries (parallel and interdigitated) with
a landing and channel (L:C) ratio of 1:9 were analyzed. Sche-
matic illustarions of the graphite channels are given in Fig. 1.
Parallel channels were patterned with a depth of 3.5 mm, and
teh squares were sized to 3x3 mm? (Fig. 1a). interdigitated
channels were sized with a length of 8.5 cm, a width of 1 mm
and a depth of 3 mm (Fig. 1b).

Preparation of the MEAs

The MEA was composed of a Pd/C anode (2 mg cm~?), a Nafion
115 membrane and a Pt/C cathode (1.5 mg cm™?). A hydro-
philic carbon cloth (from Fuel Cell Store) was used as the
diffusion layer. The catalyst layers, membrane and carbon
cloths were sandwiched with a hot press under a pressure of
1000 psi for 3 min. Fuel solutions were fed into the cell and
stacks using a MasterFlex peristaltic pump with two heads ata
flow rate of 27 ml min~". The fuel and oxidant tanks were
stored in a water bath for temperature control at 40 °C.

Development of the ICLDN system

An ICLDN was designed for the DBPFC stack (Fig. 2) [22]. A
separated manifold system was used, and reactants were fed
edgewise through the fittings, two for each side of the graphite
bipolar plate. The fuel and oxidant were supplied to the stack
with Teflon tubes and then returned to the tanks. In Luo etal.'s
study, the two feed schemes were combined. While borohy-
dride was fed in parallel to reduce the gas evaluation, peroxide
was fed in series to get desired result. In the present study, the
stack was divided into 2 groups of 5 cells each and the fuel and
oxidant were fed in series with MasterFlex peristaltic pump
with two heads [23].

Fuel and oxidant concentrations were optimized as 5%
NaBH, dissolved in 20% KOH and 8% H,0, + 1.5 M H,SOy,
respectively. Although the performance was decreased, tem-
perature and gas evolutions were sufficiently controlled dur-
ing operation. The tests were performed in a single DBPFC cell
with an active area of 90 cm?.

Development of the oxidant feeding system

Two oxidant feeding systems were tested to observe the effect
of the feeding system on the DBPFC performance — a classical
one tank circulation system and a controlled oxidant feeding
system (COFS). The classical feeding system consists of a fuel
and an oxidant tank. In the present study, a second oxidant
tank was added to the system. The first oxidant tank was fed
from the second tank during the fuel cell operation electronic
control unit. The system is depicted in Fig. 3 with the elec-
tronic control unit [24].
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Table 1 — Properties of different DBPFC stack materials.

Specific gravity Modulus of

Thermal conductivity

Electrical resistance Power densities

(gcm3) elasticity (MPa) (W mk1) (ohm cm) (mW cm )
Composite graphite 1.82 75 14 24 x 107* 72.2 mW cm~?
with resin
Sintered graphite 1.51 140 35 11 x 10°* 87 mW cm 2

Fig. 2 — DBPFG stack with ICFDN [22]. Reprinted from
Journal of Power Sources, 162, Raman RK, Prashant SK,
Shukla AK, A 28-W portable direct borohydride—hydrogen
peroxide fuel-cell stack, 1073—6, © 2006 with permission
from Elsevier B.V. All rights reserved.

Short term performance studies

Short-term performance tests were carried out with active areas
of 12 cm? for a single cell, 36 cm? for a 3-cell stack and 72 cm? for a
6-cell stack at 40 °C. To evaluate the DBPFC cell and stack per-
formances, the systems were maintained at constant voltages. A
controlled oxidant feeding system (COFS) was developed and
applied to avoid problems associated with H,0, depletion and
performance loss and to achieve stable output power. The per-
formance was monitored using a Gamry Galvanostat/potentio-
stat and the current was recorded versus time.

Results and discussion
Development of a controlled oxidant feeding system

The reactant concentration is the main factor that can
maximize the DBPFC performance. In both sides, the con-
centrations of liquid oxidant and liquid fuel constantly
decrease during the cell operation because of the con-
sumption and crossover of ions such as BH; through the
Nafion membrane. Most importantly, Na* ions cross over
through the cathode side, drag additional water and in-
crease the pH in the cathode side, thus causing a reduction
in power density. In DBPFCs, borohydride concentration is
limited because of its low solubility and has little influence
on the energy density. However, the effect of H,0, con-
centration is more significant than that of borohydride. It
also affected the borohydride utilization efficiency. The fuel
efficiency increased by increasing the H,0, concentration.
Luo et al. projected a DBPFC stack with 165 cells for future
UUV programs and with an overall mission duration >30
days. Although the highest efficiency of 95% using the HTP
(95% H,0,) was achieved, unfortunately, using high test
peroxide (HTP) leads to safety concerns and psychological
barriers.

To overcome these problems related to peroxide con-
centration, a controlled oxidant feeding system (COFS) was
developed with an electronic control unit. In Fig. 4, the
performance curves are given for a classical feeding system
and for the COF system. The performance tests were carried
out with a single DBPFC under a constant voltage of 1 V. A
total of 1 L of oxidant (8% H,0, + 1.5 M H,S0,) was used and
recirculated in both systems. As seen in Fig. 4a, the per-
formance decreased gradually from 6 W to 2.5 W within
20 min using the classical feeding system with one oxidant
tank.

Fig. 4b shows the performance data obtained with COFS.
Although the same amount of oxidant (1 L) was used, the
performance was found to be almost stable during the oper-
ation for two hours under a constant voltage load of 1 V. Fresh
oxidant was added from a second tank to the first tank at a
constant amount of 5 ml and at time intervals of 4 min. There
was almost no deterioration of the cell current. The cell power
remained near 5 W for 80 min, after which it gradually
decreased to 4.7 W for 60 min. It should be highlighted that in
our system, catholyte was used in a very low concentration
(8% H,0, + 1.5 M H,S0,) during the tests, and the performance
can be further improved by controlling the oxidant feed with a
microcontroller.
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Stack design and operating conditions

Effect of bipolar plates

The use of suitable bipolar plates is an important issue in
DBPFC design. The technologies related to bipolar plates are
responsible for the reduction in cost and weight of fuel cells
and the increase in cell life and performance. Stainless steel or
carbon materials are commonly used for bipolar plates. Bi-
polar plates based on carbon materials can be corroded easily,
which reduces the cell lifetime, but are advantageous from the
perspective of weight of the stack. Conversely, stainless steel
is known for being a corrosion-resistant metal with low con-
tact resistance. However, the oxide layer that forms on
stainless steel results in ohmic resistance and a voltage drop
in the cell and stack. Therefore, bipolar plate design and
proper plate materials have been the main focus of develop-
ment activities thus far.

In our study, two different types of graphite were used, a
composite graphite with resin binders and a sintered graphite
without any additives, both with a thickness of 2 mm. The
performance and polarization curves of single DBPFC are
given in Figs. 5 and 6 for the composite graphite and the sin-
tered graphite, respectively. The maximum cell powers were
found tobe 6.5 W at a voltage of 1V and a current of 6.4 A with
the composite graphite DBPFC and 7.8 W at a voltage of 1.1V
and a current of 7 A with the sintered-graphite DBPFC. The
stack power density increased from 72.2 to 87 mW cm ™2 with
sintered graphite. Table 1 shows a comparison of the prop-
erties of the two graphite materials. It showed a 20% higher
contribution to the performance due to half the electrical
resistance. Additionally, it has twice the tight strength
compared with composite graphite. A higher force could be
applied to the sintered graphite plates during the stack
assembling process because of its tighter strength, and a
better contact resulting was thus achieved. The Open Circuit
Potential (OCP) values were found to be 1.85V and 1.9 V for the
composite graphite DBPFC cell and the sintered graphite
DBPFC cell, respectively. Although there was not a significant
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Fig. 5 — Power and polarization curves of the DBPFC with
composite graphite bipolar plates (single DBPFC, active

area: 90 cm?, current density: 67 mW cm~Z, flow rates of
reactants: 27 ml s~, temp: 35 °C, Fuel: 10% NaBH, + 20%

KOH, Oxidant: 8% H202 +15M H2504).
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Fig. 6 — Power and polarization curves for the DBPFC
constructed with sintered graphite bipolar plates (single
DBPFC, active area: 90 cm?, current density: 87 mW cm 2,
flow rates of reactants: 27 ml s~ %, temp: 35 °C, Fuel: 10%

NaBH, + 20% KOH, Oxidant: 8% H,0, + 1.5 M H2$04).

difference in the OCPs and thus in the resulting ohmic resis-
tance, an increase in current was observed due to good con-
tact and good electrical conductivity. This was further
attributed to the catalytic effect of sintered graphite on the
electrochemical reactions, even though this aspect needs
further investigation.

Flow channel effect

Both parallel and interdigitated flow channels were tested in
our study. It is known that interdigitated channels promote
two-phase mass transport and prevent channel blocking. The
parallel channel leads to the formation of dead zones in flow
fields and increases flow difficulties, pressure drops and cur-
rent and voltage fluctuations. The flow channel design has a
significant impact on the DBPFC performance. The transport
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Fig. 7 — Power and polarization curves of DBPFC with the

interdigitated flow fields (single DBPFC, active area: 90 cm?,

current density: 93.3 mW cm 2, flow rates of reactants:

27 ml s~%, temp: 35 °C, Fuel: 10% NaBH, + 20% KOH,
Oxidant: 8% HzOz +15M HzSO4).
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Table 2 — The long term performance data for the direct borohydride air fuel cells (DBFC).

DBFC Anode Cathode Membrane Temperature Load Time Stability
Q) (mAcm?) (b
Li et al. [26] Zr—Ni alloy Pt/C Nafion 117 60 20 29 Stable performance for 29 h under 20 mA cm 2 load
Choudury et al. [27]  Au plated SS mesh  Au plated SS mesh PVA hydrogel membrane Ambient 10 100 Stable performance for 100 h under 10 mA cm™~? load
Cheng & Scott [28] Au/C FeTMPP Nafion 117 70 50 50 Stable performance for 50 h under 50 mA cm 2 load
Ag Nafion 117 70 50 50 Stable performance for 50 h under 50 mA cm~2 load
Pt Nafion 117 70 50 50 Stable performance for 50 h under 50 mA cm~2 load
Ni Nafion 117 70 50 50 Poor stability
Cheng & Scott [25] Au/C Pt/C Nafion 117 25 20 150 Stable performance for 150 h under 20 mA cm 2 load
Cheng & Scott [29] Ti mesh/Au, Ag Pt/C Nafion 117 25 20 50 More stable than Au/C, Ag/C anode
Ma et al. [30] MnNi,CoyMn,Al,, Iron phthalocyanine = Membraneless — 50 50 More stable from Pt/C cathode
(FePc)
Ma et al. [31] Ni:Pd/C (25:1) Pt/C Membrane: Cross-linked 30 120 100 Stable performance for 120 h under 120 mA cm 2 load
chitosan
Binder: Chitosan chemical
hydrogel

Table 3 — Comparison of the power densities of DBPFGC stacks reported in the literature.

Temperature (°C) Vep  Ipp (MA cm™?) Power density (mW cm ?) Power W per stack Short term performances
Liuetal [3]  Single cell Starting temp. of 20 °C, no cooling 0.7 V 350 250 17 W Not available
3-cell Starting tempe. of 20 °C, no cooling 0.64 V 300 63.7 13 W Not available
5-cell Starting temp. of 20 °C, no cooling  0.66 250 29 10 W Not available
10-cell Starting temp. of 20 °C, no cooling 0.58 V 150 8.8 6 W Not available
Luo et al. [21] Single cell ~55 with cooling = 600 10W Not available
2-cell ~55 with cooling = 313 45 W Not available
24-cell ~55 with coolin, = 150 21.6 W Not available
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Fig. 8 — a) Power and b) polarization curves for a single
DBPFC and 3-cell and 6-cell DBPFC stacks with COFS (Active
areas: 12 cm? (single cell), 36 cm? (3-cell stack) and 72 cm?
(6-cell stack), flow rates of reactants: 27 ml s, temp: 35 °C,
Fuel: 10% NaBH, + 20% KOH, Oxidant: 8%

H,0, + 1.5 M H,S0,) [24].

of electrolyte solutions through the channels causes electrical
resistivity due to the motion of the charged species. This can
be reduced by designing the flow channels to be narrower and
shallower. Narrower channels create a vertical potential
gradient in the y-direction, leading to stronger electrical field
transport trough the membrane, whereas shallower channels
provide more volumetric power by enabling the construction
of more cells in a constant volume and thus higher fuel
utilization.

2.000

Fig. 6 shows the cell performance with parallel flow
channels. The performances of the interdigitated cell are
given in Fig. 7. The performance of the DBFPC increased from
8 W (87 mW cm?) at a cell voltage of 1V and a current of 8 A
(Fig. 6) to 8.4 W (93.3 mW cm ) at a cell voltage of 0.9 V and a
current of 9 A with interdigitated flow fields. The DBPFC
settled in a constant voltage mode at 1 V. A interdigitated flow
field provided better reactant flow and better liquid distribu-
tion by forcing the gas products to leave the cell. It boosted
both active electrode surface and cell performance.

Stack performance studies

The performance of a DBPFC depends on a variety of factors,
including the choice of materials, the design of the compo-
nents and the operating conditions. A comparison of perfor-
mance data of DBPFCs is very difficult because of the
differences in these factors in different studies. Although the
long-term studies have been performed for the direct boro-
hydride air fuel cells, there are few data related to the short-
and long-term stabilities of direct borohydride peroxide fuel
cells. The short-term and long-term performances and dura-
bility tests of DBFCs and DBPFCs are summarized in Tables 2
and 3, respectively. The longest performance test for a DBFC
with air was for 150 h [25]. It demonstrated stable performance
using a Au anode and a Pt cathode at a temperature of 25 °C.

Manifold design for DBPFC stack

Previous literature shows that stacking causes large perfor-
mance losses in DBPFCs. The two main reasons are gas evo-
lution in the stack and the use of highly conductive reactants.
First, the average cell power densities of DBFC stacks decrease
with increases in the gas evolution rates. Second, because
liquid reactants are used instead of hydrogen and oxygen in
the DBPFCs, the stack design should be modified accordingly.
Liquids cause certain complications due to their high con-
ductivities (200 mS cm™?). The resistance between neigh-
boring cells is low. It causes short circuits and low stack
voltage. Traditional integrated manifolds also pose risks such
as short circuits, voltage surges in parts of the cell and
excessive corrosion. Therefore, manifold design is a critical
issue in terms of the uniform delivery of reactants, removal of
gas products, corrosion and short lifetime of the DBPFCs.

6-cell stack
eSS ATy,
1.500 »
3-cell stack

<
€ 1.000
£
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(&

0.50 Single cell

0.000
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Fig. 9 — Short term performance curves of a single DBPFC and 3-cell and 6-cell DBPFC stacks under constant voltages of 1V,
2 V and 3.5 V, respectively, (Active areas: 12 cm? (single cell), 36 cm? (3-cell stack) and 72 cm? (6-cell stack), flow rates of
reactants: 27 ml s 7, temp: 35 °C, Fuel: 10% NaBH,; + 20% KOH, Oxidant: 8% H,0, + 1.5 M H,SO0,) [24].
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Fig. 8a and b shows the power curves for a single DBPFC cell
and 3-cell and 6-cell DBPFC stacks. The active area was 13 cm?
per cell. The performance results are summarized and
compared with the literature in Table 3. The power densities
were found to be 98.3 mW cm 2 for a single DBPFC cell,
83.3 mW cm 2 for a 3-cell stack and 82 mW cm? for a 6-cell
DBPFC stack. The power increased linearly with the stack
number and was found to be 1.1 W for a single cell, 3 W for a 3-
cell stack and 5.9 W for a 6-cell stack. No decrease in perfor-
mance was observed with stacking, and the power density per
cell remained stable at approximately 85 mW cm~2. However,
in Liu's DBFC system, maximum power densities decreased
from 250 mW cm ™2 to 8.8 mW cm 2 after 10-cell stacking.
Similarly, in the study by Luo et al., the power density
decreased after stacking from 600 mW cm 2 for single cell to
150 mW cm 2 for a 24-cell stack. Luo et al. achieved higher
power density with the ICLFN system.

Short-term performances of DBPFC stacks

Fig. 9 shows the short-term performance curves taken under
constant voltages of 1 V for a single cell and 2 V and 3.5 V for
3-cell and 6-cell DBPFC stacks, respectively. A controlled
oxidant feeding system was applied during the operation.
The 3-cell DBPFC stack showed a stable performance for
approximately 140 min. The performance of the 6-cell DBPFC
stack increased from 2.8 W to 5.6 W in the first 50 min and
remained approximately stable at a power of 5.6 after
91 min. The power of the single DBPFC decreased in first
20 min from 1.1 W to 0.5 W and exhibited a stable output
power of 0.5 W during the next 80 min (Fig. 9). In the present
study, a total of 150 ml of fuel solution was used and recy-
cled to the cell during the operation, without using fresh
solution. Similarly, the total amount of oxidant was 250 ml.
In the beginning, 100 ml of oxidant was replaced in the first
tank and recycled to the system. After 15 min, it was
renewed by adding 5 ml of fresh oxidant from a second tank
every 4 min. Although other studies were carried out with
single cells, we achieved short-term stable performance
even with 3-cell and 6-cell stacks. Consequently, not only
the ICLFN system but also COFS had a positive effect on the
DBPFC performance. While the ICLFN system provides uni-
form reactant distribution in the stack, COFS keeps the
oxidant concentration stable on cathode side.

Some short-term performance results for DBPFCs are
compared with the studies of Jang et al. and Sljukic et al. in
Table 4 [32,33]. Jang et al. investigated the effects of heat
treatment of the electrodes on the DBPFC performance. They
developed multi-walled carbon nanotube (MWCNT)-sup-
ported, cured and uncured (at 400 °C) Pd anode and Au cath-
ode electrodes and found superior performance with cured
electrodes. The long-term performance of a single DBPFC was
measured under loading of 50 mA cm 2. Liquid products were
collected in the containers while the gas products were ven-
ted. For the first 4 h, the performance remained stable with
cured electrodes, while a rapid decrease in output voltage was
observed after 6 h of operation. The output voltage of the
DBPFC fluctuated after 8 h due to the blockage of oxidant flow
channels by by-products [32].

Sljukic et al. developed a single DBPFC and studied the ef-
fect of the membrane type on the DBPFC performance.
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Stability and durability tests were carried out with cation ex-
change (CMI-7000S) and anion exchange membranes (AMI-
7001S). The effects of the membranes were characterized
under loading of 0.6 V for 2 h, a constant current density of
50 mA cm 2 for 2 h and 30 mA cm 2 until complete discharge,
and zero potential for 90 h. Fresh solutions were used in order
to avoid concentration changes. While the CMI-7000S-based
DBPFC provided higher power, the two membranes exhibited
a slow decrease in performance with time. In all cases, the
DBPFC voltages decreased continuously during cell opera-
tions. The DBPFC was maintained at a current density of
30 mA cm 2 until the voltage decreased from 0.8 V to 0 V for
approximately 40 h. This decrease was attributed to the in-
crease in pH of the catholyte from 0.13 to 4.8 due to the
crossover of BH; and OH™ ions to the catholyte, resultingin an
increase in the pH of the catholyte solution, H,0, decompo-
sition and a decrease in performance [33].

Compared with the studies reported in the literature,
although the maximum power of our single cell is lower than
those of previously reported systems, our system contributed
two main improvements to the DBPFC performance, as fol-
lows [34]:

i. Stacking loss was not observed
ii. A stable power output was achieved in our stack systems

The use of a microcontroller results in further benefits in
fuel and oxidant usages.

Conclusions

Fuel cells require physical and chemical expertise for effective
design. The cell performance can be controlled by reactant
management and thermal management, which are related to
the cell architecture. While electrocatalysis, membranes and
liquid diffusion layers are related to the cell chemistry, system
engineering is required for fabrication and flow field designs,
bipolar plates and integration. Process engineering is a critical
issue in order to merge the chemistry and engineering aspects
of fuel cell design. High performance, long life and cost ad-
vantages are needed in order to make DBPFCs commercially
applicable in the near future.

Reactants flow rates, peroxide concentration, cell temper-
ature and stack power are inter-related. They are the key pa-
rameters affecting DBPFC performance. Short-term and long-
term performance tests and durability tests of the DBPFC
show insufficient performances due to low electrochemical
activities, poor selectivity toward the oxidation and reduction
reactions and catalyst poisoning.

Few studies regarding the DBPFC stacks have been re-
ported. Unlike the single cell, there are many parameters
that should be considered during the stacking of a DBPFC.
The current and power densities of numbered stacks are
lower than those of the single cell due to uneven reactants
distribution, gas accumulation on the catalyst layers and
ohmic losses of the graphite plates for DBPFCs. Although
current shunting is not a problem for a single cell, it greatly
reduces the system power and efficiency during stacking.
Therefore, construction of a scaled-up fuel cell requires

advanced flow field design and reactant distribution and
improved thermal and mass management. It was found that
hydrogen bubbles are the major problem in DBFC stacks due
to the blockage of channels by hydrogen bubbles. This results
in a decrease of the active surface and an increase in the inlet
pressure. ICLDN is possibly one of the best solutions to
overcome stacking challenges. The DBPFC power density
remained approximately the same with increasing cell
number. The concentrations of liquid oxidant and liquid fuel
of DBPFC decrease during cell operation because of contin-
uous circulation, causing a loss in performance. A controlled
oxidant feed model was developed to overcome this
difficulty.

Another important issue is the safety of the system.
Hydrogen and oxygen gases deform the catalysts and the
liquid diffusion layers by increasing the pressure inside the
cell and cause safety problems by increasing the temperature.
In the present study, stack materials, flow channels and
feeding systems were designed according to the operation
conditions and, COFM and ICLDN are suggested as suitable
systems in order to increase the DBPFC stack performance.
The negative effects of gas discharge and temperature could
be kept at a reasonable level using these designs.
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Abstract

The possibility of utilization of iron (II) hydroxide slurry in wet flue gas desulfurization (WFGD) was
investigated. The most important feature for selecting iron (II) hydroxide as the sorbent was that iron
sulfate formed by sulphur dioxide capture can easily be converted back into iron (II) hydroxide with
sodium hydroxide. Thus, it is a reusable chemical system. An 80 mm diameter bubble column with
active liquid height of 600 mm was used in the experimental study. The experiments were carried out
at atmospheric pressure and room temperature. The system was operated continuously with respect to
both liquid and gas. Air containing 500 ppm sulfur dioxide was used as the gas phase and its velocity
was changed between 3.58-11.60 L/min. The liquid phase was iron (II) hydroxide-water slurry (0.4 wt
%) and its velocity was varied between 0.5 and 1.5 L/min. The sulfur dioxide concentration in the outlet
gas was measured by a gas chromatograph. Liquid samples were analyzed by a calibrated
spectrophotometer at 420 nm wavelength. Using the experimental data, the amount of absorbed SO2 was
determined, the overall mass transfer coefficients were calculated and a correlation for mass transfer
coefficient was developed.

Keywords: sulfur dioxide, flue gas desulfurization, iron (II) hydroxide, bubble column, mass transfer
coefficient.

Lime slurries which are calcium-based absorbents
are most commonly employed in WFDG systems
all over the world for its high SO: absorption
efficiency [3]. Another big advantage of systems
using lime slurries is that it is a cheap and easily
available material. However, the disadvantages of
such systems are that it is non regenerative, and
that the formed slag and other wastes cannot be
safely removed [4]. Therefore, the development
of technologies for SO2 capture with reusable
chemicals has attracted much attention.

In this work, a different solution was used, which
was not tried before, and the absorption of sulfur
dioxide to the iron (II) hydroxide solution was
carried out. Absorption of sulfur dioxide into the
iron (II) hydroxide solution is a chemical
absorption, which takes place according to the
reaction given below.

1 INTRODUCTION

The air pollution caused by increasing energy
consumption is a global problem. Sulfur dioxide
emitted from the combustion of fossil fuels like
coal, petroleum and other factory combustibles is
one of the major causes of air pollution [1]. Sulfur
dioxide is toxic, harmful to human health and
causes serious air and environmental pollution.
Hence, removal of sulfur dioxide from flue gas is
very important in controlling air pollution. Its
importance is constantly increasing with lowered
legal emission limit values specified for air
pollution control.

To control the sulfur dioxide emission, various
flue gas desulfurization (FGD) processes have
been developed and applied worldwide as post-
combustion desulfurization processes. Among
different methods, wet flue gas desulfurization

(WFGD) is more common technology and widely
used because of the high desulfurization
efficiency, reliability and its capability of
capturing particulates as well [2].

SO, + Fe(OH), + 1/, 0, > FeS0, + H,0(1)
The most important factor in selecting iron (II)
hydroxide is the recycling property and
reusability of iron (II) hydroxide. The recycling
reaction is given below.
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FeSO, + 2NaOH — Fe(OH), + Na,S0, (2)
Another important factor affecting the choice of
iron (II) hydroxide is its anticipated capability of
utilization of magnetic field in effort of improving
its SOz capture efficiency. This will be
investigated in the next stage of the present
research.

2 MATERIALS AND METHODS

2.1 Experimental Setup

Experimental studies for the absorption of sulfur
dioxide into the iron (II) hydroxide slurry were
carried out in a bubble column (Figure 1). The
diameter of the bubble column used was 80 mm
and the liquid height was 600 mm. The system
was operated continuously with respect to both
liquid and gas in countercurrent mode. The liquid
velocity was changed as 0.54, 0.83, 1.12 and 1.50
L/min. The gas velocity was changed as 3.58,
5.59, 7.59, 9.60 and 11.60 L/min. Air containing
500 ppm sulfur dioxide was used as the gas phase.
The sulfur dioxide concentration in the outlet gas
was measured by using SRI-310C gas
chromatography device. Porapak-Q column was
used and helium was used as carrier gas in the gas
chromatography. Liquid samples were analyzed
by a calibrated spectrophotometer, which was
Optima SP-300, at 420 nm wavelength. The mass
balance was verified by both gas and liquid

analyses.
J [_"

& [
00T

Figure 1. Experimental Setup

1. Gas flow meter
2. Solution tank
3. Pump

4. Bubble column
5. Piezometer

6. Drain tank

0.5% SO:
99.5% Air

2.2 Estimation of Overall Mass Transfer
Coefficient

The overall volumetric mass transfer coefficient
based on gas phase was calculated from the data
obtained experimentally using the following
equations [5]. Firstly, mass balance for SOz can
be written as follows,

VL.dCL =VG.dCG =W (3)
W is SOz absorption rate (mol/s). VL and V;; are
the volumetric flow rates of liquid and gas,
respectively, in (m’/s), and CL and Cg are
concentrations of SOz in liquid and in gas,
respectively, in (mol/m?).

The absorption rate can be related to the average
mass transfer flux as,

VG . dCG = Nsoza SC dz (4)
Where, a is the interfacial area (m?/ m* column),
Nsoz is the average mass transfer flux (mol/m?.s),
Scis the cross-sectional area of the column (m?).
The average mass transfer flux can be expressed
in terms of the overall mass transfer coefficient
(m/s) as given below.

Nso, = K¢(Cg — C) (5)
C* is the concentration of solute (SO2) in gas
which would be in equilibrium with C;,. For a fast
chemical reaction such as the one shown by
Equation (1), it can reasonably be assumed that
SOz concentration in liquid will be zero(C;, = 0).
The concentration of solute in gas in equilibrium
with zero concentration in liquid will also be zero.
Hence, Equation (5) reduces to

Nso, = K¢ Cg (6)
Substitution of Equation (6) into Equation (4) and
integration yield the following expression for the
overall volumetric mass transfer coefficient
(Kca).

Ca;

Kea = I;’g 1nﬁ 7)

Where, H is the active liquid height.

3 RESULTS

Absorption of sulfur dioxide was carried out at
different gas and liquid velocities using a 0.4%
iron (II) hydroxide slurry to determine the overall
mass transfer coefficient in the bubble column.
The effects of gas and liquid velocities on the
overall mass transfer coefficient are shown in
Figure 2.
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Figure 2. Effect of gas and liquid velocities
on volumetric mass transfer coefficient

As can be seen from Figure 2, the experimental
data is scattered considerably due to the
hydrodynamic effects in the bubble column. The
velocities employed in this research fall mainly in
the smoothly homogeneous bubbling regime for
bubble columns and some approach the transition
zone (Figure 3) [6-8]. While the behavior of the
column is smooth at low gas velocities in the
homogeneous bubbling regime, the
hydrodynamic behavior becomes vigorous and
more intense in the transition regime towards slug
flow regime with the increase in gas velocity.
Figure 2 shows also that the overall mass transfer
coefficient is clearly affected by both gas and
liquid velocities, and the overall mass transfer
coefficient shows an increase as the gas and liquid
velocities increase.

015 T T T T T
CHURN-TURBULENT REGIME
SLUG FLOW REGIME
g 0.10f—
z
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Figure 3. Flow regime map for bubble
columns [6]

Using the data obtained from the experimental
work, a correlation was developed for the
calculated overall mass transfer coefficients for
the capture of sulfur dioxide into the iron (II)

hydroxide slurry. The correlation is expressed in
terms of gas and liquid velocities and is given
below. (r=0.88, Ug and UL: m/s)

K.a = 1.15 Ug%280y, 0885 ®)

Figure 4 is prepared to show the variation of
overall mass transfer coefficient more explicitly
with gas and liquid velocities according to the
correlation developed (Equation (8)).
The comparison of the overall mass transfer
coefficients calculated from the correlation
(Equation 8) and those calculated from the
experimental data is given in Figure 5.

5.00E-03
4.00E-03
S
— 3.00E-03
=
St
S
c‘| 2.00E-03
v = Ug=0.012 m/s
Ug=0.019 m/s
1.00E-03 Ug=0.025 m/s
Ug=0.032 m/s
e Ug=0.038 m/s
0.00E+00
0.00E+00 2.00E-03 4.00E-03 6.00E-03
U, m/s

Figure 4. Plot of Equation (8)
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Figure 5. Comparison of the calculated Kca
values from the correlation (Equation (8))
with the experimental data

As the hydrodynamics of the column is distinctly
different at low gas velocities as observed in the
experiments, another correlation was also
developed for the low gas velocities giving
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smooth bubbling behavior (Ug: 0.012 and 0.019
m/s). (r=0.976, Ug and UL: m/s)

Kca = 7.535 Ug22%8y 1#*8 )
Figure 6 shows the variation of overall mass
transfer coefficient at low gas velocities. The
curves correspond to the predictions made by the
correlation developed (Equation 9).

5.00E-03
®  Ug=0.012 m/s (exp)
m Ug=0.019 m/s (exp)
4.00E-03 Ug=0.012 m/s (corr)
= Ug=0.019 m/s (corr)
=« 3.00E-03
-
“Q
M 2.00E-03
[ |
1.00E-03
0.00E+00
0.00E+00 2.00E-03 4.00E-03 6.00E-03
U, m/s

Figure 6. Volumetric mass transfer
coefficient at low gas velocities and plot of
Equation (9)

When the experimental work carried out is
evaluated, it can be stated that sulfur dioxide,
which causes air pollution and acid rain, can be
captured at atmospheric conditions with iron (II)
hydroxide slurry by chemical absorption.

4 CONCLUSIONS

In this work, absorption of sulfur dioxide in a
bubble column was investigated using iron (II)
hydroxide-water slurry. The effects of gas and
liquid velocities on the overall mass transfer
coefficient were investigated. The main
conclusions derived are as follows:

e It has been observed that sulfur dioxide can
be captured effectively by the iron (II)
hydroxide slurry by chemical absorption at
low temperatures at atmospheric pressure.

e As the gas and liquid velocities increase, the
overall mass transfer coefficient increases.

e A correlation was developed for the overall
mass transfer coefficient in terms of gas and
liquid velocities over the ranges covered in
the experiments.

e Another correlation was also developed for
the overall mass transfer coefficient which is
valid for low gas velocities in homogeneous
flow regime in bubble columns.

REFERENCES

[1] K. Wark, C.F. Warner, W.T. Davis, Air
Pollution-Its Origin and Control, 3™ edition,
New York: Addison-Wesley, 1998.

[2] B. Dou, W. Pan, Q. Jin, W. Wang, Y. Li,
“Prediction of SOz removal efficiency for
wet flue gas desulfurization”, Energy
Conversion and Management, vol. 50, 2547—
2553, 2009.

[3] R.K. Srivastava, “Controlling SOz emissions:
A review of technologies”, United States
Environmental Protection Agency, Office of
Research and Development, Washington,
2000.

[4] B.K. Dutta, R.K. Basu, A. Pandit, P. Ray,
“Absorption of SOz in Citric Acid-Sodium
Citrate Buffer”, Ind. Eng. Chem. Res., vol.
26, 1291-1296, 1987.

[5] B.Z. Uysal, Fundamentals of Mass Transfer
and Its Applications (in Turkish: Kdtle
Transferi Esaslari ve Uygulamalari), 2
Edition, Ankara: Alp Yaymevi, 2003.

[6] W.D. Deckwer, Y. Louisi, A. Zaidi, M. Ralek,
“Hydrodynamic properties of the Fischer-
Tropsch slurry process”, Ind. Eng. Chem.
Process Des. Dev, vol. 19, 699-708, 1980.

[7] C.L. Hyndman, F. Larachi, C. Guy,
“Understanding gas-phase hydrodynamics in
bubble columns: a convective model based
on kinetic theory”, Chem. Eng. Sci., vol. 52,
63-77 1997.

[8] N. Kantarci, F. Borak, K.O. Ulgen, “Bubble
column reactors”, Process Biochemistry, vol.
40, 2263-2283, 2005.



Kinetics of Absorption of
Carbon Dioxide into
Sodium Metaborate

Solution

DUYGU UYSAL, OZKAN MURAT DOGAN, BEKIR ZUHTU UYSAL
Department of Chemical Engineering and Clean Energy Research and Application Center (CERAC-TEMENAR),

Gazi University, Maltepe, Ankara, 06570, Turkey

Received 25 July 2016; revised 26 December 2016, accepted 31 January 2017

DOI 10.1002/kin.21082

Published online 15 March 2017 in Wiley Online Library (wileyonlinelibrary.com).

ABSTRACT: Carbon dioxide capture potential of sodium metaborate, which is the main prod-
uct of the process by means of which hydrogen is obtained from sodium borohydride, was
investigated. This work aims at both carbon dioxide capture and finding an alternative use for
sodium metaborate. The products of this chemical absorption are sodium carbonate, sodium
bicarbonate, and boric acid; all of which are industrially important chemicals. In this study, the
kinetics of the reaction between sodium metaborate and carbon dioxide was investigated at
atmospheric pressure and temperatures between 17 and 50°C while initial sodium metaborate
concentration was changed as 0.5, 1, and 2.5 wt%. The frequency factor and activation energy
for this reaction were found as 1.97 x 10> m?/mol-s and 18,062 J/mol, respectively. © 2017
Wiley Periodicals, Inc. Int ] Chem Kinet 49: 377-386, 2017

INTRODUCTION

Hydrogen has gained wide acceptance to be the en-
ergy carrier in the near future, and sodium borohydride
is one of the best hydrogen carriers. When hydrogen
is produced from sodium borohydride by hydrolysis,
sodium metaborate is the reaction product. While there
are many studies to recycle sodium metaborate back
to sodium borohydride, alternative means to utilize
sodium metaborate are continuously being searched.
On the other hand, it has been well accepted that car-
bon dioxide is the main greenhouse gas and has a great

Correspondence to: B. Z. Uysal; e-mail: bzuysal @gazi.edu.tr.
Contract grant sponsor: Gazi University Research Fund.
Contract grant number: 06-2010-13.

© 2017 Wiley Periodicals, Inc.

impact on global warming and climate change. The
capture of carbon dioxide at the source of emission is
the most effective way of controlling its concentration
in the atmosphere. It is believed that geological stor-
age or utilization of captured carbon dioxide may help
substantially mitigation of this environmental problem.
Several carbon dioxide capture technologies and chem-
icals have been studied for the development of an eco-
nomical system and a reusable solvent. Alkanolamines
such as monoethanolamine (MEA), diethanolamine,
di-isopropanolamine, and methyldiethanolamine have
been the mostly employed solvents in this process
[1-6]. MEA has been the most common one. It is also
common practice to add some additives to promote the
rate of absorption [7-9]. Degradation in time, corrosive
properties, and large energy requirement for desorption
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of CO, in a cyclic process using alkanolamines have
made it necessary to look for alternative solvents
[10,11]. The use of, for example, aqueous ammonia
solution has evolved in this effort [12—17], though the
necessity to work relatively at low temperatures (0—
10°C) for CO, absorption by the ammonia process
seems to be another important issue. Thus, investi-
gations continue to find appropriate solvents for eco-
nomical and efficient absorption of CO, at operating
conditions close to atmospheric conditions.

The present work was planned as the first step
to search the possibility and the capability of using
sodium metaborate for capturing carbon dioxide. Since
the products of this chemical absorption are sodium
carbonate, sodium bicarbonate, and boric acid, and
all these are industrially important chemicals that can
be used directly even as a mixture, for example, in
glass industry, it looked reasonable to carry out this
investigation. As this is a chemical absorption pro-
cess, the kinetics of the reaction between dissolved
carbon dioxide and the sodium metaborate needed to
be studied first and this is the main objective of this
study.

MATERIALS AND METHODS

As stated before, the absorption of carbon dioxide
in sodium metaborate solution is investigated in this
study. The absorption process in this system is with
chemical reaction; so the investigation of this reac-
tion mechanism is done. To begin with, the antici-
pated overall reactions were checked qualitatively with
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X-ray diffraction (XRD) analyses whether they occur
or not. Then the whole reaction mechanism was derived
regarding the results from the qualitative analyses and
the kinetic study was done quantitatively.

Qualitative Analysis of the Reaction
between Sodium Metaborate and
Carbon Dioxide

In the literature, to the best knowledge of the authors,
there is not any information about the reaction mecha-
nism or kinetics between sodium metaborate and car-
bon dioxide. Thus, the primary work that needed to be
done was to investigate that this reaction was plausible.
The following overall reactions can be anticipated to
take place in a basic sodium metaborate solution.

2NaBO; 4 CO; + 3H,0 — Na,COs3; + 2H3BO; (1)

2NaBO, + 2H,BO; — Na;B407 +3H,0 (2)

According to this mechanism, sodium metaborate
first reacts with carbon dioxide forming sodium car-
bonate (and sodium bicarbonate depending on pH) and
boric acid. Then, borax may be formed by the reaction
between sodium metaborate and boric acid. Borax and
boric acid are the starting raw materials for the pro-
duction of sodium borohydride; thus recycling in the
process of utilization of sodium borohydride as a hy-
drogen carrier can also be accomplished.

The presence of carbonate or bicarbonate ions de-
pends on the pH of the solution. As seen in Fig. 1 [18],

DOI 10.1002/kin.21082
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Figure 3 XRD spectroscopy analysis: borax existence.

for pH values greater than 8.2, the amount of bicar-
bonate ions in the solution decreases whereas that of
carbonate ions increases as pH increases. The point
where the amount of bicarbonate ions is at its utter-
most level is where pH equals 8.2.

First, viability of the first reaction (1) was checked
qualitatively. To achieve this, a saturated sodium
metaborate solution was prepared in a cell and pure
CO, was bubbled through it for 30 min. After 30 min of

International Journal of Chemical Kinetics DOI 10.1002/kin.21082

CO; bubbling, the solution was dehydrated at 50°C in a
drying oven (Termal Laboratory Equipments Incubator
H11420BD) to have a solid product to make XRD spec-
trum analyses (Rigaku D/MAX 2200). Drying temper-
ature was selected as 50°C; because at higher temper-
atures the structure may become amorphous [19]. As
seen from Figs. 2 and 3, the presence of sodium carbon-
ate and borax indicated that the anticipated reactions
((1)—(2)) indeed took place.
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Table I The Analysis of the Solid Obtained by the
Reactions (1) and (2)

Component Amount (%)
Borax Na;B407-5H,0 62.09
Sodium carbonate Na;CO3 24.72
Boric acid H3BOs3 13.19

The pH of the saturated sodium metaborate solu-
tion was measured as 10.50. Regarding Fig. 1, at this
value of pH, the amount of carbonate and bicarbon-
ate ions (mole fractions) is the same. The XRD result
for sodium carbonate and sodium bicarbonate (Fig. 2)
shows that the anticipated reaction (Eq. (1) did take
place during the absorption of CO; in sodium metab-
orate solution and owing to the pH value of the so-
lution both sodium carbonate and sodium bicarbonate
formed.

It is also clearly seen from Fig. 3 that the other
anticipated reaction (Eq. (2), in which borax is formed)
occurred too. In this XRD analysis, the presence of
borax and boric acid as well as sodium carbonate can
be seen.

In addition to XRD spectroscopy, the amount of
B,0O3 in the sample was determined according to the
B,0O5 analysis standards (ETI Mine Works — Analyses
Methods) and found analytically as 37.68%. The full
analysis of solid product obtained is given in Table I.

These qualitative and quantitative analyses prove
that the anticipated reactions take place during the ab-
sorption of carbon dioxide in the sodium metaborate
solution, and further investigation could proceed as de-
scribed below.

Kinetics of the Reaction between Sodium
Metaborate and Carbon Dioxide

As noted above, the process of carbon dioxide absorp-
tion into sodium metaborate solution is a chemical
absorption process. Thus, as the second stage of the
work, the kinetics of the reaction between these com-
ponents was investigated. To achieve this, batch chem-
ical absorption experiments at different temperatures
with different initial sodium metaborate solution con-
centrations were carried out using a stirred cell reactor.

All of the reactions that are involved in carbon diox-
ide absorption by sodium metaborate solution can be
written as follows:

2H,0 <> 2H' + 20H" A3)

2NaBO, — 2Na* + 2BO; )

COx(g) — COx(I) o)
CO,(1) + OH™ « HCO;3 (6)
HCO; + OH™ <« CO3 + H,0 (7)
Na* + HCO; — NaHCO; (8)
2Na* + COT — Na,COs 9)

2H,0 + 2H" 4+ 2BO; — 2H3BO; (10

2N3.B02 + 2H3B03 — N32B407 + 3H20 (11)

According to this mechanism, first the dissociation
of water occurs. Sodium metaborate dissolved in water
forms sodium and metaborate ions. The carbon diox-
ide gas dissolved in the solution reacts with hydroxide
ions, formed from dissociation of water, and form bi-
carbonate ions. Depending upon the pH of solution,
bicarbonate ions and hydroxide ions may react further
to give carbonate ions as explained before. Carbon-
ate ions and sodium ions may form sodium carbonate.
Also, metaborate ions from sodium metaborate and
hydrogen ions from dissociation of water form boric
acid. Boric acid and sodium metaborate that is left
over the previous reactions interact and form borax and
water.

It may be noted here that the anion present in aque-
ous solutions of metaborates is the tetrahedral monob-
orate ion, which is B(OH), [20,21] butitis well known
that due to the simplicity, the B(OH), ion can be abbre-
viated and written as BO, [20]. So the dissociation of
sodium metaborate ions are shown as Na™ and BO; in
the reaction mechanism with Eq. (4) (and consequently
Eq. (10)).

The overall reactions were given before as Eqs. (1)
and (2). In the literature, there is not any information or
study about these reactions under similar conditions.
Thus, the kinetics of the basic reaction in which carbon
dioxide is consumed (i.e., Eq. (1)) must be known to
make further studies and to employ sodium metaborate
in capturing carbon dioxide from flue gases.

It is well known that the order of dependence of
the rate of chemical absorption on carbon dioxide con-
centration is one [1,11,22]. This point has also been
checked and confirmed for absorption with sodium

International Journal of Chemical Kinetics DOI 10.1002/kin.21082
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metaborate [5,23]. Therefore, in this study determi-
nation of the order of reaction with respect to sodium
metaborate was aimed. This could be done by the ex-
periments performed in a batch reactor with different
initial sodium metaborate concentrations in the liquid
and using pure carbon dioxide at the gas side. A stirred
cell reactor is selected as the batch reactor as itis widely
used in investigation of kinetics of reaction [24-26].

As the amount of carbonate concentration is di-
rectly proportional with the amount of carbon dioxide
absorbed and reacted according to Eq. (1) in strong
basic solutions, the rate of the reaction was obtained
by the change of carbonate concentration determined
experimentally with time. Hence, when an appropriate
trend line was passed through carbonate concentration
values that were drawn versus time, and when the slope
of this trend line in the initial period was taken, the rate
expression of the reaction could be obtained. Letting A,
B, and C represent carbon dioxide, sodium metaborate,
and sodium carbonate, respectively,

dC
7Cliniial = —7A linitial = thitial (12)

The change in sodium metaborate concentration in
the batch experiment could be expressed as

Ce(t) = Cp,o —2Cc(?) 13)

As amatter of fact, with every initial sodium metab-
orate concentration, a reaction rate was calculated this
way. Then the slope of the logarithmic graph, drawn
with these reaction rate values versus initial sodium
metaborate concentrations, gave the order of reaction
with respect to sodium metaborate concentration. The
actual order of reaction was thus found by calculat-
ing the arithmetic mean of the order of reaction values
obtained at different temperatures.

The reaction rate constant could be written as

re(t) = k Ca Cgiyy (14)

Here, C4 is the solubility of carbon dioxide in liquid
and as temperature remains constant; its value does not
change.

Gas solubilities in electrolyte solutions are usually
a little smaller than the solubility in water. This is
known as the salting out effect. Thus, solubility of
carbon dioxide in sodium metaborate solution can be
estimated by the Setschenow equation [22,27,28]:

Ca
1 — =K 15
og( C ) Cg (15)

A
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This is particularly helpful when the gas solubility
cannot be measured directly because of a chemical
reaction as it is the case in the present work. Here Ca o
and Cy are the solubilities of carbon dioxide in water
and in salt solution. Solubility of carbon dioxide in
water, Ca o, can be estimated using the correlation for
the dimensionless distribution coefficient for carbon
dioxide in water by Versteeg et al. [1]:

. 2044
Mg = 3.54 x 107 RT exp | = (16)

and

Py
Ca0 = MA 0= 17
0 0BT (17)
where Cg is the concentration of sodium metaborate. K
is the salting out constant, also known as the Sechenov
constant, and can be estimated from the following re-
lation [28,29]

K=Y (hi+ho)n (18)

Here, n; is the index of ion i in the formula of the
salt, h; is the ion-specific Schumpe parameter, and /g is
the gas-specific parameter. Weisenberg and Schumpe
[30] recommend the following relation at 273-363 K
interval:

he = hg,0 + hr (T —298.15) 19)

Here, hg is the gas-specific parameter at 298.15
K, A7 is the proportionality constant representing the
contribution of temperature, and 7'is in K.

The values of the parameters used in this work for
all the ions involved are presented in Table II [28,30].

When the value of specific parameter for an ion or a
gas is not known, the value for a similar species can be

Table II Gas-Specific and lon-Specific Schumpe
Parameters

Parameter Ion-/Gas-Specific Parameter
o+ 0.1079 m?3/kmol
b+ —0.311 m?/kmol
hon- 0.0918 m3/kmol
hgo- 0.0726 m>/kmol*
2
huco; 0.1019 m*/kmol
heoz- 0.1558 m>/kmol
heon —0.0127 m*/kmol
hr.co, —0.338 x 1073 m3/kmol-K

Adopted from NO, because of similarity [22].
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Figure 4 Experimental setup used for kinetic work (a stirred cell reactor).

used [22]. So here, the specific parameter value for the
BOj ionisadopted fromNO, due to the similarity. The
arithmetic mean of the reaction rate values obtained
from the specific temperature experiments could thus
be calculated by rewriting Eq. (14) as follows:

Tc(t)

kr = ==
Ca Cy(yy

(20)

Using the reaction rate constant values at different
temperatures and Arrhenius equation,

ky = koe”PA/IT 21

the frequency factor (k) and activation energy of the
reaction (E,) were calculated.

Experimental Setup

A jacketed stirred cell reactor was used in the ex-
periments. It is a widely used system in similar re-
searches [24-26]. The cell used in the experiments is
made up of Pyrex glass, and this simple experimental
setup is shown in Fig. 4. Solutions with different initial
sodium metaborate concentrations (with a known pre-
measured volume) were poured into the reactor, and
pure carbon dioxide was passed continuously over the

solution at a constant rate and pressure. So, the satura-
tion concentration for carbon dioxide was maintained
at the interface between the gas phase and liquid phase.
The samples were taken from the liquid with an auto-
matic pipette every 3 min. The jacketed cell was on
a magnetic stirrer with a heater, so the temperature of
the solution was monitored and controlled throughout
the experiments. The liquid was also stirred at a low
rate to have a homogeneous liquid phase while assur-
ing prevention of any vortex on the interface and no
disturbance of the interfacial area between the liquid
phase and the gas phase.

To measure the effect of initial sodium metaborate
solution concentration (i.e., to determine the order of
magnitude of the concentration of solution in the rate
expression), several experiments were done with dif-
ferent concentrations of solution at constant tempera-
ture and under pure CO, flow. Likewise, to investigate
the effect of temperature on the rate expression (i.e.,
obtaining the values for preexponential factor and the
activation energy of the overall reaction), several exper-
iments were done at the constant initial sodium metab-
orate solution concentration and under pure CO, flow.
In the experiments, the samples were taken from the
solutions at certain intervals from the beginning of the
absorption (from the moment that CO, flow over the
liquid was started) and their analyses were made by wet

International Journal of Chemical Kinetics DOI 10.1002/kin.21082
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Figure5 The effect of temperature on the reaction between sodium metaborate and carbon dioxide (initial SMB concentration

= 0.5 wt%).

analysis methods, i.e. carbonate and bicarbonate quan-
tities in the solutions were found with the titrimetric
method (APHA 2310) and also findings were checked
with a calibrated CO, probe [31]. As explained before,
according to the reactions, the carbonate-bicarbonate
quantity gives the quantity of the carbon dioxide that
is absorbed by the solution.

RESULTS AND DISCUSSION

The increasing demand for seeking an alternative so-
lution for absorption of carbon dioxide, which is the
most important greenhouse gas, is caused by many dis-
advantages of conventional systems such as low car-
bon dioxide loading, high-energy consumption, high
equipment corrosion rate, or high volatility of the so-
lution resulting in solvent loss. This study focuses on
the absorption of carbon dioxide with sodium metab-
orate solution (which is a side product in the hydro-
gen generation from the sodium borohydride process).
The absorption of carbon dioxide with sodium metab-
orate solution is a chemical absorption, meaning there
is a chemical reaction during the process which has
not been investigated before, to the best knowledge of
the authors. Thus the first step of the investigation of
this absorption process is to prove that carbon diox-
ide can be absorbed by sodium metaborate solution
and then to derive the kinetic behavior of the chemical
reaction.

First, the possible overall reactions in the system are
derived (as given in Egs. (1) and (2)). A preliminary
experiment was done to assure that these reactions take
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place and qualitative analysis of the products is possi-
ble. In this experiment, pure carbon dioxide gas was
bubbled in sodium metaborate solution for 30 min. The
resulting solution was dehydrated in an oven at a low
temperature to prevent formation of any amorphous
structure (all of the water and moisture was withdrawn
from the sample) and with the remaining solid, XRD
analyses were done for the products. As a result of this
analysis, it was proven that the anticipated reactions
were correct and also this finding was supported with
a simple quantitative analysis for the content of the
remaining solid.

As the second step, the kinetics of this chemical ab-
sorption was investigated. The changes in the rate of re-
action between sodium metaborate and carbon dioxide
with temperature and sodium metaborate concentra-
tion were studied. To investigate the effect of temper-
ature, the initial sodium metaborate solution concen-
tration was prepared as 0.5 wt% for every batch and
the temperature of the solution and the whole cell was
changed as 17, 30, 40, and 50°C. The reason for select-
ing the concentration of sodium metaborate solution as
0.5 wt% is that the concentration of the solution is very
high compared to the amount of CO, passed through
the interface and reacted, forming the products. Thus
the concentration of the solution would be excess in the
system anyway. The reason for selecting the tempera-
ture range as stated is that in conventional systems, the
temperature of the absorber columns does not exceed
50°C because solubility of gases in liquids increases
with decreasing temperature.

As seen from Fig. 5 for the initial sodium metab-
orate concentration of 0.5 wt%, as temperature was
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Figure 6 The effect of initial SMB concentration on the reaction between sodium metaborate and carbon dioxide (7 = 50°C).
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increased, the quantity of carbon dioxide absorbed in
the solution also increased. For every temperature, the
trend line showing the change in the concentration of
carbonates formed due to carbon dioxide absorption in
the initial period of the batch experiments was drawn
and their best fit equations were obtained, as depicted
in Fig. 5. This same procedure was applied for other
sodium metaborate (SMB) concentrations (1, 2.5 wt%)
as well.

Also, a typical result for the effect of initial sodium
metaborate concentration of the solution at 50°C is
given in Fig. 6. As seen from the figure, carbonate
concentration, thus absorbed carbon dioxide quantity,
increases with increasing SMB concentration.

Using the slopes of the curves for the initial stages,
the dependence of the reaction rate on sodium metab-
orate concentration could be obtained (see Fig. 7). The
slope and hence the order of reaction with respect to
SMB was found to be 0.9887. Likewise, the same cal-
culations were repeated using the data obtained for the
other initial sodium metaborate concentrations as well
as for all other similar experiments performed at 17,
30, and 40°C. All gave results very close to one for the
order of reaction with respect to sodium metaborate. It
was therefore concluded that the mean order of reac-
tion could be taken safely as “1” with respect to sodium
metaborate in further mass transfer calculations. Thus,
with n = 1, Eq. (14) reduces to the following equation,
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Figure 8 Arrhenius plot (initial SMB concentration = 0.5 wt%).

representing the rate of CO, absorption into sodium
metaborate solutions:

rc = kCaCp (22)

The reaction rate constants were calculated using
Eq. (21) and the data obtained for different tempera-
tures such as those presented in Fig. 5 were used to
prepare the Arrhenius equation plot to determine the
activation energy of the reaction and frequency factor
(see Fig. 8).

From Fig. 8 and similar results for all initial con-
centrations of SMB used, the average values for the
frequency factor and the activation energy (E) were
found as 1.97 x 10~3 m?/mol-s and 18,062 J/mol, re-
spectively. With these values, the reaction rate constant
equation is given below:

(23)

—18,062
=197 x 1073 —=
ky X exp < T >

There are several chemical systems employed and
reported data for reaction rate constants of carbon diox-
ide absorption showing great differences between each
other. That is because the results are pretty much af-
fected by the method of analyses, assumptions made as
well as chemicals employed. If the reaction rate con-
stant of the system in this work is compared with the
reported data of conventional systems in which alka-
line solutions were used and the contribution of the
carbonate ion reaction was considered, the results are
quite close to each other [35] making the proposed
chemical system a good alternative.
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CONCLUSIONS

In this study, it was experimentally proven that car-
bon dioxide could be captured by absorption with a
chemical reaction into the sodium metaborate solution
at atmospheric pressure and at low temperatures. This
process can be employed as an alternative to energy
consuming high-pressure amine absorption processes.
The final product, consisting of carbonates and borax,
can be used directly as a mixture in industry espe-
cially in glass production or can be recycled to pro-
duce sodium borohydride, a highly regarded hydrogen
carrier.

The kinetics of the reaction between sodium metab-
orate and carbon dioxide was investigated, and the
first-order dependence of the reaction rate with re-
spect to sodium metaborate and carbon dioxide was
determined experimentally. The frequency factor and
activation energy for this reaction were found as
1.97 x 10~ m3/mol-s and 18,062 J/mol, respectively.

NOMENCLATURE

Constant

Constant
Concentration, mol m—>
Activation energy, J mol ™"
Schumpe parameter, m*> kmol !
Proportionality
kmol~! K~!
Salting out constant, Sechenov con-
stant

ko Frequency factor, m® mol ™' s~
k Reaction rate constant, s~

SmAaSse

constant, m°

>

1
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Dimensionless distribution coeffi-
cient

Order of reaction, index of ion
Pressure, kPa

Gas law constant, J mol~! K~!
Reaction rate, mol m—> s~!
Temperature, at 17, 30, 40, 50°C, K
Time, s

Mole fraction

SUB~ AND SUPERSCRIPTS

=]

T TaQwe >

Standard conditions (298.15 K, 1 atm)
Carbon dioxide

Carbon dioxide in water

Sodium metaborate

Sodium carbonate

Gas

Ion

Initial position, in water

Reaction rate
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THE EFFECT OF MANUFACTURING LIMITATIONS ON GROOVE DESIGN AND ITS
IMPLEMENTATION TO AN ALGORITHM FOR DETERMINING HEAT TRANSPORT
CAPABILITY OF HEAT PIPES
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* Turkish Aerospace Industries, Inc., Fethiye Mah. Havacilik Blv. No:17
06980, Ankara, comur@tai.com.tr
** Turkish Aerospace Industries, Inc., Fethiye Mah. Havacilik Blv. No:17
06980, Ankara, auygur@tai.com.tr
*** Gazi Universitesi Miih. Fak., Makine Miih. Bél., Maltepe, Ankara
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Abstract: In this study, a methodology for the computation of maximum heat transport capability of grooved heat
pipes is presented. The methodology takes into account extrusion limitations together with the vapor, liquid pressure
losses along the heat pipe, the temperature drop between evaporator and condenser. The implementation of the
methodology to an algorithm and its predictive performance was demonstrated on rectangular, trapezoidal, triangular
and re-entrant grooved heat pipes for a specific allowable space and working temperature. It was seen that the heat
pipe with re-entrant groove is superior to other geometries in terms of heat transport capacity.

Keywords: Grooved heat Pipe, Extrusion limitations, Capillary heat transfer limit, Heat pipe manufacturing

OLUK TASARIMINDA URETIMSEL KISITLARIN ETKIiSi VE BUNUN ISI
BORULARININ ISI TASIMA KAPASITESINI BELIRLEMEDE KULLANILAN BiR
ALGORTIMAYA UYGULANISI

Ozet: Bu galismada, oluklu 1s1 borular1 igin maksimum 1s1 tasima kapasitesinin hesaplamasina yonelik bir yéntem
tizerinde durulmustur. Yoéntem, ekstriizyon kisitlari, 1s1 borusu boyunca buhar ve sivida gériilen basing kayiplarma ek
olarak buharlastirici ve yogusturucu arasindaki sicaklik diisiisiinii de géz 6niinde bulundurmaktadir. Y&ntemin bir
algoritmaya uygulanisi ve Ongoriisel basarimi, dikdortgen, ikizkenar yamuk, ikizkenar iiggen ve girintili oluk
sekillerine sahip 1s1 borulari i¢in belli bir alan ve ¢alisma sicakliginda gosterilmistir. Bu ¢alisma sonucunda, girintili
oluk tipinin diger tiplere gore daha fazla 1s1 tagima kapasitesine sahip oldugu goriilmiistiir.

Anahtar Kelimler: oluklu 1s1 borusu, ekstriizyon limitleri, kilcal 1s1 transfer limiti, 1s1 borusu iiretimi

NOMENCLATURE
D Diameter (m)
F Force on arim of a die (N) Re Reynolds number [=VpD/u]
A Area (m?) K Permeability (m2)
W Width of the rim neck and the grooves (m) Po  Poiseuille number (f.Re)
c Length of the constant thickness of the rim (m) m  Mass (kg)
h Length of the variable thickness of the rim (m) L Total number of nodes
S Safety factor 1) Groove depth (m)
P Pressure (Pa) k Thermal conductivity (W/m.K)
AP Pressure difference (Pa) t Average thickness (m)
Y2 Density (kg/m®) R Resistance (°C/W)
r Radius (m)
o Surface tension (N/m), stress (Pa) )
@  Groove angle (°) Subscripts
F Friction factor
U Absolute viscosity (Pa.s) v vapor
) Latent heat of vaporization (J/kg) max  maximum
m  Mass flow rate (kg/s) Sec  Cross section
g Acceleration due to gravity (m/s%) press drum pressure
Q  Heat removal capacity (W) comp compressive
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INTRODUCTION

For years, heat pipes have been widely used for thermal
control in both terrestrial and celestial applications. The
capability of transporting large amounts of heat between

— = = =>:Liquid flow
€&~ :Vapor flow

two terminals (evaporator and condenser) with a small
temperature difference is the main characteristic of heat
pipes which can be considered as an extra-high thermal
conductivity device in the Fourier’s law sense.

A conventional heat pipe (HP), which operates on a
closed two-phase cycle, consists of a working fluid and a
sealed container lined with a wicking material as shown
in Fig 1. To operate it, the container is evacuated and
backfilled with just enough liquid to fully saturate the
wick. When heat is applied along the evaporator section
of a HP, the local temperature is raised slightly and part
of the working fluid evaporates. This temperature
difference results in a difference in vapor pressure which
causes vapor to flow from the heated section to a cooler
part of the pipe (condenser). The vapor condenses at the
cooler part of the pipe and releases its latent heat. Return
of the liquid condensate occurs through the wick as
result of a capillary action.
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Figure 1. Working principle of a HP and its sections

In the early studies, Babin et al. (1989) developed a
simplified numerical model and conducted experiments
for measuring the maximum heat transport rate of a
micro HP which served as a foundation for subsequent
researches. In one of these, Launay et al. (2004)
developed a mathematical model for predicting the heat
transport capacity and temperature distribution along the
axial direction of a triangular heat pipe filled with water.
A detailed evaporation and condensation model from
kinetic theory was utilized and film thickness along
evaporation and condensation micro regions were
obtained, which were used to calculate thermal
resistance and the heat transfer rate through the liquid
film. Suman and Hoda (2005) on the other hand, studied
the effect of contact angle, surface tension and viscosity
of the working fluid, inclination, apex angle of V-
groove, length of adiabatic section on the heat removal
capacity of the heat pipe were studied.

In a different study, Lefevre et al. (2008) studied the heat
conduction in each cross section in liquid and solid
regions to obtain thermal resistances which were then

used to find the axial temperature distribution along the
heat pipe container with rectangular groves. The results
were validated by experiments in which liquid-vapor
interface radius and container temperatures were
measured. An optimization study was carried out for
maximum heat capacity as a function of groove height
and width. In another investigation on rectangular
grooved HPs, the effect of filling ratio and the vapor
space thickness on thermal performance was investigated
in a numerical and experimental study by Lips et al.
(2010). It was shown that small vapor space induced
liquid retention and thus reduced the thermal resistance
of the system; however, it influenced the level of the
liquid-vapor interface radii and hence reduced the
maximum capillary pressure.

In addition to previous studies, Suh and Park (2003)
completed a numerical analysis on thermal performance
of flat micro-heat pipe with trapezoidal axial grooves
considering the effect of interfacial shear stress. An
outcome of the analysis is that the heat transport
decreases with interfacial shear effect. In a different



study, Kim et al. (2003) developed an analytical model
for heat and mass transfer in a miniature heat pipe with
trapezoidal grooves by taking into account the effect of
liquid-vapor interfacial shear, contact angle, and the
fluid inventory. The outcome of analysis was shown to
be in close agreement with experimental results. It was
also shown that the thermal performance of the heat pipe
could be enhanced by numerical optimization of the
grooves.

More recent studies on grove shapes focused on re-
entrant (Q) shape. Thomas and Damle (2005) proposed a
good analysis on the fully developed laminar flow within
a reentrant groove using a finite element model, and the
capillary limit of a low-temperature heat pipe was also
determined based on traditional capillary pressure
balance. Later on, Chen et al. (2009) investigated the
influence of variations in the capillary radius, liquid—
vapor interfacial shear stress and the contact angle. The
axial distribution of the capillary radius, fluid pressure
and mean velocity are obtained.

Although an analysis with respect to vapor and liquid
flow losses is compulsory and should be done in order to
find the best groove geometry, it is not enough for a
practical scenario which also includes of the fabrication
phase of the HP. In most design activities, the
manufacturing phase is often underestimated and
production limitations are not taken into account. This
leads to multiple iterations between the workshop and
designer resulting in loss of time and money.

In this paper, a complementary but not alternative
method is proposed which takes into account extrusion
limits together with the vapor and liquid losses. By
utilizing a mathematical model and algorithm presented
by this study, one can understand that the groove design
works and can be manufactured before going into the
workshop. This paper is organized as follows; first the
mathematical model and its implementation to an
algorithm  will be presented. Then predictive
performance of the model together with the
manufacturing limitations will be demonstrated on
different groove geometries.

MATHEMATICAL MODELLING

The mathematical model employed in this study is based
on the computation of maximum heat transfer capability
by taking into account;

i. Manufacturing (extrusion)
structure

ii.Maximum capillary pumping pressure

iii.Pressure drops along an HP and the gravitational head
iv.Temperature drop (criteria) between the evaporator
and the condenser

limitations on groove

The Effect of Extrusion Limits on Groove Structure

Extrusion is the manufacturing process of axially groove
heat pipes. It utilizes a plastic deformation process in

which a block of metal (billet) is forced to flow by
compression through the die opening of a smaller cross-
sectional area than that of the original billet.

In Fig. 2, a die used for the manufacturing of a re-
reentrant grooved HP is shown. As billet flows through
rims of the die, the grooves of a HP are formed. In order
to form such narrow grooves, the rims of the die should
be able to withstand high compressive forces (shown by
the red arrows) during an extrusion process. If the neck of
a die is too narrow, the force applied during the extrusion
may break the neck and the shape of grooves will be
ruined.
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Figure 2. A die for manufacturing re-reentrant grooved HP

In Fig. 3, a single rim is demonstrated. As can be seen,
the rim is thick at the beginning (with respect to flow
direction) and stays constant for a section and it gets
thinner towards to the end of the die.

—> Back side
of the rim

Constant
thickness
section

e

FLOW Front side

of the rim Back side

of the rim

Figure 3. Front and back view of a rim

If section view is taken from the narrowest part of a rim,
it looks like a triangle which is shown in Fig. 4. If the
tensile strength of the die is not high enough to withstand
shear forces created at this triangular area of the rim, the
rim will be torn from this section. The analysis is based
on the following expression.

Fcomp,net < Fyield,shear

)
The Where Fiompneris the net force resulting from
compressive normal pressure to front face (€2) of the rim
(shaded with black lines), Fy;c1q sneqr is the yield shear
force of the rim defined as the the tensile stress (o,) of
the die material times the sectional area, A,,., where the
shear stress is applied (shaded by yellow and green). As
can be seen in the Fig. 4, A,.. can be found by adding
the triangle area to the rectangle area which can be
expressed as;



h+ 2
S +we )

Agec =
where w is the width of the neck (at the same time the
groove width), c is the length of the rim where the
thickness is not changed, h is length of the rim where the
thickness is changing. In most of the die designs, there is

1 degree inclination (Bauser et al. 2006) after the
constant thickness portion. h can be computed by
determining of the point where the edges of the triangle
intersect,

Figure 4. Characteristic dimensions of the rim

To find Fyppp et » belOw equation is used,

Fcomp,net = Afront N Ppress (4)

where A, is the area where compressive forces are
applied, S is the safety factor which is at most 1.5
[Bauser et al., 2006, Saha, 2006) to find maximum
extrusion load, By, is the compressive pressure applied
by the ram.

Consequently, as long as the Eg. 1 is fulfilled, an
extrusion process can be performed without any rupture.
It should carefully be noted that, the change of the width
of the neck affects A_front and A_sec which eventually
affects the compressive net force applied to front face of
the rim and the shear force applied to the area where the
section view is taken.

The Maximum Capillary Pumping Pressure

During steady state operation, to find the maximum
capillary pumping pressure, it can be assumed that the
effective capillary radius at the wet point, r,
approaches to infinity where the contact angle (Reay and
Kew, 2013) is equal to 90°, whereas at the dry point it is
equal to 0° which yields the maximum capillary
pumping pressure as follows (Reay and Kew, 2013)

" w
h=tan(1) + 7 3)
W
Afront j
c
1°
Asec %
h |
20
APc,max = T_ (5)

ce

The effective capillary radius for some of the common
groove shapes recommended by Zohuri (2016) and
Brennan et al. (1979) are listed in Table 1.

Table 1. Effective Capillary Radius for Some of the Common
Groove Shapes (Zohuri, Brennan et al)

Groove type Effective capillary radius
Rectangular w

Triangular w/(cos D)
Trapezoidal w

Re-entrant w

Vapor Pressure Drop

The variation of vapor pressure is principally the result
of the viscous pressure drop occurring along the vapor
flow path. If one-dimensional vapor pressure drop
expression presented by Zohuri (2016) is used, the vapor
pressure drop can be expressed as follows

( (fyRe,)uy
v 2
Z(rh,v) Avpv A

) Leff Qmax (6)



where f, is the friction factor of the vapor, Re, is the
Reynolds number of vapor, u, is the absolute viscosity
of vapor, r,,, is the hydraulic radius of the vapor
space, 4, is the cross sectional area of the vapor, p, is
the vapor density, A is latent heat of vaporization, Q4
is the maximum heat removal capacity of the HP, L, is
the effective length of the HP.

Since mass flow will vary in both the evaporator and the
condenser region, an effective length rather than the
geometrical length must be used for these regions. If the
mass change per unit length is constant, the total mass
flow will increase or decrease, linearly along the regions.
Therefore, the lengths of the evaporator L, and the
condenser L. can be replaced by L,/2 andL./2. The
total effective length, L., , for fluid flow will then be
expressed as,

Lo+ L,

where L, is the length of adiabatic section.

During steady state operation, the liquid mass flow rate
at any axial position, m; , must be equal to the vapor
mass flow rate, m, ,and while the liquid regime is
always laminar, the vapor flow may be laminar or
turbulent. Therefore it is necessary to determine the
vapor flow regime as a function of the heat input. This
can be done by evaluating axial Reynolds number in the
vapor phase as,

Re, = 2m 8
ev B T[TUHU ( )
relating the heat and mass flows as, Quax = M,A,
Reynolds number of the vapor phase becomes,
2(n
Re, = M 9

A, wy

Depending on the Reynolds number, the following
correlations could be used with reasonable accuracy
(Zohuri, 2016)

Re, <2300 (f,Re,) =16 (10)
Re, > 2300 (f,Re,)
2 (rhv) Qmax)
= 0.038| ———"= 075 11
( A, uy (1

Liquid Pressure Drop

Like in vapor phase, viscous forces in the liquid also
results in a pressure drop. For constant heat addition and
removal, this liquid pressure drop can be calculated from
the following [13],

Leff W Qmax

AP, =
KA, p )

(12)

where y,; is the absolute viscosity of liquid, p, is the
liquid density, 4,, is the cross sectional area of the wick,
K is the permeability which can be introduced as

2€ (rh 1)2
K=——-— 1
7Re, (13)
where € is the porosity which is equal to 1, 7y, is the
hydraulic radius of the liquid flow passage, f;Re; is the
product of Reynolds number and the friction factor of
the liquid. In the literature, this product may also be
named as Poiseuille number (Po). While it is
independent of the flow path, it is strongly and only
dependent upon the shape of the flow passage which is
in this case the groove geometry. Although Poiseuille
number for rectangular and annular flow passages can be
found easily in various sources (Zohuri,2013), it is rather
difficult work to find Poiseuille number for arbitrary
passages.

There are several approaches (Thomas and Damle, 2005,
Muzychka and Yovanovicht, 2004, Shah 1975) to find
Poiseuille number for arbitrary passages. In the present
investigation for isosceles triangular, rectangular and
trapezoidal passages (groove shapes), the approach
suggested by Shah (1975) will be used, whereas for the
re-entrant (Q) groove, the method of Thomas and Damle
(2005) will be utilized. In Fig. 5, the alternative groove
shapes and their parameters which will be used to find
non-dimensional parameters are shown.

w w w

/N ZHN
(%)

Figure 5. The groove shapes and parameters

3 5
)

The Gravitational Head

At 1-g conditions, the gravitational head can be written
as (Vlassov et al., 2008);

AP, =piglsind+p,gé (14)
where p; is the liquid density, g is the acceleration due
to gravity, [ is the heat pipe length , § is the groove depth
and @ is the angle between the heat pipe and the

horizontal (@ is positive when the condenser is lower
than the evaporator).

Governing Equation for Maximum Heat Transport
Rate

For a proper operation of a heat pipe, the maximum
capillary pumping pressure, APc,max , must be greater
than the total pressure drop along the pipe which can be
expressed as



AP, ax = AP, + AP, + AF, (15)
where AP, .., is the maximum capillary pumping
pressure  generated  within  groove  structure
between evaporator and the condenser, AP, is pressure
drop occurring in the liquid phase, AP,, pressure drop
occurring in the vapor phase, AP, the pressure drop due
to the gravitational head (which may be zero, positive or
negative, depending on the inclination of the heat pipe).
If the Eg. 15 is not met, the working fluid will not
returned to the evaporator, the wick will dry out in the
evaporator region and the heat pipe will not operate. The
maximum allowable heat flux for which Eq. 15 holds is
referred to as the capillary heat transfer limit. If Eq. 5,
Eqg. 6, Eq. 12, Eq. 14 are substituted into Eq. 15, the
transport capacity can be found as a function of effective
length,

20 ,
— = (prglsind +p, g &)
c,.e

Qmax Leff = (16)
( (ﬁ:Riv)”v + Hy )
Z(Th,v) Avpv A KAW Pu A

Methodology for the Determination of Temperature
Drop between Evaporator and Condenser

Temperature drop between evaporator and condenser of
a HP is another important figure-of-merit and of
particular interest to the designer. To evaluate
temperature drop, thermal network method stems from
electrical analogy (Kotcioglu et al., 2009) is utilized. HP
can bhe represented with the following network of
resistances (Fig. 6):

¢ R, . :Radial resistance of the pipe wall at the evaporator

¢ Ry : Resistance of the liquid-wick combination at the
evaporator

e Ri. : Resistance of the liquid-wick interface at the
evaporator

¢ R, Axial resistance of the vapor section

¢ R, .. Axial resistance of the pipe wall

® R0 Axial resistance of the liquid-wick combination

e Ri. : Resistance of the liquid-wick interface at the
condenser

* Ry : Resistance of the liquid-wick combination at the
condenser

* R, :Radial resistance of the pipe wall at the condenser

Figure 6. The thermal resistances of a HP

The order of magnitude for each resistance was
investigated by Asselman and Green (1982) and the
estimates for each resistance are given in Table 2.When
the values are compared, it is apparently seen that
several simplifications can be made. Firstly, due to the
comparative magnitudes of R, 5, Ry, and Ry,, the overall
resistance network can be simplified to Eq. 17.

Rior = Rp,e + Rw,e + Ri,e

tRy o+ Ric+ Ry + Ry, 17)

Table 2. Comparative values for HP resistance (Asselman and
Green, 1982)

Resistances °C/W
Rpeand Ry, 10"
Ruwe and Ry, 10
Ricand R, 10”
Rva 10°
Roa 10"
Ruwa 10™

Secondly, if magnitudes of R;., Ric, Ry are compared
with Rpe, Rpc ,Rwe: Rwe the terms Rie, R, Rya can be
assumed to be negligible which yields the total resistance
as,

Riot =Rpe T Rye + Ry + Ry (18)
The radial resistance at the pipe wall can be calculated
by applying Fourier’s law as

D
. _ln( O/Dl.) 19
pe 2Lk, (19)
D
. _ln( O/Dl.) 20
pe 2mL k, (20)

where D, and Dj are the outer and inner diameters of the
HP, respectively (Fig. 7).



The most complicated and difficult to find resistance is
liquid-wick combination resistances which is frequently
a very significant contributor to the overall resistance.
The best approach is to use measured values wherever
possible. So, for this resistance, an experimentally
obtained film coefficients, accounts for the conductance
through the liquid-wick combination at evaporator and
the condenser sections suggested by Kamotani (1978)
are utilized. As a result, the liquid-wick combination
resistances can be expressed by

0.0701 + K18
R — —kptf (21)
we ™ NklL,
0.0221 + K18
R = —kptf (22)
we ™ Nk,

where k,; is the liquid thermal conductivity, k, is the
wall thermal conductivity, § is the groove depth, E is the

average fin thickness , N is the total number of grooves
(see Fig. 7).

Finally, the total resistance can be expressed as

0.0701 + kl—i

kpty
Nk,L,

0.0221 + kl—i

kpty
Nk,L,

+ +

(23)

Applying Ohm’s law, the temperature drop between
evaporator and condenser can be found by the following
expression

AT = QmaxRtot (24)
Evaporator <

Adiabatic Section
P

Condenser

Figure 7. The characteristic dimensions of an HP

ALGORITHM TO FIND CAPILLARY HEAT
TRANSFER LIMIT OF THE GROOVED HEAT
PIPES

As examined in aforementioned sections, the width of
the die neck (which is actually the width of

manufactured groove) determines the characteristic
forces on the rim. Additionally, it also dictates the
maximum capillary pumping pressure and affects liquid
pressure drop. Likewise the width of a groove, the depth
of the groove also affects the liquid pressure drop and
the net forces on the rim. Thus, a groove shape
optimization should be done not only with respect to
vapor and liquid flow losses, but also with respect to
extrusion limitations. The implementation of the
mathematical model together with the manufacturing
limits into an algorithm is shown in Fig. 8.

Start )

Define inputs
(Do and ATiequired ,cONtainer material,
working fTIuid, Top)

Find the properties of liquid and
vapor (?\,u,p,U‘) wrt. given T

Select a groove type and
Set wi= 0.1 mm, &;=0.1 mm

YES

MO wpDf2

Check whether the groove geometry NO | w, =w+0.1
can be manufactured or not (Eq. 1) 6=0.1

YES

[
*

Find Nmax

Calculate AP, (Eq. 5), AP\,(Eq.‘ NO
6)and APf(Eq. 12)

Find Qmax1 (EQ. 16)

Buy = 6,4+ 0.1 Find ATm,‘i{ITZq.B and 24)

YES

Check AT 1> ATrequired Ni=Ni-1

NO
* NO

YES
§>D;/2 Check Quay,is1> Qunax,

YES JNG
Maximum heat removal capacity =
max (Omaxj\)

!

Finish

Figure 8. Flowchart to find maximum capillary heat transfer
limit

PREDICTION PERFORMANCE OF
MATHEMATICAL MODEL

THE

The performance of the mathematical model will be
demonstrated in comparison experimental results of
Chen et al. (2009) on re-entrant grooved HP and the
study of Kim et al. (2003) on trapezoidal grooved HP.
The geometric parameters of the HPs used in those
studies are given in Table 3. The model predictions and
experimental results for two different groove types are
shown in Fig. 10. An overall inspection of profiles
reveals that the predictions agree reasonably well with



the test data (maximum average error is 15.1 %). On the
other hand, it is also seen that the capillary heat transfer
limits are over predicted. This is attributed to the fact
that the interfacial shear stress between vapor and liquid

is neglected in the model:

Table 3. Geometric parameters of grooved HPs in the studies
of Chen et al.(2009) and Kim et al. (2003)

Re-entrant | Trapezoidal
Working fluid ammonia water
Evaporator section length (m) 0.7 0.1
Adiabatic section length (m) 0.56 0.1
Condenser section length (m) 0.59 0.095
External diameter (m) 0.0125 0.003
Diameter of a groove (m) 0.0014 -
Angle of a groove (°) - 84
Width of a groove (m) 0.00046 0.000123
Depth of a groove (m) 0.00207 0.000131
Number of groove 15 26
Adverse tilt angle 0 0
250 & Chenetal 2009
_ Te~ol A Kimetal. 2003
E 200 | * S~ - Predicted Trapezoidal
§_ . S~ ~. = = Predicted re-entrant
g 150 - s N
< 100 |
E
=
£
% 50
=
0 ; A A A
300 310 320 330 340
Working temperature (K)

Figure 9. Comparison of the predictive maximum heat
transport with the experimental data

Secondly, in order to verify the model for the
temperature drop between the evaporator and the
condenser, again the study of Kim et al. (2003) on
trapezoidal grooved HP is utilized. In Table 4, some
model predictions are given in comparison with the
experiment results of Kim et al. (2003). It is seen that the
model results slightly over-predicted due to the over
prediction of capillary heat transfer limits (see Eq. 24)
and neglecting some of the resistance in the model.

Table 4. Comparison of the predictive temperature drop with
the experimental data

Toperaion (K) | 313 | 323 | 333
ATep 033 | 0.31 | 0.37
AT predic 0.40 | 048 | 055

RESULTS AND DISCUSSION

In this section heat removal performance of different
groove geometries will be presented. Test problem and
characteristics of the HP are as follows:

» The evaporator, adiabatic, condenser lengths are
selected as 333.3, 666.6, 333.3 mm respectively which
makes Leff equal tol meter.

+ The wall thicknesses of the HP and Di are selected as
1.15, 10.2 mm, respectively.

» DIN 2344 tool steel having a tensile strength of 900
N/mm?2 at 500 C° is chosen for the die material

» The working fluid and the container material are
selected as ammonia and 6063-T6 aluminum alloy,
respectively.

» The temperature difference criterion (AT) between
evaporator and condenser is defined as 10K.

» The HP operating temperature is 293 K.

» The HP is filled with just enough liquid to fully
saturate the wick (i.e. enough mass to fill the grooves
completely with liquid and vapor volume with vapor.)

For above specifications, heat removal capacities (at 0-g)
of isosceles triangular, rectangular, trapezoidal, re-
entrant type grooved HPs are found by executing the
algorithm and presented in Tables 5-8. While performing
the simulations, increments in all dimensions (width,
depth and diameter) are taken as 0.1 mm due to the
limitations imposed by the current level of extrusion
devices. One can expect to obtain numerous
combinations of operable heat pipes (for each groove
geometry) which can meet above assumptions. However,
in this paper, representative cases which help the authors
demonstrate the general trends will be presented. At the
end of each groove geometry, the optimum case with the
highest capillary heat transfer limit will also be
presented.

When the results obtained for rectangular groove (Table
5) are examined, it can be said that for narrow groove
widths, the maximum capillary pumping pressure is
higher. However, for narrow widths ( 0.1 — 0.2 mm)
when depth is high (17 - 20 times of the width),
compressive force on the rims of a die approaches to
yield shear forces which brings difficulties in
manufacturing. On the other hand, when the depth
increases while keeping width the same, the hydraulic

radius, Poiseuille number, the total wick area increase.
Combined effect of this is in an increment in the
capillary heat transfer limit. Additionally, this increase in
depth results in an escalation of the temperature
difference between evaporator and condenser. This
escalation stems from the increase of the liquid volume
in grooves leading to higher resistance of the liquid-wick
combination. Furthermore, as expected, if the number of
grooves increases while the width and depth of the
groove remains same, the capillary heat transfer limit
increases, but as a drawback, the temperature difference
between evaporator and condenser also increases. Thus,
while increasing depth and the groove number, not only
the manufacturing limits but also the temperature
difference between evaporator and condenser limitation
also should be taken into consideration, otherwise HP
cannot work since the required temperature difference
will be higher than the temperature difference supplied
by the environment. Overall, the best configuration is
obtained for case 8 which has the highest capillary heat



transfer limit while obeying temperature difference and
manufacturing limitations.

Table 5. The predictions for rectangular grooves

Casel | Case2 | Case 3 | Case4 | Case 5 | Case 6 | Case 7 | Case 8 | Case 9
Width of a groove (mm) | 0.10 0.20 0.40 0.40 1.00 1.00 1.00 1.10 1.20
Depth of a groove (mm) | 1.70 3.00 0.70 0.80 1.00 1.00 1.00 1.10 1.00
Number of groove 105 43 54 54 12 23 22 20 18
AP max (P2) 456.96 | 228.48 | 114.24 | 114.24 | 45.7 45.7 45.7 | 4154 | 38.08
Feomp.net (KN) 0.17 0.59 0.27 0.31 0.98 0.98 0.98 1.18 1.17
Fyieidshear (KN) 0.17 0.61 2.24 224 | 13.34 | 13.34 | 13.34 | 16.09 | 19.1
Total mass (g/m) 195.97 | 240.00 | 135.52 | 138.38 | 163.67 | 140.67 | 142.76 | 145.04 | 143.60
Qmax (W) 28.12 | 76.97 | 89.33 | 104.82 | 134.63 | 250.23 | 240.01 | 279.16 | 246.38
AT (K) 0.26 1.56 1.23 1.49 6.59 7.54 7.32 9.4 8.83

Results obtained for the triangular groove are presented
in Table 6. They exhibit similar behavior with those
obtained for rectangular groove. On the whole, the

capillary heat transfer performance of the triangular
grooves is less than the rectangular ones and they are
disadvantageous in terms of mass also.

Table 6. The predictions for triangular grooves

Casel | Case2 | Case 3| Case4 | Case5 | Case 6 | Case 7 | Case 8 | Case 9 | Case 10

Width of a groove(mm) | 0.30 1.10 1.20 1.20 1.30 1.40 1.60 1.90 2.00 2.10

Depth of a groove (mm) | 1.60 1.60 1.60 1.70 1.70 1.70 1.70 1.90 2.00 2.20
g(°) 10.71 | 37.94 | 41.11 | 38.88 | 41.85 | 44.76 | 50.40 | 46.11 | 53.13 | 51.03

Number of groove 54 18 16 16 15 14 12 9 9 8

AP max (Pa) 151.65 | 39.29 | 35.66 | 35.91 | 32.83 | 30.18 | 25.84 | 22.08 | 20.44 | 19.64

Feomp.net (KN) 0.23 0.86 0.94 0.99 1.08 1.16 1.33 2.04 1.95 2.25
Fyield,shear (KN) 1.30 | 16.09 | 19.10 | 19.10 | 22.37 | 25.89 | 33.72 | 47.39 | 52.46 | 57.79
Total mass (g/m) 200.34 | 194.32 | 195.32 | 199.17 | 198.64 | 198.46 | 199.17 | 220.68 | 212.20 | 221.37
Qmax (W) 28.43 | 98.27 | 99.91 | 107.26 | 113.02 | 117.04 | 119.79 | 137.78 | 137.09 | 135.61

AT (K) 0.39 3.40 3.83 414 | 4.63 5.10 6.01 9.16 9.07 | 10.06

In Table 7, the predictions obtained for the trapezoidal
grooves are presented. When the width and the depth are
kept small ( ~0.1 - 0.2 mm), increasing the wall angle
results in a decrease in the capillary heat transfer limit
(see cases 1-3). Whereas when the depth is increased
keeping width constant, the angle increase results in an
increment of the capillary heat transfer limit. This is due
to the fact that the volume for a single groove is

increased and more grooves can be manufactured within
the allowable space. On the other hand, when large
widths are attempted, although the capillary heat transfer
limit increases the temperature difference criterion
between the evaporator and the condenser is violated
(case 10). The best groove configuration is obtained in
Case 5 having 85° for which the capillary heat transfer
limit is 382.02 W.

Table 7. The predictions trapezoidal grooves

Case 1| Case 2| Case 3| Case 4 [ Case 5| Case 6 | Case 7| Case 8 [ Case 9 | Case 10
0(°) 30 75 75 85 85 85 86 87 85 85
Width of a groove (mm) | 0.10 | 0.10 | 0.20 | 0.20 | 0.30 | 0.30 | 0.30 | 0.30 | 0.40 1.10
Depth of a groove(mm) | 0.20 | 0.20 | 1.10 | 1.70 | 2.00 | 2.10 | 210 | 2.60 | 2.20 1.60
Number of groove 35 102 35 53 41 37 45 39 18 18




AP max (P2) 456.96 | 456.96 | 228.48 | 228.48 | 152.32 [ 152.32 | 152.32 | 152.32 | 114.24 | 41.54
Feomp,net (KN) 009 | 003 | 053 | 058 | 093 | 099 | 091 | 111 | 1.27 1.93
Fyietd shear (KN) 0.17 | 017 | 061 | 061 | 1.30 | 1.30 | 1.30 | 1.30 | 2.24 16.09

Total mass (g/m) 121.15]121.13 | 155.81 | 167.60 | 168.41 | 176.43 | 166.73 | 185.85| 210.96 | 152.78

Qmax (W) 11.34 | 7.95 |[288.20 | 301.93 | 382.02 | 375.55| 369.12 | 324.89 | 265.94 | 404.76

AT (K) 0.19 | 0.05 | 569 | 533 | 9119 | 913 | 9.27 | 8.63 | 9.66 17.00

The final set of results to be presented within the scope
of this paper is of re-entrant type (Table 8). As expected,
combination of small widths with large diameters yields
to high heat transfer limit. However, after a certain point,
selecting large diameters leads to high compressive
forces, which in turn leads to manufacturing difficulties
(Cases 1-4). Furthermore, one would expect that
increasing the depth while keeping the width and
diameter constant results in increasing heat transport
capacity (Cases 1-4) as observed for rectangular grooves
(Table 5) . However, this trend is not necessarily true for

re-entrant grooves as seen in Cases 5-8. The explanation
of this phenomenon lies in the fact that hydraulic radius
is directly proportional with depth for rectangular groves
but indirectly proportional with depth for re-entrant
grooves which effects Poiseuille number (see appendix),
wick area and therefore heat transfer capacity. When
width is equal to 0.3 mm, the best capillary heat transfer
limit is achieved (case 5). Increasing the width after this
point, the heat removal performance starts to decrease.
Moreover, higher widths (=>1.1 mm) violate the
temperature difference criterion (Case 10).

Table 8. The predictions for re-entrant grooves

Case 1 | Case | Case | Case | Case | Case | Case | Case | caseg | Case
Diameter of the groove (mm) 0.40 0:10 O.ESO O.éO 1.2)0 1.60 1.-(’30 1.2)0 1.00 14. IO
Width of a groove (mm) 0.10 | 010 | 0.20 | 0.20 | 0.30 | 0.30 | 0.30 | 0.40 | 0.40 0.30
Depth of a groove (mm) 0.40 | 080 | 0.80 | 1.30 | 1.00 | 1.10 | 2.40 | 1.00 2.00 1.10
Number of groove 61 61 32 32 26 26 26 26 26 23
AP max (Pa) 456.96 | 456.96 | 228.48 [ 228.48 | 152.32 | 152.32 [ 152.32 | 114.24 | 114.24 | 152.32
Feomp.net (KN) 0.12 | 0.16 | 049 | 059 | 0.77 | 0.80 | 1.18 | 0.77 1.16 0.93
Fyield,shear (KN) 0.17 | 017 | 061 | 0.61 | 1.30 | 1.30 | 1.30 | 224 | 2.24 1.30
Total mass (g/m) 127.92 | 153.35(140.82 | 168.49 | 145.94 | 151.18 | 203.87 | 145.77 | 185.10 | 149.83
Qmax (W) 74.03 | 77.26 |307.03 {309.40|401.17 | 398.41 | 348.09 | 318.13 | 331.86 | 498.21
AT (K) 080 | 089 | 6.11 | 6.47 | 9.82 | 9.84 | 9.60 | 7.87 9.01 | 13.64

In Fig. 10, maximum heat transfer capacities obtained
for each groove type is plotted with respect to
temperature. It is seen that re-entrant groove type
exhibits the best performance throughout the entire
temperature range. Moreover, highest heat transfer
capacities for all groove types are obtained in the range
of 280-290 K. This due to the fact that the liquid
transport factor (LTF) of ammonia defined in (Brennan
et al., 1979) is highest in this range.
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Figure 10. The predicted maximum heat transport capacities
for different operating temperatures

CONCLUSIONS

In this paper, a mathematical model for the computation
of maximum heat transfer capability of grooved HPs was
presented. The model embodies the pressure drops in
liquid and vapor phases as well as the manufacturing




limitations imposed by the current state of the art of
extrusion technology. The model was implemented to an
algorithm and its predictive performance was
demonstrated on different groove geometries. The
conclusions drawn at the end of this study are as follows:

o For small widths ( ~0.1 - 0.2 mm.), when the depths are
higher ( 17-20 times of the width for rectangular
grooves, 6-8 times of the width for trapezoidal and re-
entrant grooves), compressive forces on the rims of the
die approaches to yield shear forces which imposes
manufacturing difficulties.

o If the number of grooves increases while the width and
depth of the groove remains same, the capillary heat
transfer limit increases, but as a drawback, the
temperature difference between evaporator and
condenser also increases.

e For a specific allowable space and working
temperature, the best HPs performance is achieved by
the re-entrant type grooved HP.

e Among the groove configurations examined in this
study, rectangular grooves leads to lightest heat pipes
(mass) for a specific allowable space which makes this
groove type a viable choice for mass sensitive
applications.

e Triangular grooves leads to heat pipes with worst
performance for all configurations since it has the
highest mass and the least heat transport performance.

APPENDIX

Isosceles triangular groove
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5 5
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Trapezoidal groove
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In this paper, an algorithm for the computation of maximum heat transport for grooved heat pipes was
presented. The algorithm embodies not only the thermal mathematical model and the container con-
straint but also the manufacturing limitations imposed by the current state of the art of extrusion and
electrical discharge machining technology. The algorithm was implemented to a computer code and its
predictive performance was demonstrated for varying groove parameters such as shape, width, depth,

angle, diameter with different working fluids and at different operating temperatures. The heat pipes
with optimized performances were then used in the analysis of a heat removal problem that may be
encountered in telecommunication satellites.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Having the ability to transport relatively large amounts of heat
through a small cross section, requiring a small temperature differ-
ence between its two terminals, not requiring an extra device to
pump the fluid inside and being able to work even in a non-
gravitational medium, make heat pipes (HPs) an effective tool for
heat removal in space applications.

HPs consist of three elements; container, working fluid and
wick structure. Among different types of wick structures (groove,
sintered and mesh) characterizing the heat pipes, grooved heat
pipes are favored when the transportation of heat along relatively
large distances is point of interest. Although this type of groove
produces low capillary pumping (typically less than 100 Pa), flow
resistance is so low (due to relatively large pore sizes) that the heat
transport capacity turns out to be superior.

* Corresponding author.
E-mail address: cemomur83@gmail.com (C. Omiir).

http://dx.doi.org/10.1016/j.applthermaleng.2017.07.178
1359-4311/© 2017 Elsevier Ltd. All rights reserved.

The realizable heat transport capacity of axially grooved HPs is
mainly dictated by the fabrication stages which were addressed in
a very limited number of studies [1-5] until now. Extrusion is the
process employed for the fabrication of axially grooved HPs from
aluminum alloys which is used as container material for space
applications due to its light-weight, high strength, thermal conduc-
tivity and compatibility with ammonia. Edelstein and Kosson [1]
investigated the heat transport performance of a HP with reentrant
grooves and stated that the groove geometry features (such as the
number of grooves, groove diameter, groove opening, pipe diame-
ter and wall thickness) should be adjusted with respect to manu-
facturing constraints in order to have better performance.
However, these outcomes were only at recommendation level
without describing a methodology. On the other hand, Brennan
and Kroliczek [2] stated that the extrusion process sets the limits
of the parameters such as the groove width and depth and the
maximum groove depth should be limited to twice the groove
width for a successful manufacturing. Recently, Omiir et al. [5]
investigated the effect of extrusion limitations on heat pipe design
and reported that extrusion limitations should be incorporated


http://crossmark.crossref.org/dialog/?doi=10.1016/j.applthermaleng.2017.07.178&domain=pdf
http://dx.doi.org/10.1016/j.applthermaleng.2017.07.178
mailto:cemomur83@gmail.com
http://dx.doi.org/10.1016/j.applthermaleng.2017.07.178
http://www.sciencedirect.com/science/journal/13594311
http://www.elsevier.com/locate/apthermeng

C. Omiir et al./ Applied Thermal Engineering 126 (2017) 436-446 437

into the design phase. They have shown that heat pipes having
groove depth to width ratios of 5 can still be manufactured and
transport maximum heat. However, extrusion constraint alone is
still not sufficient for governing all the manufacturing phases.
Electrical Discharge Machining (EDM) phase of the manufacturing
which is utilized for the production of the dies to be used in the
extrusion process, dictates the maximum groove number that
can be manufactured in a given heat pipe diameter and its effect
was not studied until now.

Optimum heat pipe for space applications should possess min-
imum mass with maximum heat transport capacity in a fixed
allowable space (i.e. fixed diameter and length). The first key ele-
ment of high heat transport is the selection of the most effective
working fluid which must be compatible with the container mate-
rial which was subject to numerous studies. In spite of being a haz-
ardous, toxic and high-pressure working fluid, ammonia appears to
be the best option to be used with aluminum alloys due to its com-
patibility and high liquid transport factor [2]. However, a HP using
ammonia as working fluid must have enough container wall thick-
ness to withstand high saturation pressure of ammonia which
results in additional unit mass [6]. Since a telecommunication
satellite can require more than a hundred heat pipes 7], other flu-
ids like acetone which is also compatible with aluminum alloys
and does not necessitate large wall thickness due to relatively
low saturation pressure might also be considered.

Second key element for high heat transport is to have optimum
groove dimensions. However, the thermal resistance of the groove
structure which contributes to the temperature drop between the
two ends of the HP (i.e. evaporator and condenser) should also be
considered while designing groove dimensions. In most applica-
tions, thermal design of the spacecraft dictates a certain tempera-
ture drop between evaporator and condenser and this value must
not be exceeded. There are several theoretical and experimental
optimization studies on grooved heat pipes considering the maxi-
mum heat transport capacity with respect to groove shapes i.e.
rectangular [8], reentrant [9-11], trapezoidal [12-14]. Among
these, only a few of them [10,12] address the optimal design of a
heat pipe while considering both the heat transport capability
and the temperature drop. In one of these studies, Do et al. [8] only
considered the heat transport capability while optimizing width
and height of a rectangular grooved copper/water HP. It has been
found that the optimum groove depth to width ratio should be
around 3.65 at the working temperature of 90 °C. Kim et al. [12]
proposed a model for the thermal optimization of a HP with trape-
zoidal grooves with respect to the width and the groove depth.
However, their approach did not include the manufacturing con-
straints preventing the optimization of wall thickness, groove fin
thickness, groove number which has significant effect on heat
transport performance. Furthermore, the optimized groove width
and depth were not analyzed from a manufacturing perspective.
In other words, the question whether they can be manufactured
or not was not answered. On the other hand, Arab et al. [14] devel-
oped a modified mathematical model based on semi-analytical
hydraulic approach to investigate the effect of thermo-physical
properties of the working fluid on HP thermal resistance for trape-
zoidal micro-grooved HPs. Although five common working fluids
were extensively analyzed in terms of thermal resistance, neither
manufacturing constraints nor groove optimization were included
in the scope of their study. Similarly, Solomon et al. [15] proposed
an analytical expression to estimate the thermal conductivity of a
heat pipe and validated it with experimental results. It has been
shown that the thermal conductivity of a copper/water HP is
increasing with the increase of heat input. But once again, manu-
facturing constraints and optimization of groove parameters were
not taken into account. Unlike these studies, Zhang et al. [11]

studied a model for the investigation of the effect of the structural
parameters on HPs with reentrant grooves. The model was used for
the optimization of the heat transport capability and total thermal
resistance. In this model, groove parameters (width, diameter, slot
height), vapor core diameter and number of grooves were selected
as optimization parameters. However, according to the authors of
the present study, this approach is misleading since a true opti-
mization process should have been based on the outer diameter
(i.e. allowable space) and operating temperature of the HP while
taking into account container thickness and manufacturing con-
straints. Moreover, in all of the aforementioned studies, each
groove shape was studied independently which does not allow
researchers to make a performance comparison among different
groove shapes.

The objective of this study is to present a novel global mathe-
matical model which embodies not only thermal and container
(mechanical) constraints but also the manufacturing limitations
imposed by the state of the art extrusion and EDM technologies.
This approach enables the design of an optimum HP with maxi-
mum heat transport capacity that can be manufactured with the
least amount of iterations in the workshop. To the best of authors’
knowledge, such a global model has not been available in the liter-
ature until this study.

This paper is organized as follows: first the performance of HPs
for varying groove parameters such as shape, width, depth, angle,
diameter with different working fluids and at different operating
temperatures are presented. Then, the obtained results are applied
to a heat removal problem that may be encountered in a typical
telecommunication satellite to demonstrate the significance of
mass optimization.

2. Mathematical modelling

The global mathematical model developed in this study is based
on the computation of maximum heat transfer capability by taking
into account limitations due to

i. Capillary pumping and temperature drop between evapora-
tor and condenser (thermal mathematical model)
ii. Manufacturing constraints
iii. Container design constraints

2.1. Capillary limit and temperature drop between evaporator and
condenser: Thermal mathematical model

The most widely used axially groove shapes found in HPs are
shown in Fig. 1, where D, is the outer diameter of a heat pipe, D;
is the internal diameter (D, minus container wall thicknesses), D,
is the vapor core diameter where only vapor flow (D; minus groove
depths), w is the groove width and ¢ is the groove depth. For the
trapezoidal and triangular grooves, @ represents groove angle
whereas for the re-entrant groove type, d and H represent the
groove radius and slot height respectively.

Although some complex steady state thermal mathematical
models have been developed [16,17], reduced 1-D HP models
[2,5,18-20] are continued to be used for the design of heat pipes.
These models, in spite of being simplified, fit well with experimen-
tal data, particularly for axially-grooved HPs, due to their well-
determined geometries. In order to calculate the maximum heat
transport of a HP at 0-g condition, the below expression is derived
by the concepts found in [5,18-20]

20
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Fig. 1. Different types of groove shapes and their characteristic dimensions.

where ¢ is the liquid surface tension, ry is the effective capillary
radius, y, is the absolute viscosity of liquid,p, is the liquid den-
sity,A, is the cross sectional area of the groove, ry, is the hydraulic
radius of the liquid flow passage, Leff is the effective length of the
heat pipe [18], 1 is latent heat of vaporization, f, is the friction fac-
tor of the vapor, Re, is the Reynolds number of vapor, u, is the abso-
lute viscosity of vapor, ry, , is the hydraulic radius of the vapor space,
A, is the cross sectional area of the vapor, p, is the vapor density,
Qmax, is the maximum heat removal capacity of the heat pipe,
fRe is the product of Reynolds number and the friction factor which
is called as Poiseuille Number. In the present investigation, for
isosceles triangular, rectangular and trapezoidal passages (groove
shapes); the data suggested by Shah [21] will be used, whereas
for the re-entrant (Q) groove, the results of Thomas and Damle
[10] will be utilized for the calculation of liquid phase Poiseuille
Number. For vapor phase Poiseuille Number on the other hand,
the empirical results of Kraus and Bar-Cohen [18] will be used.

Once the Quux is calculated, temperature drop between the
evaporator and the condenser is calculated by using resistance net-
work analogy [18]. A heat pipe can be represented with the net-
work of resistances that can be expressed as

Rtot = Rp.e + Rp.c + Rw.e + Rw,c (2)

where R, and R, are the radial resistances of the pipe wall at the
evaporator and the condenser respectively, whereas Ry and Ryy
are the resistances of the liquid-wick combination at the evaporator
and the condenser, respectively.

The radial resistance at the pipe wall can be calculated by
applying Fourier’'s law as

_ In(D,/D;)

Rpe = 27Lok, (3)
_In(D,/D;)

Roc = 27Lck, @)

For the evaluation of the liquid-wick combination resistance, an
experimentally obtained film coefficients, accounts for the conduc-
tance through the liquid-wick combination at evaporator and the
condenser sections suggested by Kamotani [22] are utilized. As a
result, the liquid-wick combination resistances can be expressed
by

0.0701 + ,j"—é
[ v

Ruve = NkL,

(3)

0.0221 + %”7
I

Ruve = NkL,

(6)
where k; is the liquid thermal conductivity, k, is the wall thermal
conductivity, ¢ is the groove depth, ¢ is the average fin thickness,
L. and L. are the lengths of the condenser and evaporator, respec-
tively. Applying Ohm'’s law, the temperature drop between evapora-
tor and condenser can be found by the following expression

AT = QmaxRtot (7)

For the validation of the thermal mathematical part of the glo-
bal model described above, its predictions are compared with the
experimental results of Chen et al. [9] for re-entrant grooved HP
and Schlitt et al. [23] for trapezoidal grooved HP. The geometric
parameters describing the heat pipes and the experimental condi-
tions are given in Table 1.

The predictions of the code for maximum heat transfer capacity
and temperature drop between the evaporator and the condenser
are presented in Fig. 2(a) and (b), respectively. It can be seen that
the predictions of the present thermal mathematical part agree
well with the measurements which puts confidence in the thermal
mathematical model used in the present study.

Table 1
Geometric parameters of grooved heat pipes in the studies of Chen et al. [9] and
Schlitt et al. [23].

Re-entrant [8] Trapezoidal [18]

Working fluid Ammonia Ammonia
Container material Al 6063 Al 6063
Evaporator section length (m) 0.10 0.19
Adiabatic section length (m) 0.09 0.44
Condenser section length (m) 0.10 0.29
External diameter (mm) 4.5 15.9
Diameter of a groove (mm) 0.36 -

Angle of a groove (@) (°) - 88
Width of a groove (mm) 0.12 0.61
Depth of a groove (mm) 0.54 1.02
Number of groove 16 27
Adverse tilt angle (°) 0 0
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Fig. 2. Comparison of the predictions with experimental data: (a) Maximum heat transport as a function of temperature; (b) temperature drop along the heat pipe versus

heat load at an operation temperature of 250 K.

2.2. Manufacturing constraints

The manufacturing limitations are due to two different factors
which will be explained in depth below.

2.2.1. Extrusion constraints
Extrusion is the process employed for the manufacturing of axi-
ally groove heat pipes. It utilizes a plastic deformation process in

Billet flow

Billet

which a block of metal (billet) is forced to flow by compression
through the die opening which has a smaller cross-sectional area
than that of the original billet (see Fig. 3).

In Fig. 4, a typical die assembly used for the manufacturing of a
re-reentrant grooved heat pipe is shown in which the billet is
hided. The critical part of the die is an insert (shown with the green
color) which forms required D; and groove shapes of a heat pipe. As
billet flows through rims of the insert, the grooves of a heat pipe

Die Extruded heat pipe

with flanges

Fig. 3. Extrusion process.

Billet flow

Billet forces

Fig. 4. A die assembly and its insert.
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are formed. In order to form such narrow grooves, the rims of the
insert should be able to withstand high forces (shown by the red
arrows) during an extrusion process. If the neck of an insert is
too narrow, the force applied during the extrusion may break the
neck which inhibits the process.

In Fig. 5, a single rim of the insert is demonstrated. As it can be
seen, the rim is thick at the beginning (with respect to flow direc-
tion) and stays constant for a section and it gets thinner towards to
the end of the die.

If a section view (in the direction of flow) is taken from the nar-
rowest part of a rim, it looks like a triangle shown in Fig. 6. If the
tensile strength of the die is not high enough to withstand shear
forces created at this triangular area of the rim, the rim will be torn
from this section. The analysis is based on the fact that for a suc-
cessful extrusion process the following expression must be
satisfied

Fyit < Fyietd shear (8)

where Fy;is the force resulting from the normal pressure to front
face (Q) of the rim (shaded with black lines) and Fyieiq sheoris the yield
shear force of the rim which can be expressed as

F yield shear = O'tsAsec (9)

where o is the tensile stress of the die material and A is the sec-
tional area where the shear stress is applied (shaded by yellow and
green). As can be seen in the Fig. 4, A can be found by adding the
triangle area to the rectangle area which can be expressed as;

Asec :WTh-s—wc (10)
where w is the width of the neck (at the same time the groove
width), c is the length of the rim where the thickness is not changed,
h is length of the rim where the thickness is changing. In most of the
die designs, there is 1 degree inclination [24] after the constant
thickness portion. h can be computed by determining the point
where the edges of the triangle intersect,

w
h:2tan(1°) (I
To findFyy, Eq. (12) is used,
Fbil = Aﬁ'ontsppress (12)

where Ap,n; is the area where billet forces are applied, S is the safety
factor which is at most 1.5 [24] to find maximum extrusion load,
Pyress is the compressive pressure applied by the ram.
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Fig. 7. Formation of rims during an EDM process.

As can be clearly seen from above equations, the change of the
width of the neck affects Apon: and Age. therefore the allowable
forces on the rim.

2.2.2. Electrical discharge machining (EDM) constraints

Extrusion dies are usually machined by wire cutting using a
process called EDM. EDM uses a metallic wire (electrode) to
shape the piece being processed. Each discharge creates a crater
and at the end of the process the rims of the die are formed.
The creation of the craters depends on the diameter of the wire
and the precision of the EDM machine. Fig. 7 shows the formation
of rims on the insert by EDM process. The wire proceeds along
the contour to carve the solid to produce the desired insert
geometry.

In order to increase the number of grooves in a specific internal
diameter, D; (see Fig. 1), (which increases the heat transport perfor-
mance of a heat pipe), the fin thickness t; needs to be manufactured
as thin as possible. To manufacture thinner t;, the wire diameter of
the EDM should be selected accordingly so that the wire can move
between two successive grooves of the insert.

The wire diameter of EDM depends on factors such as corner
radii, slot width, thin-wall details and complexity of the geometry.
Standard EDM wire is 0.25 mm [25] in diameter but there are
micro wires ranging from 0.15 mm to 0.020 mm. The biggest dis-
advantage induced by small wire diameters is the fact that they
are limited in terms of cutting depth. For instance, using a
0.15 mm wire on a 22 mm-thick part can result in an accuracy of
+0.002 mm while a 0.075 mm wire can produce the same accuracy
on a 6 mm part only. Since the thickness of the part to be processed
for the scope of this study changes between 10 mm and 20 mm, it
can be deduced that it is safe not to use wires having diameter less
than 0.15 mm.

Once the EDM wire selected, t;min can be obtained as diameter
of the wire plus the accuracy of EDM process. Then the maximum
number of grooves, N, that can be manufactured for re-entrant
types is calculated using

(Di — d)ﬂ

N=_ 9"
(tf,min + d)

(13)

whereas for rectangular and triangular grooved heat pipes, N can be
calculated by

D,m
N—_ ot 14
(tfmin + W) 19

and finally for trapezoidal grooved heat pipe, N can be calculated
from the following expression

D

N=— %
(ff,mfn W+ tazn%)

(15)

2.3. Container design constraints

The internal pressure of a heat pipe varies with respect to its
operation temperature, T, (i.e. saturation pressure of the working
fluid at T,). That means, once the maximum performance temper-
ature (MPT) of a heat pipe (which is the maximum expected tem-
perature for a heat pipe) is defined, the maximum allowable
pressure (MAP) is also defined automatically.

In order to verify pressure containment integrity of a heat pipe,
proof test and burst test should be performed as specified in ECSS-
E-ST-32-02 [26]. In order to pass these tests, the standard specifies
the maximum design pressure (MDP) for a heat pipe should be
greater than or equal to 2.5 times the MAP. In the present study,
MDP is taken as 2.5 times the MAP.

The ASME standard for unfired pressure vessels [27] specifies
that the maximum allowable stress inside a vessel at any temper-
ature should be one-quarter of the material’s ultimate tensile
strength (UTS) at that temperature. This criterion is used to calcu-
late the ratio of outer to inner diameter (D, /D;) (and therefore the
thickness of the container) of the container by utilizing the MDP vs
(D, /D) curves available in the literature [2,27]. From this, the inner
diameter D; can easily be calculated since the objective of this
study is to calculate the maximum heat transport capacity of a heat
pipe for a specified allowable volume (D, and L are fixed).

3. The implementation of the global model into an algorithm

The implementation of the components of the global model into
an algorithm is shown in Fig. 8. The structure of the algorithm is
designed to compute maximum heat transport of a heat pipe for
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Fig. 8. Flowchart to determine maximum heat transport capacity.

a given outer diameter and length. The steps of the algorithm can
be summarized as follows:

(1). Define or select

a. outer diameter of the heat pipe,

b. evaporator and condenser lengths,

c. container material,

d. working fluid,

e. operation temperature,
f. criterion for temperature difference between evaporator
and condenser

(2). Assign the fluid properties according to the operation tem-
perature, T,

. Calculate MDP and D; (see Section 2.3).

. Select a groove shape (e.g., trapezoidal, rectangular or reen-
trant) and set groove width and depth to 0.1 mm.

. Check whether extrusion criterion is met or not (Eq. (8)). If
not met, increase width by 0.1 mm and check again (using
increments less than 0.1 mm for width is meaningless due
to the positioning tolerance imposed by the extrusion tech-
nology) .

. If extrusion criterion is fulfilled, calculate the number of
grooves by applying EDM constraint (Eq. 13-15).

(7). Calculate Qmayx,i (EQ. (1)).

(8). Check whether the criterion for temperature difference (Eq.
(7)) is met. If not met, return to step (5), set depth to 0.1 mm
and increase width by 0.1 mm.

(9). If the temperature difference criterion is fulfilled, store
Qmax,i» increase depth by 0.1 mm and return to step (5).

(10). When all width and depth combinations are swept, assign

the largest Qmaxi @S Qmax-

4. Results and discussion

The algorithm described above was used for the computation of
maximum heat transport capacity of HPs with 10, 15, 20 mm
diameter at operating temperatures range of —20 to 80 °C which
are typical HP sizes and expected operating temperature range in
satellite applications, respectively. Temperature drop criterion
was taken as AT =10°C. The container material was selected as
6063-T6 aluminum alloy and ammonia and acetone were selected
as working fluids which are both compatible with this material.
The evaporator, adiabatic, condenser lengths were taken as 200,
800, 500 mm respectively. DIN 2344 tool steel having a tensile
strength of 900 N/mm? at 500 C° was chosen for the die material
of extrusion process. Standard EDM wire (0.25 mm in diameter)
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was assumed to be utilized for EDM machining which resulted
in tgmin = 0.275 mm. The press pressure during the extrusion was
taken to be 650 N/mmZ.

The presentation of results is organized as follows; First, the
maximum heat transport capacity and mass of the heat pipes for
different diameters and at different operating temperatures will
be given for ammonia and acetone. Then the analysis further
progressed by examining the optimum characteristic groove
dimensions such as width, depth, slot height and groove diameter.

The combinations yielding best heat transport capacities are then
used in the solution of a heat removal problem with varying load
cases in a typical telecommunication satellite.

Figs. 9-11 show the maximum heat transport capacity and
mass predictions. When the operation temperature is 80 °C
(Fig. 9), at the lower end of the diameter range (D, = 10 mm), it
is seen that the heat transport performance of acetone filled HPs
(AcHPs) have the best performance for all groove shapes. This
means that for diameters up to 10 mm, acetone should be utilized
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as working fluid. With the increasing diameter, heat transport
performance of ammonia filled HPs (AmHPs) improve and
D, =20 mm, AmHPs are superior for all groove shapes. From the
mass perspective, although the acetone has higher liquid density,
AcHPs always less mass than the AmHPs for all combinations. This
stems from the requirement of thicker container walls of AmHPs.
For operation temperature of 30 °C (Fig. 10), it is seen that heat
transport performance of AmHPs for all diameters are superior to
AcHPs but with a mass penalty. Results obtained for —20 °C
(Fig. 11) exhibit very similar behavior to those of 30 °C, but in this
case the superiority of AmHPs in terms of heat transport capacity is
much more apparent. This is due to the fact that the liquid trans-
port factor of ammonia increases with decreasing temperature
while that of the acetone remains nearly the same.

In Figs. 12-14, the optimum groove depth and width combina-
tions yielding the maximum heat transport for all groove shapes
are demonstrated. It is seen that the smallest groove width that
can be obtained is 0.2 mm (for reentrant shape) due the extrusion
constraint (Section 2.2.1) and groove width should be less than
1.1 mm. This is due to the fact that after this point the capillary
pumping is so low that it cannot lead to the maximum heat trans-
port. When the groove depth to width ratio is analyzed, it is seen
that it ranges from 1.9 to 7.3 for AmHPs and 1.3-5.3 for AcHPs.
These ratios are not inline with the conservative findings reported
by Brennan and Kroliczek [7] that d/w should be less than 2. This
may probably be attributed to the state-of-the art of the extrusion
technology at the time their study was published.

Having examined groove width and depth, the optimum groove
angle for trapezoidal grooves and optimum groove diameter of
reentrant grooves are depicted in Fig. 15. As it can be seen, the
optimum groove angle lies in the range 49° to 84°. Moreover, it
is concluded that irrespective of HP diameter and working fluid,
groove diameter should be in the range of 0.8-1.2 mm for maxi-
mum heat transport.

Results presented so far are summarized in Table 2 in order to
help the reader effortlessly see the groove shape yielding best heat
transport performance for a specific diameter and operating tem-
perature. As it can be seen for AcHPs, trapezoidal groove shape
results in best performance whereas for AmHPs, different groove
shapes might yield to best performance depending on the param-
eters being varied.

Since heat removal requirements in a typical telecommunica-
tion satellite can reach up to 10 kW, a significant number of heat
pipes have to be utilized in order to perform this task which results
in a considerable amount of mass. Hence, not only the heat pipe
with best heat transport but also with optimum mass should be
selected. In Table 3, the number of HPs (N) used (having a length
of 1.15 meter each) and resulting total mass necessary for removal
of 2.5 kW, 5 kW, 10 kW are presented for different HP diameters
and operating temperatures. It should be noted that HPs used for
this analysis are the ones yielding the best heat transport with
the groove shapes given in Table 2. If the mass predictions at
80 °C are examined, it can be seen that the solution with AcHPs
has always less mass for all outer diameter range. But the
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Table 2
The groove shapes yielding best heat transport performances.
D, (mm) Ammonia Acetone
80°C 30°C —-20°C 80°C 30°C —20°C
10 Reentrant Reentrant Reentrant Trapezoidal
15 Reentrant Reentrant Reentrant
20 Reentrant Trapezoidal Trapezoidal
Table 3
The number of HPs used and resulting total masses.
AmHPs AcHPs
2.5 kW 5 kW 10 kW 2.5 kW 5 kw 10 kW
N Mass (kg) N Mass (kg) N Mass (kg) N Mass (kg) N Mass (kg) N Mass (kg)
To=80°C 10 mm 44 4.94 33 9.88 175 19.65 26 2.14 51 4.20 101 8.31
15 mm 13 3.20 16 6.15 49 12.05 16 2.39 31 4.63 61 9.11
20 mm 9 3.70 18 7.40 35 14.39 11 245 22 4.89 44 9.79
To=30°C 10 mm 17 1.93 33 3.75 66 7.50 28 215 56 431 112 8.62
15 mm 8 1.92 16 3.84 32 7.67 15 2.53 29 4.89 57 9.62
20 mm 6 2.62 11 4.80 22 9.60 11 2.28 22 4.57 43 8.92
To=-20°C 10 mm 10 1.15 20 2.29 40 4.59 58 3.64 116 7.28 232 14.57
15 mm 6 141 12 2.82 23 5.41 19 2.59 38 5.19 75 10.24
20 mm 4 1.73 8 3.46 16 6.91 12 2.78 24 5.57 47 10.90
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drawback is the need for higher number of HPs for the same heat
removal. This means that, if the panel on which the heat pipes
are mounted have enough surface area, AcHPs should be selected
which leads to a mass advantage of up to 57.7% with respect to
AmHPs. For the operation temperature of 30 °C and diameters of
10 mm and 15 mm, solution with AmHPs has the mass advantage,
whereas for 20 mm diameter case, AcHPs turn out to be lighter
solution. Finally, the predictions at —20 °C shows that the AmHPs
solution has much less mass than that with AcHPs for all D,
options.

5. Conclusion

In this paper, an algorithm for the computation of maximum
heat transport for grooved heat pipes was presented. The algo-
rithm embodies not only the thermal mathematical model and
the container constraint but also the manufacturing limitations
imposed by the current state of the art of extrusion and EDM tech-
nology. The algorithm was implemented to a computer code and
its predictive performance was demonstrated on different groove
(rectangular, trapezoidal and reentrant) shapes.

Groove optimization yielding the maximum heat transport
capacity based on all constraints was performed at different oper-
ating temperatures with acetone or ammonia as selected as the
working fluid. The conclusions drawn at the end of this study are
as follows:

e At operation temperature of 80 °C, AcHPs have the best heat
transport performance for 10mm outer diameter. When diame-
ter increases, AmHPs are favored in terms of heat transport.

o For the temperature range of 30 °C to —20 °C, AmHPs show bet-
ter heat transport performance for all outer diameter range

e For the AcHPs, trapezoidal groove shape always leads to the
best heat transport performance

e For the AmHPs, reentrant groove shape leads to the best heat
transport performance for 10 mm and 15 mm diameters at all
operation temperatures. However, for HPs having 20 mm outer
diameter, trapezoidal groove takes the lead at 30 °C and —20 °C
whereas the reentrant is superior at 80 °C.

e The AcHPs always have less mass than AmHPs.

e It is seen that the smallest groove width that can be manufac-
tured is 0.2 mm due the extrusion constraint and the largest
groove depth can be less than or equal to 1.1 mm. The groove
depth to width ratio ranges from 1.9 to 7.3 for AmHPs and
1.3-5.3 for AcHPs.

e For maximum heat transport, the groove angle for trapezoidal
grooves should be in the range 50°-85°.

e In order to have the maximum heat transport with reentrant
grooves, groove diameter should always be between 0.8 and
1.2 mm, irrespective of HP diameter and working fluid.

e For heat removal problem encountered in telecommunication
satellites, at operation temperature of 80 °C, the solution with
AcHPs results in less mass when compared to that with AmHPs.
With decreasing operation temperature, solutions with AcHPs
start to lose their mass advantage and at operation temperature
of —20 °C, AmHPs solution has much less mass than that with
AcHPs for all diameters.
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Abstract: In this study, the application of VAR system to an industrial company is investigated. For this purpose, the
company which requires an air-conditioning system to its office building was chosen. After determining this company
had an industrial furnace, this research aimed to design the VAR system utilizing waste heat from this furnace flue
gases to air-condition the office building. Firstly, the physical properties and heat quantity of the flue gases were
determined and the cooling load of the office building was calculated. It was found out that the flue gases had enough
heat capacity to drive the VAR system. Next, single effect VAR system was introduced and the thermodynamic,
energy and exergy analysis were made. The COP of the VAR system is calculated to be 0.64 and the highest exergy
destruction was obtained at the generator which is 37.19kW. Finally, the application of the VAR system to this
industrial company was analyzed in detail. The capital, maintaining and operating costs of the VAR system were
analyzed and compared with alternative systems.

Keywords: Absorption, Water-Lithium bromide solution, Vapor Absorption Refrigeration.

ABSORPSIYONLU SOGUTMA SISTEMININ SANAYIiYE UYGULANMASI

Ozet: Bu calismada, Absorpsiyonlu Sogutma (ABS) sistemin bir sanayi firmasina uygulanmasi incelenmistir. Bu
amagla, ofis binasinda bir klima sistemi ihtiyact olan bir firma segilmistir. Firmada bir endiistriyel firin bulundugu
belirlendikten sonra, ofis binasinin klimalandirilmas: amaciyla bu endiistriyel firmin baca gazindaki atik 1s1 ile tahrik
olan ABS sisteminin tasarlanmasi arastirilmistir. Baglangic¢ olarak, baca gazinin fiziksel 6zellikleri ve ig¢erdigi atik 1s1
miktari tespit edilmis ve ayn1 zamanda ofis binasinin sogutma yiikii hesaplanmigtir. Baca gazinin ABS sistemini tahrik
edebilecek miktarda atik 1siya sahip oldugu bulunmustur. Daha sonra, tek kademeli ABS sistemi izah edilmis ve
termodinamik enerji ve ekserji analizleri yapilmistir. ABS sisteminin Sogutma Tesir Katsayis1 (STK) 0.64 olarak
hesaplanmig ve en biiyiik ekserji ytkiminin 37.19 kW ile kaynaticida meydana geldigi saptanmistir. Son olarak, ABS
sisteminin bu sanayi firmasina uygulanmas: detayl bir sekilde analiz edilmistir. ABS sisteminin yatirim, isletme ve
bakim maliyetleri arastirilmig, alternatif sistemler ile kargilagtirilmgtir.

Anahtar Kelimler: Absorpsiyon, Su-Lityum bromiir eriyigi, Absorpsiyonlu Sogutma Sistemi.

NOMENCLATURE
i Interest rate
a Characteristic dimension associated with time of k Thermal conductivity of tube material, solution
spreading [m] thermal conductivity [W/m K]
A Surface area [m?] 1 Estimated distance that a drop of solution
Cp Specific heat [kl/kg °C] spreads on the tube [m]
COP Coefficient of performance L The unwrapped length of the tube length [=
d Diameter [m] ndo/2] [m]
E Energy [kW] m Mass flow rate [kg/s]
EA  Equivalent annual value n The number of sites at which droplets form; time
EAC Equivalent annual cost period; efficiency
Ex Exergy [kW] Nu  Nusselt number [=h-dy/k]
F Dry area coefficient I Pressure [kPa], present cost
ex Specific exergy [kJ/kg] PT. Prandtl number [p-cy/k]
f Flow ratio q Thermal load [kJ/kg]
g Gravitational acceleration [m/s?] Q Heat transfer [kW]
h Enthalpy[kJ/kg], heat transfer coefficient it Radius of the tube [m]
[W/m’K] Re  Reynolds number

h* Modified latent heat of vaporization [kJ/kg] S Fin pitch, entropy [kJ/kg K]
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Thickness [m]

Temperature [°C]

Logarithmic temperature difference [°C]
Overall heat transfer coefficient [W/m? K]
Power [kW]

Lithium bromide concentration

X C kA

Greek symbols

€ Effectiveness

n Exergy efficiency

0 Contact angle at the solution tube interface
V] Dynamic viscosity [Pa s]

p Density [kg/m’]

o Solution surface tension [N/m]
) Specific volume of solution [m*/kg]
Subscripts

AB  Absorber

b Nucleate boiling

c Initial cost, convective

ch Chemical

ci Cold fluid inlet

co Cold fluid outlet

conv Convection

cond Conduction

CO  Condenser

d Developing region

dest  Destruction

e Equivalent

eff Effective

est Estimation

EV  Evaporator

f Fouling, fin

fg The difference between saturated vapor and
liquid
GE  Generator
hi Hot fluid inlet
ho Hot fluid outlet
horiz Horizontal
k Component
1 Liquid
m Mean
o Outer
p Pump
r Refrigerant
ref  Reference environment
rtv  Refrigerant throttle valve
sat Saturation
s Solution
SHE Solution heat exchanger
tot Total
VAR Vapor Absorption Refrigeration
VCR Vapor compression system
VRF Variable refrigerant flow
v Vapor
Wall, wet area
1,2... State points

Reference environment state

50

INTRODUCTION

Because of the limited fossil fuel sources, ever-
increasing energy costs and global warming, people,
especially engineers, have to concentrate on both the
improvements of the efficiency of the existing systems
and the utilization of the waste heat, as well as searching
for new energy sources. However, energy consumption
of developing counties where the economy and industry
grows rapidly increases rapidly. It is claimed that the
crude oil and natural gas sources will depleted in next
50 years. As far as the air conditioning and refrigeration
are concerned, buildings use quite a lot of energy. The
main reason for this is the air conditioning and
refrigeration systems mainly use Vapor Compression
Refrigeration (VCR) Systems and compressing vapor
consumes really a big amount of energy. In cooling
season, the consuming electrical energy can reach peak
and the brownout situations can be encountered. It is
reported that %15 of the generated electricity in whole
world is consumed by mostly these systems. For whole
buildings, it is estimated that %45 of the consumption is
for air-conditioning purposes. The electrical energy
consuming by VCR systems is mostly produced by using
fossil fuels leads to depletion the fossil fuel sources.
Another effect is that the releasing gas during
production the electrical energy causes to increase the
amount of greenhouse gas emissions. Furthermore, some
of the refrigerants using by VCR system as working
fluid such as CFCs, HCFC and HFCs which Montreal
and Kyoto Protocol limits to use contributes to ozone
layer depletion (Choudhury et al.,2010; Kalkan et al.,
2012). Utilizing waste heat from industrial process is an
effective way in respect of energy efficiency, economy
and environment in order to reach sustainable
development. As far as the utilization of the waste heat
is concerned, Vapor Absorption Refrigeration (VAR)
Systems which are devices with the unique capability of
producing cold water/air by using the heat sources
comes front such as tri-generation applications (Law et
al.,2013; Chen et al.,2014). Economical and energy
savings by applying VAR systems driven by heat in
exhaust gas from industrial process was investigated
also. Garimella (2012) investigated the low-grade waste
heat recovery for chilled and hot water generation. Heat
from waste gas from an industrial process which
temperature is 120°C is supplied to drive the system.
They found that annual savings can be achieved up to
$1.2 million in such an application. Balaji and
Ramkumar (2012) studied the waste heat recovery from
steam turbine exhaust for vapor absorption system in
sugar industry.

The VAR system performance has been investigated by
many researchers. The effect of operating parameters on
the system performance for single effect VAR system
was investigated. It was found that the solution heat
exchanger (SHE) had more effects on the investigated
parameters than the refrigerant heat exchanger (RHE)



(Kaynakli and Kilic, 2007). Kilic and Kaynakli (2007)
investigated the second law-based thermodynamic
analysis of water-lithium bromide VAR system. They
analyzed the effect of the temperatures of main system
components on the system performance, the
irreversibilities in the thermal process and the exergy
loss of each component. They found that the increasing
heat source temperature is dominant on the exergetic
efficiency. The exergy analysis of a single effect VAR
system using water-lithium bromide solution is made
(Sencan and Yakut, 2005). According to the researcher,
the condenser and evaporator has less exergy loss than
the generator and absorber because of the heat of mixing
in the solution. Kaynakli et al. (2015) investigated the
energy and exergy analysis of a double effect VAR
system based on different heat sources. Their system
used water/lithium bromide as working fluid pair and
the refrigeration system run on various heat sources such
as hot water, hot air and steam. They concluded that the
exergy destruction was maximized when hot air heat
source was used and minimized by utilizing hot water
heat source.

As can be seen from the literature, the related papers
just focused on energy savings by applying VAR
systems, but not tried to find the effective way to meet
the demands and use energy efficiently. On the other
hand, this paper aims to investigate the utilization of the
waste heat from an industrial company by using the
VAR system for air conditioning purposes and
comparing VAR systems with alternative air
conditioning systems. Additionally, almost all of the
researchers use hot water or steam to drive VAR system
while making exergy analysis. Unlike the literature, the
exergy analysis for the applied VAR system is applied to
show exergy destructions parameters for flue gas fired
VAR system in detail.

VAPOR ABSORPTION REFRIGERATION (VAR)
SYSTEMS

The VAR system which is quite similar to the vapor
compression refrigeration system includes a thermal
compressor which consists of an absorber and a
generator, instead of a conventional compressor which
requires a lot of mechanical energy input. There is no
need for the compressor and its compression and
maintenance costs in VAR systems. Heat input is
enough to operate VAR system except for the small
amount of mechanical energy input to the liquid pump.
This allows VAR system to be used in utilizing the
waste heat and also the solar and geothermal energy
(Horuz, 1998).VAR system, shown schematically in Fig.
1, operates in a cycle. The VAR system basically
consists of an evaporator, a condenser, a generator, an
absorber and a solution heat exchanger. The generator is
driven by a heat source, the evaporator takes heat to
provide refrigeration and the condenser and absorber
release heat to the medium (generally to the ambient
air).
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The VAR cycle uses a refrigerant-absorbent solution
rather than pure refrigerant as the working fluid. The
absorbent acts as a secondary fluid to absorb the
primary fluid which is refrigerant. This study will
concentrate on the VAR system using water-lithium
bromide (LiBr) solutions where water is refrigerant and
water-lithium bromide is absorbent. The refrigerant-
absorbent solution passing through the solution pump is
referred to as a weak solution, being relatively weak in
LiBr. The solution returning from the generator to the
absorber contains only a little more LiBr compared to
the solution being pumped from the absorber to the
generator and is therefore referred to as rich solution
(see Fig.1).
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Figure 1. The schematics of the VAR system

The generator, absorber, evaporator, condenser and
solution heat exchanger are designed by using heat and
mass transfer calculations. The heat transfer capacity of
the main components of VAR system is calculated by as
follows (Genceli, 1999);

O=U-A4-AT, (1)
The overall heat transfer coefficient can be determined

as shown below;
1

m = Z Rcmn- it Z Rf i z chnd (2)
where thermal resistance is represented by R.

AT, = AT, AT, 3)

In( Al )
AT,

where;

AT; =5 T;m 7:‘1 (4)
AT,=T,-T, 5)

The following assumptions have been made in order to

develop the mathematical models for the VAR system

analysis (Kilic and Kaynakli, 2007; Sencan and Yakut,

2005; Kaynakli et al., 2015; Dinger and Rozen, 2007):

1. The temperatures of the VAR system components
are constant.

2. Refrigerant leaving the condenser is saturated water
at condenser pressure and refrigerant leaving the
evaporator is saturated vapor at evaporator pressure.



3. The generator and condenser pressure are equal to
the pressure corresponding the refrigerant saturation
pressure at the condenser temperature and the
evaporator and absorber pressure are equal to the
pressure corresponding the refrigerant saturation
pressure at the evaporator.

4. The temperature and pressure of superheated vapor
leaving the generator is equal to the temperature and
pressure of the generator.

5. All the system components are at steady state
conditions.

6. Pressure drop in the heat exchangers and piping
systems and heat loses and gains in various
components and piping system are negligible.

7. Reference environment temperature and pressure are
taken as 25°C and 101.325kPa, respectively. The
reference environment enthalpy and entropy used for
calculating the exergy of the working fluid are the
values for water at an environment temperature and
pressure of 25°C and 101.325kPa, respectively.

8. The kinetic, chemical and potential exergy of all
streams at the VAR system are neglected. Chemical
exergy of flue gases is considered.

9. The solution pump efficiency is taken as 0.9.

The thermodynamic analysis of an absorption system
involves the application of principles of mass
conservation, energy and exergy analysis to individual
components of the system. The exergy analysis method
provides us exergy destruction and exergy efficiency
which is an important thermodynamic property. The
exergy is represented by “ex” which is defined as the
maximum work potential of a matter or a form of energy
with respect to its reference environment (Kilic and
Kaynakli, 2007).

Mass balance equations are as follows:
m, =y, + 1

(6)
(7

m, - X, =n - X,

General energy and exergy balance equations are as
follows (Dinger and Rozen, 2007):

E, =E, (8)

Exm —Exum = Exdmr )

Ex=r1ir-(ex+ex,) (10)

ex=h—hy—Ty(s—s,) amn

Fios Tl o bae (12)
m, X,-X,

Heat capacity and the exergy destructions obtained from
exergy balances of each components of VAR system
illustrated in Fig. 1 can be expressed as follows:

Condenser:

qco:gggzhz_hl (13)
m,

Exa’eﬂ =ity - (ex, —ex, ) + 1y, - (ex,, —ex;s) (14)
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Evaporator:

qEV:gELzha_hs (15)
m,

Exdes'l =1h, - (ex; —ex,) +ring - (ex;q —ex;;) (16)

Generator:
0

Qg ===h+f -hy=(f+1)-h, (17
m,

EX jo = 1y, - (ex;, —eX,,) + 101 - €x, — (18)

Mg - exg — 1, - ex,

Absorber:

Qo =22 = (40 I =y~ £ by (19)

1

Exdesl =1, - (ex;; —exy,) + 1, - ex, + (20)

1y, - €X,q — Il - exX;

Solution heat exchanger:

G =2 =B =40k @D

1

Exdw =y - (ex; —ex,) + it - (ex, —ex;) (22)

Throttle valve between evaporator and condenser:

Exdesl =ny Ty (53 —5,) (23)

Solution pump:

Wp:”;IS_(h67/_h5)=m5'vs(PC0_PEV) (24)

My
Ex,, = ms - (exs —exy) + WP (25)

Total exergy destruction can be expressed follows
(Dinger and Rozen, 2007):

(26)

where; N is the number of VAR system components and
j is jth component.

The exergy efficiency can be expressed as (Dinger and

Rozen, 2007):

n= E)CI6 = Ex” (27)
Ex, —Ex,, +W,

The coefficient of performance (COP) is a measure of a

cycle’s ability to transfer heat between various

temperature levels (Horuz, 1998)

QE v

5 (28)
GE it P

COP, . =



Table 1. Assumptions and calculated values of the VAR system

Substance TEC) X(%) m (kg/s) h(kJ/kg) s(kJ/kgK)

1 Superheated vapor 90 - 0.0384 2668.27 8.536
2 Saturated water 40 - 0.0384 167.50 0.572
3 Water-vapor 4 - 0.0384 167.50 0.604
-4 Saturated vapor 4 - 0.0384 2507.87 9.05
5 Water-LiBr 40 58.43 0.6517 107.80 0.237
6 Water-LiBr 40 58.43 0.6517 107.80 0237
7 Water-LiBr 61.8 58.43 0.6517 150.86 0.367
8 Water-LiBr 90 62.09 0.6132 221.21 0.494
9 Water-LiBr 65.54 62.09 0.6232 175.45 0.365
10 Water-LiBr - 62.09 0.6232 - -

11 Flue gases 270 - 3.1887 -622.02 7.686
12 Flue gases 230.7 - 3.1887 -665.91 7.602
13 Water 29.63 - 7.4661 124.21 0.431
14 Water 3391 - 7.4661 142.14 0.490
15 Water 37 - 7.4661 155.04 0.531
16 Water 12 - 42971 50.45 0.180
17 Water 7 - 4.2971 29.51 0.106

AN INDUSTRIAL APPLICATION

The aim of this section is to apply VAR system to
produce chilled water that will be sent to the office
building fan coil system by utilizing flue gases from an
industrial furnace of an industrial company. Flue gases
produced by the natural gas fired industrial furnace is
normally not being utilized in this company. The flue
gases volume flow rate was measured to be 5.029 m?/s
at 270°C. To determine the substances in the flue gas,
measurements were carried out. It was determined that
the flue gas contains 6% H20, 2.74% CO», and 16.2%
0,. The remaining amount of flue gas content was
assumed to be Na. Normally, the office building does
not have any air conditioning system and the company
needs their office building to be air conditioned. The
office building’s comfort cooling load is calculated to be
85 kW. This section aims to investigate an application
of the air conditioning system which includes the VAR
and fan coil systems. So the necessity of comfort
cooling will be met by utilizing the currently available
waste heat. In order to do this, the application of the
system is analyzed and designed.

The Energy And Exergy Analysis of The Industrial
Application

In order to utilize the waste heat at the industrial
company, the VAR system’s parameters to be applied
are needed to be determined. Firstly, the decision is
made about which solution will be used. When the
manufacturer catalogs of absorption chillers are
analyzed, it can be seen that almost all the
manufacturers use water-LiBr solution but only a few of
them use ammonia-water solution. Additionally it is
known that the COP performance of water-LiBr solution
is better than the ammonia-water solution. Both have
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disadvantages and advantages. The VAR system with
water-lithium bromide solutions has higher performance
than the VAR system using ammonia-water system.
While the VAR system with the water-lithium bromide
solution is suitable for air-conditioning applications, the
VAR system with the ammonia-water solution is
suitable for industrial applications requiring low
evaporating temperatures in evaporator. It should be
considered that the VAR system using water-LiBr has
crystallization risk and limitations on operating in very
low temperatures because of water as being the
refrigerant (Horuz, 1998). For the reasons mentioned
above the VAR system using water-LiBr solution is used
to air condition the office building.

The assumptions and calculated values for the VAR system
to be applied were summarized in Table 1. Entropy values

of the solution are obtained from Kaita (2001).

Table 2. The calculated data of the VAR system

Descriptions Unit System
Qas kW 133.78
Qco kW 96.16
QcE kW 139.95
Qev kW 90
Qshe. kW 28.06
Wp kW 0.0028

COPvar 0.64
EXdesl,AB kW 6.35
EXdest.co kW 1.59
EXdest,GE kW 37.19
EXdestEV kW 1.89
EXdest she kW 1.63
EXdes\,p kW 0.0025
EXdestrtv kW 0.37
EXdest,tot kW 49.04
VAR 0.082




As it can be seen from Table 2, the COP of the VAR
system is 0.64 and exergy efficiency is 8.2%. Because of
the large heat capacity and the temperature differences
between streams, the generator has the highest exergy
destruction. The next biggest exergy destruction
occurred at the absorber. The pump has the lowest
exergy destruction. Other components exergy
destruction values are quite close. Because the exergy
destruction value of the generator has the highest value
in the total exergy destruction, the special attention is
given to decrease it. Fig 2-7 are prepared by the values
shown at Table 1.
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Figure 2. The exergy destruction at the components of VAR
system with increasing generator temperature

Fig. 2 shows the variations of exergy destruction of
VAR system components against increasing generator
temperature. The generator which has the highest exergy
destruction and the absorber which has the second
highest exergy destruction values decreases with
increasing generator temperature. The slope of decrease
of the exergy destruction of the generator sharply
decreases at 90°C. The highest exergy destruction value
at the generator is 48.16 kW at 85°C, the lowest exergy
destruction value at the generator is 32.06 kW at 105°C.
The same trend is also valid for the absorber. The
highest exergy destruction value at the absorber is 8.92
kW at 85°C, the lowest exergy destruction value at the
absorber is 5.65 kW at 105°C. The other components of
VAR system doesn’t effects the exergy efficiency and
exergy destruction compared to the generator and
absorber because of the lower exergy destruction.
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Figure 3. The relative exergy destructions of the components
of the VAR system
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As seen at Fig. 3 the relative exergy destruction at the
generator decreases from 75.83% at Tgg=90°C to
74.65% at Tge=105°C. The relative exergy destruction
at absorber increases from 12.95% at Tge=90°C to
13.95% at Tge=105°C. When relative exergy destruction
at the condenser and evaporator having close values to
each other is approximately 3.5% at Tgr=90°C, it
reaches approximately 4.3% at Tge=105°C. When the
solution heat exchanger has 3.33% relative exergy
destruction at Tge=90°C, it has 2.67% relative exergy
destruction at Tge=105°C. Refrigerant throttle valve has
second lowest value like 0.86% at Tge=105°C. And the
pump has relatively very low exergy destruction and it
can be neglected. The bigger temperature difference
between the source and the generator causes the higher
relative exergy destruction at the generator. When the
generator temperature increases, the relative exergy
destruction at the generator decreases because the
streams temperature differences and the heat capacity
decreases so relative exergy destruction decreases. The
mixing of the rich solution coming from the heat
exchanger and refrigerant from the evaporator at
different temperature at the absorber causes the second
highest relative exergy destruction. As increasing the
generator temperature, the temperature of rich solution
coming from the heat exchanger increases so the
temperature difference at the mixing process increases.
This causes an increase on relative exergy destruction at
the absorber.
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Figure 4. The COP, n and exergy destruction changes with
increasing generator temperature

Fig.4 shows the changes of COP, exergy efficiency and
exergy destruction versus the generator temperature. It
can be observed that COP increases with increasing
generator temperature. While the value of COP is 0.49
at Tge=85°C, it reaches to 0.72 at Tge=105°C. The
exergy efficiency of VAR system increases with
increasing generator temperature. While the value of
exergy efficiency is 0.064 at Tge=85°C, it reaches to
0.091 at Tge=105°C. And also it is observed that the
total exergy destruction decreases with increasing
generator temperature.



Table 3. The VAR system components design parameters

Descriptions Condenser Evaporator Absorber Generator
Inside of the tube diameter(mm) 17:5 9.55 17.55 17.08
Outside of the tube diameter(mm) 19.05 12.5 19.05 21.3
Horizontal tube number 11 16 10
Vertical tube number - 20 19
Tubes array - 2x8x20 10x19 3x23
Total number of tubes 104 320 190 69
Tubes length(mm) 2200 1510 1504 1000
Number of pass 2 4 2 1
Pressure(kPa) 7.38 0.81 0.81 7.38
Temperature (°C) 40 4 40 90
Number of fins = - - 251
Fin height(mm) - - - 10
Fin thickness(mm) - - - 0.5
Fins area(m?) - - - 46.74
U(W/m?K) 1622.09 952.44 604.5 17:12
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Figure 5. The generator capacity and flue gas outlet
temperature variations with increasing generator temperature

Fig. 5 shows us the changes of the flue gas outlet
temperature and the generator temperature with increasing
the generator temperature. Initially, the generator capacity
of the VAR system tends to decrease with increasing
generator temperature. It varies between 124 and 180 kW.
While the highest capacity of the generator of the VAR
system is 180 kW at 85°C, the lowest capacity of the
generator of the VAR system is 124 kW at 105°C. Also
the slope of decrease of the capacity of the generator
sharply decreases at 90°C. The flue gas outlet temperature
tends to increase with increasing generator temperature. It
varies between 219.36 and 235.18°C. While the highest
flue gas outlet temperature is 235.18°C for generator
temperature at 105°C, the lowest flue gas outlet
temperature is 219.36°C for generator temperature at
85°C. The reason of both decrease the generator capacity
and increase of the flue gas outlet temperature is the
increasing COP of VAR system. This reason shows that
the potential energy utilization of waste heat increases
with increasing generator temperature.

Fig. 6 shows the changes of total exergy destruction and
exergy efficiency with the difference between flue gas
inlet temperature and generator temperature which is an
important parameter. Total exergy destruction tends to
increase with an increase in difference between flue gas
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generator temperature. While the highest exergy
efficiency of the VAR system is 0.092 at 165°C, the
lowest exergy efficiency of the VAR system is 0.064 at
185°C. These changes of total exergy destruction and
exergy efficiency show how important parameter the
difference between flue gas inlet temperature and
generator is.
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Figure 6. The effect of the difference between flue gas inlet
temperature and generator temperature

Fig. 7 shows the exergy efficiency changes with
increasing reference environmental temperature. It can be
seen that the exergy efficiency increases with increasing
reference environment temperature. For Tge=90°C, the
exergy efficiency increases from 0.082 at Tr=25 °C to
0.122 at Tw=32°C. And for Tge=105 °C, the exergy
efficiency increases from 0.091 at Tr=25 °C to 0.137 at
Tri=32 °C. The results at Fig. 7 shows that potential
energy to utilize decreases with increasing reference
environment temperature and shows that the potential




energy is used better at Tge=105°C comparing to
Tee=90°C.
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Figure 7. The variation of exergy efficiency with increasing
Reference environmental temperature
and

The VAR System Components Design

Construction

This section aims to show how the VAR system
components are designed and constructed. It is expected
that the equations at the Appendix and detailed
knowledge presented at this section could be a guide for
researchers and engineers. To design the components of
the VAR system, the equations used to calculate heat
and mass transfer coefficient can be found at Appendix
(Genceli, 1999; Florides et al.,2003; Seewald and
Blanco,1994; Davies and Rideal,1961; Thome, 2009;
Cosenza and Vliet, 1990; Lorenz and Yung, 1979; Li et
al., 2011; Ribatski and Thome, 2007; Cengel,2002;
Wang et al., 2012). All of the VAR system components
design parameters are shown at Table 3.

Absorber is chosen to be a shell and tube heat
exchanger. In the absorber, the LiBr solution is dripped
over the horizontal tubes cooled by water flowing inside
by using dripping tray. It drags and absorbs the water
vapor coming from the evaporator and flows in a thin
film around tubes. And then it is collected at the bottom
of the lower shell. The absorber also has feedback
system. When the water vapor isn’t absorbed by rich
solution, a feedback pump start to work and pumps the
solution to the dripping tray. So, the more solution drips
the more water vapor is dragged and absorbed. When
the water vapor is absorbed completely, the solution
pump pumps the solution to the solution heat exchanger.
These two pumps located at the bottom of the shell are
controlled by the control systems. The tubes in the
absorber must be resistible to corrosion since water-
LiBr solution has corrosion effect. So, CuNil0 is
preferred as the tubes material in the absorber. And also
the parts of shell which water-LiBr solution contacts
with is preferred 316 L stainless steel as the shell
material. To design the absorber, the equations used to
calculate heat and mass transfer coefficient can be found
in Appendix. The thermophysical properties water-LiBr
solution was obtained from Florides et al. (2003). Mass
transfer must also be considered. A practical model for
absorption of vapors into a laminar film of water and
LiBr falling along a constant temperature vertical plate
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was described. The details of mass transfer coefficient
calculation can be found from Florides et al. (2003).

Evaporator is also chosen to be shell and tube heat
exchanger. Absorber tubes and evaporator tubes
positioned to the same shell. In the evaporator, the
saturated water coming from the condenser is dripped
over the horizontal tubes. When it flows in a thin film
around tubes, it evaporates by rejecting heat from the
water flowing inside. Falling film evaporators have dry
area problem. When the fluid flows in a thin film around
the tubes, the tubes area may not be get wet by the fluid
completely. Because of that the heat transfer coefficient
may decreases sharply. The refrigerant that couldn’t
evaporate is collected in the bottom of the lower shell
because of the dry area problem. The evaporator also
has a feedback system. When the refrigerant
accumulates at the bottom of lower shell enough, a
feedback pump start to work and pumps the refrigerant
to the dripping tray. So, more refrigerant drips and less
dry area may occur. When the water evaporates
completely, the feedback pump stops. The feedback
pump located at the bottom of the shell is controlled by
the control systems. Copper is used as tubes material.
Condenser is a water cooled shell and tube heat
exchanger. In the condenser, the water vapor coming
from generator is condensing over the horizontal tubes
cooled by water flowing inside. The cooling water will
enter the condenser after it exits from the absorber.
Copper is used as tubes material.

In the generator, when the water-LiBr solution flows
inside the vertical tubes, the flue gas flows outside the
vertical tubes. The tubes are mounted between bottom
reservoir and top reservoir. The bottom reservoir is used
for collecting the water-LiBr solution coming from the
solution heat exchanger and for providing the
distribution to tubes properly. The top reservoir is used
to send the removed water vapor from the water-LiBr
solution to the condenser and to send the water-LiBr
solution to the solution heat exchanger. And by
mounting the fins to the tubes heat transfer area is
increased, so more compact construction is obtained.
To protect the corrosion effect of the water-LiBr
solution, 316 L stainless steel is used as the generator’s
tubes material. And the fin’s material is selected to be
aluminum. The inside heat transfer coefficient is so high
relative to the outside heat transfer coefficient because
of the boiling, so it is not necessary to calculate it.

When designing the solution heat exchanger, the
double-pipe heat exchanger is used. To overcome the
corrosion effect of the water-LiBr solution, 316 L
stainless steel is used as material. When the solution
heat exchanger is designed e-NTU method was used
(Cengel, 2002). The overall heat transfer coefficient is
found to be 490 W/m?K.



Table 4. The systems cost parameters

Pc (Euro) EAc (Euro) Annual operation EAC (Euro)
cost (Euro)
The fan coil system and the VAR system to 49300 5790 233 6023
be manufactured (1)
The fan coil system and the VAR system to 80200 9420 361 9781
be bought (2)
The fan coil system and the VCR system to be 36300 4269 3108 7377
bought (3)
VREF air conditioning system to be bought (4) 22507 2643 1245 3888

COST ANALYSIS

This section aims to investigate and compare the cost
analysis of the system which includes (1) the VAR
system to be manufactured and the fan-coil system, (2)
the VAR system to be bought and fan-coil system, (3)
the vapor compression chiller to be bought and fan-coil
system and (4) the Variable Refrigerant Flow (VRF) air
conditioning system. During the cost analysis, life cycle
cost technique which includes all cost factors as initial
cost, operating and maintenance costs. To apply this
technique, equivalent annual method is chosen. At this
method all the costs taking place over a period are
converted to an equivalent uniform yearly amount. The
equations below are being used (Elsafty and Al-Daini,
2002). The cost analysis parameters are shown at Table
4. In the cost analysis, it is assumed that the air
conditioning systems work 10 hours a day for 120 days
which refers to cooling season under full load.

A+i)"-i
1+i)" -1
EAC=EA, +annual operating cost (30)

A =p (29)

Assumptions are i: 10%, n: 20 year, Electric price:
0.0576 Euro/kWh.

To make the cost analysis, the VAR system to be bought
has been chosen to be the single effect hot water driven
VAR system because the commercial flue gas fired
VAR system which provides the desired cooling
capacity is not available in the market on this size. So,
the hot water will be obtained by using the heat
exchanger mounted to the chimney and run the hot water
driven VAR system. The VAR system model HWAR-L
30HH is chosen from World Energy Absorption Chillers
Europe Ltd. The VCR system to be bought has been
chosen to be air cooled chiller. The VCR system is
domestic production by Frigotek and the model is FMC-
36. VRF air-conditioning system to be bought is chosen
from Samsung. The model of outer unit of VRF air
conditioning system is AM260FXVAGH and the inner
units of VRF air conditioning system is chosen
appropriately from Neo Forte type. The fan coil system
has been chosen from domestic productions called
Untes. Additionally, the VAR system is planned to be
manufactured in Turkey.
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As can be seen from the cost analysis, the initial cost of
the fan coil system and the VAR system to be
manufactured (1) is lower than the initial cost of the fan
coil system and the VAR system to be bought (2)
because it (2) is not manufactured in Turkey. The
system (1) has the lowest operation cost and is third as
far as the initial cost is concerned. The system (2) which
has the highest initial cost compared with the other
systems has quite low operation costs compared to the
systems (3) and (4) but not as low as the system (1). The
system (3) which has the highest operation cost
compared to the other systems has lower initial cost than
the systems including the VAR systems. The system (4)
which has lowest initial cost compared with the other
systems has quite high operation and maintenance costs
compared to the systems (1) and (2). Because of the fan
coil units and piping system costs, the system (3) has
higher initial costs than the system (4). Although the
system (1) does not seem to be the most advantageous
system, it comes front by utilizing the waste heat and by
decreasing the operation costs.

CONCLUSIONS

This study aims to present the investigation of utilization
of the waste heat from the chosen industrial company by
using VAR systems including energy and exergy
analysis and comparing VAR systems with alternative
systems.

It is obtained that the flue gas fired VAR system’s COP
is 64%, and exergy efficiency is 8.2%. The parameters
that effect the VAR system are investigated. The COP of
the VAR system increases with increasing generator
temperature. It increases about 23% with an increase at
generator temperature around 20°C. The highest exergy
destruction is found to be at the generator about 75% of
the total exergy destruction because of the temperature
difference between the inlet and outlet stream
properties. And it decreases with increasing generator
temperature around 33.4% with the difference of 20°C at
generator temperature. The exergy efficiency increases
and total exergy destruction decreases with a decrease at
the difference between the source and the generator
temperature. Total increase at exergy efficiency is
around 2.73% and total decreases at exergy destruction
is about 21.13kW with a decrease at the difference of
20°C. The effect of reference environmental temperature



is also investigated. The exergy efficiency of VAR
system increases by increasing reference environmental
temperature. When at generator temperature 90°C,
exergy efficiency increases 4.1% with an increase at the
difference of 7°C, at generator temperature 105°C,
exergy efficiency increases 4.6% with an increase at the
difference of 7°C.

It has to be noted that from the cost analysis, the fan coil
system and the VAR system to be bought has the highest
initial cost like approximately three times higher than
the VRF air conditioning system. The fan coil system
and the VAR system to be manufactured has the lowest
operation cost like approximately thirteen times lower
than the fan coil system and the VCR system to be
bought. As expected, VAR systems has lower operation
cost than VCR and VRF air conditioning systems and
VAR systems has higher initial cost than VCR and VRF
air conditioning systems. The most advantageous
systems are the VRF air conditioning system and the fan
coil system and VAR system to be manufactured from
the total annual cost. Although the VRF air conditioning
system has lower total annual cost, the fan coil system
and the VAR system to be manufactured can be more
advantageous if the VAR system is manufactured
domestically as mass production, also come front by
utilizing the waste heat and by decreasing the operation
and maintenance costs. Additionally, the other systems
use fossil fuels to drive. As known, when the VRF air
conditioning system is preferred, the carbon emissions
will be released to the atmosphere and it will cause the
green house affect that causes global climate change. And
also the fluids as CFCs that is being used in the VRF air
conditioning system may cause the ozone depletion. In
addition to these disadvantages, utilizing the waste energy
is so important because the countries like Turkey that do
not have enough fossil fuel sources to produce their own
energy. But, by preferring VAR systems utilizing waste
heat, the total efficiency of industrial furnace integrated to
the VAR system will be increased, thermal pollution can
be decreased and also total cost of comfort cooling of the
office buildings will be minimized.
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APPENDIX

The inside heat transfer coefficient for tubes flowing
water can be determined as follows [12]

Nu =0.023-Re"®. Pr** (A1)

At the absorber the total area of one tube can be
estimated as [16, 17]

Ay=2-1'n-7-ny (A2)

1 1
. 4 2 3
I= = B - L '(/r~r0-a~0'~cos®)2
32-g) \m -y,

For absorber, the wavelength can be determined as
follows [18]:

(A3)

S R 2 (A4)
P8

At the absorber the outside convective heat transfer

coefficient can be determined as follows [19];

Nu =Re"* (AS)
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When the outside heat transfer coefficient is determined,
a model for falling film evaporation on horizontal
smooth tubes can be used [20].

h =h, +hd-(%)+h(,-(l—%J

Falling film evaporation in a vacuum, the nucleate
boiling term can be eliminated [21].

And for wet areas falling film evaporation Nu number
can be determined as follows;

(A6)

Nu=182.1-Re™* (A7)
At falling film evaporation, for dry areas a coefficient is
determined as follows [22];

F =0.0024-Re*”' (A8)
For falling film evaporation, the outside convective heat
transfer coefficient for developed region is determined
by multiplying convective heat transfer coefficient and
dry area coefficient as follows;




w

The heat transfer for condensation on the outside surface
of a horizontal tube gives the outside heat transfer
coefficient [23].

1
* 3 —
Pyoriz = 0.729- g (o ‘PV)'hfg k| (A10)
(T, -T)-d,)
hhmiz‘Ntubm = L1 g hhoriz ' (Al 1)
N*
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At the generator, to calculate the outside heat transfer
coefficient, the correlation below is used [24]:

i °'134'[£j-(Re"-“').[pr%ML)“ |
i 14.85 o

0.1134
[ ) J
ty
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Having the ability to transport relatively large amount heat through a small cross section, requiring a small
temperature difference between its two terminals, not requiring an extra device to pump the fluid inside,
being able to work even in a non-gravitational medium, make heat pipes an effective tool for heat removal
applications. Typically, heat pipe consists of an enclosed container, working fluid and a wick structure fixed
to its internal wall. Among different types of wick structures (groove, sintered and mesh) characterizing the
heat pipes, grooved heat pipes are favored when the transportation of heat along relatively large distances is
point of interest. Although groove type structure produces low capillary pumping (typically less than 100
Pa), flow resistance is so low (due to relatively big pore sizes) that the heat transport capacity turns out to be
superior.

There are various studies [1-8] on heat pipes investigating the maximum heat transport capacity with respect
to groove shapes i.e. rectangular, trapezoidal and reentrant. Usually, the maximum heat transport capacity
predictions are based on [1-3] capillary limit and hydrodynamic losses due to friction in liquid and vapor
flows. However, due to the counter flow of vapor (see figure 1), shear stress and resulting frictional
interaction at the liquid-vapor interface is created which may be contributed to the liquid pressure drop and
significantly affect the heat transport capacity of a heat pipe [4-8]. The objective of this study is to
demonstrate the effect of the liquid/vapor shear interaction on the heat transport performance of HPs with
different groove shapes by utilizing the model developed by DeVos and Schneider [8].

In figure 1, the maximum heat transport capacity of HPs obtained with and without considering shear
interaction for different grooves shapes are shown. On the other hand, the relative percent discrepancies
(RPD) between the two sets of solution are depicted in figure 2. When figure 2 is examined, it can be seen
that the effect of shear interaction is most prominent for rectangular groove. However, heat transport
performance of reentrant and trapezoidal grooves is not significantly affected due to neglecting of
vapor/liquid shear interaction as RPD ranges 5.6 % to 0.5 % for these cases.

Keywords: Grooved heat pipes, maximum heat transport, vapor-liquid interaction, shear stress
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ABSTRACT: The purpose of this study is to explore whether the correlations obtained for
small-scale cyclones are valid for large-scale cyclones or not. The effect of the vortex finder
diameter and inlet velocity on flow field and performance of a large Stairmand cyclone has
been studied both experimentally and numerically. The vortex finder diameters used are 0.4
and 0.5 times the cyclone diameter D=700 mm, and cyclone inlet velocity is changed from
11.5 m/s to 19 m/s. The three-dimensional numerical study is carried out by using ANSYS
Fluent 17.0 software package for incompressible turbulent flow condition. Reynolds Stress
Model (RSM) is chosen for turbulence model. Sawdust ash is used as particles. The velocity
and pressure fields are analyzed. The results of numerical study are compared with the results
of experimental study and literature, and the results are found to be consistent with each other.
It is seen that cyclone collection efficiency and pressure drop increase when both vortex
finder diameter decreases from 0.5D to 0.4D and inlet velocity increases, but 50% cut-off
diameter decreases. Results show that the correlations obtained for small sampling cyclones

may not be appropriate for large-scale cyclones.


mailto:oturgut2006@gmail.com

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

INTRODUCTION
In industry, the solid substances within the gas discarded to the environment threatens the
human health and the environment. Gas cyclone separators are employed to separate particles
from gas and commonly used in many applications due to its low cost in operating and
maintenance, quite simple to fabricate, adaptable to extremely high pressure and
temperatures.’™® The dusty air sent from the tangential inlet creates swirl motion in the
cyclone, and centrifugal force occurs as a result of swirl motion. Particles are forced towards
the cyclone walls by the centrifugal force. Due to axial velocity, these particles move down to
the dust container located under the cyclone while clean gas with swirl motion leaves the
cyclone through the vortex finder (also, called exit pipe). Small cyclones are employed for
removing particles for ambient and source sampling while large cyclones are used for
separating particles for industrial control.?®

Cyclone performance is importantly affected by vortex finder diameter, which is one of the
cyclone geometrical parameters. VVortex finder diameter has an important role in the defining
of the flow in cyclone.®"®

Literature study shows that the effect of inlet velocity and vortex finder diameter on cyclone
dust collection efficiency and pressure drop has been studied experimentally and numerically
by some investigators.>>7-1° It is seen that studies in the literature are generally related to the
cyclones with small body diameters varying from 21.9 mm to 340 mm and dust particles
having high density changing from 980 kg/m®to 2740 kg/m®. However, theories developed
for small cyclones may not be valid for large industrial cyclones.’® Therefore, in this study,
an experimental and numerical study has been performed for a cyclone with large body

diameter D=700 mm to see whether the correlations obtained for small-scale cyclones are
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valid for large-scale cyclones. The present work has been carried out for two different cyclone
vortex finder diameters: De=0.5D Stairmand high efficiency cyclone? and De=0.4D modified
Stairmand cyclone. Unlike the literature, sawdust ash with low density 414 kg/m? is used as

particles in this study.

MATERIALS AND METHODS
Experimental Study. Experimental setup is shown in Figure 1a. It basically consists of dust
container, cyclone, channels, fan, and control unit. Dust container used for dust collection has

dimensions of 0.7 m diameter and 1.4 m height.

@) <
Separated air 5/ 7 ‘7\

/>

Outlet pressure (
scale hole
Inlet velocity and A |

pressure scale hole

232D+ |
Cyclone A

A ] NS
0.89D—+
Dust container
Cyclone inlet air __

Dust -=>i_and dustmixture

Figure 1. (a) Schematic diagram of experimental setup; Flow geometry and coordinate

system used (b) front view, (c) top view

Experimental study was conducted for two cyclones with cyclone body diameter D=700
mm. Geometrical parameters of these cyclones and coordinate system used are shown in
Figure 1b and c. The values of cyclone parameters are: a/D=0.5, b/D=0.2, ¢c/D=1.0, h/D=1.5,
H/D=4.0, B/D=0.375, s/D=0.5, he/D=1.5, De/D=0.4, 0.5. The dimensions of these two
cyclones are similar except vortex finder diameter, 0.5D and 0.4D. In Figure 1b, the positions

of three plotting sections (0.89D, 2.32D and 3.32D) at which the velocity profiles are
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investigated are also indicated. Cyclone manufactured consists of four parts (Figure S1 of the
Supporting Information, Sl): cyclone outlet group, cyclone inlet channel with rectangular
cross section, cyclone body, and cyclone conical part. Gas leaves the cyclone at the top of the
exit pipe, i.e. at z=4.75D. All parts were cut from 3 mm black steel plate by laser cutting
method. Two different types of cyclone outlet groups were manufactured for the experimental
study. Cyclone outlet group was connected to the cyclone inlet channel and cyclone body
using nut and bolt system. This system was used in order to change the cyclone outlet group
for studying with two different cyclones. Other parts were welded to each other.

A snail fan with a capacity of 4400 m®h was used. Speed regulator was employed to adjust
the fan speed. The flow velocity in the cyclone inlet channel was measured using a TESTO
435 propeller device. The total pressure difference across the cyclone was measured by a
TESTO 512 pressure gauge with a sensitivity of + 0.1 Pa. Particle weight measurement was
performed using a precision scale with a precision of + 1.0 mg. Sawdust ash with a density of
414 kg/m® was used as particles. Reynolds number, based on the inlet velocity Uin and
cyclone diameter D, is calculated as

Re = pDUj, /1 (1)
All experiments were performed at room temperature, and fluid properties were taken at
293K.?! Inlet velocity was changed between 11.5 m/s and 19 m/s. Corresponding Reynolds
number is between 531x10% — 877x103, which is encountered in industrial cyclones.!*

Accuracy of velocity and dimension measurement devices are 0.2 m/s and 0.1 mm,
respectively. Hence, following the procedure described in Holman??, the maximum relative

uncertainty was estimated to be 1.74% for the Reynolds number.
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Numerical Study. Numerical analysis has been carried out for the cyclones, used in the
experimental study, with a tangential inlet and vortex finder diameter of De=0.5D and
De=0.4D. In the numerical analysis, dustbin is not taken into consideration in the simulation
region. Numerical study is conducted using commercial finite volume code ANSYS Fluent
17.0. Flow within the cyclone is assumed to be three dimensional, turbulent, isothermal,
incompressible, and unsteady.'® Reynolds-averaged continuity and Navier-Stokes equations
are the governing equations and given as:

ou; _

= 0 @)

a o pox

ou; ou;  1oP  d%uy 0 [~
u = +v ——(uiuj)
aXian aXJ

(3)

where ui is the average velocity in the i-direction, xi the coordinate system, P the average

pressure, v the kinematic viscosity, and p the gas density. The term u;u'j is the Reynolds

stress tensor and modeled to close the Navier—Stokes equation. RSM is used in this study as
turbulence model, which gives accurate predictions in cyclone simulations.?*?® The transport
equation of the RSM is written as:

0 (i
Uka—X(Uin):Dij+Pij+eij—8ij (4)

here Di; is the diffusive transport term, Pjj the stress generation term, 6ij the pressure strain

correlation term, and &ij the dissipation term. Dij, Pij, 6ijand &ij are given as:

o | v oulu’
Dij ——L_t—l JJ (5)

6Xk O'k 8xk

] ou; M OU;j
Pj :_P(UiukaT:Jrujuk_lj (6)
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Boundary conditions. For single phase solution, air enters the inlet region with a uniform
velocity. No-slip boundary condition is applied for walls. At the outlet of the vortex finder a
zero gradient boundary condition is assumed (i.e. 6/0z=0), and gauge pressure is set to zero.
At the inlet and exit sections turbulence intensity level is assumed as 5%, and hydraulic
diameter is used as appropriate length scale.

As for two phase solution, the escape boundary condition is selected at the inlet and exit
when the discrete phase model is actived. Reflect boundary condition is selected on the walls.
Trap boundary condition is used for the bottom diameter of conical part.

Governing Equations for Dispersed Phase. Lagrangian approach is employed to guess
particles tracking in the cyclones and to calculate collection efficiency. Air is assumed as the
continuous phase while particles are taken as the dispersed discrete phase. One-way coupling

assumption is used between gas and solids. The equation of particle motion is expressed as:

dupi _ 18uCpRep (15-4 _)+(pp—p)gi
dt  pp224 " Pp

(9)
where the first term on the right side of this equation is the drag force per unit particle mass, p
the gas density, p the dynamic viscosity, pp the particle density, Dp the particle diameter, Cp

the drag coefficient, upi and ui are the particle and gas velocities in i-direction, respectively, gi

and Rep are the gravitational acceleration in i-direction and particle relative Reynolds number
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(Rep=ppDp lu-ugl /1), respectively. The collisions between wall of the cyclone and particles are
considered to be elastic.

Mesh Generation. Unstructured hexahedral mesh has been used. Fine mesh structure is
employed in the core region of the cyclone due to strong gradients in the flow parameters.

Typical mesh distribution is indicated in Figure 2a.
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Figure 2. (a) Typical mesh distribution; (b) axial and (c) tangential velocity in the radial
direction at station 32 cm.

Different mesh numbers have been created in the solution area to ensure the independence
of the numerical study results from the mesh number for the tested cyclones. Optimum mesh
number is determined for the maximum inlet velocity 19 m/s. Axial and tangential velocity
components in the radial direction at an axial station located at a distance of 32 cm from the
exit of the vortex finder are plotted for different mesh numbers in Figure 2b and ¢ for 205 mm
diameter cyclone, which is used for code validation.?®?" It is seen that axial and tangential
velocities almost do not change when the mesh number changes from 178766 to 750450.
Thus, mesh number 178766 is chosen as optimum mesh for the cyclone with cyclone body
diameter of D=205 mm. Similar mesh optimization studies are conducted when the cyclone

used is changed. Pressure based solver is used. Standard wall function is employed as the near
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wall treatment. For discretization, the SIMPLEC algorithm is employed for pressure-velocity
coupling, PRESTO scheme for the pressure and QUICK scheme for momentum and
turbulence equations. The unsteady RSM was employed with a time step of 2x10* s.

Numerical study is terminated when the relative error is less than 1x10,

RESULTS AND DISCUSSION

Code Validation. Experimental study of Boysan et al.?” and numerical study of Slack et
al.?® were repeated to ensure the reliability of the present numerical study for 205 mm
diameter cyclone. The volume flow rate of fluid in the cyclone inlet is taken as 0.08 m3/s.
Axial and tangential velocity profiles obtained from present numerical study for single phase
were compared with the results of Boysan et al.?’ and Slack et al.? in Figure 3a and b,
respectively, at an axial station located at a distance of 32 cm from the exit of the vortex
finder. Figure 3 indicates that the results of present numerical study are in agreement with

literature results.
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cm; (c) Pressure drop versus inlet velocity.
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Present Study. Pressure drop is important to design cyclone as it is related to the energy
which cyclone employs. The total pressure difference values obtained for two different
cyclones are shown in Figure 3c depending on cyclone inlet velocity for experimental and
numerical studies. It is seen that total pressure difference enhances with increasing inlet
velocity. Experimental and numerical results are very close to each other as well. That is,
ANSYS Fluent 17.0 with the RSM predicts very well the pressure drop in cyclones. On the
average, it is seen that pressure drop increases by 84.1% and 82.2% for experimental and
numerical studies, respectively, when vortex finder diameter decreases from 0.5D to 0.4D.
Increasing pressure drop is consistent with the results of Brar et al.’°. It is seen that pressure
drop in a cyclone depends on the vortex finder diameter.

Particle size was analyzed using Malvern Mastersizer E instrument after passing through
590 um sieve to conduct the measurement in the sensitive range of the device. The results of
the experimental analysis of the samples are given in Figures 4a and b for two cyclones.
While particle sizes are given in horizontal axis, the volumetric percentages of the particles
falling into the particle size range are given in vertical axis. Results show that 10, 50 and 90%
of the particle volume are less than 8.78 um, 44.74 um and 176.76 um, respectively, for
cyclone with De=0.4D. As for cyclone with De=0.5D, 10, 50 and 90% of the particle volume
are less than 10.37 um, 53.32 um and 192.22 um, respectively. It is seen that cyclone with
De=0.4D holds smaller particles. In other words, cyclone with De=0.4D is more efficient than

the cyclone with De=0.5D.
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Figure 4. The volumetric percentages of the particles falling into the particle size range: (a)
De=0.4D, (b) De=0.5D

Typical axial and tangential velocity contours in z-x plane at y=0 are shown in Figure 5 for
two cyclones for the inlet velocity of 16.5 m/s. It is seen that the magnitude of velocity
components in the cyclone increases with decreasing vortex finder diameter. Flow sent from
the tangential inlet creates swirl motion along the outer wall of the cyclone toward the bottom,
and increases due to area reduction. After reaching the con-tip diameter, this stream changes
direction and moves towards the vortex finder, and there is a flow downstream in the center of
the cyclone. It is seen that there are two vortexes, outer vortex and inner vortex. The direction
of the inner vortex is upward toward the cyclone outlet while outer vortex downwards. It is
also seen that core diameter of cyclone changes in the axial direction. Maximum tangential
velocity reaches about 2.7 times the inlet velocity for the cyclone with De=0.4D while it is
about 2.2 times for the cyclone with De=0.5D. In other words, tangential velocity increases

about 23% when vortex finder diameter decreases from 0.5D to 0.4D.
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Figure 5. Typical axial and tangential velocity contours for Uin= 16.5 m/s.

While axial velocity is important factor in order to carry the particle to dustbin, tangential
velocity that creates centrifugal forces needed to separate particle directly affects collection
efficiency. The typical dimensionless axial and tangential velocity profiles are plotted in
Figure 6 along the cyclone radius for Uin=16.5 m/s at three axial stations at y=0 for two
cyclones with De=0.4D and De=0.5D. Three axial stations are z=3.32D (at the cyclone body),
z=2.32D (at the conical part) and z=0.89D (at the conical part). Here, z is the height measured
from the bottom of cyclone as seen in Figure 1b. Figure 6 shows that the axial and tangential
velocity fields show similar behavior for two cyclones, and they change along the radial and
axial directions. It is seen that maximum axial velocity location for the cyclone with De=0.4D
iIs more closer to the axis of the cyclone than cyclone with De=0.5D due to the changing
vortex finder diameter. It is also seen that axial velocity is not symmetric along the radial
direction while tangential velocity component has approximately symmetry. Negative values
of axial velocity near the outer wall show that fluid flows along the outer wall in the direction
of downward. Tangential velocity distribution has inverted W-profile. Tangential velocity for
cyclone with De=0.4D is higher than the cyclone with De=0.5D. Higher tangential velocity

causes larger centrifugal force. The tangential velocity distribution consists of two regions,
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inner (forced vortex) and outer (free vortex) regions. Inner vortex flows upwards, and outer
vortex moves downwards. In the inner region, i.e. —=0.5D.<x/R<0.5D¢, tangential velocity has
minimum value at the cyclone center and increases with increasing radius. After reaching its

maximum value at core radius Rc=0.5Dc, it decreases with increasing radius in the free vortex

region.
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Figure 6. Normalized axial velocity and tangential velocity in the radial direction. From top
to bottom: axial velocity and tangential velocity, respectively. From left to right: z=3.32D,
2.32D, and 0.89D, respectively.

The core diameter of cyclone Dc was given by lozia and Leith'© as

Dc=0.52D(ab/D?)%%(De/D)*2 (10)
The comparison of D obtained from tangential velocity profiles, i.e. from Figure 6, and from
eq 10 is given in Table S1. It is seen that core diameter increases when vortex finder diameter
increases. Higher core diameter results in escaping bigger size particles in this zone, and these

particles move towards the vortex finder outlet. Thus, collection efficiency decreases when
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more particles escaped from vortex finder outlet, and this result agrees with the experimental
results. It is seen that D¢ obtained from present study and calculated from eq 10 is different
from each other. Due to not depending on axial direction, Dc calculated from eq 10 is constant
in the axial direction. However, as can be seen in Table S1, core diameter D¢ obtained from
present study changes in the axial direction. This results can also be seen in Figure 6.
Equation 10 was obtained for the variations of Stairmand cyclone with constant cyclone body
diameter 250 mm, and only cyclone inlet height and width, cyclone body height and the
length of cyclone were changed. The values obtained from eq 10 are about 54% and 36%
higher than the present numerical results for cyclones with De=0.4D and De=0.5D,
respectively. Thus, it can be said that eq 10 obtained for small sampling cyclones may not
appropriate to large-scale cyclones.

To see the effect of inlet velocity magnitude on velocity components, dimensionless axial
and tangential velocity components are plotted in the radial direction at location z=3.32D for
two cyclones at three diferent velocity values (Figure S2). It is seen that dimensionless axial
and tangential velocities for three velocity magnitudes have similar behavior for two
cyclones. It can be said that inlet velocity does not significantly affect core diameter.

Axial and tangential velocity as well as total pressure contours in z-x plane at y=0 are
shown in Figure 7 at two different inlet velocity magnitudes for two cyclones. Axial and
tangential velocity increases with increasing inlet velocity magnitude and with decreasing
vortex finder diameter. Tangential velocity takes its minimum and maximum values on the
cyclone center and core diameter D¢, respectively. This results are also seen in Figure 6.
Because of swirling velocity, a negative pressure region is seen in the central region. It is seen
that pressure takes its minimum value near the cyclone center while it takes pozitif and

maximum values near the cyclone wall. In other words, pressure decreases in the radial



252  direction from the wall to center. It is seen that pressure increases when vortex finder
253  diameter decreases. It is also seen that pressure gradient is large in the radial direction

254  although it is limited in the axial direction.
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In the discrete phase model, particles are released at the inlet section and tracked to calculate
the fractional separation efficiency, which is the ratio of the trapped to the injected (after
subtracting the incomplete which is the still within the control volume). Particles were sent
from the inlet section with a particle diameter of ranging from 1 to 13 um to predict the
separation efficiency of the cyclone. Fractional separation efficiency as a function of particle
diameter is plotted in Figure 8. Figure 8a and b show that efficiency increases with increasing
both particle size and inlet velocity. Since centrifugal force is proportional to the flow
velocity, the collection efficiency is directly related to the centrifugal force. To see the effect
of vortex finder diameter on fractional separation efficiency, fractional separation efficiency
as a function of particle size for Uin=16.5 m/s is plotted in Figure 8c for two cyclones. For the
particle size below 7 um, it is seen that fractional separation efficiency increases by 60%
when the vortex finder diameter changes from De=0.5D to De=0.4D. That is, decrease in
vortex finder diameter ends up with an enhancement in cyclone separation efficiency because
of high tangential velocity (see Figure 6). This result agrees with the experimental results as
well. Higher tangential velocity causes higher centrifugal force, and higher centrifugal force
results in higher cyclone separation efficiency. Similar results are also reported for small
cyclones by Kim and Lee’ and Moore and McFarland*!. At particle sizes between 7 and 9 um,
the fractional separation efficiencies of both cyclones are almost identical and increase with
increasing particle size. It is seen that all of the particles are retained at both cycles when
particle size is greater than 9 um. That is, higher diameter particles are trapped easily due to

higher centrifugal forces.
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Figure 8. Fractional separation efficiency versus particle size
The 50% particle cut-off diameter, Dso, which is the particle size for which cyclone
collection efficiency is 50%, was given by lozia and Leith!® and Moore and McFarland'?,
respectively, as
Dso=(9uQ/(n(H-S)ppV2max) ) (11)
Ln (Dso/D)=-2.933-0.81719In(0.5p(D-De) Uin/p) (12)

where Vimax=6.1Uin (ab/D?)%®! (De/D)%7* (H/D)23, Equation 11 was obtained for the
variations of Stairmand cyclone with constant cylinder diameter 250 mm, and eq 12 was
obtained for Stairmand high efficiency cyclone for 38.10 mm<D<88.90 mm. The 50% cut-off
diameters obtained from curves of efficiency versus particle diameter, i.e. from Figure 9, and
eqs 11 and 12 are given in Table S2 for two cyclones at three different inlet velocity values. It
Is seen that when vortex finder diameter reduces, 50% cut-off diameter decreases. In addition,
50% cut-off diameter reduces when inlet velocity increases. It is also seen that 50% cut-off
diameter reduces when vortex finder diameter reduces. This result also can be seen in Figure
8. As seen in Table S2, eq 12 underpredicts the particle 50% cut-off diameter while eq 11
gives a high value. That is, the correlations obtained for small cyclones may give inaccurate

results for large cyclones.
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Laminar Forced Convection Over An Inclined Flat Plate With Unheated

Starting Length
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ABSTRACT

Two-dimensional laminar forced convection over an inclined flat plate with an unheated
starting length was investigated numerically for both constant surface temperature and
constant heat flux boundary conditions. The numerical study was implemented using the
commercial software ANSYS Fluent 15.0. Air is used as working fluid. The influence of
Reynolds number, inclination angle and the length of unheated plate on velocity and
temperature distributions, surface temperature, surface heat flux and local Nusselt number
was investigated. The results show that Reynolds number, inclination angle and the length
of unheated region of flat plate play important role on heat transfer from the plate. It is seen
that Nusselt number increases with increasing Reynolds number and inclination angle of
flat plate but decreases with increasing the length of unheated region of flat plate.
Keywords: Laminar flow, forced convection, inclined flat plate, unheated starting,
numerical analysis

Isitiimams Baslangi¢c Uzunluguna Sahip Bir Egik Diiz Plaka Uzerindeki
Laminar Zorlanmis Konveksiyon

oz

Isitilmamis baslangi¢ uzunluguna sahip bir egik diiz plaka lizerindeki iki boyutlu laminar
zorlanmig konveksiyon sabit ylizey sicakligi ve sabit ylizey 1s1 akisi sinir sartlar i¢in sayisal
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olarak incelenmistir. Sayisal ¢alisma ANSYS Fluent 15.0 ticari paket programi kullanilarak
gergeklestirilmistir. Calisma akiskan1 olarak hava kullanilmistir. Reynolds sayisinin,
isittlmamis plaka uzunlugunun ve plaka egim agisinin hiz ve sicaklik dagilimlari, yiizey
sicakligl, ylizey 1s1 akisit ve yerel Nusselt sayisi iizerindeki etkisi incelenmistir. Sonuglar
Reynolds sayisinin, plaka ef§im agisinin ve diiz plakanin isitilmamis bolge uzunlugunun
plakadan olan 1s1 transferi i¢in onemli oldugunu gostermistir. Nusselt sayisinin artan
Reynolds sayis1 ve diiz plaka egim acisi ile arttifi, fakat diiz plakanin 1sitilmamis bolge
uzunlugunun artmasi ile azaldigi goriilmiistiir.

1. INTRODUCTION

The flow and heat transfer over a flat plate are encountered in various engineering
applications. In some of these applications, a heat source is placed at a distance from the
leading edge of the plate. In mean time, the plate can be inclined at relative to the flow
direction. Such an application is commonly seen in cooling of electronic components.
Operating temperatures of electronic components are significant for their reliability. Thus,
low temperature is necessary for improving the life of electronic components.

The forced convection over a flat plate has been studied by a number of investigators.
Nagendra [1] investigated the laminar transient forced convection heat transfer over a
horizontal isothermal flat plate. Dey and Nath [2] examined the forced convection heat
transfer over a horizontal semi-infinite flat plate with an unheated starting length. Ma et al.
[3] conducted a study to investigate the two-dimensional forced convection over a
horizontal flat plate with an unheated starting length using matched asymptotic expansions.
Ameel [4] analytically investigated the parallel flow heat transfer over a horizontal flat
plate with an unheated starting length for both constant temperature and constant heat flux
boundary conditions and for both laminar and turbulent flow regimes. Vynnycky et al. [5]
analytically and experimentally investigated the two-dimensional forced convection flow
over a horizontal flat plate. Yovanovich and Teertstra [6] numerically investigated laminar
forced convection over horizontal isothermal rectangular plates. Umur and Karagdz [7]
carried out a numerical study to investigate the flow and heat transfer characteristics over a
horizontal flat plate with an unheated starting length for two-dimensional laminar and
turbulent flows under constant surface temperature boundary condition. The effect of free
stream turbulence on heat transfer coefficient, velocity profile, and temperature profile on
plates has been reviewed by Kondjoyan et al. [8]. Nan et al. [9] conducted an experimental
study to investigate the turbulent flow over a horizontal flat plate. Kondjoyan et al. [10]
performed an experimental study to see the effect of free stream turbulence intensity on
velocity and thermal boundary layers for flow over a flat plate with an unheated section.
Rebay et al. [11] numerically investigated the forced convection over a horizontal



microstructure having an unheated section for constant heat flux boundary condition. Juncu
[12] conducted a numerical study using finite difference method to investigate transient,
conjugate laminar forced convection heat transfer from a finite flat plate. Li and Nalim [13]
numerically investigated the transient thermal boundary layer response owing to a
convected non-uniform temperature fluid for laminar flow on a semi-infinite plate. Kumar
and Mullick [14] experimentally investigated the laminar convective heat transfer from a
square flat plate. Li et al. [15] numerically investigated turbulent compressible flow over a
two-dimensional semi-infinite flat plate using two-layer eddy viscosity model. Malvandi et
al. [16] analytically investigated the entropy generation for the steady two-dimensional
flow over an isothermal flat plate. Samanta and Guha [17] carried out a study to investigate
the fluid flow and heat transfer characteristics for the laminar forced convection over a
horizontal plate using similarity analysis. Uddin et al. [18] conducted a theoretical and

numerical study of two-dimensional steady laminar flow over a moving horizontal plate.
Literature survey indicates that there is a lack of information about laminar forced
convection heat transfer over an inclined flat plate with an unheated starting length.
Therefore, in this study two-dimensional laminar forced convection over an inclined flat
plate with an unheated starting length has been numerically investigated for both constant
surface temperature and constant surface heat flux boundary conditions. The effect of
Reynolds number, the length of unheated starting length and the inclination angle of flat
plate on heat transfer, surface temperature, surface heat flux, and velocity and temperature
profiles over flat plate has been investigated.

2. PROBLEM DESCRIPTION AND MATHEMATICAL FORMULATION

The schematic geometry and coordinate system used in the computational domain are
shown in fig. 1. As seen in this figure, problem consists of an inclined semi-infinite flat
plate and a flow over it. The flow approaches to the inclined plate horizontally with a
uniform velocity U., and temperature T, in the direction of x’. The part of the plate starting
from the leading edge, region AB, is unheated. The length of this unheated region is
denoted by xo. The part of the plate after distance x, from the leading edge, region BC, is
exposed to a constant temperature or constant heat flux. In other words, laminar velocity
boundary layer development starts at the leading edge (at x=-xo) while thermal boundary
layer development begins at x=0 which is the beginning of the heating section. The length
of the heated surface L is chosen as 50mm, and the ratio of the unheated starting length to
the heated length, xo/L, is taken as 1 and 10. x/L changes between 0 and 1.0. & shown in fig.
1 is the inclination angle of the flat plate and measured from horizontal. The value of & is
changed between 0° and 75° to investigate the effect of inclination angle on the heat
transfer over an inclined flat plate with an unheated starting length. Fluid flows parallel
over the plate when @is zero.



Fig. 1. The geometry and coordinate system of problem

For steady laminar flow of a constant-property viscous flow neglecting the buoyancy
effects and viscous dissipation, the governing continuity, momentum, and energy equations
can be written as follow:

V-V=0 1)
p(DV/Dt)=-Vp+uv?V (2)
pe, (DT/Dt)=kV2T (3)

where V, p, p, |, Cp, k and T designate the velocity vector, density, pressure, dynamic
viscosity, specific heat, thermal conductivity, and temperature, respectively.

2.1. Boundary Conditions

Computational domain used for numerical solutions is shown in fig. 2. The computational

domain is indicated by AEDCBA plane.
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Fig. 2. Schematic view of the computational domain and boundary conditions



On the left side of the computational domain, i.e. at x=-Xo (AE surface), fluid enters the
domain with uniform velocity and temperature, i.e.,

u=U, v=0, T=T,=293K (4)
On the right side of the computational domain, i.e. at x=L (DC surface), pressure outlet
boundary condition is applied. On this boundary, the gage pressure is fixed to zero.
Therefore, boundary conditions at the outlet are

oulox =0, ovlox=0, OT/OX=0, Pgage=0 (5)

On the top surface, i.e. at y=10(xo+L) from the trailing edge of the plate (ED surface),
pressure outlet boundary condition is considered and gage pressure is taken as zero, i.e.,

ouloy =0, ovloy=0, OT/oy=0, Pgage=0 (6)

On the unheated surface (AB surface, i.e. -xo<x<0), no slip velocity condition is applied,
Ie.,

u=0, v=0, T=T, (7)

On the heated surface (BC surface, 0<x<L), no slip velocity condition is used. For
temperature, two different cases are considered: i) constant temperature (T,=328K), ii)

constant heat flux (q'v'V .= 400Wm ). These can be expressed as

u=0, v=0, T=T,or (aT/on), =gy /k (®)

2.2. Calculation of Reynolds and Nusselt numbers

The Reynolds number based on xp+x on the heated surface is defined as
Rey +x =Uy, (% +X) /v 9

Thus, the maximum Reynolds number at the trailing edge of the plate Reyo.. is about
15.5x10°% and 85x%10° for xo/L=1 and 10, respectively. Thus, flow is laminar at the trailing
edge of the plate. Local Nusselt number based on xo+x is calculated as

NU, 4y = q'\;V,X (Xo + x) / (k(Tw,x —Tw)) (10)

All fluid properties are taken at the free stream temperature T, [19].



2.3. Numerical Solution

Numerical solutions were carried out using commercial software ANSYS Fluent 15.0. The
computational scheme used by ANSYS Fluent Inc. is based on the finite volume
discretization method. A typical mesh distribution is shown in fig. 3 for inclination angle of

6=45°,
0.7 mm
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Fig. 3. Mesh distribution of the computational domain

Computations were carried out for laminar flow. Steady pressure-based solver is employed
with second order upwind scheme for convective terms in the mass, momentum, and
energy equations. SIMPLE-algorithm is utilized for pressure-velocity coupling. No
convergence problems are observed. To attain converged solution, each equation is iterated
until the residuals fall below 1x10°.

The grid independence study is performed by changing the cell size. Surface temperature
and local Nusselt number along the heated plate are plotted for five different mesh systems
in fig. 4(a) and 4(b), respectively, at Rex=77120 for £=45° and x,/L=10 at constant surface
heat flux boundary condition. Mesh size is changed between 35197 and 82465 (meshl-
mesh5). No significant change occurs when mesh number changes from 68651 (mesh4) to
82465 (mesh5). Thus, mesh4 is considered as the optimum mesh. This mesh is used for
other Reynolds numbers Reyo at =45° and Xo/L=10. Mesh independency analysis is also
performed when inclination angle and type of boundary condition of plate were changed.
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Fig. 4. Surface temperature (a) and (b) local Nusselt number along the heated plate

3. CODE VALIDATION

Local Nusselt number Nuyg+x for laminar parallel flow over a horizontal flat plate with an
unheated starting length is given for constant surface temperature and constant heat flux

boundary conditions, respectively, as [19]

e
NUy 47 = 0.332 ReXO+XO'5 Prm/[l-(xo/(xo + X))3/4} (11)

13
NU oy = 0453Re, 1,0 Pr / [1-(x0 [(x+x))° 4} (12)

To assess the accuracy of the present results, the computed Nuyo+x for constant surface
temperature and constant surface heat flux boundary conditions are plotted along the heated
flat plate in figures. 5(a) and 5(b) for 6=0°, xo/L=10 and Rey=77120. It is seen that present
results are in good agreement with literature results.

(a)ZOOO - * : ' (b)ZOOO '
0=0° 0=0°
Xo/L =10 Xo/L =10
1500 | Rey,= 77120 | 1500 4 Rey, = 77120
— - present study « « - present study
< Eq. (11) z ——— Eq.(12)
221000 | 1000 1
= . 2
0 : . : : 0 T T . T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 02 04 0.6 0.8 10
x/L x/L
Fig. 5. Nuxo+x along the heated section for (a) constant temperature and (b) constant heat
flux



4. RESULTS AND DISCUSSION

After showing the validation of numerical results, the effects of Reynolds number, length of
the unheated starting length and inclination angle of flat plate on flow and temperature
fields, surface temperature, surface heat flux and local Nusselt number were investigated.
To carry out these analysis, simulations were performed for the Reynolds numbers Reyo
changing from 7710 to 77120, for the inclination angle of 0°<6<75°, and for the ratio of the
unheated starting length to the heated length of xo/L=1 and 10.

Typical dimensionless x-velocity u/U,, on the heated surface at a position of x/L=0.20 is
plotted along y-axis in fig. 6(a) for three different Reynolds numbers Reyo for xo/L=10 at
6¢=0°. Dimensionless velocity over flat plate changes between zero and unity. As seen in
fig. 6(a), velocity boundary layer thickness increases with decreasing Reynolds number.
Velocity boundary layer thickness is defined as the distance at which 99% of the free
stream velocity magnitude is achieved. Based on this definition, velocity boundary layer
thicknesses for the Reynolds number Rey, of 7710, 46120 and 77120 are obtained as
18.20mm, 8.14mm and 6.02mm, respectively. In fig. 6(b), typical dimensionless
temperature (T-Ty)/(T.~Ty) on the heated surface at a given position x/L=0.20 is plotted for
three different Reyo. It is seen that dimensionless temperature on the heated surface changes
from zero to unity in the thermal boundary layer, and it remains constant outside of the
boundary layer. Thermal boundary layer thickness is defined as the distance from surface at
which (T-Ty)/(T.-Tw)=0.99. Thus, thermal boundary layer thicknesses for Rey=7710,
46120 and 77120 are 6.31mm, 3.04mm and 1.94mm, respectively. That is, temperature
boundary layer thickness decreases when flow velocity increases. Thus, the decreasing
thermal boundary layer thickness results in increasing heat transfer.
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Fig. 6. Variation of (a) u/U, and (b) (T-Tw)/(T.~Tw) on the heated surface at x/L=0.20 for
6¢=0° and xo/L=10

Dimensionless axial velocity u/U,, is plotted in fig. 7(a) on the heated surface at three
different positions at 6=0° for Xo/L=10 and Re,=46120. It is seen that dimensionless
velocity changes from zero to unity in the hydrodynamic boundary layer, and it remains
constant at unity out of the boundary layer. Velocity boundary layer thickness increases
along the heated surface. In other words, velocity boundary layer thicknesses for
Rex=46120 at x/L=0.20, 0.50 and 1 (near the leading edge, at the middle, and at the trailing



edge of the heated surface) are 8.42mm, 8.79mm and 9.32mm, respectively. Likewise,
typical dimensionless temperature (T-Ty)/(T.~Tw) is shown in fig. 7(b) on the heated
surface at three different positions at 6=0° for xo/L=10 and Reyx=46120. Dimensionless
temperature varies between zero and unity inside thermal boundary layer, and it takes value
of unity outside the thermal boundary layer. Also, it is seen that thermal boundary layer
thickness increases from leading edge to the trailing edge over the heated surface. Thermal
boundary layer thicknesses for Rey,=46120 at x/L=0.20, 0.50 and 1.0 are 3.04mm, 3.91mm
and 4.82mm, respectively.
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Fig. 7. (a) u/U, and (b) (T-Tw)/(T-Ty) along y-axis at three different x/L for 6=0°, xo/L=10
and Re,x=46120

The effect of the length of unheated starting length on surface temperature and thermal
boundary layer are designated in fig. 8. In fig. 8(a), typical surface temperature is plotted
along heated length at constant heat flux boundary condition for three different free stream
velocities at 6=0° for xo/L=1 and 10. It is seen that unheated starting length affects the
surface temperature of the heated section. The surface temperature of the heated section for
short unheated section is smaller than that of long unheated starting section. That is, more
heat is transferred from the surface for short unheated section. Dimensionless temperature
(T-Tw)/(To-Ty) at x/L=0.20 for 6=0° is plotted in fig. 8(b) to see the effect of the length of
unheated section on thermal boundary layer thickness for two different free stream
velocities. Thermal boundary layer thicknesses at x/L=0.20 for Xxo/L=1 are 4.23mm and
1.40mm for U.=0.276ms™ and 2.76ms™, respectively. However, thermal boundary layer
thicknesses at x/L=0.20 for xo/L=10 are 6.31mm and 1.94mm for U,=0.276ms™ and
2.76ms™, respectively. In other words, thermal boundary layer thickness for x¢/L=10 is
greater than that of xo/L=1. Therefore, increasing thermal boundary layer thickness results
in decreasing heat transfer. It is seen that unheated section length affects the thermal
boundary layer thickness. In other words, velocity boundary layer affects thermal boundary
layer.

Typical temperature contours over heated surface are plotted in fig. 9 for three different
Reynolds numbers at constant heat flux boundary condition for 6=0° and xo/L=10. It is seen
that thermal boundary layer thickness decreases while Reynolds number increases, as
expected. Similar result can be seen in fig. 6(a). Thus, heat transfer increases as Reynolds
number increases.



Typical temperature contours are shown in fig. 10 over the heated surface at different
inclination angles of flat plate for Rey=7710 at xo/L=10. As seen in fig. 10, inclination
angle affects the thermal boundary layer. That is, thermal boundary layer thickness
decreases while inclination angle increases, and this causes an increase in heat transfer.
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Fig. 8. The effect of unheated starting length on (a) surface temperature and (b) thermal
boundary layer thickness
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The effects of Reynolds number Re,, on surface temperature and heat flux are shown in fig.
11(a) and 11(b) for constant heat flux and constant surface temperature boundary
conditions, respectively. Figure 11(a) shows the variation of the surface temperature with
Reynolds number along the heated plate for 6=0° and xo/L=10 at constant heat flux
boundary condition. It is observed in fig. 11(a) that, at a given location x/L (e.g. at
x/L=0.80), surface temperature increases when Reynolds number decreases for constant
heat flux boundary condition. As for fig. 11(b), variation of surface heat flux along the
heated plate is given at different Reynolds numbers for constant surface temperature
boundary condition at 6=0° and xo/L=10. It is seen that heat flux on the surface decreases
along the duct. It is also seen that surface heat flux at a given position on the plate increases
with increasing Reynolds number.
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Fig. 11. Variation of surface temperature (a) and heat flux (b) along the heated surface at
6=0° and xo/L=10 for different Re,, at constant surface heat flux and constant
temperature

The variation of local Nusselt number along the heated plate for different Reynolds
numbers Reyo at Xo/L=10 and &=0° is shown in fig. 12(a) and 12(b) for constant surface
temperature and constant heat flux boundary conditions, respectively. It is seen that the
local Nusselt number decreases along the heated plate. At a given position, it is also seen
that local Nusselt number increases with increasing Reynolds number. This result can also
be seen in fig. 6(b) due to the decreasing of thermal boundary layer thickness.
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Fig. 12. Variation of local Nusselt number along heated plate for different Reynolds
numbers at constant temperature (a) and heat flux (b)

Comparison of local Nusselt number for constant surface heat flux and constant surface
temperature boundary conditions is designated along heated surface in fig. 13 for xo/L=10
and 6=0° at Rey=77120. It is seen that local Nusselt number for constant heat flux
boundary condition is higher than that of constant surface temperature boundary condition
at a given position. In other words, heat transfer coefficient for constant heat flux boundary
condition is about 20 percent higher than that of constant surface temperature boundary
condition at the trailing edge of the heated surface.
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Fig. 13. Local Nusselt number along heated surface
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The effect of & on surface temperature and heat flux is given in fig. 14(a) and 14(b) for
constant heat flux and constant surface temperature at Rey,=7710 for xo/L=10. It is seen that
surface temperature increases along heated surface. It is also seen that surface temperature
depends on 6. Surface temperature decreases with increasing & at a given position for
constant surface heat flux. With regard to fig. 14(b), surface heat flux is plotted along
heated surface at different 6. Heat flux begins with a high value at the beginning of the
heated surface and decreases along heated surface. At a given position, it is seen that, e.g. at
x/L=0.8, heat flux increases with increasing & at same constant surface temperature.
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Fig. 14. Variation of (a) surface temperature and (b) heat flux along heated surface

The effect of 6 on local Nusselt number is shown in fig. 15(a) and 15(b) along heated
surface for xo/L=10 and Rex=7710. In fig. 15(a), typical local Nusselt number for constant
surface temperature is plotted along heated surface for different 6. It is seen that local
Nusselt number decreases along the heated surface. Also, it is seen that local Nusselt
number increases with increasing & at a constant position. Similar result can be seen in fig.
10 as well. In other words, maximum Nusselt number is obtained for 6=75°. In fig. 15(b),
local Nusselt number for constant surface heat flux is shown along heated surface at
different @ values for Xo/L=10 and Re,=7710. It is seen that local Nusselt number has
similar behavior as the case of constant surface temperature. As seen in fig. 15, inclination
angle of flat plate affects the local Nusselt number.
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Fig. 15. Local Nusselt number versus x/L for Re,=7710 at constant temperature (a) and
heat flux (b)

5. CONCLUSIONS

Two-dimensional laminar flow and forced convection on a flat plate with an unheated
starting length are numerically investigated under both constant surface temperature and
constant heat flux boundary conditions. Numerical analysis has been carried out for
different Reynolds numbers (7710<Rey<77120), different inclination angles of flat plate
(0°<6<75°), and two different unheated starting length (xo/L=1 and 10). Air is used as the
working fluid (Pr=0.71). It is seen that the inclination angle, unheated starting length of flat
plate and Reynolds number affect the heat transfer. Heat transfer decreases with increasing
unheated starting length, but increases with increasing Reynolds number and inclination
angle of flat plate. It is seen that velocity boundary layer affects the thermal boundary layer.
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ABSTRACT

Hydrogen is getting an increasing attention as the medium for energy storage and sodium
borohydride is accepted as a suitable carrier for hydrogen. The main product of the process
by means of which hydrogen is produced from sodium borohydride is sodium metaborate.
This work aims at finding an alternative use for sodium metaborate and specifically
investigating the feasibility to use it for carbon dioxide capture from flue gases. The products
of this chemical absorption are sodium carbonate, sodium bicarbonate and boric acid, all of
which are industrially important chemicals. A bubble column was used in the experiments.
Oxygen desorption technique was employed to determine the liquid side physical mass
transfer coefficient. Chemical mass transfer coefficient was determined by absorption of
carbon dioxide from its mixture with nitrogen into sodium metaborate solution.

Enhancement factor was then calculated and a correlation was developed for it.

Keywords: carbon dioxide absorption, sodium metaborate, bubble column, mass transfer,

absorption with chemical reaction, enhancement factor.



1. INTRODUCTION

It is strongly believed that hydrogen will be the energy carrier in the near future and sodium
borohydride is one of the best hydrogen carriers. Current problem in this technology is,
however, either to recycle or to find alternative use for sodium metaborate, which is the

product of the process by means of which hydrogen is obtained from sodium borohydride.

Besides this, carbon dioxide (COz) is one of the major greenhouse gases and it is seen as the
primary cause for global warming. The removal of CO; as well as other acidic gases such as
H>S, SO2 and COS from flue gas in fossil fueled power generation is an important operation
for the abatement of greenhouse gas emissions. This process, simply called post combustion
carbon dioxide capture process, has attracted substantial attention as it also allows retrofitting
in existing power plants. Alkanolamines such as monoethanolamine (MEA), diethanolamine
(DEA), di-isopropanolamine (DIPA) and methyldiethanolamine (MDEA) have been the
mostly employed solvents in this process [Versteeg et al., 1996; Kumar et al, 2003; Dugas
and Rochelle, 2009; Edali et al., 2009 Hamborg, 2011; Meldon and Morales-Cabrera, 2011].
MEA has been the most common one. It is also common practice to add some additives to
promote the rate of absorption [Kohl and Nielsen, 1997; Aronu et al., 2009; Aronu et al.,
2010]. Degradation in time, corrosive properties and large energy requirement for desorption
of COz in a cyclic process using alkanolamines have made it necessary to look for alternative
solvents [Goff and Rochelle, 2004; Portugal et al., 2007]. The use of, for example, agueous
ammonia solution has evolved in this effort [Baluwhoff et al., 1983; Yeh et al., 2005; Derks
and Versteeg, 2009; Telikapelli et al., 2010; Darde et al., 2011; Liu et al., 2011]. Though, the
necessity to work relatively at low temperatures (0-10°C) for CO, absorption by ammonia
process seems to be another important drawback. Thus, investigations will continue to come
up with an appropriate solvent enabling efficient absorption of CO2 at operating conditions

close to atmospheric conditions.



In this work, sodium metaborate was used to capture CO2. Therefore, it serves to both
objectives, i.e. to capture carbon dioxide emission from combustion of fossil fuels and to help
finding alternative area of use for sodium metaborate. The products of this chemical
absorption are sodium carbonate, sodium bicarbonate and boric acid; all are individually
important chemicals in industry and in fact can be used directly as a mixture, for example, in
glass industry. The present work was planned in this strait with the hope of contribution to
the use of hydrogen energy as well by utilizing the product of sodium borohydride hydration

reaction [Uysal et al., 2017].

In addition, scientific and industrial interest in bubble columns has increased considerably in
the last decades [Ityokumbul et al., 1994; Haut et al., 2004; Kantarci et al., 2005]. Bubble
column is simple, easy to operate, control and scale up, and effective in contacting gas and
liquid streams [Jakobsem et al., 2001; Dhaouadi et al., 2008]. High interfacial areas as a few
thousand m?/m® can be achieved with porous plate spargers [Alvarez et al., 2008]. Its
simplicity and effectiveness were the primary reasons of its use as a contactor in the present

work.

The capability of sodium metaborate to absorb carbon dioxide and the kinetics of the reaction
between dissolved carbon dioxide and the sodium metaborate were investigated previously
[Uysal et al., 2017]. In this work, chemical absorption studies were performed with a bubble
column operating continuously with respect to liquid and gas to see the extent of
enhancement factor attainable for carbon dioxide capture by sodium metaborate with respect

to physical absorption.

2. MATERIAL AND METHODS



In order to investigate the absorption of carbon dioxide into sodium metaborate solution,
series of work was performed by using a bubble column, a widely used liquid-gas contactor.
Bubble columns are one of the multiphase systems. The ratio of height to diameter of them is
generally within the range of 1.5-20 [Harriot, 2002]. A bubble column is simply considered
as a tank with a gas distributor at the bottom. Bubble columns are widely used in laboratories
and industrial applications due to their many advantages. The heat and mass transfer
characteristics of them are excellent, meaning they provide high coefficients of heat and mass
transfer. They do not have mobile pieces in the system and they are compact, thus

maintenance and operating costs are low [Degaleesan, et al., 2001].

The characterization of fluid dynamics of bubble columns is very important for operation and
performance of the system. It is highly dependent on the flow regime attained. The
classification of the flow regime is done according to the gas flow rate [Kantarci et al., 2005].
There are mainly three type of flow regimes: homogeneous regime (bubbly flow),
heterogeneous regime (churn-turbulent flow) and slug regime [Hyndman et al., 1997]. There
are also regions between the main regimes, known as the transition ranges. It is not possible
to give certain gas flow rate intervals for all these regimes. There are many studies done in
different systems and the results of intervals for these regimes and regime boundaries are
different from each other [Kantarci et al., 2005; Hyndman et al., 1997; Bach and Pilhofer,
1978; QOels et al., 1978; Krishna et al., 1991; Yamashita and Inoue, 1975]. These
qualifications are specific properties of a column; hence firstly flow characteristics should be
identified in a study using a bubble column. The main characteristic property affecting the
performance is the gas holdup. So this work was planned to determine the gas holdup first
and then to investigate the mass transfer aspect.  Since the CO; absorption is with chemical
reaction, studies for the calculation of both physical and chemical mass transfer coefficients

were done to see the enhancement due to chemical reaction [Uysal et al., 2017]. Liquid side
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physical mass transfer coefficient was determined employing oxygen desorption method.
Chemical mass transfer coefficient was determined by wet analysis method. The

enhancement factor was then calculated to see the contribution of the reaction to absorption.

The reactions taking place in the process of carbon dioxide absorption into sodium

metaborate solution are given below [Uysal et al., 2017].

2H,0 & 2H* + 20H" 2.1)
2NaBO, - 2Na* + 2B0; 2.2)
CO,(g) » CO, (D (2.3)
CO,(1) + OH™ & HCO3 (2.4)
HCO; + OH™ & CO3 + H,0 (2.5)
2Na* + CO3 — Na,CO4 (2.6)
2H,0 + 2H* + 2BO; — 2H;BO; 2.7)

According to this mechanism, the water molecules dissociate, and sodium and metaborate
ions are dispersed in water. Carbon dioxide gas passing to the solution firstly dissolves in this
solution and forms bicarbonate and carbonate ions with hydroxide ions of dissociated water.
These ions immediately proceed to react with sodium ions producing eventually sodium
carbonate. The other ions, which are hydrogen ions of dissociated water and borate ions

produce boric acid.

It may be noted here that the anion present in aqueous solutions of metaborates is the
tetrahedral monoborate ion, which is B(OH); [Adams, 1964; Edwards et al., 1955] but due to

the simplicity, the B(OH), ion can be abbreviated and written as BO; [Edwards et al., 1955].



The overall reaction between dissolved carbon dioxide and sodium metaborate can then be

written as follows.

2NaB0, + C0,(1) + 3H,0 — Na,CO5 + 2H;B0; (2.8)

Excess sodium metaborate also reacts with boric acid to give borax [Uysal et al., 2017].

2NaBO, + 2H;B0; - Na,B,0, + 3H,0 (2.9)

2.1. Experimental setup

The experimental setup is shown in Figure 1. A pyrex column with a diameter of 80 mm and
a height of 750 mm was used in the experiments. The solution was prepared in 50 L tank and
fed to the top of the column by a calibrated pump (Heidolph Pumpdrive 5206 with Masterflex
pump pipe 96410-14). Air or COz-air mixture was first passed through a humidifier to
saturate it with water and then introduced to the porous glass sparger at the bottom of the
column. The gas flow rate was measured by a Cole-Parmer rotameter. Gas and liquid flow
rates were chosen to ensure smooth bubbly flow [Deckwer et al., 1980]. The liquid flow rate

was varied between 0.5 — 1.8 L/min and the gas between 4-40 L/min.

Please insert Figure 1 here.

2.2. Gas holdup measurement
Holdups were determined by measuring the liquid heights in the piezometer and in the
column, as shown in Figure 1. By the equations given below, liquid and gas holdups of the

column at different rates of gas ranging between 4-40 L/min were calculated.

SL — Hpiezometer (210)

Heolumn



_ Hcolumn_Hpiezometer

Eg =

=1-¢g (2.11)

Heolumn

2.3. Liquid side physical mass transfer coefficient

Liquid side physical mass transfer coefficient was determined employing oxygen desorption
method. Distilled water saturated with oxygen in an external tank was fed to the column
where it was brought in contact in a countercurrent mode with rising bubbles of air. The
concentration of oxygen in water at the inlet and at the exit of the column was measured
using an oxygen meter (YSI Incorporated Model 50B Dissolved Oxygen Meter). The
superficial velocities of air and liquid were changed between 0.0185 - 0.1 m/s and 0.0017 -
0.0068 m/s, respectively. Liquid side physical mass transfer coefficient for oxygen was

calculated using the following expression;

(k%) = ——In (—‘) (2.12)

ZtSc Xout—Xj

Here, X; is the interfacial composition at the liquid side in equilibrium with the gas side
oxygen composition. It can be assumed to be constant for the temperature at which the
experiment was carried out. These values can be found in the literature [Perry and Green,

2008] as a function of temperature and should be corrected for the total pressure.

Physical mas transfer coefficient, kpa, can be calculated as follows.

(kga)
C

(kpa) = (2.13)



where c is the total concentration at the liquid side. Since k{a is proportional to the square
root of the diffusivity, liquid side physical mass transfer coefficient for carbon dioxide can be

estimated using the following correction factor [Perry and Green, 2008; Cents et al., 2005];

(kga)coz DI(-:I(?J(;
(kga)oz = ngo = 0.807 (2.14)

2.4. Liquid side chemical mass transfer coefficient

Liquid side mass transfer coefficient for absorption of carbon dioxide with chemical reaction
was determined by performing experiments where carbon dioxide was absorbed into sodium
metaborate solution in the column operating in the countercurrent mode with continuous gas
and liquid phases. The gas phase fed to the column consisted of 15 mol% CO2 and 85 mol%
N2. This is a typical maximum possible value of CO: in the flue gas of coal combustion
systems in industry. The liquid feed was 4.5 wt-% sodium metaborate solution. The reason
for using concentrated solution was to neglect the change in the solution properties during

absorption.

Considering the reaction between carbon dioxide and sodium metaborate given above, wet
chemical analysis of the liquid at the inlet and exit for carbonates enabled the calculation of
the total rate of carbon dioxide absorption, W [mol/s]. This can also be expressed in terms of

average mass flux, N¢o, .

mol

W [22] = Neo, [22] a 2] (ScZo)[m?] (2.15)

m?2s

Noting,



ScZe =V (2.16)

The average mass flux, N¢o,, becomes;

Ngo,a = W/V (2.17)

and using the definition of the flux, volumetric mass transfer coefficient for CO, with fast

chemical reaction can be estimated.

Ky (Xi — Xpui)a = ky(xj — 0)a = W/V (2.18)
or,
(kyea) = W/(V. x,) (2.19)

This can easily be converted to chemical mass transfer coefficient, k_a;

kpa =2 (2.20)

2.5. Enhancement factor
The enhancement factor is a measure of the contribution of chemical reaction to the
absorption process and is represented by the ratio of the rate of absorption with chemical

reaction to the rate of physical absorption. Using the definition of the mass transfer flux, the
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experimental value of the enhancement factor for chemical absorption of carbon dioxide can

be expressed as follows;

_ kLa
o kPa

(2.21)
where, kpa is the chemical mass transfer coefficient and k{a is the physical mass transfer

coefficient.

3. RESULTS AND DISCUSSION

3.1. Gas holdup

The overall mass transfer rate per unit volume in a bubble column is mostly governed by the
liquid-side mass transfer coefficient [Chen et al., 2008]. Moreover, in a bubble column the
variation of the overall mass transfer coefficient per unit volume is primarily due to variations
in the interfacial area [Fan, 1989]. Thus a precise knowledge of gas holdup is needed to
determine the performance of bubble columns. The basic factors affecting gas holdup are
superficial gas velocity, liquid properties, column dimensions, operating temperature and
pressure and gas distributor design [Kantarci et al., 2005]. It is recommended to consider the
flow regime map for bubble columns to identify the regime involved before adapting any
correlation [Deckwer et al., 1980; Shah et al., 1982]. Even for similar studies at comparable
gas velocities, gas holdup values reported may show differences of more than two fold
[Kantarci et al., 2005]. The best approach is, therefore, to determine the gas holdup
experimentally for the column in which mass transfer studies are carried out. Gas holdup,
determined from piezometer readings, with increasing and decreasing gas velocities is given

in Figure 2.
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Please insert Figure 2 here.

It may be worth to state that the present data values are close to the predictions made by the
correlation of Joshi and Sharma [Joshi and Sharma, 1979] at low gas velocities and to those
of Kawase and Moo-Young [Kawase and Moo-Young, 1987] at high gas velocities.
Considering the column diameter and gas velocities employed in the present research, the
flow regime in the present study starts with homogeneous bubble flow at low velocities up to
about 0.035 m/s and then falls mostly in the transition regime [Deckwer et al., 1980]. At
velocities greater than about 0.08 m/s the regime becomes slug flow and the gas holdup does
not show appreciable variation. The variation of gas holdup values in the present study thus
indicate clearly the change from homogeneous bubble flow to transition regime, covering
both ranges, and implying the passage from Joshi and Sharma correlation predictions at low
gas velocities to Kawase and Moo Young correlation predictions at relatively high gas
velocities. As gas holdup may also be affected by the wall effects for column diameters
smaller than 0.1 m and the sparger design employed [Deckwer et al., 1980; Luo et al, 1999],
it was preferred to develop a correlation for the present work. The correlation developed was
in a form similar to that of Joshi and Sharma [Joshi and Sharma, 1979] due to its simplicity

and is given below (r?=0.99);

gg = —2ue (2.22)

T 3.18+2ug

3.2. Liquid side physical mass transfer coefficient
The data obtained from the experiments for desorption of oxygen and Equations (2.12, 2.13
and 2.14) were used to calculate the liquid side physical volumetric mass transfer coefficient

for carbon dioxide. The results are given in Figure 3. The values of kfa are in good
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agreement with the literature [Zehner and Kraume, 2000]. These results were subjected to a
regression analysis and the following correlation was developed with r>=0.92.

(kfa)co, = 46.84 ug’”® uy, (2.23)

As it can also be seen from Figure 3, it was found that the volumetric mass transfer

coefficient for carbon dioxide increases with both gas and liquid velocities.

Please insert Figure 3 here.

3.3. Liquid side chemical mass transfer coefficient

The results of the experiments carried out for the determination of the liquid side mass
transfer coefficient with chemical reaction between absorbed carbon dioxide and sodium
metaborate are presented in Figure 4. The chemical mass transfer coefficient values obtained
in this study are in very good agreement with similar studies on absorption of carbon dioxide
in alkaline solutions with chemical reaction within the same gas and liquid velocity ranges

[Chen et al., 2008; Sada et al., 1985].

Please insert Figure 4 here.

The data given in this Figure 4 were subjected to a regression analysis and the following

equation was obtained.

(kLa)COZ = 3.63 uOG'83 ug'll (224)

When the correlations developed for physical and chemical mass transfer coefficients are

compared, it is interesting to note that while the effect of gas velocity is more or less the
13



same, relative effect of liquid velocity is smaller in case of chemical absorption. The
exponent of the liquid velocity in Equation 2.24 is much smaller than the one in Equation
2.23 for the physical mass transfer coefficient, i.e. 0.11 vs 1. This is indeed reasonable as the
enhancement in mass transfer rate for chemical absorption is essentially due to the chemical
reaction at the liquid side. The effect of chemical reaction superimposes on the
hydrodynamic effects because of liquid velocity and becomes the dominant contributor to the

increase in mass transfer rate.

It may also be worth to mention that the experiments were carried out with basic solution.
The pH of the sodium metaborate solution used in the experiments was measured as 10.50
(£0.03) in the feed tank. The system was run continuously with respect to both phases and
the exit liquid stream was collected in a different tank. For a short column like the one
employed in the experiments, the amount of mass transfer and the amount of CO> absorbed
was relatively small. The excess bulk concentration of metaborate did not change
appreciably in single passage of liquid through the column. So, the acidification effect of
CO2 could be considered negligible in short once through systems. This in fact was also

confirmed experimentally.

Equation 2.21 together with Equations 2.23 and 2.24 were used to calculate the enhancement
factor. The following equation was obtained and Figure 5 was plotted using the

enhancement factor values obtained.

E = 0.0775 ud8 u;*%° (2.25)

The exponent of gas velocity in this equation is very small as expected. As the enhancement

factor represents the increase in mass transfer due to the chemical reaction taking place in the
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liquid, it is reasonable to expect very small effect of gas velocity and relatively profound
effect of liquid velocity. It may also be noted that the enhancement due to chemical reaction
becomes more important at low liquid velocities. Mass transfer coefficient values at high
liquid flow rates are already high because of hydrodynamic effects at high liquid velocities,
then the relative contribution of the reaction to the chemical mass transfer coefficient

becomes less and less effective as liquid flow rate increases.

Please insert Figure 5 here.

The enhancement factor values presented in Figure 5 can help to understand the regime of
chemical absorption taking place, i.e. fast pseudo first order reaction regime or transition
regime or instantaneous regime. The reaction rate between carbon dioxide and sodium

metaborate in the liquid can be expressed as below [Uysal et al., 2017];

r¢ = KrCco,Csmp (2.25)

The sodium metaborate concentration employed in the experiments for the determination of
mass transfer coefficient was 4.5 wt-%. As the solubility of carbon dioxide in sodium
metaborate solution of this specific concentration is about 34.50 mol/m® [Weisenberg and
Schumpe, 1996], one may safely assume that sodium metaborate was much in excess of
carbon dioxide in the liquid. Thus, reaction rate can be expressed as pseudo first order
reaction with respect to carbon dioxide.

I'c = kK’ CCOZ (226)

where k' is the overall rate constant and expressed as k' = k,Csyg.

The overall reaction rate constant was previously found as [Uysal et al., 2017];
15



—18062)

k' = 1.348 (R (2.27)

For fast pseudo first order reactions, the enhancement factor is equal to Hatta number;

K DCOZ
E=Ha=%1 = (2.28)

kp

and it must lie within the interval between 2 and the infinite enhancement factor for
istantaneous reactions, E« [Darde et al., 2011; Shah et al., 1982; Joshi and Sharma, 1979;

Kawase and Moo-Young, 1987; Luo et al., 1999].
2<Ha«E, (2.29)

It may be noted that all the experimental values of the enhancement factors given in Figure 5

are greater than two.

E-, is the enhancement factor for instantaneous reaction which corresponds to maximum
enhancement factor. It is dependent on the selected mass transfer model and for film theory

it could be written as below [Danckwerts, 1970; Higbie, 1935].

DsmpC DEbY
Eoo = (14 —Dipcus ) |0%0; (2.30)
Yco, D20, Ccoy,i/ | PsmB

Here, vco, is the stoichiometric coefficient. For the chemical system used, the parameters in
Equation (2.30) can be evaluated at 25°C [Zhou, et al., 2013; Speight, 2005; Poling et al.,
2004; Versteeg and van Swaaij, 1988; Cloutier et al., 2007; Hermann and Schumpe 1996;

Schumpe and Deckwer, 1979; Licht and Weiland, 1989; Dang and Rochelle, 2003]. The
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diffusion coefficient of sodium metaborate in aqueous solutions (Dgyg) and the diffusion
coefficient of carbon dioxide in sodium metaborate solution (D3yP) were calculated as
9.3497x1071% and 1.7516x10~° m?/s, respectively. E« was then calculated as 14.07 . Details of
these calculations are given in the Appendix. Recalling Equation (2.29), this value of E«
together with the experimental values given in Figure 5 indicates that absorption of carbon
dioxide by sodium metaborate solution does indeed take place essentially in the fast pseudo

first order reaction regime.

Figure 6 is drawn to show theoretically the variation of the enhancement factor for the
chemical system used in this work with Hatta number. It is clear that the majority of data
given in Figure 5 essentially fall into the transition region and some approach to

instantaneous region at low liquid velocities.

Please insert Figure 6 here.

As noted earlier, it has been reported that characteristic properties of bubble columns like gas
holdup, interfacial area, mass transfer coefficient depend on the design of the column, type of
the sparger, gas and liquid flow rates and gas-liquid system [Zehner and Kraume, 2000]. One
has to consider all these as well as the diameter of the column before deciding on a
correlation to use for these parameters. However, it is worth to mention that as the
enhancement factor is solely reperesenting the effect of the specific reacting chemical system,
the equation for E (Equation 2.24) developed here can safely be used for carbon dioxide
absorption into sodium metaborate solution in another column with a different column design
and sparger if there is dependable information or a correlation for the estimation of the

physical mass transfer coefficient for that column.
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CONCLUSIONS

In this work, it has been shown that sodium metaborate can effectively be used to capture
CO2. For the bubble column used in the experiments, oxygen desorption method was used to
find the physical mass transfer coefficient and a correlation was developed for it. Chemical
mass transfer coefficient was also investigated in the system operated continuously with
respect to both phases. In order to see the contribution of chemical reaction to the absorption,
the enhancement factor was calculated and a correlation was developed. It was determined
that absorption of carbon dioxide by sodium metaborate solution takes place essentially in the

fast pseudo first order reaction regime.
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NOMENCLATURE

a Interfacial area, m?/m?

c The total concentration at the liquid side, mol/m?

Cco2 Carbon dioxide concentration, mol/m?

Csms Sodium metaborate concentration, mol/m?

Das Diffusivity of carbon dioxide, m?/s

E Enhancement factor, -

Ew Infinite enhancement factor, -

Ha Hatta number, -

kL Liquid side physical mass transfer coefficient for carbon dioxide, m/s
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K Reaction rate constant, m3/mol-s

Kx Volumetric mass transfer coefficient for carbon dioxide with fast chemical

reaction, mol/ms-s

kx° Liquid side physical mass transfer coefficient, m/s
k’ Pseudo first order reaction rate constant, 1/s

L The liquid volumetric flow rate, m®/s

Na Carbon dioxide molar flux, mol/m?-s

Ncoz Average mass flux of carbon dioxide, mol/m?-s

e Reaction rate, mol/m?-s

Sc Cross-sectional area, m?

Uc Gas velocity, m/s

uL Liquid velocity, m/s

\Y The liquid volume, m3

w The total rate of carbon dioxide absorption, mol/s
Xbulk The liquid bulk composition, -

Xi The interfacial composition at the liquid side in equilibrium, -
Xin The inlet composition, -

Xout The outlet composition, -

Zt The total liquid height, m

Greek letters
€G Gas holdup, -

eL Liquid holdup, -
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Abstract

The main reason of global warming is the increase in concentration of greenhouse gases in atmosphere,
especially CO», which is mostly emitted from power plants. There are several systems conventionally
used to prevent this increment like absorption of carbon dioxide from flue gases with ammonia or amine
solutions. The drawback of these systems is that they require so much energy to operate due to pressures
and temperatures involved, resulting in the decrease of overall power plant efficiency. Calcium acetate
could be an alternative sorbent due to its alkaline nature and the ability to react with CO.. In this work,
the total carbon dioxide absorption capacities of calcium acetate solutions were investigated. In the
experiments, calcium acetate (Sigma-Aldrich BASF Quality, > 99%) binary solutions with 8 different
concentrations (ranging between 0.7719-22.3204 wt-%) in water were used. The experiments were
performed in a stainless steel measuring cell in equilibrium by using the isochoric method at 3 different
pressures (0.485MPa, 0.988MPa, 1.530MPa) and 4 different temperatures (ranging between 273-333K).
It was found out that with increasing pressure and decreasing temperature, the absorption capacity of the
solutions increased. The pressure, however, was observed to have less profound effect at high values.
Keywords: carbon dioxide; capture; calcium acetate; absorption capacity.

1 INTRODUCTION for post-combustion ca_rbon dioxid(_e absorpti_on
systems are amine solutions like
monoethanolamine  (MEA), diethanolamine
(DEA), diisopropanolamine  (DIPA) and
methyldiethanolamine (MDEA) [8-11]. These
conventional systems require so much energy that
the CCS (carbon dioxide capture and storage) unit
in a power plant decreases the overall efficiency
of that plant by approximately 2% which is a non-
negligible value regarding the amount of total
energy being produced [12]. The amine solutions
also have disadvantages like low carbon dioxide
loading capacity, decomposition problem at high
temperatures (especially at regeneration unit),
oxidation, high volatility resulting in solution loss
[4,13,14].

Global warming, being one of the most important
issues of the world, is a current threat for the
environment [1]. It is proven that the greatest
factor of global warming is the carbon dioxide gas
concentration in the atmosphere [2]. Thus,
currently it is important to prevent the increment
of carbon dioxide amount in the atmosphere. This
should be done by capturing the carbon dioxide
from point sources, i.e., from the flue gases of
power plants [3,4]. There are many researches
and projects about capturing and sequestrating
carbon dioxide from flue gases with different
techniques like absorption, adsorption, membrane
separation, cryogenic separation, etc [5,6]; but the
most preferred one is absorption compared to
other systems. It is possible and applicable to
retrofit the existing plants and add another unit for
absorption of carbon dioxide before emitting the
flue to the atmosphere [7]. Mostly used solutions

Arising from these problems, there is an
inevitable need for a new alternative solution for
carbon dioxide capture systems. Calcium acetate,
a benign material, can be the answer for this



problem. Calcium acetate is an environment-
friendly, noncorrosive and relatively inexpensive
material. The biggest advantage of this system is
the solubility of it in water being high thus
making it possible to be used in absorption
systems (preferred to CaCOs and Ca(OH).
because they are slurry systems). Moreover, it is
an inorganic system; thus decomposition is not a
concern. Furthermore, it is an inexpensive
chemical. All of these advantages of calcium
acetate are making itself a perfect candidate for
the alternative solution being sought.

Absorption of carbon dioxide with calcium
acetate solution is with chemical reaction. As a
result of our further investigations of both
theoretical and experimental, the following
chemical reaction was reached for this process.

Ca** + 2 CH,COOH™ + CO, + H,0
— 2 CH;COOH + CaCO,

Here, calcium acetate is ionized in water as
calcium and acetate when the binary solution is
prepared. As a result of the reaction of it with
carbon dioxide, acetic acid and calcium carbonate
form. The Gibbs free energy of this reaction at
STP is calculated as -2.75 kJ/mol [15,16] which
is in good agreement with literature [17]. This
value also shows that the reaction occurs
naturally.

In this work, the total absorption capacity of
calcium acetate solutions with different
concentrations were investigated at elevated
pressures and different temperatures.

2 MATERIALS AND METHODS

2.1 Preparation of Calcium Acetate-Water
Binary Solutions

In order to investigate the total carbon dioxide
absorption capacity of calcium acetate solution at
elevated pressures and different temperatures,
firstly calcium acetate — water binary solutions
with different concentrations were prepared.

To prepare these binary solutions, calcium acetate
powder (Sigma Aldrich BASF Quality, > 99%)
was dehydrated due its to the hydrophilic nature
in a closed flask, under vacuum for 24 hours. Also
distilled water was degassed by applying vaccum
to its flask, in order to get rid of any dissolved

gases. Then the dehyrated calcium acetate
powder and degassed distilled water were
combined in a special apparatus under vacuum to
obtain calcium acetate-water binary solution.

The calcium acetate-water binary solutions were
prepared regarding the maximum solubility of
calcium acetate in water which is 24.8 g calcium
acetate/100 g solution [18,19].

2.2 Experimental Setup

The experiments for the determination of total
CO, absorption capacity of calcium acetate
solution were done with the experimental setup
shown in Figure 1.

Here, calcium acetate solution with previously
measured volume was poured into the measuring
cell (chamber). Then, after sealing up the system,
CO: in the gas chambers at certain pressure was
sent to measuring cell. Whilst the operation, the
pressure and the temperature inside the cell was
measured continuously. As CO was absorbed by
the solution, the pressure inside the cell decreased
until the equilibrium was reached, meaning the
solution absorbed carbon dioxide. By the pressure
point at which the equilibrium was reached, it was
possible to calculate the CO> absorption capacity
of the solution at that certain pressure and
temperature. When the equilibrium was reached
for that certain pressure, the temperature was
decreased at the same chamber pressure.

The reason for starting this procedure at higher
temperatures and then decreasing it step by step
in every experiment is that, as the temperature
decrease, the solubility of gases increase. So, by
changing the temperature from higher values to
lower values, the absorbed carbon dioxide in
solution increased in every step within the same
experiment.

In Figure 2, an example data graph for single
experiment can be seen. As it is seen from the
figure, the experiment was started at a certain
pressure and temperature. The flat parts of both
chamber (measuring cell) pressure and chamber
temperature recordings indicate the equilibrium
was reached. Chamber pressure line decreases as
time passes (at every step of temperature),
meaning pressure in the sealed chamber
decreased, so more carbon dioxide was absorbed
by the solution inside.



4 5 6 7 8

1 - Gas reservoir, 2 — Heating, 3, 4 — Gas chambers (150 cmd),
5 — Pressure transducer, 6,18 — PT100 Rod Sensor, 7 - Emergence valve,
8 — Gas balloon (300 cm®), 9 —Connection for the evacuation of gas from
system, 10 — PC, 11 - Reducer, 12 — External CO, gas cylinder,
13 — Pressure transducer of measuring cell, 14 — Emergence valve of
measuring cell, 15 — Coble with the filled sample, 16 —Electronic tracking
system, 17 — Isolation, 19 — Measuring cell, 20 — Magnetic coupling,
21 — Magnet, 22 — Thermostat, 23 — Vacuum indicator, 24 — Liquid
nitrogen trap, 25 — Vacuum pump, 26,27,28,29 - Valve, 30 — Metal
reservoir for heating of measuring cell.

Figure 1. Experimental setup

By this method, the total absorption capacities of
8 different calcium acetate solutions (0.7719,
14598, 3.6274, 5.4390, 11.9642, 14.4661,
17.6164 and 22.3204 wt-%) were obtained at 3
different pressures (0.485 MPa, 0.988 MPa, and
1.530 MPa) and 4 different temperatures (273.15,
293.15, 313.15 and 333.15 K).

The reason of selecting the highest temperature as
333.15 K was that the maximum operating
temperature of the conventional absorption
system is 60°C.
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Figure 2. Experimental data graph (calcium
acetate solution concentration: 0.7719 wt-%,
initial chamber pressure: 0.482 MPa)

As it can be clearly seen from the figure, the
initial conditions for the experiments were
adjusted as the chamber pressure (which was
selected as 0.485 MPa, 0.988 MPa, and 1.530
MPa, as mentioned before) and the highest
temperature (which is 333.15 K or 60°C). When
there was not any decrement in pressure, the
temperature was then decreased to 313.15 K (or
to 40°C). As the solubility of the gases increases
with decreasing temperature, at a lower value of
temperature than previous, the absorption process
proceeded and a new equilibrium pressure point
was reached. As a result, it was possible to
calculate the total absorption capacities for
different temperatures at different pressures.

3 RESULTS

In order to investigate the total carbon dioxide
absorption capacity of calcium acetate solutions,
the experiments were done with 8 different
calcium acetate solution concentrations at 3
different pressures and 4 different temperatures.
The result for the effect of pressure at different
temperatures can be seen in Figure 3.

As it is clearly seen from the figure, as the
pressure increases, the absorption capacity of the
solution also increases. The absorption capacity
values are very close to each other at higher
pressures while there is a big gap between the
capacity values obtained at approximately 0.5
MPa and 1 MPa and particularly at lower
temperatures. Regarding the results, it is



reasonable to say that, it may not be worth to
operate the absorption system at high pressures as
the increase in the capacity (thus the yield of unit)
may not compensate the increase in operating
costs. The importance of pressure increment
becomes unimportant at higher temperatures, due
to the fact that the solution of gases in liquids
decrease with increasing temperature.
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Figure 3. The change in the total CO2
absorption of constant calcium acetate
solution concentration (0.7719 wt-%) with
respect to temperature at different

pressures
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Figure 4. The change in the total CO2
absorption at constant chamber pressure (1
MPa) with respect to concentration of
solution at different temperatures

As it is seen from Figure 4 and Figure 5, as the
concentration of the calcium acetate solution

increases, the total absorption capacity of it also
increases. Again as seen in Figure 4, it is better to
operate the system at lower temperatures. As
calcium acetate lowers the freezing point of
water, operating the system at lower temperatures
would not cause any problem. But the lower the
temperature is (than the ambient temperature), the
higher the operating cost would be. It is also
clearly seen from the figure that the slope of
increase in the absorption capacity at lower
concentrations is higher than that of at higher
concentrations. So selecting an optimum value of
concentration rather than operating the system
with saturated calcium acetate solution would be
feasible.
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Figure 5. The change in the total CO2
absorption for constant temperature (293.15
K) with respect to concentration of solution
at different pressures

The same result can be said for the results
presented in Figure 5. The increment in pressure
result in higher absorption capacity, but it also
results in higher operating costs.

So, when adapting these experimental results to
CO. capture unit, the optimum values should be
determined for the parameters regarding the
operational costs and the efficiency of the unit.

4 CONCLUSIONS

In this work, the total carbon dioxide absorption
capacity of calcium acetate solution was
investigated. The experiments were done at
elevated pressures at several temperatures with
different calcium acetate solution concentrations



and the effects of these parameters were
discussed. The main conclusion is that, the
capacity of carbon dioxide absorption of calcium
acetate solutions increases with increasing
pressure, solution concentration and with
decreasing temperature. The important point here
is that, the effect of these parameters on operating
cost should be considered in optimization.
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Abstract

(p.p,T) data of calcium acetate and water solutions over a wide range of temperatures
[T = (273.15 to 353.15) K], pressures up to p = 100 MPa, molalities m=(0.04918, 0.09367,
0.23797, 0.36365, 0.85923, 1.06930, 1.35223 and 1.81668) mol-kg™ of calcium acetate are
reported with an estimated experimental relative combined standard uncertainty in density of
Aplp = £ (0.01 to 0.03) %. The measurements were carried out with an Anton Paar DMA
HPM vibration tube density meter. The system was calibrated using double- distilled water,
aqueous NaCl solutions, methanol, toluene and acetone. An equation of state (EOS) for fit-
ting of the (p,p,T) data of CaAc (aq) has been developed as a function of pressure, tempera-
ture and molality.

After a thorough analysis of literature values and validity of the constructed equation
of state, various thermophysical properties such as isothermal compressibility, isobaric ther-
mal expansibility, differences in isobaric and isochoric heat capacities, thermal pressure coef-

ficient and internal pressure at investigated state parameter intervals were calculated.

Keywords: density, aqueous calcium acetate solution, apparent molar volume, isothermal

compressibility, isobaric thermal expansibility.



1. Introduction

The main reason of global warming is accepted to be the increment of concentration of
greenhouse gases, especially CO.. The most effective way to combat and prevent the increas-
ing concentration of CO- in the atmosphere is to capture and preferably store it. In conven-
tional systems for the capture of carbon dioxide, mostly amine solutions like MEA, DEA or
the mixtures of them and ammonia solutions are being used. But operating these systems
requires so much energy due to high pressure and temperature values in absorption and de-
sorption units thus making the overall power plant efficiency decrease. Thus, alternative so-
lutions are being investigated. Due to its alkaline nature and the ability to react with CO, at
ambient temperatures, calcium acetate (Ca(CH3COO)2) could be a better alternative. The

overall reaction between CO, and Ca(CH3COO) is given below [1].

CO, +Ca(CH,C00), + H,0 «> 2CH,COOH + CaCO, (1)

In order to investigate the reaction kinetics and mass transfer of this reaction, first it is im-

portant to obtain the values of thermophysical properties (p,p,7) of Ca(CH3COO)2 solutions.

Analysis of the literature density results at high pressures and over a temperature [2-3] range
of 283.15-308.15 K (Table 1) shows the necessity of careful experimental (p,p,7) measure-

ment of Ca(CH3COO); at a wide range of temperatures and pressures.

This paper is a continuation of our previous publication of the investigation of aqueous elec-
trolyte solutions [4-11]. In the present paper, the (p, p, T) properties, and apparent molar vol-

umes V4 of Ca(CH3COOQO)2 (aq) at over a wide range of temperatures [T = (273.15 to 353.15)



K], pressures up to p = 100 MPa, molalities m=(0.04918, 0.09367, 0.23797, 0.36365,
0.85923, 1.06930, 1.35223 and 1.81668) mol-kg™ of calcium acetate are reported at the first
time, and apparent molar volumes at infinite dilution have been evaluated. An empirical cor-
relation for apparent molar volumes of Ca(CH3COO). (aq) with pressure, temperature and

molality has been derived.

2. Experimental

The Calcium Acetate (Product number: C1000; CAS Number: 62-54-4, Molecular weight:
M=0.1581672 kg-mol?, Chemical Formula: (CH3CO.),Ca was purchased from Sigma-
Aldrich (BASF Quality, > 99%). In order to remove all volatile impurities the sample was
dried under vacuum for 48 hours at temperature T=423.15 K. Mass fraction of water deter-
mined after drying by means of Karl-Fisher titration was w=1-10"* mass fraction. Double dis-

tilled water was used for the preparation of the solutions.

The density at different temperatures and under high pressures, p(p,T), was determined by
means of high pressure — high temperature Anton-Paar DMA HMP vibrating tube densime-
ter. The temperature in the measuring cell where the U — tube is located is controlled using a
thermostat (F32 - ME Julabo, Germany) with an error of 10 mK and is measured using the
(ITS-90) Pt100 thermometer (Type 2141) with an experimental error of £15 mK. Pressure is
measured by pressure transmitters P-10 and HP-1 (WIKA Alexander Wiegand GmbH & Co.,

Germany) with an relative uncertainty of (0.1 and 0.5) % respectively, of the measured value.

The mPDS2000V3 control unit measures the vibration period with an accuracy of Az =

+0.001 us. According to the specifications of Anton—Paar and calibration procedures the ob-



served repeatability of the density measurements at temperatures T = (273.15 to 353.15) K
and pressures up to p = 100 MPa is within Ap = (0.1 to 0.3) kg-m~ or Ap/p = +(0.01 to 0.03)
%. The uncertainty of the density measurements can be predicted to be between Ap = (0.1 to

0.8) kg-m~ or Ap/p = + (0.01 to 0.08) %.

Specific quantities of Calcium Acetate and water were evacuated, degassed in two separate
flasks and connected using an adapter [ ]. Water flew into another flask and the concentra-
tion of the solution was defined using the weight of the flask with the solution on an electron-

ic scale (Sartorius ED224S, Germany) with 0.0001 g uncertainty.

Density p, at ambient pressure was additionally measured using Anton Paar Density Meter
DMA 5000. The standard uncertainty of these measurements was Ap= 2-102 kg-m=. These
densities of Ca(CHsCOO), were determined at eight points in the temperature range

T=(273.15 to 343.15) K.

3. Results and discussion

In the present paper, the (p, p, T) properties, and apparent molar volumes Vg of
Ca(CH3COO)2 (aqg) at over a wide range of temperatures [T = (273.15 to 353.15) K], pres-
sures up to p = 100 MPa, molalities m=(0.04918, 0.09367, 0.23797, 0.36365, 0.85923,
1.06930, 1.35223 and 1.81668) mol-kg™ of Ca(CH3COO)- are reported for the first time. The

experimental (p, o, T) and calculated thermal values are listed in the Appendix Table I.

Using a program for standard thermodynamic analysis to describe the (p, p, T) properties of

Ca(CH3COO): (aq), the equation of state [ ] was used:



p/MPa = A(plg-cm™)? + B(plg-cm™)® + C(plg-cm™®)"™. 2)
where: A, B and C are the coefficients of Eqn. (2) and all are functions of temperature and

molality in the following form:

AziT‘iaijmj, 3)

i=1

3 3

B=>T> bm, (4)
i=0 j=0
3 3

C=>T">¢m (5)
i=0 j=0

The ajj, bij and cjj are the coefficients of the polynomials and are tabulated in Table 2. The
equation of state defined by equations (2-5) reproduces our experimental values with Ap/p =

+ 0.01356 % average deviation.

Figure 1 shows the plot of pressure p of Ca(CH3COO)2 (aq) against density p at m=1.35223
mol-kg™. Figure 2 shows the plot of density p of Ca(CHsCOO). (aq) against pressure p at
T=298.15 K. Figure 3 shows plot of deviations of experimental density pexp. Of the investigat-
ed samples from the calculated density peq Obtained from eqns. 1-4 vs pressure p at T =

(273.15 t0 353.15) K.

The apparent molar volumes V4 of the calcium chloride in the water were defined by the Eq.
(6) and are listed in Table 3:

Vv, =1000(p,, — ps)(Mpsp,,) + Mipg, (6)
where: pw and ps are densities of the water and solution, g/cm® and m is the molality of solu-

tion, mol-kg™, and M is the molar mass of the dissolved Ca(CH3zCOO)_, in g/mol.



The uncertainty in derived values of V4 depends strongly on m, pw and ps. The maximum rela-
tive uncertainty AVy in the apparent molar volume V4 determination can be estimated by the

following equation [ ]:

é\/¢=(1—'v'mj Pu_lsp +| —Lo|sp, +om, (7)
1000 Pw ~ Ps Pw — Ps

where 6V is the uncertainties in the apparent molar volumes, 60,=0.001% is the uncertain-
ties in the pure water density (by the IAPWS standard), 6ps=0.03% is the uncertainties in the
solution density, and 6m=0.75% (at low concentrations) and 0.065% (at high concentrations)
are the uncertainties in the concentration, respectively. The average uncertainties of 6V by
the investigated concentrations are: 6V = (6.6698, 3.5872, 1.4065, 0.9136, 0.3364, 0.2648,

0.1926, 0.1216) %, respectively.

Figure 4 shows the plots of apparent molar volumes V¢°/(cm3-mol‘1) of Ca(CH3COO)2 in

water versus molality at T=283.15 K. Figure 5 shows the plots of apparent molar volumes

Vv, /(cm3mol™) of Ca(CH3COO) in water against pressure p at m=1.81668 mol-kg™:

The apparent molar volume of calcium acetate at infinite dilution qu’ at constant temperature
T and pressure p can be evaluated from the following equation:
_\O %
V, =V, +Am?Z+Bm, (8)
where: V¢0 is the apparent molar volume of Ca(CH3COO). at infinite dilution, which is the

same as the partial molar volume of Ca(CH3COO). at infinite dilution, Ay is the Debye-

Huckel limiting slope, m is the molality, and By is an adjustable parameter.



Redlich etc. [12-13] attempted to prove the Masson hypothesis for deriving of Ay by using
Debye-Hiickel theory [14]:
Ay =kw?? (9)

where: k and w were expressed as:

k = N2e°[(8/ 1000D°RT)]*[(2In D / dp) - £/3] and w=0.5%"v,22, (10)

where: Na is Avogadro’s number, e is the electric charge, D is the dielectric constant of the
solvent, R is the universal gas constant, T is the absolute temperature, £ is the compressibility
of the solvent, v is the number of ions of species i and valency zi formed by one molecule of
electrolyte. According to (10) for an electrolyte of a fixed valence type, w is constant and the
limiting slope Ay depends only on temperature and the physical properties of the solvent

D,(@InD)/ dp and . As a rule, this relationship is applied at fixed pressure p and tempera-
ture T. The infinite-dilution values of V(pO are obtained by polynomial extrapolating Eqg. (8) to

zero molality of solution (m=0). Archer and Wang [15] calculated the values of Ay for 1:1

electrolytes (w = O.SZViZiZ =1). The value w=3 was used for Ca(CH3COO), during the calcu-

lations. The apparent molar volumes of calcium chloride at infinite dilution V¢° are listed in
Table 4 and the adjustable parameter By in Table 5. Figure 6 shows the plots of apparent mo-

lar volumes at infinite dilution V,’/(cm®mol™) of Ca(CH3COO). in water against tempera-

ture T.

4. Conclusion
The thermophysical properties (p,p, T) of Ca(CH3COQ). solutions with eight different

concentrations, at temperatures T=(273.15 to 353.15) K and pressures up to 100 MPa were



experimentally investigated. The measurements were carried out at molalities m=(0.04918,
0.09367, 0.23797, 0.36365, 0.85923, 1.06930, 1.35223 and 1.81668) mol-kg? of calcium
chloride. The p-T and p-P diagrams for all concentrations are obtained and by using these
data, the comprehensive and accurate thermodynamic equation of state over a well specified
range of parameters was constructed, which was also applied for the calculation of the vari-
ous thermodynamic properties. These investigations have been examined for the first time
and the data gathered here would contribute greatly to further work about this field.

The apparent molar volumes V, of Ca(CH3COO): (aq) at T=(273.15 to 353.15) K, at
pressures up to 100 MPa are reported, and apparent molar volumes of Ca(CHzCOO), at infi-

nite dilution V¢O have been evaluated.
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TABLE 1

A literature revision of experimental works dedicated to the thermodynamic properties of Ca(CH3COO): (aq)

First author  Reference Year Properties Uncertainty, Ap Temperature, T/K Pressure, p/MPa  Concentration
Saury [2] 1993 p N/A 283.15 t0 308.15 0.1 c=0.35t0 1.77 mol- L
Nikolskiy(Ed.)  [3] 1964 p N/A 298.15 0.1 ¢=0.06to 1.57 mol- L1

p — density, ¢ — molarity.
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Table 2: Values of the coefficients ajj, bij and cjj in Egns.(2-5) for the Ca(CH3COO). water solutions.

di

bi

Ci

aio = 11.5480210732

a1l = -2.2417448526

a2 =0.717151395727

a3 =-0.208651279157

axo = -0.114792498299

a21 = 0.781720693673-1072
a» =0.

ax =0.

aso = 0.321070650674-10°3
asz1 = 0.

a2 =0.

asz = 0.

as = -0.281995859116-10°
as1 =-0.161183213861-107
as2 = -0.481248915786-10%
a3 =0.

boo = -633.252168596

bo1 = 201.182476867

bo2 =-117.142042425

bos = 48.1842815654

b10 =5.34627013801
b11=0.

b1 =0.

b1z =0.

b2 = 0.

b21 = -0.87953050099-1072
b2z = -0.299281890713-107°
b2s = 0.

bso = -0.112082284453-10*
ba1 = 0.142014188321-10*
b3, = 0.

bss = 0.115748877103-10°

Coo = O.

Co1 = 0.

Co2 = -44.3505701315
Coz = 0.

C10 = -0.595099686219
c11 = 0.328292076809
C12 = 0.285922890841
c13 =-0.051644218105
C20 = 0.

C21 = 0.

c22 = 0.

C23 = 0.

c30 = 0.

c31 = 0.

c32 = 0.

C33 = -0.516250841572-10°




Table 3. Apparent Molar Volumes V4(cm®mol™) of Ca(CH3sCOO); in water.

_m
mol-kg™
% % 0.04918 0.09367 0.23797 0.36365 0.85923 1.06930 1.35223 1.81668
a

273.16  0.101 48.705 55462  62.296  65.154 70.572 71.834 73.418 76.334
273.16  5.000 49.863  56.422 62996 65.758 70.955 72.185 73.734 76.578
273.16  10.000 51.009 57.268 63.690 66.355 71.334 72532 74.054 76.819
273.16  20.000 53.462 59.244  65.094 67.504 72.091 73.216 74.676 77.289
273.16  30.000 55.861 61.072 66.385 68.600 72.809 73.866 75.263 77.732
273.16  40.000 58.208 62.861 67.609 69.620 73.489 74.494 75.832 78.150
273.16  50.000 60.508 64.512 68.767  70.593 74.134 75.083 76.382 78.556
273.16  60.000 62378 66.028  69.782  71.468 74.732 75.643 76.902 78.927
273.16  70.000 64.212 67315 70.777 72274 75.308 76.183 77.397 79.287
273.16  80.000 65.633 68.478 71597 72988 75.840 76.687 77.871 79.625
273.16  90.000 66.465 69.225 72.324  73.612 76.320 77.156 78.315 79.936
273.16  100.000 66.909 69.859 72921 74.199 76.780 7/7.600 78.739 80.238
277.15  0.101 52.865 58.176  63.822  66.370 71.432 72.656 74.210 77.041
277.15  5.000 53.608 58.810 64.391 66.887 71.766 72.967 74.494 77.256
277.15  10.000 54.395 59465 64.966 67.379 72111 73.277 74777 T7.475
277.15  20.000 56.125 61.056 66.132 68.397 72.7/6 73.887 75.332 77.888
277.15  30.000 58.112 62.561 67.293  69.353 73.410 74.469 75.866 78.291
277.15  40.000 60.019 64.013 68.381 70.257 74.029 75.038 76.387 78.674
277.15  50.000 61.710 65.444 69.370 71.118 74.614 75.579 76.885 79.035
277.15 60.000 63.438 66.682 70.314 71920 75.158 76.094 77.369 79.380
277.15 70.000 64.873 67.859  71.186  72.645 75.676 76.579 77.821 79.707
277.15 80.000 66.07/5 68.805 71920 73.302 76.174 77.046 78.258 80.017
277.15  90.000 66.723  69.653  72.569  73.901 76.621 77.480 78.675 80.307
277.15  100.000 67.254 70.136  73.146 74398 77.043 77.894 79.074 80.580
283.15 0.101 57.017 60.776  65.466  67.770 72.499 73.692 75.219 77.964
283.15  5.000 57.320 61.282 65.940 68.170 72.782 73.961 75.462 78.143
283.15 10.000 57.621 61.679 66.410 68.592 73.073 74.219 75.710 78.330
283.15  20.000 58.807 62.875 67.375 69.450 73.645 74.743 76.190 78.687
283.15 30.000 60.163 64.045 68.319 70.235 74.182 75.247 76.653 79.032
283.15  40.000 61.491 65.189 69.242 71.030 74.719 75.741 77.115 79.365
283.15 50.000 62.790 66.310 70.066  71.756 75.223 76.216 77.553 79.680
283.15 60.000 64.257 67.408 70914 72.468 75.716 76.673 77.976 79.985
283.15 70.000 65.504 68.384 71666 73.114 76.168 77.104 78.392 80.274
283.15 80.000 66.348 69.243 72325 73.671 76.600 77.518 78.780 80.543
283.15 90.000 66.988 69.887 72.894 74192 77.003 77.908 79.155 80.801
283.15  100.000 67.428  70.421  73.413 74.677 77.388 78.282 79.516 81.046
293.15 0.101 60.414  63.392 67.357 69.413 73905 75.079 76.593 79.240
293.15  5.000 60.294 63567 67.697 69.750 74.124 75.279 76.788 79.383
293.15 10.000 60.578 63.952 68.077  70.085 74.353 75.495 76.981 79.528
293.15 20.000 61.136 64.708  68.822  70.743 74.804 75.911 77.375 79.809
293.15  30.000 61.678 65.446  69.509  71.359 75.232 76.309 77.746 80.080
293.15  40.000 62.798 66.374  70.264  72.015 75.664 76.717 78.125 80.345
293.15 50.000 63.698 67.181 70.962  72.605 76.063 77.099 78.482 80.594




Table 3 - continuing

_m
mol - kg™
% % 0.04918 0.09367 0.23797 0.36365 0.85923 1.06930 1.35223 1.81668
a

293.15 60.000 64.774 68.072 71606  73.183 76.467 77.474 78.840 80.844
293.15 70.000 65.830 68.947 72278 73.724 76.851 77.842 79.191 81.079
293.15 80.000 66.483 69.604 72.779 74177 77.195 78.176 79.516 81.294
293.15 90.000 67.125 70.250  73.309  74.647 77.544 78.514 79.842 81.511
293.15  100.000 67.565 70.685  73.752  75.032 77.865 78.828 80.149 81.710
298.15 0.101 61.187 64.106 68.004  70.053 74.481 75.659 77.178 79.791
298.15  5.000 61.266 64.384 68.342 70.361 74.676 75.839 77.349 79.921
298.15  10.000 61.343 64.659 68.678 70.666 74.881 76.035 77.526 80.049
298.15  20.000 61.693 65.305 69.337  71.240 75.283 76.403 77.874 80.301
298.15  30.000 62.231 65935 69.981 71827 75.676 76.763 78.215 80.543
298.15  40.000 63.150 66.757  70.652  72.401 76.060 77.133 78.556 80.780
298.15  50.000 64.246 67.665 71.349 72964 76.437 77.487 78.898 81.006
298.15 60.000 65.126  68.454 71952  73.515 76.806 77.834 79.227 81.229
298.15  70.000 65.795 69.125  72.504  73.978 77.146 78.157 79.536 81.438
298.15 80.000 66.643 69.884  73.045 74431 77.480 78.483 79.846 81.637
298.15 90.000 67.285 70.430 73.537 74.850 77.785 78.786 80.145 81.828
298.15  100.000 67.726  70.866  73.941  75.211 78.074 79.074 80.425 82.011
313.15 0.101 63.073 65906 69.643  71.613 75943 77.114 78.641 81.227
313.15  5.000 63.143  66.071 69.936  71.863 76.089 77.254 78.773 81.321
313.15 10.000 63.212 66.342 70.184 72111 76.245 77.392 78.910 81.413
313.15 20.000 63.549 66.873  70.754 72597 76.550 77.672 79.174 81.595
313.15 30.000 64.076 67.496 71312 73.0/73 76.837 77.946 79.439 81.768
313.15 40.000 64.789  68.106  71.857  73.538 77.128 78.223 79.698 81.937
313.15 50.000 65487 68.806  72.391  73.967 77.414 78.494 79.953 82.103
313.15 60.000 66.563  69.595  72.954  74.413 77.704 78.760 80.217 82.266
313.15 70.000 67.425 70.266  73.426  74.824 77.967 79.021 80.469 82.414
313.15 80.000 68.077 70.824  73.849  75.174 78.213 79.268 80.703 82.555
313.15 90.000 68.716  71.471 74264 75518 78.465 79.510 80.939 82.699
313.15 100.000 69.535  72.007 74.670  75.855 78.702 79.748 81.179 82.830
333.15 0.101 66.124  68.187 71502  73.350 77.442 78.570 80.061 82.665
333.15  5.000 65.975  68.347  71.709  73.516 77.540 78.661 80.154 82.730
333.15 10.000 66.244 68.616 71957  73.736 77.635 78.751 80.246 82.793
333.15 20.000 66.565  69.142 72443 74112 77.846 78.946 80.441 82.917
333.15 30.000 67.081 69.655 72.875  74.479 78.040 79.126 80.625 83.032
333.15 40.000 67.787 70.263  73.339  74.864 78.252 79.320 80.811 83.145
333.15 50.000 68.680 70.963  73.793  75.214 78.447 79.510 81.001 83.255
333.15 60.000 69.355 71544 74196 75529 78.626 79.686 81.180 83.351
333.15 70.000 70.017 72114 74590 75.836 78.812 79.867 81.362 83.452
333.15 80.000 70.863 72.672 74976  76.138 78.982 80.045 81.541 83.539
333.15 90.000 71.498 73.220 75.314 76.406 79.149 80.210 81.716 83.624
333.15 100.000 71.928  73.554  75.605  76.643 79.312 80.371 81.882 83.697
353.15 0.101 67.285  69.249 72454  74.246 78.099 79.124 80.513 83.154
353.15  5.000 67.133  69.301 72,622  74.387 78.163 79.179 80.579 83.209




Table 3 - continuing

_m
mol - kg™
% % 0.04918 0.09367 0.23797 0.36365 0.85923 1.06930 1.35223 1.81668
a

353.15 10.000 67.195 69.464  72.788 74527 78.214 79.233 80.651 83.275
353.15 20.000 67.101 69.783  73.112  74.799 78335 79.347 80.792 83.386
353.15 30.000 67.423 70.201  73.470  75.091 78.464 79.476 80.936 83.489
353.15 40.000 67.735 70.607  73.819 75348 78576 79.592 81.077 83.583
353.15 50.000 68.037 70.895 74116  75.569 78.685 79.713 81.214 83.669
353.15 60.000 68.331 71.282 74405  75.784 78.789 79.822 81.347 83.741
353.15 70.000 68.819 71.660 74.645  75.965 78.891 79.936 81.478 83.806
353.15 80.000 69.094 72.029 74921 76.169 79.000 80.057 81.613 83.875
353.15 90.000 69.362  72.284  75.107 76.314 79.095 80.156 81.745 83.926
353.15 100.000 69.425  72.429  75.247  76.428 79.165 80.253 81.859 83.964




Table 4. Apparent molar volumes at infinite dilution V¢°/(cm3-mol‘1) of Ca(CH3COOQ). in water.

T/IK 273.16  277.15 283.15 29315  298.15 313.15 333.15 353.15
0.101 40.229 45963 51.789  54.858  56.737 58.521 61.380 62.525
5 41.612 46.833 51.874 55,518  56.607 58.503 61.624 62.588
10 43.095 47.771  52.075  55.699  56.476 58.365 61.919 62.577
20 46.086  49.667 53.264  56.056  56.519 58.518 62.062 62.099
30 49.127  52.198 54.838 56.397  56.974 58.967 62.626 62.382
40 52.102  54.619 56.381 57.745  58.018 59.821 63.482 62.652
50 55.129  56.608  57.888  58.763  59.339 60.541 64.627 63.026
60 57.401  58.888 59.774  60.058  60.336 61.958 65.443 63.270
70 59.849 60.618 61.332 61327 61.018 63.053 66.240 63.929
80 61.565 62.113 62.170 61989  61.979 63.830 67.436 64.146
90 62.500 62550 62.816 62.640 62.742 64.479 68.197 64.471
100 62.744 63.144 63.162 63.097 63.202 65.632 68.762 64.484




Table 5. Apparent molar volume concentration dependence constants B./(cm®kg-mol?) of

Ca(CHsCOO); in water.

T/IK  273.16 277.15 283.15 293.15 298.15 313.15 333.15 353.15

0.101 137.0451 104.1870 68.6835 61.4388 47.5898 42.7518 28.0683 16.1675
5 132.6794  101.8267 73.3467 56.5026 52.2222 45.1311 27.8416 17.0701
10 126.0210  98.9334 755932 58.9067 56.8291 49.9098 28.2226 19.9141
20 115.4637  95.9972 76.0178 63.6131 63.7798 54.7222 33.5480 30.2721
30 102.7879  85.3287 72.0192 68.2598 66.1271 57.2992 34.1431 33.4164
40 90.3993 75.2613 68.0577 64.1735 64.2107 55.3759 32.5548 36.4379
50 75.9623 69.5737 64.2262 62.3017 60.2361 55.7892 28.7887 36.9629
60 68.1523 58.7116 56.0964 58.3521 58.4288 49.6848 27.2094 39.8319
70 56.0022 53.0622 50.1657 54.4857 58.7023 45.7195 25.6405 38.0841
80 50.3448 47.4538 50.6604 54.7706 56.9203 43.9168 19.6359 40.8731
90 48.5741 52.0900 50.9087 55.0534 54.9713 44.3615 18.1203 41.2042
100  52.9825 51.1558 53.1684 55.1191 55.0656 38.3125 16.3811 43.6498




FIGURE 1. Plot of pressure p of Ca(CH3COO); (aq) against density p at m=1.35223 mol-kg*: #,
T=273.16 K: W, T=277.15 K; A, T=283.15 K; ¥, T=293.15 K; %, T=298.15 K; <,

T=313.15K; L, T=333.15 K; A, T=353.15 K.
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FIGURE 2. Plot of density p of Ca(CH3COOQO). (aq) against pressure p at T=298.15 K (*, m=0; &,
m=0.04918 mol-kg!; M, m=0.09367 mol-kg; A, m=0.23797 mol-kg; @, m=0.36365
mol-kg?; <, m=0.85923 mol-kg?; [J, m=1.06930 mol-kg™; A, m=1.35223 mol-kg?;

O, m=1.81668 mol-kg™?).
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Figure 3. Plot of deviations of experimental density pexp. Of the investigated samples from the calcu-

lated density peq Obtained from eqns. (2-5) against pressure p at T = (273.15 to 353.15) K.
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Figure 4. Plots of apparent molar volumes V¢°/(cm3-mol‘1) of Ca(CHsCOO)2 in water against mo-
lality m/mol-kg™* at T=283.15 K: 4, p=0.101 MPa; W, p=5 MPa; A, p=10 MPa; @, p=20

MPa; <, p=30 MPa; [, p=40 MPa; A, p=50 MPa; O, p=60 MPa; +, p=70 MPa; *, p=80

MPa; X, p=90 MPa,; -, p=100 MPa.
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Figure 5. Plots of apparent molar volumes V¢°/(cm3-mol‘1) of Ca(CH3COO), in water against

pressure p at m=1.81668 mol-kg*: ¢, T=273.16 K: M, T=277.15K; A, T=283.15K; @,

T=293.15 K; <&, T=298.15 K; [J, T=313.15 K; A, T=333.15 K; O, T=353.15 K.
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Figure 6. Plots of apparent molar volumes at infinite dilution V,/(cm®mol™) of Ca(CHsCQOO), in
water against temperature T: ¢, p=0.101 MPa; B, p=5 MPa; A, p=10 MPa; @, p=20
MPa; <, p=30 MPa; [, p=40 MPa; A, p=50 MPa; O, p=60 MPa; +, p=70 MPa; *,

p=80 MPa; x, p=90 MPa; -, p=100 MPa.
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1. Ebru Arinan

Alternatif enerji kaynaklarinin gelistiriimesi ile ilgili galigmalar glinimiizde oldukca fazla ilgi
gekmektedir. Alternatif bir enerji kaynaginin gevreye az zararli, yenilenebilir ve disiik maliyetli olmasi
istenmektedir. Bu anlamda giines, riizgar, hidrolik, hidrojen, biokltle ve jeotermal gibi alternatif
enerjilere yonelim artmistir. Hidrojen elde etmede biiylikk dnem kazanan bor bilesiklerinin en énemli
ozelligi hidrojeni serbest halde dedil de sodyum borhidriir (NaBH,) seklinde kimyasal bilesikte depo
etmeleridir. NaBH, katl halde agirlikga %10,6 hidrojen icermektedir. NaBH, hidrojen depolamanin en
Onemli Ustlinligl depolanan hidrojenin oda sicaklidinda geri alinabilmesidir. Cozelti halindeki sodyum
borhidriir hidrojeni vermekte ve sodyum metaborata déniismektedir. Reaksiyon sonucu agiga gikan
hidrojen, hidrir seklinde bagh olan hidrojenin iki katidir. NaBH,'1i sivi sistemlerinde asidik ortamda
reaksiyonun katalizorsiiz olarak az da olsa gergeklesmektedir. Bazik sollisyonlarda gaz cikisi icin
katalizor kullaniminin  gerekliligi  bilinmektedir. Planlanan calismanin amaci sodyum borhidriir
gozeltisinden kontrollii hidrojen gazi dretilmesinde uzun &mirll, ucuz ve reaksiyon icin aktivitesi
yiksek katalizorlerin hazirlanmasidir. Literatiir calismalari incelendiginde Pt ve Ru gibi soy metallerin
NaBH,'lin hidrolizinde yliksek aktivite gosterdikleri gorilmustir. Bu metaller ile hazirlanan katalizor
maliyetlerinin oldukca yiiksek olmasi arastirmacilari farkl katalizorlerin gelistiriimesi calismalarina
ybneltmistir. YUritllecek calismada gegis metal (Co, Ni vb.) temelli destekli katalizérlerin
sentezlenmesi planlanmaktadir. Soy metaller kullanmak yerine gegis metallerinin katalizér hazirlama
calismalarinda kullanilmasi katalizér hazirlama maliyetleri énemli dlciide disiirecektir. Hazirlanan
katalizorlerle soy metalli katalizorlerde elde edilen aktivitenin saglanmasinin konu ile ilgili literatiire
onemli katkilar saglayacadi diistiniiimektedir.

2. Hilal Seda Demirel

Onerilen tezin baglica amaci son zamanlarda oldukca diisen Nikel fiyatlari géz dniinde bulundurularak,
Ulkemizin mevcut kaynak ve kurulu tesisinin ekonomisinin diizeltiimesine katkida bulunabilmek adina
hem Nikel-Kobalt hem de cevherde bunlarla beraber bulunan diger dederli metallere farkli kazanim
yontemleri gelistirmek ve tesisin atiklariyla kaybedilenleri sisteme geri kazandirarak verim artisi
saglayabilmektir. Sanayi odakl yiritiilmesi planlanan tez galismasi sonucunda hem (ke ekonomisine
katki saglanmasi hem de teknoloji gelistirme ile literatlire katki saglamasi acisindan 6nem arz
etmektedir.

3. Janset Sine Sekerci

Turkiye'de bir ilk olan Lateritik nikel-kobalt cevherlerinin islendigi HPAL tesislerinin calisma
prensibinin taninmasi, ekonomik olarak énemli degere sahip olan Kobalt metalinin pazarinin
arastirlmasi ve uygun bir bilesiginin Uretime gegirilmesi ile ilgili yontem gelistirilmesidir.
Mevcut calismalara bakildiginda; farkli bolgelerden alinan lateritik cevherlerin liglenmesiyle
ilgili calismalar bulunmasina ragmen li¢ sonrasi elde edilen Griinden farkl ug Urinleri eldesi
amaciyla daha 6énce bir galisma yiiriitilmemistir. Ulkemizde bu tiir degerli metallerin kazanimi
ve pazarda yerini alabilmesi adina mevcut calismalarin yok denecek kadar az olmasindan
Otlrt 6nem arz eden bir calismadir.
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OZET

Diinyanin birincil enerji tilketimi 2013 yil1 degerlerine gore 12.5 milyar ton fosil yakit esdegerindedir.
Bu da demek oluyor ki kiiresel enerji tiiketimi yilda %0.9 bile artsa toplam yakit tiiketiminde %2.3
artts s6z konusudur [1]. Binalardaki termal konfor igin enerji tiiketimi Avrupa’da %60’tan daha
fazladir [2]. Isil konfor sartlarii saglamak ugruna harcadigimiz enerjinin azaltilmasi gilinlimiiz
diinyasinda biiyiik 6nem kazanmakta olup bunun saglanmasi igin arayiglara girmekteyiz. Tavandan
sogutma sistemleri de bu arayislardan birisidir.Binalardaki tavandan sogutma sistemlerinde, 1s1 odadan
radyasyon ve konveksiyonla 1s1 transferi ile alinmaktadir. Isi, direkt olarak insan viicudundan,
radyasyonla 1s1 transferi ile alindigindan daha konforlu hissetmektedirler [3].

Gazi Universitesi 6gretim gorevlilerinin odalarmin boyutlarindan yola ¢ikarak bir hacim segilerek bu
hacmin tavandan sogutulmasimin karakteristigi incelenecektir. Ornek odanin kesit gériintiisii asagidaki
gibidir:
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Sekil 1: Ornek Oda Kesit Goriintiisii



Tavandan sogutma sistemlerinin konforlu ve tasarruflu olmasindan dolay1 sistemin popiilerligi ve
uygulanabilirliginin limitasyonu yogusmadir. Yogusma, yiizey sicakliginin yogusma sicakliginin
altina diistiigli zamanda gergeklesmektedir. Nem miktarindaki ani yiikselmeler ve besleme suyunun
miktarindaki diigme yogusma ihtimalini kuvvetlendirmektedir. Yogusmadan kacinmak i¢in sogutma
kapasitesini sinirlayan tavandan sogutmanin sicakliginin yogusma sicakligindan yukarisinda tutmalidir

[4].

n-1
Radyasyonla 1s1 transferi denklemi: g, = &, GT; - Z X i,psiaTﬁ (D)
i=1

Konveksiyonla 1s1 transferi denklemi: q. = h¢(t, — t;) (2)

Bu ¢aligmada tavandan sogutma, asma tavanin {izerinde konumlanacak olan pe-xb borularla
gerceklestirilecektir. Yogusmadan kaginmanin yami sira 1sil konfor sartlarmi da g6z Oniinde
bulundurarak efektif sogutma yapilacaktir. Dis hava sicaklikligi, Ankara sartlarinda agustos aymna ait
ortalama sicaklik kabul edilecektir. i¢ hava sicakligi 22 °C olacak sekilde sartlandirilacaktir.
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Circuit 1
Sekil 2 Dizilim Tipleri

Tavanda gezen borularin dizliminin eliptik sarmal, kare sarmal veya s seklinde olmasi durumlarinda
nelerin degisecegi incelenecektir.
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TEZIN AMACI, ONEMi VE MEVCUTLARDAN FARKLILIGI: Tiirkiye’deki konut tipi binalardaki ¢ati, duvar ve
doseme U-degerlerinin dort farkli derece giin bolgesi i¢in belirlenmesi ve haritalanmasi. Tiirkiyedeki binalar igin 1sitma ve
sogutma etkisi altinda U-degerlerinin limitlerinin giincellenme ihtiyaci. Tiirkiye’deki konut tipi binalar i¢in, Isitma ve
sogutma etkilerini birlikte igeren U-deger limitlerinin hesaplanmamig olmasi.

TEZIN YONTEMI: Literatiir arastirmasi. U-deger hesap metodolojisinin hem 1sitma hem de sogutmay1 kapsayacak sekilde
gelistirilmesi, modellenmesi ve excell ortamina aktarilmasi. Modelin gegerlilik testinin yapilmasi. U-deger haritalarinin
olusturulmasi.

CALISMA PLANI:

1 ay: Literatiir arastirmasi

3 ay: U-deger hesap metodolojisinin gelistirilmesi
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4 ay: U-deger haritalarinin olusturulmasi

3 ay: Sonuglarin raporlanmasi ve tezin yazimi
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