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ONSOZ

Bu rapor TUBITAK tarafindan MISAG-51 projesi kapsaminda desteklenen
calismanin  sonuglanni ézet olarak icermektedir. Proje CNRS tarafindan da
desteklenmis ve Universite de Poitiers, ENSMA Laboratuire de Combustion et de
Detonique Direktérad Prof. M. Champion ile isbirligi halinde yUrdtGimastr.
Galismanin inceliklerini iceren Ek'ler bu nedenle ingilizce olarak hazilanmigtir ve
Oyle sunulmaktadir.

Calisma gaz tirbini tesislerinin ve jet motoriarinin yanma odalannin sayisal
benzetigimi amacina yéneliktir. Ug yillik olarak distnlimis ve TUBITAK tarafindan
ilk bir yilda (15.8.1993 - 14.8.1994 arasinda) 40.000.000.-TL ile destekienmesi
kararia'[itmlm@tf. Hakimetimizin tasarruf tedbirleri ve Prof. M. Champion'un
seyehatini ertelemek zorunda kalmas nedenleriyle  desteklerin = miktar
degismeksizin, slresi 22,5 aya uzatldi. Proje bitiminden bu raporun sunuldugu
tarihe kadar gegen 13 ayda da ¢aligmalara devam edildi.

Shrtinmeli  sikisabilir  fakat reaksiyonsuz akis icin daha &nce Dr.
Kavsaoglu'nun ¢esitli akim problemlerinin ¢ézimil igin kullanmis oldugu LANS3D
pregraminu projenin amaglari dogrultusunda gelistirmek (zere bir ¢ok alt programlar
(subroutine) hazidandi ve denendi. Onemli bir ¢aligma olarak yanma olayinin akim
alani hesabiyla birlestiriimesi icin gerekli algoritma gelistirildi. Degisken 6zgal 1sinin
etkisini incelemek amaciyla bir hipersonik lule problemi ele aiindi. Bu rapor alt
programlara iliskin bilgileri ve bunlarin uyguianmasindan elde edilen baz sonuglan

" EK'lerde vermektedir.

Aragtirma galismalanna éngérilen dogrultuda fakat yardimgci arastiric
eksikligi nedeniyle gecikmeli olarak devam edilmektedir.

Tlrkiye Bilimsel ve Teknik aragtirma Kurumu'na vermis oldugu destek icin
tesekkiir ederiz,
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2.1

3.1.

3.2.

3.3.

Z- eksenine dik akis ve yanliz orta bélgede yakit damiaciklarinin
girmesi halinde Z yéniindeki sicaklik dagiiminin akis boyunca
dedisik mesafelerdeki (Ayrik ¢ozum, LANSDROP) gérintimi.

i

Denklem sistemini Lower-Upper ADI (Alternating Direction
Implicite) yéntemiyle ¢cozen LANS3D programinin akim semast.

SEKILLERIN LISTESI

LANSDROP programimizin akim semast.

Yanmali akis probleminin battinlesik (coupled) gdztimii igin
Ozgll isiy1 genellestirmeye dayanan TKGCOMB programimizin

aklg semas..

iii
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OZ

Bu aragtirmada sikisabilir viskoz akim icin  geligtirilmis  bir bilgisayar
programinin (LANS3D) yanmall akigin sayisal benzetigimi igin kullaniimasi (zerinde
cahglmigtir. LANS3D g hiz bilegenine ilaveten yogunluk ve enerjiyi bilinmiyen
olarak kabul etmektedir. Bes denklem ise sureklilik denklemi, G¢ momentum
denklemi ve enerji denklemidir.

Bu bes bilesenli bilinmiyen vektsri U¢ bayutlu uzayda ADI (Altemating
Direction Implicite) yontemle ¢ozUimektedir. Yakinsaklasmada (convergence)
baganli olan bu programin ana gercevesi bozulmayarak ilave alt programlar
yardimiyla yanma olaylanna uygulanmasi kararlagtnlmistir, Bu yaklasimla
TKGCOMB isminde yeni bir program gelistiriimistir.

! Projede Ug ¢alisma yapilmigtir: Hiz alanindan aynlmis olarak puskartild
(spray) yanma durumunda akig alant iginde sicaklik ve konsentrasyonlarn
belirlenebilmesi icin gerekli alt programianin hazifanmasi; hiz alaninin ve yanma
probleminin birlestirilmis (coupled) ¢ézimi icin bir algoritma Gretildi (TKGCOMB); ve
bu yeni gelistirilen algoritmanin ilk olarak bir hipersonik akim probleminin ¢éziimecade
kullanilmasi ile degisken &zgal Isi badintilannin  kullanilabilifligini  gésterilmesi.
Geligtirilen bu algoritmanin yanmay! da ihtiva eden gesitli problemlerin ¢éziimiinde
denenmesi ¢alismalanina devam edilecekdir.

Ayrica hiz alaninin ve yanma probleminin birlestirilmis (coupled) ¢6zimi igin
bir bagka aigoritma daha gelistiriimis ve ek olarak verilmistir. '

iv



ABSTRACT

The aim of this research is to develop a code for numerical simulation of
reacting flows. It bases on an existing code for viscous compressible flow which is
essentially LANS3D.

LANS3D carries our iterations to find the steady state‘values of the unknown
vector with 5 components: three velocity components, density and total energy. 5
equations to find this unknown vector are conservation equations for mass and
energy: and the three momentum equations.

The method of solution in the 3-D is ADI (Altemating Direction Implicit). Since
the convergence of the existing code is excellent, the basic approach has not been
changed. Only additional subroutines are prepared. By this approach a new code
named TKGCOMB is developed.

t The work consists of three parts; Uncoupled solution of temperature and
concentration fields for a fixed velocity field, development of an algorithm to
combine the new subroutines of the first port with LANS3D to solue coupled velocity
and combustion, i.e. temperature and species, fields, namely the development of
the TKGCOMB code; application of the TKGCOMB code for the solution of a
hypersonic flow problem to test the usega of variable specific heat. In the future this
code will be tested for the solution of various other problems also including
combustion
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1. GIRIS

1.1, ARASTIRMANIN KONUSU VE AMACI

Gaz tlrbini ve jet motoriann yanma odalar, enerji dénisim verimi ve gevre
kilenmesi bakimlarindan blyUk 6nem tasir. Yanma odalarinin dodru tasanimi icin
hava ve yakitin karngmalan ve yanma olayinin nasil olustugu incelikli olarak
bilinmelidir.

Galismanin  amacy yanma odasindaki olaylarin sayisal benzetisimini
(simllasyonunu) saglayacak bir yazilim elde etmektir.,

Beg-on yil éncesine kadar yanma odalannin tasariminda ve prototip lzerinde
deneme - vyaniima yontemiyle gerekli diizeltmeler yapiimaktaydi. Fakat sayisal
akiskanlar mekanigi yontemlerinin gelismesiyie son yllarda benzetisim amagh hazir
programlann  kullaniimasi yayginlagmistir. Bu programlar endistrinin ihtiyacina
Cevap vermektedir, ancak devamii geligtirilmektedirler ve pahaliya mal olmaktadiriar.

Universitemnizin endustriyel gelismemize bir katkisi olarak bu amagh bir kod
hazirlamak ve bu kodu devamli gelistimek ¢ok yararll olacaktr, Gegerliligi

Yazilmin ana gercevesi ve gerekli alt programiar olusturulduktan sonra yeni
sayisal yéntemierin uygulanmasiyla uluslararasi dizeyde orijinal sonuglar da elde
edilebilecektir,

1.2, YANMANIN SAYISAL BENZETISIMI KONUSUNDAKI GELISMELER

Ozellikle gaz tlrbini yanma odalan ve yukarida sayilan benzer ortamlardaki
yanma olayina akiskanlar mekanigi agisindan bakidi§inda  siirek]i ortam
(continuum) ve Newton akiskant (Newtonian Fluid) yaklasimlarinin yapilmas:
mumkanddr. Yanma problemi bir an icin gdz ardr edilirse (stirekli ortam ve Newton
akiskant kabullerinin I5ig! altinda) ¢ boyutlu sikigtirilabilir bir akima ait en genel
denkiemler: Sdreklilik, ¢ adet momentum ve enerji denklemleridir (Navier-Stokes).
Gandmiiz kosullarinda tirbdlansh akimlar icin Navier Stokes denklemlerinin
dogrudan ¢ézimii yerine bunlann énce Reynolds  ortalamal; Navier Stokes
dedigimiz bir sekle dondstiriimesi ve ortaya yeni bilinmiyenler olarak ¢cikan
Reynolds Stress terimlerinin bir sekilde modellenmesinden sonra ¢0zim yapilmasi
tercih edilmektedir. Bu tur bir yaklagima glntmiz bilgisayararinin hiz ve hafiza
agisindan detayli problemlerin dogrudan Navier Stokes ¢6zOmine imkan vermemesi
sebep olmaktadir. Bununia birlikte iyi bir tirbiilans modellemesi dogru sonuglar

- alinmasina yardimei olur.

Yeniden bir yanma odasindaki akim olayina dénersek bu akimin ti¢ boyutly,
sikistinilabilir, viskoz ve tlirbiilans}; olmasi Navier Stokes denklemler yerine bunlarn
bazi kabuller sonucy basitlestirilmis halleri olan sikistinlamaz Navier Stokes, Sinir



tabaka Euler, Potansiyel akim denklemlerinin kullanimasini pek de cazip kilmaz.
Bazi hallerde iki boyutlu veya eksenel simetrik yaklagimlarinin yapilmasi gergekci
olabilir. Zamana bagl olmayan hallerde steady Navier Stokes (Reynolds averaged)
yaklagiminin yapilmasi dogru olur. Bazi hallerde ise kati ylzeyler civaninda viskoz
gerilmelerin ylzeye dik dogrultudaki bilesenini ihmal eden ince tabaka (thin layer)
Navier Stokes denklemleri kullanilir.

Ug boyutlu, sikigabilir, Reynolds ortalamali Navier Stokes denklemlerinin
¢ozUmlerini yapan bilgisayar algoritmalarinin gelistiriimesi olduk¢a yakin zamaniarda
olmugtur. Hirsch [2] kitabinda Navier Stokes denklemlerinin niimerik ¢bzim
metotlan Gzerine bazi bilgiler vermis ve bir kaynakga sunmustur. NASA Ames
Research Center tarafindan gelistirilen ve Pulliam [3] tarafindan tamitilan iki ve Gg
boyutlu sirasiyla ARC2D ve ARC3D ile bazi Japon bilim adamlarinin, Fujii [4],
gelistirmis olduklar LANS3D bu tiir ¢ézim algoritmalarina 8rnek gbsterilebilir.

Tarbllans modellemesi igin sifir diferansiel denklemii cebrik, bir adet kismi
diferansiyel denklemli veya iki adet kismi diferansiyel denklemli modeller meveuttur.
Bir Navier Stokes ¢oziimiinde kati bir yiizey etrafindaki akimin ¢6z0mi icin en gok
kullanylan cebrik modeller Cebeci-Smith [5] modeli ve Baldwin-Lomax (6] modeli
olarak sayilabilir. Aynt amagla kullanitan ve basing dedisiminin etkisini de géz éniine
alan Johnson-King [7] modeli bir adet adi diferansiyel denklemin ¢dzimiind ihtiva
ettiinden yanm denklemli model olark da adlandinilir. Bir jet akimi igin, bir iz bélgesi
(wake) akimi igin veya genelde serbest kaymall akimlar (free shear layers) igin
kullaniabilecek cebrik modeller Schetz [8] tarafindan tablo halinde Ozetlenmistir.
Yanma -odalarinda g¢ok rastlanan akima dik jet (jet in crossflow) durumunda
uygulanabilecek cebrik bir model de Oh ve Schetz [9] tarafindan gelistiritmistir. Bir
Kismi diferansiyel denklemli metotlann baginda Turbulent Kinetic Energy (T.K.E.) [10
] metodu gelir. K-e [11] metodu olarak bilinen metod ise iki kismi diferansiyel
denklemlidir. Kismi diferansiye! denklemli metotlarin uygulama alanian daha genis
olarak disinliebilirse de bunlann basanst kullanilan sir sartlannin ve sabit
parametrelerin gecerlilidine bagdlidir. Sonug olarak bttin tiirbdlans modelleri
deneysel metotlarla ayarlanmistir ve her durumda gegerli olan (universal) bir
thrbllans modeli heniiz yoktur. .

1992 senesinde yayinlanan AGARD-CP-510 (CFD Techniques for
Propulsion Applications) [12] yanmali akimlar konusunda da bazi makaleleri ihtiva
etmektedir. Rachner [12] bir 3 boyutlu Navier Stokes metodu kullanarak akima dik
hirdojen jet i ile ¢aligan bir yanma odasina ait "Zonal Nonstaggered Grids" teknigini
kullanarak ¢6zim yapmuistir. Bond, Vallois and Menzies [12], CFD tekniklerini gaz
turbini  yanma odalarinda buharlasmanin  ve  birincil yanma bélgesinin
modellenmesine uygularmistir. Marsilio ve Pandolfi [12] iki boyutiu bir Euler ¢dziicl
kullanarak hacim eleman (finite volume) teknigi ile yanmall akimlan ¢ézmuslerdir.
Fabianne, Tichtinsky, Gilbank ve Dupoirieux [12] ise Gg boyutiu bir Euler metodu ile
yanma odalarindaki akimian ¢ézmusierdir.

1.3.  CALISMANIN KAPSAMI

Yanmanin sayisal benzetigimi uzun yillar, genis bir ekibin galismasini
gerektirecek kadar gok yénli ve karmasiktir. Bu nedenle calisma asamal olarak
yarltilecektir ve bu itk asamada akis programi segilmis analiz ediimis ve bir grup
temel ait programlar geligtirilmistir. Akis programi, daha énce bazi tirbulant akisg
problemierine Kavsaoglu ve es yazarlar [13] tarafindan basganyla uygulanmis olan




LANS3D' dir. Bu ana programin stkigamaz akigkan hali ele alinarak yanmall durum
igin gelistirimesi amaciyla bir dizi alt programiar hazirlandi:

BCCOMB: Yanma olan problemierde sinir sartlanini belirleyen alt program,

DROPDIS: Yakit damiaciklaninin buharlasmasini ve yanmasini hesaplayan alt
program,

DIFFUEL, DIFOXGN, DIFINTG: Yakitin, oksijenin ve azotun difdzyonunu
¢ozumleyen alt programlar, '

ENERGY: Yerel sicakhd: belifleyen enerji denklemini ¢éziimleme alt programi,
QDOTCALC: Ag¢ida gikan 1s1 miktaring hesaplayan alt program,
CPCALC: Kanigimin 6zgdl 1sisini sicaklifa bagh olarak hesaplayan alt program,

Bu programlarin gegerliligini sinamak amaciyla Ni engebesi (Ni - Bump)
problemi ve hipersonik akim incelendi,
f
Projenin bu ilk asamasi, yukanda bahsedilen alt programlardan yararlanarak
hiz ve yanma (sicaklik, damlacik ve konsentrasyonlar) alanlarinin beraber ¢ézimii
i¢in verilen bir algoritma ile tamamiandi.




2.1,

2. FiZIKSEL MODEL VE ¢OzUM YONTEMI

FiZIKSEL MODEL

Damlacikli yanma olay;, yanma odasinin amacina, calisma tarzina ve

igindeki farkli bélgelere gére degisik sekillerde modellenmektedir. Jet motoru yanma
odasinin 6nemli bir b&limi igin gegerli olan asagidaki varsayimlar aragtirmanin
yéneldigi fiziki modeli olusturmaktadir;

2.2

Sikisamaz akim: Yanma odalarinin asil yanma bélgesinde basing kaybini
aialtmak amaciyla Mach sayisi 0,1 den kigik, hatta 0,02 civannda,
tutuimaktadir, Havanin akis nedeniyle sikismasi, yoguniugunun degismesi
sbzkonusu degildir. Bu varsayim hesaplara biylk basitlik getirmektedir. Hiz
degisikligi dolayisiyla meydana gelebilecek yoduniuk degisikligi ihmal edilmekle
beraber arastirmada yakitin buharlasmasi ve yanmasi nedeniyle meydana
gelen yogunluk degisimi ihmal edilmemektedir. Bazi 6zel uygulamalarda bu
varsayimi kullanmaya gerek duyulmamistir,

Laminar akim: Bu varsayim arasﬁrmamn yanhz bu ik asamasinda kullanilacaktir.

Amag problemin diger zorluklarini yenerken tlrbilans dolayistyla meydana
gelebilecek olumsuzluklan bir kenara birakabilmektir.

Yerel homojen ortam: Damlacik ¢aplarinin 30'm dan kigik oldugu durumlarda
damiaciklar gaz faz ile, ortalama yodunlukdaki bir siirekli ortam halinde hareket
ederler. Modern yanma odalarinda damlacik ¢api ¢ok klaglltdlerek bu sartlara
yaklagilmaktadir. Atomizére ¢ok yakin bolgede damlacik ¢apl daha blylk de
olsa kisa mesafe sonra ¢ap klglldigiinden bu varsayim gegerli olacaktr,

Buhariasma ve difizyonla st yanma: Damlaciklardaki  sivi yakitin
buharlagmasi ve buhanin gevredeki oksijene difiizyonla ulasmasi, reaksiyon

hizina gére gok yavastir. Bu nedenle reaksiyona girenlerin sonsuz hizh olarak
tek adimda Griinlere donlstig kabul edilmigtir,

COZOM YONTEMI VE LANS3D

Fiziki modelin matematiksel formulasyonunda ik adim akim alamnin

hesabina yéneliktir. Streklilik, i¢ momentum ve enerji denklemleri x, y, Z fiziksel
koordinat sistemlerinden ¢, n, ¢ sayisal hesap koordinat sistemine gegilerek
yazildi§inda asadidaki goriinima alir;
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LANS3D programinin akis diagrami Sekil 2.1 de sunulmaktadir. MAIN ana
programdir. Once INITIA isimli alt program ¢aginlr. Bu alt program GRID, JACOB,
XXM, YYM, ZZM, METOUT isimli alt programiari ¢aginr ve aynca birinci iterasyon
icin akim alanina ait degiskenleri ¢dziim aginin her bir noktasinda tahmin eder. Bu
dediskenler yogunluk, x, vy, z, dogrultulanindaki hiz bilesenieri ve enerjidir. GRID
isimli alt program ¢6zim adinin koordinatlanni okur. JAKOB, XXM, YYM, ZZM ise
¢ozm agina ait Jakobian ve metrikleri hesaplariar. Ana program daha sonra
eigenvalue hesabinin yapildidi EIGEN isimli alt programi ¢agirir. Bu iglemden sonra
evvelce belirlenen NMAX sayisi kadar iterasyonlar baslar. Her bir itirasyonda once
BC1 isimli alt program ¢agirilarak sinir sartlar atanir. RHS isimli alt program Navier
Stokes denklemlerinin sag tarafini kurar. VISRHS ise sag taraftaki viskoz terimleri
hesaplar. VISRHS programi laminer ¢ézim halinde bagka bir alt program c¢adirmaz.
Buna kargilik tirbtlansl ¢éztmier halinde kullanicinin istegine bagh olarak Baldwin-
Lomax tlrbllans modeli igin MUTUR isimli alt programini, Johnson-King tlirbilans
modeli i¢in de NTMS isimli alt programint gadinr. VORCTY Baldwin-Lomax modeli
icin gerekli olan girdap siddetini (vorticity) hesaplar. MUJET ise sadece jet tipi
akimlar halinde ¢agnlan ve bu tir akimlara uygulanabilen bir tiirblilans modeli (Oh
ve Schetz) alt programidi. SMOOTH sayisal amacli bazi yumusatma islemleri
yapar. LHS3DX, LHS3DY ve LHS3DZ isimli alt programlar sag taraft kuruimus olan
Navier Stokes denklemlerinin sol tarafini da kurarak ve E, m, £ ydnlerinde tarama
yaparak LU-ADI yéntemi ile ¢dzUmll gerceklestirirler.




MAIN

yontemiyle ¢6zen LANS3D programinin akim semasi.

INITIA |
——
= _GRID_
——{Eioen | ~{JACOB
XXM
YYM
DO N=]NMAX ZZM
METOUT
f
STEP
BCl
/\’iscous Turbulent
RHS
Eub{
< VISRHS
] END DO
johnson King
GRADU
A { Baldwin-Lomax
l PFIT }
MUTUR
VORCTY
MUIET
SMOQTH
LHS3DX LHE3IDY LHS3DZ
Sekil 2.1. Denklem sistemini Lower-Upper ADI {Alternating Direction Implicite)




MAIN

INITIA

GRID

JACOB

XXM

YYM

© _[~{QDOTCALC|

p

CPCAL

DO 10 N=1 NMAX
NC=NC+1
f
BCCOMBUS
DROPDIS
DIFFUEL 5
DIFOXGN
DIFNTG Ox
ENERGY [€—
Q
ERRCHECK
10 CONTINUE

Sekil 3.1 LANSDROP programimizin akim semast.

ZZM




3. ARASTIRMA SONUGLARI

3.1. ONDENEMELER

LANS3D nin dogru olarak kullanilmasindan ve hassasiyetinden emin
olabilmek amaciyla Ni-tepecigi (Ni-Bump) problemi ¢ézUldG ve tatmin edici sonug
alindi. Ayrica yanliz ist iletimini igeren bir basit problem de ¢6zUlda Bu st iletimi

probleminin hesaplar hakkinda detayh bilgi {15] de verilmistir.

3.2.  AYRIK (UNCOUPLED) GOZUM iCIN GELISTIRILEN ALT PROGRAMLAR
VE SINAMA SONUGLARI;

Bu amagla $ek. 3.1. de gésterilen LANSDROP akim semasina uygun olarak
bir dizi alt programlar hazirlanmis ve bunlar sentez edilerek calistiriimistir.

BCCOMBUS : Yanma bolgesindeki baglangic ve sinir dederlerini belilemektedir.
DROPDIS : Damlacik sayisi dagiliminin zamanla degisimini hesaplamaktadir.

DIFFUEL, DIFOXGN, DIFNTG: Yakitin, oksijenin ve azotun yanma bolgesindeki
dagilimini ve son ikisinin difiizyonunu hesaplamaktadir. .

ENERGY . : Sicakhdin yerel dedisimini bulmay sadlayan ve enerji denklemini
¢bzen alt program. 2920 9 e
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$ek.3.2. Z- eksenine dik akig ve yanlz orta bolgede yakit damlaciklaninin girmesi
halinde Z ydniindeki sicakhk dagiminin akis boyunca degisik mesafelerdeki

gorunimd. (Ayrik ¢éziim, LANSDROP)




Buniara yardimci olarak QDOTCALC ve CPCALC alt programiari enerji
denkleminde gerekli olan 1s1 ilavesini ve 6zgal istlar hesaplamaktadir.

LANSDROP adi verilen bu program ve uygulama sonuglan hakkinda etrafl
bilgiyi 10. Ulusal Isi Bilim ve Teknidi Kongresinde bir bildiri halinde sunmus
bulunuyoruz, [14]. Bu bildiri raporun eki olarak da sunulmaktadir (EkK A).

Bu program girisde iki ayn bélge olmasi ve damlaciklarin orta bdlgede girip
buharlagma hiziyla orantill olarak yanmasi haline uygulanmistir. Sekil 3.2. de verilen
sicaklik dagiimi bu uygulama icin elde edilmistir. Akim boyunca sicaklik artmakta,
ayni .zamanda iki bolgenin sininnda akis yonine dik isi iletiminin  etkisi
gOzlenmektedir.

LANSDROP'u olusturan alt programlarin dayandidi denklemlerin elde edilisi
ve alt programlarin teferruati [14] de verilmistir.

{

3.3. BUTUNLESIK (COUPLED) GOZUM IGIN BIR YAKLASIM

LANS3D'nin butlndnlin yanmall olarak kullanifabilmesi igin, daha once
hazirlanan alt programlardan yararlanarak yeni bir program gelistirildi. TKGCOMB
adi verilen bu programin akig semasi Sek.3.3. de verilmisti,. TKGCOMB'Un
detaylanyla ilgili bilgi [15] de verilmistir.

Bu programin ana fikri yanmadan enerji ¢ikisini gazin dzgiil 1sisi icinde ifade
etmektir. Program deneme asamasindadir. Bununla birlikte Alt Bslim 3.5 de
aciklanan yaklasim da gelistirildi.

3.4. HIPERSONIK LULE PROBLEMI

TKGCOMB programi reaksiyonlu akisda tasma (overflow) gbstermektedir.
Bu formilasyondan veya programdan kaynaklanabilecegi gibi daha ¢ok da simir
sartlannin uygulanmast ile ilgili olabilir. Zorlugun yerini belirteyebilmek (lokalize
etmek) amaciyla bu program yanmasiz fakat degisken 6zgll 1sih bir probleme
uygulandr: Mach sayisi 5 olan bir (genislemeli) Itlede hiz ve yogunluk alanlar
hesaplandi. Sonuglar kapall ¢éziimle uyum iginde bulundu. Bu nedenle TKGCOMB
programimizin yanmaya iligkin formulasyonu diizeltilme gereksinimi gostermektedir.
Hipersonik akim arastirma konusunu dogrudan ilgilendirmeyip yanlizca test gérevini -
yerine getirdiginden sonuglar burada verilmiyecek. [stenilirse [1 5] de goriebilir.

3.5. BUTUNLESIK ¢OzUM iGIN DETAYLI YAKLASIM

Projenin bdyle bir galismaya gereksinimi oldudu bilinmekle beraber ne
derece detayh olacag kestirilemedidi igin kisa yoldan g¢éziimler denendi ve ancak
son aylarda derinfifine inceleme ile bu formulasyona ulasiidi. Bir gok karmasik
problemde oldugu gibi bu problemde de en hassas ¢oziime gelmeden 6nce
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Sekil 3.3. Yanmal akis probleminin batinlesik (coupled) ¢ézimi igin 6zgll isiyi
genellestirmeye dayanan TKGCOMB programimizin akis semasi.
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basitlestirmeleri iceren az hassas yaklagimlarla ise baglandi ve asamali olarak
hassas ¢zime ulaglldi Ek B1 de damlacik - hava kansiminin durum denklemi
~ turetildi [15, Ek G] . Ek B2 [15, Ek H] biittnlesik ¢ézimler igin en kabasindan en

hassasina kadar su lg¢ asamada ¢éziim algoritmalanini vermekte ve bunlarin
dayandidi varsayimlar agiklanmaktadir.

e Yanma odasina girildikten yanma bitinceye kadar damlacik sicakhg

degismemektedir.

» Damlacik ylzey sicakh§ dedismekte, damlacik ig sicaklid) degismemektedir.

o Damiacik igindeki kuvvetli kansma nedeniyle damiacidin her tarafy ~ayni
sicakiiktadir ve bu sicaklik dedismektedir. :

Bu algoritmalarin karsilagtirimast, bir yayin olarak planlanmaktadir.
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4. BULGULAR VE ONERILER

4.1. BULGULAR

LANS3D program: batiin ydnleriyle incelenmis ve bu programla uyumlu bir
dizi alt programlar hazifanmistir. LANS3D programinin yanma problemierine
uygulanabilmesinde bu alt programlar énemli rol oynayacaktir. EK A daki érnek
¢Oz0m bunlarin 6nemli bir kisminin dodru calistigini gdstermektedir.

Henlz alt program haline getirimemis fakat biitin esitlikleri elde edilmis olan
aigoril'tma ve (¢ yaklagikitk agamas) Ek B1 ve Ek B2 de agiklanmighir. Bu yaklagimlar
karigimin efektif 6zgil 1sisini ve gaz sabitini hesaplamakta, varsayimlarin zorluk
derecesine gére akim boyunca damiacik sicakhifini sabit ya da degisken kabul
etmektedir. Reaksiyon hizi sonsuz ve yanma difuzyon kontroll varsayiimakta, agida
¢ikan isi i¢ ve kinetik enerjiden olusan toplam enerjiye ilave edilmektedir.

4.2. ONERILER
Sirasiyla agagidaki dogrultularda ¢alismalara devam edilmelidir.

« LANS3D kullanmaksizin her ig yaklasiklik derecesi igin dnerilen algoritmalar tek
boyutly akista denenmeli aralarindaki farklar hakkinda yvapilan tahminlerin
dogrulugu kontrol edilmelidir.

* LANS3D nin kullanigh@inin artinimasi igin ag (grid) Gretme yazilimlart temin
edilmeli veya yazilmahdir.

* Bu aragtirmada gelitiriimis alt programlarin gesitli kombinezonlarda uyurmiu

- gahstiklarindan emin olmak igin denemeler yapimahdir.

= Yeni gelistirilen algoritmalarin eksik alt programiar tamamlanmalidir.

» Alt programiar tamamlaninca LANS3D ile hepsi beraberce birlestiriimelidir.




EK A

NUMERICAL SOLUTION OF THREE-DIMENSIONAL DROPLET COMBUSTION IN
A LAMINAR, INCOMPRESSIBLE MEDIUM
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Aeronautical Engineering Department, M.E.T.U., 06531, Ankara
* BOTAS, Kavakhidere, Ankara.

ABSTRACT
f

In this work, three-dimensional numerical solution of droplet combustion in a laminar
incompressibie medium is performed. It is assumed that flow is in x-direction only, droplets do
not diffuse into the mixture and combustion reaction takes place at infinite rate. The five partial
differential equations, namely the number density of the fuel droplets equation, species continuity
equations for fuel, oxygen and nitrogen and energy equation are solved. These equations were
written in the general curvilinear coordinates. They were discretized by the upwind scheme.

Each equation is solved by the alternating direction implicit method .

INTRODUCTION

The aim of . . the study on which this paper bases is to develop a sofiware capable to simulate
the processes in the combustion chamber of a gas turbine power plant at steady conditions. At
this first stage of the study, the three dimensional computation technique was developed for a
simplified combustion mechanism and laminar, incompressible flow. :=ge ations were made 1o
include compressibility «Tects and turbuience models in future.

The specific problem about which some results are given have boundary conditions shown on Fig.
1. Although it was assumed that the flow is mainly in one direction, i.e. the velocity vector is not
effected by the combustion, diffusion of the species takes place in three-dimension. It was
assumed that droplets have very small (30 um) diameters, hence their veiucity 1s the same as the
flow velocity at all points. Droplets do not diffuse into the mixture because they have extreme
large mass and size in comparison to other diffusing molecules. The medium is composed of the
fuel (droplets), oxygen, nitrogen and the products. Since the rate determining phenomenon is the
evaporation of the droplets , it was assumed that as soon as the fuel vaporizes, products form [1].
To simulate the three-dimensional droplet combustion, five partial differential equations were
used: number density of the fiiel droplets equation and three species continuity equations for the
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species of fuel, oxygen and nitrogen and the energy equation. The equations were transformed
from Cartesian coordinates to the general curvilinear coordinates. Since the motion is convection
dominated, {i.e. Peclét > 2) [ 2 ], Upwind Scheme (Forward time backward space) was used for
the discretization. The Alternating Direction Implicit (ADI) technique was used in solving the
discretized equations [ 3 J. ;

In the following sections, firstly the five partial differential equations, both in Cartesian and in the
general curvilinear coordinates, and the boundary conditions are given. Then the brief description
of the code with a flowchart, the grid used in the code are explained. Lastly numerical results for
oxygen, nitrogen and the fuel concentrations, number density of the droplets, the temperature

field and the convergence history are presented and discussed.

NUMBER DENSITY OF THE FUEL DROPLETS EQUATION
{

The equation can be written in the Cartesian coordinates as below:

LU LKL L (1)

ot ox oy oz
where the velocities were non-dimensionalized as follows;

- u _ v _
U= V=— W= ,Z=—
Ugs Ug U L L L

Here, n is the nu\mber density of the liquid fuel droplets, uc is the freestream velocity and L is the

characteristic length (such as combuster's length). After the transformation into the general -

curvilinear coordinates ;

a(I%)HJ"(9(1%)4:4/“a(%)-f-w"a(%)zo (2)
ot 0% on 78

can be obtained, where;

US=ugy +vEy +wE, ; Vimung+vny +wn, ; Wo=ul, + vy +wE, (3 abec)
are the contravariant velocities and J is the Jacobian of the transformation [ 3 ]. For the
conventence in printing the bar signs {~) were dropped in the above and all future curvilinear
equations. Afler the discretization with upwind scheme , using the ADI technique the following
can be obtained:

E-sweep:
i+

IH-% n cn+l n.;.% Cna-l ;—,.’_% CM] n c n
Nikd =Nikt UioNge P = Ui Nis/ VN e - Ve N
N j N ] j

A% | AE An
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n+l :Hl

n -
MHMRFWWHMLM

=0 4
X (4)
Here the variable N is actually n / J.
- sweep :
n+2 +1 cn+| l'l+/ n+l +% Cn+l n+é n+l n.;.%
Nﬂl“%ka+%klm1 JIHM1U VikiNi k4 = Vik-11N; )
Avg AE Am
R+l l'H-I an l'H-I
Wﬁk,lNJ.k./té Wik l—le,k.x/—l o (5)
AG

G- syeep :

n+/ ctt! n+% ctH n+2/ el n+% Vc‘“l n-!-/

n+l
Njxi—N w1+_mmmJ“WIH%1m ViniNid? = Vie-11N; 3

A% Aé AR

e n4l ¢l n+l
L Wi Ny~ Wik-iNjik1r

AG

=0 (6)

SPECIES CONTINUITY EQUATION FOR FUEL

For the fuel droplets, it was assumed that they do not diffuse into the mixture ( i.€. D=0 ).

Therefore the partial differential equation for this can be written as:

oL PR SR R
L+ + -Qp=0 7
P tPU— pv - = OF (7)

The additional non-dimensional parameters are ;

-_ P F
p= y O =———~
u
Pref Prer %

where wy; is the rate of destruction of the fuel droplets, and it can be writien as follows [ 4 ]:

mpz—}—:-(%)/é(nnp“q)’é(pﬁ’p)% , K=%fn(1+m (8), (9)
i q
_ T T YOxmlAQ]
B=-C, T +VMova (10)

where,  n: the number density of the fuel droplets ( per velume ); p: the mixture density
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]

Pliq: the fuel liquid density; p;Dg = psot, (Lewis number-is one)
Ty,L, : Vaporization temperature and heat of vaporization respectively

Y0u 0 ¢ OXygen ratio at the infinity (Note here that infinity for a droplet particle is just the

adjacent region of the droplet)
VMg, : Amount of the oxygen that is needed for one male of fuel. (v is the stoichiometric

coefficient)
Equation ( 7 ) in the curvilinear coordinates is as follows;

p 3(::4) +pU° a(‘;?) +pV© 6(:?) +pW° 6(‘:;/) _ (DJF (11)

SPECIES CONTINUITY EQUATION FOR OXYGEN

Species continuity equation for oxygen in Cartesian coordinates is the following : |

- "
—aio\( _._aYO,( 0¥ Yo — — GZYO\ = Yoy | = 0" Yox ( 1?_)
Qs 3 ) L . =D X +5DA. N D I
p +PU—="4pV + pW 7. ooy = PDoy =) pPloy _,2 PH0Ox 72

here, the diffusivity and the rate of destruction of oxygen can be non-dimensionalized as

— Da. .
Doy = O'\';mOx: 20x
U Ueg

Pret /L

- where, Dgy : Diffusivity coefficient of oxygen into the mixture; © o : The rate of destruction -

of oxygen which can be related to the rate of destruction of fuel as shown below [ 1]

Woy | (13)

The equation can be transformed to general curvilinear coordinates as follows:

pi(f;—%)+pl}°i;.;/i)—+ ‘/‘@4-;}“"5@;%): '(14)
0., 2(E), 2(5), 2(5)
7 a\T) a3 )Tl

d
where F}, F5 , F3 are,
F = (pDOx)[AI(YOx)g + A4(Yox)n + AS(YO.\')C]

(15)
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F.'l = (pDOx}[Att(YOx)gJ + AZ(YO.\').q + AG(YO.\')Q} ‘ (16)

Fs = (Do) As(Yor); +A6(Yor), + As(Yox)] | (17

The coefficients (A's 1 through 6) are the following; ;

A =(e2+e2 +22), Ay ={nZent+nd), As=(2+2 +2)

Ay = (éxﬂx +Eyny + éz"'!z): As= (ﬁ\C\ +&ycy +E—|zcz): Ag = (nxcx + nygy + TI:/.C'/.)
(18 &,b,c)
SPECIES CONTINUITY EQUATION FOR NITROGEN

Specief continuity equaticn for nitrogen in Cartesian coordinates can be written as follows:

_dYy dYy IYy oy, - vy __ Yy __ &

—-+ pu L+ pv L+ pw L=pD L+pD L +pD 19
Pa¢+p“af+pvay+pwasz=ag pNaysz’ (19)
and in curvilinear coordinates as the following;

YN/ YN/ YN/
AA) ), A, 2
——+p +p +p =
ok on eq
i(ﬂ}i{ﬁ}i{ﬁ) o (20)
GEAY ) em\ T, dE\ ] _

and F1,F3,F5 are the same as the definitions made in the equations ( 15), (16), ( 17 ) except that
the indice " Ox " for the oxygen concentration, is now " Ny " for the nitrogen concentration,

ENERGY EQUATION

Energy equation in Cartesian coordinates can be shown below [ 1 ]:

’ ) 2 2 2
pCpg—E+pC EJI‘+DC var+pCva£:Q+laT+hyz+xag (21)
ot ox oy ay oz

oz ax?

which can be obtained by assuming the viscous, Soret or Dufour effects are negligible and the
pressure does not contribute to the work done on the system. Also the heat transfer due 0

radiation was ignored.
To reform the equation , it can be divided by pCp.
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o T, O, o Q. A PT aT A T (22
o & % 2z pC, pCpax’ pCpay? pC, oz°

where,Q:—RR[ > (wisan)- ¥ (H;+AH)J+QJFLV and AH=C,(T-T,)
Producis Recaclants

Inseriing the thermal diffusivity o instead of -—é’—, the energy equatiun can be in the non-

dimensional form below:

T T o o7 2= 25
aT+E§I+V§—+Wi=S+aa§+EaI+&a;r (23)
ot | ox 7 % oy oz

where;
'S":___S____’S:__Q_J =2 and Te—
Teer U% pCP UgoL Trer

Equation { 23 ) is more like the general transport equation and it can be easily transformed into

the generalized curvilinear coordinates.

Ay) AY) AR AW s o o s

P A :3+55(E)+5E(F1)4~a?_a) (24)
where, '

Fy = a ATy + AgT, + AsTy ] : (25)
Fzza[A4T§+A2TT]+AGTc] (26)

Fy = aAsT, +AgT, + AsTy]

Where, RR is the reaction rate and Hf is the enthalpy of formation. The coefficients (A's 1
through 6) were defined previously in equations (18 a,b,c). To discretize the energy equation,

previous procedures apply.

BOUNDARY CONDITIONS

As for the boundary conditions, as seen in the Figure. ], oxygen, nitrogen and fuel concentrations
are set such that their sum is unity. Note that the fuel concentration is only on the surface B
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(injection hole), however the others are the same amount on the surfaces A, B and C. On the
surfaces D, E and F, the concentrations an'g temperature are extrapolated from the inner points

(i.e. at D and F heat and mass flux are zero).
_ .

ox=0.23
Ynitrogen=0.77
V0.0
=600 K
I'=600 K
3 Yox=0.216 Ynirogen=0.70 E
Y{=0.084

Yox=0.23
C Ynitrogen=0.77
Y00

T=600 K {

D

, Figure 1. Boundary conditions

BRILF DESCRIPTION OF THE CODE AND FLOWCHART

In the code, input and the grid are read within the subroutines INITIA and GRID respectively.
The Jacobian and the metrics are obtained in JACOB, XXM, YYM and ZZM. In the time loop,
boundary and initial conditions are set in BCCOMBUS, droplet number density equation is solved
in DROPDIS, species continuity equations of fuel, oxygen and nitrogen and the energy equation
are solved in DIFFUEL, DIFOXGN, DIFNTG and ENERGY respectively. Meanwhile, the
reaction rate, the rates of destruction of oxygen and fuel and heat source term are supplied from
the QDOTCALC to the subroutines DIFFUEL, DIFOXGN and ENERGY. The flowchart is -

presented in the Figure 2.

RESULTS

The grid system (25*3*201), which was clustered around the fuel injector, is shown in the Figure
3. The steady state results obtained after 4200 iterations are presented in the figures 4, 5, 6, 7, 8,
9, 10 as the convergence history, droplet number density, temperature field and finally fuel,
oxygen, nitrogen and product concentrations. Velocity, density and the initial temperature was
set as 50 m/sec, 1.225 kg;’m:” and 300 K respectively. As fuel benzene was chosen. The error

term, used for the convergence history was defined as;
Jmaxk maxImax

Eror= 3 > > ABS(Tou,, ~Tiewy,) (28)
=1 k=l 1=
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MAIN]

INITIA
GRID
DO 10 N=1,NMAX
JACOB
NC=NC+1
XXM
BCCOMBUS
DROPDIS ___YYM |
i -— DIFFUEL  [§
F ZZM
DIFOXGN
© {QDOTCALC
DIFNTG 04
Cp
ENERGY :
Q CPCAL
ERRCHECK L
10 CONTINUE

STOP

Iigure 2. Flowchart of the code LANSDROY
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Figure 3. The gnd system Figure 4. Convergence history
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NITROGEN CONCENTRATIONS

1Z000

10000

acaa

6000

4000

DROPLET NUMBER DENSITY

2000

reree y=0 m
——ea x=? M
aweea yed M
e ymf m
—— gyl m
——— y=10 M

1440
1300 4
1320 7
1260 3
1700
1o
La2 1080
& 1020
< veo]
900
B840
780
720

——~

A

TEMPER

T T T 70

1
ES
333333

660 PRI

600
5404

480 T TR R T T T T T L T T T T T T A T T

' nlrm
0.00

AP T T T T Y

ey
2.00

0.00 2.00 4.00 6.0Q 8.00 10.00

Z—AXIS (m)

Figure 5. Number density of the fuel droplét Figure 6. Temperature field
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Figure 8. Oxygen concentrations
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Figure 9. Nitrogen concentrations

Figure 10. Products concentrations
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DISCUSSION

Since during the combustion reactants arc consumed and products are formed, in the
vaporization and combustion zone the oxygen, nitrogen and fuel concentrations decrease. Also
the thermal energy release due to the combustion increases temperature in the combustion zone.
Because of the very low rate of reaction, at the end of the computational domain there exists still
some fuel. Moreover, the diffusivity coefficients for both energy and species are very low and this
results in that the region near the combustion zone is not effected from the mass and heat
transfers. It was observed that if the computational mesh is not suffi iciently fine some oscxllatlons

in the solution may occur.

(0] NC'L{US]ON

In this study the liquid spray combustion problem has been mvestigated numerically under
idealized conditions. The equations were solved in the general curvilinear coordinate system. The
expertence gained during the formula derivations, discretization and numerical implementation is
expected to be useful for the solution of more general cases such as compressible, turbulent ﬂows

with complex boundary geometry.
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- EK B1

DERIVATION OF STATE EQUATION FOR DROPLET

COMBUSTION

In order to derive the state equation for a mixture composed of liquid and gas

constituents, one may think of 1 meter cubic volume of the mixture, The gas

Inass amount in this volume 15,

Mpas = Mpyjy — Miig (G.1)
where myy;, = Pmix and Miiq = Ppix Y“q for this volume, Then,
Mgas = Pyiy ~ .DmixYqu (G2)

can be obtained. Thermal equation of state of the gaseous phase may be written

"using the state equation of an ideal gas as in the following;

m
Poas = PaasRgasT = y

gas

gas

RgasT (G.3)

iFiCE assumed that existence of droplets will not effecy pressure. Before inscrting

equatien ( G.2 ) into (G.3), Vgas should be determined.
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pmi:-:Yliq

Viqs = 1= V)jq =1
& . Pliq

then the state equation is as in the following,

P Pmi.\'(l "Yliq)
bas _ p111i,\:Y]iq

Pliq

RgasT
1

The mixtgure thermal equation of state, can be written as,

Poix =PmixR T

1.
where I is,

. 1~}
R =R——__
3 PmixYliq
Plig

1

. 3 ' .
In this equation R may be called as virtual gas constant.
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EK B2

!

BASIC ASSUMPTIONS OF LOCALLY HOMOGENEO us COMBUSTION

AND METHOD OF CALCULATION FOR COUPLED VELOCITY AND

REACTION FIELDS

H.1 B:E]SEC Assumptions

The following assumptions arc put forwvard in order tg simplify the problem:

l.  Laminar flow, or turbulent flow with 2 suitable turbulence model.

2. Mixture is composed of oxygen, nitrogen, carbon dioxide, water vapor and
liquid fuel. The diffusion coefficients of the diffusing species in the gaseous
phase are constant and tlie same with each other,

3.

Droplets are small enough to have mass averaged velocity of the mixture at

th

at point ( locally homogeneous flow assumption ).

Burning of the fuel droplets takes place as in the Spalding model of single

droplets, vaporization is the limiting process,

Heat transfer by radiation is neglected.
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5. For temperaturc of the liquid droplets, oze of the following may assumed:

®

3.1 Droplet inside temperature and droplet surface temaperature T, are

5.2

5.3

equal each other and they are constant, because the heat transfer to

droplet covers exactly the enthalpy of vaporization. But, environment

temperature T, changes and it is determined from the reaction,

Pressure variation in the chamber is negligible.

Inside the droplet, temperature is constant and there is a heat transfer
by the conduction from the environment to droplet surface which is for

heating up a sufficient amount of liquid to the temperature at

vaporization temperature T, ( i.c. Cp(T, -~ T.)dm ) and providing the
heat of vaporization ( i.e. Aby, ). Here, T; is the initial temperature of

the droplet which is assumed to be constant,

Inside the droplet, the temperature is equal to the surface temperature.

6.  Chemical reaction is taken into consideration by species generation or

destruction and by the enthalpy of reaction. The enthalpy of reaction is

determined from the difference of chemical and thermal eathalpies of the

spectes which are generated and consumed in the reaction,

According to the code TKGCOMSB, pressure and temperature have to be found

outgoing from the total energy term ( e, ), mixturc density and the velacity by

using the caloric and thermal equations of staic.
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For the locally homogeneous flows, continuity, momentum and cuergy equations
are solved for the mixture of liquid and gascous phases. However, in order to use

the thermal equation of state, liquid phase must be excluded. Appendix G may be

referred for the modified state equation.

i

The subroutine which is prepared to calculate the rate ofvnpoﬁza[idu / combustion
and the resulling temperature ficld is explained Chapters 6 to 11. Assumption 5.1
was applied i the subroutine called TKGDROP, however, velocity field was
assumed 1o be independent of the concentration and temperaturc felds. Coupling
velocity field with this temperature and concentration fields will result in velocity,
temperature and concentration fields of 2 combustion model based on assumption

5.1, In the following, first of all this coupling will be explained,
H.2  Constant Temperature Droplets

Ll any combustion problem, the first step will be to run LANS3D, without
chemical reaction, to find density, velocity and energy Gelds. In the next step,
combustion can be included starting with a very small rate of combustion - say
0.001 of actual rate - so that, velocity, density and temperature ficlds will adjust
themselves according to this heat release. In the successive iterations, rate of

combustion may be increased to its actual value step by step.

The modified form of TKGDROP, which will be named as TKGCOMB should be
called three times within each STEP: One after cach of LHS3DX, LHS3DY and

LHS3DZ. Each time TKGCOMB will correct:

L Y duc to vaporization / combustion
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2. Change of concentrations of H;0, CO, and O, duc to chemical
reaction and diffusion simultancously.
3. Change of thermal eaergy duc to chemical energy.

4. Virtual gas constant R for the mixture.

- =Yg
¥ Pliq

In this equation,

R‘ (H.2)

fl
— M
’_»<

- M
R

where 1 stands for all gascous species but not for fuel.

Virtual specific heat of the mixture,

Lh

Co =3 YCp (H3)
i

Again, 1 refers to all gaseous species but not to fuel. Since it shows the

heat capacity of the mixture and there is no heat capacity of the
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droplets, there will not be excess heat transfer to droplets. Therefore,

Y does not need to be corrected by the term yZYj
1

Here, Cp is the average specific heat of gascous components hetween
» VR, ge sp

absolute zero and T. The reason why it is called virtual is that it
mcludes droplets which have mass, but zero lheat capacity effect

because of no excess heat transfer to inside the liquid.

6. 31 =C'P/(CIP—RI). Since y is used in connection with the ratio of

- - - ' .
compression work PV, which 1s equal 1o RT, to internal energy

(CP -R )T in differential form, and since in basic equations, only the

differential of &, exists, assuming their variation within the [eld
{ ]

negligible, one can take their values at focal temperature.

7. Increase of Ag due to chemical reaction. Equations for calculation of
A are given below. A, should be calculated for 1/3 time step. The
equation 1s basically the energy equation of TKGDROP without
convection and conduction terms, because, these are taken into

consideration by the subroutine STEP.

After TKGCOMB calculates these, the next partial step of STEP can be called

which will calculate new deasity, velocity, energy fields and v.
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After the thurd partial step of STEP which s LHS3DZ, also, the nght hand sides
will be updated. This takes place, including calculation of new values of P and a2 in

accordance with existing subroutines of LANS3D.
.3 Droplet Surface Temperature is Changing

Since the inside liquid temperature is constant, its heat capacity has, like in the
previous case, no effect. Above method can be applied exactly as it is, except that
because of the vanation of surface temperature, rate of vaporization should be

caleulated in an improved way.

Calculation of vaporization rate based on the assumption 5.2, is described by the

following equatious:

dT -
A== pguog(an, +CL(1,- ) (H4)

dr

CplT,-T. Yg ~Y
el T _Ye Ve (H3)

A, +Cp(T,-T;) Y -1

In these equations, Cp belongs to vaper aud Cp belongs to the liquid. After some
maulpulation, the following equation is obtained and it will be used in determining

Yr .
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(H.6)

Inserting it into the Clausius-Clapeyron equation which can be written as below,

Inn
t| Tr

el

Pehamb. YstMF =Ah"'( I —-—1— (H7)
Trcf Ts '

YF‘/M_F+(1"YF,)/MprM R
one obtains an equation for Yg . Mp, o4 is molar mass of the products considering

neutrals also on reactants and products sides. To ease the solution, one chooses Trer

and Ppor so close to the estimated Tg and Pg that only the first two terms of the

exponential series expansion wiil be taken:

Pehamp. Yk, /Mg _—_-1+Ah"( I u——l—] (H.8).
Pe.. Yp /Mp+(I-Y; )iMpog R

rel’

After substituting T from ( H.6 ) into ( H.8 ) one can obtain a quadratic equation
for Yf . It will be solved for Y, and next, T will be caleulated from (H.6 ).

B ( Spalding transfer number ) is in the following form, Yr and T; will be

substituted into this equation:
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Co{Te —Ts) —Ye Abp g

: (H.9)
Al +Co(Ty '—Ti)-*-é]lr,}:(‘[l:‘ - 1)

Bpr=

With this value of B, lacal rate of vaporization / combustion, Le. wg, will be

calculated as explained in Chapter 3.
H.4 Coupling Calculations of Velocity Field and Reaction Field

Based on the improved method of calculation of Spalding transfer number B,

explalned above, the rate of destruction of the reacting species can be determined.

The cssence of tie following algorithm is to decouple the flow process computed
by STEP and the chemical reaction { or vaporization ) process cxplaincd above, for
each time level At / 3. In other words, for At/ 3, first the changes of the flow
variables ( p, g, V ) are computed by STEP and then the reaction which takes
place within the same time interval will be computed by the improved TKGDROP,

immediately, before calculations for the next At /3 is performed by STEP.

Although, in the other parts of the thesis &, was used for total energy including

thermal, chemical and kinetic energies, in this section, it i$ 4 necessity to restrict

¢ to the sum of only the thermal and kinetic energies, to avoid misimplementation
of the subroutine STEP during its coupling with TKGDROP, where chemical
energy conversion to thermal energy Is computed. Heuce, various cnergies and

enthalpies will be introduced and shown by indices as in the following way:
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Overall total ( total ) = Chemical ( £) + Thermal ( th ) + Kinetic

Total in seusc of LANS3D ( t ) = Thermal ( th ) + Kinetic

5

- - P
Clptal = Cf +Cm+—2"“=h|om|—“ (H.10)
2
hmta[=llf‘+]1[h+T=hf‘i—lll (I—I]])
)

et =g (H.12)
- P A
Clod] =Cf +0p =hf ——+c {H.13)

p .

During chemical reaction, conscrvation of energy will lead to:
A8y =0 (H.14)

because the energy convection ctc. are included not in this caleulation but they are

included in STEP. From ( H.13 ) and { H.14 );

A(hf—}i}m&t:o (H.15)
p

P
Here, e has been replaced by hy ——, because:
p

Algly = Acgl, (H.16)
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and

T T
Ahp = Ahy, +j0 deT—JO CpdT (H.17)
[{X13 it
T 'I‘ 1
Aer = Acg, +j0 CVdT—JO CydT (H.18)
reacl. pI'Di
T )
Ahp - Acy =j0 (Cp—Cy)daT-[  (Cp-Cy)dT (H.19)
reacl. jrand
T T
= RAT- [ RAT (H.20)
teact prodd
: P
' =TAR=A[—J (H.21)
o}

The calculation of AZ| duc to chemical reaction is the aim of TKGDROP coupled

with STEP;

A8, = —[Ah ; —A(EH (H.22)
p

Here Al should be calculated at local temperature T. Since during the chemical

reaction the thermal state will not change, AT = 0 and,

A(EJ: ART=TAR (H.23)
P

For Ahgat temperature T ( A £, ) oue refers to H-T diagram and concludes that:
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