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ABSTRACT

Moderate or intense low-oxygen dilution (MILD) combustion is an interesting
technology for efficient combustion with low NO, emission. However, little information
is known regarding the burner’s performance when scaling the furnace’s thermal
throughput from a prototype to the industrial level. This research concerns with effect
of scaling on performance of MILD combustion furnace when increasing its geometry
and thermal throughput from the 0.58 MW prototype to its scaled-up versions of 5.8
MW. The constant velocity (CV) and constant residence time (CRT) scaling approaches
were used in this work. Their performances were simulated with a numerical model
for MILD combustion which was thoroughly validated against existing experimental
data. It was found that despite MILD condition could be successfully maintained with
both scaling approaches up to the scaling factor of 10, the effect of CV scaling could
lead to elevated NO, emission due to increase in flow retention time in hot
environment. The results were also discussed in term of internal recirculation rate,
chemical flame occupation degree and Damkéhler number. Despite of promising
technology of MILD combustion for low-NO, emission, care must be taken on NO,
emission level when scaling up with large scale factor under the CV criteria. As for the
CRT criteria with increasing inlet velocity with the scale factor, the fuel and air supply

pressure should be considered as a constraint when scaling up with large scale factor.
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wnneIgussrun U jiRuiesdugramnesy fafunisvensruinadiudine
omesudladoitnands CRT nsvaredsanuiiiiuturosiuidomas
nsfnwiidednaunisiiferfunimaasuaznisiiasadsfuarvesiimiuas
wlndluiesufufinisvesm s lvduuuldivadlnlngldeandiau waglaiinisvereuuin
Tl lumnlvsisedugaamnssy An1sweunslag Ghadameahi et al. [28] n1591897U
Funenlndldsunsvenernalieglussduanamnssulddnis uaznonildlduuudiaes
waransasluallieriuin (Computational Fluid Dynamics, CFD) antaglun1sdnuiive
wagldvinnansiaaeuaanugndes nisnumiusjaduluiitnislduddeyavesgungd
oglsAmudlifinenunansenudedseansama s lifudennanmsasunlas
YUIATATIN WAL TBULALVINTUNTATVIANN
nsAnYIRaTesIsNITIBIUIRTANsFulRgaN L IE AT Ik I A AceY
AsiiriaUsEdvimmesmsunlvifluaniiziioendiaugnideansiunarsvidounn (Moderate
or Intense Low-Oxygen Dilution, MILD combustion) Huroutraneindieeufulug
U q Ainanddountni wenvniimsanwiiisaiunisiag Kumar et al. [27] TuldFo
InsifignsinsanUdesaadeusouuinseamludias (= 5.6 MW/m’® vasvesiunlug)
uazwamansdoudtoglusedurorjifims lusnewimnindlussdugramnssudy
fidnmsvanddosarmiousoUiunsmumlvdideudisiidu Selildsunansnaey g
walviflugaamnssadl Sdesidalunsesnuuuiilesandesnistaiuiidiuiunuan
fnglode smdsnnuwansddunislindsauanuiouanaianimn-lnd
nnaAdeitlegdedefiinasoussanBamnuosiunuaznsudesingeanladues
Tulnsiau (NOY) LASUnISASI9daUBE19N 319U LLﬁ’jwmuﬁmumdaﬂmﬁ%LTJmmaﬁa
NansEMUAamsUdeY NO, laveneunnnaisnnm3anai (CV) uagisansagasil (CRT)
winansznuneliteulunsunlmiluanizfiesndiaugnideansdunansvidesnndslilisy
MsnT9aeu LiesandeyafiidirdadinafetunavesnsversruiaUszansainueanis
wlnsiluanizfieandlaugnideatsiunatsudonnn dwsuimunuazineninilussduis
gnamnsINidisnIn1sUanUdesanufeusauiunng 0.023 MW/m? fiiund1sds auilis
sathlufinmsussiulssaniueiadaedislildfunsnmagey mafnviusuiisuls
sudunslutuudasusunndvuiadalussduisgnanunssy 0.58 MW uazia i lugii

aa

& [ (Y I3 v vao A ad
“UEJWEJ“U‘LJ’]WU‘LJL‘U‘Lli%ﬂ‘u@(ﬂﬁ’]‘wﬂiillLL‘U‘ULG]ZLIWJ 5.8 MW A1glaidn15u8189UuInaesis Aedo



AnuEInedl (CV) wazhanasegasd (CRT) Tngldimamansvaslvaldeduam (CFD) anld
Hudesfledmiumstsudumsvensuuini Fdldianmaresoinmanaransvesnisiva
UfAsemsnlugl n1snsenevesgumll waznsuanddesingeenlanvedlulasiau (NO,)
uennifelimansaseurnavesmlaidaiuniduanauiffd dyvesnismnindly
anmefieandiaugnideratiunansvidontn uenanissldinmeimadndlunivesaun
Taiiaasifuiuas (Damkohler number) Fududnvuzd1dyusensniwoiniswalndly
anmziteandiaugniesnadiunatsvidenn venainidujuduluiinavounasinisveny

PUIATLANFANU AaseaunsUantaseingeanlonveaulasiau (NO,)

1.2 AUMNIBLAINGUTTAIAYRINITANEN

1. iilefinmdvsnavesnisusneruiniuasmnlusidieitausiasiuaziia
Asegastl fadnwazmsinlvsiluanzfesndiaugnifem siunanaviennn

2, vileAnundvEnave IV IRTENLazM I lnifETE AU IANTILas AN
AsRgATINNTLRSEAUASERNYNTIIgSY AUgnaMNS T UL ANEIT WaraUsE AV
wlndiuaznsuanudesUdesuaiiy

3. Lileaunsainisnsugisuunaingaufun s niluanng ioondiaugniie

unassenn Wldiumsvensvueianakaswrtvdlugaainssule

1.3 #uyAZIUVBINISANEN
1. i lvifianuannng wuudiaessaiafiomisluddiuveanuulug
- nsladunuudutau
- msvhanwean i inlegluantiznsi
s lwgviaudienusuussenme

- Ufiseniswnludiindu 4 Juujizen

(@) N B N S A\

- MInszefvesanmgiiintanmnlwifinuahiaue

7. 3vdnariosnnmnussnnusdlduaiwedaninanenislnavesinetosunis
dnsaasiiold

8. Aududuveseanlydveslulasaututiosunn Weeufuesdussnovvosing
3u 9 Teewsafwnnalnnisinndeanasesteeenlesvesulasiaundindiuinnis

wlnsinaniadauda (post processor)



1.4 YBULUAVDINITIAY

1. wuudhasadunuuauils

2. Yenprunsas e ieulusnsiain 10 fe 1 (@nvua 0.58 MW Wy
5.8 MW)

3. [ Toundsiesssund (et

4. ‘umaﬂummﬁaLmu,a3Lmwmiwﬂﬂ'&ﬂ%’?%‘mmﬁamﬁLLaﬁgnmmaauimﬁ

5. Mawnlndiduiuuesndiaugnidennsuiunalsdiauin

6. NM331AUTULUUAIE

1.5 FumpUYRINISANEA

1. Anwinguiuazanddeiifeatesiunmswilniluannzfiesndlaugnideansuiy
NANVTONN YANNITNITVIIBVUINTLEILAZIA NI LazluuTnaosnamansvaslralds
AUIUEINTUNI TN LALl

2. g uusiaewasfaruaslg luwautesanaivetelnaliu

3. 93IOUANYNADIVOIUUVTIABITUNAN I INAGRI WaknlalFuUsawuudaes

4. pUAUNITIEDUTITNAUNAVDINTVI VLA INILAZIATN Y bz

5. AATIFANANITINAOS

6. agunanIinesuazdelauaLIY

1.6 Uszlewiifinnndnazldsu

1. ¥lvinsuddvisnanasnisvereruniamLas e nliieisanusinsdivas
Fraasegasiisomsnlniluaaizfiesndiaugnidonsuunanaiennn

2. ansnathanuiildannnsinedvsnavesnisvensauelulilunisueeuuiniia

wuazw il dlunugnainssula
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a o I3
2355UNTIUUINAU

2.1 nuRRemgtesiunslndluaniiziieandiaugnidaatslunananse

N

Tunanedfinunniivarsanuddelavinisanenieatunswiludluaniziieondiau
9nL39919U1UNAMI 0NN (MILD combustion) FaiinsAnwiilngdsn1svmaasInaznis
909LTIMLAY

Tul 1997 Wiinning and Wiinning [3] latdueisnisannisiiaiigesnlanves
Tulnsiuiissanaudou (thermal NO,) Minarnniswbngd Tagldnsunlmiuuuldivan
1w (flameless oxidation) wanwwlfiansisnisifiean thermal NO, TuASsns o Aflogly

'
Y 1 I

Jagduneuiazinisuseyndldniswmaluduuy flameless oxidation wanwilauananis
Usggnaldnisinaltnduuy flameless oxidation AUWILHAILUUALNDLT AN
(recuperative burners) Wagi kLU ULALUBLSNN (regenerative burners)

Tyt 1999 Weber et al. [29] lsithiausinaluladnisinlnifddnenmgs Avaelv
Uszndandesunazannistantdes fnseanlenvasiulasiau (NO,) Tagamn v finanwn
Tivasosiuldgradannmunlnillugramnssuvessunadiuisdananstng US patent
No. 4,945,841 Ime Nakamachi et al. [30] 3N latlausnan1snaassuadni1ssan bugiluy
anmsiieenfiaugniionsiunatvienn Tngldidemnasiiwsssuni nelununlgd
seiuivgpavnssy Aiunadefuildlugeamnssy nanimasesiilddunansiennsg
nsraefivetesduszneuvesing nswilgriinislavesfieliuinaudy (entrainment)
aeluwuelnd nasvanddesfitgasveuteuenled (CO) wazfiiweanlanveadlulnsiau
(NO,) m3naufuyesfng sas1n11inUfAze1 iudamsaiomanudou Sauansdednuue
yosmawnnsiluannizfieandlaugaiionisuiunaisviesnn

T 2000 Webser et al. [31] g meassuaznmsiasadsiaavldGugnirunlsly
nslédassusngmsainmsinlniluangiieendiaugnideasuunasvidennn Taglunan
funuhuvudassmswlndsdesdinsimuiliausadasanisenlndvesesdiszno
MaLASisyAUNAaIS (intermediate species) wan 9 laun Arsusunausnlaa (CO) lalasiau
(H,) udu Willmnugnsesusdug wazdoulul 2001 Orsino et al. [32] léivinsuszidiu
Anuwsiudvesuuiiassnmsmniniluanngiieendlaugnidearsdiunarmiomn eld

wuUI1ae9n15 ng Eddy-Break-Up Model (IFRF-EBU), Eddy Dissipation Concept with



Full  Equilibrium Calculations (IFRF-EDC) W & ¥  Mixture Fraction/PDF Approach
(Fluent5-PDF) nuiwadildannissassisanuwuuivlinalndifssfunanisnaaes oniu
Amswmieniangnmsivavesdemasiusinimanimaass

¥ 2002 Mancini et al. [19] l@finswauuvuiraeadsiuaviiefnwngAnssunis
v lusinasnislanlasefiivesnlanuealulasian (NOY v0InN1SLH LT WU U
flameless oxidation TumsnlviiszfuAsgramnssy Tngldvaronuunissrasaniswalngl
fio IFRF-EBU, IFRF-EDC, IFRF-EDC-more-turb way Fluent5-pdfl1 &slévinisilSeuidisutu
NanTMRaes swanssaesduinaviulndifesiunansnnasnduegied sniunsausiin
Sudmveadomds fimsazui NO, dufatuiinsuinaduiidousussrhadematuoen
Flawes uaznuin NO, thufinain thermal NO, @undn was prompt NO, TuflU3unaeny
Wudutiesndn dauieeenludvesiulnsiauiignldlulunisinlnd (NO, reburning)
Shulailghinanisnzt

[ a

seunlud 2004 Cavaliere et al. [1] lavin1ssrusundnnisiugiundrfglulds

<

v
=

nquivesmsulyiiluaniozfleendiougnidessunaniviesnn sufmanszvuiingy
senalnnisuilud dawdniniindosazensvesvatiimdeinas nansenunis
weshilauniind mainufAsened sutanisienefnansenuiinzdetumnldldsu
vosnlndluguaiunssu indessudisiufng ussadosudduauniely Setudustufls
fnsfinwiuazidomsmilvifluannfeendiaugnidessunarsSemnduagnanneuns
LAY

Tud 2005 Weber et al. [33] Isvirmamageunismnndfluannzileendiaugniie
313UUNA1UIBUN (MILD combustion) dwsuvieswnludiauin 0.58 MW lngaunsald
wmadadandafaudomdeine Womdunar uasiiomaands Tuszaufsgaaivngsy
(semi-industrial scale) Iéifunadsa Medifinsnionfieladesoudeuainviosunlng
i welingsiensimusioulvve sguvniiuar Usinufiielode inaufueinieneu
nswnlsl Tumsvaaosueumaiflddwiufieseuiieudoudouanioannviiasm
routlouingnilndidngsds 1573 K Tnedianududuveseondiauegil 19.5% fin1aidn
Tuvairfiviuueenledvosddulngiou (NO,) finsesnvesiensesnvesleidudmsudemas
195350978 (natural gas, NG), dfudemdnun (light fuel oil, LFO), drfudomamin
(heavy fuel oil, HFO) lagnia1uit (pulverized coal) ﬁmmﬁwﬁ’ua&ﬁ 140 ppm, 95
ppm, 215 ppm wag 220 ppm ANEINU

Tu¥ 2005 Yang and Blasiak [34] l§fnwdstauavonmnivestoimassentsulus

Mo MAnilaungige Faiaademadnsmu (propane) ilrarsiumsivaveseinie



Fifinnudutureseendiaus mnwldeusndiunaneendndy (oxidation
mixture ratio), 8n51@uUsUIRsVRLUaI LN (flame volume ratio), Lammagm?{s (mean
residence time) Lagdnsndruanuasiatevosgungiifng (gas
temperature uniformity ratio) Wieltlumsfiansandnuvaznswnluifeenaifigamnd
a4 (high temperature air combustion, HITAC)

TuT 2007 Mancini et al. [4] l@finsasvdounnuwluosLuusiasnI st luid
Fuitugiuniswiendy (entrainment) vaaiaiiuidemasdieantln wuusiaosnIsea
TwiAl4E 5 wuu 9nramssaemui Amsmisthnsinadh lunaufuresd i dndainwas
Admnugeunetu fdMindwansvnass daudiniswmisniwenineondlawesiilay
LsatuiiAnaanAdeIiuNanIsNARe SedanAdeIRUIUITEVES Weber et al. [31] AL4

nsfnwnaneu asuldinAinismlieaivesingendsnainiininuiluaseiy finan

a [

Jadnnnveanuudassmisivanvudutunuuandusdluan udes-aland  (Reynolds-

aaa =

Averaged Navier-Stokes, RANS) @ <laiLAgafiu wuudIaesuiseniall (chemistry
submodels)

Tul) 2009 Schaffel et al. [35] leiinisshanadssaaunismi v luaaizfioandiau
gnideatsUnunanienn (MILD combustion) wedtdaimawmasuiiulumnimludsydui
QNEAMNT T Tngldssuifisuiunanm snaaesd sanbdunansiaaunsnisiva GUEHDAIRE
WANIAIU5BUVDINITUNSIEAUFOU AT UTUVDI0BNTLAU ATSUBUNBUBNLYA LAY
Asvaulneanlan autuaAdutuesitgesntanvadlulasian (NOY nsnludvesany
915 uaznasa o nseenvesinleds Fwailldainnissiassdenndesfunanisnaaes

PRRANG

1Y) (9 Ly

Tud 2010 Schaffel-Mancini et al. [10] 815 ITo9f nuiTednwalsF L La o

a

wlndidmsumseniniisneainiandaamigigs (high temperature air combustion, HTAC)

Y Y

1aglAiIN1531a0 T IF AU IS NBALUD LA LN MILAZNITIAI AL AUIVDIT WA NS U

! a =2

N300 NWUUNLIB LU AT W oLNAINEEIUAY NNANISANYILEAI LA TAUINTULLUFUUDIDINA

sl o w

Adlunanlwidudumaimesdddylunsesnuuy FuiliAansivanyuisundu
yosiumelumuanlngl msviuudasusumisiimuazdomisoonvesiedouaniesin
ef Aanunsadaietunisuioufiefeuiidunantudemadfguy

Tl 2011 Khoshhal et al. [14] I#Tin1sAnurdadvdnavendomdsiitoudigios
wlwsfdmsunisunludeeniaifigamgiias (HITAC furace) MinademsUanudesfing
sonlasvaslulasiau (NOY winwilavnssiassdssavarnmiwn lndfdn1smaaou

nousazliiuSeuieunansfiiugiuseninainisdtassiunisieassddinaiidenndesiu lny



finsdAnuguugivendoimdsdaiided 28°C, 200°C, 500°C uay 800°C 91NWAN1T
ﬁ‘]’waaawudwLﬁaqmmﬁmmL%@Lw“qLﬁwﬁu%ﬁﬂﬁqmmgﬁqaqmmLUa’ﬂWLﬁmﬁumu a7
sUnsavaalailyl (flame shape) tuiituiianas dunisuanudesfingesnleduaslulnziay
(NO,) Thamaaui

Tul 2012 Vascellari et al. [36] ladin1sfnyifisnaveinislyd wuudiassufduius
sgminentsivanvutudiuuazufAseiadl wuu Eddy-Dissipation Model (EDM),
Eddy-Dissipation Concept $31iUU{ji381%849 Jones and Lindstedt (EDC-JL) way  Eddy-
Dissipation Concept $aufuUfizsuvuagzidenuas DRM (EDC-DRM) Aildlunisdiasslae
TUsunsumamansveslnailaduan (CFD) vesmstnivaluaniizfioendiaugnideansuiy
natanieun (MILD combustion) Ail4\Feindsnsa1uitu Tnanavoinissiaeeduld
Wisuifleudunansnaaes Mwaasdsmnuifmaunun guvgl alfdvesesdusznouma
Wil waraNUtuduveInsUanUaseimesnlanvadiulnsian (NOY) annswseuisuny
NaNSNRABeL WINWAFUTILUUTIE0INITN LKLY Eddy-Dissipation Concept 334U
UFAsenuuuaziBenves DRM (EDC-DRM) winydmsumsinlusiluannsiteandiaugnide
919U IUNBNUITOUIN

WU 2013 Li et al. [37] ldvinsmaaeuas Sassdsduauifiednwiniswn e
o n1Afidgumgigeiuidoimasnsdaaaifiniseuuiisunsdiu (pulverized torrefied-
biomass) fidvesnisuanyUdasansseme (volatite) 1U 10%, 20% wag 30% winwalgdnw
faanlmaadl (chemical flame) warsusevasdadln (flame shape) Tasmsimlvgdaaeg
oMATEguvnTiys

Mei et al. [38] insnuiisdvsnavesanudivesdemauazoondlawesveh
wdmsunsinlmiluanngfiesndiaugniisasiunanamiennn seduisenannssudily
Fawdwea iy mnwifnwlagldiinissiasaieiian nanissiaemmuindeninuiis
voudaindsuazernidiiuduszsinldadnsinasivaisundunteluvefing
(internal recirculation rate) findu A5 1v0v8endlaigesdwatioadonrnududures
arduauneauanles (CO) wazeonlarvoslulnsiou (NO,) dwmsuamnuiiveudomadsus
dwainniuaudiudures CO uar NO, nsdlifl CO uax NO, iatumantuaginnusies
Foumdwrintu 67 m/s wavanudiveseendlawesviiiu 65 m/s

Tu¥ 2014 Abuelnuor et al. [39] lffinsnumuunarsddefifeiunudnyarns
wrlndireutomasdauia (biomass) Tuniswilndiuuy flameless combustion 1@y 113

gaydenna watlunisyadali waznisanUasefinweenlyavedlulasiau (NO) Fawinw
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aguldhmawnlndidemdsdananeldmawilnduuy flameless combustion tu 1#nns
Uasdosuaiiue miqigl,ﬁamaﬁ’] LazanIAINIINAA LIRS

Tud 2015 Jin et al. [20] IdfinsiesehideinauiiieAnwngAnssuszdugania
(microscopic) vasnawnlusdluanefioendiaugnidenrsiiunarswienn Adidemame
duiidluaanludseduisgramnssy wamsassiuldlinsfiansanfednuusiameds
1381984015 M@ (characteristic flow time) 7,, dn¥aLlTLIAWOIN1IIUATE 1AL
(chemical reaction time) 7., atlaalulnsenvasnisluauuudutau (Kolmogorov eddy
time) 7., wanlaitaasiuLuas (Damkahler number) Da, a1slaindduiuss (Karlovitz
number) Ka, unslasiiaasfiuesiides (second Damkohler number) Da, uagztsdluad
thivefvesmslyauuutiulau (turbulent Reynolds number) Re, fiinannisienlviian
N5ITWUUT1a09n15IK1 LUy Eddy-Dissipation model (EDM) &g Eddy-Dissipation
Concept (EDC)

Mei et al. [40] I#iinsAnwidvswavossuvasfanuidamasusduiudigro
il wagszasiesevieiudomasiuimueonilawes Tumiwlvdisedufsgaamnss
mndnwlasldiinmasiaendiney namssinewesmmmnUEmLnTHLd a1
deveenannassnansiosnlundifiutu uasssezssgnihatmudamastuivueendle
wosthiiututy awviligumglamesmswiviianas nsnsznegamginoutnsaiiae
Fu Ardmsmansudsundutesinenisluieauilug (intemal recirculation rate) flfindu
wazdnalinisuanuaseiigaisueusueuenlen (CO) wasfgeenlanvuaslulasiau (NO,)
anad

desnieseudinauiuidemasiounsunlvl Saaudidysonsualwsluane
flsendlaugnidennsuiunanviennn SslddinsAnudninavesgunsevienlmiseuiunm
Afeuiluadoundvindsdiudunianisivavesionnln Tu et al [11] wanwmuin
dnwazgunsavesiemnluiisuugesn (divergent) azlinanisiounduvessmaufasoud
AN

Tu et al. [17] Iéfins@nwidedninavesdriunanvesinveondlawe fldluni s
Iudfildeendiausiuiuanneiioondiaugnidoanadunatsuieun (MILD oxy combustion)
voudemdsmaniuiiu Aveendlawosusznoudisdiunanyos O, CO, uay H0 Fauts
nsdiAnwoondussdl OM-dry (ideal), OM-dry, OM wet waz OM-steam lagld3anaran?
voslmadsinaniuedosdielunmsfn Mnwanisiasudsitavmnivmuindsasing

nyudgunauneluvesfing (intemal recirculation rate) Winumudrunauilleun (H,0)
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v '

Wity nsuanUdesfeenlesvasiulasiou (NO,) duanasmumudunauiilet (H0)
Wisgy dhumseremanudeutiuiiudunudunauiislet (H,0) s

Tamura et al. [41] I§fnsnnassnisunlndidomamesuiuluangfionniad
gangiige (HTAC) dwiuldlunsiedulevlugnamnssu mavmassduldfinsudsudnway
N5 nEA1NKUUSTIUAT (conventional mode) 1ﬂLﬂuLLUUIuaﬂnsﬁmmﬂﬁqmmﬁqﬂ
(HTAC mode) nan1snaassnuinn1svanvaseniigeonlanvaslulasiau (NO,) Tunsdlaniiy
flonmefigumgigedusininsduuussaun uasilediwudivosTinuasuouiinlndll

v
a U

A (unburnt carbon) lunsilanietenialigamngiags dudNIINIANTEHIUUEITUAT 9N

Y

a

wan1sAnyesmantuddusuldinmaluladnsmilniluanisfieniaiiguvgiige
(HTAC) amnsauilulfldsatuniiolothanamnssuiilfidomamsd i

1ud 2016 Deng et al. [42] ladnwlaglalusinsunamansvoalvalsaiuan (CFD)
fedvswavessuuvvveshdnuazarmiiwesdnfidmasowndnssuni s ludfluan1ogi
pandlaugniIoansunanawidesna (MILD combustion) dmiutszendldfuiaiaseusfaiu
e Jumsanwve It wiBaitauuamasuem AnaN AU o (premixed) Lag
wuuTeimasiuarnelinaufumanon (non-premixed) nHanIssaedbiiansanynznis
e grungfl Atuegiuswauasiain lunawlysiuy premixed dunuinisuanydes
Asuaumpuanlen (CO) anadileduuidndiuiu uarmsvanddesoenluduedlulnaion

(NO,) LANTUANTIIUTRATLANTY @UBNTNAIINAINSIVBUINTUNUIANUTUT U B4

' v

@ A a

CO fgaAIET 110 m/s wag NO, Tulfin@usuanisiuosiniiiud

!

'
L W ASiog

Tud 2017 Xing et al. [43] laviantssausandadedrfgavinlmaanisialuduuy
flameless combustion Tagiatgaslufiviesimlniivesaiossdfaiufiteg wanainuia
wuudaes CFD dusasiinsiimuisnluduanugniewsnanisdnaes nglaniznalnves
MssaIMITEmeTe e Tewmas Msnsrarefreniiutemds msvunalnves
Uiz wuvaziBeniluluwuudiaesdmsunisnluduuu flameless combustion

[ |

fiail madanaiiudeyariie q Tudesslv Wy nastaaanndudurosadddvesinauas
pamgilurenniniduiianuddyunn dmdunsiengiwezniadilalunalnuesnis
Waguannswdiwuuialudunismnmdiuuu flameless combustion waziiialdlunis
ATINAOUANILYNABIVBINANITTIADY

Tu et al. [44] ”LﬁﬁmiﬁﬂmﬁqmmLmﬂﬁhxﬁsijamsl,miwﬁiuamwﬁaaﬂ%wugﬂ
3o919U1una19fann (MILD combustion) funasienlungiuuuiialy (conventional
combustion) warldFnsdanisdeunuainnswivdiuuurilu@uniswnluduuy MILD

combustion vaunmbngdfingsssurRvuInsERuanaInngsy 0.3 MW inslianuiou
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fuenmaneuiwiesmlnifigungifii 130°C wnwnAnwlngldisnismeasuaznis
$rasudeinay nanlddumnuilduandifudnuaznisivadounduresinsasluiossn
Indfunndnafuszarinensulwditaesuuy LazA18nI1N I UIE U N 1ETuA K
Tvaf veamswlvsiiuy MILD combustion fsnandtnssnlvsivuuinly msnszanegaumgdl
Tuvea MUy MILD combustion flasiiauaninniswnluduuuiialy wazanududuves
frgoonlasvaslulasian (NO,) Tun1swilusiiuu MILD combustion sing1nswn lnsiuuy
Ml wanwnlduaninmussusnaiianisuaufuveafing (mixing region), U3naufiinnis
NUfAT81 (reacting region) LLazu%umﬁﬁmﬂmamuﬁauﬂé’waﬁw (recirculating
region) vasm s bvduuuitaly nsunlndifidnsdreernimdusy (staged combustion)
wagn1sluluy MILD combustion saufianannlsnansninateluiesnluiainnng

[

Wasuwasanam s lusitvuialuinateidunsslniituu MILD combustion Tagidis
dndruvasernadiudiast (secondary air) fiaztioaann 0% TUauds 100%

Adamczyk et al. [45] Idthnausuuadniientundesulethonaiunssumunaluaild
Wemdsmguiuivhoulpemsenlvildesnday (oxy-combustion) Taufuniswlugily
anmyileandiaugnidersuiunalaiennn (MILD combustion) wananaenuuusie sy
Tuanmzfleondiaugnidennsuiunaravienin tnensliismsdrasmamansvaslnalds
A (CFD) Wlevgunssmaisnadinvesasn ndifmnzauign wsnlwsidlasuns
oonuuuHuliIINIIRdeuT S dmsseendaud AL uasdrmmanyudunduves
fraleideidsmasioUsyansnmuaseannlngdl nadnéanmsdraedlaglusunssmarnans
vodlmadsdunnldgnaandiluluwuiaesnsrumnsvedssunsioduladilas sy wa
nsdraendosuresmnivnandiiufennudululilunisfassans amdtunnnda 3%

WawSeuriiaunislsenunleni st st o o nBauLkuUALm

2.2 Atefineadesiunmsuensvuaiawawasiama i
wuanslunsvengawiadinauddglunisesniuussuunswnlug wazifiefiazld
yerevunsinsazinlnlussiuiomeasilugnisldaulugnamnssuaiald Jedns
Tanuagnswnifiadreadstumenindiusuuiildeanuuuld mssenwuumrivily
granvnssuazai s lnsidunuuieuiieielunismaaoy udresluairammnlng
yueildnuaidsdetendonnuinenumsuesvunutieitenaglsiamnnivuinee
Turhenildagrendstunmnlnifuuy iduaniloddeilshnmsfneitemsuenuun

Fuazbanlunulasail
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Tud 1972 Beér and Chigier [46] lalvisngaziBanmesnuniaiiwesuasngusdiavls
mihofluansdnuadisadewoaniamind Basadunruadiends mnaildsdins
SnwduUsiemualfasiluseninenssuuniamrindduduldlldly deswindunidauiy
wisrzanuldaenadesiunislunssuiunisnull wminwidsliauendnnisanuadieads
vnduiiannTnasianineiuild uasmslssgndlduuuasinnuadeadaiies
uduiunsvgilugnainnssy

Tu¥ 1996 Weber [22] ldnumuanuifisndudmsunisuesuuaisnuaziniun
Indfinuuadngssdugnannnssy Gdldfinsanfinssauiuresdemasiueondlawes
dnuwaeN1Ie eANaAIAnS N1SENemANTeN kasnsUanUaestaiy Inglanaisanis
FansverevuneseTinnuiinsiiuarisinaesegaaiidmiunisyssgndldlunsimnssy
nsunlvdivaademasiny dovazesmesiiudomas uagasdmiu Smuinisaosisaul
fositn Tasmedlevszgndldtunamnlnivendomdsifiaesantuy Unngirdeuen
Tumsunsrumves fauiusssrinsanusMeiuresudavievaavan WoRinsnnisuee
vndmiunsaindideimdsinesssimi dvergruindninistiounrmiouain 7 kw s
14 MW 33n1598189uadviun1sdanddoesafiviiunisiiemaiuiougnldiiienans
Ysununisnsgnegluanduniusuaimsiin NO, 91n911338lul 1992 Rekke et al. [47] a5u
innsldunvesanduius i segndldfugnamnssutiu Sniwaiididguesineleidodign
wilonilinsivadeundumelumimninsflfsanlise Wudslaensudsdanuieu
W fimesdudmiunisveevuiadlasalifeAen sgydsarudouainmsunsidaiiy
Sounnarlidudifusesiunfiarsande maiamiegiern§woanaluladnisulugd

wuubmituISnnsvengvung desanllvieke 1. Ufduiusssvinaanlwividasln 2. n1sien

(%
%

ndifiannzasiauarlinea dmfunswnnifidemauasonadaisgdndnglodsan
mMaunlvidoamgiigs

Tt 1998 Weber and Breussin [26] Iluumadivsunsvensvunaimniinng
Inavsuasuaglfidondmsdiuiiu lnoduiinislaaudesingeenlesuadiulasiau (NO,)
Feldnansvaasavensvuinmnuioudouidnantae 0.9 MW fis 12 MW dwiitasnisuens
YUIAVIILEATIAIINFOUFIGATT 50 MW BauanefsiluvuInseiugnaImnssuLu Ui
LazvLIAENTvUIARIANNToUMART 176 KW Gauansdsvuinseduviosufians dmsu
vndnnnufeuiieguentisnmeassiulfuuuaesadnman fifteviunuautives
Warlwannidemdsmsduiuilliitamuadiuasnannsegasiidunasilunsfinm an
NansVAABITENFLLULTTSRs M sTeunuFeusnnndn 4 MW msUanUdesfiseanlus

o
v ada

vaslulasian NO, wansdslusziugaanvinssuuuuifiuda Fansvenevuinaiunsaldleinais
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mm%’smﬁu@z%’%nmmasﬁjmﬁ dloneassmmndunuuiisnsinisteunnudousinii 2
MW fis 3 MW nrsuaniasefingeenlanveslulngiau NO, anasm1uensin1steauninuseu
nnsanaswennuudure i weanleduaslulasiou NO, didssannornianarianives
anuzvatuds (particle trajectories) Wislldanuiduduresingeanlsdvadlulnsiau NO,
fedetulunsnaassiiidunuuisnsnisteurnudousingt 1 MW winwuzt il
MsvnBrAdEIEaAtegal uasnsTufiuasasuRliivuaTiazBenty

Tud 1998 Hsieh et al. [23] l#3As1zRn1svensvuIn i ILazin L lnlifidanase
msdantdes NO, TlénasInNsMAaes wasuuUsassmslanlaes NO, fildainnadnsan
EJ'mé’miﬁmﬁ’]aumm%auﬁﬂ%ﬂuﬁqLmﬁwqmammwﬁﬁmﬂmamumq wuug1aeelaun

INAUFIUNATNTIINAITNARDIYAYBINININLNITVEIY 5 VUIMNANUTDUTLANA I Y

¥
[

fatiAe 0.03 MW, 0.3 MW, 1.3 MW, 4 MW wag 12 MW A1dnd1uA1Su808uuIn I8 wieuue
\dnagaiuruislngianagi 400 i1 i lusireutisdinnnuedoadstunsfugunss
omAnamans tazaruieu warlumsiananisnaaosiuldndnnisifioatu nmstuilely
N15NPAOINIRMALANK LA U 0.03 MW wag 0.3 MW flunnInerdedduny, vuin
1.3 MW waz 4 MW $1n1535efiau1puidoilarlaaina (Interational Flame Research
Foundation, IFRF) kazuu1a 12 MW ¥11n135338lasuSem John Zink Co., #azuuia 0.3 MW
vnsidetRafunisarlniignunequiaedeatanindauiasie q ivesufiAnisive
3AINTTUWILMT (Burner Engineering Research Laboratory, BERL) Lﬁauam%m&a‘ummm
Waduvasnweanlanuadlulasiay NO, #aoAv39UUIANINAINNSaUTIN 30 kKW 89 12 MW
Tumsiaranisnaaestusznaufaenisiaminiadiuasnsoenvaam il waynisia
Artayansinlud nreluminlndifeanududuvesiig NO, NO,, CO, 0, uazfing

a

lalasansuouiwabngdluvum (unburned hydrocarbons) aamgd wazAUEIILAAYNIS

Y

Ye189u1n N15IARan s bndnelun ik lndinlissywrasnundrfgvenisneniie

NO, n1eldinen nyaawnas NO, dinlugnannisvengvuindinsudiusing 4 fdwaliin

nsUanUass NO, lngsas wanwanuANLduiusndf s siaazinasniin NO, Jusg

Y

AUTUIALAZANIIZNITVIIITUTBIRNT VUIRVBIWNES NO, Hlasiudaieiuiilug
LUU1889N15VE8UINEISUNSUanUaes NO, Naansvad NO, 91 LUUINaaInIsIee
nuansliuiInINaenARDITUEE 1R UNANTIAREITIVNTUIATDITIHUALYNT NV
a S v & o . 1% v | a
N193L3¢ Nstouasasnuldudu (staging), N15tANNSaUNDU (preheat) WagUsuNuves
9IN1AEULAYN (excess air dilution) TaelUdunailagenadosiuiu 90% wuuasIves

MV VUINYI AN TDD N UULAL AU TLTUANS U IINI9VDIVUIAR K LA E AN bS]
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LLamhsﬂﬁammummﬁaLmLLazmelwﬂusxé’uqmammmLLUULﬁué’wﬁmﬁmmia
aunulanNRadnsveININAFBUTLIALEN

Tl 2000 Cheng et al. [48] Iémunsfnidnisluanunise (ow-swirl burner,
LSB) uazimunlnituiiiolduluseduriesufjoins wagmnildueevunamaniuield
fugaanvnssuvuInEn Saqustasdvesmnieatiieuansliiufisanudululdlunisvene
varheniifted luldlunensi werluwenlnivasndielothgnavnssy Fiwnfidims
avyuessadurowmaneniuiivuaduiugudnats 528 cm ddldidavesormaiiing
navyuaasiiu Tdversvunaduriuguinatstuu 1026 cm wagiinsdnwdngaana
Souamnmswlndde Q =585 kW wani ldviinTsaasstumnifuiaiesiifounas
wnluiidians desnidnslravyuasiaestuin (@usiaugudnats 5.28 cm uag
7.68 cm) aflgunssvadluairsnislvanyuans (swirl vane) auiteenuuu ddlsnsiaanm
Soulumsmaludifufis O = 73 kW uaz 280 kW paugasiu Fasndisinasluanyuaisvuin
Ing/laAnwimaaeslumiw luddnass 9NRANITNARDININIINUINNTVYWIUIAAIYID
anudansiasnsolilalunisveevunndusiiuguinaisvassianielildsnsinistou
AudpuTigaty uirdausvavuAaa (swirl number) fiviliian sl snm
Fosfinsueneruinnenoonluiamnlagliisnsvsnsuameaiasegaei msdanUsos
Argoonlsdvetlulasiau (NO) wuduniifimsivanyuassifasnduliufusngnig
Houaudeunriuoy fushdiuaugaifivsesraifion udegralsfiniunmsuanddesing
arfueunauenlus (CO)wazarsusznavlalnsaisveuiiinilniflaivan (unbumed
hydrocarbons) tuduagiuuuavestiosminiiagiinsantdesgsdumniisnsnisdou
Anufous1 nsdanddesuafivannsiumniifluafrsnislvansuasvuinlvg (arge vane-
L5B) uraulaegdslurednsinistouninudeu 210 kW uag 280 kW uazshsnduauya

Turesening 0.8 9 0.9 Msvandaseigesnlanvaslulnsiau (NO,) HAuEdNIUAININ 15

'
o

opm wazni1sUanddesfigaisueunauenles (CO) Ani1 10 pprm dusinlédnga a1n
wadwstiuandliiuitaimfifinsluanuuaisi (LsB) fundnldine funui uendufing
fudawandon Ganeluladiaunsaimundoluifeliinuinasguamameoinidluauian
TuT 2000 Cole et al. [25] ¥uurtinaiosnnmadesvesmaldifamdods ua
maludiegauysaflutinanasegiidumeluvioanlnduifinisanudesuafivinde
NO,, CO wazlslnsaniueu w@iosnnmadsswoanisiilnsiduiidnsniniiazinldnng
muAunNswndiwuuteundu (closed-loop active control) @asavinla Fatuuuurowi
wriluszdutiesufnsléiauuasasneruadmiunsUssgnaldtuimnimmnieds (after-

burner) dmsuinnlniifnuinenie (starved-air incinerator) lneiingusasAligunsnl
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nsunlndiifvuansziindauasiaussousmeiunisuanddosuaiivin uasiiniinsgiu
NANWVDIBIANIINIINELATENINNUTEWNA (International Maritime Organization)lumiﬁiﬁﬁ
inausimsveerIndmEUTIELUUE Wandsdfnwuasamaaeuiiulsauauniaie
mslyavauiu (vortex) uaznguinsnaniuvendn deiliiRnaunmeiiuusslovidmsu
nseanuuutessnlndigmasiia (the dump combustor) Samnwdszauanudnsaly
N1309NLUUNMITLIBTUINTEITLK Az Ha s s AsmEodia five1eauinain 4.75 kw
dwdumsnaasdluriesufiins aufisvuin 700 kw dmiumbevadeuummisnlvsiiug
91 MsfeesddgAifiansande anuiuinvesoniansinarsiiingrieanlvl 1y
Kugudnanuariufivendn armivendsddunsduiadon warnaiandnumylunsuas
v99.3n (characteristic jet mixing time) aussourvosEnfunisuiuviontulngianis
YYIBYUIAVOININLIIATHANNTT A21U5900En UL /U, =8 Hufivoiin
A4, =8 durnwgudnaisveadn d/d, = S" il S feUsznaunsvensvuia
(scale factor) Fedsralifiiinanudveadsslunistuindounazanudunnaieunuaina 2
mnaliussandlddmsunisiausiunauslvglaglfimelulagide lunsiamuSud
vosmniufFodsiunanuesieiidanusoush floamaivsseinia mavssyndld
Huusnfnewdodis (after bumen) fidosnsuiaudsgunsaliftolildusumsvasinediunn
Jufiguunias %1 q AfimavdeundasesnsiidedAalugunsesiamn Sadumaliaa
nssuanislvai (vortex generation) Ingannmsnseduliifnanutidssessdeiiasdima

TianmsdanUaes NO, waz CO gamgiinisintlmingeludgnsiviaiaswasinwaseves

UINTFIUAIUAY

Orsino and Weber [24] 1faiuinseurunisifionisesnuuuatuivuiniénuas
sedufsgranrnssu Nsnnasslununddyddldnssnneazidendmiunsiinge tite
wurmdnnsUssuiimn Tonsaenevundniunsma e ssuea e waun tud
IFRF paentiananiininnit 10 ¥ 3nsiiliunainsanismaassdanseunqusninisdeu
AMNFOUAN 0.03 MW 9 12 MW uagiinsvensrunnsefunatsdl 0.3 MW, 1.3 MW uax 4
MW Fannsnaaesiildvihlulasenisvensvuinsnsinisninudeutiy 400 wih (The Scaling-
400 Project) venprunlagliisauidinad wmnwnlduansdoyasnmisdnunlulasenis
ve109u0d Tnsthdeyaveswimifiinisdadomdadudufinnsanuasyinisiasgy
wanwanudnfinisanasegraunnaesfngeenlenaedlulasiau (NOY) lukuwiidnisda

Woundaluduee19as (highly staged flame) msndiomasuuutudngnanfasiainniswn
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a [ 123

il (lovde) fiflgamglige manaufuvesfedemasfusmafintundaniidenadian
wuusaislfiFosiundnfasinnmanilniud winnsversvuadmiuimuuuin
Womdauludunavlanuaesiwesnlasuedlulnsiau (NO,) #1 (staged-low NO, flames)
t uasifielildaundenddusuuuumslvalneitaly wananlduuzdidel

1. msdndemdadutudindenmansinansioamnidusnmdiuvodunnsiusios
Snwlilvimilowdi

2. lusuduresmsdndomasiesssuridutusasansdliuadiuues (Re) foq
guileane

3. Ssndunsvieinvesnknlul (confinement ratio) AodnsadIuTENIINAUNY
Audnansvaumlifuidusiuaudnatsvemeeananiim (quarl outlet) AIssNwILY

4. fanuaaneadiunegunseesiuazn kgl

5. MsaemanETaueanNeElng (heat extraction) AIsAAERALTY

Bollettini et al. [49] Uszndld38n1308189UIAAUNISENENDAHATNSVDIR N LAL
Wk lsinfes fifinnslugseauanamns sy vesasafinluganuaainindouly
FBmsoonuuy Winnensinwwesndeiilelrlduuamisdenssudmiunsvene
YUIAVBITURIAII5TTUIR 9 nHan1snaaelaevilungldlasinis The Scaling-400
Project WisinfiemsitaesdafiarlnenarianiveslnaiBsdiuim wagdeyannn ENEA
(Italian National Agency for New Technologies, Energy and the Environment) 41U % 84
wnnld@nwansUantaes NO, ausnsnsieurnudeusesmunlu Wintulasenist
fnmlvdieg 5 wuafiveseenvestismstousiuioudiain 30 kw Fv 12 Mw duld
yhmsfnw Tnglivdnmsvenerunamennininsiussneufiuanuadiendsmesnuzunss
LagyneANFeU (partial scaling) tieussgnaldlunisesnuuuiidusunismaas dlu
Tassns nsfnwvesmnmluadsildugnmsmadenvesnisunsauniiisunsdin g
MnmseenuuutlUSuldndninarinaintegasi (constant residence time) Tngnas
Tdeyannnimmaaesiamadniunsdialnitugiuanudninasieniuianad (constant
velocity) kagmsaunlagnadiansveslmaiBenuin (Fluent-IFRF Code) fiviangnisinen
voamninldiintu Susuusnynnimeassussiues fiRmsliaunsnadmansvaaos
Aunumunlnsilussdugaainnssuls sufvassannsaagdliinldiitmsvengvuialad
Andudefinnsandinududuresnsvaniass NO, Tnsanzfisnsinstouniudou
11N 1.5 MW dwsususnuannenivdiauadntdunsantdes NO, ﬁ'ﬁuagjﬁ’ué’mwmi
douruFouduogann auadeadmesBinundanuiigniseannmaulniidudy

WsAweIUANluASVEETInTifBashw b afansandensUanUass NO,
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10 2005 Kumar et al. [27] liaueiBnslnafifinisiautudnsulflunsues
yuiasnuage s lnidmiumamilniluanigiieendiaugnideansuiunarsmionn
(MILD combustion) 99n9u1nsiaus 3 kw aufls 150 kW Fslisnsnstanddosnnudousio
Uinnsvieaunludigedis 5 MW/m? sonwmuininisvensvuneiifedie Bamasia, 33
naAsegAsf uaritues Cole et al. [25] Hulsifivswodwiuwumniifnisindluanigi

gondlaugnidersiiunalsisenin Fsanusimnviliandnsinisuandaesainuieuse

o
o

Uhinnadlovenevunelngiu ussisnatmsegasiituiliiinanuduanasoumelussuuly
seiuisensulalld WeliiAansnlnsfluanifieendiaugnidoarsiunansvidesnnii
dnsmsUanidesanuieugdunnsziuvesnsvenesuin winndalaiinsuSuudaisnig
vengruIndaiimanudouinensludennlvias Tnefifgunsmasmadaiiddydunn

1B Gagmatsalun15aneIn1d 100 m/s wazimnusunnAIay 600

w15 D~Q
mm 1 windslaldnisinaeslnenarmansvatnadsruugiglunsmdiuniaesgin
o1maflaliindnsnsnyudsunieluvesing s'ﬁqwmwﬁﬁwé’zyﬁummmmaﬂgﬁﬁamﬂﬁ'u
Sanmsvyudsuresiaazii nifeafueuneusnled (CO) finndstuvaroyanisiva
n1singaungiinaganuitudurasiiendlawesagluiuazio s lnddmsunisiun
Tndfuuy MILD combustion un 3 kKW, 150 kW waznsinlutiuus aisfdiivanlvuuy
B Wionenanuuanssweenssuiuntswabnluwnuand swnangnseldfudomads
yannvargnAnessaluTudinelysiaees wanuanuiimIwuy MILD combustion i
annsaanszRudsiadldde 8 dB dlewssuiitsusuiawafidansiwalusduuudai nns

[

Uanudes NO, 9nlededusinit 26 uag 3 ppm warIngaumaile 1710 K uag 1520 K
ﬁw%mﬁ?’j’mwﬁqﬁ”wwaé{mLLazﬁWiﬂiﬁ’ma%mmﬁwé’u demuhnufidausanvendonds
fugnenef

TuT 2018 Ghadamgahi et al. [28] [uuusaoswaransvedlvaidsmuinfiniunis
AsIeaeUAIIgnAedilosaesnsun niildoendinuuar1siaslal (flameless oxy-fuel
combustion) Tutw e lugitsesmazinwi vasanuiourounan (soaking pit furnace)
UAANFURUY Nam3&3’1&1@&1@81%Lmsmwamam%adlwaL%aﬁ’]mmﬁwﬁuqmmﬁﬂfuwm

wildwSesuiilsuiuteyananisnaassiinlagldinesluAuilasiin S MVUaUIUVEAALHN

[
1

Indiisasauuy nadnsdldduadinsldmeslududavin s fuauiutuannsoldia
gauvndld fauinisliedestalnlsfivosuuugaaslinadnsfudugnd: udsnduns
nvEUANNYNFBsTasLUU asswamansvadivadsiuaniininauenountii
dmiunsdnaesm s ingiuuy flameless oxy-fuel combustion gnltlunis@nyiluimiian

InfiaspruSoumdnvuadiinguuuuildlulssnundnndnus n13n5198eUANNYNFBIYEY
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Y% .:4'

TWsunsuduldvilaenisiIsuifisunanisdaesvesgungiiudeyanisnaassilaainves

U

[V 4

Tudularila S dmsuwmmnindihsesseduiesdjufnisuaznmnindvuiafugluuy
wwuaamamanivasinaaudftulsenoudsuuusiasnisinanuudulu realizable
k—¢ , wuudnassniswiluuunisidauiiagiduilesnduresanuvuiiiy (Probability
Density Function, PDF) wiauiuluud1aed Steady Laminar Flamelet Model (SLFM) uag
wuUd1a09N1sWHSIEAUSoU Discrete Ordinates Model (DOM) WioufiuluudNaeeAIn1g
@(ﬂﬂﬁu%’aﬁm1u§aumaiam’mﬁmﬁﬂﬁwﬁmw (Weighted Sum of Gray Gases Model,
WSGGM) Mnransdaesvesgamgiitulinafiaenadotufitunaiiinldanimesluduida
vila S ey dmsumrnlwiiteswazmulnivuimdnsuuuuiulasioneogebs
ALdosuugaaaia 3.3% wag 9.95% awddu vdsntumanmaneldimanissiassly
s lvsivuiadusuiuuinldidenseseumnailiiadiateveanisnsrnegunginiely

ERRIt
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LUUIIABIAUAAIGRAILLAS N YN NLNY IV

3.1 WUUINADIAUAAIEAS
wuuirassadamanslunsiassmaeniviluaniigiesndiaugnideansiunans
viounaSstloguuiiugiuresauniseyinting, aunsluwudy, nslrawuutulau, aums
WA, AUNTNTHESIERIUTY, aunsnsareleuatAUsenauredfine, Uisealives
nswbugl waznisnaineenladuadlulasiau [50] dmsunisdiassiuuauinluan1Iza

fty aunsakansluidetsenalul

3.1.1 aun15ausnENIaLasaNN1ToUSN YL UAY
3.1.1.1 #@unsaysnduIn

auNIaUTNYUINT 0AUNITAIINGBLLDY ABANNISTILAAIDINTAURANIAVDY

v
=1

USunmseueu d1unsaideulacs
V:(py)=0 (3.1)
A = 1 3 oA s 3
Wi p AeAnunumuuesedlva (kg/m’) uay v Asnmesaa (m/s)
3.1.1.2 aun15aysnElulNua

auntsluuudunsenidndulureaunisuiei-aland (Navier-Stokes

equations) AvauNIsTLanEianITaNgAlMUANYRIUSININTATUAY Lanslnall
e p AsANUAUEDNR (Pa) Way 7 AowWuesANuAY (Pa) uwandluaunisi 3.3

f:;{(wwﬂ)—%v-w} (3.3)

e u Aemnuniianadansvesvedlua (Pa s) uay / Aomuweosvilauie
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3.1.2 wuushassnisiuanuududau
3.1.2.1 anadesdluad (Reynolds (ensemble) averaging)
TuanaasssluastiuaiuUsluirvasnimeeumsundesalanddulduan
pangansasAUszney Aessrdsznovludiuyesaiade (ensemble-averaged or time-

averaged) wagpsAausenauludiuvesAfiuniu dusuesrusenauvesnnisandlanall

!

WMo u;, AeesAUsznavludiuvesAtnuiiaie way ol AvesAusyneuludiuvosan

1

AMUSRUNU (i = 1, 2, 3) Wuieaiu dmsuanudulazUSumeanalidu 9 aeaunsi

3.5

Q= (3 M ¢)' (35)

=

W0 @ ABUSINMNELNATS LWL AINAY, WaITU 1158 ANUINTUYDI8IAUTENBUVBINY WU

I

ArdUsvesmsivalugdiuuannsin 3.5 Wlvluaunisanunsiioduagaunisiutuduly

Frvuznivazldreasniuianlngsiy alaunIsAILseLl kA AUNITIULIUFLLIRAY

1%
v

lngs3u Feenunsawisuaunisiuguuuuiiaainlaniuddudal

% 3.6
(Do >0
0 p 0| [ou Ou 2 ou O == (3.7)
—(puu.)|=——"—+— —L L =5 — | |+——pul
ox; (pulu]) ox; - Ox; ”[axj ox, 3 7 ox axj( pulu])

aunsfl 3.6 uar 3.7 TuseniraunisAtedesdluas uiSei-aland (Reynolds-averaged
Navier-Stokes (RANS) equations) Zsiisuuuunlufirdefuaunisaumsundes-alandluda
VULNH FamaninariiuUsty o vesaunts wandaeanadslnesiy (oA RAEAINIa")
dunatigainenisunievesaunisi 3.7 Lﬂ'mauL%’mwﬁaﬁﬂimaﬁ?ml,amﬁqém%wamaqmm
Juthu aenudurenssluas pulu; deovimsatrsuvusiasaiielfanunsaudannisi
3.7 16 dmdunisimafinumuuduinisdsuwlasannsi 3.6 uaz 3.7 aunsuandlag

aunsAnaaevng unlesaland (Favre-averaged Navier-Stokes) [51] #aanuisauansia
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ARAEYDINIE FITUANNITN 3.6 WA 3.7 @1unsaussenaldiunisluaniinnuvuiwiy

Waguwlag

3.1.2.2 35vesyaBiuan (Boussinesq approach)
FBnsAadgvewsdluanniuuuudtassaudutiutunedddaunisanuiay
vausdluanluaunisi 3.7 Audeesduuuitaesimuivan 3slaenluiuldauyignu

Yaayadiuan (Boussinesq hypothesis) [51] LioiuledaunisannuAuuedsdluanidiiu

NSHEUAYDIANULSRALLERILAR T

—pulu’, = | —+—L |- Z| pk +p,— |5,
puu; = [, x, (3ij 3(,0 Hy axJ i

AuyRAFIVRIYATIUEAT (Boussinesq hypothesis) Faluwvusaesmsivauuuduta k- ¢
Fafidonremsrundideutiesand waslinineinsaineufiamesailunisAunmaiiy
wimannsivasuudutan g lunsdveswuusiassnisivesvuiulou k—s dudewd
aunsuuusiassvesnisirasuuiuthufisiiudngeaunts deaunisnisaieloundsany
sativosmrmdulon & waraunismsaneleudnsinisaatedivesnnuduli ¢ S 4
Idanmsiuaiiduilsidurese & waz & dwmiuteidovssanyfgiuvesyadiuadio

Ayl g, N whiunnieniedsldgndesluuiensd

3,1.2.3 wuusnassnslwauvutulau standard £ - &

dumsmstneleudnsuLuusass standard k- ¢ tuUszneuse Amdsay
sativesnsivawuududau (turbulence kinetic enerey, ) @1unsamiuaaildainaunisi
3.9 uagAdnsnisaansfwonnuuliu (rate of dissipation, &) @1uisadulnilaiain

AUNTSA 3.10 NeEasaNNIShanasase Ul

0 oe & & (3.10)
(psu;)= _Kﬂ + ija_} +C, ;(Gk +C5,G,) - Cz;ﬂ? +5,
J
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dle G, fensnadandanurativesarudutudosninsiieudvesninudiads (W/m?),
G, fenisneiandanuaatvesanuiutiuiesainusmends (W/m?), ¥, fonavesnis
gerefvesiiefiduniulunisinasuuiuudisadlddesnsnisaaefvesainudul
Tnesau, G, AeArnsfivosnuuiiassaududiuiidindu 1.44, C,, FeAasiives
wwusrassanududndidwiiu 1.92, €, Aerasiiveswuusiastanudulin, o, Ao
wuvitiivesvesautiulan (turbulent Prandtl number) dwsud & dawviitu 1, o,
Aoanswitiuesvasanuduliudmsuan ¢ fawitu 1.3 [52] S, waz S, Wuuvas

(source) Va9AN k LAY & MIUANU

3.1.2.4 wuudiassaunidavasnisivawuuiudau
Anuniavesnisiuanuululau (turbulent viscosity) 4 AWIUAINENNITA

Wuilsdduwenn & way & fwanstuaunisaealuil

k2
Iz Jake (511

lngi C, Ao Aasiivesanuvilatiiasnnaadudauiidminiu 0.09

3.1.2.5 wuudtassnisnainaududaulunuuingess standard k-«
1naun1Tanelaudimsunuuitassnisivanvuiluliu standard k—g tu
Wl G, wansiansnetfandwiulaivesanududau naumsudunssdmsunisaslou

Vo

Y031 k WU G, dewlesal

- Ou.
G, :—pui’u}a—xj (3.12)

v
[

diednamal G, lunvuidulumuauyfgiuresyadiuaiiuuandlanail
G, = u,S* (3.13)
lng?l S Felugdavetnuweionsanuwmsunady (s7) Faimunlansl

S=./25.S. (3.14)

[/iag)
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3.1.3 @UNITWAUY
AUNTOYSNENEWIUADANNTNUANITIN TANASNENIUVBIUTUINTAIVAN F1UT5D

wansluguuuustaluil

V.(ﬁ(pE+p))=V.{kcffvr_zhjjj}sh (3.15)
J

Tngwadusnneniievesaumstunansianiscemaufouiiosmnnininiuiou uay
wlfiaownwinilovesaunisiuuansdinisdremenudouiemnmsunsvewna e E
AU (U/kg), p Ao Ay (N/m?), 7 fe gaungil (K), h; Ao ouvialvesinaad
B j U/ke), J; fn vdndnisunsvesfiwalid j(kg/m?s), S, Ao unaIveIndsaIy
(W/m?) uag kg Ao Arnisiiauioulseansua (W/m K) dsénnasavasanistinniy

Fou k AuAnmsuianudousinautiutau & awisoudnslaanaunisi 3.16

Cplh (3.16)

Pr;

kg =k+k =k+

lagn ¢, fAoA1ANgAUTaUTUNIENAIUAUAIN (J/ke K) ag Pr, AoAnsiuitiiiues

gosauduTu (turbulent Prandtl number) Sy 0.85

€

Arsundaausiy £ luaunisy 3.15 deulanad

PV (3.17)

Ny W (%

Wo 7 AeleuviaUduda (U/kg) Tugunisi 3.17 dwusumsivanuusamlalafdenulansd

_ )4 (3.18)
h= ZY./h.i + 5
7

log# Y, Aedndiudeiavesinealdd j uaz &, Asteuialvesinealdd j luaunisi

3.18 HuausaAulaanaunsaasa Ul

T
h=[ c,dr (3.19)
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ilo T, AegauugildnsdadiAiiniu 298.15 K uag ¢, fie A1ANTauImEIANAUALT

vostalad j (J/kg K)

3.1.3.1 WisIvINaIUlaRInUfisenalvasnIswlugl
UNEIVDINAIU (energy sources) S, Tuaun1sndssufoaunsi 3.15 dula
SIUDILNAIVDINA T IUAIINUSDULLDINNITRHSIFAINNSTDU WALWNAIVDINAIIULLDIRIN

Ufisenalivesnsinluldannnsanansluaunisi 3.20 laaadl

‘Z h} (3.20)

ilo A} Aereuvialvesmsnaiainaaldd j (J/kmol), M, FewlaluanavesineaUid |

w,Jj

(kg/kmol) ke R; fAognsnisieiadsusuinsvesieatid j (ke/m’s)

3.1.3.2 @NNNFANIIZVDINY

ALY IR iTinmdTuS TUA LY arumgll wazdndrudenaes
29AUTTNBUVBINY dNNTLEAIlAgANNISENIZYIMTEINSUNSIMawUUS AR laile Janw
gsied

Pop (3.21)

)
w,i

/T

o p,, ABAINUANINIIU (operating pressure) (Pa), Y, A dadiuilanavesinealdd i,
R, ARA1AIfIaInaveaingilAyiafiy 8.31447 x 10° J/kmol K, M,,; Aeulaluianaves

Anealdd i (kg/kmol)

3.1.4 @un1sn1sueisedadudou

wdniiseloudosanmsudsdanudou IiudndilUluaunsmdsnulaeiu
NNNIULARIVDINGINU (energy sources) S, @UNITNITLATIEAIUTOU (radiative transfer
equation, RTE) dm3unsgandussd mswasded wasidnsyids vesnansiidumis 7 lu

Aeme 5 aunsaleulasaaunisn 3.22



—— ,oT* o,
———+(a+o0,)I(F,5)=an —+—JO

V4 4r

Y4

W 7 Aslnmasiiwnds (m), § AsLinimasianig,

1(7,5")® (5-5")dQ
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(3.22)

aE]L’JﬂLG]E]%ﬁﬂV]Nﬂ’Iiﬂ‘J%ﬁ]']EJ, N

ABAINENIVBNAUNG (M), a AeAduUsEdnamsgandu (m™), n Aedvlinisiinm, o, fe

[

ADAMULINYDINITUNSIE (W/m?) Feduagiulaninasaums

'
a

P WaknmesiAnIg s,

Fulseandvoanisnszang (mY), o ApA1AsT Stefan-Boltzmann (5.669 x 10 W/m K%,

T

Aegauugilianizi (K), @ Aewladlandu (phase function), Q' AeyuAY Uae (a+o,)s AB

AMUTAVYBINAIN UT 3.1 UanInseUIuNIYeInIswHdauTou

Incoming radiation

Absorption and

scattering loss:

I(a+o,)ds

Gas emission:

(aoT?/m)ds

ds

Outgoing radiation

I+ (di/ds)ds

Scattering
addition

JUT 3.1 ununImnsanginanuseulagn s

3.1.4.1 WUUINARINISHESIEAIUSU P-1

WUUTIR0INITUATIEAUTOU P-1 HUBUUNUFIUYEINTVEIERIVBIAIULTY

YoINSuNSIERUNTeU 1 Whgdyayuanvemsinanesluting [53,54] ardnsldiiesdnal

YosyayuaIN NandnsuHTsdauiou ¢, (W/m?) annsawanisisaunisi 3.23
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! VG (3.23)

1o G ABNITANNSENUVDINISUETIE (W) nay ¢ Aeduuszanstanduiadadunaulals

Yo

750UN LAZANLNSOLANINISAWES T lAAadl

r ! (3.29)

Matiuaunsn 3.24 annseangunatedu

g, =-TVG (3.25)

P
v A

aunismsanglaudnsuan G anunsananslasadl

V-(IVG)-aG+4an’cT" =S, (3.26)
e S, 1luuwnasindavesssdanuiou (W/m?) aunisdldifiemeauiduvesnisunsed

ANuSoUlanz? Weunua ¢, Tuaunish 3.25 asluaunis 3.26 azlaaunisasalud

~V-q. =aG—4an’cT" (3.27)

dmsuen =v. g, duausaununlalegnssadluaunsndsnuiioduuvaslianuiou Mse

Wnassv) S, LHeIRINNIsuNTIEANToU

3.1.4.2 wUSIRaINATINGNTWITNYa AR

LUUSI80INA5INE U NN VeI A1 B E NN (Weighted Sum of Gray Gases
Model, WSGGM) LT uLuus1ansa1dudssdninisgandufsdniiuou (absorption
coefficient) a %uﬂuuwé’wamﬁiﬁsammLmumi@mﬂﬁu%’ﬁmm%w (absorption bands)
augﬁgwuﬁugmmamwﬁwam WSGGM faAn15tUaassdninusousiunasnyannues s

PUANNTOWEAILARIANNTN 3.28
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g:iaw(]‘)(l_eﬂqm) (3.28)

[ '
1Y

W a,, Aesusenavnidmtnvensivassidanusoud msuiwdmnauyftusudui

9

D

7

ith U'ﬁmzﬂmqLaUﬂamm'iLUaasqasuaﬂﬂwam'mam YUSUAUN ith, x; Aoduuszans

miamﬂauaumw ith °U€lﬂﬂ’1""dﬁL‘VI"l, p L‘Uumaiamaammﬁu&amaamwamﬂawwm

WAz s AEAIINETIVDITEEENI ANTUAT a,, way k; WUlFAINUITe [55,56] Ineenil

v
1 @ 1Y

Juagivesrusenauvesing uaven a,; §usgivanmaiisnaieg

¢ o
a a = o o Y

duuszdnsmsgandudiniy i=o0 uuimualvdaviiuaudinesiumineng

18[

whlumeluanafusenisuinadanasuniinisaanausadas (Z a <1) LAZAa

@

Usznouasthnind msu i =o duldannisusediualusudde [56] wanglamadl
- (3.29)
oo = 1 _Zag,i

msmuaaﬂuammmaam a,; Annsauszanualagaidula o walavdiulnguad

Uszmmmmﬂaumsmu

i % ol (3.30)
=

o b,,; AeAduYsyANSMsIUaeSsdvasMudanyuuvesguvll Adulssdvs b, uas

K, Uszaunauanlaeaunsyl 3.28 Aumis199e9n13Uassadsnuilaannn1smnassainaiuige

A v

[55-57] AMNIAANGUTIA o VoeTadAUTaUINNTIANINTaUTEIN AR AR & = o

Y

v
a aa ¥

[58] auyAguidanugadeseniiludinarsnuisasgamgiindsivaungiivesineiy

uwanAnsfiuegiifuddny Wesndssdvs b, way & Tudeunuasimuilaidues

A1 ps way T B9au130auyd ilA1Admsuy1einineesmiiiwesid :neuide [56]

PR

?’1’]E‘iﬂ«l"l.]i"’s’iﬂ/l%d ’Wﬂﬂ‘Vl‘LJLLﬁﬂ\‘i \‘1?’1’3'1&1LL@ﬂWWQ%@Qﬂ?WN@UﬁMWWﬁ“UBQﬂ'WGZIﬁ’]i‘U@uVL@E]E]ﬂbL‘Uﬂ

=l a

(CO,) uazlorh (H,0) Inefauufguiianudusiu Py WINAU 1 atm ANYEIENUTYAVIBTILERS

9 &«

Tuaudde (56 duldladiniulugae 0.001<ps<10 atmm uagluyrsgungd

600 < T <2400 K d sy T >2400 K ﬁuﬁmaaé’uﬂasﬁm%ﬁuuzﬁﬂ@smu’i%’&l [55] dugnld

[

0 kps<<l dwmdunn i aunsi 3.31 angulen wall
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1
=Y a ks (3.31)
i=0

'
Ao o

JduUszansnisannaused@ninusou a

Y

WIgUWIBUENNIST 3.31 AUBUUINABINGALNT

= ¥ 1

A1311500UN15IUABULUAIURIAM LT NN TURSIAA1NS o URABAYI9AINNET S TU

£ A

WuU1a8d WSGGM tuwileufunuuinaesfinedmnididudssansnisganiu uandlanail

I
0= Samp (332
=0
Feaun1sn 3.32 dhiuiuen s Tnensaylutue @ AmulunaunIsaesalull
In(1-¢) (3.33)

WaANNNSIUAISIEANINS B € F1MTULUUINADY WSGEM Humunlaeldaunisn 3.28

a

Uszdvsnisganiiusedanuou a nignulauaunisi 3.33 duluegiusseene s wana

ﬁe

=3 (% 6V 4:1' 1 [ = v a 2 6V 4' %
fednvazrasfiwnldledimaeinisgandusidanuioululuianavesing aunisn 3.32 14
Wa s<107 m uazaunisi 3.33 Wuldidie s>107" m vangmad1msu s~10" m A1ve3

o
va o

a FUINNAUNITN 3.32 Uag 3.33 FeluneufuRtumileuiu (Wesainaunisn 3.33 an

Aa v

sUuaunisi 3.32 ludedrinues s Aflentdes)

3.1.5 nsereleussdusznauvesfinvuardnsuisenadl
3.1.5.1 dun13ausnuasdusEnauesing
aun1sesNYeIAUsznauredfinwfoaun1sNkaNIBINITANAaBIRUTENBUTY

fingvesUsuInsaIual @unsalloulanadl

V-(pVY,)=-V-J, +R (3.34)

A w1 a

die Y, Aednaulianavetasalsznouvesinealdd i, J, Aewdndnisunsvesinealad i

1

(kg/m? s), R, Aonsnewingnvesinealdd i (ke/m’ s) Wasanufisead

3.1.5.2 LUUINARINsUNsvasNlalunisivawuudulau

dusunisivawuutudindunsunsveslaaunsasuInlasaaunisy 3.35
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J:P{pam+/”JVY (3.35)

el D, feduuszdnsnisunsunavesfinwalyd i (m?s) ludunanvesfiny, u, Feaiy
nilnesnisinanvudulau (kg/m s) wag Sc, Avrdantuiuasysinisinanuudulu

(turbulent Schmidt number)

3.1.5.3 UUUdNaeednIvasuinseall
wWUUTI8898R5198U ATe Al uulTIauAIEnsuIAlivesensisilied
(Arrhenius chemical kinetics) UndanivesesAusznaumaaiivesieatdd i \ewwnns

MUAsetuAINAINNa TN TaesU s sisiearesduiuUfizen N, Nfinvad

a 1

FdduiidrusulumsiuiiSeuansldfaunssaluil

N
5 (3.36)

il M, ﬁamaimaﬂammﬁ”waﬂ%ﬁ i 4oy R, ﬁaé’mswL%aiuam%mﬁaa%mmiﬂ'atﬁw%

d

doyeanevesinvatad ¢ Twufiisen » évqmmam%uimmﬂmlﬂi ail

i MngM (3.37)

Weo N fednuwiuesdlszneumaaiivasinaluseuy, v, feduussdnsanssdlowunsn

'3
aaa A o a a

dmiuansdadualad @ luujisen r, v, Aeduusedvsanssplawnsndrniunandueial

[

¥ i lwuisen r, M, Redydnwalnuansdsinealid i, k,, Arpsiivesdnslutrani

<
@

dwsuuisen r dmsulfisernldaunsadeunduladnsidduavesnisneainlinniedey

a

aanovesieatld i Twufiten » Jauansley R, annsodualdfaunisi 338

R, =(of, -0, kf,ﬁ[ e (338)
Jj=
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v
=] [

e €, Aomnudududisluavesfinealdd j luujisen r (kmol/m?), 77, Aelavdinds
dandmiuansaawualdd ; lwuisen r, 7], Asavdmddand wiundndueialdd |
Twudasen r dmsuen k,, dudralesldaaueansniauaiivessisidea (Arhenius

chemical kinetics) wansla@aaunisa 3.39

ky,=AT"e 500 (3.39)

dlo 4, Aerdiusenaunawadlimgs (mheiiaenadesiy), B Feavdmdwesgamgil (13
niqe), E Aondanunsedudmiudnsen (Jkmol) kag R, AoA1AsnaInavesing

(8.31447 x 10° J/kmol K)

3.1.5.4 wuudnassnisiulugi Eddy-Dissipation Concept
WUUINaeInITWI lugiLuY Eddy-Dissipation Concept (EDC) t8unuuinans
nsunminsaenujisenaliiiiunasivawuutudau [59] dsliauyigliuiiseiniu

o 1

Tulaseasranslurasuututuruinaniseninanaazden (fine scales) &ndUANUE1IVD
ANeavBuninuuda Nl [60] @unsanandlanal

) Xt 3.40
o) pe

A «:1'

e = Aensszyialiinuvesainaagiden, C, AeA1asidadiuigaliunasiianiiiy
21377 wag v Aeaunilnaatd (m?/s) dndmisuiuinsvesainanzlden (fine scales)
Awanan €9 atAvszneumuniiignasyflimifay jiserlulasainuuaidnnaentis

[

anavian (time scale) wanalagdl
1/2
foc (Kj (3.41)
&

Wl C, AorAsiivesainaiaiiawiiu 0.4083 mswlndianaazidentuauyiliinly
anudua Ineddeulvsuiudussduseneumaniivesinuargumglitagiuluigad
UfAserandulumugisainanal o Gamuaulaednsiuiisenvesenfisidealuaunisi

3.38 warsausuedavlagldiunowis ISAT (In Situ Adaptive Tabulation) [61] Wiasve3
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asrUsznoumMaailuauniseysndesAusenovresingaladd i (aun1sn 3.34) aunsawans

Tanadl

(3.42)

I~ o !

Wo ¥ Aedndiudeuialuainaaziden (fine scales) vasanniinufisenaenyiaian o

wuuUd1ae9 EDC anunsasnatnufisemaaiilaeazidendndunisinujiselunisiva

wuututu

3.1.6 uwuudtaesitwesnlenvaslulasiau

aunisnisaeleuyiadinsuinweanlonvaslulnsian (NO,) laasiden1sni, 113
uns AsneLiaLaTgaansvas NO, Feaunsdifannudnnisiugiureanisoyindua
nansgnuvedlalngeglunaln NO, Inandnnisnseud1989ainsnaiisu (Lagrangian
reference frame) ldsadalulumatinswiluaunisaivguideulunseusrediessians
\39U (Eulerian reference frame) dmsuannisnisateleufigluninoonlan (NO) uay

Telasiaulaenlus (HON) uanssaseluil
V- (pVYyo )=V (pPDVYyo )+ Sxo (3.43)

Ve (pTen) = V- (PDV Yyen ) + Suen (3.44)

'
A

Wio Yy, tJudadiudwnaves NO, ¥, Wudadiufeunases HON Tuaniugineg waz D
AoduUsEAVEMSWNINIaUSEANTHA, Sy, PRUVAINTRONAVTEANAa 18V NO UaY Syey

Aouwnasnsieiinvegnaansyas HCN Bufnainnalniivznanluidediall

3.1.6.1 n1snawnan1gaanlenvaslulnsiauiilasarnaiiusiau (thermal
NO,)

asnainieeenlynvedlulnsiauliesInauseu (thermal NO,) AWM

AlagyavesUjisemaaiinduedivammvgiigeniieniinalngalaing (Zeldovich

Y 9

mechanism) [62] aunsmuANUisednvesnisnaifinfingesnledveslulasiauiilenin

AnuSoununanluanavadlulnsiaulinwel Uil
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0+N, =N+NO (3.45)

N+0O, =0+NO (3.46)

Uffsevnawlasudilulunalngasuniinalnwaladnduuuneie (extended Zeldovich
mechanism) wiauanslmiunisiidiusiulunisneiinvesfgeanlaeduadlulnsiauiilaain

AMUSOU TneLannrag1989NdnN1ENSE N AN UER YA LaLASNLAL NAIUNANNUT LEAS

[
Yo

ARNU

N+OH = H+NO (3.47)

masvessnsdmiuuizemsnaifaiweenladuedlulasiauilesninany
Sau (thermal NO, reaction rates) wianiilagunisinAlunalenisnaansannnisinunIse
[63-65] uagdayafildamnnsAnyimarildsunsussiiuessandenlne Baulch et al. [66]
uag Hanson and Salimian [67] Adulsyanssnmuesufisendwiuaunsd 3.45 - 3.47 4
THlunvusiassnisnefinfiweanleduesiulasaudunanslunissd 3.1 dldannns

UsgLiunave9 Hanson and Salimian [67]

A1379% 3.1 duUseansdnveslfnsendniu thermal NO,

Uisen &uUseans 50131909 {3811 é’uﬂsz%wéé’mwmﬂﬁﬁ%m
RNV ounst

O+N2 ﬁN‘i‘NO ka = 18)(108 6_3837O/T kr,l =3.8x% 107 e—425/T

N_+_O2 #O_,’_NO kf,z =1.8X104Te4680/T kr,z :3'81X103Tef20820/T

N+OH=H+NO ks =7.1x107 T k., —1.7x]108 g 245607

a

Tusnsen 3.1 dudn &, k., uag &, Wududssdnsdnnvesufisenluthend uay £,
, ky war k, WuAidudseansdnsivesufitendeundu Ansfivesdnsvianuailiingle
Ju m%kmol s §ns1gnsvesmsneinves NO kuujiserluaunis 3.45 - 3.47 dumla

INEANNTT 3.48
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Riemaino =k [O][Ny ]+ k5 [N][O, ]+ k5 [N][OH] - £, , [NO][N] -, ,[NO][O] (3.48)
ks [NOJ[H]

Wamnuuduaruaiiniiendu kmol/m? Tunisauiasnsinisnesinuas NO wag N du

FuJuspamAIAUNTUYeT O, H was OH

= a ]

dnsnisnaiinfingeanledvadlulasiauieddyanisiguvgias (gen3
1800 K) tilosansndudoaindsnumnvhateiuszvaslulasiau (N,) fudaunds Mdsuuen
ftuszivinu 941 k/kmol) Famatuandlasnislindanunseduiigeuesufateluannisi
3.45 GevlRIudunouiidrinvesnalnwalsinduuueis ogslsinumdsnunsedunis
\Aneendinduvesoznaxlulnsiou (N) T edieandiaumioame 1w lunismnlnid
AIUNANU 5@131miqzyamasumasmauiuimwuﬁasszvhﬁué’mwmsdalﬁmaaﬂiﬁﬁﬁum
Tulnsiau seduanaziaiounssia (quasisteady state) Ssanunsaiintule augﬁgﬂuﬁisﬁlﬁ
funsdimswnlndlaedningensiuluanme mswrlniiddumaumunann fajusasinisie

Wi NO F9aunsanansmsaunsnelull

ks [NOT (3.49)
kra[Na ]k, [0]

AL ]

ky2[0s]+ k5 [OH]

Rthennal,NO —_ 2kf,1 [O][N2 ] (

' v
a = a

NAUNITN 3.49 WUNTALIUINTNTINITADAAVDY NO A NUTUSIUNITANAIUD LT UV D

ganTau wenniidsusngindinisneiin NO MTuedfivgamaiiilusgrun uilituegiu

Y

[~

Usminnvaademas Tuannduaisiueguuiivgiudasidindeesuielay &, dhsinisne

a

\in NO, Lﬁaqmﬂmmﬁ”au%Lﬁus‘fuLi‘ﬁJuamwi”uﬁm%’qumgum 790 K Afisduiiu 2200 K

Basmeanudutureieendiauenaulsida (O radical) a1unsaliisauna
U19d7U (partial equilibrium approach) T,maﬂﬁﬂuﬂﬁﬁ%m%amﬁﬂszﬂaumaﬁwﬁam
(third-body reaction) Tunszuaunisuensmeenaniuuwagnissamnulndiveseondiau (O,)

wanalamatl

0,+M=0+0+M (3.50)

PNAUNTST 3.50 ANUTUTUVDIDBNTLAUBLABUANNITAAMUIULAINEUNTA 3.51 [68]
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[0]=36.64T"2[0,]" 22" (3.51)

v
=

Falapvilaziluganududuvesoondiauoznenuisdiuiigau

Bn1smANuuduYes OH a1unsaldisaunauisdiu (partial equilibrium
approach) #1e38dAududures OH Tuufasefarwvesnalnwalaivuuuaeiy
(extended Zeldovich mechanism) aunsit 3.47 Taldanawise [69,70] anunsouandld

[

N

=De

[OH]=2.129x10* T "¢ [0]"*[H,0] (3.52)

Tuaunisnisaneleudinsu NO (aun1si 3.43) wnaaiunved NO wissainnaln

asnaafgeanlenuadlulnslaLLliasaInAINsau (thermal NO,) @nunsauand bananadl

S thermalNO — M w,NO Rthennal,NO (353)

Wl M, o Peualuanavas NO (ke/kmol) WA Rymaxo WWAWIMAINANNNTN 3.49

w

3.1.6.2 nsnatiafassnlesvesiulnsiauliusunay (prompt NO,)

Guitnmuiuiadlusswhsnseniniidemaslalasasvoushnmsnaiioves
NO, annsafinduldiunirfiiannnsesndindulenssnluanaveslulnsiou sehau
thermal NO, msiaifnfgaenladuesiulasauiudundugnszyasausnlag Fenimore [71]

wazgQni3endn “prompt NO,” dndngaunuin prompt NO, aunsatAndulaluySun g

v o

Teddgluusaninwindouveanisunlull wu lugamglian, annidweindanuinagiia

ALY FeTNURIVeITILAT, Seuun1 s tndiuududu wasdeanlndvauniagud

Aeiufingtuauisaintouludenanila [72] Tutagdu prompt NO, danasioanududuyes

Y
T a o 4

NO, Inesauanneswniunfiegiuiiiutios egalsinuillesninnmslanldes NO, 9zanasd

Y

'
a

seaufaunlagldisniswninduuulng (nMseenuuuiiimsen 1susulldsuunes
LSAERYUA NI ARdANEIREaDe prompt NO, agtiiuduliisiiisuiunisiin NO,

AMNNALNDULY

' 1%
a A a

prompt NO, @ulugiinduluniswvdaiidendswun n1snetin prompt

(9

NO, \Negdesiuanududouresynuiseuasatvaliidseaunans (intermediate species)

duvnsvesufiseeeuiuiululagiuuansladaunisi 3.54 - 3.57
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CH+N, = HCN+N (3.54)
N+0, ==NO+0 (3.55)
HCN+OH = CN + H,0 (3.56)
CN+0, = NO+CO (3.57)

' ¥
sl a % =

fvanealTdMAnannisuendveudendsdaduwmnasiunves prompt NO, Tunisiunlusl

Wondalalasaaveu wu CH, CH,, C ag CH uansiidausiniidAgiuuan CH (@uns

1 3.54) way CH, l1umelfisensiei

CH,+N, =HCN +NH (3.58)

nandudive s fisennantenauiludnisasisarsuseneuieliunazloeily wagsouniin
Ufisendenafia NO Ineufasenindaduiiintuluniseendwduedlulesiauludemas

gnfpg RUU A w0l UY
HONAN =N, +... (3.59)

nsneiin prompt NO, 1udadulagnssiusmineznenvesn susuiiior
soneUiinns uazhitueg fulndnvaivaslalnsaisuoufowiu Usinmumes HON ded
dntumunnududuvedlelasaiiuousifa (hydrocarbon radicals) 399z ifinduniy
ONTA LAY ImﬂLﬁaé’mnﬁ'auaugaLﬁm%um‘adaﬁﬂ prompt NO, azifisulunauisn
nniurungaaauarlufianfanasissainuinoondiau

WUUs1a8d prompt NO, anunsaldmsniwesaaurmansindlaesudilduiain
NUITeV09 De Soete [73] FavlaiUSouLfiaunanIsNaanveIsnsINITAORAYEY NO,
Tneswfudarmsnefeidnlilaonsduinsadsiiavessnsjitolnosiuonis
AavpIn1sneiin NO, way N, WLansliliiuiensin1sneiia prompt NO, lngsiuanuisa

Auadldanaun1sn 3.60
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R ompino = (overall prompt NO, formation rate) (3.60)

—(overall prompt N, formation rate)

TuaeusneeenIslugdf prompt NO, tAnTunelAgn1IzNdIuNaL RN
ANULTUYee O agluszAuas wag N radical iieurauasznefindu NO, unufivzidu
Tulnsiau MuugnsINISNeIAnUes prompt NO, azUseinalivindusnsinisnetin prompt

NO, T Fauandlanail

R rompenio =k [05 ][N, ][FUEL ] e~/ & (3.61)
o a Aeduduliiieveteendiau uwaz R, Aorirsiianaresfing

aunasi 3.61 l¥funisasuifivufudeyanisnaaesiliainiuiseves
Backmier et al. [74] §mSudunasas sy mgomnasiuananai nan1ssiaesd i
Uszansnweesuuusiassanasetitinnnielianiaziddaunaumuiuazideinas
lelasaiuouiifiinaluianags ileandofianainiuagiiion1sdrassnisiedin prompt NO,
figndeafisanslunnidouls Luud1assves De Soete lfumsurilalaglddoyaainnig
naaes Inefauszneuudly £ lednnswWamntu esaueransenuve wsslamdond gy
$uIneTARLTRINSUDILAZ SR AU N AdD e Ad U1 vezaTh Anlslasansuay

aumsn 3.61 JanansauanstusUlndlanad
a —E!/RT
Rprompt,NO :fk;:r [02] [NZ][FUEL]e (362)
o £ AMINANANNTTN 3.63 WavA1 k), AWININAUNTA 3.64 Fuanssialuil

[ =475+0.08191—23.20 + 320 =12.20° (3.63)
k!, =6.4x10°(RT / p)"" (3.64)

dle n FeduiuezmauveiAsusussluanavaliamadlalasasuey uay @ Aednsdiu

auya drUsznaunilyaindeyanisnaassduldladmividenisesdnifinueaiau

'
A

lelasansueu (C,H,,,,) wazdmiumdndiuauyasglugdiesening 0.6 fs 1.6 dmuei



38

o o A

aguandendIsldlnddniinuigan A1ves k), uag E, = 303474.125 J/kmol lasunis
fauntufiniedridemduasndenu uniinendoded Usenedangy
Iuﬁﬁl,l,mﬁmﬁa\aé’mwﬁauam&aﬁ?wmaﬁaé’m']ﬁauamﬂaimnmaamsmlwﬁ
Lilsgnsdruanyaianizd dsfldunnsrsiuluveuivanisivavesszuy dmsulugunss
isvednfidudeunarivarssiisndsenailianauliuiueuluddimzves © sgdlsh
auilasannnisiidausanaes prompt NO, slen1sdastdes NO, Tnesaututinasiosunis

ludsnaegsfidudfgyronarinvesnslanUasy NO,

JUAUUASE110900NBLAUBUIUBLAUAN1IZVOINITWN InIl 9nTeoyaluy

Y Y

(Y v €

UITYv09 De Soete [73] dudvlfAzenvetoonFauluduiusivdadiuidaluaves

panTaulunisen g wansnasalul

1.0, Ho, S4.1x107 (3.65)
-3.95-091In 7, , 4.1x107 <z, <1.11x107

a=

~0.35-0.1In g, , - L11x107 < z, <0.33
0, o, 20.03

Tuaunisnmsaneleudnsu NO (@UA1SH 3.43) wnaaiunved NO Wasainnakn

prompt NO, uanslésaunisi 3.66

S prompt,NO =M w,NORprompt,NO (3 66)
WD R oo WUAIWINAINGENNTH 3.62

3.1.6.3 nalnmsanasvesiiveanlanveslulasiaulagnisuinavuiunlugd
(NO, reduction by reburning)

n1seenuUUIzLUN S lndifdudeudmiunieledrdioguuiugiuaes
weluladnsieeniauazidomdaduiy edesiunsiwedununeuasinanefunas
fu wislmesivandldudusinuduiusianed AuNgUVE uarauINANTNTUYEY
99AUTENOUVBIAY N1INTYINBUVDIIAIAIDY AUINAIIUET UagFULUUNITHEAY Fans
Uszgndldinatianisanasves NO, THUszavanudnsaluman s dugeaiinis
muqmwwswﬁLma':?mé']ﬁasmmmzau \ievanidsinsanawelszansanemielei

lugenansesya A.A. 1990s wuudnaedlagTiuieduigaaumansvesn1sgyanaisves NO,
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TuuSnaiiinistn NO ndunwalusl (reburn zone) dwdusyuumsialustuuutdudu
LLUUé’waaqﬁa%maimaiﬁmiamawﬁ’m (partial equilibrium approach) ﬁﬁﬁugwummﬂ
wuuUsaasfiiauelng Kandamby et al. [75] waz [76] wuushaasldifisiduniinisanasves
NO, [AuLuUUTaedlagsIuYee De Soete [73] ﬁa’%maﬂalﬂmidaLﬁw'%aqzyamasuaa NO,
Tunsnludidewmdsnsdiuiu nmsifiudunianisanasves NO, 5uiﬁiwﬁamingamwm
NO, Tuu3asdiinist NO, ndunwilug (reburn) Ssfldunaumunlaglalnsmsueusisa
(CH radical) Aiuansluguii 3.2

CH,
4)

0 NO—iP Products
2

S))
3)

Fuel N —— HCN
(1 NO

(2)
N,

JUN 3.2 nalnnisneiauasgaanie NO, lngs3uvad De Soete FaLfiandun19n15anadves
NO,

wuusaesdlidesnsanududusimizuedlelasaidueusia (CH radical) wosannnns
ﬁwuamﬁ?uagjuuﬁugmmmam@auwﬁauﬁuaqiaimﬂﬁuauLiﬁvi'fa (CH radical)
nalnnisanasues NO, luustianisii NO ndusn nsifidiunanun nng
PanTATuYaY HCN Aggnsziuuazusunuues NO fiAnduluyTmn s ivdivisiutuanas
lagUfAze3anduain HON waaneiadu N, ag1elsinaumnuidudures NO 919anaq

= I [

Wewanyufasendulalasaisuoutsifa (CH radicals) @adiegluysunaniidedfgylu

Y

aaa

U3an1si NO ndunnwnlngd Yiaserdeluiniasanlidulfiseniddgyiigavenis

anaswad NO laglalasansuausiaa (CH radicals)
NO+CH, — HCN +OH (3.67)

NO+CH —>HCN +0 (3.68)

NO+C—CN+0 (3.69)
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Uiz uvarilonaesunglalagsinanmsiiiuniadu (4) uag (5) lugun 3.1 dilugnsreifn
299 HCN wazlulasiawsiraszaunansdiutos auylitnasimu (CHy) Wufneidinduun

wWlngazleonsIn1sanasved NO Tnesiuseaunisn 3.70 wag 3.71

Ry = (k.2 +k, 2 ) [CH,][NO] (3.70)
Ry = (kcllslz)[CHA[NO] (3.71)
4 H OH
We g, = [[H ]] way g, = [[H O]]
2 2

[
g

faUU kuae (source terms) MiatRsdldluaunisnisatelaw HON wag NO 199910

[

UFisenmsindusiw vl (reburn reactions) Suldmnasnisiedl
Ryen =4x107°R, (3.72)
R o = —4x107* (R, +R;) (3.73)
M3UseLliuAAsivesdnT &,, &, Uaz k, uaziiusenau g, wae g, dwmduniswlngd

wuuknsvendeindslalasaisuen yavesAufiseiaumvnaunalunisaugaiiiesuisdiy

wananase bul

CH, +H=CH, +H, (3.74)
CH, +OH =CH, +H,0 (3.75)
CH, +H=CH+H, (3.76)
CH+H=C+H, (3.77)

v '
v W ! =

93U ANRINIURIIRSIALTaRUIbanasalUl
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k, &
bk ek
r,4"™r,5 r,4%r 5,6

Wio k,, k, 4oz k, Wuripiignsdniuaunsi 3.67 69 3.69 Amafionsludantiuey

dounaudmivaunsi 3.74 04 3.77 Ae k, -k, ; way k, -k, A1NE1EU wBNIINLUHS

,
auyilyl y = 1 lesnanudutuveslslasiauesneousiida (H-radical) luudhnaumaudad
Iypsm s lnduuuwnsveademaalalasasvsulainsdunanuirfanududuseiu
Werruanududureslalasiau uargaeanuidudures OH-radical avgnusziiunlag

131U ATl

OH+H, =H,0+H (3.78)

kr,8

dwsumsaunaiisunsdiutuiludnnudusius y, =
r8

' v
1o a v

AEMSTUAIAENTY &k, , k, Wag k, S WTURRIWAITBEmY (CH,) anunsauandusuiuy
Yadan3istilua (Arrhenius form) (ATe %) Glapng1an 3.2 [77] IngAmaivedsnsmanuadl

ey m¥kmol s waza1 E avuadiviedy J/kmol

A157197 3.2 ANPRIERSIE11SU NO, reburn vadLBImaIR1wdny (CH,)

AAaTive8HI (rate constants) ). b E
k, 5.30x10° ~1.54 27977
k, 331x10" -3.33 15090
k, 3.06x10" —2.64 77077

d1mfuaunisi 3.78 A1AINYRIBNTIAIUINAN k5 =1.02x10°T ¥ ¥ g5y
k _ 4 52X105T1.606—80815/RT
r8 T
Tuaunisnisanelauduniu NO (@uUn1sh 3.43) wraswad NO tesannnalnns

11 NO, naumwlug (NO, reburn) uanelansgunisn 3.79

Srebum,NO = _MW,NORrebum,NO (3.79)

W8 R pumno HUATIUINAUNTN 3.73
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3.2 YSuudunwus (stoichiometry)

s ndifiusunaduius (stoichiometry) Aonswvsiivsunameeendlawes
Wy sendiaunioeiniaiufisenlinedfuiarentomas 1usunmeondlages
WnnIUSInaiivsnaduius Beninniswalusiuuudiunanuns (fuel lean) §1U3unaeen
Flawestosninfivsuiaduius Soniiniswnluduuudiunaunun (fuel rich) §1mu

(9

AsdiusIUTInudtusve udamalalasauou CH, fuenniraansauandlédal
CH, +(x+y/4)(0,+3.76N,) > xCO, +(y/2)H,0+3.76(x+y/2)N,  (3.80)

dusulunsaz 1 mol vaseandiaulusiniatudduruluavaalulnsiay 3.67 mol
onTEINNIATBIRINA 4 AOLNATDUTBINAY F NUTIdNIS (4/F) Ao

gns1dIuTIavetoIMAralalndsdmTuNTTIU AT E 1 ndiRnTulaauy salned

A13N5aLan baR Il

(A / F)stoic B 1

Miyel

(m_j L AT6(x+y/4) M, (3.81)
stoic

w,fuel

W9 My, ADNIATYDIINIA, My ABINAVBUTONGS, M, 4 AOINELUANAYB0INIA Loy

M, q Aoaluanavesdeinds Wessydiunauvsniomasivesndlawesiunsiunlugd

¥
a

wuulptiuausaRaIsanINgnsIdmaNya (equivalence ratio) @ Fauandleatl

(4/F) . (E/4) (3.82)

(A4/F) (F/A)

stoic

Tned1 @ > 1 1Wumswiluduuudiunaudaindanun (fuelrich mixtures) wagdn @ < 1

v
! A a

Wumswnluslluudiunadiyaingauns (fuel-lean mixtures) @1usu @ = 1 Humswalugd

a

LUUAIURNANNDRA (stoichiometric mixture) Wananndgalinisidwesnieuldiionanad

USuraundusinsiuusSutudunusaolosidudvadainianusu I uduwus (

v
v

% stoichiometric air ) ka@ngbandl

100% (3.83)

% stoichiometric air =



43

KadNNITTM AR U T UAYIDINIAAIULAY (% stoichiometric air) LanlAmatl

1-@
% excess air = %100% (3.84)

3.3 ansnsuyudsufineniely (intermnal recirculation rate)
snnsvyuisuresieneluswnlndvieewnlng K, wWdwesileums

f1nuaLazARuMmewnslag Wanning and Wanning [3] Aednsidiuyiaseninafined

vaudeundu sy, desnafitoudrulusmilwifomedonasumnarosdomds m, fu

wavesoendlawes mm, Wouluaunislaeadl

pio M (3.85)

My +my

3.4 ansrdudsuInsvaaadln (flame volume ratio)
iesnmsunlmiluanngiivondiaugnideasiunarsvdennn dsnssnlusioglu
annazilsiadlil (flameless) Sudululdoniozunimvain Fadudasdiunan
29NTFATY (oxidation mixture ratio) R, 5&15@?1138’1&%‘14?1%@&3?11@8 Yang and Blasiak [34]
dieszysuisveatarlimani desmnsfnestgnldlunuidouns Liet al [37] wos Tu
et al. [11] $ndiunaneandindy R, Aodnsdinvesdndiulauiaianziivesosndiay
my Aodndudunalaneivesosndiauriuiunasinvesdndiudanaoendauiifonis

£
Yo A

dusumspniviianysal m, aunsouanslacsil

R —_"T0 (3.86)

* mg +m
dmsudndiudanaanz vesoendan m, am1saanalaaa

Mo = Yo, M0, I M (3.87)

w,mix

o z,, AodndruiTsluavesosndiay, u, , Aowdalulanaveseondiou uwas m, . A

w,mix

)]

WIalaNaTeIdIUNANTDIiNY d1nTudndiuduaoenBlauifesn1sdmiunsk lugdd

auysal m) ansaAIlaRsENNIT 3.88
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my =(22cu, +0-5%c0 +0.524, )M, 0, | M (3.88)

w,mix

W9y, Zco WAz gy, Wudadiudeluavesiiny, avsuouneuenlud uazlalasiau

AUEU Aatuaun1sh 3.86 anunsouandlugulndladsaunisi 3.89

. %o, (3.89)
° Xo, +2Xeu, +0.5%co +0.5 1y,

Tnefidwes R, = 0 winefsieituddomadnglifoondiau luvaedl R, = 1 mnefisine
fiflusoandiaulaslififemdsvdofwiiuinadednmswlndiauy sal duvevindadly
manfignitvualifidumda R, = 0.99 [34] iensaadeuniswnluiiBsuunmg Yang and
Blasiak [34] launaussnsiduuiumnsvaaailn (flame volume ratio) Ry WARSAIALNT

71 3.90

% 298 (3.90)
VF

a0 1

Wa 7, feviumsiuailwieiduduliuinsd R, fif1ogsziine 089 0.99 uay V; fe

Y

USHnsvaun 1t ngvis ool

3.5 dmnanugiilaalulnsei (Kolmogorov length scale)
anamnamlnalilnsan (Kolmogorov lensth scale) Wuainarugnififiiuiadn
Tumslnasuuduauniesenitlealulnsenlulasaina (Kolmogorov microscale) /, [78]

| (%

AAAIDIVUIAYDINTTEAIEA VD INEIUIAUYsA LU ulldndsnuneluvesvasluan

Y

N o o =

Aindu dauainalaalilnsenfeanandnswaluseduluananuiidedfy Seausadiuiu

Tomatd

A (3.91)
lk = :

e v Asanuninvatveimsivasuutiuliumay & Aosnsinisaaesivesanuduliu
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3.6 wANlAMaasNULUBS (Damksdhler number)
waulAansuuLuas (Damkshler number) Da AB8RIIAIUVDIALNALIAIVDINT
na (flow time scale) 7, doanataivesufisenail (reaction time scale) 7, 1Tguidy

AunslAsaaNnIsn 3.92

% (3.92)

¥
=2 = o

lnlunisfinwdl o, Anualdluainanailaalulnsen (Kolmogorov time scale) 7,

Auadlanadl
[v]‘” (3.93)
T, =|—

dmiuainaavesujisenadl ¢, duansadiwinlafiaunisn 3.94

R - Co, ¢ Co, M, 0, (3.94)
ool
dt

'
=

o Co, Aeanududuiisluaveteandian, M, , Aounalilanavesoondiau uag R,

aaa

pon1Uf5eNgnSveseandiay

o))}

3.7 uaulavaasuuuasvasiigeanlynvadlulasiau (Damkdhler number
of NO,)

iieliuuaAn iTALIUB s Tud UM SIS ABNENATIN SUENBTUIAT LN LAS
e lvgl Tngldasnnsvensvuiniunnsnsiutuasdananenislantdes NO, aghdls lu
AsAnwilsslddiauarunulafiasdtuuesvesiwennlesveslulnsiau (Damkshler
number of NO,) Day,_ dwiuljjfizeinisneiinviegaaarsvesingeenledvesiulngiay

[
=

Feanunsonanalasadl

o T (3.95)

TeNo,  TeNo,
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lnefl 7, AodnanaIvesuisenaiives NO, Fauanildnsaunisi 3.96

__ Nor (3.96)
' RNOXMW,NOX

TeNo
lngfl p AoAumuwiuYeIfing uag Ry, Aodnsinsinujisegvsvesfingesnlydves

Tulmseau (kmol/m? s)

¢ . N .

3.8 1NN V818vUIA (scaling criteria)

Tuns@nunillabifianuadieafsiunisgunsisnatinvesiuniiasnualindlaed
gns1auTauaInnisn bndiiuldvgrevuiatulaeldinasinisvenguninaedis Aes
AMILSIAYT (constant velocity, CV) UayiB11a1A%08A4T (constant residence time, CRT)
& & ada o @ B & a Ao
Faduismeegnirluldlunisvengauisiimniaznwaladuuunafuniinisvawuunygu
maitelimswnlndidiatesnn waglaiinsfinuviussdiunansenunanisibngd [20,22,24]

dmsudnsinisanuieusinmswaladvesiant , (W) ansasnadlemiaunisaeluil
0, = Koy} (397)

dlo K Wil Urkg), p, Aermuvunuiuvesvesimaiiniadivesiaunn (ke/m?), U, fe

Asaflvasiuag (m/s) way D, Fovuamdusinugudnansuesiiaien (m)
dmsuisanmiiasiituenuidivesinefinisesnvasiunngninwilifidiai (

U, = constant ) AUENRUTIENIINVUIAEUNILALE NGB ZENTIANTOUAN

MmN bnginanInsaunsealull

D, _[Qz J“Z (3.98)

D\ 9

e D, war D, ‘mmaﬁﬂﬁamag‘quLsmmﬁmmﬁ’gLmu,asLml,mi%ﬁsummﬁy’aLﬁmt,asﬁ'al,m

wazim i lmifiversruatumudiiu dmvsu o, waz 0, mniednseuouTeiIN

wazmvdunasuituas ks lifvenennatuniud s
dmuitnarasegaaiituiiofnvinaiasegueanisivalinsfiseninauusiaes

PINTEAUTDIUFTRANMTUALAURUUTWIAGRY F980T1EIUTRIVUAEURLAUENANIVDIT AN
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AoAUSIILdveIkTudABaAald (D, /U, = constant ) Fanlugaruduiussening

YA UAENAIYR LAz W kA USueAuSauRsaNnT 5N 3.99

D, _ [&]1/3 (3.99)

A1ususvazidgaiuLAL AT UNISI MO SNAA YISV BV UIRNBANANI T ULaR LS

o

Tuans199i 3.3

A15°99 3.3 WPOTNEIAYVDITDNITVEIBIUIATILANAIIAY

Scaling Geometric Velocity Characteristic | Reynolds | Heat release
approaches | scaling scaling mixing time number | rate per unit
D:[&J U =(&j scale Re volume
; 1 T mixing Qm
v ~07 constant ~Q'"? 0" 20\ §
CRT] = Ql/3 ~ Ql/3 constant i QZ/3 constant
Cole et al. NQM NQI/Z ) Q71/4 8 Q3/4 ~Q1/4
[25]
Kumar et al. |~ g" ~100m/s | ~0" ~0'" constant
[27]

UG WD O AUUIRBRIINIANNTouNveNeY
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A5N1521009LTIAAY

a

1 NSAI919998IUSUNISANEINAYBINISVEIYVUIAEINSUNTITHN LSl LUaNT 2L

=y

o a & a
Vl'é]aﬂsmfllugﬂLQQQWQUWUﬂanVﬁaNqﬂ
nsfnwiluasadliinawludvuinisenavnssuvesaninuidealnuiungif
(IFRF Furnace No. 1) [29,33] fauanslugud 4.1 uavuansseazideniiiudialugui 4.2 ald
Tun1sAn¥13nSNaveIN15YE18UUIN A1NNTANYIIFLTABAITNAABINHIULNUY [29,33]
WLEN LGB NE A1 955 THY RN OMTIANSTBUIINAITRA LTI 0.58 MW L@ L6 Lnglsl
NUNNTFAVIE 2 x 2 m? BATeR 6.25 M WIHIUIENDURIEVBNILINUBI08NT LALTD STl
vieflognsana1asyunundivunaduugudnae 0.124 m uasiemainveudeinGaaes
vieteginaiu 0.28 m lukuineunsutve wisnadeendlawe @eudazietivuinidy
' s | a v oA ' = & ' v |
H1uANENa1vials AL 0.01 m fou1v818vWIATUTN 0.05 m ABUTEUIUNIWGT B

nseanvadlodenivuinduriugudnats 0.75 m Je0gnsanansEuIUN1een

Precambustar

Furnace No. 1

Chimney

— f—

e
Dxygen 1

injection)

s | PR

T® measurements

Gas sampling
and
T® measurements

l' Bypass

Wl L0 we
W 9|, e
wl G944
w3 955 4
wl ey
W) 664 o
wl |BE 4
Wl ZZE <4
w 974
Wl S0z
wl 9i) 4
wl [ <4

wl gd

JUN 4.1 wwnbndvunefsenanssuildlunsmeaesves IFRF
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Flue gas outlet \

ml h
\ Oxidizer inlet

408
Transverse locations
043 L
0.15
S a
‘ 0.1 e
(| JE ‘.' =
s au o ) A
2 umer \ ?3
= <
S X | B - 3— I
6.25 |
vy
y S
Diagonal line Z o b
. Burmer details ©

o

JUN 4.2 wwnbngdves IFRF Jauanssiumnianisinniswanduandlumiie m

WL TIN5 TaNan 15181911 v B IAEIMAUII RN AR bIAT (LAY 2) §9
wansluguil 4.2 Feildnndruvesszezamuiiunua e Aue1vean I el (z/2)
Wiy 0.024, 0.0688, 0.1168, 0.2128, 0.328, 0.5152 Way 0.7968 @NMTUANIITNITNIY
voumulvdiuandunised 4.1 gauugiivesiwoondlaweigniindulasnnmnlndlusios
wrilndidamilngldidomasiesssumafiunlnduuudunauunuassonnauiuoondiau
U3avs udreondlawesildlvaingimnvounnulvilasfioumgiigeds 1300°C uasd
AU uBaUsung Quannizuste) veseondiau 19.5%, aiueulnoenles 6.4%, ot

15%, lulmsiau 59.1%, waveonlonvadlulasiau 110 ppm
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A15199 4.1 anmglumsvaasanmilngues IFRF

Flow rate | Temperature | Enthalpy | Composition

(kg/h) (°C) (MW) % (vol)

Natural gas (NG) | 47 25 0.58 87.8% CHg, 4.6% C,Hg,
1.6% CsHg, 0.5% CoHio,
5.5% N,

LCV = 44.76 MJ/kg

Vitiated air 830 1300 0.35 19.5% wet O,, 59.1%
(comburent) wet N,, 15% H,0, 6.4%
wet COz,

110 ppm vd NO

Furnace exit gases | 877 1220 0.38 1.6% wet O,,

140 ppm vd NO

4.2 /N8 UTIAAAY

mMs$asadsdarlunmsinuaSididunuvaudin dmsunisedslnuuuayssves
i lwsiduldlsunsu Gambit [79] veumawesnisaualunssiassadaduiiio milsly
Adrmvonauludiieaananlunmsdunalimdetesas viawaavesurlunissnasudu
wuugRUINAvAALL (hexahedral cell) vuinvaaleadiidniignfie 0.982 mm agfivnaiil
youdowas luwouwpveinsiuiatuilswauwads i 606270 wad nldwsannlusunsy
Gambit gaihlUldfuTusunsumarmansvesivaidsauan Fluent [80] wiovhnisd1asanis
wilv! Tasveuimasnisiuaninandaelysunsy Fluent duuandlugud 4.3 dwsuns
$raesiudunuvaniizasia nslvanuududiuivlduuusassvesaumsistluadiaaoun
us-aland Reynolds-Averaged Navier-Stokes (RANS) 571U UUR1@94 standard k—&
desnidunuudaesiifiafssnnuesiauusiugrdmiunsivailivaunsuaslvisn
mslramidenfiwludfsamedmsunszuansivaresoondlowes [11,81] LUU1@BINT
wilusivasfinasssumitulduuusiass Eddy Dissipation Concept (EDC) Faldsumsiige

N

wdriumngdmiunasin indluaniizfesndiaugniieansuiunaraniesunn (MILD

aaa =]

combustion) [38,82] Fsuuudtassnisiiludilldsauduufinseeaiilaesiy 4 Tunasdl

a ¥

29AUTENOUNTINAL 7 aUTd Aauandlum15199 4.2 NsuRSadmnusautuldwuuiasy P-1

=

Faldiuegrsunivasluniswnludluan1ieioandiaugnideasiiunanansennn [11,38] &

wuudnaeensuaTdanuTouiildsiuiuuuudiaenisganfusdanusounasiuadmin
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VoI UENT (WSGGM) [55,56] 6'?3&Qﬂﬁm'f[,%‘[,umsﬁmmﬂ'ﬁ@mﬂﬁu%’q?{maqeﬁauwammf‘ﬁ”']szj
Tumunlng sedUsznavvesinalneUsunsveadewmdfinesssumalumsmeaasiie nu
(CHy) 87.8%, 8w (C,Hg) 4.6%, Lnsinu (CsHg) 1.6%, Gatnu (CoHyo) 0.5% wazlulnsiau
(N,) 5.5% usd1nsunissianen1sinenildesdusynausasineiing (CHy) 94.5% uas

Tulnsiau (N,) 5.5% LioanALdutauvauuIanansetng fauanslunisiad 4.3

Flue gas Duﬂet‘\ g

JUN 4.3 YauiunnT sAuIne sl iy uuin 606270 wwas

Rarsdunamsnaiafieesnledvedlulasiau (NO IEvhudinndinsuanm
Amouluaunismanlagidiunds (post processon) tlasananuituduvesingoonludves
Tulnsiau (NO) rewdreidlofisufufnsvdnviindu o Faunansynusom s lusmdnda
aunsnazidld wuusiaswestweenludvaslulnsiau (N0 lumsAnenduszneudie s
Aoinfwesnlesvedlulasiaudiesainainudeu (thermal NO) [62], nsnetinfngoonlas
vaslulnsiauiudundu (prompt NOY [71] uarmsanasasingoonlasvasiulnsiaulaenis
ihnaunelugl (NO, reduction by reburning) [75]

suifavitidefnarililunisdrasufunisduinfioguuiiugiuvesainuduy
(pressure-based) Inan1sAunAuAuAIUEARUAULE (pressure-velocity coupling) o
Tgndnn13A1uanl (scheme) WU semi-implicit method for pressure-linked equations
(SIMPLE) d%3u38n15Usu1UA1AR U (spatial discretization) ¥94LnsiA8us (gradient)
hild least squares cell based d@uiunuAY (pressure) thild second order duaunsi

widerie Ly (momentum), nasnuaadvesnnududiu k, Sasnsgaaaigvesndny



52

Jutau £, 99AUsENOUVRIATTIUSENOUR Y CHg, O,, CO,, CO, H,0, H,, HCN, NO, Wag
AIULUTUTIUYDIRUN N (temperature variance) SIUTINEIU (energy) wanuaduld
second order upwind ﬁm%’umiaL%wajﬁmauﬁuﬁLﬂmszﬁsuawhmmLmﬂsmsuaqﬁmaﬁlmi
fudmeuLivIeSeninAuAnans (residual) desteludl Aeldn 1x10 dwduaunisaan
soriles, Tdn 1x10° dmfundsausatvesamiutu , Sasinisgyaaisvesain
Judu ¢, 89AUsTNOUVRIRITIUSENOURIE CH,, Oy, CO,, CO, H,0 1ay Hy, wazldan
1x10° d1nrsuAnansalunnu x, y Uag z, aun1snadeany, auni1snisunssdninuseu P-1,
29AUTENBUTIDIN1Y HCN, 89AUSENBUVBIN1Y NO, LLa:mmLLUiUﬁ’JumadqmwQﬁ

(temperature variance)

A15°9% 4.2 nalnnsinufisennsunlnliiomasingsssuvilunisdinwiil

Reactions A o Reaction orders Ref.
kmol/m? s J/kmol

CHg + 0.50, — CO + 2H, | 4.4x10" | 1 1.2553x10% | [CHal"’[0,]"* [83]

CHa + H0 —> CO + 3H, | 3:1x10° 1.2553x10°% | [CH,I[H,0] [83]

CO + 0.50, = CO, 2.5x10° 6.6948x10" | [COJO,1*°[H,01% | [84]

Hy + 0.50, —> H,0 7.9x10%° 1.4645x10° | [H,[O,1°° [85]

A15199 4.3 anzieuleNveulunlunisIee wdia

FLNUIUBIVOULUA y1nYasva UL IsUSUs

Madeondlaees SMTINTINALT =0.057639 kg/s, 7o =0.195,
afimad Zeo, =0.064, 110 =015, z, =0.591,
(Mass flow inlet) | 7_1573 15K

Mt Foinas 8MTINT N =0.0032639 kg/s, Zcy, =0.945,
wnafimseen In, =0.055, T=298.15K

(Mass flow inlet)

ORERISE Nida (Wall) £=06, T=1500 K

SEUNUATINANIULUING | dUNIRS -

waguuIueuveualug | (Symmetry)

eonvoAIlngl ANGUANgeen | P, =0Pa

(Pressure outlet)
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4.3 M15A529HUANMUTUDATZVDIAINBUABIUINVD LY
NM3ATIEeUANNLTUDATYI0IANBUABIUINYBILY (mesh independent test) 161

fudunsdmiununlugioug 058 MW ilslrvuinvesuviidwiuifissesonnugnies

y93nau Tngn1sasanaeuinanissiassannisAuasiswsitiuun 606270 wad Id

WSsuWe Ui UL nTvuIn 1295965 wad TnalaSouiiounadnsyad AU InIuLUILAY,

¥
oA

gaunivesfing, Anududuretoandiay wazasusulaeenled ANuLANAIIVBIAMAETY
ANNTLEEWLUILNUVDILALEN LU TENUaaun AalinuAINuwANANIIAUBE19TALAUNS B H

Woddny dewansusuil 4.4 duisdenldweiiivwin 606270 wad lun1sAnwinaraens

YYIYVUINTIHILALLA LN UY LHUSENTANSNEINTABUNRIABSAZLIANTUNITAUIU

AMDUVDILUUINADY
100 - 2000
e 80 606270 Q
2leq T cells o
3 I -+ 1295965 g
g 40 ¢ cells b
3 :
- =
L
0 1
0 1 2 3 4 5 6 01 2 3 4 5 6
Axial distance (m) Axial distance (m)
300 1 30 1

0 1 2 3 4 5 6 0 1 2 3 4 5 6
Axial distance (m) Axial distance (m)

JUN 4.4 nsnsradevrwInveduYluAEIMINLLILAY gand Aadudures O, way

CO, MUBUAFULAUNAN (LAY Z) VBLAH bs]
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4.4 msmaaaam'ngnél'awml,wuﬁﬁam

wuudraesiildduliumnsnaeuarugndednaisuiisuiunanivaanses
IFRF Aifimstweunslag Orsino et al. [32] Aouflagiuuudassilunwidviwavesnisues
yuasensunlniluanziioandiaugnidersuunarsseinn (MILD combustion)

Tnoguil 4.5 LanInAsIlULUILNLIIRANTNARBILATHANNTIIABS WUTMANNS
$raesfinrunivenindemdsiisumis z = 0.15 m Sufidganiinisvaaes uazau
voudneondlaweinsnarunumindlnsianisfiums z = 043 m waw z = 1.33 m Husa
n1s$1aedliiAngsnimanimaass udlasainsaundinisiiaesdinaiaenndesiunans
ELY

a

Ul 4.6 uansgamnliatnranIsvnasILazHanIsinasd ANKaNsINa0Igungd
U3naveadadamAsisunimuung z < 0.43 m Suildiiniinmeses wigauuQiilng
funsananaiulugf (seosfaliviniu 0.1 m) fiunya z = 1.33 m gandinisveaes Fauans
femaiuFAsemswrluivantdesanufeulumsiaesiudatuadininimeans us

TnerldudInisinasalvinandaenndofunanIsnnaos

10 z=015m 1 z=043m 10 | z=073m 1 z=133m
09 ' [ 0.9 i E-RE R 0.9 -
£08 ¢ ’ , 208 ! 208\ L g8l l
3 07 i | | | 3 7 : I 2 o dAFE N 3 0.7 5 I
06 X ! § 06 i g06 | { 506 |4/
Sos5 [ | S5 ' 05 B ¢ | L % 05, [4 ]
= - | = I = 5 1
o4 [LEL | Y 504 [ S0 Al | T S04 - ‘ I
= | | g i = i | = ] l
S03 Sp3 [ Hos. [ 11544 So03 L
s o i & | | | = |
Hoz L&V o2 . To2 A | - Zo2 -
| 01 | ! 01 &-g, ! 01 ' \L
0 1% -9 R L] o b (12 L | A
0o LLL[HFTTY oL Al 0 L ot 0 b}
-10°10 30 50 70 S0 -10 10 30 50 70 S0 -1010 30 50 70 90 -10'10 30 50 70 90
Asxial velocity (m/'s) Axial velocity (m/s) Axial velocity (m's) Axial velocity (m's)
R =05 m 3 - z=3212m K » z=498m
i b | b | |
0.9 , 09 | | 09 Hf 'l
E 08 g O,? | @ 08 | P
s 07 s 0.7 N | | s 07 | | gt
506 506 SNENEn 506 4|
S05 S0s ' T 05 [4 _
—; 04 —% 04 F 04 [ A Orsino et al. EXP
S03 S 03 [ § 03 LU = Present CFD
- (=} - o -
02 f \ o2 [ |4 o2 [l
Ny, L E
01 | | & \ 01 | Al 01 |4
0 0 H ]
-10 10 30 50 70 90 -10 10 30 50 70 90 -10 10 30 50 70 90
Axial velocity (m's) Axial velocity (m's) Axial velocity (m's)

U 4.5 Wisuiisunanisveaes (EXP) funan1siaes (CFD) dmiuainasluiuiununiy

LUV (WNU X) voun b lulsayssarANuEIvRUALH L]
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i = z=0.15m ; M= z=043m 1 - z=073m 4l z=133m
09 | L 09 | A 09 | A 0.9 A
E 08 " E 08 A E 08 r A g 08 A
207 N il i A 207 | A 207 A
§ 06 A 506 A 506 g 06 A
Z0s A £ s A Sos | A S0s A
Eo04 n Eo4 Foa [ i Eo4
g o = = B A4 =
H03 A 503 So03 | A 203
= i g =] - n G
T 02 T 02 o2 A T2
A
01 01 D1 01 A
0 00— 0 . 0 L——
500 1000 1500 2000 500 1000 1500 2000 300 1000 1500 2000
Temperature (K) Temperature (K) Temperature (K)
10 1 z=498m
09 | 09 A
S 07 07 A
Z06 506 A
B0 S 05 s
—= = A Orsino et al. EXP
:;‘_ o % o4 i g = Present CFD
503 503 a
= =
=02 = 0.2 A
01 0.1 LIHL 3 A
0.0 0 0 4

500 1000 1500 2000 500 1000 1300 2000 500 1000 15002000
Temperature (K) Temperature (K) Temperature (K)

JUN 4.6 1Wisuiigusan1smaaes (EXP) Munan13dnaes (CFD) dmiugamgdnnukuiving

v

(WU x) VDUA T ULARYS L 8RNIV AN bALT

g‘dﬁ 4.7 uannUTITIY0188NTLAU (0,) IMNKANITNARDIAYHANITINGBY IINHA
myheesrnududuveseendiaulagiiluudinsiiaedinaiiaenndesfunanisnnass us
nansSaesiinnudiiuvesoondaumniimsvaaeainiios HewnInuuUIaeInIsIeg
Iniflunisdraedinanisiujiseroendinduvaseendiaufuesdusenovresfnndemas
lngsuldainiinisnnaes

gﬂﬁ?‘i 4.8 waAMIAIUTUTUYBIENU (CHy) IMNNANITNAABILATHANITTNADI AINKE
nshassnuituturesdinuiidumislndfusiadnitemas z = 0.15 m uay z = 0.73 m
fuflenganinismaaes eerinisiutensunlndifimulunsiassiuieduadinis

ado |

NINARDITIN TNV BaNrRUNINAILS Z = 0.73 m Awwandlugun 4.6 dmiusiuniadn

Y

WNINTHUHIAR 2 = 205 M, z = 3.22 m wae z = 4.98 m nuPdinugniiilndivian Fan1s

avilinanaonndsstunanIsnaasuasem
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1 z=015m 1 z=073m 7 = z=205m
09 r 09 h
—o08 [I* = ~08
£ N A £ 1
S 07 Ha 207 Ha
206 I 206 [* 206
o 0s A = 5 = = 05 iA
= A = =
E04 a £ 04 E04 fa
o o o
S03 203 |a f03
= = =
T 02 i =02 T2 fa
0.1 : f 0.1 01 \a
0 — & 0 L= 0
0 510152025 0 510152025 0 510152025
0, (% vol, dry) Q2 (% vol, drv) 05 (%o vol, drv)
1 z=322m R z=498m
09 th 09 [a
—~08 fla —~08 fla
o7k Z07 [a
F06 1 £06 (|a
505 [ €05\ [a
S04 [k E o4 A Orsmoet al. EXP
503 [a So3 [ =—Present CFD
= c i
T 02 Ha F02 H
01 Ha 01/ Ha
O Al ] i i i D g | i i 1 I
0.5 10152025 05 10152025
05 (% vol. dry) O (% vol. dry)

JUN 4.7 1WSsug uran1snaaes (EXP) funan1s91aes (CFD) damsuanuiduduves O,

AIHLUIVING (AU X) o Tl sEarANNET IR A LH bS]

1 i z=205m
0.9 09 &
ED.S ED_S %
207 T 207 &
206 o064
S 05 BOS &
E 04 o044
503 S03 &
I-E =3
P o2 4
0.1 01 &
PO LR S 0 1 L 0
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
CH, (*ovol. dry) CH, (%6 vol, dry) CHy (% vol, dry)
1 z=322m 1 z=498m
0.9
= 08
07
205
Zo0s )
g 04 A Orsmoet al. EXP
E 03 == Present CFD
=l
0.2
0.1
0
0 20 40 60 80 0 20 40 60 80
CH. (% vol, dry) CH. (% vol. dry)

3UN 4.8 WW3guliigunani1snaaes (EXP) Aunan1sinaes (CFD) dmiuanuiduduves CH,

ANULUIVIN (AU X) VBUAMEN LV TR AE T2 82 AUV ALK L]
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SUN 4.9 uanInUNTUYBIANSUBULBUBN YA (CO) MNHNANITNAADILASHNANTT

Y

1893 NUMANUTNTUYBIASUBUNBUBN lgRINNan 1TIaesNalnsdulnaidenAd B

funan1seaaadusgem anuNfLus z = 2.05 m N1531809lAARINIINITNNGBY

Y

SU 4.10 wansanudutureslalasiau (H,) 9NHaN1SAaRLarNanIsINass wuan

NANT5I1a0I kU UL UREIAUNITNNEDY WeNaNISI1aadlrA AU TNt edlalasiaun

FINIINANITNAGDY NN Z = 0.15 m Uag z = 0.75 m @MU z = 205 m A3

FraaslrinandniINIsneass AR LasIaNwUUIIaeINsbudlunisinasdinanisyvia

Ufisemnlundlalasiauiniiniseasslutisusnvesmenlug msziduwuudtassnaln

nMsviuisenlaesinet1edne (global reaction) Liles 4 TuUUAATEN

= -
(= N |

= RS
b

Horizontal distance ({m
o]
L

=
(]

|
=]
[T

0.1 &

0123456780910

€O (% vol, dry)

z=321m

012345678910

CO (% vol. dry)

Horizonlal distance (m)

Horzontal distance {m)

0.7

08
0.7
0.6
0.5
04

z=073m

L. ARL A I RN | &
012345678910
CO (% vol, dry)

z=4098m

034

0.2
0.1
0

012345678910
CO (%6 vol, dry)

]
=]
=1
On
=1

l ’ z
09 |a
08
67 |a
66 F a
D5 | a
04
03 ta
D2 &
0.1 |

0

Horizantal distance {m)

i
01234567801
€O (% vol, dry)

A Orsino et al. EXP
== Present CFD.

JUN 4.9 Wiuilunanimaaes (EXP) Aunan1sinaes (CFD) dwiuanuiduduves CO

ANUBUITIN (AU X) VDALV ULAAE T2 8 AUV UATH bS]
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1 z=015m 1 z=073m I = z=205m
09 09 0.9 |a
2 0.7 3 0.7 2 0.7 A
506 £06 506 | a
205 205 €05 [a ) )
E o4 E 04 Eo4 [a A Orsino et al. EXP
8 8 g - = Present CFD
% 03 % 03 % 03 |a
=02 T 02 D02 h
0.1 0.1 01 &
0 At L [
012345678910 012345678910 012345678910
H; (% vol. dry) H; (% vol. drv) Ha (% vol. dry)

JUM 4.10 Wisuieunanismaaes (EXP) Aunan1331aes (CFD) dwiuanududuves H,

ANUBUIVIN (AU X) VDA LT IR aE T2 82 AUV ALK bS]

U7 4.11 wansansnduduresaiveulaeenlas (CO,) 9nHanIMARBsLazHaANTS
91899 WuIwan1sdnasdivaiAututuremsuaulasenleftuyndiuiantglumimn
Iviffiaenndosiunanisaassluenaf Inglavnsidumis z = 2.05 m, z = 3.22 m uas z
=498 m

=

SUN 4.12 uwansmnuinduvesesnlenvadlulngiau (NOY 31NHANIITVARBILALHA
M3591a81 NUIHANTINADIUS AL SRR aIE Wis LT 7 = 0.15 m wa 7 =
0.73 m tufiiaududursteanlssvasiulnsiaudiniinsnnass Geaenndesiudnune
vosgumpdiannmisiassiiiiAdiniinisassslagame i z = 0.73 m Anandlugy
7 4.6 danalsinasnetiin NO, 91nnaln thermal NO, Hadlaududusii Tae thermal NO,

Judunalnndnidenananislandass NO, lngsiy walpeiiliuainisinasslvinaid

LU URBAINUNANISN NGB
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1 1 z=205m
0.9 - 09 A
E 08 E 08 3
S 07 207
506 506
S05 S05 :
g 04 é 04
(o] g
203 203
S 2
0.2 0.2
0.1 01
0 - 0 - 0 Lo b
0 1020304050 0 1020304050 0 1020304050
CO; (®ovol, dry) CO, (% vol, dry) CO, (% vol. dry)
I z=322m I z=498m
09 - 4 09 [
E 0.8 y EU.S 4
~ 07 \ ~07 /
206 | 206 3
T05 | 205 ‘ _
-TE 04 \ :; o4 [ ‘ A Orsinoet al. EXP
g 03 - g 03 | = Present CFD
=02 k = 0.2
0.1 01
0 1 1 i i 0 I Il i i
0 1020304030 0 1020304050
CO;, (%0 vol. dry) CO; (% vol. dry)

3UM 4.11 Wiguieunan1svnaes (EXP) Auran13d1aes (CFD) dawsumnududuves CO,

AIHNBUIVING (LAY X) voan e lvllulsarsEarANNEIURUALH b

i z=015m T AN z=0T3m 1 z=205m
0.9 : 0.9 0.9 A
g08 ) g0f g08 "
07 y 07 S0 4
206 . 206 [/ 2106, [ 2
205 [ Zos A Zo0s i
;g 04 i S04 T; 0.4 A
Fo8 | 503 t 203 4
Hoa [ 0.2 ED2 s
3 0.1 0.1 A
ol Ly 0 - o Livu b
0 50 100150 200 0 50 100 150200 0 50 100150200
NO, (ppm vol. dry) NO, (ppm vol. dry) NO, (ppm vol. dry)
z=3.22m i & z=498m
09 | 0.9 "
z08 208 A
S 07 A ~07 A
206 ¢ A 206 a
505 | A <05 a )
:g 04 [ ) TE 04 ) A Orsino et al. EXP
S 03 L y g 03 i =—Present CFD
Ho2 | i Zo2 [ i
01 F A 01 A
0 Ll 0 ‘

0 50 100 150 200 0 350 100 150200
NO,. (ppm vol, dry) NO, (ppm vol, dry)

JUM 4.12 1Sguiiunanisnaaes (EXP) funan1sdnaes (CFD) dwiuanuiduduves NO,

ANULUIVINE (AU X) VBUAEN LV TR RS T2 8 2 ANV ALK LT
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A15°991 4.8 LAAINANISNAABILAZNANITIIADIVDIA gaungd, AUt uved
gondLay, msuaunouenles, Asuaulasenles wazeanledaaslulasiau finisesnves
W bngd Faaiilalndidsetuainlasanizanududuvesaisvounsuenlas,
anduaulaoenles uazesnlusvoslulnsiau duiiauuandsannanisnaasdlaids 1%

QUNYNIINNTINABILAIZINTINTINABY 2.10% dMTUANUTUTUYDIBDNTLIUIINHANTT

9 Y

° a1 6

190IUAINIINTNARDY 32.27%

A15199 4.4 HANTISNAADILATHANITINABIN A IINN1IDDNVBILAN byAg]

W03 NANISVAADY NANITINA8Y
Temperature (K) 1493 1524.36

O, (% vol. dry) 2.2 1.49

CO (% vol. dry) 0 0

CO, (% vol. dry) 20.5 20.61

NOy (ppm vol. dry) | 140 141.14

IINNTATIVFOUAINGNABIVDIHANTITT 109N LUTUATUNAAIANT VDI M aLT
fwra WnaiSeuifisunadwsiilaainnissiassfunanIsneass WuIHaaInsIaesiile
Tngsaduilrnlndidsiaraenadasiuiunanisnaass sasuluUsaesildlunssians
wlvinaiigndondieswodmiumsfnundnsnavesnisversvinasensinilniluaniogi

P0NTUYNIFRNUIUNAVTBNINLUATIT

4.5 F/NITVYIYIUIN
msfnwluafedldliianuediendatumsaunsasadelasfisnsmisarusould
vergvuadulasldinaeinisveneruinaesds Aetamuiiandi (constant velocity, CV)
LLazL’Jmmangﬁ (constant residence time, CRT) 80131919345 au lAU8UUIAINAILEN
wazialndfsguamngsuil 058 MW ity 10 wh Teglussdugnannnsaud 5.8 MW
anmenshauresiEkaza T svuaduuasivensrunaiulasliisaugansd
waztanmsagasi uandlilumsai 4.5 dwsunaiasegniuarueniveanwlul (furnace
length residence time) AMuIANSRTIAILTRIANE AN TR oA LS RAsTe If 1Y
flamelunsnll mnmsstusandiifuinmasegluitazamvouniw v miy

wvenerualagIsiaiaegamiundummalnduuady widmsumwnlndfvens



61

nlagIsaNuTIA nataegluwarduveaw initsiutuludadiuivindusng

dosvasanavuIAveATeu (0'?) WellSeuiisuiunaiateguetniun lduuinifsl

A15199 4.5 N151003N15YINNUVBWAHN LT ANNSUNISVEBVUIA L ULAREIT

Parameter Semi-industrial | CV full CRT full
scale industrial scale | industrial
scale
Thermal throughput scale factor | 1 10 10
Fuel thermal throughput 0.58 MW 5.8 MW 5.8 MW
Oxidizer thermal input 0.35 MW 3.5 MW 3.5 MW
Total thermal input 0.93 MW 9.3 MW 9.3 MW

(based on average velocity)

Fuel inlet 0.013056 kg/s 0.13056 kg/s 0.13056 kg/s
Oxidizer inlet 0.23056 kg/s 2.3056 kg/s 2.3056 ke/s
Fuel inlet velocity 123 m/s 123 m/s 264 m/s
Oxidizer inlet velocity 87 m/s 87 m/s 188 m/s
Geometry scale factor 1 3.1623 2.1544
Fuel inlet diameter 0.01m 0.031623 m 0.021544 m
Oxidizer inlet diameter 0.124d m 0.39213 m 0.26715m
Outlet diameter 0.75m 23717 m 1.6158 m
Furnace width 2m 6.3246 m 4.3088 m
Furnace length 6 Dbl 19.764 m 13.465 m
Fuel inlet residence time 81 s 257 us 81 s
(theoretical)

Oxidizer inlet residence time 1425 us 4507 us 1425 us
(theoretical)

Furnace length residence time | 225 70 s 22's
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0.58 MW 5EMWCV 58 MW CRT
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4.73e+03
' 4.49e+03
4 26e+03

4.02e+03
3.782+03
3.55e+03
3.31e+03
3.07e+03
2.84e+03
2.60e+03
2.36e+03
2.13e+03
1.89e+03
1.65e+03
1.42e+03
1.18e+03
9.46e+02
7.09e+02
4.73e+02
2.36e+02
1.76e-03

[

0.58 MW 5.8 MW CV 5 § MW CRT
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dm3uguil 5.4 uansmnualuluakauaLAs (Wt y) seannlndlunsagszezainy
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= I

Indl TneanusivesmsivadoundugeanvesisanuuuitunuininTuissegaiuen z/Z =
0.5152 Ingfinuuuiidunieauvea i lndifivensvuinlagdsiiainegasiidanrinfu -
12.33 m/s dwmsun1suieunlagidsanuiinadiiiawiniu -5.67 m/s JelndiAeeiuianm

Inglgunaduniianiiiv -5.68 m/s iWeniusnalndiuyuveanianeniniissgsinng
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0.88
0.84
078
0.75
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0.66
0.62
057
053
0.48
0.44
0.40
0.35
0.31
0.26
0.22
0.18
0.13
0.09
0.04
0.00

INCNS

058 MW 5.8MW CV 5.8 MW CRT

5UN 5.7 wavduaasainanadlaalulnsen ¢, (s) luszuiu x-z

u
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0.40
037
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0.31
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0.26
0.23
0.20
017
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0.11

0.08
0.06
0.03
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058 MW SEMWCV 5.8 MW CRT

5UT 5.8 unvduansainandnuendlaalulnsed 7, (m) lussuu xz
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S8MWCV

5.8 MW CRT
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(o}

06500 2064.21
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0.58 MW 5.8MWCV 5.8 MW CRT
Thermal throughput scale

3UN 5.11 aaungilasannglumsnlivanunsal
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tu

Tempe

0.58 MW

< 1530.00 - 1524.36

21520.00 |
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1500.00 -
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1518.19

1562.04

5.8 MW CV

5.8 MW CRT

Thermal throughput scale

JUN 5.12 gaunfivnneeenvaaElndivisanun sl

M19199 5.1 MSAUINENAATEINANY (Auinmilsludvesnipnln)

Energy 0.58 MW | 58 MW CV | 5.8 MW CRT
Reactant enthalpy input (MW) 0.090871 | 0.90865 0.90844
Enthalpy of combustion ' (MW) | 0.14819 | 1.4819 1.4819
Total energy input (MW) 0.23906 2.3905 2.3903

Wall heat extraction (MW) 0.14018 1.3906 1.3880

Flue gas enthalpy outlet (MW) | 0.10205 1.0145 1.0575
Total energy out (MW) 0.24223 | 2.4051 2.4455

! Calculated based on natural gas lower calorific value.
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5.3 WAYDINISVYVIUINADBIAUTZNBUVRIANY
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z/Z =0.0688
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20.90 - 20.83
20.80 -
S2070 - P
< 2060 -
4
£20.50 -
<2040 - 2035
3
C 2030 -
2020 |
20.10
0.58 MW 58MWCV 5.8 MW CRT

Thermal throughput scale

1%
g

JUN 5.16 ANLUTUYRY CO, NN198aN Vo Lnsinsaun sl

3065 - 30.63

S04 4 30.40

Q,30.40 - —
3035 -

30.30 -

30.25 -

30.20 -

0.58 MW 5.8 MW CV 5.8 MW CRT
Thermal throughput scale

JUN 5.17 Anududuves H,0 Inngeenveunii lvsiviaanunsal
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2n
2.57
244
2.30
217
2.03
1.80
1.76
1.63
1.49
1.35
1.22
1.08
0.95
0.81
0.68
0.54
0.41
0.27
0.14
0.00

058 MW 5.8 MW CRT

JUR 5.18 upuduansmiuTuLes CO (%vol. dry) Tuszunu xz

7.84
7.45
7.06
6.67
6.27
5.88
5.48
5.10
4.70
4.31
3.92
353
3.14
2.74
2.35
1.96
1.57
1.18
0.78
0.38
0.00 . ;

0.58 MW S5EMWCV 5.8 MW CRT

3UN 5.19 upuduannnuiduduuad H, (%vol. dry) lussuu x-z
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0.58 MW 38MW eV 5.8 MW CRT
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JUN 5.20 upudvesdnUizenres O, (ke/m’ s) Mustlndfuriiwiluszunu x-z
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»
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0.58 MW 38 MW CV % 5 MW CRT

JUN 5.21 waudvesdnsuizenves CH, (kg/m’ s) Musndlnafuimimluszuiu x-z
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0.58 MW 38MW CV 5 8 MW CRT

BHNEYEZEANIREBIRRBELBURIIRSEEER

8o
-
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LEOOO000000O000 OO0 mbmb b b sk kot bk sk sk sk sk kI R B

=

5.22 unudreedns i Jize1ves CO, (ke/m’ s) MuTandlnafiuiunalussunu x-z

0,58 MW 5.8 MW CV e ot

Ca
c
=D.

SOHO—= DD 00

(s yed

SaNNTEIBERRERR SRR L TR IRRag Y

RIS

SHELOCO00000000DOSdddddt s L LN

—oo

[

JUN 5.23 wnudvesdnnuisenves H,0 (kg/m? s) Musaailndiuiumnluszuiu x-z

5.4 NaYINITVEIVUINGRATINTUYUIBUAAeTY

s o w

Snmnauisuneluresing K, \Gumnniwesiiddlunmsedfadnuaznis
wlvifluanmeiioendiaugnidonsiunansvidonn fiflen K, wnnd 2.5 July (3] 90
wan1s1aedluguil 5.24 wamadnsimsivaisunduvesfwmelumiwalnl K, anw
wwanny dvdunsnininnafuazsmwlviffinsvesvunnlagisanusiaed (V)

wagdBaAsegAsil (CRT) tunudiA K, danuasienadany laeldl K, Aigindn 2.5 9
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AUV 2/Z = 0.2128 uaziauilernaanifumiy z/Z = 0.5152 lagilA1asaniniu 6.3

dwunnnsalal K, anaunde 3.0 NHuNUe z/Z = 0.7968 ANUAGIEATIURIA K, 1

WAAIIINITVEBIUINIAETTAISIATILELIBANAEAITITY ansasnuins ey

Y

Tuanmeeandiaugniiearsuiunanvsenntile

- —t—(0.58 MW
- 5.8 MW CV
—A 5.8 MW CRT

()} ~
T

Internal recirculation rate (K)

O G O 0 \ 0SRG2 0% 6, \ )
Axial distance (z/Z)

UM 5.24 dasaimsivaigunduresienehuaisalvsimauuinn

a

5UM 5.25 wandiiiiuisnsimuvesmsunludonilddiadiosmnlugnsmnlvly
anneiieendlaugniisansUiunatanienin (MILD Combustion) vastairlyguuinifs
0.58 MW uazlifiveeauetudy 5.8 MW feTBanuisansd (CV) uagisnanasey
Al (CRT) fisauvmis /7 = 0.024, z/Z = 0.0688, z/Z = 0.1168, z/Z = 0.2128, z/Z = 0.328
Wag z/Z = 0.5152 pud iy Tugaeiuvie z/Z = 0.024, z/Z = 0.0688 wag z/Z = 0.1168
ﬁummlw%ﬂ%’m’]hjﬁLaﬁmmwmmm%%’waq Winning and Wanning [3] aghalsinnu
vianldsunsimienihannfedeuilvadsunduiiomweudiinisiauiluegluanizd
29NTLAUYNTRINNUIUNA1MTBNIN (MILD combustion) Tusiumnis z/Z = 0.2128, 2/Z =
0.328 wag z/Z = 0.5152 fisumsnisIndrumdaiien K, vounualndiuuiniui 0.58
MW udedumludfvesruatudu 5.8 MW FeiBanuiasiuazitinanasey
asiulndiAeaty wisiaasegaiiduliien K, anasdntos agndlsfimugungivefineg
looidsmnimindovssvuelneBmasegaiitugani dewSsudeuiuemunlud
vaRuazlniivesrunlagitenuiied daiuduinmsuesvuatu 10 Wi

neanuiou Bsverevunmeitanuiiniivayisnsreevuadiesaategaad L
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finasgedldedAgydednwauzniswindluaniiziioandiaugnidsarsUiunaissauin

£

(MILD combustion)

1800 - 71168 /2Z=0.2128 c Zone A = Stable flame combustion
Q‘ . Zone B = Unstable flame combustion
= 1800 - Zone C=MILD combustion
E & 0.5152
= 1200 |
5y 2 7=0 0588 — —e— 0358 MW
E '
‘; 200 - j =B-58MWCV
]
3 / - &~ 5.8 MW CRT
5 600 j nao reaction
300,/ 1 — ! |
0 2 4 3] 8

Recirculation rate (Kp)

JUN 5.25 aNwaugNE IduaagA Ui InIu IR LYe 0 WH Ll

5.5 wnavan1sveIgvuIasantsiludiluaniszneandiaugnidaatsiiunans
ERHRE!

sUd 526 wandliifudavadliiailuiesnlnsifversauinlneiBiiainsegasi
(CRT) wuiewnseuaquesaililtefifiinniy dewSsuisuiumimluivuinifuuas
i vsiiverevelngiiemEad (V) Suansaarlwiiuiniauasinanismana
%fauﬁLLiﬁﬂ’jw%aLﬁmmﬂmmL%aL%mﬁqaﬁu N1INI¥ANDIAORTIEIUNANDDNTATY R,
vunthinva s ndifisumis 272 = 0.2128 SwuansnisasouaguuasiUadluinirsiu
dmsunsdlveansversvualagiiinaiasegas sUT 527 wansiiuinfiddnsives R, =
0.99 vidpiiuinvesweuuaailiedidwsumialnifsaninsd nuhuTnesveadailu
madimosananludiveeruelngisnaasegasd fiufiniglumnlwdinnniimen
Indfiveneunaseiianusiadiuazmmnlndvunadia U9 5.28 wanssefunisnseunay
vosaliledl R, Fsuansiiiiuinnisveneunlngidnanasegasiiiviunsnsaseungy
07 6.6% luvauziaunlvivuiafnazimuenlvsififnsvoenafmeisanugindis

YIumsmsaseunguegi 4.7%
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1.00
. 0.95
! 0.80

0.85
0.80
0.75
0.70
0.85
0.60
0.53
0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

058 MW 5EMWCV 5.8 MW CRT

JUN 5.26 dns1drunaneandndy R, : @) lussuiu xz (y = 0); (b) Tuszuru x-y Nszey

ANETIV AN A z/Z =0.2128

0,58 MW 5.8 MW CV 5.8 MW CRT

208 387 477 566 G865 T44 833 823 1012 1101 1180 1279 1369 1458 1647 1636 1725 1816 1904 1883 2082

¥

5.27 WufniiAasives R, = 0.99 Fauanaaudvesgumngil (K)

=b.

U



7.00
6.00

5.00

Flame occoupation degree (%)

0.00

4.00 4
3.00 4
2.00

1.00 1

82

6.61

0.58 MW 5.8 MW CV 58 MW CRT
Thermal throughput scale

JUN 5.28 seAuvaUalivnaalivasusiagnsel

nswnbndluaniizieandiaugnidsansuiunalanseuin (MILD combustion) &

YUINVBIANAIAINIT e inalRssfiuaunananalvesUfiseiail [86] anatainisiva

Y30 NN 18T FIEITATIAN (CV) dugenduaal bndouiaiitegiad

HedAguarduiusiviniaowesdasmisanuiouresnswtbng egdlsinialugun 5.29

wandunuAveLaLlailaesiuUes (Damkshler number) Da Uaggu# 5.30 uanslusla

994 Da_7RurtsnimueiluinnsgIunIun1ue 1 ve an wa difs iy wuaidiaony

wansaantes ik lndvuinfuwasiemilvsifversvuinisaats Wslndvese Da

AMIUNTVENLAUIALAEITLIAIAREAIN (CRT) AU ITUAIUNUS 2/Z = 0.0688, 2/Z =

0.1168 waz z/Z = 0.2128 Fsanunsassaunigiulaiananamandduysiuniusnsivig

ANnusauNteuinluseiuenuivananainisuansnazdinnuwana1InuLandes Tuen

Da Wioiguiuwen vduuisdud 0.58 MW

5.10
4.84
4.59
| 434
4.08
3.82
357
3.32
3.06
2.80
| 255
| 230
2.04
1.78
1.53
127
1.02
0.76
0.51
0.25
0.00

0.38 MW 3EMWCV 58 MW CRT

5UN 5.29 uauduansruaulaiiaestinues Da lussunu x-z
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Z/Z =0.024
5
4 L
3k
;g F —_— 58 MW
“F - = 58MWCYV
1+ = - <58 MW CRT
G L " L L L 1 L L ]
0 01 02 03 04 05 06 07 08 09 1
Horizontal distance (x/X)
z/7Z = 0.0688
5
49
g i
2 -
1k
D L L L L 1 L 1 h A & i L
o 0.L000.27703 [ 08l G506 04 6809 Wi
Horizontal distance (/)
z/[Z =0.1168
5 =
AT
3 L a0 \
\
- I
S0 ) \
2 \ |
1] v
21 . \ >
U 1 i 1 i L i 1 i 1 h ot A I . J
0 01,02 03 6405 060708 09 _1
Horizontal distance (x/X)
zZ/Z =0.2128
5 -
b
% ) -
3 2 | 4
I \
1 rF \
= ~ 3
0 i L 1 L 1 L 1 " i i i j

0 01 02 03 04 05 06 07 08 09 1
Horizontal distance (x/X)

JUM 5.30 uaulaiiaesiuiues Do m1uuuivde (unu x) veamirnnsluudazssezaiy

g 1UBWAWH L ALT
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5.6 HWAYaIN1sVEBIUInNFen1sUanUdasaanlunvaslulasian (NO,)

Ul 5.31 uag 532 uansianavensversuunsen sUanUdesfinveonlasiues
Tulnsiau (NO,) n1sagreauIalagisaudand (QV) vlnisvandaesfinvesnlenves
lulnsiuiiinduesreiifodify Turnefinisvsrsauinlasisinaiasegasd (CRT) T
Indsstummrlvdvunaiy uwilnnsvasddesfnweenlsdvadlulasiauanaadntos (i
i1 1.84%) Funaiuldinauiduduresfsesnleduedlulnsiaufigaduogiedaiau 7
Uanemsnsivavesmisnlnifvesvunnlagidanuing duandugud 533 dmiu
Snufisenmanaiauasgaanevesiiveenleduaslulasauiiuandusuil 534 dunui
TumsnnfnnausazmmludifvesvuinlaeiBnainsegaaiifinnuadendeiu us
wwldifvensuuelngisammadiiu fsamnsgyaanevesiwsenleduasiulasiay
fmnidsaeandasiuanududuvesfeonledvasiulngiau

nafiututesiaaiataglnemsversrunalasisaudiad dunumdidnlunis
UanUdosfmoonleduedulnaiauiigaiu 9inmsail 5.2 aunisiidussmesmsioinfineg
sonledvoslulastautiiasainaaudou (thermal NOY, nmsnatinfigeonlesvaslulnsiau
FuFundu (prompt NO,) wazmsanasvasiaeonlasvasiulnsoulagnisiinduamlng
(NO, reduction by reburning) aen1suanvassingeantunvesiulasiaulaesal wWwiuladnin
Awoonlusvaslulnsiauiiinann thermal NO, Yutfuganisudnlunislaniassfie
sonledvaslulagiau mude prompt NO, fasainnisanasesigesnleivadlulngiau
Tngnsinnauuwa vt (NO, reduction by reburning) ﬁ?ugﬂ%’um?{auimammL%’msi’fusum
NO, kag HCN wuinnisanassesiigoenlesveslulasiaugsgadmiunsdueismuiniude
Banudined mszdlovgnsrualagldiBanusaiinlinisneiavesiivesnledues
lulasiau faaseyuutudsdssalfiinnsazauesfigoonledvaslulagiaumelunie
Indnntudaazthlugnisanddesfngoonlesvasiulasauiigsduluiian nasnnisdass
wansliiuinamdudurosingeenlasveslulasiauiiiosarnaiudeu (thermal NO,)
ﬁm%’umﬂmsﬁummi@sﬁ%mmL‘%’mqﬁqﬂﬁqm (296.23 ppm - 110 ppm = 186.23 ppm) iile

= = Y v v & I3 = Aa
Wisusuiuanuuturesingeanlenveslulasiauiiasainnaln prompt NO, idlauie

fndnduwin (122.28 ppm - 110 ppm = 12.28 ppm)
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185
185
175
165
156
146
136
127
117
o7

&8 8389

5.8 MW CV 5.8 MW CRT
UM 5.31 uauduanennudutuyed NO, (ppm vol. dry) Tuseuu xz

200.00 ~ 188.17

2, 160000 21 /72 547,14 138.55

0.58 MW 5.8 MW CV 5.8 MW CRT
Thermal throughput scale

JUN 5.32 anuiduduves NO, ivnseanatnenimilsiveviaanunsd
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r 2Z =0.024 2/Z = 0.0688
~09 .
Fos ¢ —_—058 MW £09 I
227 ¢ - =58MWCV ohs :
206 - - 207 |
Z05 — - 058 MW CRT Zos .
Z0s p
— 04 & e
£03
502
201
| 0 L L |
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
NO, (ppm vol. dry) NO, (ppm vol. dry)
1r Z/Z =0.1168 [ 1 2Z =02128
~09 - * 1 1 -
508 I g09 |
g 07 ! 208 |
06 - I 307
205 ’ 506
04 [ - $035
B T - 04 f
800 03
502 § 02 [
o 01 L =y
: S0 : 4
0 i 1 il 1 1 L 1 1~ 1 ] L 1 1 1 0 1 L 1 I 1 1 i i 1 14 L ral 1
D 20 40 60 80 100 120 140 160 180 200 020 40 60 80 100 120 140 160 180 200
NO, (ppm vol. dry) NO, (ppm vol. dry)
1r ZZ=0328 ' 1r 2/Z =0.5152 i
=09 ¢ 1 0D T : !
Hogf ' 08 | I !
g 07 ¢ | o 07 & | !
206 - | Z06 : !
=03 1 S03 0 | ’
04 - ' 04 ¢ ; |
= I I 203 | ! |
502 [ \ Z02 " 1
O A Ton (F - !
0= i . 4§ L L i 0 ! b Y 0 L L [ L [ P
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
NO, (ppm vol. dry) NO, (ppm vol. dry)
L 27 =0.7968 I '
09 . :
§,0'8 L ! 1
2 07 F i
206 ; !
EosW i !
S04 F \ !
503 - ! |
g02 ¢ | -
Mo1 [ : !
0 C L i L 1 i |

0 20 40 60 80 100 120 140 160 180. 200
NO, (ppm vol. dry)

3UN 5.33 AuLduduves NO, mallinye (uny x) vesn i vsilulsagsyugannugives

ERIRI
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2.00e-05

-7.50e-07
-2.15e-06
-4.23e-05
-6.30e-05
-8.38e-05
-1.05e-04
-1.25e-04
-1.46e-04
-1.67e-04
-1.88e-04
-2.08e-04
-2.29e-04
-2.50e-04
-2.70e-04
-2.81e-04
-3.12e-04
-3.33e-04
-3.54e-04
-3.74e-04
-3.95e-04

' '

038 MW 58MWCV 5.8 MW CRT

3UN 5.34 LovFvesdnsiuise1ves NO, (ke/m? s) Nusalnanuiamnluszuiu x-z

u

M19199 5.2 Nan1391889U0IMsnelinuwaznN1sdaa18ves NO, (ppm vol. dry)

NO, Calculation 0.58 MW | 5.8 MW CV | 5.8 MW CRT
NO, concentration in oxidizer 110 110 110
Calculate only thermal NO, 187.35 296.23 189.16
Calculate only prompt NO, 119.24 122.28 122.03
Calculate thermal NO, and prompt NO, 188.57 299.32 190.41
Calculate thermal NO,, prompt NO, and | 141.14 188.17 138.55
reburning NO,

Difference when reburning NO activated | -47.43 -111.15 -51.86

=

JUN 5.35 uansdunulamaeituiuesvasingeenleavesiulnsiay Day, vos
W lvunadusaz i iniivgigaunngeisausansd (V) uagisnannsogasi
(CRT) wuddn Dayg, fianfounimils SsUsihananaivesufisenaivesnisiefnuie
aaaeves NO, tufiunnniananamesnsinafemainanalaalulnen Axuands
nsfelinviegaaatgvas NO, tugnaumlasnalniaunamansiad dsnanilddnisne
\Aavidegayaaisues NO, gnaruaulasansdutuvesalTdvesinaiiieadouasgungi
wnnhdanmanauvesmsivauuudutiu fafudmiunsveeruslagianugin 6
Day,_ iidumusinfidoswesainanisvgnsvuiamisauioy uidmiunsvessun

lngTBansegasiiium Day, danuadigadsiumianlrdvuiaifa iesanainaiian
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vaamsiaresoimanamansiy lasnwlilidaiduneniniauiadudsiiuansugui

5.7 mMaiiuduvesd1 Day, Wevengrwialagliitainuineiiny daiwmenindiiduun

magunsailugndn asviliianlunisnaifinves NO, Hia1unudiu daalvdnisavauves

NO, Tumlvsianndunaziilugnisuanudes NO, 91gedu

L | 22=0.024
06 |
i it
05 it
— |
z04 | i
Sos I bl ——0.58 MW
- s Sie 52 MW CV
pr i : \ — =58 MW CRT
O L L ! L 1 L 1 L L

0 01 02 03 04 05 06 07 08 09 1
Horizontal distance (x/X)
0.7
0.6
05
iR ]
g 03
02
01

0 AF AT LY . . L . . . ,
0 o0 1702 0 W30 09 4 069 04 OB 09 1

Horizontal distance (wX)

ZIZ = 0.0688

TET Ll T T T T B T %0 T8 1
—
-—

0.7
0.6
05

z/Z =0.1168

204
So3
02
0.1

D 1 1 i 1 I - 1 L 1 L i
@ 9Bl 0.2 03 04 0O 056, OF "UB" 0BG L

Horizontal distance (x/7)

T T W e T T =Ty
—
-

0.7
0.6
0.5
504
§03
02
0.1 4N
\

0 i _— i I i i i J
0 01 02 03 04 05 06 07 08 09 1
Horizontal distance (xX)

7/7 =0.2128

JUN 5.35 uaulaviaestuivesvesiweanledvedlulnsiau Day, m1uLWIVIN (UNU X)

Yo s lulea ST L AILE1 VDAL LT
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=b.

un

AjUnanazUalEuauUE

6.1 @yUna
NAYDINITVYIEVUNANAINAFDANTIOULAITHN LDV 8UUINN TR Tl uan1e

'
a o =

feanTaugnidoansUunalavzonin MnszauisenanssuludwuluuszAuanaInn sy

JUlAN191579a@9UlA8N1591a89T9FLAY AISVYIWIUINAILITAIULEIANT (CV) waeds

'
a

na1segasit (CRT) gnihuldiievensvuindnsinisaruiouseaniailvg 91nfuiid
yualuszAURsRamnTIui 0.58 MW fuldmeneantu 10 wih 1du 5.8 MW Fawuiinig
YevUIndIEIEANEIRvil N sUanUssaRmeanlesaasiulasiou (NO,) duiinay
Wudufisty suitedilsiiauessiurontatlimued R, Sannayudeundures
freamelunuwilvg K, wasAuailpiiaestuues Da nsuuswisuvesnsifiwesidu
daadndrdmailunisvgsvuiadiedsfiuanai sty duldinavedunfusnlunis
ATINABUNANTENUBINTUE BATId A UszaMS N mvssnssnlviluaniaz leandiau
gniFennsuunansviesnn dadunundneesimiteiliswielui

1. maunlvifluaniiziioendiaugnidentsuiunaiwiesnn awnsnveisauinduld
ufiumela Tnevegruednrmsenudeuliigetu 10 wh daioudiounadnsvonsd
fuguawlvdiiuadutuesilnifivnmssatulaeide s tunuindnmdon
sevhsnavesfeinudoundudeiiasmveudomasiueendlaosiluaidgumun v
favun foen K, dudaasiiluhumdifumesgufeniu fadunmivesudifiddy
yosnsunludiluaniiefieandiaugnideatsuiunaaviennn

2. MveBrUIATIETEANIEIA (CV) dmalinaiasegvesnisivavesfitenielu
wlvsiundy egnlsinunamaufudesnnanutuluderusuusaiosndilususy
Weriuiunaiasegvenisinadumaliomeanamansvesnisivainnuadiendsiuiunis
V1B rLINFEITIaIAsegA (CRT) Faflnunialunisivaiifiuturinlieniuussesnis
Huthugiulupmwififnsesmstuueniniddaunaiunuinendeiigeduly
spiudnfuiunNLswesmuiuludmalieniamaman sueanisivadanundionds

(%

Y

(Y]

3. sgavveaalimaainglumnlnifvegvuindigisinatasegasi (CRT)

HuAsutgenieenlniiveneuunmeisnuFIAgm (CV)
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4. wupueaeadsiulunisnszaadvasraulaiaesinues Tuwawladuuin
Waazwmwn lndfidnisveneauadulaesassdd lnedinisnszaeiinietudndeudmsy
MI3vEVIRMIEITIIAIAseYAT (CRT) Falunmsuanstsnnuamendsiulunismlilag
Ndnsaduvesananaivainisraduainanaivensujisenisen ndtuiiaiaan

5. nsuanUapeitweanlanveslulnsiay (NO,) dwsunsaindnisvensvuinaiedd

3 a ) ] Y  ad A =
ANUFIAIN (CV) WugenInn1svenevuamedsiiaiategadl (CRT) 1Hp91nn1sveneuun
mesanusngd dubiaiaegivudulunmsnainesnledvedulasiau melianie

NgnatuAtlagIauNaAIanTN1LAL

6.2 UalauaLug

1. MsfnmIsmsvsvunsnuaisn sluanngiioendiaugnideatsuiy
nansvidounn dwdulfailugaavnssuiivinlinnsuasUdesuaiivinmilousuluuiaz A
fupnedenlsigannifuluiuduussduiiuidneidedel

2. AN INARBIINAIUATUNM ITIne 0T aY Tunisfin¥in1svensvuIn e
wagwnunlnd o asdeunavesnIsvesrwaiindusie uaglinisdaondsiaanya
AnneinadiRnTulanabaiu

3. sAnwIIsMsTEnsIaTEa s rTlviluanazisendlaugnideansuiy

naNausaun dusulamasvadwazamdndululsssunin@nesitesdsld
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Development of Pulverized Biomass Combustion for
Industrial Boiler: A Study on Bluff Body Effect

Niwat Suksam and Jarruwat Charoensuk *

Experimental and numerical investigations were performed for pure
pulverized biomass combustion in a 300 kW laboratory swirl burner with a
pre-combustion chamber. This work investigated a bluff body at the burner
tip and how that affected the combustion characteristics in comparison
with a conventional annular orifice burner. The combustion performances
were assessed by measuring the temperature distribution in a pre-
combustion chamber and furnace, oxygen concentration, and emissions
(CO and NOx). Simulations were carried out and validated, providing
insight on flow aerodynamics, particle trajectories, species concentrations,
and temperature in a pre-combustion chamber and furnace. It was
concluded that the bluff body provided a superior performance in terms of
flame attachment and combustion efficiency. However, the emissions
were high due to the contribution of thermal NOx.
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INTRODUCTION

Coal consumption has become a debatable issue over recent years because it is a
non-renewable resource. The concern regarding the impact of emissions from coal
combustion on climate change has increased the interest in biomass as an alternative
because it is renewable, considering that it is a carbon-neutral energy resource (Sami et al.
2001). However, biomass has lower calorific value because the composition of biomass
has a lower carbon content than coal. Additionally, when converting chemical energy to
thermal energy via combustion, its thermal performance should be considered, i.e., its
flame stability, emissions, etc.

Pulverized biomass has been adopted for co-firing with pulverized coal in the
furnace of an industrial boiler for power generation and process steam. Yi et al. (2013)
conducted a study with thermogravimetric analysis (TGA) on a blend of ramie residue and
coal. The effects of coal blending ratio from 0 to 30 wt% on performance of cyclone
furnace were investigated. Ndibe et al. (2015) had successfully run a 300 kW combustor
firing 100% pulverized torrefied spruce, 100% pulverized coal, and 50% blending of these
two types of fuel with pre-heated secondary air at 195 °C. A study using a drop tube furnace
was also carried out by Wang et al. (2015) on coal and coal-biomass blending combustion
performance (coal, straw, and wood). Results suggested a positive effect of blending on
combustion efficiency and NOx emission. The effect of air staging was also evaluated. Aziz
et al. (2016) had adopted computational fluid dynamics (CFD) for simulation of
combustion performance of pulverized fuel blends between palm kernel and coal in an
existing power plant. In their study up to 15% of the biomass could be adopted for co-firing
without adverse effects on temperature distribution. Darmawan et al. (2017) performed
experimental and numerical investigation on combustion of hydrothermally treated empty
fruit bunch (HT-EFB) blended with coal in a drop tube furnace. A feasibility study was
also carried out to integrate fuel processing into power plant system. Pu et al. (2017)
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recently attempted to use coal blended with biomass as a feedstock for an oxy-fuel bubbling
fluidized bed combustor.

The existing plants have not been designed for firing pure pulverized biomass. This
is due to the low heating value of volatiles as compared with that from coal, leading to
problems with its flame stability. Char burnout was relatively slower due to both a larger
biomass particle size and slower reaction kinetics. Firing pure pulverized biomass has been
tested in the laboratories of some research institutes.

Ballester et al. (2005) carried out experiments on pulverized combustion in a semi-
industrial scale furnace with three types of fuel: bituminous coal, lignite, and oak sawdust.
Due to the difference in the stoichiometric air ratio of sawdust from coal, the operating
conditions for bituminous and lignite were similar; however, there was a significant
difference observed for sawdust. The aim of that study was to investigate the effect of
different fuel types on some important flame characteristics, such as visible flame shape,
distributions of temperature, and some major species (i.e., O2, CO, NOx unburned
hydrocarbon, and N20O). It was found that a high volatiles content of lignite led to more
intense combustion near the burner when compared with that of the bituminous flame. Such
effects were even more prominent in the biomass flame due to it having the highest value
of volatiles content. In addition, the results of hydrocarbon concentration and CO
concentration confirmed this finding. Therefore, an expanded combustion zone of biomass
had been found. However, according to the percentage of unburned carbon 1 m from the
burner outlet, the combustion of bituminous particle was the lowest, followed by lignite,
and the biomass particles gave the highest percentage of unburned carbon. There were two
distinct regions of combustion, with the fist zone exhibiting intense volatiles combustion,
followed by the region with trace amounts of delayed volatiles release and the burning of
solid char.

Computational fluid dynamics has been widely used for the research and
development of a pulverized combustion system. Ma et al. (2007) simulated the
combustion of biomass in an existing pulverized coal-fired furnace by using a developed
CFD model. The prediction showed a reasonable agreement with experimental data. Yin
et al. (2012) investigated the combustion characteristics when firing pure coal and firing
pure wheat straw in a 150 kW swirl-stabilized burner flow reactor under nearly identical
conditions. Their results showed dissimilar combustion characteristics between the coal
flame and the straw flame. Li et al. (2013) investigated the combustion characteristics of
pulverized torrefied-biomass firing with high-temperature air by experiment and by
simulation using CFD. They reported on the effect of drag force on the devolatilization of
biomass and on the flame characteristics. The effect of oxygen concentration in an oxidizer
and of air velocity on the flame characteristics were additionally discussed.

Elfasakhany et al. (2013) studied the combustion of pulverized biomass by
conducting experimental trials and performing a simulation with CFD. There were three
groups of particle size distributions ranging from 0.02 mm to 1.2 mm with an aspect ratio
greater than 5. The study found a high volatiles release with high concentrations of
hydrocarbon and carbon monoxide. The flame resembled a gaseous premixed flame. Three
distinctive zones are identified: the preheated zone, the devolatilization zone, and the char
oxidation zone. The heat transfer mechanism of the preheated zone for biomass was
different from that of the gaseous combustion because the biomass particle was heated up
by the radiation mode of heat transfer from the flame and furnace wall prior to undergoing
the process of devolatilization. Therefore, pollutant emissions were affected by the burner
configuration, particle size, and the furnace chamber. In addition, there was a “rocket
effect” during the devolatilization process of the biomass particles.

Weber et al. (2015) studied the variety of combustion behaviors in mixed wood,
sawdust, fermentation-process residues and grain residues, and South African Middleburg
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coal. The pulverized coal was injected through an annular nozzle surrounded by the
combustion air without swirl, and the biomass was injected through a central pipe nozzle.
The furnace was cylindrical with a vertical orientation. The firing rate was 15 kW for all
cases. Important flame characteristics such as ignition, temperature rise and distribution,
devolatilization, NOx emission, combustible burnout, fly ash, and slag were investigated.
The peak temperature in the volatiles combustion zone when firing coal was 100 °C higher
than that of biomass, with an earlier ignition observed for coal. However, all types of fuel
fired under this experimental setting achieved a burnout greater than 94.2%.
Approximately 50% to 60% of the nitrogen content in sawdust and mixed wood was
converted to NOx, while 16% to 18% was converted for the coal, fermentation-process
residues, and grain residues. The bottom ash deposition was found at 950 °C to 1200 °C,
and the deposition for the biomass combustion was three times greater than that of the coal
combustion.

Karim and Naser (2018) developed user-defined subroutines on a commercial CFD
code (AVL Fire) for simulation of woody biomass combustion on moving grate boiler.
They found an agreement between the simulation result and the experimental data. Gomez
et al. (2019) developed a mathematical model for porous media. The model was used
together with a commercial software, FLUENT, to simulate combustion, heat and mass
transfer in a 35 kW wood pellet furnace. The effect of exhaust gas recirculation (EGR) and
excess air was investigated. The model had reasonably represented the phenomena taking
place in the reactor.

Elorf and Sarh (2019) found the effect of excess air on the flow aerodynamics and
the combustion characteristics of pulverized biomass to be made of olive cake in a vertical
furnace with a cylindrical cross section. Fuel was injected radially from the bottom of the
furnace to increase the residence time. The study adopted CFD to perform a 3D reacting
flow simulation. Biomass with an average particle size of 70 um was injected radially and
combusted under excess air ratios of 1.3, 1.7, 2.3, and 2.7. The simulation suggests that the
increase in the excess air ratio would dilute the CO and CO> concentrations, decrease the
flue gas temperature, and shorten the flame length.

Combustion of biomass in pulverized form has the potential for replacement of
conventional fossil fuel. In a conventional burner configuration, fuel is fed into the
combustion chamber by pneumatic transport surrounded by combustion air. Introduction
of swirl motion to the primary or secondary air stream would help spreading the solid
particle around, leading to rapid heat transfer as well as the enhancement of devolatilization
and its reaction rate (Zhou et al. 2003; Gu et al. 2005). However, when combusting biomass
with different ignition and char burnout characteristics, additional modification is
necessary to improve the combustion performance of the burner.

This paper reports on an achievement made on combustion of pure pulverized
biomass with a new burner specifically designed and constructed for pure biomass
combustion. The burner is equipped with a pre-combustion chamber, which is used to
accommodate ignition of biomass volatile compounds. Apart from the result of the base
case, development work is also carried out by installing a bluff body at the burner tip
locating at the center of primary air inlet. Discussion is made on how this bluff body affects
to the aerodynamics at the central region of a pre-combustion chamber, which leads to
improvement of combustion stability and efficiency. The result is verified by temperature
distribution and CO emission taken from experiment performed by the authors. CFD is
used to investigate aerodynamics, particle trajectories, devolatilization, and combustion
when the burner is operated with and without bluff body. Species concentration and NOx
emission are also reported. This simulation enable an in-depth understanding on how the
bluff body affects to aerodynamics in the near burner region and eventually to combustion
stability and emissions.
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EXPERIMENTAL

Experimental Setup

The pulverized biomass swirl burner assembled with a pre-combustion chamber
had diameters of 0.385 m and 0.465 m. The furnace had 1 m in inner diameter and 1.215
m in length, as shown in Figs. 1 and 2.

LK

SN\ ~~ | S
Fig. 1. Pulverized biomass combustion system: (1) pulverized biomass milling and feeding system,
(2) primary air and fuel inlet, (3) secondary air inlet, (4) tertiary air inlet, (5) swirl burner and pre-

combustion chamber, (6) furnace, (7) flue gas treatment and wet scrubber, (8) air supply system,
(9) ID fan, and (10) flue gas stack

Fig. 2. Pulverized biomass combustion burner and furnace
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The burner was operated at 300 kW thermal throughput (net) at an equivalence ratio
of 0.834 (20% excess air). The fuel and air entered the furnace at 313 K. Primary air and
pulverized biomass entered through a central pipe with diameter of 0.0525 m. The primary
air and fuel were fed at 0.0186 kg/s and 0.0134 kg/s, respectively. Secondary air travelled
through swirl vanes, creating a swirl flow, with a swirl number equal to 0.83, through the
annular pipe before entering the pre-combustion chamber at 0.0869 kg/s. Tertiary air
entered the furnace from the connector between the pre-combustion chamber and furnace
at 0.0334 kg/s, as presented in Table 1. The induced draft (ID) fan was used to draw flue
gas from the furnace to the stack. The vacuum outlet of flue gas was controlled at 1500 Pa
below atmospheric pressure. The flame temperature was measured using a type K
thermocouple with a Yokogawa XL100 Portable Data Station (Yokogawa Electric
Corporation, Tokyo, Japan). The combustion gas species were measured using a Testo 330-
2 LL flue gas analyzer (Testo AG, Lenzkirch, Germany). The monitoring locations of the
pulverized biomass furnace are illustrated in Fig. 3.

Table 1. Operating Conditions of the Furnace

Parameter Value Unit
Thermal throughput (based on fuel lower heating value) 300 kW
Pulverized biomass feed rate at primary inlet 0.0186 kg/s
Excess air ratio 12 -
Primary air flow 0.0134 kg/s
Secondary air flow 0.0869 kg/s
Swirl number 0.83 -
Tertiary air flow 0.0334 kg/s
Mole fraction of Oz in air inlet 0.21 -
Mole fraction of N2 in air inlet 0.79 -
Temperature of primary, secondary and tertiary air inlet 313 K
Outlet vacuum of flue gas -1500 Pa
S ee e 0 ——

OO0
OHFIH

!
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Gas measurement

Fig. 3. The monitoring locations of the pulverized biomass furnace. The locations of T1, T2, T3,

T4, T5, T6, T7, T8, and T9 have distances from the burner exit as follows: 0.082 m, 0.182 m,
0.282 m, 0.382 m, 0.482 m, 1.081 m, 1.594 m, 2.107 m, and 2.681 m, respectively.

Bluff Body

Two types of nozzles were used. The annular nozzle in Fig. 4a was equipped with
a liquefied petroleum gas (LPG) burner at the center of the pipe, resulting in an area ratio
of 0.23. A later version (Fig. 4b) was equipped with a 6 mm bluff body with a 45 degree
cone angle detached from the LPG burner. This later version provided the blockage ratio
of 0.42.
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Tertiary air

Secondary air

\r

rimary air with
pulverized biomass

(a)
Jary air
I Primary air with
pulverized biomass
(b)

Fig. 4. The two cases of the burner tip in the pre-combustion chamber, with (a) being the annular
orfice and (b) being the bluff body
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The definitions for the area ratio and blockage ratio (b.r.) were similar. It was
defined as the cross-sectional area of the no-flow section to the total cross-sectional area
of a primary air pipe, as shown in Fig. 4 and Eq. 1,

d 2
b.r.= (B) (1)

where d is the bluff body diameter (m), and D is the primary air pipe diameter (m).

Pulverized Biomass

The pulverized biomass was made from a rubber tree from the southern part of
Thailand. Initially, it was pelletized and packed prior to shipment. It arrived at the test site,
was pulverized by a hammer mill, and was filtered by a 0.5 mm perforated stainless plate
(Fig. 5). The size distribution of the particle after passing through the perforated plate is
given in Table 2. The proximate and ultimate analyses of the pulverized biomass are given
in Table 3.

Fig. 5. Pulverized biomass fuel, (a) pellet biomass fuel from rubber tree before milling and
(b) pulverized biomass fuel after milling

Table 2. Pulverized Biomass Sieve Analysis

Mesh size 425 300 180 150 75
(um)
5 .
wt% Passing 97.5 80.6 55.1 42.5 24.4
Through

Table 3. Proximate and Ultimate Analysis of Pulverized Biomass Used

1 I 0,
Proximate Analysis (wt%, as Ultimate Analysis (wt%, Dry-Ash-Free)

received)
Volatile : Fixed HHV LHV
Ash matter Moisture carbon c H O N | S (MJ/kg) | (MJ/kQ)

2.28 | 76.68 5.81 15.23 | 49.42 | 6.16 | 4393 ({049 | 0 | 17.50 16.16
HHV: higher heating value; LHV: lower heating value

Mathematical Modeling

The CFD software FLUENT was used to solve the discretized equation of fluid
flow combustion, heat and mass transfer, and the tracking of a solid particle. The
computational domain of the pulverized biomass combustion furnace is shown in Fig. 6.
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The three-dimensional computational domain with a hybrid mesh made with both
hexahedral and polyhedral mesh was used. There were approximately 600,000 cells for
this simulation. The standard k — ¢ model with the standard wall function was used to
model the turbulent flow (Launder and Spalding 1974). The radiative heat transfer included
in the simulation was the discrete ordinates (DO) model (Raithby and Chui 1990; Chui and
Raithby 1993; Murthy and Mathur 1998). The absorption coefficient for radiation was
calculated using the weighted sum of gray gas model (WSGGM) (Smith et al. 1982;
Coppalle and Vervisch 1983).

Flue gas
outlet

Primary air
inlet and
Tertidty fuel inlet
airinlet  Secondary

air inlet
: &
Xl Z
Fig. 6. Computational domain of the pre-combustion chamber and furnace

Discrete phase model

To simulate the pulverized biomass combustion, the discrete phase model (DPM)
was adopted using the Eulerian-Lagrangian method. The gas phase was modeled by the
Eulerian method, while the discrete solid phase of biomass particles was modeled by the
Lagrangian method.

Combustion model

The single kinetic rate model was employed to predict the devolatilization of
pulverized biomass (Badzioch and Hawksley 1970). The homogeneous combustion of gas
phase was predicted using eddy-dissipation model (Magnussen and Hjertager 1977). The
two-step global reaction of the gas phase is modeled in Egs. 2 and 3.

1.04C + 2.32H + 1.040 + 0.013N + 0.580; = 1.04CO + 1.16H,0 + 0.0065N2  (2)
CO + 0.50; = CO» (3)

The char oxidation was determined by the kinetic/diffusion-limited rate model (Field 1969;
Baum and Street 1971). The biomass char surface oxidation model is shown in Eq. 4.

C(s) +0.502 = CO 4)

Nitric oxides model

In the present work, the nitric oxide (NOx) model consists of NOx formation from
thermal NOy, prompt NOy, and fuel NOx. In addition, the NOx reduction from the reburn
mechanism was included in the simulation. Thermal NOx refers to the NOx formed via the
high temperature oxidation of the nitrogen of air in the combustion. The rate of thermal
NOx is calculated by the extended Zeldovich mechanism (Zeldovich et al. 1947). The
prompt NOx is generated by the reaction between nitrogen and hydrocarbon in a fuel-rich
zone of combustion (Fenimore 1971). Fuel NOy is formed by the reaction between the
oxygen and nitrogen contained in the fuel (De Soete 1975). The NOx reburn mechanism
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was modeled via the reaction of NOx with HCN to form N». Another reaction pathway is
between the NOx and CH; radicals that formed HCN, which eventually reacts with NOx via
the former reaction (Kandamby et al. 1996).

Numerical method

The solution methods used for the numerical simulation were the semi-implicit
method for pressure linked equations (SIMPLE) for the pressure-velocity coupling scheme,
the spatial discretization used the least-squares cell based for gradients, the Pressure
Staggering Option (PRESTO!) for pressure, and second order upwind for what remained,
i.e., momentum, turbulent kinetic energy, turbulent dissipation rate, gas species, energy,
and DO for radiation heat transfer.

RESULTS AND DISCUSSION

Experimental Results
Temperature distribution

Figure 7a shows the temperature distribution in the combustion chamber of the base
case having an annular outlet with an area ratio of 0.23. The flame was visualized at a
certain distance from the burner outlet, next to the cloud of unburned particles. In contrast,
Fig. 7b shows the cone-shaped bluff body with a blockage ratio 0.42, and the suggested
attached flame, with a strong illumination of the flame, next to the burner outlet. A
relatively greater degree of particle dispersion was observed, implying that the particle
could receive more heat transfer from the convection of hot gas and radiation from the
refractory of a pre-combustion chamber. In comparison with the annular orifice case, a
relatively greater wake region was created next to the bluff body, which was an additional
contribution to this effect. These observations agreed with the findings of Liu et al. (2016).

Figure 8 shows the axial distribution in temperature. This figure supports the
discussion regarding flame attachment as given in an earlier paragraph. The case with a
blockage ratio 0.42 provided higher temperatures next to the burner inlet, especially at T2
where the temperature was 497 K higher than that of the same location for the annular
orifice case. This indicates there was an earlier ignition. In addition, the furnace
temperature was 145 K higher than that of the annular orifice case, implying a higher char
reactivity. However, there was small difference in the flue gas temperature at the furnace
exit (T9), with a temperature that was 79 K higher than the annular orifice case.

Species concentration

Figure 9 shows the oxygen (O2) concentration at the furnace exit. The annular
orifice case had a greater amount of O left unconsumed, which is logically related to an
earlier observation on temperature distribution from Fig. 8.

The carbon monoxide (CO) concentration at the exit plane of the furnace was
compared between the base case and the case with a higher blockage ratio, as shown in
Fig. 10. The annular orifice had a higher concentration of CO, suggesting there was a lower
proportion that burned out. This suggested that the annular orifice nozzle had allowed too
much penetration of the primary jet, causing a significant amount of unburned particle to
pass through the pre-combustion chamber. These particles when entering the main chamber
were quenched by relatively cooler environment. This was unlike the case equipped with
a bluff body of blockage ratio 0.42, where a greater portion of the fuel particles had enough
residence time to burn in the pre-combustion chamber. This latter case yielded less CO
emission at the furnace exit plane.
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(b)

Fig. 7. Flame inside the pre-combustion chamber of the annular orifice (a) and bluff body case (b)
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Fig. 8. Axial temperature distribution inside the pre-combustion chamber and furnace
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Fig. 9. Oxygen (Oz) concentration (vol%, dry) at flue gas outlet
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Fig. 10. Carbon monoxide (CO) concentration (ppm, dry) at flue gas outlet
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NOx concentration

Figure 11 shows the comparison of NOx concentration at the furnace exit. The case
with the bluff body with more fuel burn out and a higher flue gas temperature yielded
higher NOx emissions as compared with the annular orifice case. This relationship suggests
that NOx could be attributed to thermal NOx via the Zeldovich mechanism. Although NOx
could come from the reaction involving the nitrogen content in fuel (fuel NOx), between
OH radicals and nitrogen molecules near the flame (prompt NOy), or other formation
pathways, i.e., intermediate N2O, etc., their contributions to the total NOx emissions were
considered small. For instance, the nitrogen content in fuel accounted for 0.49 wt%, dry
ash-free. However, the difference in the NOx emissions for the annular orifice case was
twice as much as the cone-shaped bluff body case.
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Fig. 11. Nitric oxide concentration (ppm, dry) at flue gas outlet

Model Validation

To obtain a sensible prediction of the numerical results, the model was validated
against the experimental results of the bluff body case. Comparisons between the CFD data
and the experimental data on the axial temperature profile and species concentrations are
shown in Figs. 12 through 15.
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Fig. 12. Comparing axial temperature between CFD and experimental results for the bluff body
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Fig. 13. Comparison of Oz concentration (vol%, dry) between the CFD and experimental (EXP)
results at the flue gas outlet for the bluff-body case
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Fig. 14. Comparison of the CO concentration (ppm, dry) between the CFD and experimental (EXP)
results at the flue gas outlet for the bluff-body case
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Fig. 15. Comparison of nitric oxide (NOx) concentration (ppm, dry) between the CFD and
experimental (EXP) results at the flue gas outlet for the bluff-body case

The results were generally in agreement because both the experiment and prediction
give resembled trends along the axial direction from inlet to the furnace exit plane.
However, when focusing on certain locations (e.g., T2, T3, and T4), the prediction
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provided a slight under-estimation of the flue gas temperature. Nevertheless, the effect
caused by the difference in the inlet configuration was reflected in the prediction of the flue
gas temperature at T1. The prediction of oxygen concentration at the furnace exit plane
was similar to the measured result. However, the model under-predicted the CO
concentration when compared with the experimental data. This was due to the fact that the
prediction of CO oxidation rate in gaseous phase was defined by the eddy dissipation
model, which is based on an assumption of fast kinetics. Development of a CO oxidation
model for post combustion zone under an oxygen-depleted environment is an interesting
topic of future research, as the reaction rate of CO is more likely to be governed by
chemical kinetics. As for the NOx emissions, the prediction agreed with the experimental
results.

Numerical Results
Flow fields

Figure 16 shows the predicted axial velocity component (x-velocity) inside the pre-
combustion chamber and furnace. As expected, the case with the annular orifice had a
higher magnitude of x-velocity. In the wake region, next to the bluff body, the magnitude
of the negative velocity was greater than that of the annular orifice. Moreover, the region
with the negative x-velocity value was larger than the annular orifice case. The maximum
predicted value in this region was as low as -4.33 m/s for the bluff body case. This effect
helped bring the hot flue gas that was downstream of the pre-combustion chamber
backward to the region next to the burner exit and promoted volatiles ignition in an
“internal recirculation zone.” An increase in the flue gas temperature in the pre-combustion
chamber caused an increase in the specific volume, thus resulting in a higher flue gas
velocity at the connecting port between the pre-combustion chamber section and the main
furnace.

(b) Bluff body H
-4.33 -2.29 -0.25 178 383 587 781 9.95 11.89 14.03 16.07
Fig. 16. Axial velocity magnitude (m/s) inside the pre-combustion chamber and furnace for the
annular orifice case (a) and bluff body case (b)

Figure 17 illustrates the velocity vector and its magnitude in the pre-combustion
chamber. For the annular orifice case (Fig. 17a), the directions of the velocity vectors
around the centerline pointed toward the central region of the pre-combustion chamber.
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However, the external recirculation zone had a relatively lower magnitude as compared
with those found in the case with the nozzle equipped with the bluff body (Fig. 17b). In the
latter case, a stronger reverse flow, indicated by the direction of the velocity vectors,
pointed backward to the bluff body. In addition, the region of the reverse flow was greater
than that of the annular orifice case.

3 ,‘l T e

(a) Annular orifice :; =

I !

(b) Bluff body

‘ { ) 1.7 13.67 16.62 17.57 19.62
: » NI/ ~ :

Fig. 17. Velocity vectors colored by the velocity magnitude (m/s) inside the pre-combustion
chamber for the annular orifice case (a) and the bluff body case (b)

The particle trajectories of the biomass for both cases are shown in Fig. 18, with
different color shades indicating the different levels of volatiles content in the particles.
The prediction gives a clear explanation for the experimental data because there was less
particle dispersion for the annular orifice case when compared with the bluff body case.
This resulted in a relatively poor release of volatiles. For the annular orifice case, volatiles
had not completely released from the particle when leaving the pre-combustion chamber
(Fig. 18a), while almost all the volatiles had released for the bluff body case. The
asymmetry of all the species’ concentrations and temperatures discussed in the following
sections were due to a gravitational force that brought the particle down toward the lower
part of the chamber.

Temperature field

The temperature distribution in Fig. 19 suggests that the bluff body created a high
temperature next to it, while a lower temperature value was observed with the annular
nozzle. The effect of the aerodynamics that led to this observation was discussed earlier in
the experimental results. However, the distribution in the furnace next to the combustion
chamber was relatively similar.
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(a) Annular orifice

(b) Bluff body
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Fig. 18. Particle trajectory colored by a volatiles mass fraction inside the pre-combustion chamber
for the annular orifice case (a) and the bluff body case (b)

295 438 584 728 874 1018 1183 1308 1453 1897 1742

Fig. 19. Temperature (K) distribution inside the pre-combustion chamber and furnace for the
annular orifice case (a) and the bluff body case (b)
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Species distribution

The consumption of oxygen took place earlier in the nozzle with a bluff body. Low
oxygen concentration was observed next to the burner tip (Fig. 20b). The boundary of the
oxygen depletion zone was at the location where a high consumption rate took place and
was defined as the location of the flame. The flame was “lifted” from the burner tip for the
annular orifice case. This agrees with the flame illumination shown in Fig. 7a. As for the
result with bluff body, the zone of low oxygen was found attached to the burner tip
corresponding with attached flame as shown in Fig. 7b. The concentration in the main
combustion chamber had decreased further, suggesting there was a greater amount of
oxygen consumption. This latter case with the bluff body exhibited an earlier combustion
completion than its counterpart.

(a)Annular orifice N S ‘

(b) Bluff body

00 21 42 83 84 105 128 147 168 18.9 210
' ' (€Y
N[ e e ) ~ 1l

Fig. 20. Oz concentration (vol%, dry) inside the pre-combustion chamber and furnace for the
annular orifice case (a) and the bluff body case (b)

(a) Annular orifice

(b) Bluff body

0.00 461 9.22 13.83 1843 23.04 2785 32.26 36.87 4148 46.08

Fig. 21. Volatiles concentration (vol%, dry) inside the pre-combustion chamber and furnace for
the annular orifice case (a) and the bluff body case (b)
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The volatiles concentration shown in Fig. 21 has confirmed findings already
discussed in an earlier section. The attachment of a high volatiles concentration zone was
found in the bluff body case while the annular orifice case took place at a certain distance
from the burner tip. Additionally, the concentration was higher near the center of the pre-
combustion chamber. The peak value was below the centerline of the chamber because of
gravitational force.

Carbon monoxide was one of the intermediate species that participates during
combustion. It could have been an indication for the combustion completeness if the
concentration was diminished at the exit of the furnace. As shown in Fig. 22, the bluff body
provided better combustion efficiency by having an exit plane value of 241 ppm, while that
of the annular orifice case was 463 ppm. This was a consequence of the greater degree of
burn out when using the bluff body. The prediction resembled a trend with the results
measured at the exit plane of the furnace.

(a) Annular orifice

(b) Bluff body
1.56 2 260 313 365 417 469 521

0.00 052 1.04 08 ‘
BT . Y & = /N

Fig. 22. CO concentration (vol%, dry) inside the pre-combustion chamber and furnace for the
annular orifice case (a) and the bluff body case (b)

(b) Bluff body
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Fig. 23. NOx concentration (ppm, dry) inside the pre-combustion chamber and furnace for the
annular orifice case (a) and the bluff body case (b)
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NOy formation

The NOx concentration is shown in Fig. 23. The formation of NOy took place in the
pre-combustion chamber and continued to form in the main furnace (Fig. 24). The peak of
the NOy source was found where the temperature was at its peak, especially at the boundary
between the volatiles-rich region and the secondary air stream. This implies there was a
major contribution of thermal NOx. Prompt NOx was additionally found with the formation
rate differing by three orders of magnitude less than the thermal NOx. The bluff body case
generated a higher NOx formation rate compared with the formation rate of the annular
orifice case. This had resulted in a higher accumulation of NOx concentration and
eventually led to higher NOx emissions at the furnace exit.

(a) Annular orifice

(b) Bluff body
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Fig. 24. Rate of NOx (kmol/(m? x s)) inside the pre-combustion chamber and furnace for the
annular orifice case (a) and the bluff body case (b)

CONCLUSIONS

1. In this paper, the experiment and the simulation were carried out to investigate the
performance of a newly designed burner with a pre-combustion chamber firing pure
pulverized biomass. The effect caused by the difference in the burner tip configuration
was studied at a firing rate of 300 kW.

2. A bluff body with a blockage ratio of 0.42 of the fuel inlet nozzle, when equipped co-
axially with the secondary air inlet at a swirl number of 0.83, could provide a
satisfactory performance for the pure biomass combustion. It generated a sufficiently
large reverse-flow zone in the pre-combustion chamber. In addition, it helped to
disperse the particles away from the center of the combustion chamber, allowing for
rapid heating and devolatilization.

3. With an earlier devolatilization, the ignition was attached to the burner tip. A more
intense combustion was found when using the bluff body, resulting in a much higher
temperature in the pre-combustion chamber compared with the annular orifice.

4. The bluff body helped the devolatilization take place almost completely within the pre-
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combustion chamber, while a noticeable amount of volatiles was yet to release in the
furnace in the annular orifice case. Consequently, the bluff body burner yielded a higher
char burn out, a smaller amount of leftover oxygen, and a lower CO concentration at
the furnace exit.

5. The NOx emissions when installing the bluff body at the burner tip was twice as high
as the annular orifice case. This observation coincided with the higher flue gas
temperature in the pre-combustion chamber and the furnace, suggesting there was a
contribution of thermal NOx.
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Abstract

This paper concerns with effect of scaling on performance of MILD combustor when increasing its geometry
and thermal throughput from the 0.58 MW prototype to its scaled-up versions of 5.8 MW. The constant
velocity (CV) and constant residence time (CRT) scaling approaches were used in this work. Their
performances were simulated with a numerical model for MILD combustion which was thoroughly validated
against existing experimental data. It was found that despite MILD condition could be successfully maintained
with both scaling approaches up to the scaling factor of 10, the effect of CV scaling could lead to elevated NOy
emission due to increase in flow retention time in hot environment. The results were also discussed in term of
Damkdhler number. Despite of promising technology of MILD combustion for low-NOx emission, care must
be taken on NOy emission level when scaling up with large scale factor under the CV criteria. As for the CRT
criteria with increasing inlet velocity with the scale factor, the fuel and air supply pressure should be
considered as a constrain when scaling up with large scale factor.

Keywords : Moderate or intense low-oxygen dilution (MILD) combustion, Natural gas, Scaling criteria,
Computational fluid dynamics (CFD), NOx emission

1. Introduction

Moderate or intense low-oxygen dilution (MILD) combustion (Cavaliere and Joannon, 2004) is an interesting
technology for modern thermal generation plants. It delivers high combustion efficiency as well as low NOy emission.
This could be achieved by mixing the incoming air with recirculated hot flue gas prior to reacting with fuel under
mixing controlled condition. Usually, high jet velocity of oxidizer is introduced to create enough entrainment of hot
recirculating gas. This hot flue gas gets diluted with air mixture and further reacts with fuel downstream, creating a
stable, well-distributed reaction zone in the combustion chamber. Consequently, the hot spot which promotes thermal
NOy formation can be minimized while maintaining relatively more uniform radiative heat transfer from hot gas to the
furnace wall. Because of widespread reaction without hot spot of intense reaction, it is also called “flameless oxidation”
(FLOX) (Winning and Wunning, 1997) or flameless combustion (Mancini et al., 2007). Due to high temperature of
diluted oxidizer, it is also called “high temperature air combustion” (HiTAC) (Tsuji et al., 2003). Since the reaction
zone in this combustion mode is colourless and spread widely in the combustion chamber, it was also named as
“colourless distributed combustion” (CDC) (Arghode et al., 2010).

There have been several studies on MILD combustion, both experimentally and numerically, such as; effects of
geometry and operating condition, the effect of burner configuration (Nada et al., 2015; Lee et al., 2019a), furnace
chamber configuration (Schaffel-Mancini et al., 2010; Tu et al., 2015a), jet velocity of reactant (Mi et al., 2011;
Verissimo et al., 2013), reactant temperature (Khoshhal et al., 2011; Huang et al., 2014), chemical composition of fuel
and oxidizer (Dally et al., 2004; Tu et al., 2015b; Lee et al., 2019b), on NOy formation and reduction (Winning and
Winning, 1997; Mancini et al., 2002) and microscopic characteristics (Jin and Zhou, 2015; Zhang et al., 2019;).
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Another important performance aspect of MILD combustion is the effect of scaling. When there is a desire for
scaling up the unit from a laboratory-scale model to a full-scale prototype, there is a need in considering effects taking
place with the change in geometry size on its combustion performance and emission. Ideally, scaling criterion should
provide similar combustion and emission performance with the original model. However, it is not possible to find a
universal scaling criterion of that capacity since combustion involves interaction of many complex processes that relate
differently with the furnace, burner oxidizer and fuel inlets geometries as well as the operating conditions. On the other
hand, it had been well-established that the recirculating gas with high temperature and its low oxygen content played an
important role on MILD combustion. Some questions remain unanswered on how the change in geometry and burner
size as well as the inlet velocity associated with different scaling criteria would affect to performance of MILD
combustion, especially on NOx formation mechanism. It is therefore interesting to find out how different scaling
criterion would affect to this important characteristic.

Many works in the past concern with studies on the effect of scaling on conventional burner; i.e. on a natural gas
swirl burner (Weber, 1996; Hsieh et al., 1998; Orsino and Weber, 2000), pyrolysis fuel dump combustor (Cole et al.,
2000), pulverized coal swirl burner (Weber, 1996; Weber and Breussin, 1998). However, effects of scaling under MILD
condition has remained largely unexplored. One of significant research finding was given by Kumar et al. (2005). They
proposed that the percentage of hot gas recirculation was an important factor for successful scaling up for MILD
combustion. In their work, experiment and computational simulation was carried out at thermal throughput scale factor
of up to 50. For dimensional (D) scaling, they had adopted D =~ QY2 where Q is the thermal throughput scale. The fuel
velocity (Uy) scaling also followed Us = Q¥® making the jet velocity to be very high at large scale. However, the air
velocity was limited up to 100 m/s for practical reason. It appeared that the constant resident time (CRT) approach
could maintain the heat release rate per unit volume while constant velocity (CV) approach would attenuate it when the
burner was scaled up. A decrease in recirculation rate would be affected at greater degree when CV scaling was
adopted. Therefore, CRT was favorable as far as scaling up of MILD combustion was concerned. Following this
scaling requirement, an increase in gas injection velocity could be done on fuel side up to the limit of the supply
pressure. Difficulties existed on the air supply side, however, when they attempted for practical scaling up to the
industrial level. Therefore, scaling up of the air supply side was relaxed from CRT approach and compensated by an
increase in jet velocity of the fuel side.

Another study on a laboratory-scale model on flameless mode of oxy-fuel combustion and its scaled-up version
was recently published by Ghadamgahi et al. (2018). It was reported that the furnace had been successfully scaled up to
the industrial level and the investigation was successfully carried out using validated computational fluid dynamics
(CFD) model. That study had focused on data acquisition method. However, the effect on its performance due to
change in geometry and thermal throughput was not reported.

The study on the effect of different scaling criteria, especially constant velocity and constant residence time
approaches, on performance of MILD combustion has been relatively rare when compared to other performance
aspects mentioned earlier. In addition, the study carried out by Kumar et al. (2005) was on a high heat release burner (=~
5.6 MW/m? of the combustion chamber), while another category of burner with relatively lower heat release has not
been investigated. With this latter category, the design constrain is different from the former one as it allows larger
space for flue gas mixing as well as the difference in utilization of thermal energy.

From existing literatures, factors affecting the burner’s performance as well as NOy emission has been extensively
investigated. Although most of the past work had revealed the effect on NOx emission when scaling up with CV and CRT
criteria, the effect under MILD condition had not been investigated so far. Due to such limited information regarding the
effect of scaling on performance of MILD combustion for industrial combustor (0.023 MW/m?3 of the base case), this
work aimed at assessment on this burner category which have not been investigated so far. A comparison study was
carried out on a semi-industrial, 0.58 MW model and its scale-up versions of 5.8 MW under two scaling approaches,
the constant velocity and the constant residence time. CFD was carefully adopted as a tool for this assessment where
flow aerodynamics, reaction, temperature distribution and NOx emission were reported. The size of chemical flame,
which is one of important features of MILD combustion, is also investigated. The results were also discussed in term of
Damkdhler number which was one of important characteristic of MLID combustion. It also focuses on the effect of
different scaling criteria on NOy emission level. The formation of NOy will be analyzed in relation with change in
burner throughput. To the author’s knowledge, this performance aspect has not been reported in any existing literatures.
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2. Approach of this study
2.1 Scaling criteria

In this study, geometric similarity was maintained where thermal throughput was scaled up using two scaling
criteria; i) the constant velocity and ii) the constant residence time. These two well-known approaches had been
adopted for scaling up conventional swirl stabilized combustors and their effects on combustion performances had been
assessed (Weber, 1996; Weber and Breussin, 1998; Orsino and Weber, 2000).

The thermal throughput of the burner is evaluated as follow:

Q= KpOUODOZ 1)

where K is a proportionality constant, po is the inlet fluid density, Uo is the characteristic burner velocity and Do is the
burner diameter. By maintaining constant gas velocity at the burner exit (Up = constant), the relationship between the
burner dimeter and its thermal throughput is as follow:

D2 B % 12
E_[QJ @

where D; and D; stand for geometry dimension of original and scale up version, respectively, Q; and Q; stand for
thermal throughput of original and scale up version, respectively. In order to keep flow residence time constant between
its laboratory scale model and its full-scale prototype, the ratio between the burner diameter and the inlet velocity must
be maintained (Do/Uo = constant). This leads to the following relationship:

D2 ) % 1/3
E_[QJ ©

2.2 Reference case for a study on effect of scaling in MILD combustion

A semi-industrial scale furnace of the International Flame Research Foundation (IFRF) (Weber et al., 1999, 2005)
as seen in Fig. 1 was adopted in this work. Natural gas was fired at 0.58 MW throughput. The furnace has a
cross-section area of 2 x 2 m? with 6.25 m in length. The burner comprises of; i) one vitiated air inlet locating at the
center of the inlet plane having a diameter of 0.124 m, and ii) two fuel inlets locating at 0.28 m horizontally from the
oxidizer inlet, each of which had an initial port diameter of 0.01 m, then stepping up to 0.05 m before the inlet plane.
The exhaust port of 0.75 m in diameter located at the center of an exit plane. The temperature of oxidizer gas was
raised up by a pre-combustor of lean burn natural gas and later mixed with pure oxygen. Eventually, the temperature of
oxidizer at inlet was as high as 1300 °C, with 19.5% oxygen, 6.4% carbon dioxide, 15% water vapour, 59.1% nitrogen
and 110 ppm (dry) NOy by volume. There were seven transverse monitoring locations along the furnace axis (z axis) as
seen in Fig. 1. The ratio of axial distance from the burner to the furnace length (z/Z) equals to 0.024, 0.0688, 0.1168,
0.2128, 0.328, 0.5152 and 0.7968.

2.3 Computational method

The numerical simulation in this work is of three-dimensional type. A quarter of the furnace was modelled to
minimize computational time. The hexahedral cell type was chosen for meshing. There were 606270 cells as seen in
Fig. 2. The composition by volume of natural gas was; 87.8% methane, 4.6% ethane, 1.6% propane, 0.5% n-butane and
5.5% nitrogen. The composition of 94.5% methane and 5.5% of nitrogen was adopted to reduce the complication of
combustion model.

In this study, the constant velocity and constant residence time scaling criteria were chosen. The thermal
throughput was scaled up to the industrial level of 5.8 MW, which equal to thermal scale factor of 10. The operating
condition is given in Table 1.

Gambit meshing software (ANSYS Gambit 2.4, 2006) was used for construction of the furnace domain and
meshing. The mesh file was then transferred to Fluent CFD software (ANSYS Fluent 6.3, 2006) to perform a
combustion simulation. Steady-state models were used for conservation of mass, momentum, energy and species

[DOI: 10.1299/jtst.2019jtst0022] © 2019 The Japan Society of Mechanical Engineers
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transport. Turbulence was modeled together with the Reynolds-averaged Navier-Stokes (RANS) equations of
momentum. The standard k-¢ model was adopted as it provided stable and accurate solution for non-swirling flow and
provided reasonable entrainment rate for oxidizer stream (Kim et al., 2008; Tu et al., 2015a). Standard wall function
was adopted for modelling of turbulence near wall. The combustion of natural gas was modelled by the Eddy
Dissipation Concept (EDC) which was proven to be suitable for MILD combustion (Vascellari and Cua, 2012; Lupant
and Lybaert, 2015). The model was coupled with the four-step chemical reaction and seven chemical species as shown
in Table 2. The radiation model used was P-1 model which had been widely used for MILD combustion (Vascellari and
Cua, 2012; Tu et al., 2015a). The weighted sum of gray gas model (WSGGM) (Smith et al., 1982; Coppalle and
Vervisch, 1983) was adopted for calculation of radiation absorptivity of gas mixture in the combustion domain.

The calculation method for formation of nitric oxide of nitrogen (NOy) was done after the solution was converged
(post-processing method). Since NOx concentration was relatively low compared with other major gas species, thus its
effect to combustion was regarded as neglectable. NOx models in this study comprised of; Thermal NOy (Zeldovich et
al., 1947), Prompt NOy (Fenimore, 1971) and NOy reduction (Kandamby et al., 1996). Detailed explanation of these
models is available in Fluent (ANSYS Fluent 6.3 Theory Guide, 2006).
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Fig. 2 Computational domain and mesh of the furnace.
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Table 1 The furnace parameter in different scaling approaches.

Parameter Semi-industrial CV full industrial | CRT full industrial scale
scale scale

Thermal throughput scale factor 1 10 10

Fuel thermal throughput 0.58 MW 5.8 MW 5.8 MW

Oxidizer thermal input 0.35 MW 3.5 MW 3.5 MW

Total thermal input 0.93 MW 9.3 MW 9.3 MW

Fuel inlet 0.013056 kg/s 0.13056 kg/s 0.13056 kg/s

Oxidizer inlet 0.23056 kg/s 2.3056 kg/s 2.3056 kg/s

Fuel inlet velocity 123 m/s 123 m/s 264 m/s

Oxidizer inlet velocity 87 mls 87 mls 188 m/s

Geometry scale factor 1 3.1623 2.1544

Fuel inlet diameter 0.01m 0.031623 m 0.021544 m

Oxidizer inlet diameter 0.124 m 0.39213m 0.26715m

Fuel inlet residence time 81 s 257 us 81 us

(theoretical)

Oxidizer inlet residence time 1425 ps 4507 ps 1425 us

(theoretical)

Outlet diameter 0.75m 2.3717m 1.6158 m

Furnace length 6.25m 19.764 m 13.465m

Furnace width 2m 6.3246 m 4.3088 m

Table 2 The global reaction mechanisms of natural gas combustion in the present study.

Reactions A (kmol/m®s) | E (J/lkmol) | Reaction orders Reference
CHs + 0.50, = CO + 2H, | 4.4x104 1.2553x108 | [CH4]*°[O,]*% (Jones and Lindstedt, 1988)
CHs+ H,0 —» CO+ 3H, | 3.1x108 1.2553x108 | [CH4][H20] (Jones and Lindstedt, 1988)
CO +0.50; —» CO; 2.5x108 6.6948x107 | [CO]J[O2]*}[H.0]°® | (Hottel et al., 1965)
H, + 0.50; —» H,0 7.9x10%° 1.4645x108 | [H,][02]°° (Marinov et al., 1996)

2.4 Mesh independent study and model validation

Mesh independent study was carried out for the 0.58 MW furnace so that the effect of mesh refinement was kept at
minimum for all cases under this investigation. The results from the calculation with 606270 cells were compared with
those from 1295965 cells, i.e. the axial velocity, flue gas temperature, oxygen and carbon dioxide concentrations. The
difference of these profiles along the axial distance from the burner exit plane were small, as seen in Fig. 3. Therefore,
the calculation with 606270 cells was chosen for all scaled-up cases in a study on the effect of scaling. The simulation
was also validated against published experimental results of IFRF, cited by Orsino et al., (2001). As seen in Fig. 4, the
predicted result was satisfactorily agreed with experiment. This gave us reasonable degree of confidence for our next

study on effect of scaling on M

ILD combustion.

100 ¢ — 606270 cells 1 2000
- = 1295965 cells

= 80 | - 1800
E i Temperature ——» %
& 60 L 1600 »
S 40 L 1 1400 2

20 <+—— Velocity 1 2%

0 S L : = 1000

0 1 2 3 4 5 6

Axial distance (m)

[
wn

10 +

Volume fraction (% dry)
n

CO,

2

3 4
Axial distance (m)

Fig. 3 Mesh independent test in axial velocity, temperature, O, and CO, along the center line of the furnace.
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Fig. 4 Comparison of the results from experiment and CFD: (a) axial velocity; (b) temperature; (c) O, concentration.

3. Results and discussions
3.1 Scale effect on flow field

Figure 5 illustrates the axial velocity for the original 0.58 MW furnace and the 5.8 MW furnaces of both scaling
criteria. Despite of the same amount in fuel and oxidizer mass flow for each burner throughput, scaling up using CRT
scheme requires smaller chamber size than the CV scheme, as reflected in the relationship between geometry and
thermal throughput ratios, see Egs. (2) and (3). The gas velocity for the case of CRT scaling was higher than the CV’s
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in order to keep the flow residence time equal to that of its original model. Therefore, higher convection due to an
increase in jet velocity was presented for the scaled-up version with CRT scheme. Figure 6 shows similarity in path
lines of flow between the original model at 0.58 MW and its scaled-up versions. This recirculated flue gas with low
oxygen content then mixed with incoming fuel and consequently mixed with vitiated oxidizer at central region of the
furnace. At this point, stability occurred when the temperature and oxygen content in oxidizer were sufficiently high to
react with the fuel-rich flue gas mixture.
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Fig. 5 Contour of the axial velocity (m/s) in the x-z plane (y = 0).
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Fig. 6 Path lines of the gas flow colored by axial velocity (m/s) in the furnace.
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Fig. 7 Contour of the temperature (K) in the x-z plane (y = 0).

3.2 Scale effect on temperature distribution

Figure 7 shows temperature distributions of the original 0.58 MW and its scaled-up versions using CV and CRT.
This stronger convection of CRT scaled-up version helped spreading out the high temperature zone downstream
resulting in a relatively more uniform temperature distribution. The central jet of CRT was able to carry high thermal
energy deeper downstream, while temperature of the base case and its CV scaled-up version was similar. In other word,
higher momentum of the jet in CRT scaled-up version resulted in greater penetration of the central jet when compared
with the CV scaled-up version and the base case.

With the case of CRT scaled-up version, relatively wider zone of high temperature was observed. It is also useful to
note here that the wall temperature of all cases was maintained at 1500 K. Although, the heat loss at wall relates
differently with scaling factor and contribute to dissimilarity in flue gas temperature at outlet plane, simulation
suggested little difference in the ratio of heat extraction at wall to heat input by being less than one percent among all
three cases, as shown in Table 3.

Table 3 Energy balance calculation (a quarter of the furnace domain)

Energy 0.58 MW | 5.8 MW CV | 5.8 MW CRT
Reactant enthalpy input (MW) 0.090871 | 0.90865 0.90844
Enthalpy of combustion * (MW) | 0.14819 | 1.4819 1.4819

Total energy input (MW) 0.23906 2.3905 2.3903

Wall heat extraction (MW) 0.14018 | 1.3906 1.3880

Flue gas enthalpy outlet (MW) 0.10205 1.0145 1.0575

Total energy out (MW) 0.24223 | 2.4051 2.4455

! Calculated based on natural gas lower calorific value.

3.3 Scale effect on oxygen concentration

Figure 8 illustrates oxygen concentration of the base case and its scaled-up versions. The finding coincides with
temperature distribution as discussed in earlier section, where wider region of low oxygen content was observed,
indicating that the consumption rate and convection effect of CRT scaling were relatively higher than those from CV
scaling. Relatively lower oxygen content was also found at the exit of the furnace in this case.

Dimensional analysis suggested that Kolmogorov eddy time scale (z) was maintained while length scale (l) varied
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with Q2 for the case of CRT scaling. However, 7 varied with Q2 as well as its length scale for CV’s, see Eg. (7) and
Kumar et al., (2005). Under non-premixed condition as occurred in MILD combustion, the reaction rate in a scaled-up
furnace under CRT scheme was similar to that of its original version, while lower rate was found in a scaled-up version

under CV scheme, see Fig. 9.
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Fig. 8 The O, concentration (%vol. dry) contours in the x-z plane (y = 0).
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Fig. 9 Contour of the O, reaction rate (kg/m® s) near the burner in the x-z plane (y = 0).

3.4 Scale effect on the internal recirculation rate
Figure 10 shows the internal recirculation rate (Ky) for both scaling criteria. This parameter has been defined and
introduced by Wunning and Winning (1998) and is calculated as follow:

m
Ky = —
Yom 4)
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It is the mass ratio between the recirculated gas (me) to the mass of all inlet jets, which includes fuel (my) and oxidizer
(ma). The recirculated gas is induced upstream by fuel and oxidizer jets. This parameter indicates how much the amount
of hot recirculated gas containing low oxygen concentration is entrained by the jets. The higher value of Ky the greater
degree of dilution taking place on the jet stream thus higher mixture temperature is realized with this hot gas mixing.
With this scenario, stability can be achieved while keeping temperature in the reaction zone low in order to minimize
the formation of thermal NOy. From Fig. 10, the profiles of all cases are similar. The peak value of Ky for each case is
seen at location around z/Z = 0.5152 with the maximum value of 6.3 for all cases. The value of Ky has further
decreased to 3.0 at z/Z = 0.7968.

=——0.58 MW
== 5.8 MW CV
=—A 5.8 MW CRT

[
—

Internal recirculation rate (K)

0 —f13 | Ll LB = L A
0 01 02 03 04 05 06 07 08 09 1
Axial distance (7/7)

Fig. 10 The internal recirculation rate along the normalized axial distance.

Figure 11 illustrates the development from unstable flame into MILD combustion of a 0.58 MW model and its 5.8
MW CV and 5.8 MW CRT prototypes at locations z/Z = 0.024, 0.0688, 0.1168, 0.2128, 0.328 and 0.5152, respectively.
At first, second and third monitoring locations, flame was classified as unstable according to Wiinning and Winning
(1998). However, after getting enough entrainment of hot recirculating gas, it has developed to be in MILD mode from
the fourth, fifth and sixth monitoring locations. At these latter monitoring locations, the values of Ky of the base case,
0.58 MW, as well as the scaled-up cases, 5.8 MW CV and 5.8 MW CRT, were almost similar. In addition, the 5.8 MW
CRT yielded slightly lower value of Ky. However, higher in area-weighted average flue gas temperature was observed
for 5.8 MW, when scaling under CRT scheme, as compared to its original version. This confirms that up to the scaling
factor of 10, the CV and CRT scaling approaches do not have significant effect to MILD combustion characteristics.
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Fig. 11 The operation zone of each normalized axial distance.
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3.5 Scale effect on MILD combustion regime

Since MILD combustion is in flameless mode, it is merely possible to visualize the flame. The oxidation mixture
ratio (Ro) was firstly defined by Yang and Blasiak (2005). This parameter was later used by Li et al. (2013) and Tu et
al. (2015). It is therefore adopted in this study to identify the chemical flame shape. Ro is calculated as follow:

Xo,
RO:X +2X., +0.5X., +0.5% ®)
0, cH, T V9o T U0y

where Xoz, Xchs, Xco and Xxwo represent the mole fraction of oxygen, methane, carbon monoxide and hydrogen,
respectively. The value of Ro = 0 denotes fuel rich gas without oxygen while Ro = 1 denotes the oxygen rich gas
without fuel. The flame border was defined at the location where Ro = 0.99 was presented (Yang and Blasiak, 2005).
Figure 12 illustrates chemical flame border for all scaled-up furnace. It was found that the coverage of chemical flame
with CRT scaling scheme was greater than that of the CV, indicating wide-spread flame with stronger convection effect
created by higher jet velocity.

To investigate volumetric combustion, Yang and Blasiak (2005) had proposed a parameter so-called “Chemical
flame occupation degree”, Rr, defined as follow:

R =" (6)

where V; is the chemical flame volume (volume which the value of Ro between 0 to 0.99) and VE is the furnace volume.
From Fig. 12 it was found that the chemical flame volume of the CRT prototype occupied larger portion of the furnace
space than its counterpart, the CV prototype, as well as its original model. Figure 13, showing the chemical flame
occupation degree (Rg), suggests that the CRT scale up had 6.6%, while the base case and the CV prototype had 4.7%.

<
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Fig. 12 Iso-surface of Ro = 0.99 coloured by temperature (K).
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Fig. 13 Chemical flame occupation degree for the three cases.
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MILD combustion possesses the magnitude of flow time scale being comparable to that of chemical time scale
(Wang et al., 2018) or the former was one order of magnitude larger (Zhang et al., 2019). Damkaéhler number is the
ratio of flow time scale (z) to reaction time scale (zc) (Da = =/zc). In this study z is defined as the Kolmogorov time
scale (z) calculated as follow:

7 = (Kj ©)
&

where v is the turbulent kinematic viscosity and ¢ is the turbulent dissipation rate. For z, in this study, it is calculated as
follow:

CO2 M w,0,
=0 w0 (®)

Tc

Ro,
where Co2, My,02 and Roz stand for molar concentration, molecular weight and net reaction rate of oxygen, respectively.
The flow time scale of the CV version was significantly greater than its original model and related with a square root of
thermal throughput. However, in Fig. 14, the profile of Da at different normalized transverse locations suggested
slightly difference in magnitude between the base case and its scaled-up cases, with the profile of CRT spreading wider
as seen at locations z/Z = 0.0688, 0.1168 and 0.2128. This could be postulated that the chemical time scale also varied
with thermal throughput at the same order with the flow time scale, although there was a slightly difference in Da when
compared with the base case of 0.58 MW.
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Fig. 14 The Damkohler number along the normalized radial distance at different transverse locations.

3.6 Scale effect on NOy emission

Figures 15 and 16 indicates the effect of scaling criteria on NOx emission. Scaling up with CV criterion had led to
significant increase in NOy emission, while CRT criterion yielded similar value with the original model with slightly
lower emission (at 1.84% lower). Higher NOy concentration was clearly observed downstream of the furnace scaled-up
with CV criterion. An increase in residence time under CV scaling up regime had played an important role on higher
NOx emission. The detailed discussion on contribution of thermal NOy, prompt NOx and reduction of NOy (NOx
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reburning) is given below.

Table 4 summarizes the contributions of thermal NOy, prompt NOx and NOx reburning on total emission. It was
clear that thermal NOx was the main contributor on NOy emission followed by prompt NOx. Not surprisingly, as
reburning NOx mechanism was driven by the concentration of NOy and HCN, the maximum NOy reduction was found
for the case scaled up with CV criterion. When scaling up using CV approach, it allows NOy formation activity a longer
residence time thus resulting in greater accumulation of NOy in the furnace domain which eventually lead to higher
NOx emission. The result shows that thermal NOx accumulation for the CV case was the highest (296.23 - 110 =
186.23) as compared with prompt NOx with one order of magnitude lower (122.28 - 110 = 12.28).
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Fig. 15 NOy concentration (ppm, volume dry) in the x-z plane (y = 0).
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Fig. 16 Outlet NOy concentration for the three cases.
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Table 4 Results of NOy formation and destruction (ppm vol. dry) for the three case.

NOjy Calculation 0.58 MW | 58 MW CV | 5.8 MW CRT
NOy concentration in oxidizer 110 110 110
Calculate only thermal NOx 187.35 296.23 189.16
Calculate only prompt NOx 119.24 122.28 122.03
Calculate thermal NOy and prompt NOy 188.57 299.32 190.41
Calculate thermal NOy, prompt NOy and reburning NOy | 141.14 188.17 138.55
Difference when reburning NOy activated -47.43 -111.15 -51.86
4. Conclusion

The effect of scaling criteria on performance of combustion when scaling up a semi-industrial scale MILD
combustion to an industrial scale prototype has been numerically investigated. The constant velocity scaling and
constant residence time scaling were employed to enhance the thermal throughput from the original semi-industrial
scale furnace, 0.58 MW, by a factor of 10. It was found that by adopting conventional CV scaling criteria, an increase in
NOx emission was observed. This work also presents the chemical flame occupation degree, Rg, the internal recirculation
rate, Ky and Damk®dhler number. Variations of these important indicative parameters across different scaling approaches
were presented for the first time, when effects of scaling on the performances of MILD combustion were investigated.
The main findings of this research are as follow.

1. MILD combustion could be scaled up satisfactorily with thermal scale factor of up to 10. When comparing the
result of the base case and both of its scaled-up versions, the ratio between the recirculated mass to the mass of all inlet
jet, Ky, was maintained at the same normalized location. This is an essential indicative parameter of MILD combustion.

2. The CV scaling criterion had resulted in longer flow residence time in the scaled-up version. However, mixing
due to turbulence was less intense at the same order with flow residence time, resulting in similarity in flow
aerodynamics. As for the CRT scaling approach, an increase in flow velocity led to higher turbulent intensity in the
scaled-up version of the furnace, higher jet velocity was also observed at the same order with turbulence intensity,
resulting in similarity in flow aerodynamics.

3. The chemical flame occupation degree of a furnace scaled-up with CRT scheme was relatively greater than its
counterpart, the CV scaled-up version.

4. Similarity in distribution of Damkdhler number was found among the base case and its scaled-up version of both
scaling criteria with slightly wider distribution observed for CRT case. This is an indication of similarity in combustion
where the ratio of flow time scale to the reaction time scale was maintained.

5. NOyx emission of CV scaled-up case was, however, higher than its counterpart, the CRT’s, due to higher
residence time of NOy formation under a kinetically controlled environment.
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