Sliml g Cpe shagh - gele a i

VE-Y 5oL pgw o,led (poaan Lo RUTUR JCZE IRV 3]

(5999 $Lod s yol)l Flialad (ygus 3w 515 3l 5o WU HLicl andlia

" (5998 (ool S lows! T (oot (gueallonns s 1 SLE e
ahmadshaker68@gmail.com « LS ¢ LolS ol8isls « Sl gwidige (5 558 (sgoiils -\
hashemi@kashanu.ac.ir ;L5 ¢ Lol oSils (Sl cwiige o jluiils ¥
ebrahimifordoci@tafreshu.ac.ir « )| y05 ¢y 25 olRiils (Sl cwdigo  Loliwl =Y
N EIE SN CAWESE

OF Y/ AT i VY VY alodlal 3T il o O P T/ #ITY il s o)

S5y 2 P S5 S Gl o cilides a5 (50 ,Shee (sl el )l DLl g )y B 5l Ban tonSy
5 Fiiw 3 aliie oS 5 ceaiiSanST cuS 5 0 ST cdalé oS oS (634,9 slos udas NO VT Lacsl
IS PN ST eSO VY NOCHN | IOV RSN PRE VO ROESUR AP e
B 52528 5 bt S i 55k &l 0 (s3hosly GRIBO liands St 5 Wiz ol
ooe Ll iman g oleowd sloiiSTy jo S liw pae b i 90 L FCO2 iz ae8 No L CO2 (3551 5
byl cos oub b s 0 NO ooV jLasl jasls ol oo 48,5 16 CO2 b LSy (Sojd olys
et e sles Gl oS o 3 s RSy L iy gl Galls 50T 5 1yh s 3l
Sl ol i 313 5 p5lS o oy & st B GIAINO aac¥T e gl VA=
s OS] Loyl 1 2w NO 0¥ jLicil sl a5 ol ool S5k oS 5w 55 5 (8 S gt gun
535300 e (5350 W ol Iy o L a8 09 A9 ] (eSS Ll )3 5 40,0 8 50
Digpo & OreShES g @il Lyl Cod ong 4 (Gl N2O 0l Susl con i S S s S 5 0
Jdo YL (35,5 gy polie 1o wes g0 Lis b g ol 00 NO JSis ;0 R199 STy 55,k 5l odes

b oo Lol 55 NO eV JLacsl jasls mhaw (Y gamme b cwll oy e

ol 3BT (25,5 7 5 c0aiiS aunST (63959 slos w55 oS 5 NO ooV il 551 gunds

doddo
e 0 Sl (So58 el Cungilazme (Sanl p (ewd Glacsgn Gras o38ls, Gl 5l 80 ol 5l
el 635 55 3 ond slo g By 5l Sl oas¥T Lol S5 5 ol Gl i b slocS s Sl
3 GSorts 5 S gms Byan LialS e clooany¥T Lasil L2alS (LS Sgugy Jolis Gz s j2 4o ol Gl
BB sduasass g3, JICa! 5l ool b s sl (i eadly po [V] ol aiy 3005 5 pdsanass lasl (S| slacs g
0395 e 3l 008 Wgi 39290 plyaans 5 JSKAl 4 ) 353 5005 pegas (nl o eiie (S p s ol
S5 ooVl Ll pals g pdsasass o)l obsh 4 a5 o0g Clis s Cogw SO 5B g dilodgel Bglass
1 s oSt Ll 50 5800 S g b blite (by> aled s39e Ojg0 4 [Y] K0 5 3o dises lsie 4 05 o
Seue 5ll slocgsgame g aidly iuldl 5enST g5l S8 b alad slos a5 wms o lis gl losls I3 asllas 5,90

g



2952 soedlpl relowl o odils sagollane e  SLS was!

ol YU 5T a0 g5l 8 b Lol caals 2ol 5nS] Lawgie g ool zolaw (sl NO san¥T Lisl .ol o
adllas g 0ads Bpe Jxio leo S j0 pdaass 655 ame S Gleie 4 50 s 38 Gl (pioren Lol a8l
O ygo ot Slalllas jiw 55 5l gaoge 10 ol (1S b 0 (65,5 adg mlio 0 Cd g opl Gl ol
oyt 55 5l ool oo miw el cqx il giloands p ) 055 35 005 [0 o)) 1Kan 5 g5 [F Y] conl a8 5
35 5l eslaul a5 wilos )7 edlel i) ilosges Balase Jlou 5 K Jle) Jhgr 1o JoSo Coguw ylgis 4 00gicans ) (s
NO L5 55 (9,000 Sl 5 5 Bl M 005 33, (slaboglie 51 .Cenl NO eun¥1 2alS (ol s 550 g, i
o 53 Bygo 4 [P Sen 5 o bugt gle pa jpi 0 9 s 5 S g b il i b Jaiie S35,
sobie 4 £9050 (pl a5 0adh olad G yw g (1S 5 GRelS Eel 5g 00l Jlade isldl cassls lis PP PR
Jlessl malS gl easS 5.8, (0 5550 CO2 aS wao o lis lis] Glidss sl oYU Cawal lls NO oy zals
adsi (OH) oS5 p00e JS6ol) oS jlade COz adly ;o .05,ls J18 som slacuglgl ;o N2 g H2O S5l w9 09 NO
Sz 4 V] L Ken 5 J 0yslice Joe a1y 55> NO adgs 5 cailos Vb ohg slo,S s 4 Lol wans o 238l
Kols ul.a.v.) LQL)" J.JO; “r u|)95 cA)u\J &9) l) C02 9N2 J—\A ‘5~A.> 6&0&&5@.&9) 69L> )u...u )lf w}w ).J‘ ‘3)70
&y aled ohsd o 15 a5 o) len slacans el o)l jin 5 alad ol (59, e il w0asS 53, 5 eolitul a5
g8 095aze (55Lw 88 Cond (Eal38I L aS s oo Lid ull .o S (6 S e slasl calitee sla sl 8, Cund (o (a0
dem)] 9 w;bt.l.‘tw‘ w‘ u.JLC Ao ),.J Hz )‘AM 65L> as ‘;wa}w )é )L.«.S) U"“ ‘°)"5 )ebc\.) 9 A.JL) UMJ‘)S‘
2 NO s g e s I8 (izman 5 (als jiw 515 3y 3loand Gl waz olond Sitiw Joaa S [A]
Al cae oo s slo el )l Jolis o205 glaosls g (goue bl dunlin by jsSde Joo <8 .05 S &l )| jeuwailS s jeige S
HOrrHy=2H00tH (gla STy a5 sas oo olis gl .ol ond bl NO clale Ldgy 5 Jleesl 56 ol
oS Wlos,S el Cyaizman il suge p Juidl w3 Jlsw o1, Lol (i OH+HO,=2H20+0;2 § Hy0-+M=0H+0H
Gal8 g Sz [A] liSen g g5 i85 1,8 CHy solis sl STy 3l oo i S 3152l 5 gl g genslinS|
O3990 oS 5 Slacand 039amms I (srrwg s )3 (9,008 5 Ol S g bole ln'akle @l (b 9 NO
Sl AL s el A 25 (65)lep S oS (Sloj j5 0 il s alesged (Dbl GAIE (39500 B )39 e pas )
Al (e N2O ye 3 NNH s o(555l00 Cond Gl i3l b coled j0 9 el (GLe-N2O 356 5INO & Na (bas
sy 098 Bl Lo 5 5wl sloo b bglxe ;o NNH 5080 058 Jiowd Qe oo 4y 20lS Loyl 1 o U 095 oo
RS 9,0 e Sl JG0l) g (B g (5,000 VU lacaus ;o NO (2als Koo (sgu 5105 o0 S NO ag 4
b oS0 sl JIGol, Lawgs a5 I 45 canl Sigo ey a0 iy HINOHNO—-NH-N) s 3,k 5l Boee a5
D9 oo Chnd (V9,0 (§2,55
el @8 )T 108 oolatnl 8,50 (590 slrannST Lasl palS Cps s oo b oS saas sl g, 5l S
Ol oo 595w oS axg LB ralS e (Sl wof, opl 5l esliiwl b aS bl .cwl able 5l 51 oolaal
cilizee sloo )5 0 T dnwgi (59, (sl ynS Slalllas VY V-] slo (il gz BB jebas | Bl i e 2050
Colild able 3l 51 eolanl a8 ol )] sazas i alises Slalllae ol ooy plal olio o 1 5 les solazul
w25 ol J o YT el o 1) oo o 0 B0+ 51 39,50 loaaST oylie (2dlS g o ,0 ¥o sg0> b 235l i3]
O able gl el ol byl @8l o auS oo Joe Glpml OYsame bS5 38 s 2l Jsel g9, wble Bl
Lglso b gl 51 Jol> slod diciion Bl g anals o] Jlslogs slos 5l i oled (634,9 bl a5 ol & jg00

I MILD (Moderate or Intense Low Oxygen Dilution)

O



VEY Sl oy ojlads omain Jlo (il g S gl - ool 455

S Sl O3eST (5338 sl o Bl w3y ol DY O] sl bglse Jlatilags (slos 51 j1eS (5095
los S Slalllas [VV] 098 o sl g co soliiw] Jyone sloaleds s3lojlaul slp a5 Jglate slog i a4 cos
oaim3 L b wy p ol 5l Jols ol [NF-VE N sl oty alowl alile 3151 5 o)1 150 5 609,5 Lol slos el
Able 3l 4 Bl oo 5 bsloee (iale)S Gy pas Sjgo 40 (5 b g (699,5 bsloee (iole)S ity Shals b o5 sl
alools 3158 alads (g0 3l ] Lasl i o i I g calisee SlaS 5 cyp L VY] () 5es 3 cotle o8l oo
Ol &Bly o aled o a1 able Gliiml lalyl 4y oliwss o390 Gl woyd b CSgu g5l Sl esliul a5
SaS gydgn ool 45 oad Jidl o p5b 2l cse ot slaaiSly 0y 0 (S SenSlgs CBIE i
Al oo able Gl lld 4 s e S

S gl 48,5 15 2 350 DVA] 150 5 STgo dansgs alad (00 3152l 2 5t S5 S g g5 55
Sled ()5 dmSTgige 5 (y59,000) Jd lpz] oS ale 5 (005 anSTs 5 (159%) Flar 5B e lpiome b s
b (Seslsge i bulyd ol Sz (g o (1552 jb i o Zewlosls plas able lat alis po 1) (6 5YL Gl ]
S SeSlgse Lol 8 i 55 59,00 boeadgf pie I CS g (e Sg alsS LS 0550 bbe
s g a5 conl st ly 0 callas ol ilosls lis sl bglse 3laml anTs o 1) Sslite sliowd slacSitm
2 9555 o 35 alige JNO 5 SleN2O (slaplSe G2 b 5l itee 1, NO oan¥T JLaml (55,000 (sl 5 515
G S g ;0 N2 4g5 (izren WS (oo Wl ) 6 Fe (R NNH 0356 (39,000 alls Gl 2ol sl &7 >
ais] LS (59, p sloanlive bl &Il g 009 Cigw ol 5150 o LiiSed p ol 3G 4y o (o 5B gl
STy Sy S 50 (ploands S s S8 S g 50 COL 4595 ¢ 00 (g | Zansl aiBlo W5 (22 25 rwizmes
Fw 5 S gm oz lp wmsoe &5 wble Gl Ol VL &S Sl (65)led S (Zales 50 el 4Bl ol pon 4
addllas o wlosls las hlite (b, aled oyl 50 i 518 coga 5loslinal L DAL ) 5 S ol onss slulis
ISCEC SOV ¢ G RS YO { VSR M P K SPRCUON e ISV 2 IS POV Sy (ISR IO
o oy B oga (e ay Jlidl (5550 alols (1alS ay jomie (S G gige A (39008 Comed il (eizes (o]
I g g Sligel colie gl 2STy 4l Jtisle d¥-] )5en § sowge Ly 485 & )90 so0e adllas .ol
g sl ools 138 gusy 3590 Sliigal 5 3w 5 cilise o sl (slp aled s (ol @3, co |y st
Juidl )3 23U GalS 4 oeie alies (n) &5 b oo I8l Shigel (oo puS G20l L OH 4555 clale a5 wisls (5158
ke (69955 4l jslome )0 s (lod alidl 4 Sigel ol (glioms b s 55 Jgo juuS Sl cnizmen ool ond
S 5 0 s 3 09330 a5 wiles S adel bayT el atdly zaldl Ll l o 5 aled ey g Lo Lasil g ot
oty B Cgw sl NO o305k [VV] o )5s o (b o5,500 addllas o .ol osls Lzals |, NO aJg oo g
Gllae Wlodges (o) Blite by alad G)b jIN2 5 H2O €O slaaiss L (55lu@d) Lulyd jo 1) able Gl
S olgre 1, HaO 5l eoliiwl oyl g oo NO LSizs jo JudiS o Ho/CO s yinljél a3 5 & 90 slo oy
i edble (Blpol Lulpd ol ol wiles 7 400 NO S5 (il Bl a0 61 N2 5 CO2 sl & 005 33,
455 dgeS Judo @y cllas (pl g sl doyd /) 5l eS8 NO sai¥T S jLacs! ;o NO saze (jailigm g a0 slop 5lSe
oo ¥T Lel JS 5l as,s Yo 5l 58 5L p3uilSe a5 el o1 51 (Sl sndipbnl slo bl .ol e gu Ll o bt
aiad NO oo¥1 LS5 ;0 NNH oo g a5 Jb> 50 000 o plaisl 093 a4y (2STy ol sbeo s 41, NO
pom 232 Ol Gl s 4 HO 9 CO2 b (55le3ad; Ll 50 Sl N2y ol oy (5155 a0 y0 00 51 i
N2O e H20 b s3le 3, Sl 0 pgas 4 el oo il NotO(+M)=N,0(+M) STy 3,k 51 HoO 5 CO,
D9 oo Jolin 1, NO san¥T adgs g 5l dopo £+ iSTas Slee

oY



2952 soedlpl relowl o odils sagollane e  SLS was!

S5 S b sl e g0 il Sl e aled Gen il b 4 (0p25 Oyge 4 [YY] Lty Sl 5 Vg
02 4565 gl LYY JINYNY cdale oogame g (CO2 /AT g N2 $£7 «CHs ¥-7.Ha Y+7.CO 1Y) 5w 55 5l Lasin
pled o NO LSid cuizmad g 8¢ dales S| cdale zals 51 o ol ol jials oS el ool 5l Sl CO olg
Ol a4 Cad Joliie b a5y a5 wis S byl bl wioles o el anilas g BB s 555 de Slallas
cou NO san¥T jlasl o5 allie o [YY] o)) Ken 5 Mgy ol ol alady o0y 3yl 0uf,y sbml cga dbiwljon
Olgie 4y CH/CO/HL/CO bglses 5l uios (! 10 caly 10 dilodgas sy |y i 5 g 3B balse gl ablo Gl
o NNH B el 6&.«‘?5—&.&) .105,17@ g UL».A u.».:L) > 6‘;.3 as B (0 QL"‘"’ °5)f L)"‘ LSLQL';"“))'.’ Ll 00l oolaiwl s.,‘.’>5.w
a5 alKin 098 o LIENO san YT odgs (o & 5l e cdale iol8l L as Jl> o wog (e NO INCAY IRV
Wgd oo ool (390 20yd FF (poz JuS BENNH 5 @ p (o jns iy o0 U5 E gm0 LS Lo )3 (9,000 o
Ao VYl s ez S 0 egad 4 WiSy e e |y (Gl 05l oaiiSanST cuS 5 o ST i3l
055 9yt 33l ol alasly 4y Bos NO 00ty ¥T 555 oo s £330 (] 45 ()50
ol Lol c¥game 5l (S a5 (0n)S dunST50) laldS 5 o 5 Lol adgs JpuS jsbite 4 p3 slale o
4 e B S g ;500 Gaw Sl 48,5 )18 bie dx g8 3590 (€ eS| g iSOG g Gl ol 00gy 5l
ol pazin bl il cos |, (Sl st slepiaens 205l Wiled co (6550 Sl lald o pdaas Co e SO Gleie
Bran olS g 233k (iali8l i 5e it bS] Lasl palS Cuz sl ans o b o aS saus sla g, 5l (S s
aleds ey Gl ma3y 50 e B G g 3l eolaiwl icwl able Gl sl el sl a8 3 113 oolaiul 5 )50 CSgus
Ny als (2ojl (Pl 4o (s BB SIS Bl se 095 g 4 iaShES s 5 (b8 (5SSl llpd s
S ge 6l a5 Sl JSal; pizes 5 il LeanVT adg 5 (SIS Glajls adg) (e iule S
50 Canl A8 )T O a0 pudione bawgd S8 4y lyld cpl geemme Judow il Lewd secs g pgar 4 pdlagass
S ST g S S g g g Loyl 1l o el ety Bl 03 50y S8 S gl eslaiul (gl dslllas
WS aanST (63959 slod 2as NO oaiy¥T JLassl 59, » silisee soulS (60 ,Sloe sla el b lsh g sl ol oy
el 0ads by calizee Jayl il 50 50 S oS S 5 N2 LCOy (o0l 5l st

GO J.‘> &9) 9 Awdid ‘WSl’ Y oleo
09 w25y Sly Je 5ol (655,10 el oas ooliil (gl adlllae o (go0e (gilwands gl bl (ly> 39k alas
sogiloans Y] o)l sl )5 5 ool awaia w5, cnl sl Lalys b alas o)l 3p jslite 4 g 039 comlio alais
Lyl (St (g0 )l Gk B0 el 4335 & po0 (YOI S8 s S IVEI iyl 05 51 (5 0 0 b abose e
b ool amals ) 5 e Wb awous asle o Sutipw né 530 b el 1l oas bl Jow 53, 2 (Sl
anlllae cqa (Bl silodas 5o ol slaalad 65815 ogas alaixdo 1) (pliond St Sl ST oy Sjg0 4 s
Sl z Giloand 5ol Jos sl )5 5 g5d50 al sl 1o )55 1 (s &1 el INO 00T 555 5 955 o5
Comal | lis 4 0ad (3lwesly oyl slaalads 5| slacgame 65,50 b cdordd Joko digas lyie 4 ol g lao 5 il
YV YE] s g gale om0 anllae gillas (o)l aslllan wiin Ll b o)ls cinio slasilaJoe 1o 500 Lbg,

2 OPPDIF
3 CHEMKIN

oY



VFe¥ mb ‘Pom o)l.o...fa ‘p_am JLw ‘d‘P‘ﬁw% ‘sw.hgf _‘SQJ.C 4.:)..“.:

Alols g o 81,55 yeictlo ¥ kb b sl il Bk 5l sniSapnST 5 cdgw by ) JSS Gilhe ol ond i 5 L
el o 5l VYD Cgs g 00iiSapnST sla 30

i

“D=30mni™>
Fuel

Figure 1- Counterflow geometry in the current study
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Table 1- Mole fraction of species in the fuel and oxidant mixtures for validation cases

Case Oxidant Mixture Fuel Mixture
Title Hy/CO Xo2 Xn2 Xn2 Xcns Xn2 Xco
Ratio (%) (%) (%) (%) (%) (%)
A 0.25 21 79 2 58 8 32
B 4 21 79 2 58 32 8

OW)S T 9 oS uaST (539,35 Slod bl 1 gyl Gl 50 (90 )N es Lyl Y Jgux
Table 2- Functional conditions in current research based on oxidant inlet temperature and strain rate

. Oxidant Oxidant Mixture Fuel Mixture
Case Strain Rate Preheating

Number (1/s) Temperature [K] Xn2 Xo2 Xcoz Xrcoz Xn2 Xco
() (%) (%) (%) (%) (%)

1 0 6 94 0 80 20

2 0 6 94 0 50 50

3 0 6 94 0 20 80

4 47 6 47 0 80 20

5 47 6 47 0 50 50

6 47 6 47 0 20 80

7 94 6 0 0 80 20

8 25-800 900 < Ti, <2300 94 6 0 0 50 50

9 94 6 0 0 20 80

10 0 6 0 94 80 20

11 0 6 0 94 50 50

12 0 6 0 94 20 80

13 47 6 0 47 80 20

14 47 6 0 47 50 50

15 47 6 0 47 20 80
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Table 3- Functional conditions in current research based on changes in oxidant mole fraction

Oxidant Mixture

Fuel Mixture

Nl?l?]sbeer Xoz Xn2 Xcoz Xrcoz X2 Xco

(%) (%) (%) (%) (%) (%)

1 0 96-78 0 80 20
2 0 96-78 0 50 50
3 0 96-78 0 20 80
4 48-39 48-39 0 80 20
5 48-39 48-39 0 50 50
6 48-39 48-39 0 20 80
7 96-78 0 0 80 20
8 4-22 96-78 0 0 50 50
9 96-78 0 0 20 80
10 0 0 96-78 80 20
11 0 0 96-78 50 50
12 0 0 96-78 20 80
13 48-39 0 48-39 80 20
14 48-39 0 48-39 50 50
15 48-39 0 48-39 20 80
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Table 4- The main reactions of sensitivity analysis

Reaction Number

Chemical Reaction

Reaction Number

Chemical Reaction

R1 20tM -0, tM R84 OH+H,~H+H,0
R3 O+H,~H+OH R85 20H(M)H,0,(+M)
R4 0O+HO,>0OH+0O, R&7 OH+HO,<-0,+H,0
R12 O0+CO+M-CO+M R99 OH+CO+-H+CO,
R15 O+CH,0<~0OH+HCO R100 OH+HCO+-H,0+CO
R33 H+0,+M—HO,+M R101 OH+CH,0-HCO+H,0
R35 H+0O,+H,0+-~HO,+H,0 R166 HCO+H,0-H+CO+H,0
R36 H+0,+N,«HO,+N, R167 HCO+M-H+CO+M
R38 H+0,<>0+0OH R168 HCO+0,-HO,+CO
R39 2H+M—H,+M R178 N+NO-N,+O
R41 2H+H,2H, R180 N+OH<-NO+H
R43 H+OH+M -H,0+M R182 N,O+0-2NO
R45 H+HO,<~0O,+H, R183 N,O+H-N,+OH
R46 H+HO,—20H R185 N>O(+M)>No+O(+M)
RS54 H+HCO+M - CH,O0+M R197 NH+H,0«<>HNO+H,
R55 H+HCO-H,+CO R199 NH+NO-N,O+H
R58 H+CH,O0-HCO+H, R208 NNH+O—NH+NO
i | g Lo
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Figure 2- Validation of counterflow flame simulation with four different chemical mechanisms compared to the experimental results
for two H,/CO ratios
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Figure 3- EINO versus strain rate under two oxy-fuel and oxygen enhanced combustion modes in three different H,/CO ratios
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Figure 4- Sensitivity analysis of NO production for strain rates of 50 and 400 (1/s) under two oxy-fuel and oxygen enhanced
combustion modes in two different H,/CO ratios
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Figure 5- Ty in terms of different strain rates for oxygen enhanced and oxy-fuel conditions and three different H,/CO fuel ratios
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Figure 6- EINO versus oxidant inlet temperature under two oxy-fuel and oxygen enhanced combustion modes in three different
H,/CO ratios
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Figure 7- Sensitivity analysis of NO production for oxidant inlet temperature of 900 and 2100 k under two oxy-fuel and oxygen
enhanced combustion modes in two different H,/CO ratios
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Figure 9- EINO versus O; mole fraction under two oxy-fuel and oxygen enhanced combustion modes in three different H/CO ratios
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English Abstract

Study of NO emission in syngas flameless combustion: The effect of inlet
temperature, oxygen concentration, syngas composition and strain rate
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The aim of the present paper is to investigate the effects of various key performance parameters in syngas fuel
combustion on NO pollutant emission, such as oxidant inlet temperature, oxygen concentration in oxidant
composition, different fuel composition, and strain rate under oxy-fuel, oxygen enhanced and air-fuel
conditions. The required modeling has been implemented using the counter flow flame and GRI3.0 chemical
kinetics. In order to evaluate the contribution of chemical and physical effects caused by replacing CO2 with
N2, the neutral species FCO2 has been used with the two conditions of not participating in chemical reactions
and also having the same physical properties as CO2. In low temperature combustion, the EINO is mostly the
same when using air and pure oxygen as a oxidant, while with the increase of flame temperature to more than
1800 K, EINO increases significantly, especially through the thermal mechanism. The comparison between air-
fuel, oxygen enhanced, and oxy-fuel combustions indicates that the EINO under oxygen enhanced conditions
is about 90% and under oxy-fuel conditions is more than 99% lower than air-fuel conditions. The hydrogen-
rich condition has reinforced the N>O-intermediate mechanism, especially under oxy-fuel condition, mainly
through the R199 reaction in the formation of NO pollutant. Investigations illustrate that at high strain rates due
to the low residence time of the products, the level of EINO also decreases.

Keywords: NO emission, Syngas composition, Oxidant inlet temperature, Strain rate, Sensitivity analysis.
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