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Pollutant Formation Characteristics in a Flamelet Interacting with a Vortex
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Abstract : Flame structure of diffusion flame interacting with a single vortex was investigated with direct numerical
simulation (DNS). A well-known counterflow diffusion flame was used as an initial flat flame and single vortices
were made by issuing a high-velocity jet abruptly in fuel- and air-side. The variations in the maximum concentration
of major species (CO and CO;) and NOx (NO and NO,) with the stoichiometric scalar dissipation rate were inves-
tigated. Unsteady effects in the species concentration variation of the flame interacting with a vortex were identified
by comparing with that of steady flame. NO, formation characteristics of the flame interacting with a vortex were
well understood by investigating the HO, formation. To enhance the prediction performance in the fire simulation,
current turbulent combustion modelings are needed to be modified by adopting the unsteady effects in the species con-
centrations of diffusion flame interacting with a vortex. ,
Key Words : flame-vortex interaction, counterflow flame, unsteady effects, nitrogen oxides, numerical simulation
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Fig. 2. Schematic of computational geometry and numerical
layout for the simulation of flame—vortex interaction,

3 st Bl ATE UA "o o=gt Bt
A T FELY, HANETS H 2QEe &
=

T
lo
il
i
L)
)
30
v

i B4e olgale] Asaee AT 1%
2 YR 7129 Sung 59 YR
Ao 277 SUSHA sto] AL SpgolT. AR
715t HALS Fig 20 M o} 2k

2.2. Rl HA W S x/5HE

B AT 95T ABAESE 3190 o)
B uA SAARE PN ok )~O)F E
Ase A%, LE, S8E, A L e

%+v - (pw) =0 O
%-%V < (uw) = = Vp, +(0—p,)g

+ -l T 2v 0l @
8(pY;)

+V - (oY) =v - (D, VY,)
+ W, (=123 -N) ®
oT
/?Cp(g——f-u . v7j= v -V

N . N
+ M WA oY e, D, VY, - vD (4
i=1 i=1

piTim

Journal of the KOSOS, Val. 25, No. 1, 2010



s A4S HESH sHTEMC 2HEH YI5Y

&Y
7o =pz?02:§=31( W) 3

B A9 #A 3 DNS| 7|vhE Fi1 QL
th AlAbo] o] g8 I B ARE] AH A
31 2249 ¢ DNS F=¢] REFLOWS 2D70|t}. o]
FEME ArwFol FREE ol gt
8| AAF Aike] 7hs3t, 194 $449H37]|7HGlobal
reaction mechanism)5-&] AAHRS-7]7H(Detailed reac-

tion mechanism)7HX] LT £ J=F 2= o]

Stk =3 AR A F 498 E4A9 AF
EX2]= CHEMKIN-II” 2 TRANFIT Package®S
o] @3}o] Q- zpA|SHA Akl 4= 9ltt. REFLOWS
2D FC& 7|&9 AYIFE FalA AE SHiist
G2, Qs g7R @ A5 Fof of
3 diZA50] ASE T AXFE 9 A=of
o A 8L @ £99] e ymsly) ulech

2.3. AMEZ

B AFolA okFo] AT e AL
7171 91841 Fig. 20014 E+= vpe} o] CH/NyY
ABREA] SHROA ARE BAREY F7|7F A
oA SRR BAEEE stk HERIYL 3
BA717] A A7 H F7)ed E7A01Y 2H
L& 1BmmelH, 7 =32 (D)2 14mme|th
£ drolsde 24 SR AdE s
22 AAGAL xxr=13mmxTmmE 3ttt o5

dr 3=

o

i)

o] B Mol B FHEE &7 sl &
B2 Y VY wEET 52 T A2 ¢
3 ZH3F S20] 255cm/sE FAIEE A0
o, 27185 208K 0 2 3t dgE d 1r]|e
o] 2L 77 A|FBI2 CHaN=23:77 Y OxNg=
23:770] HEE 3Tt

AARACZA F4ENAE= Neumann =7, HF

A R AGA A E 14 269 o4 (Extra-
p < ol &3ttt el 134 IS

S Sdetse S AE AdsSA 3
& & i) 3= 2mm WY ehEEoA] A
7 9 "oz A 2mis, Smis, 10m/sE Hol
= Top-hot 2] b5 AEFE(.) EZ2E 2w
5 AEE «7HH 02 EESAH o] A7ER] {4
o wEt o-se] AEE VAR FEEHE FUst
ve's 7H AS 98 2 37E 952 5ET A
TE 7HE SIS v 2710 BE 5L
ZE=E «¥(Circulation; [r)3Fe o|-&ste] T H3}

o 10 oN o

ol

F=E eS| K|, Mi258 A=, 2010

r

H v, 0] ARFE It AR, Z veoll AP3H=
T 70cm?/s, 167cm%s 2 330cm’/so]Th.

Axtof] o]8E ARMAE NxN~260x70702
AEo] gtk ko 2= 0.05mme] F Y3t A2}
£ o) gslgon, Higugke 2= Ago] Ttk
FA% ZA0A 0.05mme] AAE 7R, ¥R
Fgoz Ha Z7I7t FAEHEE shgith

ALERS AXRS YA E TAF TAHA oF
o oJajA] AT E 2GRS HA3| & 5T
2> Q)= Miller®} Bowman®] AAHHS-7]7HMB-Full)
£ uigo s AR e £4887]7(Augmented
reduced mechanism; MB-ARM)?Z 0] &39It} MB-

& CHi, CHs, CH,O, CO, CO,, By, H;0, H, O,
OH, HO,, Hx0y, Oz, GH,, CHs, CoHs, HCN, NO,
NO; @ N, 9| 2074 3l8t5-& 23t 1649 vhg
Aoz olfojx tk o] Hhe7|Fe AYALE
3] 297} v|AA ) BabEE sld-okE A
32h2-9] Aol &g3h= Ao g AFsirt=
AL It

Tk

3.

[}

—_—

il

3.1. AzatALbg Halo| MHE Sl HEl

ARE T 3715904 FE Fo) 1A 4
AAeQ] el FastA =W bl o3 3
2 Wy ARECh B3 oHgo] Frrt SE3]
A A =E g vFLERE e = QL
o} ol FFEL V€Y ATETES SA
T FHI] F gEA kool SFdel Hashd
A skgo] AEE HEE SEHAY 2EF
QI-E(Strain rate) 2 EHH AL 4 (6) 22 %=
ZFetAa~AREA(Scalar Dissipation Rate; SDR, )2 3
Aok

e (2]

oJ7|A, 2= EIHE-SMixture fraction)e] Dy
EaHE0] SR 2 AToINE 2 5
a0 Le 471 12 dAsithe Thastel] A4t
S 0|8k o7 M 1Y Beg @ tEe
7 e A, & FEEIH(Stoichiometric) $13]
oA 9] SDREH (xS ©l-87ITH

Fig. 3:& &450] A7) do] e A&
stdof Al SDR#EE HojFal Qiok Jde] 4

rlr

e

11



2FE, o|9F

SDR(S™)

6 4 2 0 2 4 6
T (mm)
Fig. 3. Initial flat diffusion flame before a vortex is developed,

o] BHAWO] H|o|m, .Gk HIZ o] FPHC]
o120 4] @loj7l SDR7HS Liehaich

Fig 45 @ 8 3713 ok5o] Z7]9 RAAe

St FskA 2 He o F 4 SDR 225
HoFEa ek R0l kol HIshA HH 2k

SDR(8™")

(a) 24ms 5 7

124

0
v {mm)

6 -4 0 6
r{mm)

Sa] gloli AEdelgo] S71e17] wiEo] SDRE
Z7Veb, 1= AR 27k Eek TEto) &
go) olFolA F oj Aol Aukw eigo] o

g et Fig 49 278 $3) A=S 9%
A A SDRZH: B9 NS A= 3
2 ARSol golAT Yom, F71% 5] 3
Solli Sl 2RI Fo T YeS &

O m ok

0

i
A

ot ERF SDREES obF0] e85 5tHe Al
7le E3pt 327] diFel 2 ghe 2 =, g
Holl o] SDREER yo= B A 244 ek

rgi;’

£ A tollA ehso] A=) AL x7])e] HF
A BHA ) ke 34solTh.

Fig. 5& xv W&o w2 FullL8(Heat Release
Rate; HRR)®| WH3lg Hoj=m 9y 194 7}
229 yagto]l AX= AL 459 sk HZ3)
7te AL Qolsty AT 1. ool HAL o
HRRzko] 00f] Aok A2 gdo] A8 EH A2
ojujgity. I A HE AYAH AAE F3)

d 88

o]

@
T 49
K]
= 30
2 % »
{c)2.4ms
0
5 4 2 0 2 4 6
)
SDR(S™)

103

pay O1
24
(d) 2.8ms % ¥

6

-6 -4 0
r{mm)

Fig. 4. Scalar dissipation rate {SDR) distribution during a vortex development, Each time means a vortex passage time after the
vortex was formed, (a) and (b) : by fuel~side vortex, (c) and (d) : by air—side vortex.

12

Journal of the KOSOS, Vol. 25, No. 1, 2010



AS3 A5 EE5h= SIHHM 2HER WIEY

QoW 149 HhFRside] HRRS Yujsic. of
st e AT A B9 QiR T2l 1

£ F7H171EA 7%]2% 3ttt Asto] HRAR
3 o /lg

Pgal 7ol mekA

O
F[‘F
)
2
I

il

B
jults
s
il

2 3o A E xaakd 9
g AFHoR B o 9ley o] Ao
SDRZH(xp) 10957} Hick. F83 32 BE o5
A 2AEA 2 ARl 5 2712 HRR
P2 AAAE 12k gkt & Apolg Holx]
STl Aol QA y~109sT ok ER
Z FolA gl 023 US55 Yok o)
7B vuol AZNLE yak0] HE ARE A
& S 9o} BE ofFAA 2t o]
ALEIE Holal S & &+ Stk Fu=
ve2m/sZ2Zo AR 9 F71E ool 93 &
A 242} 2005 18257 ot} E 3, vi=Smvs 2]
A 9 7| oF5o] o3t AgHLS ZhzF 488sT
2 337570, v,~10m/s9] A8 L F7|E 959
oJgt 2@ - 7zt 1286s" L 67357 0|t} Fig. 59
AAE 53 SYFH o2 A5 AAARA T
F7150A AEE sl Sde & W 948 &
GA7IE A& % 5 Qrk o]AL 71E9
7= B 371& 50 Her) 319 AsAg
e Bl & o 37] gEo® eIt vl 9l
\:]-“))‘

Fig. 60l= yx B3}l w2 3tdAdioA 2] COs
= H3gkel #MslE veigich 1o ZAEA|
£ YA CO9 W3k St T K09 |
sk} ol AR AL & S Qdgich wekA 3
o] AXNA Wz & Yehhe sk 59 sl

I o o

800 v T T

Symbol : Steady 1D
Solid Line  : Fuel-side Vortex
Dashed Line : Air-side Vortex

600 -

400 -

Heat Release Rate (J/cm3 s)

—-

0 200 400 600 800
Scalar Dissipation Rate, X (87!}
Fig. 5. Variation of peak heat release rate (HRR) with stoichio—
metric scalar dissipation rate,

PR SR, M253 Al1Z, 20104

0.08 — T T

> . Symbol : Steady 1D
Solid Line  : Fuel-side Vortex
Dashed Line : Air-side Vortex

0.06 .
«
Q >~
Q RN Vier=10m/s
c .
2 3 -~
F004F ) NN e
o T £ O N S
L; Vijer=2m/s A
k=] .
=

0.02 f e

0.00 I 1 1 1 1 ) A

0 200 400 600 800

Scalar Dissipation Rate, % (s)
Fig. 6. Variation of peak CO, concentration with stoichio—
metric scalar dissipation rate,

*

J &+ ek R el nebAl Fols
A5t w7t Z7HSHE A S niakd
A3 s Ae ¢ 4 gk T Pgas
AR 850 P, 2 veglel wtel getA)
gk &, 959 A5 el $UT pge 2
o= O, 557} thEy] gge] YR dendd
oA 2 slatge) SEE s At g1
A oleitt MANEIE F85 nesior B
& % gck

Fig. 7o Shgdoll wAstE dEHel 092
A o) shiel CoY pEwste =ABdT A
22 A A HAL el SHEeE
CO SEE A3 F71HE A% BTk 2t
SFET} HEAGIE 81, B yamis AN
LR g gl A SN Sk

r R3O o

0.04 T T T

Symbol . Steady 1D

Solid Line  : Fuel-side Vortex
003 Dashed Line : Air-side Vortex

Mole Fraction (CO)
<3
o
N

o
=3
=

. 0.00 . . —L
0 200 400 600 800

Scalar Dissipation Rate, X (5")
Fig. 7. Variation of peak CO concentration with stoichiometric
scalar dissipation rate,

13



om, 0l9F

BHFE Boltrt yugtel © AAA =W F43]
sk 9o ve=smys, 10m/s 270 A= 7]

CO & F7HM7HE AQ BolA] ¢ yugho)
AAA =HH AA5] CO FLrt Ao A &
4} ol GEAETE AT A AAAE Y
fFFsE 4345 ol g3 GRSl g 2dsy
A7t AR oA dAskE COY & B
HA dE3l=d] FAE HY ¢ 22 AT
AORA oo giaire FE 1A A7 o
Zast Aow AyZEch

Fig. 8ol= NO9| His= WIS 242 At
ATk NOE = oks f&24dl disl w7t 57t
SE A, v 7t S7FETE v g4 &3
7 Z27] B2 y.2 Wglo] TuiE §H5kA] E
3lo] 3= A "ok T3 NO9| AAAIZE
2 o IskEE0) BjE) v =7 diE) vem
2m/59] 2R HR= NO 3t mj2j=
v A a3be A gk AAAE S g & &
o]Z Heltk webA FY y«of talA NO 5=+
ME 2 2olE BY 4= ¢l7] o], NO 5%k o
Zo A 42 AT 01FE ISt = AL W F&
gk Aoz ddEch o] NO 52 x«o 34
L Santoro EV0] st shg-olE Alszhgo|
i3t dgAdvels Z dAska glck

Fig. 92} 100+ NO, 522k NO; 440l -8t
HO, 2}tz Fx9o] Haghe] Hals 7242k ZA|st
Ak A xSt T2 NO, FEe H3lE B
H, NOE 34457} vjud 27| g NO
AY wZAd ZIF 3A yeER, 3.8 F71l
sl NO, 5= M3t 34 &2 & 4 Ut

5x10 8 T T T

EY NOE 7t e G <1805)ol Al 2
2 3 SFRe] fANE xot FobEE
v 27000 24Bgl0] A9 fARE WS YS 1l
o JRT sk S48 2 v 229 e 2@
AT HE NO, ST 373 & oA 7
a3t 3 o 5 Uk oln), NO, BE SR
SH59 FEI 25S FA et
202, 9F5e] Wyl T2 NO; WIS 23]
B, 3712 950 O3 AS7t Ans G
Pl sids vma o & QSR AL
& < Sk AT AT N0, WL Fig
109] HO; 2eig Wste} vl ws) 2¥, NO, %7
AHE] Zastebrt Al F7Rte $702 HO; 5
w7b gashs $29 & AAF 290 HO
= TS N2t fARH 3715 2159 3
97h APl SE & QABE AE ¢ 5

4x10 -8 T . .
Symbol : Steady 1D
. Solid Line  : Fuel-side Vortex
2106 - Dashed Line : Air-side Vortex ]
o«
o]
=4
~ 0]
S
B 2x10 hdd Vier=2mis Vjet=5m/s 1
w
@
o
=
1 6 =il
R I N A & .
Viet=10m/s
0x1G 8 )
0 200 400 600 800

Scalar Dissipation Rate, %y (8)
Fig. 9. Variation of peak NO2 concentration with stoichiome—
tric scalar dissipation rate,

16x10 5 T T T
1 ' Syn_wbol : Steady 1D Symbol : Steady 1D
5 Solid Line  : Fuel-side Vortex Solid Line  : Fuel-side Vortex
4x10 - Dashed Line : Air-side Vortex ~ 7 Dashed Line : Air-side Vortex
12x10 8 e 1
8 g _ e T
z ) Vjet=10m/s
S3x105f ] Q
Pt L
S * 5
5 L
@ . 3 8x10 %
e ©
o 2x10 5| 1 e
© . K
o
= .' Viet=10m/ =
~~~~~~~ jet=10m/s 4x105
sE% N IRl
1x10 LR N e ) S
% QlViem2mls TR
e N\ T R e,
0x10 ¢ ! 0x10 5 =
0 200 400 600 800 0 200 400 600 800

Scalar Dissipation Rate, X (s™)
Fig. 8. Variation of peak NO concentration with stoichiometric
scalar dissipation rate,

14

Scalar Dissipation Rate, X¢ ()
Fig. 10. Variation of peak HO, concentration with stoichio—
metric scalar dissipation rate.

Journal of the KOSOS, Vol. 25, No. 1, 2010



SIS} ABRBHS SIRHOIMY QUSE MHEY

et iz o sskEy g8 NS 5=7
Y’t B7FIHE 022 HojR|A] = olf= &
FAJ9] FWol o3 NO= o] AAE7] dFo
oo 3HEE TWETHA] = AHEH e
9 BEE A |tk

ot e RE7HA] #ESE NO, ¥ HO, &
Halo] digt ol-f-& st LA; ik URtE o
slA A NO, AT 4Fo 583 vhg-2 Zt
®RDF RS} 2H?. 3L NO2 Aol 8
HO, 2]z 32 (R3)9] vh3-& F3) A=

NS T

)

)-

NO + HO, — NO, + OH (R1)
NO, + H—>NO + OH R2)
H+0;+M—HO,+M R3)

(R3) A2 HY} 0,7} whbA HOE AN =
1ol 22 HO = & gUS 7E22 3715
o] slgdew a2 YEYEHE A
= H3ghe zrech?. ey, stgoAe] A
HA(EL g0l F7HEE 0,0 427} W
& Eisle] dEzos ERFng ARZoNe
n|ee] HO = BT, NO, &= HO; $17
o} ABEEE ZI|ZM B FEE 7MY, o
RENA FL T NOJt &A8kA Hrk 23
of EAIFAE= AUAITE B o)A 2= 31y
NMZ ABZAE Fe B, T7|&oiE &
2 29| NO; @ HOE T3 4 gloith ol
3 o] ¢-Z Fig. 109] HO, 3= 37|29 & X
g et AL <& 5 Yok

A AHE HO, 4 NO; 3 EEE AFS
&1 Fig. 99} 109 %= WHabAgk] gjgt A
7bs3 Atk Z, HO, € NO, 55& 3713
9] o7t ATl Bl AT} o GALSHA
Ehb=d] 1 oolg ohedt o] MEE 4 g
JYo| Holk YA e dm W FE 9
&2 FAlo] F7RIFIEA 2F87A Akt 23t
oltk. 2 7] dazAd: o] HAXHE
7\Eo R 7|50 FHEER, slgo] v AE
#oled Z71EoA dolHl oz EAx|e] A,
ojo] Bhal ARZ opFo] M Aoz HAH
o] F71&0 2 olFslr] Y7 HPL ARE A
EFolgo] AA JFe wrom, F7|Z oFo] A
Lol ANAE 39T BRI 2 37])E AE

o]
2 oo

I

Léﬁoﬁ

T

= O
h
[e]

= EE|R|, 253 M1Z, 20104

o] APA g etk Z, d=E 4%
o Mayete AnZo LETHE FEAY, F
7% Sx7u $7he olxtt Atk 3715 ohEel
A9l ojo} wrje] LEpH) BES Ralch of
2hd, Slgemol THlo] Ayl TS Wi

HO, S Zhe 2= 271 9rajo] nlsgt 37
2 o}z Ao} ALY 39S ALt M= H
ARt AFS HolA "tk I8y, HO, shoize
vl w2 7] w2l yo7F 2R A o
o] Z7} Adge & FFAT, NO= HhHeEE7]
wa)7] wj2e] w4 filo) o] HOREThH= 3
ARy staTt 2ol S Holk ACRE Atk E
3, oMF 9&xzo] 242 971 NO, 718l 7}
A 2 ol gk, 9&o] 2 ALut 140 o &
&z 8] B4 2EA7te] 7] W&ol NO,
Ao Lot vkgo] & ¢ e X&H7] g7
o2 FAgFch

—_—

4. Z 2

&2 dAtoxe o5 4eAEshs RS
Aol thall DNSE a§stgich At fojxl 5t
AT-2E IR daRdEY /ida BT 9
A stAHolA FE AZTARE (L) Bl
gt F2 slEkEe] slE YFE ARG

SR AL 2o Bl ohs ) AEAgshe o
FF FAskdolA CO, s BAE stant
FARHA 17t STV Adzx M| o
Fol Hadte 54E BAF3r 28y Co, &
T 5Ug qeakel dialiA B shd e
ZpolE Hol= v AdE Holw, w0l AA
FE AP Shte gL AfolE EYE g}l
Pgiaiibel=g
X ] B2 COY F=RTH b5t A5t
SHe ol = AAIF g JAATE shdolA
@ wol thE AL Biew, vt AdS
AL o & Aol EYrh
bt A AEohs FgollAo NO & E3t
B BE WA Hi w7t ALSF HZA
7} HS ARt AL o S8 AR
ok T3 NO, HEoE HO, Y NO 5E8%E7} 5
Q3H ZE3HE & 4 9o, NO; Aol &
23 HO, g2 37159 stgex 7t &
Aol F2 Hxsh7| o] AR8SE 452 37
Z ob3ol oeiA W g3 F=7t oh=vh o

O

&
9

k=1
=

15



eam, ololF

2hA, NO, F=5 43| A5517] Sjsixe ¥A
& Bt ofF2 WRko] FAlo] e Eofok St
T3 B EE ¥R

dFoA= o=t axE m3E 5 71 giEel
AN Tt 2 FEES HEE]
Me & damdgo] o AdE Y
F Sl Weto]l A=€ Favt

gk

12

EE

1) N. Peters, “Turbulent Combustion”, Cambridge Uni-
versity Press, 2000.

2) V. Novozhilov, “Computational Fluid Dynamics Mo-
deling of Compartment Fires”, Progress in Energy
and Combustion Science, Vol. 27, pp. 611 ~666,
2001.

3) G. H. Yeoh and K. K. Yuen, “Computational Fluid
Dynamics in Fire Engineering”, Elsevier, 2009.

4) P-H.Renard, D. Thévenin, J. C. Rolon and S. Candel,
“Dynamics of Flame/vortex Interactions”, Progress in
Energy and Combustion Science, Vol. 26, pp. 225~
282, 1986.

5) C. I Sung, J. B. Liu and C. K. Law, “Structural
Response of Counterflow Diffusion Flames to Strain
Rate Variations”, Combustion and Flame, Vol. 102,
pp. 481~492, 1995.

6) 2, o)A, “B| 34 CHyF7] A E FAI5HY
off Tt R =AY, 37| A5 E =23 BH, Al
259 A|85., pp. 1087 ~1096, 2001,

7) R.J.Kee, F. M. Rupley and J. A. Miller, “Chemkin-II :
A Fortran Chemical Kinetic Package for the Analysis
of Gas Phase Chemical Kinetics”, Sandia Report,
SAND89-8009B, 1989.

8 R. I Kee, G, Dixon-Lewis, J. Warnatz, M. E. Coltrin
and J. A. Miller, “A Fortran Computer Code Package
for the Evaluation of Gas-Phase Multicomponent
Transport Properties”, Sandia Report, SAND86-8246,
1986.

16

9) C.-H.Hwang, C.B. Ohand C.-E. Lee, “Effects of CO,
Dilution on the Interactions of a CHi-air Nonpre-
mixed Jet Flame with a Single Vortex”, International
Journal of Thermal Science, Vol. 48, pp. 1423 ~1431,
2009.

10) C. B. Oh, C. E. Lee and J. Park, “Numerical Inves-
tigation of Extinction in a Counterflow Nonpremixed
Flame Perturbed by a Vortex”, Combustion and
Flame, Vol. 138, pp. 225 ~241, 2004.

11) C. B. Oh, A. Hamins, M. Bundy and J. Park, “The
Two-dimensional Structure of Low Strain Rate Coun-
terflow Nonpremixed Methane Flames in Normal and
Microgravity”, Combustion Theory and Modelling,
Vol. 12, No. 2, pp. 283 ~302, 2008.

12) R. Homma and J.-Y. Chen, “Reduced Mechanism for
Prediction of NO, Formation and Ignition Delay in
Methane-Air Combustion”, Journal of Engineering
for Gas Turbines and Power, Vol. 123, pp. 303 ~307,
2001.

13) V. S. Santoro, D. C. Kyritsis, M. D. Smooke and A.
Gomez, “Nitric Oxide Formation During Flame/Vortex
Interaction”, Proceedings of the Combustion Institute,
Vol. 29, pp. 2227 ~2233, 2000.

14) T. Sano, “NO; Formation in the Mixing Region of Hot
Burned Gas with Cool Air”, Combustion Science and
Technology, Vol. 38, pp. 129 ~144, 1984.

15) M. Hori, “Experimental Study of Nitrogen Dioxide
Formation in Combustion Systems”, Proceedings of
the Combustion Institute, Vol. 21, pp. 1181 ~1188,
1986.

16) M. C. Drake and R. J. Blint, “Calculations of NOx
Formation Pathways in Propagating Laminar, High
Pressure Premixed CH4/Air Flames”, Combustion
Science and Technology, Vol. 75, pp. 261 ~285, 1991.

17) QA K, 0|3, “CH-37] E5 4G 9 NOx
RAEEG B SR A, A =g
Z BH, A22H A2, pp. 193 ~204, 1998.

Journal of the KOSOS, Vol. 25, No. 1, 2010



