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Effects of CO, and H;O Additions on Partially Premixed
Counterflow Flame by Considering Nongray Gas Radiation

#xt

Bum-Jin Jo* and Tae-Kuk Kim

ABSTRACT

Detailed flame structures of the counterflow flames of CH4/Air formed with CO: and
H:0 addition are studied numerically. The detailed chemical reactions are modeled by
using the OPPDIF and CHEMKIN-II code. Only the CO; and HzO are assumed to
participate in radiative heat transfer while all other gases are assumed to be transparent.
The discrete ordinates method(DOM) and the narrow band based WSGGM with a gray
gas regrouping technique(WSGGM-RG) are applied for modeling the radiative transfer
through non-homogeneous and non-isothermal combustion gas mixtures generated by
the counter flow flames. The results compared with the SNB model show that the
WSGGM-RG is successful in modeling the counterflow flames with non-gray gas
mixture. The numerical results show that the addition of CO: and H:O to the oxidant
nozzle lowers the peak temperature and the NO concentration in flame.

Key Words :@ Radiative heat transfer, Counterflow flame, Combustion, Laminar Flow,
WSGGM-RG, Discrete Ordinates Method, H2O addition, COz Addition

s M
/I = 4 a8 2 7

f o AAAEES Aol wAAEA o, FEAS mags K
¢ WAFTARRAAL lghios) o et wraT
I EALZE [W/m'sr ] FE4 [

AT : cycles/s]
T EMTAEREAE Dem’os) L ow ol d
K FAs [m] , w, A% 7HEXA
Kip BTAT 944 [K/atm] Ay REZA [ g
L %379 [m] T ERe
M AT~ P
N i AA 289 HAss 5 7t aw
P fam] 0 oxidant
¢ BALHE [Wmd i WA Bk
T L [K b S A
v ENER % m g A s
v AR S mic  £gIb
X EEE new A%&%
Y AEgEE P pHA AxH
W EB RN EmE 243 -
W) RAztse] FewEw 153 Gl

—  zew= u#

Tt 7)AFEF dgd
Fgdgn 7AsE
A A A}, kimtk@cau.ac.kr



M ke SAE DS FHUTF FRATH F9049 CO 2 HO A wE 9% A7 1

oM Ay SAAY Wt folsny we
A7rAEY ATNA mHHYUL GRFHIL
544 14959 H¥o] s fEAAE
We BREkA S ggel o] WEelT. we
A EAA 4% % e, £ AstE, ¥
AdEd Bo 9Fe BAFEH feen

[e]

A B2 AR Fo HAJES Y AL
g7z 4TS FA HE oo g A
7b olH] 304 MEH JAUHL] Du S[2]e o
A 2" HMEE Y AL soot B %
oA ¥k #slgo &g HAaw od 3 gH,
stAL = Wele] 93 d"FH, 183 soot &
43 qbste] AAEE 3EukSo] AR Fo
2 A% AHA ey gaae A R Az
43S =S WPY. Liu T3] gEE CHy
st COE AN S 499 statd o
ol gt WAYEHR NO, A ol CO,
7ol glerA z

e

oIS 2=
3 ERE

]

Ho
gt
@)

_‘
=07
offt i &
E—\MOO
r]oﬁw ey
no foh g
o
o R %
Eoﬂ,iﬁ

o |o
Z6 s

P 2

Rui
ol ot

oo H =
o

to 38

rR +

o

Bl o o tio
ol
ok

o

MU
‘z
T 2 oo

tH olo Aw o

L

o o
e 28
Y

i)
2z,
e
ofl
o
=2
off of M ¥

il

¢
-
ol
b4t
K

2
2,
)
o,
ol of
to
2 Ry
3

f
_0|L
>

P

>

>

®

[Lalet

o
ui2
4
BN
2
e
2,
38 o
2
2
0,
tu
ot 41 fz ok
O 2o AL £l

W 2345 43 o Zhu B2 dEH
A ERSFAANA BALY] 2pd Fgrol BF o
AT3Art. ®e Zhu $([6]2 GRI-MECH
7 30% A A vlwate] 2119 wAY
H 4e 42238 B2dvde AL s
Te

oo

TN

38
f

A s

= Z27A9A Williams WAUES ¥ 2sho
AlEEA S FAE A4S Z oA AT S
Ao Kim $[8]%= OPPDIF #E=[7]2 o] &3
FF FEAGES F9ol WSGGM-#gdnd-g
Hgsto] HAAAES FEFS d=39 Guo
191 CH/CO/Air ¥ CHy/CO/0; ) 8FH o &
Fatdo A stdeme] hy BAlgdEHe o9F
I AYELE BEAANESE ngste] Ared

2T de

£gr)Ae ex st we el gw A
TE OSRHES dTRed a8 Bopold
Lim 5(10]2 OPPDIF¢} GRI-MECH 2.11& o]

4% CHy/AIr takigitsidol A atsA 2%
E 300~560 K WA WA 7|HA o Do
W2 gdFRe WalE o&ste] AdZAe} v
mA: Sole s

2 dAFelxe HEFFRIFFAA CO: 2 0
H7 el mE F3s HA A g aHste &
ol gteh. HEFEY A= OPPDIF ==[7]
Z Atgstden A4 AieE GRI-MECH
211 [11], 984 &4+ Chemkin-11{12] H)
o|E] Hlo|2E ¥ 1y EAEAES
AME =Y E WSGGM A 2891018 AH439
=3

WEF Sge a9 19 o] dBwEH 4
gAlwmzel FH%o] YA A3, o] Hol
A w23 gl AHelA AR % s}
YEHol wEolAE otk wehd %
F5o g% T =z Aolo] AW $H o]
sargiele] WASA Ark A7) wzelq B
AR AREY 2% L% 9 Sud g 3
rEt wslel G5e £A% FRE 449
Ow Zztel Wale] WE A%e 44 Hote 4
a HEAL 7z AT AR o 53
o Q8] Be ATAEe #Al9 o] ol

FRth it

Premixed Flame

Stagnation
Plane

Diffusion Fiame

Air
+ Addition

: g???

Fig. 1 Schematic diagram of the system



12 K—tg)\(_'u

AN u % ve FHY % BAPGe SE
o, p EF /A9 Welth YT FuE
MRS WE EeFo] xxtel BreE g6l o
% dsygge st gol g8d 4 Ut

d,
4l — 6o @

AN J=pu/2E F OB AFHE AR
HERH, G=-p/rs w3 RS A9RE AY
& 717 vehan

A7 pE AAASY, H= (1/p) (ap/or) =
WAL qhE ) mgelth EE oYy
AL Tt el & % Ak

ar _ d [, dT), o dT
PUT 0y c, dx()\ dx)+ C, ;Cﬁkykvk ax (4)

1 - Vg _

+Cp;hkwk+ <, =90

AN T, Cp AE 25, EF71A9 Aen|
4 9 ARSI —V ¢ BAdags
A HAH WA ol 23"™o| M9 o] Tat
F Atk Gy Y by oE kA E9) Ao
A, AFRE, YAy 3 Y4 S 44
e saEe nEwgAe gen gy

dy, 4 .
dx “E(DYka)“kak—O (5)

A71A Wee BHA Fo) Bl 1
8% ke FNEERA Gg3 2o

1 & dX; D] 1 4T

FE Ao, X F33F ko BEE, K
EF7IAS EASE 7k F9 Folrh g
FHEAEANE g3 2
_PRT
b W (7N
371 We EF@vtse PEEagelt 7
Zb Aupkg Aol g AARAL viit 2o
e=0: F=2ET Goo 7=1, (8)

puYy+p YV = (pu¥,),

=02 G=0,T=T,
)

N
w
£
o
&
Jo
>
N
>
2
2
it

QUHI5.16]. Wad EdTIAe EFowe
o 7t shme o WE g Fo U
2 QIoH171.

?m‘x(ll): ;Coz (n) - ;1»120(11) (10)
Y (1009 Be s 3L HAs ARG
2 o] &3t ofus o] wAR 4 ok

X

mix

= ki mis L
T mix (IL) = VVZ mix(n)e '

NWERL-FF7] EGI2Ol YoiH FFe
o S Ed Ede oed 2osle

Mcc»2 MHZO
T e (V) = 262:1 i;l Ve, coz(rL) )(12)
- kzc (7v+klh][«
W, g0(n)e T
A (1D¢ (12)¢ vastd 23d7t2e 948
AZBA W, () EFAFE GET 2
Wi i) =W, co, ()x Wy, H,0 (n) (13)
K e =K 00, 7K 1,0 (14)
Kim3} Songll8le #3714 F5+A5E o
X3 FEo 25 W gfgd g A4S A
Esgon, B ATdAr gad 2 dm
EWtad §5A5E HAGRT
— a0,/ T
imix K g, CO, T2 PX co, (15)
70‘1,H:O/T
+TK om0 T2 PX y.0
AT K, o (WA HAThae] BdE A
Fol P, T, X= 7zt 8, ex, BEgolT

t.
Park and Kim[13.14]& A4l A3te] Az s
FASTHA FIFE A A2 Folr] Hd) ¥



NS b BAE 19 S FRATE FRAET 39

AN CO» 2 H0 A7bel whe 9F At 13

2% 272 e HA7aY F405E age

2 vFols mEste ﬂ"—‘u‘ﬂi ZH.J-%L(gray
gas regrouping)<& A <H3}SAth.
N
I/Vzneu (77) - 7;1 VV;m“ (T/) (16)

A F FEAS kL BART Y
Bl F5A5E o3t 1o 4 )
a9 FANIAE W, 2 Ed

Ag g Sl Qe Ao F
A9 AFH FFoz gy L}

N
ZK’_}H)U‘I/I/]’D’I’LI
R, =4t
F W VV:‘,,#w (17)
Z VV;,miz (77)477
W, i = I
ALY (18)

232 SAdMYo A

Figure 1% 22 di&§F dixAxde] iy
Astd F =& 2 0194 il 2
ALe 144 o

7t Slet.

Pl o SRS A e o as
o AR TREH $HA2Z Jehid e
ZrH21]

iu’mémeerVzplb AT;D

o Mm+f I/V;[)Axp (19)

9 Aol SRR i A NS, p

) pA, me WAS 247 dehdch 4 m

o) g, f = BAAY 220 BS E

Wdel BAZE L,,& 787 98 223 7}

%“] O]B:L IzprrzE f% 0]%—‘5’}-0:‘{ 442,771 ‘g-l '[l"U/,'IIL:l—l}
A et 2ol 7 5 9y

Iiap,m:f 1;, m (1 f) LW, T (20)

pRANY BAE AAFe e ol Fu
5 gleh

AN, w, & mgFl WY 7 AFHolu,
Ny= Al 298 F 2 g el

¥ ATl ARwEs) §7xF Aole] AY
7 2emels AA) 719l 171949 gL
~9e westys weld ARt CHelw 2
Az ¥77h AEHAG CHE i w48

of Ztdtstal AA AERE Bl AHEFHEE O
SFaY B Eol AbgFo] sl dlEgR3t
4 AlA" Ao = OPDDIF Codel717} A&
Sorm dgaty 43 78772 CHEMKIN
11219} GIR-MECH 211[11]1& o] &3t}
GRI-MECH 2.11% 49712 g}skgo] tsle] 279
Aol gstwtg o ool gl wiHe| GRI
308 53709 #atEe] 325709 Fehurg o= o
ZFol4d gloy Zhu ¥I519 AFeA CH/AIrE
ol&3g Ag 2 Fx &4 A3 GRI-MECH 2.11
o] 30xY HyAate v2¥¢S HYomz £

ol A& GRI-MECH 2115 o] &3ttt 34
7}27k2 9 SNB RP[20]8 o] 83 7S
T AMAE wEEte] 13HY FAdAE ] &
e 5,9 THARES ey =2 2E
HAF 2o glef gtahg e ojitsigiaet £33
gro] Ealdo] Hee] J¥E MAE Aoz b
datdch vhee 2 ATl AbeE 4 sl

ArtzA ot

¢

Table 1 Operating condition for each flame

1
2

CH.JAir
Air } Air+CO, ‘ AirtH,0
2

3.1 oM HAnso Hlw (Flame |)
El

s e NAs L Bagag

o Yusiz zEdE SNBRE, WSGGM-RG
U101 A2 vastgdo. 98 w=Zd A
2l dm aga AEA =FelME T2t

T S
fl
o
0,

BAbg £l &5+ 10 em/s 2 300 K2 &



14 Zz92 .7

43ttt No Radiation R29] 74 EAlde
aetA] got stAFd At dx 2%
o] Huld A& B F Utl Peak &% o Z9
ol SNB+= 1980 K, WSGGM-RGE 1965 K
2076 %9 JRLAE Bt AR ¢
oA Pentium4 26 GHz CPUE A}43 ZAx
SNB+ 1982 %7} /\B_E]—‘:Eﬂ v 3] WSGGM-
RG10< 10317]' ALFHE=
FAl 7 ABEE AW

£ >
AN o

=

2200

SNB SN

2000
1800 |
1600 +

8 &
S S

Temperature [K]
= =
8

0.0 0.5 1.0 15 20
Distance from Fuel Nozzle [cm]

Fig. 2 Flame structure by flame | condition

Table 1 Results for different radiative models
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Table 2 Results for CO. addition
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