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ABSTRACT

Numerical study is conducted to grasp flame characteristics in H,/CO syngas counterflow diffusion flames
diluted with He and Ar. An effective fuel Lewis number, applicable to premixed burning regime and even
to moderately-stretched diffusion flames, is suggested through the comparison among fuel Lewis number,
effective Lewis number, and effective fuel Lewis number. Flame characteristics with and without the
suppression of the diffusivities of H, H,, and He are compared in order to clarify the important role of
preferential diffusion effects through them. It is found that the scarcity of H and He in reaction zone
increases flame temperature whereas that of H, deteriorates flame temperature. Impact of preferential diffusion
of H, H,, and He in flame characteristics is also addressed to reaction pathways for the purpose of displaying

chemical effects.
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Fig. 1. Maximum flame temperature versus diluent mole
fraction at ag= 100 s in 80% H2/20% CO diffu-
sion flame.
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Fig. 2. Variations of fuel Lewis number and effective
Lewis number with diluent mole fraction in 80%
H2/20% CO diffusion flame.
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Fig. 3. Effective fuel Lewis number versus diluent mole
fraction in (a) CHa, (b) CsHs, (c) 80% H2/20% CO
diffusion flames.

= A& & g9d Aotk webA T Fig. 19
Rl 3t 2E7AFo] AR Lewis -8 WETH
A# Lewis 4= Hed} Ar E&-& F7tol whet 57
sfjoF 3}, T L0] HeO &2 I]A % A&7 Lewis &=
Aro 2 3|MH ARt v AHof ghrt 22 Fig. 29]
Holi= Hiel o] He ER-&of W& AR Lewis
7ok WH Ar E52&o] mE AR Lewis
Fagith B Lol Hedt Aro 2 3] 4g A7t
tofl oA A= Lewis =5 Atololl= map o]

e oo



Het ArO. = 3|45 712 ol M ol L 429 A 5 e Aka v} 31

ewis 292} 3] 2% AF
4= St} Fig. 2(b)oll 4] He
B NE §8 Lewis = Are 2 3|45 720
Hlsf] o At} webA o]Zlo] HeC 2 3|A4H 392
T7F Are 2 3| A g Ao vlgf v B2 Aok &
dAekaL ik v F A9 F & Lewis 4= He
I Ar 29| F7tol wheh sy, o] 2 Fig. 1
9] 3Y &= A= AYstetls ods] Aufsta
Ut AT|H O R Fig. 194 3¢ 2= AT A=
Lewis <=2} Chen 5{19]°] AAZF F-& Lewis 2= 5
23| A=A gt a9y 7% 9hgE 7E[29]
2 3 A3 TAH} T2 5 9 -] &
AEH (Rt Fehah-g Ao R QI A=t
AFEHA| O] F3 o] B EHE R 22 L o] H 3]
asich JYotd 25 BRgE ol 7Rk Fol 4
(Dol Hetd 8 A7 Lewis & AHEE 4= QT
Fig. 32 3|44 Z£&° W& §8 A= Lewis 4=
£ ve, Zag 34 7FA80% Hy20% CO) Ak
st Eoll tsh vlastsich Fig. 32} (b)oll vebd
Hio} Zro] Ardl Heo 2 34 E wek-37] 9 Z2 -
7] 24t stgelA B A f8 AR Lewis
A2 e 2 dAst= A & 4 ok 1%
W 9 F Lewis 429 AL E3H80% Hy/20% CO)
2t StHolA B 2% AsS A& AEE 5 9o
oF gt} Fig. 3(c)oll Al Hel = FAH 3toA f
A AE Lewis 9~ Aro 2 3|45 F9of g ¢
Attt o] Y37t A e Fig. 1914 HeS &2 344 3¢
257t Are 2 A 3ty 2eET § W Ay
3 & I3t} He S£-&0 gt &4 2% #
Y AT A E dA)5h= v Ar S2E&0 o
ot 48 A8 Lewis 7F ZAAse AL 3ty &
T AsTes t2A vehdtt ol Ar EEEo
2 78 9= Lewis &= AsY 34F 2% As9
golidol dair= o3 wiefof sjAE]ojof & &
A2 Fobich

lorlor

HU m.t]l
ne
E
o
)
rr
2
o
me

Jo

8|45 shedel w3 o Bk AL

e

olefgt AWEL tthol HEt He =S 27
£ o] 39 LEE F7HIY)E 48 s, v

it
fo o w4y

Mo

3t
@
o 1] 5= shedthol Al A7) she e By &
=% gojmethe A ovidch Tl seivo]
Heo| =8 "ojmeli Zo] stgd LE2 F7H

A o2 W9k CO HHe-E2 SHd )
=2  HolA olsi7} "t J12v Hef Hy
of gHik&o) A of diet Fig. 19] 2h¢l 2o A3}
=< AR 24 8.3k
ol A-H18]oIA HeF Hoof Az ehit Eyb= 3t
2 avgRiE fadts 2e 29 Bk Qi
Ol 3H 27t AgEt A4hE ] AEE WEA
al

0.016+ 80% H_+20% CO
(a) a=100s"
0.014+ “o— He-diluted flame
0.012
s
% 0.010
Y
‘© 0.008
g
x 0.006 -
IE
0.004
0.002
T T T T 1
0.0 0.2 04 0.6 0.8 1.0
XD
0.020 (®) 80% H,+20% CO
ag:IOOs
—@— He-diluted flame
0.015 —O—D,=D,
- A
g oD,y
§ DHe:DAr-
© 0.010+
<}
€
Ié
S 0.0054
0.000 T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0
XD
0.005 80% H_+20% CO
: () a=100s"
—@— He-diluted flame
0.004 - —O—Ds=D,
—O0-D,=D,

0.003 —4&—D,=D,

0.001

O mole fraction
max
o
o
o
N
1

0.000 T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

Fig. 4. Maximum mole fractions of (a) H, (b) OH, and (c)
O versus diluent mole fraction at 100 s in 80%
H2/20% CO diffusion flame.



32 el

oftt

cuk A . PoH . uEs

_Im

o 2 mErhs 2SR5 2eld bt °‘E¥ 53
ol AHE AEFAES W] utE AAER
HEx 2 gl gri(s]. Fig 4= 80% H2/20% CO &
Aetol A BibEE A AL Al oF 7ol
el 4] He &8l e H, O, OH o E&&2
tﬂg}~ Uebdch Hez 343 sk¢joll A Dy = Dy,

QA9 Hh H 2HES MAQ 4§ Bt 84 =
o} ¥rHol| Dy = Dy,%1 7% Xt O (OH) E&&2
(@) He-diluted flame (M.A.)

) > 1.0E-4

= 5.0E-5~1.0E-4
=>» 1.0E-5~5.0E-5
—> 5.0E-6~1.0E-5
—> 1.0E-6~5.0E-6
—> 5.0E-7~1.0E-6 OH

—> 1.0E-7~5.0E-7 ‘ H,0 EOH HO, EOH Hzoz‘

—> <1.0E-7
OH

‘HCO’#‘ co F5f co, |
H

H

(+M)

(b) He-diluted flame with Dy, =Dy

)>1us4
)50551054 ‘HCO’#colﬂ){coz‘
H
H

=>» 1.0E-5~5.0E-5

—> 5.0E-6~1.0E-5
—> 1.0E-6~5.0E-6
—> 5.0E-7~1.0E-6 OH

—> 1.0E-7~5.0E-7 ‘ H,0 EOH HO, EOH Hzoz‘

—> <1.0E-7
OH

(+M)

© He-diluted flame with Dy, =Dy,

> 1.0E-4

. _ H OH

= 5.0E-5~1.0E-4 ‘ HCO ﬁ co H{ co, ‘
H

H

=>» 1.0E-5~5.0E-5
—> 5.0E-6~1.0E-5
—> 1.0E-6~5.0E-6
—> 5.0E-7~1.0E-6 OH

—> 1.0E-7~5.0E-7 ‘ H,0 OH HO, OH Hzoz‘

—> <1.0E-7
OH

(+M)

(d) He-diluted flame with Dy, = D,

)>1054
)50551054 ‘Hco’#colo—ﬂ){coz‘
H
H

=>» 1.0E-5~5.0E-5

—> 5.0E-6~1.0E-5
—> 1.0E-6~5.0E-6
—> 5.0E-7~1.0E-6 OH

—> 1.0E-7~5.0E-7 ‘ H,0 EOH HO, EOH Hzoz‘

—> <1.0E-7
OH

(+M)

Fig. 5. Reaction pathways with (a) M (b) Dy = D,
(b) D, = D, and () Dre = Dar at 100 s”in 80% Ha/
20% CO diffusion flames diluted with 40% He.

M-AQl Z9-oF A9 &t} (Hu|stA =th. H gt
Zro| il A= Dy = Dy, B 3t =71 o &
T AT AFS Ao A Yole ZHe 2= 9lt)
Z, H+0; — O+OH uk-g-o] A vh-g-Eof th3t 2
Lot HellA & ol Et. Dy, = DN7 17
0. OHO| Tl BE&e M-ACl Aoo ujs) AR
2 e, 23 o] 30| Fig. 1o b ule}
71—0] 319 o A Jx|sitte AL ok 4 9t}

= Dy,ol gt HeF 09] HHEEES M-AQl 7
—r9‘r AL Zil, OHE= M-AQl AL-Hot o ZA
SRR gq&]gi Qe OH—J o] 2| gt Aol o
2} Fig. 1914 Dye = D42 39 SF2=7F M-AQ]
Aol b8 =4 deEHgES & = Atk

AA o g ot 3y aas2 3HENk3A
2o Y32 = Ao|m=E, H, Hy, He?] A3 3HAita
5 AFSES A 2o BlEt Bl E Fof thA] =4
st} 3}, Fig. 5= 40% He© 2 3] 4% 80% Hy/
20% CO A5t of i3] iEﬁﬂolg 100 s Oﬂl\‘] M-A,
Dy = Dy,, Di, = Dy,, Due = D4y 73%-0f T3t HH-$-
HEE vlusteith Fig. 50 ®<Ql H}Q} o] S
ARE O(or H0,) — HO, — H,0, Oy(orH,0,) — HO,
— H, — H,0, HCO — H, — H,0, 1831 HCO—
CO — COyolt}t. A2 43} ¥h-g-3t ¥ &= HCO —
CO — COx= Fig. 5(b)ot (d)°ll shtx A7|2e= &
yebd 5= §IA9 Dy = Dy,2F Due = Daroll &3 <F
7F A€t o] E S0 CO+O0H— CO,+H §Hg-9
5] M-Aol H$ M2E2 6.01 e®mole/cm’®so] 3L,
Dy = Dy,%l 739-5.690 ¢ Smole/cm’s, Dye = Dy, 01 7
©. 6467 ¢’mole/cm’s 2 UEPITE 11 WhS-3} e
= 029 W B2 Dy = Dv,%} Dy = DA;OI
A o St A8 8 5 S5 iAo
Hy + OH — H,0 + H HF-8-o]) T3], M-AQl %< H}O
52 1.075 e*mole/cm’s, Dy = DN2°1 42 1.080
e*mole/em’s, 18] 1 Dy, = Dy, Q1 79 1.084 e*mole/
em’s2 UEhdth Wbl Dy, = Dy,9l A$-of tjsf
He AL uks Azol HCOHCOHCOzE FEg
AA $-AlstaL, KOS 12 kg A RE= A==
AL o 2 9t}

=

01

e

4. 2
Hedt Aro= 3N % /g7t gAkstgof gt
Ao AS skl T 2 A o] dof

1) He®} Aro = 3|4% 447t 24t o 3}
G2 A5 A= Lewis 42 Chen 5[19]° <3|
AAE & Lewis 59 AIFS up=2x] &1, 23]
g A AR Lewis ol 93l o 2 HARET 1
U Ar 288 Z7l 02 §& Lewis 59 749}
o 2x9 Z7to] i BEdAlo] disiAle vl



Het ArO. = 3|45 712 ol M ol L 429 A 5 e Aka v} 33

o] Fj4le] oix g Wit

2) He} Heo| 8Htgo] oA sl L2 27}
A71a, Hyol kg oAl 2318 B =g
Z7AA o] F ASE T mato] By
o, H, 0, OH ejtizro] Y BEg 753} kg 4
2o gt 2AbRYE ShlEc

N

B oege BAgstE A4&Ased

5] H](2014
o] ZAEHUT

[1] Ilbas M, Crayford AP, Yilmaz I, Bowen PJ,
Syred N. Laminar velocities of hydrogen-air and
hydrogen-methane-air mixtures: an experimental
study. Int J Hydrogen Energy 2006;31:1768-79.

[2] Halter F, Chauveau C, Djebaili-Chaumeix N, Gokalp
I. Characterization of the effects of pressure and
hydrogen concentration on laminar burning velo-
cities of methane-hydrogen-air mixtures. Proc Co-
must Inst 2005;30:201-8.

[3] Dagaut P, Nicole A. Experimental and detailed
kinetic modeling of hydrogen-enriched natural gas
blend oxidation over extended temperature and
equivalence ratio ranges. Proc Combust Inst 2005;
30:2631-8.

[4] Park J, Keel SI, Yun JH, Kim TK. Effects of addi-
tion of electrolysis products in methane-air diffu-
sion flames. Int J Hydrogen Energy 2007;32:4059-
70.

[5] Kim JS, Park J, Kwon OB, Lee EJ, Yun JH, Keel
SI (2008). Preferential diffusion effects in opposed-
flow diffusion flame with blended fuels of CHy
and H». Int. J. Hydrogen Energy 33, 842-850.

[6] Park J, Park JS, Kim HP, Kim JS, Kim S, Cho
HC, Cho KW, Park HS. NO emission behavior in
oxy-fuel combustion recirculated with carbon di-
oxide. Energy Fuels 2007;21:121-9.

[71 Liu F, Guo H. Smallwood GJ, Giilder O. Nume-
rical study of the superadiabatic flame tempera-
ture phenomenon in hydrocarbon premixed flames.
Proc Combust Inst 2002;29:1543-50.

[8] Fotache CG, Tan Y, Sung CJ, Law CK. Ignition
of CO/Ha/N; versus heated air in counterflow: ex-
perimental and modeling results. Combust Flame
2000;120:417-26.

[9] Vagelopoupos CM, Egolfopoulos FN. Laminar

flame speeds and extinction strain rates of mix-
tures of carbon monoxide with hydrogen, methane,
and air. Proc Combust Inst 1994;25:1317-23.

[10] Mclean IC, Smith DB, Taylor SC. The use of
carbon monoxide/hydrogen burning velocities to
examine the rate of the CO+OH reaction. Proc
Combust Inst 1994;25:749-57.

[11] Brown MJ, Mclean IC, Smith DB, Taylor SC.
Markstein lengths of CO/Hy/air flames, using ex-
panding spherical flames. Proc Combust Inst 1996;
26:875-81.

[12] Natarajan J, Lieuwen T, Seitzman J. Laminar flame
speeds of Ho/CO mixtures: effects of CO, dilution,
preheat temperature, and pressure. Combust Flame
2007;151:104-9.

[13] Davis SG, Joshi AV, Wang H, Egolfopoulos F. An
optimized kinetic model of Hy/CO combustion. Proc
Combust Inst 2005;30:1283-92.

[14] Zsély 1G, Zador J, Turdnyi T. Uncertainty analy-
sis of updated hydrogen and carbon monoxide
oxidation mechanisms. Proc. Combust Inst 2005;
30:1273-81.

[15] Sun H, Yang SI, Jomaas G, Law CK. High-pressure
laminar flame speeds and kinetic modeling of car-
bon monoxide/hydrogen combustion. Proc Combust
Inst 2007;31:439-46.

[16] Drake MC, Blint RJ. Structure of Laminar oppo-
sed-flow diffusion flames with CO/H,/N, fuel.
Combust Sci Tech 1988;61:187-224.

[17] Park J, Bae DS, Cha MS, Yun JH, Keel SI, Cho
HC, Kim TK, Ha JS. Flame characteristics in Hy/
CO synthetic gas diffusion flame diluted with COx:
effects of flame radiation and mixture composition.
Int. J. Hydrogen Energy 2008, in press.

[18] J. Park, O.B. Kwon, J. H. Yun, S.I. Keel, H.C.
Cho, and S.C. Kim. Preferential diffusion effects
on flame characteristics in Hy/CO syngas diffusion
flames diluted with CO,. Int. J. Hydrogen Energy
2008, in press.

[19] Chen R, Chaos M, Kothawala A. Lewis number
effects in laminar diffusion flames near and away
from extinction. Proc Combust Inst 2007;31:1231-
37.

[20] Ruf B, Behrendt F, Deutchmann O, Kleditzsch S,
Warnatz J. Modeling of chemical deposition of dia-
mond films from acetylene-oxygen flames. Proc
Combust Inst 2000; 28: 1455-61.

[21] Liu F, Giilder O. Effects of H, and H preferential



34 A - A -

. t_lll—fg_i

diffusion and unity Lewis number on superadia-
batic flame temperatures in rich premixed methane
flames. Combust Flame 2005;143:264-81.

[22] Kee RJ, Miller JA, Evans GH, Dixon-Lewis G.
A computational model of the structure and extinc-
tion of strained, opposed flow, premixed methane-
are flame. Proc. Combust. Inst. 1988;22:1479-94.

[23] Lutz AE, Kee RJ, Grear JF, Rupley FM. A fortran
program for computing opposed-flow diffusion fl-
ames. Sandia National Laboratories Report 1997;
SAND 96-8243.

[24] Ju Y, Guo H, Maruta K, Liu F. On the extinction
limit and flammabiliy limit non-adiabatic stretched
methane-air premixed flames. J. Fluid Mech 1997;
342:315-34.

[25] Kee RJ, Rupley FM, Miller JA. Chemkin II: a for-

[26]

[27]

(28]

tran chemical kinetics package for analysis of gas
phase chemical kinetics. Sandia National Labora-
tories Report 1989; SAND 89-8009B.

Kee RJ, Dixon-Lewis G, Warnatz J, Coltrin ME,
Miller JA. A fortran computer code package for
the evaluation of gas-phase multi-component tran-
sport. Sandia National Laboratories Report 1994;
SAND86-8246.

Chellian HK, Law CK, Ueda T, Smooke MD,
Williams FA. An experimental and theoretical in-
vestigation of the dilution, pressure and flow-field
effects on the extinction condition of methane-air-
nitrogen diffusion flames. Proc Combust Inst 1990;
23:503.

Law CK. Dynamics of stretched flames. Proc Com-
bust Inst 1988;22:1381-1402.



