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Combustion Stability and the Properties of Methane/Air Mixture
Subjected to Unsteady Flow Fluctuations
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Abstract : Flame extinction and the chemistry of stoichiometric methane/air mixture were investigated numerically in
the PSR(perfectly stirred reactor). For the study, PSR code was modified to be possible to unsteady calculation, and the
sinusoidal fluctuation was subjected to the residence time. In the region of residence time far from the extinction limit,
combustion mode was strongly dependent on the frequency. The low frequency excitation provided the quasi-steady
behavior on the temperature and the concentrations of related species, but small variation of temperature was observed
under high frequency. In the region of residence time near the extinction limit, the mixture subjected above 1 KHz was
still reacting even though extinction had to be occurred under quasi-steady concept. The attenuation of extinction limit
resulted from that chemical time was comparable to the flow time. The mean mole fractions of both NO and CO were
almost same regardless of imposed frequency. However, the average mole fraction of C;H, was decreased as increasing
frequency, which implies that soot yield might be reduced at the higher frequency of flow excitation. The result provides
the basic concept for flame stabilization, and it will be used to design a mild combustor.
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Fig. 1. Schematics of PSR
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time far from the extinction limit,

ok

FEQREEISIX|, MI26# 5%, 2011E

o| 2R EE o]l wighE
237F WA= A FAITRS HAMAY
=79 x10°s2 A=} Fig 32 A
@A 4=032= Fo] Hg AFAZL T
10759 4] 30%2] WS 29t} 10 Hz 74
A9l = HAAIE Y L s TR 25 91,
100 Hzo] -0l of7te] 91t} 2=&9] 7}
47} Bo|A|qt At kel fAksict whekA
o] &= ko Fukro] WS =AM (quasi-steady
state) = IS 4= Qloh SHA|YF 1 KHz&2 Fu<=7}
AR 20| HgZo| uf$- FobA v RIE
Kol Q) o] AFAIZE wishol 9§t f-5ay)
7} S AIZEL FAFRIA B 9ES vl
T B = Qlok E3F 1 KHzO| B2 =s AAd
Aeje] &mof xfol7t Al 13- Fal HAA
HGA; B3 ASERof|A] Hlojd kst A
FGoll A= HZAd &7t vlu)gE & 5 9l

oy FHsh vy auE s 8l skt
Aof|Ae] F-EHERIE ZAFBIACE Bk AlFAl
ZF T=13x 10" 4 HEZZS 40%2 3to] A
2272 1.82x10% ~0.78 x 1075 2] W0 A M3}
AF Lk o] AFAIZE HelollA F A ZFAITEI 0.78
x 10" Aol A AARE A3t AFAIZL T
=79x10%sHt} 2o m g ZHAAtE o] 7145 o]
M Hhgo] FAEE 2otk Fig 4of A|FA]
7bo] Fupmof| M2 2= HIE UERY It 1 KHz
Hop 22 Fukaes Bkl S wis AshE AL
71 ool A= FFeESo] A|&A o0& WAL A
FAZ| dial] 22 FupeE vhEehe B 4= 9l
o] Aik= A deollA Akl 24 A=A
bl AAaRkgo] A &EE v feaTtE &

3L, v (unsteadiness) o] 23HeHAIS 2

r>~l

ol

s
<
M

20x10*

1850 1.5x10°*

&
1800 [} 1.0x10*
\

Residence time, s

Temperature, K

1750 ) Vo i Vol - s0x10°
»

1700 1 L L 0.0

Time x Frequency
Fig. 4. Frequency response of temperature in the residence
time near extinction limit,



olgF, 2

Avtolct. wgh Fu47k Aol uet Lol
2o olxn B LEE ASTE 2
I}, o] ulet $ARAtol 7 SsiA| WAl
=] 10 KHz ool Al ARARES] Shaat
Fx/29] Fol7} wraysict,

asole] TACIA ARAIZES W] that
e vkl FEA Helshs w79 =
o ofehAl Aefeet. uetd] 8 BAe v
H, OH, O, HO,9| BE.8& 2} 37| 4= 2Aks}e]
Fig. 59} Fig. 60] =A|}%it}. Fig. 59| H 4k-27] 9]
Ao Fuhio] uel A2 THE BEE EAS
Ho|31 Itk AjE 02 AFu4e] 790l 1 KHz
o Aol e ATl WEolHl H 9he7]
7h e ARARI FHE| gast Zeka 2ok
of o2 Zateda, AAHQ W7 Brri Fu}
] 1ol utet 7Kk & 4= 9lrk Fig 62] O
o} OHYHg719] Aol AFAIZH] Adt W
& ZF3h4) EHIL H w3710 §AT AL B
o3 gith Ea ArHo2 wheo] st A=t
ulo]gt HO, HES7]= O, OHS} M2 Hithe] 944
o] 3 gli=g] o]t HOo| A 4932l 0+0H

_O|L
%0 offt rr
r

R R hae:)
x

2 ol

9.5x10°

10° Hz

9.0x10°

85x10°

8.0x10°

7.5x10°

7.0x10°

6.5x10°

6.0x10° L . L
0

Time x Frequency
Fig. 5. The mole fraction of H radical in the residence time
near the extinction limit,

80x10° 4.0x10°

7.0x10° 2=~ 4 3.5x10°
N

\\

60x10° [y 3.0x10°

50x10° 2.5x10*

5
X 40x10° 2.0x10°

HO2

30x10° fr, s 1.5x10°

20x10° 1.0x10°

1.0x10° 5.0x10°

0.0 1 L L 0.0
0 1 2 3 4

Time x Frequency
Fig. 6. 1 KHz response of the mole fractions of O, OH, HO:
radicals near the extinction limit,

— HO,9| 13- wj&o|c}. whebA| Fig 49 2=
BolA 2Efthe 4935 vES719 HY| fhaet
H|24 BES713%1 HO ol A/Ad57tel| 711gtctar &
= 9t

423tg ] TAofA AFAIZE WEol gt &
B9 sk WIS AHEQITE Fig 7o= ©3k
A0 2 3 A=A NOLgt CO9J
W3S EA|SHITE Fig. 794 E50] NOLE CO2)
74 100 KHzol| A= &5 =2 ¥skr} uf$- vju|a}
A1, ol= A4 FetAITHchemical time)ol] B3| 7}
Z Fa=9] F-5HE AlZKflow time)o] 7] wiE
o2 gehEch T3 WA Pt BEES H|as|E
™ NO2| Z-< 1 KHz9} 100 KHzo| A 242+ 3.52 x
10°, 3.61x10°0]1, CO2l Z$oj= 3.89x 107
3.85 x 1070tk wheha] AFAIZE 77 Feupso|
w2 NO°F CO2| Hut AT 7o Fusicta
£ o otk dyE o= NO9 CO2l A/AdRks- stst
AZES T2 Wk 7| 9F 2 slskgo vlsl] At
°F 38R | KHz9| 0|49 f5Hsoe &
FS WA =Tt & 5 ok

Fig. 80ll= GH 8| EEE&S T8I CGH=

5.0x10° 0.050

4.0x10°
0.045

3.0x10°
v

0040 o
o

/
2.0x10°

|
0.035
1.0x10°

00 1 " N 0,030
4

Time x Frequency
Fig. 7. The mole fractions of NO and CO under the variation
of residence time near the extinction limit,

1.2x10°

1.0x10°

8.0x10°

6.0x10°

Xeare

4.0x10°

2.0x10°

0.0 1 1 1
0 1 2 3 4

Time x Frequency
Fig. 8. The mole fractions of CoH, under the variation of re—
sidence time near the extinction limit,

Journal of the KOSOS, Vol. 26, No. 5, 2011



SolraddRo] dis) Fyeld BHo A
= 3lslEo] 11 HACA(H abstraction CH, addition)
e Foll A A|okeE At Zro] mi AA(soot) AY/dell 7+
B2=xQ) Falgoleln & 4 glone, CH,
L2 HE FAYA] uje] AYPES o =3 4
ok AlFAIZE Mol thal] Aol A g Az
gejak vREIAR 2 WSS Holu 9le
oh gt el Bl | KHze} 100 KHzol
7¥7} 3.10 x 10°, 2.15 x 10°0]c}. o]2fgt & 2}
L nEnel EEES AN A
= S Wuee AN, dudon dag
el ARAZH) 2 el

ir—[&ﬂi&gﬁoﬁ

> o

E%reax% glom nFstpel At BRAe AR
AR 2F2AA e AR S eIt 2 4
olet

4.7=

&8 PSRE ©]
‘QQ—E %Jﬂoﬂ SEHES ol v

TEHE2 PSRE] AlFA]
E*}O} i, E7)= olE

FEH 9 “ﬂEV*ﬂ% ARgSRTE TS offie &

1) S} ax3lof A gho] E*OV AFAZE FollA
S wEe] 291s i Fuiee] o 2 54
o] Zjol7} Lhepde). e Fubro] WiEe E44
AYel|(quasi-steady state) = TS 4=~ 3111, 1 KHz ©]
dor Fukprt AR ;e MEEo] mje- &
obA W RIE Holil gtk sA|TE 1 KHz9
Brtme A Y] 2x0f Apol7t A9 gle
2 =3 AAAQl v A aut= ASIx|AoA] 8l

2Rt da dooie 29 A g
o 4 ek

2) 23td o FAA 9 s RIS AR
Ay}, 1 KHz Brf 22 Fupo A= asbe] At
1 o]/ﬂ—oﬂ}q‘— §}U1—H}-ﬁo] z]/\ﬂ o= H]—Aﬂ&}_]_ ;‘q]
FAIREl el 22 Faez ke & 4 QU
o] k= A FEolA axshd 204 4x51EA]
2oL Aadkgo] X&u = v feade &
A, 59 B0l 23S el 4
o]t}

3) AFAREE 74 k=
gl A FF= mAA %?_

it

¥2 6

=

NOg} CO2| gt
. o]i= NO%}

ok

FEOR S| K|, H26H A55, 20114

CO9| AuRS BFSPARES THE vhg7|et e 8
3o w3} A Ao R B R | KHzo ol §
FuBolE 2 GoE WA 9] ujiolck. shAw
Gslielne] die) Sgeld Baom A
wof il Aol Ak W42 BBHER) Gt
AFAZE BEol tha) Aol A che Azet &
et TR 2 wES Holw 9l W of
et B2l Beo] xfo] wah uhS- Fick. of
efat 2 Aol MFuL0] FEAEL AN
A2 4 oleks HEES AN 4 grk

A Z o] =EL 20105PdE HAs
o] AU ol £HH ATUPK-2010-08).
Hn2s

1) A. Cavaliere, M. Joannon, “Mild combustion”, Prog.
Energy Combust. Sci. Vol. 30, pp. 329~366, 2004.

2) T. Plessing, N. Peters and J.G. Wiinning. “Laserop-
tical investigation of highly preheated combustion
with strong exhaust gas recirculation”, Proc. Combust.
Inst., Vol. 27, pp. 3197~3204, 1998.

3) G. Barbieri, F. P. Di Maio, P. G. Lignola, and M. L.
Loiacono, “Modeling methane cool flames and ignition”,
Combust. Sci. Technol., Vol. 106, pp. 83~102, 1995.

4) M. de Joannon, P. Sabia, A. Tregrossi and A. Cava-
liere, “Dynamic behavior of methane oxidation in pre-
mixed flow reactor”, Combust. Sci. Technol., Vol. 176,
pp. 769~783, 2004.

5) M. de Joannon, A. Cavaliere, T. Faravelli, E. Ranzi, P.
Sabia and A. Tregrossi, “Analysis of process parameters
for steady operations in methane mild combustion
technology”, Proc. Combust. Inst., Vol. 30, pp. 2605~
2612, 2004.

6) B.Dally and N. Peters, “Heat Loss-Induced Oscillation
of Methane and Ethylene in a Perfectly Stirred Re-
actor”, 6th Asia-Pacific Conference on Combustion,
Nagoya, Japan, p. 1~4, 2007.

7) P. Sabia, M. de Joannon, S. Fierro, A. Tregrossi, A.
Cavaliere, “Hydrogen-enriched methane Mild combus-
tion in a well stirred reactor”, Experimental Thermal
and Fluid Science, Vol. 31, pp. 469~ 475, 2007.

8) A& AE, o], A ESMISHY 48ks e
o] B e a i, =k ste] A, Vol. 24, No.
6, pp.27~31, 2009.

9) R.J.Kee, F. M. Rupley, J. A. Miller, “CHEMKIN-II,



olgF, 2

AFORTRAN chemical kinetics package for the anal-
ysis of gas-phase chemical kinetics”, Sandia Report
SAND§9-8009B, 1991.

10) oo}, QAR “4=4/F7|/HFP &97] ©f aFshit
& R A A EA, T=¢tAdeke] A, Vol. 25, No.
1, pp. 17~21, 2010.

11) G. P. Smith, D. M. Golden, M. Frenklach, N. W. Mo

12)

riaty, B. Eiteneer, M. Goldenberg, C. T. Bowman, R.
K. Hanson, S. Song, W. C. Gardiner Jr., V. V. Lissian-
sky, Z. Qin, “GRI-Mech 3.0”, http://www.me.berkeley.
edu/gri_mech/.

M. Freklach, H. Wang, “in: H. Bockhorn(Ed.), Soot
Formation in Combustion: Mechanism and Model”,
Springer-Verlag, Heidelberg, pp. 165, 1994.

Journal of the KOSOS, Vol. 26, No. 5, 2011



