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Experimental Study on the Edge Flame Stabilization and its Structure
Nearby Quenching Limits in a High Temperature Channel

Min Jung Lee and Nam II Kim

ABSTRACT

Edge flames have been interested as a basic structure that is concerned to flame stabilization and re-ignition
of non-premixed flames. The edge flame consists of a lean premixed flame, a rich premixed flame, and a
diffusion flame. In order to investigate fundamental structures of the edge flames at the conditions near the
flammability limits, edge flames were stabilized within a heated narrow channel. Highly diluted partially
premixed methane was used, and the flow rates of air and the partially premixed mixture were controlled.
Various flame behaviors, including a transition between ordinary edge flames and premixed flames, were ob-
served. Flame stabilization characteristics were examined as well. All flame stabilization conditions in this
study showed a similar trend: characteristic time scales were inversely proportional to the equivalence ratio
defined at the burner inlet. Finally, an interesting flame structure having a weak diffusion branch enveloped
by a closed premixed branch was found near the flammability limits even in a fuel-air mixing layer. This
structure was named as a “flame-drop” and the importance of this structure was first suggested.

Key Words : Edge flame, Mixing layer, Flame-drop, High temperature, Edge flame quenching

NTHED
Alphabets y : y-direction
h . lifted flame height X . x-direction
Vn : mean velocity
Viame : propagation flame velocity Greek Symbols
Tin : inside channel temperature 0 : mixing layer thickness
VYr : fuel concentration gradient ¢ : equivalence ratio
S%ls : laminar burning velocity Tt : characteristic time
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Fig. 1. Experimental setup.



2 A WG o A E o 29 THA AN BhE RS R o

2
-+
w

i

3 497

il

e} PitotHS F =2 A ZE x-y stageol| A=}
sto] g WRo] 4edstsien, olg2 4 =
7= A% Aol AdxAT Zgol A
A AAE 0~5 Pa2)] WS FA0l EAGE 7]
F0 2 £0.25%2] AEE=2} 0.01 Pao] 3jAF=(resolu-
tion)E 7HA= AW AAE o] &3tort olgst A
@ S Bestel dAmsl A et 2a
3 vE 9 g YR 228 aiyo g Ao
st £d719 BF $45L TR Buo)

2 Apgsieich shgel 27 Mok B4 8%
gepu) 270004 AR BEL ol gkl Y
wol A o] ol Atk o|F G £WL B gL
Ask 917 W9l ol egetEES stgon, 4
Aol AL Qi HRHCH, >99.995%)0] o], 413t
AL AEHFIE A FRI HAS AA)
93 WEE BeE A

o to w2 &Y

22 Mol He A 3 A WY

WA, AY dar] Ad Wi de=0elA %
Y- R4S SHste] 1 AHE Fig 20 U
Bl ek 34 L5 Fol7] fJste] MR Azt
330 cm Zojof HA HEHE o]gstglon, Ay
A o Yk 71Eoz Iz yehy

=
e Ao wuz

B
hl
B LSS o RARRS
o

o
= =
o] 2t#o] 0.8 em= g o] F(10.5 em)of H]sf of
=
T

=

Fob Ad Aol Aol ereiatol Ad el

40

35 A

~A-A—A A
—a— A, A a

30

25 - S y—v v v
— v v v v A A 4
R
IS
KE5 204
2
O
Ke)
O 15
> V =24.6 cm/s V, =32.5 cm/s

—w— Experimental —A— Experimental
104 0 - Analytical Analytical
54
plate
0 T T | T T T

0 2 4 6 8 10
x-direction [cm]
Fig. 2. Velocity distribution along the x-direction at y=0.

FUAsA FAAT Y 28-S
AR ARNE A2 s

fdo] z7lo] e} ofzre] wol7k
A SEue] G wiAs A
)

N
=

o

1o i flo
a
it
Lo
Na)

e
ox
ol
B

]_

58
B

i
B2y e
g B opo lo i

Bromx W opo o

N

)
=
=
of
:?_!

Jo oy

2

-0,

©
o b o
T A

o O
~ (o

o ] -

30 [
L
(o
:?_l‘,

ik

oo Jo
Y
o ot om
r

a®
E 4> A
>

oo rlr
i,
> O

B2 g ob o o 2 N LI
offt
ol
filo
=l
e
glv‘
O
K
N
o
EL
$9%7
[e]
=
ot —

N

=2
>

o
o T
flo o Mx Jo
o = i
H
==
e
ox
o
907
™

4
b
)
s

I rlo
i)
B
M
>
N

T Y orle
)
B
lo

mlo wr

=2

it
N o
o
>
>

e}

>
e}
o
1o
4o
if‘
S
fo
H1
-y
=
gl
N,

0

O

ruifg—>L

ue 2

1] istel B4 A e ew B
she] 7 AHE Fig. 3] heh
19} fgolof whet Agdo] EAJsHE 9]
= W} 35 wasgon, AY YR
fo] ofs) o] FYmTt hh B Ao
Ay e=s vehyelth ueb Ha 2w g
eemR Aot ol o] dgo] &7
R4 deAle] olFt 49 wE F=
loms A Yrolq st de 2Hof

ox do

B
o
g oX
fru
AN

Tt ok N o
re

b2

N

Lo

ol O mlo > 1o KU x@ K rlo X N
rlo
rE

4 A

Y B AL YT & Uk B AL @
A9 9AE AU FHUS 1FOE YTFEEH 2
emel] TH3to] NHS AASHAh AT AAY F
gl 2AL ARZo] FYHE FE o EH
e olugich. w3k Ak 54 HEe AR
of FFEE AA el et Ak BN

30

center of heater

IN]
o

y-direction [cm]

=)
1

3(‘)0 3%0 4[I)0 4%0 560 5%0
Temperture [K]

Fig. 3. Channel inside temperature(Ti,) distribution along

the center line of the combustor(x=5.25 cm).



4 oleld - Ay
2 dehfoich 2t AF Wes o] oxsk T =00k
AlA mEd B st JF& vAE o “ ™ Flash back
A2 che] AF W AlolS B 3t oot ¥
A 319 st YIS AR, 95 dd9 Blow out ”
wsto] whE oA st e] F2E 4w moiT A
< Stable
. &g Zot A nF 2 -
o ’
= = 5 Vp, [em/s]
3.1. 31| otyat Ho g 738
2700) A opiolA Hshelo] kgsEel | S s
o2 A A BACNIA L 7, I, A4 S 43460
Al Hlgof ke ohekRh 23 A 9ol A A - o a0
g Wi2 qeErg obget @ 5 v 7124 v/
OS2 A oA X et of st st o x3Hd
o] AupLwo} 45 L] FHo| o]Folx AH . .

AN YeEpA HER, 5t Hstel dFE nlA
© A 23& HSATIEA ghhe] qetEe =

7€ Au it Fig 49) Ao 9% GUS AHE
SHA ki 2% A0R dste] sYet fry
o] 27(flash back© 2 F7)A Sheo] Ad %
of YA Fokn A% £ 2GHUt. ol
3 A A WY B S50l B AnEE
stk vrol Y ARE shego] AnkstA HAw, v
o B faol g3 wreEY BP0 RIS
A Hol Bge AR A& s £GEE Ao
2, Xu[10]9] 4@ AolA] tehd s 2 ol
shed gl Sk AW AYHOR ke §
& 2AT e Ak 4 UL H G 4 sta-
ble 7)ol M= ol He] g AFAE] o) 4

PEH AABY TS VAT S Y90, of
£ Fig. 49| 7e3te] ARlo R ehfsict Fig 4
o AUE AvR, FAG Fpu] 2UH £45

% 2L FFE F
o Ax 84 wgIAE st 7}
ole. ol Ao we g4
270014 stgol Ad WEE 9ot o
o HE GolH BET S g
FaAdA HEd 99 AHgatol

U SL ook

3.2. &5 0| ME 2431 =0| H3t
oFol 4] AR Fig. 49 93}7} wAys}

A RS YL o] gsto] Y HE

Az o, g atE Bt AW

Al A SRR 3 st ALY 3

1 10 100
Equivalence ratio, ¢
Fig. 4. Flash back and stable condition for various ex-
perimental conditions without heating.

o] WAsHA Htt.

& AolA do] AT ol el bt
He A4 2eAezs A @il 7%t
Ad itz ke ofAetde &9t AAS olEel
ofstd A AFE olsdrF S 443t
A HaL, Aae] osf sjAE 2xolnE ARkl
A& oA 2GR LA oA A HA
Ad 2o Aol o Aol WAYsHA H
ok ol2Rt ARolM adE S5E + e F7H4
)l Eeo] EASHA =W shd> 1 HAIolA A
Aoz 24 & = A "ok ojujo] 3}y dubs

34 23olnR FFs| We Aoz wd
"ot of2fdt 23oA A UiFo sk ok
of 4 A E T 75 9 Y] 2HNA =
“gste] Fig. 5o et let. Ad HiFe] &2+ 503

Kolml, 5oIgh gapul o)A o] F7bshwl
s e sk olEsHA At
o714 FE3 w4 e o] Fobd

5= ot 4y geo] SAhH AL AT 4
e Aolth o2 Bd AdHoR ¥ §%
Aol A ehgstel st e e AmEws A
o, g7k e 2dolA 29 A 2AH Y W
#}70

ol WL

27l0] Wolx 7] HH, EqS el
W7k srobA A 2



e A W o A3 2

2 TA 4

ol M o] 2hd

Jzi

QLB 9 o] Bk AP o7 5

24

T,=503 K

Eq. ratio, ¢
—v—1.21
—w—15
—e—1.78
—=—2.02
4225
\J —4-3.03

234 N,=
Blow out

22 (ay Region

Flame heights, h [cm]
i

Mean velocity, V_ [cm/s]

Fig. 5. Lifted flame heights with variation mean velocity
for constant equivalence ratio.

L)

flo J{m

& sobsh] SlshHt wet
: %

o
=4
E2 7ML Eo] a7de &

(iii)

Fig. 6. Lifted flame heights and |ts structure variation for
experimental condition in case of T;,=503 K, N,=
35 %.
(1) ¢=1.5, V,=22.62 (2) ¢=1.5, V,=18.91 (3) ¢=
1.5, V,=13.2 cm/s, (i) ¢=3.03, V,=38.79 (ii) ¢=

2.02, ¥,=23.05 (iii) ¢=1.21, ¥,=10.01 cm/s

o sde 728 Anrs] 98 Fig 5ol
Gehd 22 (1), @), Gl sEeis 2t slae
Fig. 6@)oll LR SITh. 1 AT s §42) 7ol

ol gL AR E o]=3HA Y £ TAst
off Azt o] FxoA AT Q—Oﬂ,l = 7tas)

Zdol= %

o, do] Avtd el A7)7t FHasiact EA A
AL F&5E 4TS a5 st &

A A stEZ o R VLol nhz| ERE]
5 7HAA =k oot Z2 fxe I
2A71A Hi 1ok 4o 7H7kY A =4, Fig. 59
i), (i), (ii)oll NFsh= 3+ F+=2E Fig. 6(b)o] Lt
Wolch 1 A {59 ot g HaE
o gHakste 2 HHsdEgt s S o R o] F sl
Aol Eol81L, AW dqXEde HE2 A
sHA = ook ol#jdt 2HoA &S Bt FAA
714 =¥ 3td2 AFEA HER Fig 6(a)-(3)2t
(b)-(iii)¢] 3} F27F & AFtet HAYE 49 2
Ao A oAzt FRERIL TS TE wEkA o]
gt x99 39S B e, &2 ‘flame-drop’
olgfal s, Wk ZpAIEHA st

Jut

LS b

3.3, |0l T2 31 X WS

oo A A3t flame-dropz}t T&lste] KW} e
&9 3Y TxE AEHE7] Yste] xR A
o dx7]oA 7}35]' Hax &zot Y 7149 =4
OHH AT AA G FFHE =45 HAH 9
9] FA &9 Ate R Qs & Aol

oh ZH%; Y 2= 753 K7F Ao £xE9ow, o
&I fFE27o dal FRElE 2dste] 3 Qb
| T,=753K
N,=44 % Vi [em/s]
18.0 =77
—o—11.6
] —A—155
L —v—25.6
1754 \ —e—287
€
S, |
e .\
8 17.04 -
-g) \
6 [ ]
°
o - AN
£ 1654 ° A V. \
© \ “a \v\ .
[
4 AN N
16.0 \o
\
15.5 T T T T T T T

12 14 16 1!8 2!0 2!2 2!4 26 28 30 32
Equivalence ratio, ¢
Fig. 7. Lifted flame heights with variation equivalence
ratio for constant mean velocity.



6 oA - 7l

gok 54e wofstalan, skl golE FAst  olEsHl Hu, S Hu 29YsA 29 Sl=
1 ZAIE Fig. 7o Epiglek Akl A2 4 25 7HAA =0

Ao 2wrh we 274 Fig. 59 2ol 5

S et fr&ol AT 230 A AA B 34. 2= U EHA 5|M S0t

Fo|E S7HA71A EHE RS 9] Fole A4S obM ATE EF 29 oA o] ZAEH= o 2|3}
Ak ol FHE F 1A olgm AW = S U g =y gxo) AT, Bt we BF &
=8 A WA ol2 FHFHIES VISR T SR 2o oAt F2E Anus] A on
ol &3t st o) AL A] BAE HET ol wem " Hajo] ulEa Wast AL oF 2 9
2 Kim Fo] g F7tel| wet sl F71eH ﬂ oIt} o]glst ZA|A Hrp U &% To Wg o
of A 39l wol7t AT W3l v 14 &9 TAE 2 9le Hr o] dolofA] o X|BHA 4
T WA Tig 6b)of AR o 5 5ol “‘“* o Bl el Aas] AL EE Aod
H| 8] F7tof whe} g4t 31 9] =Tt S A 2 BA>92 7ka 144 0] thokst Al Wz o
Hem HAdw e et AL MU A g 24 gojsh we Al BeshA Wk dekd A2
ot Aupsmel FRste] Seo 5= AA BH 2 0 AE B2 AW Aule] ASFS AW w

Aol A shatatedel] o3t Bt Ast&E F7t At
7 845t ke Aol Hlsh =A ehde
u Qleh{1s]

AR oz 77 cm/so Bt FE2AA kg
& PAHNY ¢ gslos 1AL ekl
S 4 2ANAE 47 cmis®] ofF
FEN S 574%5 bl e Qrgeh g 4

 Hhdlo] 32 WSl 99 oS o)

%5 Fig. 8°ﬂ ‘%E‘rlﬁ‘”ﬁk 1 Ay
Wy 202 A5 32 HHlA FE(Fig. 8
2748 we Zrzow

s’

(a) $=0.95

(b) ¢=1

<

(¢) $=1.25
Fig. 8. Flame structure with variation of equivalence
ratio from lean to rich condition (Ti=753 K, N>=
44%, Vi=7.7 cm/s).

7] fsl Fdeae] wolE Bt 5=
U ol sigste 54 A< ©18-sko] Fig. S
9} 79] ATE Fig. 9ol Leh ik oi714 54 A
7re Ay z70) wet wslshs RAsI9 ol
o FAle) Bt ol djat Arjael 2718 o))
). Fig 99] 272 Ay, Aigos £ &
w9} o A4 _—4 57401]/\1 EA A7k 7]1&7]
]_17]_0], o o]— _)'\_ ]‘— 0:10_]o] ‘r]X]U]'

P
L
k?
1
_\rl_‘
HE
o g
4>
Ju ™
HH‘

}O =0
Ao el ke hzel Sas B3 8
A8e eulaic wU FPE 2 A

A Tm=753 K, N2=44 %
A v T,=503K, N,=35%
2.0
o
- |
g 15
e I >—Z—\<
= L N\
o \
B AN . N
§ 104 I N\ %44(
_(C“ W ~
o Y v »—A—i
A
0.5
v
0.0 T T T T
1.0 1.5 2.0 25 3.0

Equivalence ratio, ¢
Fig. 9. Characteristic time for all experimental conditions.



LAY YR o1zt o] £ 7

f
X
of
18
2
R
1o
Lo
o2
o,
o
Lo
=)
-
B
2
i

3 49

il

)

AT 7

12

o e |o

H9 2w Ay Eb Ak BHRTh 4tz
Tage o | 1ol gt 3340
apu] Aol ofst S50 F7he Qe o

r o

=
=
C]
s}

4.2
B ATelE e Ad Wrel 3 AAZ
BHE 29 A Gl olxsted okgst Ul
s P25 Armuglth WA, o xstel ohyat
o ek WXL thpe AW W4E A 8ste] 4
g olyef e st AW W stelol st
P 2AL e A Q7 AAe gt 5
e A o 4ulge] e AT st} u
ARHE o 4 ek ol 2AA Ad W
= 9ot BeS 9F YUY A=S Ao 34
&2 2Aste] o} e she AnEES Ak
a9 A BAE SIS B Y 5 gle
o, B ot FaA ZHold neEdcd o
3 srgdel Bl Huel Sl W @ & Yo,
o] “flame-drop’o|et BT, Hrk whe &=
e B 95 LAY 5 U9e Hme GoiolA
Xty 2 Aakel tl W AL &
= AgeAs S8>f4 dh B cht A
@ vl tet B4 AlolE Baz s B ¢
S gtk AR ANE B2 FF olejat
gl o] shel Txo] et meh AsE 544
75 AR so, B Aol A o5 93t 7|
2422 FRsts d 1 997t k.

o] =Eo 2009¥E AHH(wSI}EHr] L&) A
o= A=At AP ®
(2009-0069570).

o
14
S
4
o
)
re
B

i)

Tt

[1] H. Phillips, “Flame in a buoyant methane layer”,
Symposium (International) on Combustion, Vol.
10, pp. 1277-1283, 1965.

[2] S. H. Chung, “Stabilization, propagation and insta-
bility of tribrachial triple flames”, Proceedings of
the Combustion Institute, Vol. 31, pp. 877-892,
2007.

[3] J. Buckmaster, “Edge-flames”, Progress in Energy
and Combustion Science, vol. 28, pp. 435-475,
2002.

[4] J. W. Dold, “Flame propagation in a nonuniform
mixture: Analysis of a slowly varying triple flame”,
Combustion and Flame, Vol. 76, pp. 71-88, 1989.

[5] V. N. Kurdyumov and M. Matalon, “Dynamics of
an edge flame in a mixing layer”, Combustion
and Flame, Vol. 139, pp. 329-339, 2004.

[6] P. N. Kioni, et al., “Experimental and numerical
studies of a triple flame”, Combustion and Flame,
Vol. 116, pp. 192-206, 1999.

[71 R. Azzoni, et al., “The structure of triple flames
stabilized on a slot burner”, Combustion and
Flame, Vol. 119, pp. 23-40, 1999.

[8] N. L Kim, et al., “Lift-off characteristics of triple
flame with concentration gradient”, Proceedings
of the Combustion Institute, Vol. 30, pp. 367-
374, 2005.

[9] G. R. Ruetsch, et al., “Effects of heat release on
triple flames”, Physics of Fluids, Vol. 7, pp. 1447-
1454, 199s.

[10] B. Xu and Y. Ju, “Studies on non-premixed flame
streets in a mesoscale channel”, Proceedings of
the Combustion Institute, Vol. 32, pp. 1375-1382,
20009.

[11] C. Miesse, et al., “Diffusion flame instabilities in
a 0.75 mm non-premixed microburner”, Procee-
dings of the Combustion Institute, Vol. 30, pp.
2499-2507, 2005.

[12] N. L. Kim, et al., “Development and scale effects
of small Swiss-roll combustors”, Proceedings of
the Combustion Institute, Vol. 31, pp. 3243-3250,
2007.

[13] M. J. Lee and N. I. Kim, “The stabilization of a
methane-air edge flame within a mixing layer in
a narrow channel”, Combustion and Flame, Vol.
157, pp. 201-203, 2010.

[14] K. N. Kim, et al., “Characteristics of laminar lif-
ted flames in coflow jets with initial temperature
variation”, Proceedings of the Combustion Insti-
tute, Vol. 31, pp. 947-954, 2007.

[15] J. 1. Seo, et al., “An experimental study of the
fuel dilution effect on the propagation of methane-
air tribrachial flames”, Combustion and Flame, Vol.
153, pp. 355-366, 2008.

44 :2010. 03. 03
AAMEE Y £ 2010. 07. 22



