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ABSTRACT

The suppression mechanisms of carbon dioxide (CO,) as a representative fire suppression agent were revisited using a
counterflow diffusion flame which could be applied the concept of alocal application system. To end this, the low strain
rate CH,/air counterflow diffusions with CO, addition in either fuel or oxidizer stream were examined numerically using
detailed-kinetic chemistry. Radiative heat loss due to radiating gas species including CO, added was considered by the
optically thin model (OTM). As a result, the critical CO, volume fractions in the oxidizer stream required to extinguish
the flame were in good agreement with the experimental data reported in the literature, while somewhat under-prediction
was observed with CO, added in the fuel stream. The surrogate agents were adopted to estimate the quantitative contribu-
tion with changing in global strain rate (a;) on the flame extinguishment among pure dilution effect, thermal effects
including radiation heat loss and chemical effect due to the CO, fire suppression agent.
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Figure 1. Schematic configuration of counterflow diffusion
flame.
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Figure 2. Strategy for estimation of the quantitative contribu-
tion on the flame extinguishment due to the CO, fire suppres-
sion agent.
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Figure 3. Critica Volume fractions at extinction of CO, and
No; (@) fuel dilution and (b) air dilution.
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Figure 5. Comparison of temperature distributions with N,
(or D_N,) added in the air stream.

Ayt A7k 27004 AR, 371 2 A2(D_N, )]
AHEES BN Holth ZE Ae o2 ¢

S Ze sidde Tlxl(xg)~ oA 71EH0)er ®
718ttt 715l N, 2 D_N.°| #7h= BAH Ee 3
dHe] fAE WA T)7] H2el ol E¢EES e

=Ll ThewEs vag o, NyF 371 7

3} H4/air
T S E SR et W2 o] O, 3 (leakage)
o] &l 515} :LEWr A g lﬂiﬂxl e

Figure 5—t— Figure 49} U3 2 LR T
Algk Aot Hlge] aHEA] & Al
CHyar 2713 vlud of, £57%, Ak 7ol =1l
a2]al He 9 2 AGEAR] e HelE Qe 7t
Z719] A9 Zjo|7t WA HET. D
HEA] e CHyair 27100 B9
(zo)S Zrom, AAHS 71%2
= WL 5, D_NZ OJ
ekl o2 OJoH St HE
ok D_Nz°o| ¢l (=9
E E5) o== )% A A&
£ CHyairell ¥]sj 57}&7%1 H

ek
2
-0,

o
ule4
)
rlo
1 o ¢
—_>dl‘4
)
2

o
o
o
Ho
i, [y

j

FN

o

of{

N

1\
4 Lo

b
LN NN}

;
o
v
o
£
iy, J

1R
e

b 2oy
o
fru
4z
r'mkﬁ—{i

2K
il

o
ﬂ
N,
e

o
m{n

(o3

fr

yl

N
Bt
-0,
Qo
e
i

¢

N ok

)
W)
z %
Ir
F

Wbl DA AT AT WS
E Zoms, B AN 7

k1
lo

{

B
=2
1o
o,

off o rlo % rfo
o2

X ey
4y 7
roh
folt olo

Ir
k1
>
9|L
X
&2
%0

o
%)
re

5 2 "o & =5l
D



=SS0 g R Satstaelr CO, astaatel] Adk el A 59

1.00 T " T T T " ]
Pr =% = = - — . )
[ =1
o
B 095 7]
£ — N2
% Dilution effect _ DN,
®
5 090 N
©
S Thermal effect
[0
E o085 \ .y
©°
>
®
ke
5 080 7]
0.75 —
0 20 40 60 80
Global strain rate (s')
10F ' ' ' ' ' ' b
I AT — - —
5
;30.8- —
é o — N2
3 - Dilution effect — - - D N2
2 _
§9r ]
8
': Thermal effect
Eo04f .
E B
g [ \
o
& 02F ]
0.0 X ] . ] A 1 " 1
0 20 40 60 80

Global strain rate (s)

Figure 6. Critica volume fractions at extinction of Nj; (a)
fuel dilution and (b) air dilution.

olth, Npo 43ta 3= COghe Y] BAzos AAg
o} FA Jzta e ZHA frt. Figure 6(8)°] A5F
of 7k N, &3Fs=E ¥R, $53 Iagy)
(D_Np= °F 9% o]de] =2 Asls=s a7siH, &
2 gl ofsf gy Wstell whet 13~20 %] 4stE=o 7t
25 WAL F71F0] A7 N Aslses Ay
K (Figure 6(b)), 34 @ }oll 2oJaf oF 90 % ©]iFe] A3}
Tt 8EH, dRade o8 oF 60%e] AslE:
a7t BAES & 5 U &, A7 2 F)Fl ok
N &stavhe FARSE 7438 Ho|| vk, A2 S0
A 7150l H7FE Nl 814 9 g3 Asta st v
EoS ¢ T Utk ol59] Aol A8 B 3R N
(== D_Np) 7ol WE Ny(== D_Np)°l 43bsi, 3t
e ], =5 A 9 BAIF 5o sl
ofs) WAE= AORE S, o]o theh g sA
T FeE o gl

I I I ' I
1.0 H)-\ -— @ - -0 — @ o - @ T
Radiation effect _ _ _ _ _ _ ___ (a)
c - L----
Kl -
2 e I Thermal effect 7]
‘>-<' /
w o /
g 08l Dilution effect _
£ Y.
o L - - =
o ' _\
Sorr // ; B
g I Chemical effect CO,
§ — - — T.CO;
o066 | === D_CO: H
—— - - D_CO:2 without Rad.
I 16} D_N:z i
05 " 1 1 i 1 L |
0 20 40 60 80
Global strain rate (s)
N | N I ! I ! I
10Fe o~ ©- - — - - 0 -0 —eo |
. ® |
c Dilution effect
Re]
G091 Thermal effect N
=
b3 L J
® i L Radiation effect
508} -
©
© | 4
2
507 -
g Chemical effect CO,
3 — . — Tco,
606 | |=--=-- T_CO:z without Rad. [
— - - D_CO: without Rad.
I @ DN i
05 " | L L 1 L |
0 20 40 60 80

Global strain rate (s)

Figure 7. Critical volume fractions at extinction with the fuel
dilution (a) radiation effect without heat capacity (b) radia-
tion effect with heat capacity.

3.3 CO, AsletNe| AstEuio] CHEH HEHXN 2N

Figure 72 Aol H71% CO2l &statol] #3h
T 3, BAEEA, & H et a9E AR
A7) 18k, 7] asleAES Ed AHE BA
gk Zloltt. Figure 7914 F7Fe D_Ny= HEARE A7 128
HA] & ‘D_CO, without Rad.’¢] 435 w9} 5L 7t
< Holn, RkEEe] Aa(F, T' Y Aa)d 9%
7S M EE N COyt 5YEe B 4 Atk F
7IR ol& F AsleRA|e] Ad EA4X|9 ztolr) Asla st
o A= G v 2S5 ofn|gitt. CO, 43koFA €]
238 de BALE o] A Wl w7 7EA] ¢ 43}
32 72 sioh Figure 7(@)= H7HE CO2l €4
Fe ek B AN BALEAE E Aol
th &, &5 M aFel oJg AsksEolA H|goe] A
HEA] &8 D CO, 235w xfol= AHoz I8

> de dy

g

J. of Korean Ingtitute of Fire Sci. & Eng., Vol. 26, No. 4, 2012



60

o

o] wjAlE HA} o] spelgel ofg BAladE ofn|gh
t}. D CO2t T CO,Y 435 ol gk o3t
Tt €495 YeEpH, T_CO.LE Al CO2l 48}
T zole FstHang xdE 4 o) whH Fgure
7(0)= H7HE CO0 Hlho] wHE AN BEAlgas
o &g Ao}, gk S|A g og e AstEE
g, B o823k @il os MapHow i
=, HE AA| CO0l L3le=E UERA Htt. Figures
7@t ()= vws|EH, 7hde] AsslekAe] A8 W
ek (S, BALE TS oS Al E&e] a1y {7l wet)
iﬁ}%_@ﬂ Ul ‘15 E*}Fi?%sﬂr dHaIt FFHoR &
S g ATH.

Flgure 7011*14 QJJrS’J-: tZ2A, COyt 3715l A7t
H Z27olA Hlge] e fioll e EALE ] st
TAI3E Figure 82 AR, BAlg o] 2] wiel u}b

10 T T T T T T T T 3

o .-
A - e—aeg. (@)
L T - 9 .0o_o |

c . _as
% 08k Radiation effect i
£
g2 L Y _ mmmmmmmmmmm oo
& -7
® P
S ?Oéo i
= - - ) 2
:_é | Thermal effect [ _ D_CO: ]
8 — - - D_CO:2 without Rad.
3 041 Dilution effect ® DN .
>
g Chenmical effect
= —. - .w. _ i
502 —“k

0.0 L 1 L | L | L l

0 20 40 60 80
Global strain rate (s)

10 T T T T T T T =
o o (b)
| A -0— @ . - .e__o
&
= 08 ]
g CO2
g L — - — T_CO: g
< | ! |  |----- T_CO: without Rad.
c 06 — - - D_COzwithout Rad. []
‘g | Thermal effect @ D_Nz
2
2 041 Dilution effect 7
= ] Radiation effect
RS
'(_:) 0.2 ]
I Chemical effect
0.0 . ] . 1 : | : 1
0 20 40 60 80

Global strain rate (s)

Figure 8. Critical volume fractions at extinction with the air
dilution (a) radiation effect without heat capacity (b) radia-
tion effect with heat capacity.

St=rslAl Avbsts] =84, 22678 A4%, 20124

Aol - ) - 3

{e]

a} A
H s}
A &L 2710 A i/\}EJJr(Flgure 8(a))= %‘ &
® ZA(Figure 8(b)).oll BIal vh-¢- & A3bsx ol O
k71w g ZHA| "t sAloll €483 9A] 919 F 7t
A ol whet ul-- Aol gk AR 7 eE BoFa 9l
o} ole BALEHe] oS dAlA 8] I8 S5
stEE0] & Alolg WAINTIH, sl gk AL
2] AFH 7AEE A |SATIAl "ot 9 ARE
FH dAgnel Ealnde st AHH o A
HolxH, o] F 7IX¢] AstaFe] NEA Hrhe B
ofgiwo] SAgTh mEA CO2l &dtade = 34

23, BALE S XS 98 8d a2 sehH e e
FeE e Zlo] io g Zlog dddn

Figure 9= CO, A3lg o] AR 7drE o5

35 T T T [ T T T
L}
5 sokl- """ Thermal effect with Rad. @ _
% Chemical effect
5 25 - 0, !
5 ag=50,s" 23.67 %
o i _ 4
€ P
S 20t - -
3 .-
e -
g -
c 156 - --~ -
2
“5 L
£ |
E10F ! .
8 .
© ~ 2.35%
g 5 l
© L
o ,

0 1 1 . 1 , ]
0 20 40 60 80
Global strain rate (s)
__100 . . : . ] " ' "
< a,=50 s (b)
8 '
& .
© 80F o mememe === =TT -
[
2 R 79.19 %
%
S 60 4
3 |
@
[2]
[
Nl
5 “of . .
2 |
E ----- Thermal effect with Rad.
® 20 Chemical effect . 2.69 % 7
3 | /
o}
4 .
0 h I : I . I : ]

0 20 40 60 80
Global strain rate (s)

Figure 9. Relative extinguishing contribution based on dilu-
tion effects with (a) fuel dilution and (b) air dilution.



=SS0 g R Satstaelr CO, astaatel] Adk el A 61

fJsted, = HEaFE Ve R BAtEdE XFS &
@isﬂr% sieba @ate] ARl Askes 7] e
71=E Yepd Ao|t} Cup HU o X 8] ke st
Aat %kg HAFE g=50s Melxe] A2 Auiww,
Az Fo] H7FE COy(Figure 9(@))= <= A &A= 7]
TO8 BEALgHE 23 A aAE B3l oF 23.67 %
23l A WA, s18HA a9 Esz 235%

7}l CO,(Figure 9(b))= &
79.19%°] &3bEle s WAATIH, 3ok adE
sl 2690%°] &dbe FAhEIE WA
ohq_

agtopA| o] =4 Wdel A8 7 hEdF
SstdlA CO, astefAle] AFA ashr|7ol B3
w A7) HIU S EF gdR asleAlEe] e &
sl theh Boh gest el &8E ¢ 9lon, A
5, Aoy 3 21 ol Bop 384 EF P4
opAle] A AR =20l TEAoE A8E F S Al

= 7]t

WEA 9

o
5= o}l iﬁ‘rzﬁiﬂr«l k’ﬂ 45 A=siith 8
A= vt 2
AR H7HE CO, 2359 9

1A A3 Hlal] Za o Foh= 7&?%— £ AR
of H7Id CO2l 43lsk o2 =49 &
e ol ALl AR 7&4& HojFErh, 3
o] spAellA stefAle] &
kss hety ;;H H) 2.4 7]-1;]-6]—
¢ B&H Y-S skt

7pEel steple] /d S o] &3

m>'

N,

A du 2 do of) rlo
tlo

oo @ o o
flo o e :1m

g CO, 23lele w42
ol FEAEE e & a5, SAEAE X
3 I g3 ag]3 COe Aurs CHxﬂE E35) 5517

Fate] QA 710511:3 FAZR o=z Zeld 4 Ak
Cup Bl ASFEsh A 3HE NAATE a
50sellM F7]5l 7‘47}51 COx= &= Y aAE 7%
o2 ExAlg s e A gHE B3 79.19 %] A3
T 7IAE aug/\]ﬂtq 3}shd G2 o) 2.69 %2 A&

o] =E& 2012d% B &5 A
AT ee] XS wol 3 71_%0&%*}%%‘(%

2012R1A1A1009708).

e

il

P28

1. C. H. Hwang, C. E. Lee and J. H. Kim, “Flame Blow-
out Limits of Landfill Gas Mixed Fuels in a Swirling
Nonpremixed Combustor”, Energy and Fuels, Vol. 22,
No. 5, pp. 2933-2940 (2008).

2. H. Liu, H. Guo, G J. Smalwood and O. L. Gulder, “The
Chemical Effects of Carbon Dioxide as an Additive in an
Ethylene Diffusion Flame: Implications for Soot and
NOx Formation”, Combustion and Flame, Vol. 125, No.
1-2, pp. 778-787 (2001).

3. C. H. Hwang, C. B. Oh and C. E. Leeg, “Effects of CO,
Dilution on the Interactions of a CH;-air Nonpremixed
Jet Flame with a Single Vortex”, International Journal of
Thermal Sciences, Vol. 48, No. 7, pp. 1423-1431 (2009).

4. M. Bundy, A. Hamins and K. Y. Lee, “Suppression Lim-
its of Low Strain Rate Nonpremixed Mixed Methane
Flames’, Combustion and Flame, Vol. 133, No. 3, pp.
299-310 (2003).

5. J. S Tien, “Diffusion Flame Extinction at Small Stretch
Rates: The Mechanism of Radiative Loss’, Combustion
and Flame, Vol. 65, No. 1, pp. 31-34 (1986).

6. K. Maruta, M. Yoshida, H. Guo, Y. Ju and T. Niioka,
“Extinction of Low-stretched Diffusion Flame in Micro-
gravity”, Combustion and Flame, Vol. 112, No. 1-2, pp.
181-187 (1998).

7. D. J. Hwang, J. Park, C. B. Oh, K. H. Lee and S. I.
Ked, “Numerical Study on NO Formation in CH4-O,-N,
Diffuson Flame Diluted with CO,", Internationa Jour-
nal of Energy Research, Vol. 29, No. 2, pp. 107-120
(2005).

8. C.E. Lee, S R. Leg, J. W. Han and J. Park, “Numerica
Study on Effect of CO, Addition in Flame Structure and
NOx Formation of CH,-ar Counterflow Diffusion
Flame”, International Journal of Energy Research, Vol.
25, No. 4, pp. 343-354 (2001).

9. J. Park, J. S. Kim, J. O. Chung, J. H. Yun and S. |. Kedl,
“Chemical Effects of Added CO, on the Extinction Char-
acteristics of H,/CO/CO, Syngas Diffusion Flames’,
International Journal of Hydrogen Energy, Vol. 34, No.
20, pp. 8756- 8762 (2009).

10. D. X. Du, R. J. Axdbaum and C. K. Law, “The Influ-
ence of Carbon Dioxide and Oxygen as Additives on
Soot Formation in Diffusion Flames’, Proceedings of the
Combustion Ingtitute, Vol. 23, No. 1, pp. 1501-1507
(1991).

11. A. E. Lutz, R. J Kee, J. F Grcar, and F. M. Rupley,
“OPPDIF: A Fortran Program for Computing Opposed-
flow Diffusion Flame’, SAND 96-8243 (1997).

12. R. J Kee, F M. Rupley and J. A. Miller, “A Fortran
Chemica Kinetic Package for The Analysis of Gas Phase
Chemical Kinetics’, SAND 89-8009B (1989).

J. of Korean Ingtitute of Fire Sci. & Eng., Vol. 26, No. 4, 2012



62

13.

14.

15.

16.

Zded

o

R. J Kee, G Dixon-Lewis, J. Warnatz, M. E. Coltrin and
J. A. Miller, “A Fortran Computer Code Package for the
Evduation of Gas Phase Multicomponent Transport
Properties’, SAND86- 8246 (1986).

C. T. Bowman, R. K. Hanson, D. F. Davidson, W. C.
Gardiner, V. Lissianski, G P Smith, D. M. Golden, M.
Frenklach and M. Goldenburg, http://www.me.berke-
ley.edu/gri_mech/ (1999).

Y. Ju, H. Guo, K. Maruta and F. Liu, “On the Extinction
Limit and Flammability Limit of Nonadiabatic Stretched
Methane-air Premixed Flames’, Journa of Fluid Mechan-
ics, Val. 342, pp. 315-334 (1997).

A. Hamins, M. Bundy, C. B. Oh and S. C. Kim, “Effect
of Buoyancy on the Radiative Extinction Limit of Low-
Strain Rate Nonpremixed Methane-air Flames’, Combus-

3l 42Hets] =8EX], A2678 4%, 20129

R

17.

18.

19.

TR

tion and Flame, Vol. 151, No. 1-2, pp. 225-234 (2007).
C. B. Oh, A. Hamins, M. Bundy and J. Park, “The Two-
dimensional Structure of Low Strain Rate Counterflow
Nonpremixed Methane Flames in Norma and Micro-
gravity”, Combustion Theory and Modelling, Vol. 12,
No. 2, pp. 283-302 (2008).

C. B. Oh, E. J. Lee and J. Park, “Effects of the Burner
Diameter on the Flame Structure and Extinction Limit of
Counterflow Nonpremixed Flames’, International Jour-
nal of Spray and Combustion Dynamics, Vol. 2, No. 3,
pp. 199-218 (2010).

A. Hamins, D. Trees, K. Seshadri and H. K. Chelliah,
“Extinction of Nonpremixed Flames with Halogenated
Fire Suppressants’, Com- bustion and Flame, Vol. 99,
No. 2, pp. 221-230 (1994).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


