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The addition cffect of CH;Br on the ignition of methane was imvestigated in the temperature range of 1337-
1920 K behind reflected shock waves. The ignition delay times were measurcd by the sudden mcrease of pres-
surc and OH cmission in the CH4-O--Ar systecm containing small amount of CH;Br. The delay times of mix-
turcs with CH;Br were shorter than those without CH;Br. The promotion of ignition by CH:Br was causcd by
the relative fast decomposition rate in additive. To clarify the addition ¢lfeet of CH;3Br from the viewpoint of
the reaction mechanism. compuiational analyses were performed in CH-CH:Br-Oz-Ar mixtures.

Introduction

1t has been shown that methane has the longest ignition
dclay time among the simple aliphatic hvdrocarbons.'® It
was alse shown that by adding small amounts of somc
hydrocarbons or hydrocarbon derivatives (o methanc. it was
possible 1o shorien and control its ignition delay time.”
These phenomena were rationalized by the fact that the C-H
bond in methanc is considerably stronger than the C-C bond
in larger hydrocarbons, The initiation duc to CHy + M —
CH: + H + M in methane 1s therefore much slower than the
cquivalent onc in other hyvdrocarbons which procecds
according (¢ R)-R: — R + R: reaction. Whereas it is rather
simple Lo decrcase the ignition delay time of methane. it is
not known to merease the ignition delay of methanc by some
additives.

Halogen containing compounds (RX) such as halons arc
cficctive and widely used as firc suppressants.™ West-
brook’" has reported (hat halogen acid (HX) gencraled by
the decomposition of RX capturcs H atoms in [lame through
the reaction of HX + H — H- + X. This rcaction is compeli-
tive with the reaction of H + Ox — OH + O which is the
most important chain branching rcaction in combustion, The
addition of RX in the flame Icads (o not only a decrcasc ol
the H concentration but also some decreasce in the OH and O
concentralions,

From the chemical kinctic viewpoint. when CHiBr 1s
added as an additive. 1t is a question ol compcetition between
the higher initiation rat¢ in CH3Br compound relative to CHy
and the tendency of Br atom 1o combine with hydrogen
atoms 1o producc the incrt HBr molecule. The addition
¢lleets of CH;Br on (he ignition of methane or cthane have
been studicd by Takahashi ef «."'* using shock tube tech-
mique. They reported the opposite effect of CH3Br on meth-
anc and cthanc ignitions. In their works. CH3Br acts as a
promotor for mcthanc ignition'' but it acts as an inhibitor for
cthanc ignition.'- The differences of predominant reaction in
both lucls caused the different effects in methane and cthane
igmitions.

In this investigation. the ignition delay times of stoichio-
melric CH4-O--Ar mixtures in the presence and absence of
CH;Br were measured behind reflected shock wasves to

¢cxaming the ¢lfect o CH;3Br and to determing the congentra-
tion dependence of CH3Br on the ignition of methane. Com-
putcr analyscs were also perlormed in CH;-CH;Br-Ox-Ar
mixtures with a model mechanism consisting of 86 rcactions
Lo examing the role of broming for the methanc ignition,

Experimental Scction

The experiments were done behind reflected shock waves
in stainless-steel shock tube which was described in detail
clscwhere.'*™ Therclore. only a bricl description of the sys-
tem. along with a unique to the current experimental proce-
durcs. will be presented here. The apparatus consists of a
314 em (6.02 cm 1.d.) 304 stainless-stee] tube separated lrom
the He driver chamber by a 0.1 mm thickness unscored alu-
minium diaphragm. The tubce was routincly pumped bet-
ween experiments o < 1077 torr by turbo molecular pump
(Varian. 969-9002) system. The velocity of shock wave was
mcasurcd with 3 pressure transducers (PCB  [13A21)
amounted along the end portion of the shock tube. and the
temperature and density in the reflected shock wave regime
were calculated from this velocity. This procedure has been
given previously. and the corrections for boundary -layer per-
turbation were applicd.'”

[gnition delay time. 7. was defined as the time interval
between the arrival of the reflected shock and the onset of an
ignition. The pressure measurements were made using a
pressure transducer (PCB 113A21) which was located at 1.0
¢m from the reflecting surface. The characleristic ultraviolet
cmission from OH radicals at 306.7 nm was monitored using
a photomultiplicr tube (ARC DA-781) with a band path fil-
ter (Andower. 307 nm) through the sapphire window which
was mounted flush at 1.0 cm from the shock tube end plate.
The window was masked to | mm sht width in order to
reduce emission intensity and improve the time resolution of
the svstem. Both traces were fed into a digilal oscilloscope
(HP43601A). Figure 1 shows the typical oscilloscope trace
of the pressurc and OH emission profiles. The upper beam
records the pressure and the lower beam the OH enmssion, Tt
was noted that the OH cmission traces indicaled slightly
shorter 1gnition delay times than the pressure traces.
Although this condition prevailed m all mixtures. these dif-
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Figure 1. lypical experimental record showing pressure (upper)
and OH emission (lower). Experimental conditions were ;= 20.0
torr and T== 1386 K in mixture 2.

Table 1. Lxperimental condition

CH, (%) O2(%) CH:Br (%) Ar (%) Ts(K) T{ys)
Mixture ] 33 7.0 89.50 1618-1920 72-1176
Mixture2 33 7.0 0.18 8932 1337-1808 64-896
Mixture3 33 7.0 0.35 8915 1343-1761 84-802
Mixtured 368 7.0 89.32 1643-1938 52-1175

[erences were within an accuracy of 3% compared (o the
total ignition delay time.

The compositions of the mixtures usced in this work arc
given in Table 1. CHy (99.99%). CH1Br (99.5%). 02 (99.999
%) and Ar (99.999%) were used without further purilication,
He (99.999%) was uscd as a driver gas. Four (cst gas mix-
tures were prepared manometrically and stored at alwminium
cvlinders. The initial pressure (Py) was (ixed to 20 torr and
the shock veloeity could be controlled by changing the pres-
surc of the He driver gas. The mcasurements covered a lem-
peralure range of 1537-1920 K behind reflecied  shock
waves and the measured ignition delay times ranged from
64-1176 8.

Results and Discussion

In order (o cxamine the role of the bromine additives on
mcthane ignition. the differences belween experimental
compositions including and cxcluding bromine atoms must
be reduced as much as possible. In mixtures 2. 0.18% of
CH;Br (3% of CH3) were added and 1n mixture 3. 0.35% of
CH;Br (10% of CH4) were added 10 the reference composi-
tion ol mixturc 1. respectively. The additive. CH;Br. used in
this study is a kind of fucl. so we need to determme how a
small additional amount of fucl changes the 1gnition delay.
In mixtures 4. 0.18% more methanc was added to the refer-
ence composition of mixture | to find the role of additional
mcthanc on methanc ignition.

As shown in Figure 2. ignition delay times of mixture 4
arc slightly longer than thosc of mixture 1: namely. CHj acts
as a sclf mhibitive compound. This self inhibitive cffect of
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Figure 2. Tgnition delay times for the mixtures shown in Table |
Lines indicate the ignition delays caleulated using Tuble 2
mechanism.

mcthanc in methane ignition can be explained by the compe-
tition between the reaction of H + CHy — H: + CHj and the
chain branching reaction of H + O: — OH + O Figurc 2
also shows that ignition dclay times of mixtures including
CH;Br arc short in comparison with the times for mixture 1.
The short ignition dclays in mixturcs 2 and 3 may be
explained qualitatively by only the difference of bond disso-
ciation ¢ncrgics of CH3-H (433 k)/mol at 298 K) and CH;-
Br (293 kJ/mol at 298 K).

To clarily the addition cfTects of CHiBr on the basis of
chemical kinctics. ignition delay times were calculated using
dctailed reaction mechanism presented in Table 2. The reac-
tion mcchanism asscmbled for methane oxidation consists off
73 clementary rcactions (R1-R75 in Table 2) chosen from
thc GRI-Mcch'® which has been extensively tested and opti-
mized for previous methane combustion studics.® To com-
plete the reaction model in presence of CHaBr. 11 reactions
involving Br-containing specics (B1-Bl1 in Table 2) were
added to the reaction for methane oxidation. The ralc con-
stants for rcactions from Bl to B11 were adapied from (he
NIST databasc.'” The reduction techniques using sensitivity
and flow analyscs' were used to choosc the final 36 specics
and 86 clementary reactions to simulate the ignition delay
times of CH4-CH;Br-O--Ar mixturcs. The simulations were
carricd out using Sandia CHEMKIN code.' In the simula-
tion. the forward ratc constants were used as shown in Table
2 and the reverse rate constants arc computed from (he for-
ward oncs and the appropriate cquilibrium constants. The
thermodynamic data for the chemical specics were taken
from the NIST databasc.'’

The calculated igmition delay time was defined by the time
to reach a sudden increase of OH concentration in the calcu-
lation. Figurc 2 also shows the comparison between the
obscrved ignition delay times (symbols in Figure 2) and the
calculated oncs (lincs m Figure 2). The calculaled igmtion
delay umes are generally m good agreement with the mca-
surcd oncs within the uncertaintics of cxpenments. Tt 1s
obvious that the reaction mechanism can express the experi-
micntal result about the promoting cftect of CH;3Br in meth-



The Addition Effect of CH:Br on Methane Ignition Buil. Korean Chem. Soc. 2000, Vol. 21, No. 10 1017
Table 2. Reaction Mechanism for CH -0:-CH:Br-Ar mixtures Table 2. Continued
Reaction A 1 I Reaction A n b
R1 11+ Clls (+M)=Cl1, (+M) 1.782E+16 -.630  1600. R4TIH + CILOI =ClL" + 110 G.O000E+12 0.000 0.
LOW /[ 24771433 4700 2440/ RA8H + CILO1 = ClLLOH + 11; 1.700L+07 2,100 20400,
TROL /0 07830 78000 1995 33901 R49H + CHOI =ClL:O + 115 4 200L+H06 2,100 20400,
R2 11+Cl1L=Cl;+ 11 O.O000E+H0R  1.620 43400. R3O+ Call (+M) = C3i Lz (+M) 1.OOOLE+17 -1.000 0.
R3 O+ClL =011+ Clls LOZ0E+08 1300 30000. LOW /7 I750L+33 4800 1900/
R4 OH+CH,=CH:+H.0 1 OOOE+08  [.600 13100, TROE 7/ 0.6464 13200 1315, 3360./
RS CH:+0.=0+CH;0O 3083F+13  0.000 120000, R31 H+ C:H; (+M) = C:H; (+M) S.600FE+12 0000 10000,
R6 CH:+ .= OH+CH.0 IG00FE+I0 0000 37400. LOW /7 3800FE+d( 7270 7220/
R7 CH:+ H.0:=HO:+CH, 2430FE+0d 24700 21700. TROE / 07507 9830 1302, 4167/
R8& 2CH: (+M)= C:Hq (+M) 2. 120FE+16 -0970 2590. R32H+ CHa (+M) = C:H, (+M) 6.080F+12 0270 (170
LOW / 1770FE+30 9670 6220/ LOW /7 [400E+30 -3860 3320/
TROL /0 103325 13100 1038 4970/ TROE [/ 07820 20750 2663 6093/
RY 2ClL: =11+ Calls 4.990L+12 0,100 44400, R33N+ Calls=1L+Csllz 3.000E+13 0,000 0.
RIOCLLE+11CO=ClL+ CO 2.048L+13  0.000 Q. R34+ Cal Ly (#M) = Cil L (+M) 1.O8OLE+12 0434 7620,
RI11Cliz+ CLLO=11CO + Cll, 3.320L+03 2810 24500, LOW /7 1.200L+42  -7.620 6970/
R120+Cll; =11+ CII;:0 8A430L+13  0.000 Q0. TROL /09753 21000 984, 4374/
R13011+ Cll: = CIL:"+11.0 2.500L+13  0.000 Q0. R+ Call,=Calls + 11z LLISOE+08 1,900 313500,
R14HO:+ CH: = 0.+ CH;4 LOOOFE+12 0.000 0. RGO+ 11:=11+OI1 S000E+H4 2,670 26300,
R13HO:+ CH: = OH+ CH:O 1.333F+13  0.000 0. R370+HO:=0H+ 0: 2000E+13 0.000 ().
R16CH:+ CH:=H + C:H; JO000E+13 0.000 0. R38O+ C:H, =CH:+HCO 1.920FE+07  1.830 920).
R17H+CH:0 (+M)= CH;OH (+M) S.000FE+13  0.000 (. R3QOH+H:=H+H-0 2. 160F+08 1310 14400,
LOW / R600F+28 4000 3023/ R6O20H (+M) = H.0: (M) 74A00E+13 -0.370 Q.
TROE / 08902 14400 2838 43369/ ILOW /7 2300F+I8 0900 -1700/
RI1&11+Cl1:0 =11+ CIi:0l1 3A00L+0G6 1.600 Q0. TROE / 07349 9400 1756 S182/
R1911+CI1:0 =11; + C1I:0 2.000L+13  0.000 0. ROLIOII+1I0:; = O, +11:0 J4.O16E+13 0.000 2090,
R2011+ClL:0 =011+ Cll; 3.200L+13 0.000 Q0. RO2OLI+ 10O, =110, + 110 1.750E+12  0.000 1340,
R21 11+ ClL:0 = CIL"+11:0 LOOOL+13  0.000 0. ROIOIL+ColL = Call; + 110 3.000E+06 - 2,000 10300,
R22 CILO + O = 110: + C11:0O 4.280L-13 7600 -14800. RO4ACIL + O, =0I1+ 11ICO 1.320E+13 0.000 6280,
R23 11+ CILI:O (+M) = CII:0I1 (+M) 3400L+11 0434 13100, ROSCIL+1L=11+Cll; S.000E+05 2,000 30300,
LOW [/ 1270F+32 18200 6330/ ROG2CIL =11+ Calls 3.200E+13  0.000 Q.
TROE / 07187  103.00 1291 4160/ R67CH: + Ar=CH:+ Ar 9.000E+12  0.000 2510
R24 H + CH-0 (+M) = CH:0 (+M) SA00F+11 04354 10900. R68CH:" +0-=H+OH+CO 2800E+13 0.000 0.
LOW / 2200F+30 1800 3360./ RG9CH: +0:=CO +H.0 1 200E+13  (0.000 0.
TROE /  0.7380 9400 15353, 4200/ R70CH-OH + 0. = HO, + CH.0 LBOOE+13  0.000 3770
R23H+ CH:00 = HCO+ H; 2300F+10 1030 13700. R71 C-H; + O- =HCO + CH.0 3980F+12  0.000  -1000.
R26 O; + CI1:0 = 110; + 11CO LOOOL+14  0.000 167000, R72C:Hy (+M) =H: + C:H: (+M) QOOOF+12  (.440 371000
R27Oli+ Cl;O=1ICO+11:0 3A430L+09 1180 -1870. LOW /  7.000E+50 -9.310  99860./
R2R11ICO + 11-:0 =11+ CO+11:0 3.360L+18 -1.000 71100, TROE /07345 180,00 1033, 5417/
R2911ICO+M=11+CO+M L870L+17 -1.000 71100, R73C:H: + O: =10+ C: L, S400L+11T  0.000 16200
RIOIICO+ O- =110, + CO TOOUL+12 0000 1670, RMIICCO+0-=011+2C0O LOOOE+12  0.000 3570,
R3INI+Oy+ M=1102+M 2.800L+18 -0.860) 0. R7521CCO=2CO + Cill» LOOCOE+13  0.000 4}
R32H+20,=HO:+ O JO00FE+20 -1.720 0. Bl ClLBr=CIL+Br 1.380E+13  0.000 300000,
R33 H+ 0:+ H:0=HO:+ H.0 1.652F+19 -0.760 0. B2 CH:Br+H=CH;+HBr S.0F+H13 0.000 24400
R3H+O:+ N2 =HO:+ N 3.750F+20  1.720 0. B3 CH:Br+ Br=CH:Br + HBr LOGOF+14 0.000 68200,
R3IZH+ O+ Ar=HO:+ Ar TOOOEH1T7 -0.800 0. B4 Br+ HO-=HBr+ 0 RAF+12 0.000 4900,
RH+O:=0+0H 8300FE+13 0000 60300 B3 CH:0+ Br=HCO + HBr LO20F+13 0.000 6690,
R372ZH+M=H:+ M 1LLOOOE+18 -1.000 (). Bé6 HRr+ H=Br+Ha. 1.260F+10  1.030 669,
R382H + H: =2H: QO00FE+16 -0.600 0. B?7 CH;+HRBr=CH,;+Br QAGOF+11 0.000  -1390.
R39211+11:0 =11 +11:0 O.000E+19 -1.2350 0. B C-Hs+ HBr=C:H.+Br LO20F+12 0.000  -4180.
R40211+ CO; =11 + CO: S.500L+200 2,000 0. BY CH-OIl+1IBr= CILOIl+ Br 5.240L+11 0000 -3680.
R4111+ 011+ M=11:0+M 2.200E+22 22,000 0. BIOCH-Br+ CII; = C-IL + HDBr SA400E+12  0.000 3860,
RA211+110: =0 +11:0 3970E+12 0000 2810. B11CH-Br+CII; = C-I L + Br LOOOE+13 0000, 29300
R4311+110: = 2011 ) 1.340E+14 0000 2660. Rate constants are in the form A x T" exp(-Fa RT). inecm® mol. s, 1. and
R4411+ C11-011 (+M)=CI1:011 (+M) 1.800L+13  0.000 0. K. The (1 M) indicates that the reaction is a pressure-dependent reaction.
T.OW /  3000F+31 4800  3300./ For reactions R1. R8. R17. R23. R24. R4, R30. R31. R32. R34 RGO,
TROE 7/ (7679 33800 1812 3081/ and R72, the tabulated parameters refer to the high pressure limit rate
RISHSCHOR=H.ACRO  200Fe13 0om 0 coofoets thes poromctrs i LW r e o, posas it ot
R46H + CH-OH = OH + CH: 1200F+13  0.000 0. - : ' g S

" - 1dllol A
deline the temperature dependence ol the broadening tactor.™
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Figure 3. Logarithmic sensitivity spectra’™ of the ignition delav
time for mixture 3 with Py = 20.0 torr. The tilled (15331 K) and
striped (1761 K) bars were computed by multiplving the Table 2
rate cocllicient value by 2. Sensitivities less than 0.03 are not
shown,

anc ignition.

In the reaction mechanism. not all the clementary reac-
tions contribuic cqually to the ignition delay times or chemi-
cal hisiory. On (he contrary. somc ol them contributc
significantly. some marginally. and some not at all. [n order
1o find the scnsitive reactions 1o the ignition delay time. log-
arithmic scnsitivity analysis'® defined by the lollowing cqua-
tion was carricd oul by multiplving the rclerence rate
constants from Table 2 by a factor of 2.

. Alogt,

i Alogk,
where 7, 1s the ignition delay time at condition 7 and & mcans
the rate constant of jth clementary rcaction. As shown in

Figure 3. the sensitive reactions m CH4~CH;Br-O»-Ar mix-
turcs arc the following reactions.

H+0:—OH+0 (R36)
CH; + 0. - CH;0+0 (R3)
2k
AR
O
@
» | T
54 .
° Y :
£ 6 F ) B
3 J L
% ;
; —4—HBr+H=Br+H,
3 —a—CH, - HBr= CH, - 8r
8- —8— CH,Br = CH, + Br
—w—CH_Br + H=CH_+ HBr
—8—CH,0 + Br = HCO + HBr
1 1 1 1 1

0 200 400 600 800
Time (u sec)

Figure 4. Net reaction rate for mmxture 3 at Py = 2000 torr and Ts =
15331 K. The solid lines indicate that the net reaction proceeds in
the forward direction: the dotted lines indicate the reverse
direction.

Sung Bae Jee ef al.

CH;Br — CH; + Br (Bl
H + CHs — H: + CH; (R2)

Not only the CH:Br decomposition reaction (B1) but also
the chamn branching reaction (R36) and other reactions
mvolving CHz-radical (R3. R2) are sensitive in the ignition
step of CH4-CH:Br-O--Ar mixtures.

Flow analysis' was also carried out by means of the com-
puting net reaction rate defined by the following equation in
such a case of reaction for A+ B — C+D.

Rare(t) = ke | 4] |B] — & |CL D)

where &y and 4, are the forward and reverse rate constants.
respectively. [X]; is the concentration of X species at time /.
Figure 4 shows net reaction rates of the unportant reactions
involving Br-species. In the early time of the ignition step.
the most important initiation reaction is CHiBr decomposi-
tion reaction (Bl). While CHa is consumed through CH; +
O- — CH;0 + O reaction (R5) which is the main reaction of
CH; consumption. Br atom consumes CH, through the reac-
tion of Br + CHy — HBr + CHi (B7). Once HBr is formed.
HBr reacts with H to produce H- and Br (B6). This reaction
(B6) is considered to be the most important retarding step i
flame propagation. but it becomes important at the late stage
of the combustion process as shown in Figure 4.

The experimental results of this study for the addition
effect of CH:Br on methane ignition are in good agreement
with the results of Takahashi ¢/ a/."' In their investigation.
they reported CH:Br was regenerated through the reaction of
HBr + CH; — CH;Br + H (reverse reaction of B2) and pro-
posed closed-loop reactions as shown in Figure 3. The total
reaction of their loop is CH, — CH: + Hand CH3Bracts as a
catalysis in their loop. However, our simulation shows that
B2 reaction proceeds forward direction (CH:Br + H — HBr
+ CH;) and has small net reaction rate. so CH:Br could not
be regenerated during the whole ignition delay period. The
difference of net reaction rate depends on the rate constant of
B2. The rate constant for B2 adapted by Takahashi ef a/."
was about three times higher than the one used in this
study.!’

In conclusion. the promotion effect by addition of CH;Br
to methane is because of the relative fast deconiposition rate
in additive, which leads to easy generation of CH; radical.

CHg CH, CHy

|

CH 3Br Br > HBr

|

H CH,4

Figure 5. Closed-loop reactions proposed by Takahashi er af.'' Sce
the discussion in the text.
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The concentration dependence of CH3:Br on the ignition of
mcthanc, howeyer, is small. The modeling investigation of
the reaction mechanism (Table 2) gave calculated ignition
delay times in good agreement with the experiments.
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