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The effects of five ha logena ted h yd rucarbon s on the fl a me speed of me th ane have been s tudi ed. 
Bromi des a re more e ffective in reducing fl ame s peed s th a n a re c hlorides and the red uc tion in fl a me 
s peed is proportional to the amoun t of inhibitor added . 
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1. Introduction 

Halogenated hydrocarbons have long been used to 
extingui sh unwa nted fires and a method of ranking 
the effectiv e ness of these co mpounds was wanted. 
In a previous paper [lJ ,1 the effec t of a s ingle inhibitor, 
meth yl bromide (CJ·I;;Br), on the fl ame speed of 
methan e was studied. It was shown that the flame 
speed was very sensitive to the presence of methyl 
bromide and that the maximum flam e speed for given 
ex perimental condition s decreased proportionally as 
the concentration of inhibitor increased. It appeared 
that the decrease in maximum flam e s peed co uld 
be used as a meas ure of the effec tive ness of fl ame 
inhibitors. 

In th e present work, the effects of five additional 
inhibitors were studied. The inhibitors were bromo· 
trifluoromethane, CF:lBr: dibromodifluorome thane , 
CF~Br~: methyl c hloride, CHaCl: chlorotrifluoro
methane , CF3CI; and dichlorofluoromethane, CHFCI2 • 

2 . Apparatus and Procedure 

The apparatus and me thod of meas uring flame 
speeds have been described in previous publications 
[1 , 2]. Briefly, the apparatus consists of drying and 
metering sections for air and fu el and a nozzle, the 
exit of which is the port of the burner. Means are 

1 Figu res in hra(,kt-' !S illdi('al(' the lilt'fature refere nces at the end of this paJll'r. 

provided to measure and co n trol th e te m perature of 
the com bustible mixture. Flame speeds are de ter
mined by a total area method which is based on the 
measure ment of the area of the sc hli eren image of the 
inner fl a me cone a nd on the measure ment of the rates 
of fl ow of fuel and air. 

Mixtures of inhibitor and dry air were prepared in a 
large steel tank and were metered by observing the 
pressure drop across a calibra ted sharp-edged orifice. 
Some error is introduced s ince the orifice was cali
brated for ai r, but in view of the small quantities of 
inhibitor used (maximum quantity was 0.5 percent , 
by volume, of the air), it was felt that the error would 
be tolerable. 

Mixtures in air of 0.1, 0.2, 0.3 , 0.4, and 0.5 percent, 
by volum e, of each inhibitor were prepared. The 
variation of fl a me speed with mixture ra tio 2 was de
termined for eac h mixture, the gas velocity a t the 
nozzle remaining cons tant. Mixture r atio was varied 
from 0.054 to 0.072. (A s toic hiome tri c mixture of 
methane and air is equivalen t to mixture ratio 0.0583.) 

Flame speeds of the 0.1 percent mixture of each 
inhibitor were determined at gas velocities measured 
at the port of the nozzle of 3, 4, 5 and 6 ft/s. This 
procedure was adopted to determine the variation of 
flame speed with gas velocity over an exte nded range. 
For all other mixtures, flam e s peeds were determined 
only at gas velocities of 4 and 5 ft/s. 

:! Mixtu re ratio is here d efin ed a s the weig h t of me thane divided by the wei~ht or ai r . or 
in the case or an inhi b ited mixtur~ . as the weight or me thane divided by the weight of air 
plus adde d inhibitor . 
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Variation of flame speed with initial temperature 
was determined for mixtures containing each inhibitor. 
Mixture ratio was 0.060; 0.2 percent of inhibitor was 
added to the air; and the gas velocity was 4 ft/s. 
The range of temperatures in these determinations 
was from 75 to 100 OF. Flame speed increased as 
the temperature increased and the change of flame 
speed with temperature was found to be linear. The 
results, together with values for methane and methane 
plus methyl bromide taken from previous work, are 
listed in table 1. These values were used to correct 
all flame speeds to 75 OF. 

TABLE 1. Variation oj ./lame speed 
with initial mixture temperuture 

Inhibitor 

Methane a 
Methyl bromide b 

Bromotrifluoromethane 
DibromdiAuol"omethane 
Methyl c hloride 
DichloroHuoromethane 
Chlorotrifluoromethane 

Feel per sec per OF 

0.00391 
.00328 
.00329 
.00200 
.00322 
.00199 
.00504 

a VaJue for methane is taken from [2]. 
hVal ue for m ethyl brom ide is ta ke n from [7]. 

TABLE 2. Maximum ./lame speeds 

Inhibitor Flame speed 

Itls 
Cf,Br 1.208 

1.196 
1.1 71 
1. 166 
1.068 
1.061 
1.012 
1.016 
0.932 
'.950 
b.857 
'.856 

Cf,Br, 1.151 
1.124 
1.113 

d 1.107 
0.970 

.977 
e.88 ] 

'.844 
'.775 
h638 
'.578 
;.500 

CH,CI 1.242 
1.236 
1.224 
1.231 
1.208 
1.197 

CF,Cl 1.320 
1.274 
1.208 
1.238 
1.271 
1.195 
1.248 
1.143 
1.122 
1.127 
1.139 
1.105 

CHC!,F 1.32 1 
1.296 
1.257 
1.233 
1.302 
1.221 
1.151 
1.141 
1.136 
1.139 
1.113 
1.121 

11 Blowoff occ urred at 0.060. 
h B1owoff occurred al 0.058. 
C Blowoff occurred at 0.062. 
II B1owoff occurred at 0.058. 
e Blowoff occurred at 0.058. 

Inhibitor 

added 

% 
0.1 

.1 

. 1 

.1 

.2 

.2 

.3 

.3 

.4 

.4 

.5 

.5 

.1 

.1 

.1 

.1 

.2 

.2 

.3 

.3 

.4 

.4 

.5 

.5 

.1 

.1 

.3 

.3 

.5 

.5 

.1 

.1 

.1 

.1 

.2 

.2 

.3 

.3 

.4 

.4 

.5 

.5 

.1 

.1 

.1 

.1 

.2 

.2 

.3 

.3 

.4 

.4 

.5 

.5 

wt. CH4 ~ Flame speed X LOO 
wI. air + in hi b. F lame speed, e li, 

0.0602 
.0601 
.0600 
.0599 
.0600 
.0620 
.0582 
.0620 
.0580 
.0620 
.0600 
.0640 

.0580 

.0581 

.0621 

.0601 

.0581 

.06 17 

.0600 

.0641 

.0620 

.0681 

.0661 

.0720 

.0600 

.060 1 

.0601 

.0581 

.060 1 

.0581 

.0603 

.0621 

.062 1 

.0620 

.058 1 

.0600 

.0581 

.0600 

.0581 

.0600 

.0601 

.0579 

.0579 

.0600 

.0578 

.0600 

.0580 

.0600 

.0600 

.0580 

.0601 

.0600 

.0599 

.0600 

r Blowoff occurred at 0.062. 
II: Blowoff occurred at 0.060. 
h Blowoff occurred at 0.066. 
i Blowoff occurred at 0.064. 
j Blowoff occurred at 0.070. 

134 

101.0 
100.0 
97.9 
97.5 
89.3 
88.8 
84.6 
85.0 
78.0 
79.4 
71.6 
71.6 

96.2 
94.0 
93.0 
92.6 
81.1 
81.7 
73.6 
70.6 
M.B 
53.4 
48.3 
41.8 

103.9 
103.4 
102.4 
103.0 
101.0 
100.1 

110.4 
106.5 
101.0 
103.5 
106.3 
100.0 
104.4 
95.6 
93.8 
94.3 
95.3 
92.4 

1I0.5 
108.3 
!O5.1 
103.1 
108.8 
!o2.1 
96.3 
95.4 
95.2 
95.3 
93. 1 
93.8 

Cas 

velocity 

/tis 
3 
4 
5 
6 
4 
5 
4 
5 
4 
5 
4 
5 

3 
4 
5 
6 
4 
5 
4 
S 
4 
5 
4 
5 

4 
5 
4 
5 
4 
5 

3 
4 
5 
6 
4 
5 
4 
5 
4 
5 
4 
5 

3 
4 
5 
6 
4 
5 
4 
5 
4 
5 
4 
5 



3. Results 

The outer mantle of flames to which bromine in· 
hibitors were added was colored brown presumably 
by the formation of free bromine and the odor of 
bromine was noticeable. Hydrogen bromid e is also 
thought to be present in the combustion products. 
Flames containing chlorine inhibitors were brighter 
than methane-air flames and the acid odor of hydroge n 
chloride was noticeable. 

Water condensed on the surface of the nozzle duro 
ing some experiments and this condensate was found 
to react acid; copper was also detected in the con· 
densate. In other experiments , solid produc ts of 
corrosion, most likely halides of copper and zinc, 
were formed around the port of the nozzle . In some 
instances , this de posit developed in quantiti es suf· 
ficient to interfere with the flow of gas and cause 
di storted flam es . However , these de pos its we re soft 
and easily re moved. 

At th e end of the experim e nts, the uppe r surface 
of the nozzle was found to be eaten away to a de pth of 
Ills in . beginning about 0.02 in . from the lip and ex· 
te nding outward about 1/ 4 in ., thu s leavin g a thin rim 
of untouc hed meta l surroundin g th e port of the nozzl e. 
Thi s e roded a rea occ upied a po s ition whic h could not 
affec t th e flow of gas . 

Maximum flam e s peed observed for eac h ex peri· 
me ntal condition is li sted in ta ble 2. 

3.1. Bromotrifluoromethane, CF:IBr 

The addition of CF:I Br gene rally res ulted in a de· 
c rease in th e flam e s peed of me than e·air mixtures. 
Howe ve r, at a few experim ent al condition s, a n increase 
in flam e speed was observed. At a gas velocit y of 
3 ftl s and with 0.1 percent of CFIBr add ed to the com· 
bu s tion air, the maximum flam e s peed , whi ch occ urred 
at mixture ratio 0.062, was found to be greater than 
that of methane·air-1.208 ftls as compared to 1.196 
fi ls. At conditions leaner in fuel than mixture ratio 
0.062 , the flame speeds were also greater than those 
of methane·air. At conditions richer in fuel than 
mixture ratio 0.062, flame speeds were lower than 
those of methane·air. At a gas velocity of 4 ft/s and 
with 0.1 percent CFIBr present in the combustion air, 
maximum flame speed was found at mixture ratio 
0.060 and was equal to that of me than e·air 1.196 ft/s. 
At condition s leaner in fuel than mixture ratio 0.060, 
flame speeds were increased by the presence of 
CFIBr, but at cond ition s riche r in fuel than mixture 
ratio 0.060, flam e s peeds were decreased. At gas 
velociti es of 5 and 6 ftl s and with 0.1 percent CF:IBr 
add ed , flam e speeds we re always less than those of 
me thane·air. Flame s peeds of mixtures containing 
0.2 perce nt of CF;d3r a nd more added to the air were 
a lways less than those for me than e-air. 

3.2. Dibromodifluoromethane, CF~Br~ 

At a gas veloc ity of 3 ft ls, the addition of 0.1 percent 
of CF~ Br~ to the combus tion air decreased th e flame 
speed of me thane·air exce pt a t two condition s, at 
mixture ratios of 0.054 a nd 0.056, where a slight in· 
crease in flame speed was noted. At all other experi
mental condition s of gas ve loc it y, mixture ratio, a nd 
concentrati on of inhibitor , fl a me s peed was decreased 
by the addition of CF~Br~. A ll max imum fl a me s peeds 
at give n conditions were lower th a n those of me th an
air and are li s ted in table 2. Reduc ti on in fl a me s peed 
at give n mixtu re ratio a nd gas ve locit y was found to 
be direc tly proportional to the a mount of C F~ Br~ 
added. The decrease in maxi mum fl a me s peed for a 
given additi on of CF~ B r~ was also found to be directl y 
proportiona l to the amount of inhibitor add ed a nd was 
found to be 0. 1450 ft ls fo r eac h 0.1 percent addition, 
in the ran ge of concentra ti ons used in th ese experi · 
ment s. Va ri a ti on of fl a me speed with mixture ra tio 
is presented in fi gures 4 a nd 5. 

Wh y CF:IBr s hould be more e ffective as an inhibitor 
than Cl-LBr is not a ppare nt. F luor ine a toms see m to 
have little or no inhibiting power. I f flu orine, as an 
inhibit or, were co mpa ra ble to bromine, one would 
expec t CF IB r to be muc h more effec ti ve th an CH IBr 
whic h is not th e case. If, as has bee n proposed [4], 
hydrogen halides are formed in the reac tion zone a nd 
are the effec tive inhibitors, the n hydroge n flu oride is 
e ither not prese nt or is too stable to reac t with the 
chain ·carryin g radicals. The carbon to fluorine bond 
has a heat of formation of 107 kcall mol while the car · 
bon to bromine bond has a heat of form ation of 54 
kcal/m ol. Like wise, the hyd roge n to flu orin e bond 
has a heat of form ation muc h la rger th an the hyd rogen 
to bromine bond: 147.5 kcall mol as co mpa red to 87.3 
kcal/mol [31. S ince flu orine bo nds are muc h stronger , 
it is less likely tha t they would rupture in the co m· 
paratively low te mperature me th ane-air fl a mes. The 
possibility exi s ts tha t the hydroge n a toms of CH IBr 
may act as centers of chain initi ation and counter · 
balan ce the c hain·breaking ac ti vities of the bromin e 
atom. But if thi s process does occur, it mus t playa 
very minor role as the maximum fl a me speeds, p ro· 
duced by inhibition by CF IBr and CH~Br , are very 
close in magnitude . 

CFaBr and CF2Br2, under certain circ um stances, 
actually increase the flam e speed of methane. In our 
previous work with CHaBr, some ins tances of in creased 
flame speed were also found and the oplllJOn was 
expressed that CH3Br in an excess of air probably 
acted as a fuel [1]. 

CF3Br and CF2Br2 increase flame speeds only when 
0.1 percent is added to the combustion air and in lean 
mixtures, that is, in mixtures which contain an excess 
of air. The mixture ratio at which maximum flam e 
speed occurs, as compared to methane , is shifted 
toward the lean side. Thi s exactly parallels the be · 
havior of CHIBr and sugges ts that CF IBr and CF2Br2 
may also ac t as fuels in a n excess of air. 
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3.3. Comparison of Bromine Inhibitors 

A comparison of the maximum flame speeds of 
methane-air mixtures to which the bromine-contain
ing inhibitors CH3Br, CF3Br, and CFzBrz were added 
shows CF:!Br:! to be the most effective in reducing 
flame speeds. For example, at a gas velocity of 4 
ftls , 0.3 percent CH3Br added to air resulted in a 
maximum flame speed of 1.029 his which is 86.0 per
cent of the maximum flame speed of methane-air. 
The same concentration of CF3Br in the burning 
mixture yielded a maximum flame speed of 1.012 ftl s 
or 84.6 percent of the maximum flame speed of meth
ane-air. The same concentration of-· CF:!Br:! in the 
burning mixture resulted in a maximum flame speed of 
0.881 his or 73.6 percent of the maximum flame speed 
of me than e-air. Maximum flam e speeds of mixtures 
inhibited by CFIBr and CF:!Br:! are listed in table 2. 
Maximum flame speeds for mixtures containing CHIBr 
are listed in [1]. The rate of decrease in maximum 
flam e s peed with the increase in concentration of 
inhibitor is also greatest for CF:!Br:!. These rates are 
listed in table 3. The fact that CF:!Br:! contai ns two 
bromine atoms to one in both CH:IBr and CF3Br 
suggests that increasing the number of bromine atoms 
in the molecule also increases its inhibiting powers. 

Flame speeds of methane-air mixtures inhibited 
by CFIBr are lower than those containing the same 
volume of CHaBr except in two cases: at a gas velocity 
of 3 ftl s with 0.1 percent inhibitor present and at a 
gas velocity of 4 ftl s with 0.1 percent inhibitor present. 
Flame speeds of mixtures containing CFIBr are about 
98 percent of the flame speeds of the corresponding 
mixture containing CHIBr. The rates of decrease of 
flame speed with increasing concentration of inhibitor 
are similar in magnitude and are li sted in table 3. 

TABLE 3. Variation a/maximum/lame slJeecis with "dded inhibitor 

I nhibilor Decreas e in Aame speed for 
each 0 . 1% added inhibitor 

the variation of flame speed with mixture ratio IS 

presented. 

'" 

f:[ : : : : l 
G! .95 .054 .058 .062 .066 .070 

MIXTURE RATIO 

FIGURE 1. Variation 0/ flame speed 0/ methane-air with mixture 
ratio. 

Gas veloc it y = 6 fi ls . 
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ft ls FIGURE 2. Effect 0/ CF"Br on the flame speed 0/ methane-air. 
Cl-bBr 1i 
CF:! Br 
C F, Bf, 
CH"CI 
C'sCI 
CHCU' 

ilValue for C H3Br is ta ken from [1]. 

0.0828 
. 0823 
.1450 
.00922 
.0313 
.0398 

Flame speeds at constant gas velocity and at 
constant mixture ratio were found to decrease as the 
amount of CF~Br added to the air was in creased and 
the decrease in flam e speed was proportional to the 
amount of CF3Br added. Maximum flame speeds 
were also found to decrease as the amount of CFIBr 
was increased, and this decrease amounted to 0.0823 
ftls for each 0.1 percent added, over the range of addi
tion here tested. Rates of decrease of flame speed 
are listed in table 3. Figure 1 presents the variation 
of flam e speed with mixture ratio for methane, while 
in figures 2 and 3, the effect of addition of CFIBr on 
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CF"Bf added: I ~ O.I % : 2 ~ 0. 2% : 3~ 0.:1%: 4 ~ 0.4% : and 5 ~ O .5%. 
Gas velocity: A = 4 ftls and 8 = 5 ft /s . 
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.65 

MIXTURE RATIO 

FIG URE 3. Effect a/CF"Br on the flame speed 0/ methane-air. 
0.1% CF:1Br added. Gas velocity: 1 = 3 fl/s and 2 = 6 fl/s. 
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FIGURE 5. Effect of CF"Br, on the flame speed of methane-air. 
0.1 % C F:! I-k: added. Gas ve loci ty: I =:J ft ls and 2 = fl ft/s . 

Cullis, Fish, and Ward have reported on the effect 
of compounds of bromine on the slow, low-te mperature 
oxidation of methane, among other fuels [5]. They 
find that these compounds , RBr and various bromo
methan es, exert both a promoting a nd inhibiting effect 
on the rate of oxidation. They consider that RBr is 
formed from the bromometh anes and is the active 
agent. From a consideration of activation energies, 
it is deduced that RBr reac ts easier with O2 than does 
CR4 and provides an()ther mode of chain initiation. 
Thus, they account for the promoting action of RBr. 

In the later s tages of the r eaction of O~ and CR 4 , 

RBr reacts with the OR radi cal, retardi ng chain 
branc hin g a nd so ac ts as an inhibitor. 

It is ques tionable whether results ob tai ned from the 
"low ox ination of ca at low te mperatures can be 
appli ed direc tly to the fast, high temperature com
bu s tion in a flam e. However, the vie w th at inhibitors 
may ac t as fuels in an excess of air is nol inco mpatible 
with the vie w that inhibitors react easier with oxygen 
th a n does me thane. Wha tever the ex planation, there 
is no doubt that low concen tration s of bromin e co m
pounds can act as promotors in lean mixtures. 

3.4. Inhibitors Containing Chlorine 

Experime ntal res ults ob tained with inhibitors co n
taining c hlorine were not as regular or as consis tent 
as those ob ta in ed with bromine compounds. No 
conclusions could be draw n from the firs t se t of ex
pe rime nts with CHaCl as the res ults were completely 
erratic. A second se t of experime nts was run with 
a:iditions of 0.1 , 0.3, a nd 0_5 percent, by volume, of 
CR3Cl to the co mbustion air, at gas velocities of 4 
and 5 ft/ s. Results from these expe rime nts were 
more regula r and coherent. CFaCI a nd CHCl~F be
haved alike: there was so me scatte r of the data and 
some inconsis te ncies, but a pattern of the effec t of 
these co mpounds on fl ame speed could be mad e out. 

Wh y c hlorine co mpounds s hould be have erratically 
is not clear. De fi ciencies in experime ntal tec hniques 
may be partly responsible, but the same techniques 
were used with bromine inhibitors which yielded much 
more coherent data. HCI which is formed in the fl ame 
from c hlorin e co mpound s is corrosive to the brass 
nozzle and copper chloride, whic h is one of the prod
ucts of corrosion, is itself an inhibitor [6]. It is pos
sible that depos its of copper chloride aro und the port 
of the burner could have affec ted the fl ame speed. 
On occasion, bright blue-gree n flas hes caused by the 
entrance of copper chloride were observed. But 
th e n the flame was exting ui s hed, the nozzle was 
cleaned and the flam e was relit before photogra phs 
were taken. Nevertheless, the possibility of metallic 
halides influencing the flame s peed mus t be borne 
in mind. 

3.5. Methyl Chloride, CH 3CI 

Variation of flame speed with mixture ratio was de
termined at additions of 0.1, 0.3 , and 0.5 percent of 
CliJCI at gas velocities of 4 and 5 ft/ s. Results of 
these experiments are shown in fi gure 6. Maximum 
flame speeds for given experimental conditions are 
listed in table 2. 

Methyl c hloride did not prove to be an effec tive 
inhibitor of the combustion of me thane. In fac t , at 
most experime ntal conditions, it acted as a combustion 
promoter. Maximum fl ame speeds of methane-air 
mixtures containing up to 0.5 perce nt me thyl c hlorid e, 
added to the air, were larger than those of me th ane
all'. Maximum fl ame speeds, a t a gas velocity of 
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FIGURE 6. EfFect 0/ CH"CI on the jlmne speed 0/ methane·air. 
CI-bel added: 1 = 0.1 %: 2 = O. :{% : and ] = 0 . .')% . 

Gas velocity : A = 4 fl /s and H = ;, ft /s. 

4 ft/s were 1.242, 1.225, and 1.208 ft/s for 0.1,0.3, and 
0.5 percent addition, respectively, while the maximum 
flame speed of methane-air is 1.196 ft/s. Mixtures to 
which CHICl was added and which contained less fuel 
than those which gave the maximum flame speeds 
always resulted in flame speeds that were larger than 
the corresponding flame speeds of methane-air. 
Mixtures to which CHJCl was added gave flame speeds 
which were smaller than the corresponding flame 
speed of methane-air only when the mixture contained 
less fuel than mixture ratio 0.062. 

However, flame speeds of these mixtures did de
crease as the amount of Cl-L!Cl was increased. The 
decrease in flame speed at a given mixture-ratio was 
proportional to the amount of CHaCl added. The 
decrease in maximum flame speeds was also propor
tional to the amount of CHICl added and was 0.00922 
ft/s for each 0.1 percent of C~CI added. 

3.6. Chlorotrifluoromethane, CF:JC I 

Maximum flame speeds determined at 4 ft/s for 
mixtures containing up to 0.3 percent of CF3Cl added 
to the air, and maximum flame speeds determined at 
5 ft/s for mixtures containing up to 0.2 percent CFaCl 
added to the air, were larger than the maximum flame 
speed of methane-air. Mixtures containing more 
than these amounts of CFaCl resulted in flame speeds 
which were less than those of methane-air. Thus, 
CFlCl can act both as a promotor and as an inhibitor 
of the combustion of methane. In fuel-rich mixtures 
CFaCl consistently acts as an inhibitor. At mixture 
ratio 0.072, flame speeds of all mixtures containing 
up to 0.5 percent CFaCl were always less than the 
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corresponding flame speed of methane-air. In mix
tures containing up to 0.3 percent CFaCl at a gas 
velocity of 4 ft/s, the flame speed becomes less than 
that of the corresponding methane-air mixture only 
at mixture ratio about 0.064; at leaner conditions, the 
flame speed is larger. 

Variation of flame speed with mixture ratio is pre
sented in figures 7 and 8. Maximum flame speeds for 
given conditions are listed in table 2 . 

Although CFlCl acts as a promotor of combustion 
up to 0.3 percent addition, for concentrations in excess 
of 0.1 percent flame speeds at given experimental 
conditions always decreased as the amount of CFICI 
was increased. Likewise, the maximum flame speed 
for each addition of CFaCI decreased as the amount 
was increased and the rate of decrease was 0.0313 ft/s 
for each 0.1 percent of added CFaCl. 
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FIGURE 7. Effect ofCC1F" on the flame speed 0/ methane-air. 
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3.7. Dichlorofluoromethane, CHChF 

At the addition of 0.1 and 0.2 percent CHCLF to 
the co mbu stion air, maximum flam e s peeds we re 
larger than those observed for me tha ne-air, while 
at additions of 0.3, 0.4 , a nd 0.5 percent of CHCLF, 
maximum flame speeds were less than for met hane-air. 
When 0.1 percent CHCI~F was added, up to mixture 
ratio 0.066, fl ame speed was larger th an for me thane
air. For mixtures ri cher in fuel than mixture ratio 
0.066, the fl a me speeds of mixtures containing 0.1 
percent of CHCLF add ed to the air were less than the 
correspondin g fl ame speed of methane-air. When 
0.2 percent of CHCtF was present in the combustion 
air, fl ame speeds, up to mixture ratio 0.064, were 
larger th an the co rres ponding flam e speed of me thane
air. In mixtures richer than 0.064, the flam e speeds 
were smaller than the corres pondin g flam e speed of 
methane-air. At 0.3, 0.4, and 0.5 percent addition 
of CHCl~F, only at mixture ratio of 0.054 was the fl ame 
speed larger than that of methane-air. 
CHCl~F can act either as a promotor or as an in

hibitor of the combu stion of metha ne. Based on its 
effec t on the maximum fl a me s peed, CHCLF beco mes 
an inhibitor only whe n 0.3 perce nt or more is added 
to the air. However, eve n a t 0.1 percent add ition, 
CHCl~F ac ts as an inhi bitor in fuel-rich mixtures . 

Flam e speeds became s maller as the amount of 
CHCI~F was inc reased . T hi s was tru e both for th e 
maximum flam e speed and for the flam e s peed at a 
given mixture ratio. The rate of decrease of maximum 
flam e was 0.0398 ft ls for each 0.1 percent of added 
CHCl~F. Variation of flam e s peed with mixture ratio 
is presented in figures 9 and 10. Maximum fl ame 
speeds for give n ex perimental conditions are li s ted 
in table 2. 

1.35 

1.25 
I 

1.15 2 

1.05 5 

.95 

'" 
~ .85 
0-

~ .75 
Q. 
<f) 

LU 1.30 
;:; 
<I 
u'1.20 

1.10 

1.00 

.90 

.80 

MI XTURE RATIO 
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FIGURE] O. Effect of CHCI,r 0 11 the flame speed of methone-air. 
0. 1 % CH C I~ F added. Gas velocity: I =:~ fl /s and 2 = 6 fl /s. 

3.8. Comparison of Bromine and Chlorine 
Compounds 

None of the chlorinated compound s tes ted can be 
conside red a good inhibitor of the fl ame speed of 
methane-air mixtures. CI-lJCI is the leas t effec tive 
and CFlCl and CHCI~F are abo ut equal a nd only 
slightly be tter than CHoCl. The presence of two 
chlorine atoms in CHCl2F does not increase its powers 
of inhibition. Bromine compound s are much more 
effective in redu c ing the fl ame speed of metha ne-a ir. 
For exam ple, at a gas velocity of 4 ftl s, 0.5 percent of 
CFaBr added to the combustion air will redu ce the 
maximum fl ame speed of methane-a ir from 1.196 to 
0.856 his which is 72 percent of the uninhibited value. 
The same percen tage of CF!Cl will redu ce the flam e 
s peed to 1.139 ftls or 95 percent of the fl ame s peed 
of methane-air. 

A comparison of the bond e nergies [3] of carbon to 
c hlori ne a nd carbon to bromine (66.5 kcallmol versus 
54.0 kcal/mol) and of hydrogen to c hlorine and hydro
ge n to bromine (102.7 kcal/mol versus 87.3 kcal/mol) 
shows that c hlorine bond s are co nsiderable s tronger 
than bromine bond s. Hence, c hlorine compo unds 
will be more stable in flam es and less liable to reac t 
with the active c hain-carrying particles than bromi ne 
compounds. This may explain why bromine com
pounds are more effective as inhibitors than are c hlo
rine compound s. 

3.9. Reaction Zone Thickness 

The position of the schlieren image in a flam e marks 
the region where gradients of density and temperature 
are steepest and is considered to be the beginning of 
the reaction zone [7], while the position of the visible 
image is taken to mark the region where reac tions 
are complete [8]. Hence, the di stance between the 
two images will be a measure of the thickness of the 
reaction zone. And the thicker the reac tion zone, the 
slower will be the rate of reaction. 

In the experimental procedure, the visible and 
schliere n images of a fl a me were photographed simul
taneously on the same film. Measureme nts of the 
distance between images are made on photographic 
e nlarge ments and the images are rather diffuse. The 
measureme nts cannot be cons idered precise or ex
tremely accurate, but they do es tabli s h relative magni 
tudes and indicate trends. 
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Thickness of the reaction zone varies inversely as 
the flame speed and the minimum thickness, indicat
ing the greatest reaction rate, occurs at or close to the 
mixture ratio for maximum flame speed. Reaction 
zone thickness at mixture ratio 0.072 is much larger 
than at mixture ratio 0.054. Addition of inhibitors to 
burning mixtures results in an increased reaction zone 
thickness and the thickness increases as the amount 
of inhibitor increases, indicating that the rate of 
reaction is decreased by the presence of inhibitors. 
Bromine compounds which are much more effective in 
reducing flame speeds of methane-air than are chlorine 
compounds also produce much thicker reaction zones. 

Some representative meas urements of reaction 
zone thickness at various experimental conditions 
are lis ted in table 4 toge ther with some meas ure ments 
for methane. 

TABLE 4. Reaction zo ll e thicknesses 

Hcaction zone thickness, inches 
Percent 

I nhibitur inhibit ur 
added to air At mi xture 

ratio 0.054 
Minimum AI mixture Gas ve loc it y 

ratio 0.072 

fils 
C I-I ~;t 0.0159 0.0149 0.0 196 6 
Ci-bB, 0.2 .0203 .0 182 .0295 4 

.5 .0248 .0233 .0370 3 
CF,, ~ , .2 .0202 .0190 .0303 4 

.5 .0259" .0405 4 
CF, B" .1 .0 199 .0 194 .0305 4 

.5 .0377' .0527 4 
CI·b CI .1 .0 195 .0173 .0263 5 

.5 .0 184 .0 174 .0303 4 

CF"Ci .1 .0197 .018 1 .0280 5 
.4 .0208 .D200 .0297 5 

CHFCb .2 .0 196 .0 170 .0258 4 
.5 .0 185 .0 178 .0298 4 

;1 C H" flam e contai nin g no inhibitor. 
h Leanes t stable fl ame. at 0.060. blowuA' occ u rred at 0.58. 
C Leanes t s tab le flam e, at 0.066. blowoff uccu rred at 0.64. 

3.10. Effect of Quenching 

All the inhibitors tested were found to be much more 
effective in reducing flame s peeds in rich mixtures 
than in lean. The maximum flame speed of a mixture 
containing 0.2 percent of CF3Br added to the air is 
1.068 ft/s or 89.3 percent of the maximum flame speed 
of methane-air, 1.196 ft/s. At mixture ratio 0.054, 
a lean mixture, the flame speed of the inhibited mix
tures is 1.019 ftls or 96.4 percent of the corresponding 
flam e s peed of methane-air, 1.057 ft/s . At mixture 
ratio 0.072, a rich mixture, the flame speed is 0.786 
ftls or 80.2 percent of the corresponding flame speed 
of methane-air, 0.980 ft/ s. The flame s peed of the 
inhibite d mixture at 0.054 is 95 .4 percen t of its maxi
mum, while at 0.072, it is only 73.6 percent of the 
maximum. The corresponding values· for me thane-air 
are 88.3 and 81. 9 percent. 

Even more striking is the behavior of CF3Cl. The 
maximum fl ame speed at a gas velocity of 4 ftl s of a 
mixture of methane and air containing 0.2 percent of 
CFICl added to the air is 1.271 ftl s which is 106.3 per
cent of the maximum flame s peed of methane-air, 
1.196 ft/s: an increase in flame speed has resulted. 

At mixture ratio 0.054, the flame speed of the "in
hibited" mixture is 1.155 ftls which is 109.2 percent 
of the corresponding flame speed of methane-air, 
1.057 ft/s: here, again, an increase in flame speed has 
resulted. At mixture ratio 0.072, the flam e s peed of 
the inhibited mixture is 0.808 ftls which is 82.4 percent 
of the corresponding flam e speed of methane-air, 
0.980: a noticeable decrease in flame speed has oc
curred. At 0.054, the flame speed of the inhibited 
mixture is 90.0 percent of its maximum, while at 0.072 
it is 63.6 percent. 

Previously, it had been found that the flam e speed of 
methane-air mixtures, at constant mixture ratio, 
varies with the velocity of the gas in the nozzle [2]. 
The flame s peed decreases as the gas velocity in 
creases and the change in flam e speed is abo ut 2 
percent when the gas velocity is doubled . The 
presence of inhibitors in flames alters this behavior. 
At a given addition of inhibitor and at constant mix
ture ratio, the flam e speed decreases as the gas ve
locity increases only when the mixture ratio is 0.064 
or less . When the mixture ratio is 0.066 or larger, 
the flame speed increases sharply as the gas velocity 
increases and this increase in flam e speed may be as 
muc h as 20 percent when the gas velocity is increased 
from 3 to 6 ft/ s. 

The di ame ter of the base of the schlieren cone of a 
methane-air flam e increases slightly as the burning 
mixture becomes richer in fuel [2], and the diameter 
of the base is larger than the diameter of the port of 
the nozzle exce pt where co ndition s producing flash
back prevail. Then the diameter of the base is less 
than the diameter of the port. Again, the addition of 
an inhibitor c han ges the behavior of the flame. The 
diameter of the base of the schlieren cone of an in
hibited flame increases as the burning mixture be
co mes ri cher in fuel, but only up to mixture ratio 
0.064 or 0.066. When the amount of fuel is increased 
beyond these values, a sharp decrease in the diameter 
is found. At the same tim e, the flame cone becomes 
extremely elongated. When the maximum amount of 
inhibitor used in these experiments is present , the 
di ameter of the base of the sc hlieren cone may be less 
than the diameter of the port of the nozzle, but flas h
back does not take place. As the burning mixture 
becomes ric her in fuel, the diameter of the base of 
the visible flam e cone remains practically constant 
and is larger than the diameters of the schlieren cone 
and the port of the nozzle. The decrease in the 
diameter of the base of the schlie ren cone and the 
inc rease in flam e speed with gas velocity, both of 
which occur in rich mixtures, are related inasmuc h 
as flame speed s are calcula ted by a total-area method 
based on the surface area of the schlieren cone and the 
s urface area depends on the diameter of the base. 

It is apparen t that the position of the schlieren cone 
in inhibited flames is displaced toward the cen ter 
relative to the visible cone in fuel-rich mixtures. 
The increased thickness of the reaction zone is an 
indication that the rate of reaction has decreased. 

Quenching of reactions at the s urface of the nozzle 
also takes place. The phenomena associated with 
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fl ame que nc hin g (que nc hing di sta nce, dead space, 
e tc.) can be explained qualitati vely either by a the rmal 
theory or by a diffusion theory [9]. Probably a dif
fu s io n th eor y is more applicable to the present case. 
It has bee n po inted out [4] tha t s mall amounts of in
hibitors do not lower fl a me te mperatures. Hence, 
the r apid decrease in flame speeds in inhibited ri c h 
mixtures may be ex plained if active particles (ato ms 
or free q ldi cals) a re los t a t the surface of the nozzle 
a s well a~ des troyed by the inhibitor. 

4. Conclusions 

lnhibitor s containin g bromine are more e ffec tive 
in redu cing th e Aa me speed of me thane th a n ar e in
hibit ors co ntaining chlorine. CF~ Br~ is more effec
tive as an inhibitor th an e ither CH lBr or Cfd3r. 
O ve r th e range of inhibitor conce ntra tions in ves ti
gated , it is usuall y found tha t maximum fl ame speeds 
a re red uced propro tionately to the amount of inh ibitor 
added. And a ll inhibitors tes ted are more effec ti ve 
in r ic h mixtures t hani n lean. 
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