JOURMAL OF RESEARCH of the Motional Buereov of S1ondards — A, Physics and Chemistry
Yal. 70w, No, 2, March=april 1264

Effect of Some Halogenated Hydrocarbons
on the Flame Speed of Methane

Carl Halpem

Institute for Applied Technology, National Bureav of Standards, Washington, D.C.

(Movember 17, 1965}

The eftects of five halogenalad hydrocarbons on the flame speed of methane have heen studied.
Bromides are more efective in reducing Bame speeds than are chlorides and the reduction in Hame
ppeed is proportional W the amount of inhibitor added.
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1. Introduction

Halogenated hydrocarbons have long been uaed to
extinguish unwanted fires and a method of ranking
the effectiveness of Lhese compounds was wanted,
In a previous paper [1),' Lhe effect of 4 single inhibitor,
methyl bromide (CHuBr), on the flame speed of
methane waz studied. It was shown that the Aame
speed was very sensitive to the presence of methyl
bramide and that the maximum Hame apeed for given
experimental conditions decreased proportionally as
the concentration of inhibitor increased. It appeared
that the decredse in maximum flame speed could
be used as a measure of the efectiveness of Hame
inhibitors.

In the present wark, the effects of five additional
inhihitors were studied. The inhibitors were bromo-
trifluoromethane, CF:Br:  dibromodifluoromethane,
CF.Br::  methyl chloride, CHaCl: chlorotrifluore-

methane, CFiCl; and dichlorofluoromethane, CHFCL:.

2. Apparatus ond Procedure

The apparatus and method of measaring Aame
speeds have been described in previous publications
[1. 2]. Briefly, the apparatus consistz of drying and
metering sections for air and fuel and a nozzle, the
exit of which iz the port of the bumer. Means are

' Figierew it brackea ledicane she linersture redferences od the end oF thies pager.

provided to measure and control the temperature of
the combustible mixture, Flame speeds are deter-
mined by a total area method which is based on the
measurement of the area of the schlieren image of the
inner flame cone and on Lhe measurement of the rates
of Row 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 acress a calibrated sharp-edged orifice.
Same error is introduced since the orifice was cali-
hrated for air, hot in view of the small quantities of
inhibitor used (maximum quantity was= (.5 percent,
by volume, of the air), it was felt that the error would
be 1olerable.

Mixtures in air of 0.1, 0.2, 0.3, 0.4, and 0.5 percent,
by wolume, of each inhibitor were prepared. The
variation of flame speed with mixture ratio® waa de-
termined for each mixture, the gas velocity ar the
nozzle remaining constant. Mixture ratio was vavied
from 0.054 to 0,072, {A stoichiometric mixiure of
methane and air 1= equivalent to mixture ratio 1.0583.)

Flame apeeds of the 0.1 percent mixture of each
inhibitor were determined at gas valocitias measured
at the port of the nozele of 3, 4, 5 and 6 ftfs. This
procedure was adupted 10 determine the variation of
flamne speed with gas velocity over an extended range.
For all other mixtyres, flame speeds were determined
only at gaz velocities of 4 and 5 fifs,

= Mizture raliv is here defined on the weight of methame divided by the weight of air, ur
w ahi; esve o an pnhibleed wlveh:. e the weighl of meibane divided by Lhe weigha of lr
plua odded imhdbiier.
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TasLe |, Feariation of Home speed

Variation of flame zpeed with initial temperature
with infriaf mixtire remperatice

was determined for mixtures contgining each inhibitor,

Mixture ratic was 0.060: 0.2 percent of inhibitor was

added to the air; and the gas velocity was 4 fyfs. Lakitisor Feet per sec per °F
The range of temperatures in these determinations

waa from 75 to 100 °F. Flame speed increased as et ot pyreet]

the tempereture increased and the change of Hame Bromoirifinoramethane 032
speed with temperature was found to be Imear. The Methd chlocde 0322
resulis, together with values for methane and methane Dichdoruflworomuhans i

plus methyl bromide taken from previous work, are S

Listed in table I. These values were used to correct
all lame speeds 1o 75 °F.

"¥ahie fur methane ie taken from (2L
" Yahue for meskyl bromide s taken Toom 17].

TapLE 2. Morimum fame apeeds

. Inhkibisar wi. UH, Flame speed fian
X
Inkibitor | Flame speed adied we, it +Inhik, | Flases epeed. CHL Hw vl il

. Sfila ki S
LF.Br 120 LY i EL i 10],0 3
E. 1% A Fioil] 10010 4

1% N A "o )

1166 A A5 o ]

[A10 A ARilx] w3 4

1061 2 A6 LR b

(KIS 3 562 A [

[ HIEY & i) 5.0 -]

e ) 0580 it 4

= G5 4 Am e 5

B H5T 5 JOE TLE 4

5 & a0 714 5

CF;Hr, 1.151 A KI5HD u5.2 3
1.1 i JA5E1 34 iy [

LI W2 el o3 5

417 i Ak oA ]

LUt s 0581 Bi.l i

L 2 LT BL.Y g

i 3 N Tdh +

T 3 Bl Lh 5

LT K i1 4 4

" 538 K 0GR e L)

L5TH k3 bl #H.3 4

1504 B 0712 418 L)

CHd 1242 -l Dk a9 4
| -1 | 4 &

g A (O WEl4 F]

1.231 ] Al .0 5

120 A 1 1.4 4

11587 L] a1 jlLIE] 5

CF,1 1.320 A A o4 E
1.974 A Akl 1065 4

1.1 A a6zl 1010 &

154 1 A 1035 5

1.7 £ A58 106.3 4

LI¥ 2 A 1= A )

1248 o 0581 143 4

[BL 3 A LY 3

1132 4 0581 OB 4

L1t Rt [C00] .3 5

1.13% & iroil 833 4

1. 10a B 5T 724 &

CHCLF 321 -1 ReEYe) LG5 T
1.6 . Dk e 4

Laar .1 ok} 5.1 b

L2533 n Ok -1 -]

1.202 ] e 10648 4

L 2 Dk k] 5

L.1aL 3 L) 5.3 4

L.141 5 OM ed 5

L.136 & 01 a5.2 4

L. 1X% K Cufele R ] 5

1.113 ] i 93] 4

1.1 & il L2 %] 5

* Hlowal vecurred i DU0GD.
" Alymuff accwrmed an (UOSH,
" Blawull vecwrred al (LIGE
A Bluwofl wcwrred an dh058,
* Bhowull pecurred al 0GR

" Blowrdl poeurrcd an DS
=Blunull oocumred o QLD
* BlowedT accugred g 66,
! Hbowol acoumred o U063
"Abawl ooturwed @ B4R

134



3. Resuviis

The outer mantle of Hames Lo which bromine in-
hibitors were added was colored brown presumably
by the formation of free bromine and the odor of
" bromine was noticeable. Hydrogen bromide is also
thought to be present in the combustion products.
Flames containing chlorineg inhibitors were brighter
than methane-air flames and the acid odor of hydrogen
chloride was noticeable.

Water condensed on the surface of ithe nozzle dur-
ing some experiments and thias condensate was found
t¢ react acid; copper was also detected in the con-
densate. In other experiments, solid products of
corrosion, most likely halides of copper and zine,
were {otmed arcund Lthe port of the nozzle. In some
instances, this depusit developed in quantities suf.
hcient to interfere with the flow of gas and cause
distorted flames. However, these deposits were aoft
and easily removed.,

At the end of the expeniments, Lhe upper surface

of the nozele was found to be eaten away to a depih of
Y1 in. beginning about 0.02 in. from Lhe lip and ex-
tending outward about ¥a in., thus leaving a thin rim
of untouched metal surtounding the port of the nozzle.
» This eroded area vccupied a position which could not
affect the flow of gas.

Maximum flame speed ohserved for each experi
mental condition is listed in table 2.

3.1. Bromotrifluoromeathane, CFiBr

The addition of CF:Br generally resulted in a de-
crease in the flame speed of methane-gsir mixtures,
However, at a few experimental conditions, an increase
in fHame speed was ohserved. At a gas velocity of
3 fi/s and with &1 percent of CFiBr added 1o the com-
bugtion air, the maximuom flame speed, which eccurred
at mixture ratio 0.062, was found to be greater than
that of methane-air—1.208 fifs as compared 10 1.196
tifs. Ar conditions leaner in fyel than mixture rakio
0.062, the Hame speeds were also greater than those
of methane-air. At conditions richer in fuel than
mixtore ratio 0.062, flame speeds were lower than
those of methane-air. At a gas velocily of 4 fifs and
with 0.1 percent CF3Br present in the combustion air,
maximum fame speed was found at mixture ealio
0.060 and was equal o that of methane-air 1.196 {ifs,
At conditions leaner in fuel than mixture ratio (.060,
flame speeds were increased by the presence of
CF:Br, but at conditions richer in (el than mixture
ratio (.06, Aame speeds were decreased. Al gas
velocities of 5 and 6 fifs and with 0.1 percant CF:Br
added, flame speeds were always less than those of
methane-air, Flame spesds of mixtures containing
0.2 percent ol CF:Bt and more added 1o the air were
always less than these For methane-air,

3.2. Dibromodiflucromethane, CF.Br.

At a gas velocity of 3 {t/s, the addition of 0.1 percent
of CF.Br. to the combustion air decreazed the flame
speed of methaie-alr except at two conditions, at
mixtare ratios of 0.054 and 0.054, where a slight in-
crease in flame speed was noted. Al all other experi-
mental conditions of gas velocity, mixture rabo, and
concentration of inhibitor, flame speed was decreased
by the addition of CF:Br..  All maximum flame speeds
at given conditions were lower than those of methan-
air and are listed in table 2. Reduoction in fame speed
al given mixture ratio and gas velocity was found o
be directly proportional to the amount of CF.Br.
added. The decrease in maximum flame speed far a
given addition of CFi:Br: was also found 1o be directly
proporional to the amount of inhibitor added and was
found to be 01450 fifs for each 0.1 percent addition,
in the range of concentrations wsed in these expeti-
ments. Variation of flame speed with mixture ratio
iz presented in figures 4 and 3.

Why CF:Br should be more effective as an inhibitor
than CH:Br is not apparent. Fluorine atoms seem 1o
have little or no inhibiling power. 1f Auorine, as an
inhibitor, were comparable to bromine, one would
expect CF;Br to be much more effective than CH3Br
which is not the case. If, as has been proposed [4],
hydrogen halides gre formed in the reaction zone and
are the effective inhibitors, then hydrogen Auworide is
either not present or is too stable 10 react with the
chain-carrying radicals. The carbon to fluorine bond
has a heat of formation of 107 kcalfmol while the car-
bon to hromine bond has a heat of formation of M
kealfmol. Likewise, the hydrogen to fluorine bond
has a heat of formation much larger than the hydrogen
to bromine bord: 147.5 kealfmol as compared to 87.3
kealfmel [3].  Since Huurine bonds are much sironger,
it is le=s likely that they woaunld roptore in the com-
paralively low temperature methane-air flames. The
possibility exists thai the hydrogen atoms of CH;Br
may acl as centers of chain initiation and counter-
balance the chain-breaking activities of the bromine
atom. But if this process does oecur, it must play a
very minot role as the maximum flame speeds, pro-
duced by inhibition by CF;Br and CH;3Br, are very
close in magnitude.

CF:Br and CF:Br:, under certain circumstances,
actually increase the Hame speed of methane.  In our
previcus work wilth CHgBr, some insignces of increased
flame speed were also found and the opinion was
expressed that CHaBr in an excess of air probably
acted as a fuel [1]

CF;Br and CF:Br; increase flame speeds only when
0.1 percent iz added to the combuation air and in lean
mixtures, that i=, in mixtures which contain an excess
of air. The mixmre ratic at which maximum Aame
speed occurs, as compared to methane, is shifted
toward the lean side. This exacily parallels the be-
havior of CH;Br and suggests that CF;Br and CF.Br.
may also act as fuels 1n an excess of air.
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3.3. Comparison of Bromine Inhibitors

A comparizon of the maximum Hame speeds of
methane-air mixtures v which the bromine-contain-
ing inhibitors CHBr, CF;Br, and CF:Br: were added
shows CF:Br. to be the most effective in reduocing
flame speeds. For example, at & gas velocity of 4
fifa, 0.3 percent CH;Br added to air resulted in a
maximum flame speed of 1.029 fifs which ia B6.0 per-
cent of the maximum Hame speed of methaneair.
The same concentration of CFiBr in the burning
mixture yielded a maximuom flame speed of 1.012 fi/s
or 33.6 percent of the maximum flame spesd of meth-
aneair. The same concentration of~CF.Br. in the
buming mixture resulted in & maximum flame speed of
0.881 {ifs or 73.6 percent of the maximum flame speed
of methane-air. Maximum flame speeds of mixtures
inhibited by CF3Br and CF.Br; are listed in table 2.
Maximum Hame speeds for mixtures containing CH.Br
are listed in [1]. The rate of decrease in maximum
flame speed with the inctease in concentration of
inhibjtor is also greatest for CF:Br.. These rates are
listed in table 3. The fact that CF.Br: contains twa
bromine atoms to one in hoth CH;Br and CFiBr
suggests that increasing the number of bromine atoms
in the molecule also increases its inhibiting powers.

Flame speeds of methane-air mixtutes inhibited
by CF:Br are lower than those conlaiming the same
volume of CH;Br except in two cases: at a gas velocity
of 3 ftfs with L] percent inhibitor present and at a
gas velocity of 4 {tfs with 0.1 percent inhibitor present.
Flame speeds of mixtures containing CF;Br are aboul
98 percent of the Hame speeds of the corresponding
mixture containing CH:Br. The rales of decrease of
Aame speed with increasing concentration of inhibitor
are similar in magnitnde and are listed in table 2.

TABLE 3. Fariation of mazimum fame speeds with added inkififior

[nhihinar Derreons In flame apred for
each IL1% added inhibitw

CHybir n.n‘lgga

ZFaBr A

CF.br- 1450

CH,CI LI =)

CF.I ikl 5

CHCLF Rl

"Valy: bor CHyBr is taken frem [1)

Flame speeds at constant gas velocity and at
constant mixture ratio were found o decrease as the
amount of CFiBr added 1o the air was increased and
the decrease in flame speed was proportionsl to the
amount of CF;Br added. Maximum Aame speeds
were alsa found to decrease as the amount of CFsBr
was increased, and this decrease amounted to 0.0823
It{s for each 0.1 percent added, over the range of addi-
tion here tested. Rales of decrease of flame speed
are listed in table 3. Figure 1 presents the variation
of flame speed with mixture ratio for methane, while
in figures 2 and 3, the effect of addition of CFiBr on

the varation of flame speed with mixture ratio is
presented.
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Cullis, Fish, and Ward have reported on the effec
of compounds of bromine on the slow, low-lemperature
oxidation of methane, among other fuels [5]. They
find that these compounds, HBr and varicus bromo-
methanes, exert both a prometing and inhibiting effeci
They consider that HPBr is
formed from the bromomethanes and is the active
agent. From a consideration of activation energies,
it i3 deduced that HBr reacts easier with Ou than does
CH, and provides another mode of chain initiation.
Thus, they account for the promoting action of HBr.

In the later stages of the reaction of s and CH.,
HBr reacts with the OH radical, retarding chain
branching and so acts as an inhibitor.

It is questionable whether results abtained from ihe
slow oxidatinn of CHy at low temperatures can be
applied direetly to the fasl, high temperature com-
bustion in a lame. However, the view that inhibitors
may act as fuels in an excesa of air is not incompatible
with the view that inhibitors react easier with oxygen
than does methane. Whatever the explanation, there
ia no doubt that low concemtrations of bromine com.
pounds can act as promotors in lean mixtueres.

3.4. Inhibitors Containing Chlorine

Experimental results. obtained with inhibitors con-
taining chlorine were not as regular or as censistent
as those obteined with bremine compounds. No
conclusions could be drawn from the hrst set of ex.
petiments with CH:Cl as the results were completely
erratic. A second set of experiments was run with
additions of 0.1, .3, and 0.5 percent, by volume, of
CH;(1 to the combustion air, at gas velocibies of 4
and > ft/s. Results from these cxperiments were
more regelar and coherent. CF:Cl and CHCLF be-
haved alike: there was some scatter of the data and
some inconsistencies, but a pattern of the effect of
these compounds on Hame speed conld be made out.

Why chlorine compounds should behave erratically
is nat clear. Deficiencies in experimental techniques
may be partly responsible, but the same technigques
were psed with bromine tnhibiters which vielded mopch
more coherent data. HCI which is formed in the Aame
from chlonne compounds is corrosive to the brass
nozzle and copper chlonde, which iz one of the prod-
ucts of corrosion, is itself an mhibitor [6]. Tt is pos-
sible that deposits of copper chloride around the port
of the burner could have affected the Hame speed,
O occasion, bright blue-green flashes caused by the
entrunce of copper chloride were obzerved. But
then the flame was exbinguished, the nozzle waa
cleaned and the flame was relit before photographs
were taken. Nevertheless, the possibility of metallic
halides influencing the flame speed must be borne
in mind.

3.5. Mathyl Chiorids, CH.CI

Variation of flame speed with mixture ratic was de.
termined at additions of 0.1, 0.3, and 0.5 percent of
CH:Cl at gas velocities of 4 and 5 [tfs. Resalts of
these experiments are shown in figure 6. Maximum
flame speeds for given experimental conditions are
listed in tahle 2.

Methyl chloride did not prove to be an effective
inhibitor of the combustion of methane. In fact, at
most experimental conditions, it acied as a combuslion
promoter. Maximum Hame speeds of methane-air
mixtures containing up 1o 0.3 percent methyl chlonde,
added 1o the air, were larger than those of methane-
air. Maximum HAame speeds, at a gas velocity of
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FICURE 6.

4 fifs were 1.242, 1.225, and 1.208 fifs for 0.1, 9.3, and
0.5 percenl addition, respectively, while the maximum
flame zpeed of methane-air is 1.196 ftfs. Mixlures 1o
which CHz(C] was added and which contained less fuel
than those which gave the maximum Aame speeds
always resulted in flame speeds that were larger than
the corresponding Hame speeds of methane-air.
Mixtures to which CHyCl 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 CHiCl was increased. The
decrease in flame speed at a given mixtore-ratio was
propediional to the amount of CHeCl added. The
decrease in maximom flame speeds was also propuor-
tional to the amount of CH;Cl added and was 0.00922
ftfs for each 0.1 percent of CHyCl added.

3.6. Chleretvifluogomethana, CF.Cl

Maximom Aame speeds determined at 4 fifs for
mixtures containing up to 0.3 percent of CFyCl added
1o the air, and maximum flame speeds determined at
5 ftfs for mixtures containing up to 9.2 pereent CF3CI
added Lo the air, were larger than the maximum Aame
speed of methane-air. Mixtures containing more
than these amounts of CF,Cl resulied in flame speeds
which were less than those of methane-air. Thus,
CFiCl can act both as a promotor and as an inhibitor
of the cambustion of methane. In fuel-rich mixtures
CF.Cl consistently acts as an inhibitor. At mixture
ratio 3.072, Hame speeds of all mixtures containing
up to 0.5 percent CF.Cl were always less than the

carresponding flame speed of methane-aiv. In mix-
tures containing up to 0.3 percent CFCl at a gas
velocity of 4 [ifs, the Hlame speed becomes less than
that of the corresponding methane-air mixture only
at mixture ratio about 0.064; ar leaner conditions, the
flame speed is larger.

Yariation of Hame speed with mixture ratio is pre-
sented in hgures 7 and 8. Maxtmom flame apeeds for
given cundilions are listed in table 2.

Although CF;(]1 acta as a promotor of combustion
up te 0.3 percent addition, far concentrations i excess
of (.1 percent flame speeds at given experimental
conditions always decreased as the amount of CFCl .
was increased. Likewise, the maximom flame =peed
for each addibon of C¥F5Cl decreased as the amount
was increased and the rate of decrease was 0.0313 {i/a
for each (L1 percent of added CFsCL
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3.7. Dichlorefluoremethane, CHCIF

At the addition of 0.1 and 0.2 percent CHCLF 10
the combuation air, maximum flame speeds were
larger than those observed for methane-air, while
a1 additions of 0.3, 0.4, and 0.5 percent of CHCLF,
" maximum Aame speeds were less than for methane-air.
When 0.1 percent CHCLF was added, op to mixture
ratio 0.066, Aame speed was larger than for methane-
air. For mixtures richer in {uel than mixtere ratio
0066, the flame speeds of mixtures containing 0.1
percent of CHCLF added 10 the air were less than the
cotresponding flame speed of methane.air. When
* .2 percent of CHCLF was present in the combustion
air, flame speeds, up to mixture ratio (.064, were
larger than the corresponding flame speed of methane-
In mixtures richer than 0.063, the flame speeds
were smaller than the corresponding flame speed of
- melhane-air. At 0.3, 0.4, and 0.5 percent addilion
of CHCLF, only at mixture ratio of 0.054 was the flame
apeed larger than that of methane-air.

CHCLFEF can act either as a promotor or as an in-
hibitor of the combustion of methane, Based on iz
efiect on the maximum flame speed, CHCLF becomes
an inhibiter only when 0.3 percent or more is added
to the air. However, even at 0.1 percent addition,
CHCLF acts as an inhibitor in fuel-rich mixtores,

Flame speeds became smaller as the amount of
CHCLF was increased. This was true both for the
maximum flame speed and for the Hame speed at a
given mixture ratio. The rate of decrease of maximum
flame was 0.0398 fifsa for each 0.1 percent of added
CHCLF. Variation of Aame speed with mixture ratic
is presented in figures 9 and 100 Maximum flame
speeds for given experimental conditions arve listed
in table 2.
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3.B. Comparison of Bromine and Chlorine
Compaounds

MNone of the chlarinated compounds tested can be
considered a good inhibitor of the flame speed of
methane-air mixturez. CHpCl 12 the least effective
and CF¥:Cl and CHCEF are about equal and only
slightly better than CHsCl. The presence ol 1wo
chlorine atoms in CHCLF does not ineraase ite powers
of inhibition. Bromine ¢ompound= are much more
effective in reducing the flame speed of methane-air,
For example, at a gas velocity of 4 fitfs, (.5 percent of
CFsBr added ta the combustion air will reduce the
maximmum flame speed of methane-air from 1.196 to
0.856 f1fs which is 72 percenl of the uninhibited value.
The same percenlage of CFyCl will teduce the Aame
speed to 1.139 ftfs or 95 percent of the flame speed
of methane-air.

A comparisen of the bond energies [3] of carbon to
chlorine and earbon to bromine {66.5 kcalfmol versus
54.0 kealfmeol) and of hydrogen to chlorine and hydro-
gen lo bromine {102.7 keal/mol versus 87.3 kealfmol)
shows that chlorine bonds are considerable stronger
than bromine bonds. Hence, chlorne compounds
will he more stable in Aames and less liable to react
with the active chain-carrying particles than hromine
compounds. Thiz may explain why bromine com.
pounds are more effective as inhibitors than are chlo-
rine compounds,

3.9. Reaction Zone Thicknecs

The position af the schlieren image in a Aame 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 raken to mark the region where reactions
are complete [B]. Henece, the distance between the
two images will be a measure of the thickness of Lhe
reaciion zone.  And the thicker the reaction zone, the
slower will be the rate of reaction.

In the expenimental procedure, the visible and
schlieren images of a ame were photographed simul-
taneonzly on the same film- Measurements of the
distance hetween images are made on photographic
enlargements and the images are rather diffuse. The
measurements cannol be considered precise or ex-
tremely accurate, bt Lthey do establish relative magni-
tudes and indicate irends.
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Thickness of the reaction zone varies inversely as
the flame speed and the minimom thickness, indicat-
ing the greatest reaction rate, oceurs at or close to the
mixture ratioc 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 inereased 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 alse produce much thicker reaction zones.

Some Tepresentative measuremenls of reaction
zone thickness at varions experimenial conditions
are listed in 1able 4 together with some measorements
for methana.

Tagie 4. Reaction zone thicknesses

Renaciien oane thickneare, inches
Percent —_—
Thhibine imhabaiear
added 1o 2ir| AN miature Minlwnwn AL mixture | Lom veboity
ratio 0054 ratin DAL
Sela
CH [ oo QA DArLd9 FLLIR: 3 L3
CH:Br 0.2 A0 B2 A5 i
i it AEL A3 i
CFibe 2 o 015 aM3
! I et 05 +
CF:br- -l DIve LY i1 4
A | s g 0527 4+
CHC -l ASE 4T3 03 5
A Q084 A4 L] 4
Sl L oig? AN 280 H
4 Crad b AT 5
CHFL: A D196 o L] ES
5 0185 FU k] ] 4

* CH, Bame contrinimg ne inkibicor.
h Loapan atable Bame, o 00060, hlowol vcourmed a0 058,
* Lean=st viabbe fame, ut (000, bivmoff oreureed on 064

3.10. EHfect of Quonching

All the inhibitors tested were found to be much more
effective in reducing Aame apeeds in rich mixtures
than in lean. The meximum Hame speed of a mixtore
containing 0.2 percent of CF:Br added to the air is
L068 fifs or 89.3 percent of the maximum flame speed
of methane.mir, 1196 {tfs. A1 mixture ratia 0.054,
a lean mixture, the flame speed of the inhibited mix-
tores is 1.019 fifs or .4 percent of the corresponding
flame speed of methane-air, 1.057 fifs. At mixture
ratio 0072, a rich mixture, the flame speed is 0L786
fifa or 80,2 percent of the corresponding flame speed
of methane-air, 0.980 ft{s. The Aame spead of the
inhibited mixture at 0.054 is 95.4 percenl of its maxi-
mum, while at 0.072, it is only 73.6 percent of the
maximum. The ¢orrezponding valoes-for methane-air
are 88.2 and £1.9 percent.

Even more striking is the behavior of CF;Cl. The
maximum fAame speed at a gas velocity of 4 ft/s of a
mixture of methane and air containing 0.2 percent of
CF.Cl added to the air is 1.271 fifs which is 106.3 per-
cent of the maximum flame speed of methane-air,
1.1% fifs: an increase in flame speed has resulted.

At mixture ratio 0.054, the flame speed of lhe “in-
hihited™ mixture is 1.155 fifs which iz 109.2 percent
of the corresponding flame speed of methane-air,
1.057 ftfs; here, again, an increase in flame speed has
resulted. At mixture ratio 0.072, the flame speed of
the inhibited mixture iz 0.808 fi/s which is 82.4 percent
of the corresponding Hame speed of methane-air,
(,.980: a noticeable decrease in flame aspeed has oc-
curred.. Al 0054, the flame speed of the inhibited
mixiure is 0.0 percent of i3 maximum, while at 0,072
it iz 63.6 percent.

Previously, it had been found that the flame speed of
methane-air mixtures, at constant mixtere ratio,
varies with the velocity of the gas in the nozzle [2].
The Hame speed decreases as Lhe gas velocity in-
creases and the change in Aame speed is abour 2
percent when the pas velocity is douobled. The
presence of inhibitors in fames alters this behavior.
At a given addition of inhibitor and at constant mix-
ture ratio, the flame 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 ur larger,
the flame speed increases shacply as the gas velocity
increases and this increase in lame speed may be as
much as 20 percent when the gas velority is increased
from 3 to 6 ffs.

The diameter of the base of the schlieren cone of a
methane-air flatme increases slightly as the burhing
mixiure becomes richer in fuel [2], and the diameler
of the base is larger than the diameter of the port of
the nozzle except where conditions producing flash-
back prevail. Then the diameter of the base is less
than the diameter of the port.  Again, the addition of
an inhibitut changes the behavior of the flame. The
diameter of the base of the schlieren cone of an in-
hibitedd flame increases as the burning mixture be-
comes richer in foel, but only up to mixture ratio
0.064 or 0.066. When the amcunt of fuel is increased
beyond these values, a sharp decrease in the diemeter
is found. At the same lime, the Hame cone becomes
exiremely elongaled. When the maximum amount of
inhibitor used in these experiments is present, the
diameter of the base of the schlieren cone may he less
than the diameter of the port of the nozzle, bur flash-
bhack does not take place. As the burning mixlure
becomes richer in fuel, the diameter of the base of
the wisible flame cone remains practically constant
and iz larger than the diameters of the schlieren cone
and the port of the nozele. The decrease in the
diameter of the base of the schlieren cone and the
incregse in flame speed with gas velocity, bath of
which oceur in rich mixlures, are related imazmuoch
as Aame speeds are calculated by a total-area methnd
based on tge surface area of the schlieren cone and the
surfuce area depends on the diameter of the base.

It ia apparent that the position of the schlieren cone
m inhibited Aames is displaced toward the center
relative o the visible come in fuelrich mixiores,
The increased thickness of the reaction zone is an
indication that the rate of reaction has decreased.

Quenching of reactions al the surface ol the nozzle
alsu 1akes plice. The phenomena associaled with
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flame quenching {gquenching distance, dead space,
ete.) can be explained qualitatively etther by a thermal
theory or by a diffusion theory [%]). Probably a dif-
fusion theory is more applicable to the present case.
It has been peinted out [4] that small amounts of in-
. hibitors do not fower flame temperatures. Hence,
the rapid decrease in Hame speeds in inhibited rich
mixtures may be explained if active particles (atoma
or free radicals) are lost a1 the surface of the nozzle
as well a3 destroyed by the inhibitor.

4. Conclusions

[nhibitors conlaiping bromine are more effective
in reducing the Hame speed of meithane than are in-
hibitors containing chlorine, CF.Br. is more effec-
tive as an inhibiter ihan either CH;Br or CF.Br.
(ver the range of inhibitor eoncentrations investi-
- gated, it is usually found that maximum flame =peeds
are reduced proprotionately to the amount of inhibitor
added. And all inhibivors tested are more effective
in nich mixtures than in lean.
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