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Inhibition Effectiveness of Halogenated Compounds*

T. NOTO,' V. BABUSHOK, A. HAMINS,! and W. TSANG
National Instituse of Standards and Technology, Gaithersburg, Maryland 20899, USA

A numerical study of the inhibition efficiency of halogenated compounds was carried out for C,~C,
hydrocarbon-air laminar premixed flames. The inhibition efficiency of CF,Br, CF,1, CFyH, C,HF;, C;F,,
and CF, additives was interpreted using an additive group method. In agreement with measurements, the
calculated burning velocity decreased exponentially with increasing additive concentration over a wide
concentration range. The inhibition parameter  proposed by Fristrom and Sawyer indicating inhibition
efficiency was modified to take into account the exponential dependence of burning velocity on inhibitor
concentration. The inhibition indices for halogen atoms and groups important in the inhibition process were
determined for stoichiometric conditions. The physical and chemical effects of the additives were studied.
With increasing additive concentration, the chemical influence of an inhibitor saturates and the physical
influence increases. Therefore, use of a composite inhibitor composed of a mixture of an effective chemical
inhibitor with a high heat capacity diluent may be beneficial. The contribution of physical and chemical
components on inhibitor influence are estimated near extinction. A procedure for determination of a
regeneration cocfficient, which indicates an cffective number of catalytic cycles involving inhibitor during the

en v o

combustion process, is suggested. The regencration coefficient of HBr in stoichiomeiric methanc-air flame

with 1% CF,Br added is approximately 7. © 1998 by The Combustion Institute

INTRODUCTION

The burning velocity, S,, is an important pa-
rameter which characterizes the inhibition ef-
ficiency of halogen-containing flame retar-
dants. As the inhibitor concentration increases,
the burning velocity decreases due to increased
inhibitor influence. Rosser et al. [1] studied
experimentally the inhibition effect of different
additives on methane flames. The burning ve-
locity was found to decrease linearly with in-
creasing additive concentration for concentra-
tions less than 0.5% by volume, leading to the
expression

Su-So_q)'Cin, (l)
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where S, and S, are the burning velocities for
CH,-air flames without and with additives,
respectively, C;, is the additive mole fraction,
and & is a constant. Rosser et al. [1] used the
parameter & (=dS,/dC,,) as a measure of
inhibition efficiency. Halpern {2] reported that
the flame speed is a linear function of inhibitor
concentration for methane flames for small
concentrations of CF,Br, CF,Br;, CH,Cl,
CF,Cl, and CHFCl, addition. Based on the
linear dependence of S, on additive concen-
tration, Fristrom and Sawyer [3] suggested us-
ing a dimensionless inhibition parameter @
for evaluation of the inhibition efficiency of
additives:

Dps = [(So - S.)- Co,) /(S Cinl- )

Here, Cp, is the initial concentration of oxy-
gen in the mixture. Fristrom and Van Tiggelen
{4) suggested that the parameter ® g5 could be
written as the sum of the inhibition indices ¢;
for each atom constituting the additive
molecule:

Pps = nudy + ncéc + Ln,d,. 3)

Here, the subscript x indicates a halogen atom.
Atomic indices were derived for a number of
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fuel systems. Table 1 shows atomic inhibition
indices obtained by Fristrom and Van Tiggelen
[4]. In addition to atomic indices, Da Cruz et
al. [5] introduced some groups which improved
the correlation. This procedure is similar to
the group additivity method which is widely
used for estimation of thermodynamic and
other properties of chemical substances [6].
The group additivity procedure makes it possi-
ble to estimate the inhibition efficiencies of
different compounds. Its application is re-
stricted to small additive concentrations due to
the assumption of a linear dependence of §,.
Another restriction is the absence of some
atomic and group indices for fuel systems other
than methane,

The assumption of a linear dependence of
the burning velocity on inhibitor concentration
(Egs. 1 and 2) is, however, not consistent with
other studies. Later, Rosser et al. [7] reported
that the reciprocal of the square of the burning
velocity was proportional to the inhibitor con-
centration for methane flames with additives
such as BBr,, PCl,, POCl,, and others. Parks
et al. [8] showed that for CF;Br addition over a
wide range of additive concentrations and mix-
ture compositions, the flame speed of pre-
mixed methane-air and propane-air flames
decreased exponentially.

Some recent studies [9-12] have shown the
nonlinear dependence of the burning velocity
on additive concentration for methane-air
premixed flames over a wide concentration
range for CF,, CF,H, CF,H,, and other addi-
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tives. We have computed the burning velocity
for C,—-C, hydrocarbon-air premixed flames
with halogenated additives, showing that the
burning velocity decreases with additive con-
centration in a nonlinear fashion (13]. Specifi-
cally, to decrease S, until flame extinction,
relatively large amounts of additive are neces-
sary.

The mechanisms of combustion inhibition
and suppression are a long standing question.
The mechanisms of retardant action can be
split into two categories: physical mechanisms,
when heat capacity and dilution effects domi-
nate, and chemical mechanisms, where radical
scavenging is important. Flame retardants are
usually considered to behave both chemically
and physically. Sheinson et al. {14] estimated
the chemical and physical contributions of
CF;Br effect on heptane diffusion flames
through an enthalpy balance. The chemical
contribution of CF;Br to obtain suppression
was estimated as approximately 80%. Tucker
et al. [15] studied flame extinction by the addi-
tion of inert gases and CF,Br, and inferred
that the chemical effect of the retardant de-
creased with increasing additive concentration.

The main focus of this work is to take into
account the nonlinear dependence of burning
velocity on additive concentration and to re-
consider the group additivity procedure [6] for
the evaluation of flame retardant efficiency.
This is important because in actual practice a
large concentration of inhibitor is usually ap-
plied. In addition, it is important to develop a

TABLE 1

Inhibition Indices Obtained by Fristrom and Van Tiggelen [4]}

Fuel (A)* by (78 dr da bp, L
H, (1.75) 0.34 0.33 0.25 0.25 1.22 b
com c 0.60 12 7.0 b
CH, (1.06) 0.25 1 1 1.9 109 11.2
C,H, (D 05 0 b 16 106 8.8
C.H,, () 03 0.4 b 11 a4 b
C,H, (D -0.3 1.6 b 1.3 5.1 b
C,H, (D) d d b 25 6.1 6.8
C,H, (1) b b b 13 5 b

“ A is the equivalence ratio.
* No data available.
€ ¢ is assumed to equal 10.
d =

bon, = by
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simple predictive capability. The correlations
derived here are based on both experimental
and simulation results. An analysis of chemical
and physical contributions of additive influence
is also presented.

MODELING TECHNIQUES AND KINETIC
DATA BASE

Computations were conducted mainly for stoi-
chiometric laminar flames burning mixtures of
air with methane, ethylene, ethare, and
methanol at atmospheric pressure. The initial
temperature of the mixtures was 298 K. The
following halogenated retardants were consid-
ered: CF,H, C,HF;, C,F,, CF,, CF,;Br, and
CF;1. For the calculations, the PREMIX code
was employed [16]). Therma! diffusion has been
considered. The calculated burning velocities
of stoichiometric premixed methane-air,
ethane—air, ethylene-air, and methanol-air
flames were 42.1, 46.1, 69.1, and 44.4 cm/s,
respectively. Burning velocities were calculated
by using the first order windward difference
formula (WDIF) for the convective terms, in
the PREMIX flame code [16], with the param-
eters GRAD (= 0.2) and CURV (= 0.3), and
fewer than 100 grid points. Using the central
difference formula (CDIF) with almost the
same number of grid points, the accuracy of
the calculations was improved and the values
of the burning velocity were 40.9, 44.6, 67.1,
and 40.6 cm/s, respectively. It is possible to
obtain the same values by using WDIF with
increasing the number of grid points to approx-
imately 200. Since the calculations were per-
formed with a large kinetic model (approxi-
mately 700 reactions and 80 species), central
processing unit (CPU) time for calculations
using CDIF were much longer than those using
WDIF. Thus, we used WDIF to reduce the
CPU time. Analyses of the numerical results
were completed using the National Institute of
Standards and Technology (NIST) interactive
graphics postprocessor Senkplot.

The data base used for the C/H/O system
was based on existing kinetic models [17-20)
and has been employed in an earlier study [13,
21). A comprehensive set [22, 23] of elementary
reactions for fluorine-containing C,~C, species
was used. The kinetic submodels for bromine-

and iodine-containing species were the same as
that in our earlier work [13, 24]. Tables 2 and 3
contain the thermodynamic and transport
properties of the bromine- and iodine-contain-
ing species. Comparison of our numerical re-
sults showed that the burning velocities were
in agreement with measurements for C,-C,
hydrocarbon flames over a wide range of
equivalence ratios [18, 19, 35, 36). Favorable
comparisons with experimental measurements
were also made for the burning velocities of
methane-air flames with the additives CF,H,
C,HF;, C,F;, CF,, and CF;Br [9-12]. Good
agreement is found between the measured and
calculated burning velocities which differed less
than 15% on average, as we showed in Fig. 1 of
Ref. 13. In addition, our computational results
were in close agreement with measurement of
the burning velocity of methane-air flames
with CF,1 addition [37] and ethylene-air flames
with CH,Br and CH,I addition [38] at atmo-
spheric pressure. Thus, the data base can be
expected to predict with reasonable accuracy
the influence of inhibitors on flame propaga-
tion. Although these comparisons cannot be
considered a complete quantitative validation
of the data base, they do indicate that the
simulation results are compatible with existing
experimental results and that confidence can
be placed in their reliability.

RESULTS AND DISCUSSION

Burning Velocity Dependence on Additive
Concentration

Figure 1 shows the relative burning velocity of
a stoichiometric CH ,~air premixed flame as a
function of additive concentration for CF;H,
CF,, CH,F,, C,HF;, C,F;, C,F;, C,HF,, and
CF,Br. Figure 1a shows the experimental re-
sults [9-12) where the lines are least-squares
best exponential fits to the experimental data.
The mixture stoichiometry (the equivalence ra-
tio) is determined without taking into account
the properties of the inhibitor.

As previously mentioned, §, was found to
have a linear dependence on retardant concen-
tration over a small range of agent concentra-
tion [1-3). For inert compounds, a linear de-
pendence is usually obtained over a relatively
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TABLE 2
Thermodynamic Properties of Bromine- and lodine-Containing Species
AH; (298) S° (298) C,,(T) [cal/(mol K)]

Species  (kcal/mol)  [cal/(moiK)] 300 500 800 1000 1200 1500 2000 3000 Ref.
Br 26.73 41.80 497 497 503 5.11 5.21 532 542 542 24
Br, 7.39 58.64 862 8B6 897 901 904 908 914 925 24
HBr -8.71 47.46 6.96 7.04 7.42 1.72 7.98 8.29 8.63 8.98 24
BrO 30.10 56.80 7.70 7.93 8.10 8.21 8.32 8.48 8.70 8.95 25
BrOH - 1900 59.20 9.00 950 1010 1042 1073 1120 1197 1332 26
CH,Br -9.01 58.76 1019 1356 1723 1904 2038 2177 2300 23.75 27
CH,Br 41.50 60.30 4.25 778 1162 1344 1483 1633 17.71 1851 28
C,H;Br -15.30 68.72 1547 2197 2861 3163 3387 3596 2716 3736 27
C,H,Br 18.73 65.84 1330 1806 2251 2445 2584 2726 2845 2900 27
CF,Br - 155.10 71.18 16.78 2054 2349 2413 2449 2493 2541 25.62 29
I 2549 43.15 4.96 496 4.96 4.96 497 5.00 5.09 5.30 30
I, 14.03 62.22 8.81 8.94 9.03 9.08 9.15 9.31 9.66 9.96 29
HI 6.29 49.31 6.96 7.10 7.59 7.93 8.17 8.46 8.79 9.13 29
10 31.03 57.17 7.86 8.56 9.30 9.62 9.81 9.89 991 9.73 30
I0H -18.10 61.10 931 1044 1134 1173 1208 1249 1295 1345 30
CH,l 3.43 60.61 1060 1401 1749 1919 2053 2191 2359 25.12 29
CH,I 54.42 62.05 950 1270 1580 1730 1843 1931 2020 20.56 24
C,Hql -2.00 70.83 1580 2210 2870 3170 33,72 3525 3721 3982 31
C,yH;! 31.03 68.03 13.60 1840 2270 2458 2603 2756 2946 31.38 32
CF,l - 140.60 73.42 1692 2042 2357 2444 2470 2490 2520 2558 29

TABLE 3 wide range of concentrations. According to

Transport Properties of Bromine- and simple theoretical relations [39], the burning
Todine-Containing Species* velocity is proportional to the square root of
(CHEMKIN Format Presentation) the reaction rate, which has an exponential

Species e/, @ " « Ref. dependence on the adiabatic flame tempera-
~ ture. The main effect of dilution by an inert is

Br, 5079 429 0.2 702 6,33 t . o

o approximately decrease the adiabatic flame

HBr 4490 3353 08 361 6,33 - 3 N

Br 2300 3700  — — e temperature linearly. Thus, for inert additives,

BrO 3600 3800 176 — e,33 an exponential decay of the burning velocity is

BrOH 4400 3950 — @ — e expected in contrast to a linear dependence.

gg;gf ::g-(z) :-:(l)g 182 587 6'33 As shown in Fig. 1a, a linear relationship

,Br . . — — . . o i

C,HBr 4700 4850 203 805 ¢33 betv.veen burning velocity and addlt}ve concen

C,H,Br 4600 4600 142 759 ¢33 tration becomes tenuous when a wide concen-

CFRBr 2700 4100 —  — e tration range is considered. A best fit to the

I, 4742 5160 13 - 6 additive concentration for the burning velocity

HE 2887 4211 05 54 633 leads to an exponential dependence

I 2800 3900 — — e Xpo P '

10 4200 4100 245 — e, 33 S /8 =exp(=b-C.) (4)

IOH 4800 4200 — @ — e o/ So = exp in”

CH,1 4200 4600 162 797 £33 where b is a constant. The numerically ob-

g"};'l ::g-g gzgg o1 100 . tained burning velocities, using the PREMIX

2 s A 8 . ! y . .
CiH,l 4200 4800 13 93 33,34 code, are 'prese'nted in Fig. 1b. The results of
CF,1 3200 4900 105 — e 33 the numerical simulations also are well approx-

* ¢/k,, the Lennard-Jones well depth (K), o, the
Lennard-Jones collision diameter (A); g, the dipole mo-
ment (De); a, the polarizability (A?); e, estimation.

imated by an exponential function.
The constant b in Eq. 4 reflects the effi-
ciency of an inhibitor. In dimensionless form,
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Fig. 1. (a) The relative burning velocity and (b) calculated
relative burning velocity as a function of additive concen-
tration for stoichiometric CH ,~air flames. Symbols repre-
sent (a) experimental data and (b) calculation results; lines
are best exponential fits.

using the oxygen concentration Cg, as a nor-
mallzlng parameter [3), the inhibition parame-
ter @ is

d = (COZ/C‘,,) " ln(so/s,,). (5)

Here, ® is modified from the form suggested
by Fristrom and Sawyer (3], taking the expo-
nential concentration dependence of S, into
account. The parameter & for the halogenated
compounds considered here can also be repre-
sented as a sum of elementary indices

® = npde + ncur, beur, + Rer Per,
+ npc by, + 119y, ()

It is assumed that ¢. =0 and ¢y = 0. To
obtain better fits to the burning velocity data,
the groups CHF, and CF, are also used. This
is a reflection of the fact that an atomic fluo-
rine additivity scheme cannot fit the data due
to the high stability of compounds such as CF,
and CF,0.

Table 4 presents both experimental and cal-
culated values of the exponential constant b
and the inhibition parameter & for different
additives in stoichiometric CH  ~air premixed
flames. Nitrogen is also presented as a refer-
ence basis in Table 4. The combination of
inhibition indices for the fluorinated additives
such as CF,H, C,HF;, and C,F; is based on

TABLE 4

Exponential Constant b and the Inhibition Parameter @ for CH,—Air Stoichiometric Flame with Halogenated Additives®
Additive besp D b P, Indices for ®
CF;H 14.9 26 16.3 29 3¢r
C,HF; 221 40 246 45 3¢ + denr,
C,F, 285 52 34.6 6.3 6
CF,Br 78.6 14.0 60.9 111 3¢g + bp,
CF;l — - 58.5 10.7 3¢5 + &,
CF, 103 18 111 19 b,
CH,F, 13.7 24 — — é¢ + deur,
C;HF, 33.9 6.2 — — —
C,Fy 315 5.8 —_ - —
N, 364 - 36 - —

* exp, experirnental measurement; cal, calculation result.

The constant b is derived from the equation S, /S, = exp(~b - C;,).

The constant @ is derived from & = (Cq,/C,,) - In(Sy/S,).

“ The constant b is derived from data reporled in Ref. 4.
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the initial decomposition products. CFyH and
C,F; decompose mainly to CF;. Decomposi-
tion of C,HF; generates CHF, and CF, radi-
cals. CH,F, decomposes to CHF, and CHF
[22, 40). Table 4 shows that there is reasonable
agreement between the experimentally ob-
served (b,,,) and the numerically obtained ex-
ponential constants (b,,). A maximum differ-
ence between the experimental and computa-
tional exponential constants occurs for CF,Br
and is approximately 25%. Table 5 compares
the inhibition indices for ¢, and ¢, derived
from the experimental measurements and the
modeling, and the linear indices suggested by
Fristrom and Van Tiggelen [4]. It is seen that
the experimental linear indices {4] obtained in
a small concentration range coincide with the
“exponential” indices. For values of ¢ -
Cin/Co, < 0.3, the linear indices are approxi-
mately equal to the exponential indices.

Figure 2a—c shows calculations of normal-
ized burning velocity for stoichiometric pre-
mixed C,H,-air, C,H,—air, and CH,OH-air
flames with additives. Table 6 shows the con-
stant b and the inhibition parameter ¢ for
stoichiometric C,H;, C,H,, and CH,0OH
flames with additives. The values of b and ®
follow similar trends. The constants b and &
are largest for CF,I and CF,Br followed by
C,F;, C,HF;, CF;H, and CF,, consistently for
the three fuels.

The inhibition indices for F, Br, I, CHF,,
and CF, obtained from numerical modeling
are shown in Table 7. Figure 3 shows a dia-
gram of the inhibitor ranking for different
halogenated additives estimated using inhibi-
tion indices. The index for the chlorine atom

TABLE §

Comparison of Inhibition Indices of Fluorine and Bromine
Atoms Derived from Experimental Measurements,
Calculation Results, and Those Suggested by Fristrom
and Van Tiggelen [4)

Inhibition Index

Atomic [Exponential Dependence Linear Dependence

Index Experiment Calculation Calculation Ref. 4
¢ 09 1.0 1.0 1.0
. 11.6 8.1 8.6 109
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Fig. 2. The calculated relative burning velocity as a func-
tion of additive concentration for stoichiometric (a)
C,Hg-air, (b) C,H ~air, and (c) CH,OH-air flames.

was assumed to be equal to the index given by
Ref. 4. Note that the inhibition efficiencies in
terms of decreases in flame velocity by halo-
genated compounds correspond approximately
to experimental data {1, 9-12).

Figure 4 shows the relative burning velocity
as a function of the ratio ® - C, /Co, for stoi-
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TABLE 6

Exponential Constant b and Inhibition Paramecter ¢ for
C,H¢~Air, C;H —Air, and CH ;OH-Air Stoichiometric
Premixed Flames with Additives of Halogenated
Compounds CFyH, C,HF;, C,F,, CF,Br, CF,l, and CF,

System h® ¢*
C,H,-air + CF,H 12,1 224
+C,HF, 187 351

+C,F, 26.4 5.01

+CF,Br 39.8 .72

+CF,l1 39.2 7.46

+CF, 891 1.63
C,H-air + CF,H 143 260
+C, HF, 242 447

+C,F, 313 585

+CF,Br 432 8.23

+CF,l 374 747

+CF, 8.02 145
CH,OH-air + CF,H 120 2.05
+C,HF, 16.7 293

+C,F 26.9 4.76

+CF,Br 319 567

+CF,l 47.1 837

+CF, 9.21 1.57

“The constant b is derived from the equation S, /S, =
exp(~b-C;).

®The constant @ is derived from @ = (Co,/Cin)-
In(S,/S.)

chiometric methane—air flames. This figure
represents, in another form, that the burning
velocity can be approximately described by a
single exponential dependence for all additives
using Eq. 5 over a wide range of additive
concentrations. Also, it is seen that the ratio
® - C;,/Cp, is a similarity parameter. The re-
sults of calculations for other equivalence ra-
tios show that the inhibition indices are valid
for equivalence ratios from 0.8 to 1.2 with an
accuracy +15%. For very lean or rich mixtures
(< 0.8 and > 1.2), however, the inhibition

efficiency of the additives may differ from near
stoichiometric values.

Physical and Chemical Action of Flame
Retardants

The mechanisms of a retardant’s influence
usually are divided into two categories: physi-
cal mechanisms, where heat capacity and dilu-
tion effects dominate, and chemical mecha-
nisms, where radical scavenging is important.
The burning velocity is reduced due to both
physical and chemical influences of an addi-
tive. Figure 5 shows the calculated adiabatic
flame temperature as a function of the relative
burning velocity for different additives. The
ratio §,/S, = 1 corresponds to a flame with-
out additives. A value of 5 cm/s is assumed as
the critical flame speed at extinction [41]. This
velocity is attained as the nitrogen concentra-
tion increases, at a flame temperature of ap-
proximately 1600 K. This temperature has been
thought to approximately represent the extinc-
tion limits for diffusion flames [14, 42]. Use of
chemical retardants such as CF,Br, CF;], and
other halogenated additives leads to larger val-
ues of the calculated adiabatic flame tempera-
ture (7}) in comparison with inert additives for
the same amount of S, reduction. Large values
of T, represent increasing chemical influence
of an additive [43).

A procedure for determination of the physi-
cal and chemical contributions of an additive is
shown in Fig. 6. The physical influence of a
retardant can be characterized by treating the
additive as an inert compound and by calculat-
ing the burning velocity (S’), by turning off all
reactions involving the inhibitor. The physical

TABLE 7

Inhibition Indices of Halogen Atoms (d¢, ¢p,, ¢,) and Groups {@¢qr,, ¢c¢,) Composing the Inhibition Parameter &
for C,-C, Hydrocarbon—Air Stoichiometric Flames with Halogenated Compounds

Fuel 1 dcur, Pbcr, dor &
CH, 1.0 1.5 1.9 8.1 1.7
C,H, 08 1.1 1.6 53 5.1
C,H, 1.0 1.5 1.5 52 45
CH,OH 0.7 0.8 1.6 36 6.3
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Fig. 3. The relative inhibition efficiency of halogenated
additives according to inhibitor indices for stoichiometric
methane—air flames.

component, Y, is defined as
Y,=1-58"'/5, )

where S, is the burning velocity calculated
without additives. The chemical inhibition
component (Y,) is the difference between the

LCFAH C2HF5 C2F6 CF3BR CF3l CF4 I .
- Y [] a (2] »

0.8

0.6

545,

S,/ So=exp(-® Cin/ Co)

/

1) -1 1 1 1 )
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-}

02rf

A Ao

0 04 0.8 12 1.6 2 24 28

@ Cin/Co,
Fig. 4. The relative burning velocity as a function of the
ratio ® - C,,/Cp, for stoichiometric CH,-air flames with
additives.
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Fig. 5. The relationship between the maximum flame tem-
perature and the normalized burning velocity for
methane-air flames with additives,

physical component and the total inhibition
effect,

Y. = (5"~ 5.)/5, @®

where S, is the burning velocity calculated
with the additive using the kinetic model in-
cluding inhibitor reactions. Figure 7 shows the
behavior of the physical component (Y,) as a
function of additive concentration for a stoi-
chiometric CH,—air flame. The physical influ-
ence of the additives on fiame speed is mostly
due to heat capacity and dilution effects. Halo-
genated compounds with approximately equal
heat capacities such as (a) C,HF; and C,F or
(b) CF;H, CF,Br, CF,l, and CF, have approxi-
mately equal physical effects. The physical

'K ~ o without reactions
~o of the additive
~ sical b
0.8 S \/V %mm. Yp
SIS~
gf 0.6 ' ~ h
» S~
& ; =
o 0.4} %hemlcll o, Y
with reaction set
0.2}  of the additive species \
0

0 0.02 0.04 0.06 0.08 0.1
Mole fraction of additive

Fig. 6. Definition of the physical Y, and the chemical ¥;

components of inhibitor influence.
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Fig. 7. The physical component Y, as a function of addi-
tive concentration in stoichiometric CH ,—air flames.

component of the retardant influence in-
creases with increasing additive concentration.

Figure 8 shows the dependence of the chem-
ical component (Y,) on additive concentration.
As expected, nitrogen has no chemical contri-

;0.8'

CE3H C2HF5 C2F6 CF3Br
P Cp4 W2

oy

0.04 0.06 0.08

Mole fractipn of additive

0.1

Fig. 8. The chemical component Y, as a function of addi-
tive concentration in stoichiometric CH (—air flames.
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bution. Chemical effectiveness is thought to
depend on the ability to reduce the concentra-
tion of chain carriers [44]. The chemical effec-
tiveness of C,Fg is almost twice that of CF,H.
One molecule of C,F, produces two CF, radi-
cals during the initial stage of decomposition.
For C,HF;, the decomposition mechanism is
dominated by the reaction C,HF; = CHF, +
CF,;, and the chemical component can be
thought to consist of the sum of the inhibition
effects of CF, and CHF, radicals. The chemi-
cal action of CHF, is less than 2/3 that of the
CF,; radical.

Table 8 shows the relative physical, 100 X
Y,/(Y, +Y), and the chemical, 100 X Y,/
(Y, +'Y.), components of inhibition for the
additives in methane-air flames at §, =5
cm/s (the presumed extinction value [41]).
Also, contributions are presented for decreas-
ing §, to half its value, where S, /S, = 0.5.

TABLE 8

Physical and Chemical Contributions at §, /S, = 0.5 and S, = 5 cm/s for CH ~Air Stoichiometric Flames

S,/8y =05 S, ~5cm/s
Physical Chemical Physical Chemical
Effectiveness Effectiveness Effectiveness Effectiveness

Additive (%) (%) (%) (%)
CFRH 64 36 79 21
C,HF; 67 3 81 19

2 Fs 59 41 69 31
CF,Br py) 78 35 65
CRKl 23 77 36 64
CF, 89 1 95 5
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The physical contributions of the fluorinated
compounds CF;H and C,HF; are 80% for
S, = 5 cm/s. CF, acts mostly through physical
effect. On the other hand, physical inhibition
components for CF,Br and CF;I are approxi-
mately 20% at S,/S, = 0.5 and about 35% at
extinction, respectively. Figure 9 shows the
physical contribution percentage, 100 X
Y, /(Yp + Y,), as a function of additive concen-
tration. The physical contribution increases
linearly with additive concentration. Figure 9
shows that as the additive concentration in-
creases, dilution and heat capacity effects be-
come relatively more important. The results
indicate that the mode of influence of an in-
hibitor changes with its concentration. The
physical and chemical components of CF;Br
and CF;I for fuels other than CH, are pre-
sented in Table 9. For C,;H,, C,H,, and
CH,OH, the percentage of the physical contri-
bution of CF,;Br influence at S, =5 cm/s is
38, 41, and 50%, respectively. For the
CH,OH-air flame, physical and chemical fac-
tors for CF,Br are nearly equal near extinc-
tion.

Different measures of chemical and physical
contributions are possible. The burning veloc-
ity is taken as an appropriate measure for
differentiation of the chemical and physical
contributions to inhibition. In addition, it is
possible to use the additive concentrations cal-
culated with and without reaction kinetics for

T. NOTO ET AL.

the additive that yield the same burning veloc-
ity reduction. Sheinson et al. [14] used the
‘“concentration” measure to estimate the
chemical and physical contributions to inhibi-
tion. The difference in the maximum flame
temperatures calculated with and without reac-
tion kinetics for the additive yielding the same
burning velocity reduction represents another
means to differentiate physical and chemical
contributions. Table 10 shows the physical and
chemical contributions to inhibition by CF,Br
determined by these different definitions. The
“concentration” and “temperature” measures
for physical and chemical contributions coin-
cide and are approximately consistent with
those of Sheinson et al. [14].

Saturation Effect

For the halogenated compounds studied, when
the additive concentration increases, the chem-
ical contribution initially increases also. When
the relative burning velocity (S, /S,) is approx-
imately 0.2-0.4, saturation of chemical infiu-
ence is observed (Fig. 8). In other words, the
contribution of the chemical factor decreases
with increasing additive concentration. This
tendency is pronounced for CF,Br and CF,l
which are more effective retardants than the
other fluorinated compounds. It is suggested
that the phenomenon arises from the reduc-
tion in radical concentration by the inhibitor.

TABLE 9

Physical and Chemical Contributions of CF,Br and CF,I at S, = 5 cm/s for C,-C, Stoichiometric Air Flames

Physical Chemical
Mole Fraction Effectiveness Effectiveness
Additive for S, =5cm/s (%) (%)
CF;Br
C,H,—air 0.056 41 59
C,H —air 0.061 38 62
CH —air 0.035 35 65
CH,OH-air 0.069 50 50
CF,l
C,H~air 0.057 43 57
C,H —air 0.070 44 56
CH ,~air 0.036 36 64
CH ,OH-air 0.046 37 63




TABLE 10

Physical and Chemical Contributions of the Influence of
CF;Br Determined at §, = 5 cm /s for CH (-air
Stoichiometric Flame by Diffcrent Measures

Physical Chemical
Effectiveness Effectiveness
Measure (%) (%)
Burning velocity 35 65
Additive concentration 17 83
Maximum flame temperature 15 85

An analysis of reaction pathways for inhibi-
tion of methane flame by CF;Br shows that the
most important radical scavenging reactions
for HBr consumption are [13, 44]

H + HBr = H, + Br, (R1)
OH + HBr = H,0 + Br. (R2)

The relative importance of different reactions
is determined through integral contributions of
reaction rates, fw; dt, where w; is the ith reac-
tion rate and ¢ is the reaction time [36). Inte-
gration is carried out until a maximum H atom
concentration is achieved. The integration in-
terval approximately corresponds to the flame
zone. Figure 10 contains the dependence of
contributions of R1, R2, and the sum R1 + R2
to HBr consumption on CF,Br concentration.
The contributions of R1 and R2 constitute
more than 80% of the total consumption of
HBr. For CF,Br concentrations less than 0.02
mole fraction, HBr is mainly consumed by R1.

0.16

for RI. "_0""-_>“1§I’
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Fig. 10. Contribution of the reactions R1, H + HBr =

H, + Br, and R2, OH + HBr = H,0 + Br, to HBr con-

sumption as a function of CF, Br mole fraction in stoichio-

metric CH ,~air flames.

—
w
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For CF;Br concentrations higher than 0.025
mole fraction, the importance of R2 increases.
It is seen that the total effect of R1 and R2
saturates with retardant concentration. Satura-
tion of HBr consumption is observed. The de-
pendence of R1 + R2 contributions has a simi-
lar character as a chemical component of re-
tardant influence (Fig. 8). In addition, an anal-
ysis of flame structure shows that the su-
perequilibrium concentration of chain carriers
{44] is reduced with increasing inhibitor con-
centration, resulting in a reduction in inhibitor
effectiveness with further inhibitor addition.

After the saturation point, increase of addi-
tive concentration leads to preferentially less
additional chemical influence, and thus, it is
possible to consider the inhibitor as an inert
gas. This leads us to suggest the use of a
“composite” inhibitor which contains an effec-
tive chemical retardant and an additive with a
high heat capacity. Its composition is deter-
mined by the saturation concentration of the
retardant and the extinction concentration of
the composite inhibitor. Figure 11 contains
results of numerical modeling of CH,-air
flames when polyfluoroalkylamine (CF,CF,),N
[45] is added to 2.5% CF,I which corresponds
roughly to the saturation concentration.
(CF,CF,);N is treated as an inert. To achieve
extinction, it may be advantageous to use a
composite inhibitor consisting of an effective
chemical inhibitor for rapid reduction of S,
and an inexpensive inert compound with a high
heat capacity.

S
0.02
Mole fraction of additive

0 0.01 0.03 0.04 0.05
Fig. 11. The burning velocity as a function of inhibitor
concentration for an additive composed of CF;l and

(CF,CF,);N.
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Regeneration Coefficient

The scavenging of chain carriers by a flame
inhibitor is increased due to reactions which
regenerate the scavenging agent, or equiva-
lently due to an increase of the “acting” con-
centration of an inhibitor [44]. The superior
efficiency of CF,Br and CF,;l as flame in-
hibitors, as compared to fluorinated hydrocar-
bons, is connected with the regeneration cycle
associated with HBr and HI, respectively. It is
possible to define a regeneration coefficient
which indicates the effective number of cat-
alytic cycles involving the inhibitor during the
combustion process. The regeneration coeffi-
cient is determined by the ratio of the total
concentration of scavenging agent (HBr, HI)
consumed (or produced) to the initial concen-
tration of this species which formed the agent:

regeneration coefficient
= [HBr]wul/[CF; Br],’,‘m“- 9

The total HBr consumed is determined by
integration of the rates of reactions in which
HBr is consumed until a maximum H atom
concentration

[HBr]lolul = f ZWHBH dt. (10)

The term wy, ; is the reaction rate of the ith
reaction consuming HBr. Figure 12 contains
the concentration dependence of the regenera-
tion coefficients of HBr and HI. The regenera-

10

HBr H1 I
—e - O ]
g 8f
é
§ sk \ -
g
g 4F |
g Soe - .
5 2k e Gmemnee e gt o J
0 A L ) .
0 0.01 0.02 0.03 0.04

Mole fraction of CF3Br, CF3]
Fig. 12. Dependence of regeneration coefficients of HBr
and HI on CF;Br and CF,I concentration in stoichiomet-
ric CH —air flames.
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tion coefficient varies from 7 to S for CF;Br
concentrations from 0.5 to 4%. The regenera-
tion coefficient of HI is approximately 4. The
additional inhibition efficiency of CF,I is due
to an additional termination step, CH, + I +
M = CH,l + M, with the reaction H + CH,]
= HI + CH, [13].

CONCLUSIONS

In this work, the inhibition effectiveness of
halogenated flame retardants is analyzed by a
modified additive group procedure [3, 4] taking
into account the exponential dependence of
burning velocity. Premixed methane, ethylene,
ethane, and methanol-air flames are consid-
ered. Inherent in this treatment are assump-
tions regarding the nature of the decomposi-
tion products of the inhibitor during combus-
tion. The chemical and physical contributions
of retardant effect on flame propagation are
determined. The main results are the follow-

ing:

1. For the halogenated additives CF,Br, CF,],
CK,H, C,HF;, C,F,, and CF,, the burning
velocity of C,—C, hydrocarbons decreases
exponentially with increasing additive con-
centration over a wide range of additive
concentrations.

2. The inhibition parameter @ proposed by
Fristrom and Sawyer indicating inhibition
efficiency is modified to the expression ® =
(Co,/Cip) - In(Sy/S,) to take into account
the nonlinear dependence of burning veloc-
ity when a wide range of additive concentra-
tions is considered. The inhibition indices
for halogen atoms and groups were ob-
tained for stoichiometric premixed C,-C,
hydrocarbon-—air flames.

3. A procedure for the differentiation of physi-
cal and chemical contributions of additive
effect is suggested. Increasing additive con-
centrations lead to saturation of the chemi-
cal contribution of additive effect. The sub-
sequent increase of additive action is due to
physical influence (heat capacity and dilu-
tion effects).

4. The utility of a “composite” inhibitor is
suggested. Its constituents would be an ef-
fective chemical inhibitor and an inexpen-
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sive inert additive with a high heat capacity.
The composition of a composite retardant
should be determined by the “saturation”
concentration of the chemical inhibitor and
the peak concentration of the composite
retardant.

. The regeneration coefficient of an inhibi-

tion agent showing the number of regenera-
tion cycles that occurred during combustion
is determined. For atmospheric stoichiomet-
ric methane—air flames with 1% CF;Br ad-
ditive or 1% CF,]I additive, the regeneration
coefficients are equal to approximately 7
and 4, respectively.

The authors are grateful to Dr. M. Nishioka,

Nagoya University, Japan, for discussions on the
accuracy of the calculations using the windward
difference and central difference formulae in the
PREMIX flame code.
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