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Iron pentacarbonyl (Fe(CO)s) is an extremely efficient flame inhibitor, yet its inhibition mechanism has not
been described. The flame-inhibition mechanism of Fe(CO); in premixed and counterflow diffusion flames of
methane, oxygen, and nitrogen is investigated. A gas-phase inhibition mechanism involving catalytic removal of
H atoms by iron-containing species is presented. For premixed flames, numerical predictions of burning velocity
are compared with experimental measurements at three equivalence ratios (0.9, 1.0, and 1.1) and three oxidizer
compositions (0.20, 0.21, and 0.24 oxygen mole fraction in nitrogen). For counterflow diffusion flames,
numerical predictions of extinction strain rate are compared with experimental results for addition of inhibitor
to the air and fuel stream. The numerical predictions agree reasonably well with experimental measurements
at low inhibitor mole fraction, but at higher Fe(CO); mole fractions the simulations overpredict inhibition. The
overprediction is suggested to be due to condensation of iron-containing compounds since calculated
supersaturation ratios for Fe and FeO are significantly higher than unity in some regions of the flames. The
results lead to the conclusion that inhibition occurs primarily by homogeneous gas-phase chemistry. © 1998

by The Combustion Institute

INTRODUCTION

A worldwide ban on the production of the
principal halogenated fire suppressants, includ-
ing halon 1301 (CF;Br), has created a need for
new, environmentally acceptable fire suppres-
sants; however, an agent with all of the desirable
properties of CF;Br is proving difficult to find.
Understanding the inhibition mechanisms of
known, effective flame inhibitors will help direct
the search.

Certain metallic compounds have been found
to be substantially more effective flame inhibi-
tors than halogen-containing compounds [1-3].
In particular, iron pentacarbonyl (Fe(CO)s) was
found to be one of the strongest inhibitors—up
to two orders of magnitude more effective than
CF;Br at reducing the burning velocity of pre-
mixed hydrocarbon/air flames [4, 5]. Although
Fe(CO)s is highly toxic and flammable, under-
standing its inhibitory effect could lead to de-
velopment of effective nontoxic agents.

The first detailed experimental studies of
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flame inhibition by iron pentacarbonyl are the
studies of Wagner and coworkers [1, 4, 5]. Iron
pentacarbony!’s inhibition action was studied by
measuring the burning velocity of premixed
flames with inhibitor added to the reactants [5].
In that research, Bonne et al. found Fe(CO); to
be significantly more effective than Br, in pre-
mixed hydrogen/air and n-hexane/air flames and
found that its inhibition effectiveness decreased
as the pressure was reduced below atmospheric.
They also measured the emission intensity and
absorption of Fe and FeO at various heights in
a low-pressure (0.079 atm) flat premixed flame.
Experiments of Lask and Wagner [1] showed
that Fe(CO)s was more effective at reducing
flame speed in hydrocarbon/air flames than in
hydrogen/air flames, and more effective in hy-
drocarbon/air flames than in hydrocarbon/oxy-
gen flames. )
Reinelt and Linteris [6] studied the flame
inhibition effect of iron pentacarbonyl in pre-
mixed flames by measuring the burning velocity,
and in counterflow diffusion flames by measur-
ing the extinction strain rate. In the premixed
flames, behavior at low and high Fe(CO)s mole
fractions was distinctly different: at low
Fe(CO)s mole fraction the burning velocity was
strongly dependent on inhibitor mole fraction,
whereas at high Fe(CO)s mole fraction, the
burning velocity was nearly independent of in-
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hibitor mole fraction. In the counterflow flames, -

the degree of inhibition depended upon the
location of the flame relative to the stagnation
plane, as well as the location of the inhibitor
addition. In a methane/air flame, little change in
extinction strain rate resulted from addition of
the Fe(CO)s to the fuel stream. In contrast,
when Fe(CO); was added to the oxidizer stream
the inhibition was strong for low Fe{CO)s; mole
fractions, and the rate of extinction strain rate
decrease was lower as the inhibitor mole frac-
tion increased— but did not go to nearly zero as
in the premixed flames. Reduction in extinction
strain rate occurred for Fe(CO)s mole fraction
up to 500 ppm (all uses of ppm in this paper
signify mole fraction - 10%). A critical part of the
research on Fe(CO)s is to understand iron
pentacarbonyl’s diminishing effectiveness at
high mole fraction in order to avoid similar
behavior in future fire suppressants.

Despite the experimental work performed to
date, the inhibition mechanism of Fe(CO)s has
not been thoroughly described. For example,
the relative effects of homogeneous and heter-
ogeneous chemistry have not been conclusively
determined, although each has been suggested
[1, 5, 7]. Heterogeneous effects are of interest
because Fe(CO)s can form condensed-phase
particulates upon heating [8, 9]. In premixed
flames, some authors found that particles are
formed upstream of the flame [10] whereas
others observed particles only downstream of
the flame [11] or did not comment on the
location of the particles [5, 12, 13]. There exist
conflicting claims in the literature as to whether
a homogeneous or a heterogeneous mechanism
is responsible for the inhibition. Since particles
do not form at all flame conditions, and since
the inhibition action in premixed flames is
strong at low mole fraction and levels off with
increasing inhibitor mole fraction [6], it is con-
sistent that the inhibition may be through ho-
mogeneous reactions at low inhibitor mole frac-
tions and heterogeneous reactions at high
inhibitor mole fractions as was suggested by Jost
et al. [4]. If particulates play a key role in the
inhibition, then the search for halon alternatives
could be directed toward chemicals that pro-
duce similar condensed-phase compounds.

Recently, Babushok and coworkers [14] have
modeled the effect of an ideal gas-phase flame
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inhibitor by assigning nearly gas-kinetic rates to a
set of plausible radical-scavenging and inhibitor-
regenerating reactions. Comparison of the mea-
sured burning velocity of flames containing
Fe(CO)s with the calculated burning velocities of
flames containing an equal mole fraction of the
ideal inhibitor showed that Fe(CO)s (at low initial
mole fraction) performs nearly as well as the ideal

inhibitor. Considering this result, the authors ai-
gued that the Fe(CO)s inhibition mechanism is
dominated by homogeneous gas-phase chemistry.

The goal of the present paper is to examine
the extent to which a homogeneous catalytic
radical recombination mechanism for Fe(CO);
can reproduce experimentally determined pre-
mixed flame burning velocities and counterflow
diffusion flame extinction strain rates, and to
understand the features of such a mechanism.
Results of numerical simulations of one-dimen-
sional premixed flames of various mixtures of
methane, oxygen, nitrogen, and iron pentacar-
bonyl are presented and compared with exper-
imental measurements. The numerical results
are analyzed to provide insight into the inhibi-
tion mechanism. Calculated extinction strain
rates of counterflow diffusion flames are com-
pared with experimental measurements for
cases in which the inhibitor is added to the fuel
or air stream. The condensation of iron com-
pounds and formation of particulates in the
flames are briefly discussed.

MODELING APPROACH

One-dimensional freely-propagating premixed
flames are simulated using the Sandia flame
code Premix* [15], the Chemkin subroutines
[16], and the transport property subroutines
[17]. The kinetic and thermodynamic data of
GRI-Mech 1.2 [18] (32 species and 177 chemi-
cal reactions) serves as a basis for describing the
methane combustion, with iron species and re-
actions added as described below. Iron penta-
carbonyl is added to the unburned methane/

*Certain commercial equipment, instruments, or materials
arc identified in this paper to adequately specify the proce-
dure. Such identification does not imply recommendation or
endorsement by the National Institute of Standards and
Technology, nor does it imply that the materials or equip-
ment are necessarily the best available for the intended use.
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TABLE 1
Thermodynamic Properties of Iron-Containing Species

c,(T) [J/mol-K]

AH((298) S°(298)

Species [kJ/mol] [J/mol-K] 300 400 500 600 700 800 1000 1200 1500 2000 2500 3000
Fe(CO)s [40] —7279 4393 171.1 189 200.8 209.82 217.1 223.11 228.09 238.49 244.63 250.25 252.22 255.01
Fe [39] 4153 1804  25.69 2552 24.89 2423 236 23.14 2251 2218 2222 2322 24.69 26.19
FeO [39] 2612 2356  37.36 37.66 37.78 37.82 3791 38.07 3845 3891 3975 41.34 4326 4535
FeO, [39] 796 2664 4255 46.86 49.87 51.97 5339 5435 5565 564 5703 57.53 57.78 5791
FeOH [39] 105.6 2509  51.84 5326 53.81 54.1 5443 54.85 56.07 577 6025 6376 6598 67.24

Fe(OH), [39] —303.8 286.8 8456 89.45 91.84 9322 94.27 9527 97.32 99.58 102.97 108.11 112.42 116.02
Fe(O)OH [39] 17.8 279 54.1 5971 63.64 664 6845 70.04 7247 73.47 7636 78.66 80 80.83

FeH [38] 5104 2251 292 297 31.3 329 341 364 38.1

oxygen/nitrogen mixture at mole fractions of up Using information in the literature and reac-

to 500 ppm. The pressure is one atmosphere. tion analysis, we compiled a list of iron-contain-
One-dimensional counterflow diffusion flames  ing species that could exist at significant concen-

are simulated with a numerical code developed  trations in flames. In the mechanism proposed
by Smooke [19] and a one-carbon mechanism  here, the Fe(CO)s decomposition products are
for methane oxidation [20] (17 species and 52  Fe(CO),, Fe(CO);, Fe(CO),, FeCO, and Fe
chemical reactions). The somewhat smaller [34-37], and the intermediates and product
methane mechanism captures the important  species are Fe, FeO, FeOH, Fe(OH),,
chemistry of the flame, while reducing the com-  Fe(O)OH, FeO,, and FeH. There is little evi-
putational time required for calculating the  dence that any other iron compounds can exist
extinction of the counterflow flames. Iron pen-  at significant concentrations for conditions dis-
tacarbonyl is added to the unburned fuel or  cussed in this paper. For the iron-containing
oxidizer stream at mole fractions of up to 500  compounds, the thermodynamic data are from

ppm. The pressure is one atmosphere. Ref. [38-40], and the transport properties are
estimated. For the reader’s reference, these

INHIBITION MECHANISM data are listed in Tables 1 and 2.

Metallic compounds have been studied in high- ~ Development of Reaction Mechanism

temperature reacting flows for applications such
as flame suppression and materials synthesis ~ Using the species listed above, over 100 poten-
[21-28], and rates for reactions involving gas- tial reactions were considered. Analysis of reac-
phase metallic compounds have appeared in the ~ tion endothermicities and possible reaction

literature. A compilation of reactions and rates v
for a variety of metals in flames can be found in TABLE 2
Ref. [29]. In work related to flame inhibition,

. e g et el ) Estimated Transport Properties for Iron-Containing
authors have discussed inhibition mechanisms

Species

that involve catalytic removal of H atoms by - P

metal species (atomic, oxide, or hydroxide) [23, 5P elks (K) oA)
25, 31, 32]. The present work is an extension of Fe(CO)s 530 6.0
previous work [33] in which a gas-phase inhibi-  Fe 3,000 4.3
tion mechanism was developed based largely gzg gggg Z:g
upon the work of Jensen and Jones [30]. For g, 400 44
completeness, the mechanism has now been  FeOH 400 4.4
expanded to include a more detailed decompo- ~ Fe(OH), 600 4.4
sition route for Fe(CO)s, a more comprehensive ~ Fe(0)OH 300 44
set of iron-species reactions, as well as a differ- e/k, = Lennard-Jones potential well depth (K); o =

ent route for formation of FeO from iron atoms. Lennard-Jones collision diameter (A).
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Fig. 1. Schematic diagram of reaction pathways based on
the gas-phase mechanism described in this paper. Reaction
partners are listed next to each arrow.

mechanisms led to the plausible set of reactions
listed in Table 3, which shows the kinetic model
for gaseous iron compounds at flame conditions.
Rate constants were obtained from the literature
or estimated using empirical procedures and re-
action analogy. It was assumed that iron species
are nonreactive with hydrocarbon molecules. It
should be emphasized that the comprehensive set
of additional reactions adopted for the present
calculations should be considered only as a start-
ing point. Numerous changes to both the rates
and the reactions incorporated may be made once
a variety of experimental and theoretical data are
available for testing the mechanism. The reaction
mechanism consists of four parts: (1) decomposi-
tion of Fe(CO)s, (2) conversion of iron atoms to
scavenging species, (3) scavenging of radicals
through a homogeneous catalytic reaction cycle
[40], and (4) reactions involving FeO,, Fe(O)OH,
and FeH. These processes are depicted in Fig. 1.

Several experiments have shown that decom-
position of Fe(CO); to Fe and CO proceeds
rapidly at elevated temperatures [36, 41]. In our
reaction mechanism, decomposition of Fe(CO)s
involves sequential breaking of the Fe—CO
bonds. Bond energies are used as the activation
energies for the decomposition reactions. Rate
constants of reverse reactions, independent of
temperature, are taken from the literature [34,
37). It was found that the reverse reactions pro-
ceed at a high pressure limit at one atmosphere
and room temperature, and that the activation
energy does not exceed 10.5 kJ/mol [37].

An important consumption reaction for iron
atoms is Fe + O,, and experiments have shown
that the primary product of the reaction is FeO,
[42, 43] (in previous work [33], the primary
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products were FeO + O [44]). The species FeO,
is converted to FeO primarily through the reac-
tion FeQ, + O « FeO + O,, which provides one
of the catalysts for the H-atom scavenging cycle

As will be described below, the inhibition
mechanism is dominated by the catalytic cycle
for H-atom recombination

FeOH + H « FeO + H, (35)
FeO + H,0 < Fe(OH), (20)

Fe(OH), + H & FeOH + H,0 (46)
(net: H + H < H,).

The cycle was developed by Jensen and Jones
[30] to account for increased rates of hydrogen
atom recombination in the products of rich
hydrogen/oxygen/nitrogen flames with addition
of Fe(CO)s. Rate constants were obtained by
fitting calculated H-atom concentration profiles
to the experimental measurements. Although
the rates for the catalytic cycle were derived
from a hydrogen/oxygen flame, the sequence is
likely to be applicable to a hydrocarbon flame
because of the importance of hydrogen/oxygen
chemistry in those flames; also, additional reac-
tions of iron-containing species with CH; have
been added.

RESULTS AND DISCUSSION
Premixed Flames

The decrease in the laminar burning velocity is
used as a measure of the inhibition action of
iron pentacarbonyl. Measurements of burning
velocity are from Ref. [6], in which the average
burning velocity was measured using the total
area method with an accuracy of approximately
+5%, as described in detail in [6]. Because the
relative change in the burning velocity could be
measured with more confidence than its abso-
lute value, the premixed flame results are pre-
sented in terms of the normalized burning ve-
locity, which is defined as the burning velocity of
the inhibited flame divided by the burning ve-
locity of the uninhibited flame. For the reader’s
reference, the absolute calculated and mea-
sured burning velocities of the uninhibited
flames are listed in Table 4 for each flame
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TABLE 3 Chemical Kinetic Mcchanism for Gaseous Iron Species in the Flame; k = AT® exp [ E /(R T)]*

Reaction A b E,/R Reference or Note

1 Fe(CO)s — Fe(CO), + CO 2.00E+15 0 20131 [36]

2 Fe(CO), + CO — Fe(CO), 3.50E+10 0 0 [34], [37]
3 Fe(CO), — Fe(CO); + CO 3.00E+15 0 2516 e, [35]
4 Fe(CO), + CO — Fe(CO), 1.30E+13 0 0 [34], [37]
5 Fe(CO); — Fe(CO), + CO 3.00E+15 0 16105 e, [35]
6 Fe(CO), + CO — Fe(CO), 1.80E+13 0 0 [34], [37]
7 Fe(CO), — FeCO + CO 3.00E+15 0 11575 e, [35]
8 FeCO + CO — Fe(CO), 1.50E+13 0 0 e

9 FeCO+ M —Fe + CO+ M 6.00E+14 0 10317 [8]

10 Fe + CO+ M - FeCO + M S.00E+14 0 0 (8]

11 FeCO + O — Fe + CO, 1.OOE+ 14 0 0 e

12 Fe+ O+ M=FeO+M 1.00E+17 0 0 e

13 Fe + OH + M = FeOH + M L.OOE+17 0 0 e

14 Fe+H+M=FeH + M 1.OOE+15 0 0 e

15 Fe + O, = FeO + O 1.20E+14 0 10065 [44}

16 Fe + O,(+M) = FeO,(+M) 2.00E+13 0 0 [42], [43]

LOW 1.50E+18 0 2013

17 FeO + O+ M = FeO, + M 1.00E+16 0 0 e

18 FeO+ H+ M = FeOH + M 1.00E+17 0 0 e

19 FeO + OH + M = Fe(O)OH + M 5.00E+17 0 0 e

20 FeO + H,O = Fe(OH), 1.62E+13 0 0 (301

21 FeO + H = Fe + OH 1.00E+14 0 3020 e

22 FeO + CH; = Fe + CH,0 1.00E+14 0 6039 e

23 FeO + H, = Fe + H,0 1.00E+13 0 2516 [27], [30]

24 FeO, + H+ M = Fe(O)OH + M 1.OOE+17 0 0 e

25 FeO, + H = FeO + OH 1.00E+14 0 7549 e

26 FeO, + OH = FeOH + O, 1.00E+13 0 6039 e

27 FeO, + O = FeO + O, 1.50E+14 0 755 e

28 FeOH + O + M = Fe(O)OH + M 1.00E+18 0 0 e

29 FeOH + OH = Fe(OH), 6.00E+11 0 0 e

30 FeOH + OH = FeO + H,0O 3.00E+12 0 1007 127]

31 FeOH + O = Fe + HO, 3.00E+13 0 10569 e

32 FeOH + O = FeO + OH 5.00E+13 0 755 e

33 FeOH + CH; = FeO + CH, 5.00E+13 0 755 e

34 FeOH + H = Fe + H,0 1.20E+12 0 604 e

35 FeOH + H = FeOQ + H, 1.50E+14 0 805 1301

36 Fe(O)OH + H + M = Fe(OH), + M 1.00E+16 0 0 e

37 Fe(O)OH + CH; = FeO + CH,0OH 2.00E+13 0 2013 e

38 Fe(O)OH + H = FeO + H,0 2.00E+13 0 0 e

39 Fe(O)OH + H = FeO, + H, 5.00E+13 0 503 e

40 Fe(O)OH + H = FeOH + OH 4.00E+13 0 1007 e

41 .Fe(O)OH + OH = FeOH + HO, 3.00E+13 0 10065 e

42 Fe(O)OH + OH = FeO, + H,0 5.00E+13 0 0 e

43 Fe(O)OH + O = FeOH + O, S5.00E+13 0 0 ¢

44 Fe(O)OH + O = FeO + HO, 1.00E+13 0 7046 e

45 Fe(O)OH + O = FeO, + OH S5.00E+13 0 0 e

46 Fe(OH), + H = FeOH + H,0 1.98E+14 0 302 [301°

47 Fe(OH), + OH = Fe(O)OH + H,0O 1.00E+13 0 9059 e

48 Fe(OH), + CH, = FeOH + CH,0OH 1.00E+13 0 11575 e

49 FeH + O+ M = FeOH + M 1.00E+15 0 0 e

50 FeH + O, + M = Fe(O)OH + M 1.00E+15 0 0 e

51 FeH + O, = FeOH + O L.OOE+14 0 5033 e

52 FeH + H = Fe + H, 5.00E+13 0 0 e

53 FeH + O = Fe + OH 1.OOE+14 0 0 e

54 FeH + OH = Fe + H,0 1.OOE+ 14 0 0 e

55 FeH + CH; = CH, + Fe 1.OOE+ 14 0 0 e

e = estimation. * Units for k are cm, mole, s.
T Original recommended {30] prcexponentials for reactions 20, 35, and 46 arc 5.40E+12, 3.00E+13, and 6.60E + 13.
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TABLE 4

Calculated (v, ,,,..,) Burning Velocities, Measured
(Vs exp» [6]) Burning Velocities, and Calculated
Maximum Temperatures for the Uninhibited
Methane-Oxygen—Nitrogen Premixed Flames®

Vo,num Vo,exp Tma.t,num
¢ X 0y0x (cm/s) (cm/s) K)
0.9 0.21 36.5 371219 2135
0.9 0.24 51.1 51426 2278
1.0 0.20 35.8 332x1.7 2178
1.0 0.21 40.6 40.6 £ 2.0 2227
1.0 0.24 55.6 59.2 +3.0 2353
1.1 0.20 359 338 1.7 2149
1.1 0.21 40.7 39320 2207
1.1 0.24 55.4 534 £27 2353

The uncertainty in equivalence ratio is 1.4%. The uncer-
tainty in the X, ., is 1.1%.

condition. The uncertainty of the equivalence
ratio measurement is +1.4%, the uncertainty of
the oxygen mole fraction measurement is
+1.1%, and the uncertainty of the Fe(CO);s
mole fraction measurement is *+4%.

Use of the original rates recommended by
Jensen and Jones for reactions 20, 35, and 46
[30] results in qualitative agreement with the
measurements, but the predicted inhibition
(shown by the dotted line in Fig. 2) is weaker
than that observed in the experiments. For
example, for an initial Fe(CO)s mole fraction
X, of 100 ppm, the model predicts a normal-
ized burning velocity of 0.84, while the mea-
sured value is 0.63 + 0.044. Sensitivity analysis
[15, 45] is used to examine the relative impor-
tance of the inhibition reactions for burning
velocity reduction. Table 5 lists the maximum
sensitivity of the burning velocity to the rate
constants of the iron reactions for a stoichio-
metric flame with initial Fe(CO)s; mole fractions
of 100 ppm and 500 ppm. (The sensitivity
coefficients have been normalized by the high-
est sensitivity coefficient, which corresponds to
the reaction H + O, <> OH + O.) The results
show that the burning rate is insensitive to the
decomposition rate of Fe(CO)s and sensitive to
each reaction in the catalytic cycle (reactions 20,
35, and 46) roughly equally. Numerical experi-
ments using different rates for a one-step de-
composition reaction for Fe(CO);s also indicate
that the inhibition is relatively insensitive to the
decomposition reaction. Likewise, the inhibi-
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Fig. 2. Calculated and measured normalized burning veloc-
ity of premixed CH,/O,/N, flames with X, ,, = 0.21 and
varying amounts of Fe(CO)s. The solid lines are the calcu-
lated normalized burning velocities using the rates in Table
3; the dashed line is the calculated normalized burning
velocity using the mechanism in Table 3 with the original
preexponential factors for reactions 20, 35, and 46 from Ref.
[30]. Symbols are measured normalized burning velocity
from Ref. [6] for ¢ = 0.9 (triangles), ¢ = 1.0 (circles), and
¢ = 1.1 (squares).

tion is also relatively insensitive to the reaction
pathway for FeO formation from Fe.

The magnitude of the inhibition by Fe(CO)s
is sensitive to reactions 20, 35, and 46. Increas-
ing the preexponential term of the specific
reaction rate constant by the reported uncer-
tainties (3X, 5X, and 3X for the three reactions,
respectively) increases the inhibition effect and
leads to better quantitative agreement with the
measurements at ¢ = 1.0 and X, ,, = 0.21
(X0, 0x refers to the oxygen mole fraction in the
oxidizer prior to mixing with the fuel). Such
modifications to the mechanism lead to reaction
rates that are nearly gas kinetic. For the remain-
der of the present analyses and figures, these
higher values of the preexponential term are
used (Table 3 shows the modified values). Some
justification for the use of higher rates exists
because of the possibility of condensation of
iron species in the experiments of Ref. [30]
(condensation will be discussed in more detail
below). The temperature in the Jensen and
Jones test burner (1800 to 2150 K) was such that
iron species were probably supersaturated, cre-
ating the possibility of condensation; this loss of
active gas-phase iron-containing molecules
would have led to an underestimation of the
reaction rates. Nonetheless, while use of rate
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TABLE 5
First-order Sensitivity Coefficient of the Burning Velocity with Respect to Reaction
Rate for Reactions with Iron-containing Species for Two Values of X,,, Normalized by
the Peak Value for All Reactions at All Flame Locations (which Corresponds to H +
O, «» OH + 0), and Ordered by Sensitivity Coefficient at 100 ppm?
dvyldA;
dvU /dA i |m ax
No. Reaction 100 ppm 500 ppm
46 Fe(OH), + H = FeOH + H,0 —-5.1E-02 -2.1E-01
35 FeOH + H = FeO + H, —2.8E-02 —1.0E-01
20 FeO + H,0 = Fe(OH), ~2.1E-02 —5.0E-02
32 FeOH + O = FeO + OH —1.6E-02 —5.6E-02
27 FeO, + O = FeO + O, ~1.6E-02 —5.5E-02
16 Fe + O,(+M) = FeO,(+M) -1.4E-02 —1.9E-02
33 FeOH + CH, = FeO + CH, —1.2E-02 ~7.8E-02
28 FeOH + O + M = Fe(O)OH + M —4.6E-03 —1.8E-02
30 FeOH + OH = FeO + H,0 —2.5E-03 —1.5E-02
29 FeOH + OH = Fe(OH), —1.2E-03 —6.0E-03
13 Fe + OH + M = FeOH + M —6.4E-04 —2.8E-04
24 FeO, + H + M = Fe(O)OH + M —4.9E-04 —1.6E-03
34 FeOH + H = Fe + H,0 —4.8E-04 ~3.7E-03
12 Fe+ O+ M=FeO +M —3.6E-04 ~3.3E-04
25 FeO, + H = FeO + OH —3.3E-04 —1.3E-03
42 Fe(O)OH + OH = FeO, + H,0 —2.7E-04 —4.9E-04
18 FeO + H+ M = FeOH + M —1.8E-04 —2.6E-04
39 Fe(O)OH + H = FeO, + H, —1.7E-04 —2.1E-04
9 FeCO + M = Fe + CO+ M - 1.6E-04 ~3.1E-04
38 Fe(O)OH + H = FeO + H,0 - 1.5E-04 —1.8E-04
1 Fe(CO)s — Fe(CO), + CO —7.1E-05 —2.0E-04
48 Fe(OH), + CH; = FeOH + CH,0H —3.2E-05 —L1E-04
31 FeOH + O = Fe + HO, 8.8E-06 —1.3E-04
19 FeO + OH + M = Fe(O)OH + M 1.0E-04 2.4E-04
22 FeO + CH, = Fe + CH,0 34E-04 1.6E-03
26 FeO, + OH = FeOH + O, 7.0E-04 6.1E-03
15 Fe + O, =FeO + O 7.8E-04 —1.4E-03
23 FeO + H, = Fe + H,O 1.6E-03 3.9E-03
21 FeO + H = Fe + OH 2.5E-03 1.6E-03

Abbreviations: v, = burning velocity; 4; = the preexponential of reaction i.
“ Reactions with sensitivity coefficients with absolute values below 107* at 500 ppm are not listed.

expressions within the reported uncertainty is
valid, it should be emphasized that Jensen and
Jones’ rate constants were deduced based on
measurements in the recombination region of
hydrogen/oxygen/nitrogen flames, whereas the
present flames are methane/oxygen/nitrogen.
Differences in the overall catalytic recombina-
tion rates caused by the iron species may be due
to additional reactions in the present hydrocar-
bon system.

Figure 2 shows the calculated and measured
normalized burning velocity as a function of
initial Fe(CO)s mole fraction (X,,) for pre-
mixed flames with equivalence ratios of ¢ = 0.9,

1.0, and 1.1 and X,; . = 0.21. The experimen-
tal results show strong inhibition at low X, and
a rather sudden leveling off of the inhibition as
X, increases. The numerical results are quali-
tatively similar to the measurements; however,
the inhibition effect at low X, is not as strong as
that observed in the experiments (especially at
¢ = 0.9) and at high X, the inhibition effect
does not diminish as dramatically as in the
experiments. A complete leveling-off of the
burning velocity does not occur in the simula-
tions, even at initial Fe(CO)s mole fractions of
up to 1000 ppm. Numerical tests show that
better agreement at different values of ¢ can be
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Fig. 3. Calculated dependence of superequilibrium H-atom
mole fraction (X cax — Xir.q) on Fe(CO)s addition in
premixed stoichiometric flames with X, . = 0.20, 0.21,
and 0.24. The calculated value of X},ﬂ; is approximately
2.8-107% for X, ., = 0.20, 4.1- 107* for Xy, .. = 0.21,
and 1.0- 1077 for X, . = 0.24.

obtained by adjustment of reaction rates, but
such fine tuning seems premature at this early
stage of model development.

The decrease in the calculated inhibition ef-
fect as X, increases is due to the decrease in the
quantity of superequilibrium H atoms (defined
as the difference between the peak X in the
flame and the equilibrium X, at the flame
temperature) [6, 24, 33, 46]. This decrease can
be seen in Fig. 3, where X ook = Xpjeq 18
plotted for varying X;, for the ¢ = 1.0 flame
(the Xy, = 0.20 and 0.24 flames are dis-
cussed below). Since the inhibition cycle (reac-
tions 20, 35, and 46) is based on the scavenging
of H radicals, the chemical effect of the inhibi-
tor decreases with decreasing quantity of super-
equilibrium H atoms and a saturation effect is
observed. Interestingly, halogenated flame in-
hibitors also show a saturation effect [47, 48],
and the cause of the reduced effectiveness,
reduction in radical superequilibrium, may be
the same.

The effect of oxygen mole fraction on the
burning velocity is presented in Fig. 4a, Fig. 4b,
and Fig. 4c for ¢ = 1.0, 1.1, and 0.9. Figure 4a
shows the normalized burning velocity as a
function of X, for ¢ = 1.0 flames with three
oxidizer compositions: X, . = 0.20, 0.21, and
0.24. The experimental results show that as
X, or increases, the inhibition effect decreases.
As Fig. 4a—c show, the numerical model quali-
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Fig. 4. Calculations and measurements of normalized burn-
ing velocity of premixed CH,/O,/N, flames with X, ,. =
0.20 (squares), 0.21 (circles), and 0.24 (triangles). (a) ¢ =
1.0, (b) & = 1.1, and (¢) ¢ = 0.9. Experimental data from
Ref. [6].

tatively predicts this behavior with respect to
Xp,or for ¢ = 1.0, ¢ = 1.1, and ¢ = 09.
Further, an analysis of the numerical results
shows that for stoichiometric flames with 50
ppm Fe(CO)s in the reactants, the catalytic
recombination mechanism accounts for 20, 19,
and 15% of the total H-atom reaction flux for
consumption of H, for X, ,, = 0.20, 0.21, and
0.24. That is, at higher oxygen mole fractions,
the creation and destruction fluxes for hydrogen
become larger, and the iron-species reactions
become a smaller fraction of the total flux (for a
fixed initial inhibitor mole fraction).
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Fig. 5. Gas temperature, iron compound mole fractions,
and H atom mole fraction in a CH,/O,/N, flame with ¢ =
1.0 and X, .. = 0.21. (2) 100 ppm Fe(CO);. (b) 500 ppm
Fe(CO);. The location of zero corresponds to the point of
50% CH, consumption. Note the change in mole fraction
scale from (a) to (b).

Figure 5a shows calculated mole fraction
profiles of the iron compounds, H-atom and
temperature through the stoichiometric pre-
mixed flame with X, ,, = 0.21 and X;,, = 100
ppm. The zero point of the x-axis is defined as
the position where 50% of the CH, has been
consumed. The mole fraction profile of
Fe(OH), exhibits a local minimum in the region
of maximum H-atom mole fraction. At that
location, the mole fractions of H and OH are
sufficiently large so that the reactions of
Fe(OH), with H and OH proceed at a rate
faster than the Fe(OH), production reactions.
Figure 5b shows similar species and tempera-
ture profiles but with X;, = 500 ppm. The flame
thickness is increased as a result of the lower
burning rate. At this higher inhibitor loading,
the profile for Fe(OH), does not show a local
minimum, since with higher mole fractions of
the inhibiting species, H is the limiting species
in the catalytic scavenging cycle (recall from Fig.
3 the sharp decrease in X, as X, increases).

m

The rapid decomposition of Fe(CO)s creates
the possibility of condensation of iron particles
in the preheat zone of the flame. To investigate
this possibility, an abbreviated kinetic nucle-
ation model for iron atoms [8] was included in
the chemical mechanism (with iron clusters up
to Fey). The kinetic nucleation model consisted
of reactions describing the growth and coagula-
tion of iron particles. For a stoichiometric flame
with X, = 100 ppm, the calculations showed
that some condensation occurs between the
Fe(CO);s-decomposition zone and the flame re-
action zone, but there is not enough time for
significant amounts of nucleation before the Fe
reacts to form other species or the gas temper-
ature rises to slow the nucleation rate. Not more
than 5-10% of the Fe condenses and partici-
pates in nucleation reactions in the prereaction
zone, which has a relatively small effect on the
burning rate. This conclusion that condensation
has an insignificant effect on the burning rate,
however, only applies to condensation of iron
atoms in the preheat region, and not to other
species or other regions of the flame. For exam-
ple, some of the iron particles that form in the
preheat zone may vaporize, or continue to grow
as they pass through the flame front. More
importantly, other iron compounds may con-
dense later in the flame.

Counterflow Diffusion Flames

Counterflow diffusion flames provide additional
opportunities to study the behavior of Fe(CO)s.
The inhibitor can be subjected to different
chemical and thermal histories by varying the
reactants, the location of the inhibitor addition,
and the flame location. The reduction in the
extinction strain rate (a,,,, defined as the axial
velocity gradient in the oxidizer stream at ex-
tinction) is used as a measure of the inhibition
action of iron pentacarbonyl.

The counterflow diffusion flame results are
presented in terms of a normalized extinction
strain rate, which is defined as the ratio of the
extinction strain rate of an inhibited flame to
that of an uninhibited flame. The normalized
value is used since Chelliah et al. [49] have
shown that the absolute values of a,, can
depend on experimental burner design and the
numerical description of the flow field, whereas
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Normalized Extinction Strain Rate
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Fig. 6. Normalized extinction strain rate for counterflow
diffusion flame as Fe(CO), input varies. Closed symbols:
measurements with the Fe(CO)s in the oxidizer; open
symbols: measurements with Fe(CO)s in the fuel; solid line:
calculations with Fe(CO)s in the oxidizer; dashed line:
calculation with Fe(CO)s in the fuel. Experimental data
from Ref. [6].

the trends in a,,, are independent of the flow-
field characteristics in the experiment or model.

Figure 6 shows the measured and calculated
normalized extinction strain rates for a meth-
ane/air flame with varying Fe(CO)s input. The
flame is located on the oxidizer side of the
stagnation plane, and the maximum tempera-
ture is approximately 1800 K at extinction. For
the uninhibited flame, the measured a,,, is
610 + 30 s~' and the calculated a,,, is 520 s™'.
Experimental results [6] show that when
Fe(CO)s is added to the oxidizer stream, a
significant decrease in a,,, results. In contrast,
when the Fe(CO)s is added to the fuel stream,
little change in a,,, results. The numerical sim-
ulations qualitatively reproduce the significant
dependence of inhibition on the location of
Fe(CO)s addition.

The effect of Fe(CO)s on the extinction of
two other counterflow flame configurations was
described in Ref. [6]: (1) a flame located on the
fuel side of the stagnation plane (13% CH,/87%
N, vs. 45% 0,/55% N,) and (2) a flame of
diluted methane located on the oxidizer side of
the stagnation plane (20% CH,/80% N, vs. 45%
0,/55% N,). In these two flames, addition of
Fe(CO)s to either the fuel or the oxidizer
stream resulted in little reduction in a,,,. Cal-
culations of a,,,, using the mechanism in Table
3, however, showed a significant decrease in a,,,
as the inhibitor concentration increased for the
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inhibitor in either stream. The next section
discusses some possible reasons for the differ-
ence.

Condensation of Iron Compounds

Figures 2 and 4 show the experimentally mea-
sured normalized burning velocity decreasing
sharply at low inhibitor mole fractions but even-
tually leveling off at high inhibitor mole frac-
tions. Additionally, the addition of Fe(CO)s to a
counterflow diffusion flame had the strongest
relative effect at low X,,,. An explanation for the
decrease in inhibition as X, increases is that
gaseous iron compounds—which are the pri-
mary inhibiting species—condense at higher
inhibitor mole fractions, thus reducing the con-
centration of inhibiting species. Such behavior
was discussed by Jensen and Webb [7] in nu-
merical studies of suppression of afterburning in
rocket plumes. Their calculations showed that
the formation of particles in the reaction zone
lowered the radical removal rate (i.e., the sup-
pression) and led to less effective prevention of
afterburning in a rocket plume as compared to
the pure gas-phase effect. Further evidence of
the importance of condensation can be found in
the experimental data of Fig. 4a—c, which shows
that as X, ,, increases for constant ¢, the
normalized burning velocity levels off at a
higher value of X;,. Higher values of X, ,.
result in higher flame temperature and higher
saturation vapor pressures for the iron com-
pounds, so that higher amounts of inhibitor are
required for condensation to begin.

Figure 7 shows that there exists a potential
for condensation of iron species in the
Fe(CO)s-inhibited premixed flame described in
this paper. The figure displays the calculated
supersaturation ratio (the ratio of the local mole
fraction to the saturation mole fraction, § =
X/X,,,) of Fe and FeO through the flame front.
The saturation mole fraction was calculated
from the gas temperature at each location in the
flame using data from Ref. [38]. In the preheat
zone of the flame, the supersaturation ratios for
Fe and FeO are very high, but as the tempera-
ture increases, the saturation mole fraction in-
creases more rapidly than the actual mole frac-
tion, thus lowering the supersaturation ratio.
Also, as X, increases, the supersaturation ratio
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Fig. 7. Calculated supersaturation ratios (S, = X//X, ,,,) for
Fe (solid lines) and FeO (dashed lines) in a ¢ = 1.0 and
Xo,.0x = 0.21 flame at Fe(CO); concentrations of 100 ppm
and 500 ppm. Note the horizontal line at § = 1.0 to mark
the saturation point (but not necessarily the condensation
point). Temperature profiles are also shown. The location of
zero corresponds to the point of 50% CH, consumption.

increases at each location. Note that the hori-
zontal line at § = 1.0 marks the saturation
point, which is not necessarily the condensation
point.

The critical supersaturation ratio (S.) can be
used to describe the likelihood of condensation
of a supersaturated vapor. At values of S above
S., rates of nucleation and particle growth are
high, whereas below §_, rates of nucleation and
particle growth are relatively small. Frurip and
Bauer [9] measured the S, of iron vapor be-
tween 1600 K and 2200 K and found S, values of
10 and 1000, demonstrating that supersatura-
tion ratios greater than unity do not necessarily
lead to condensation of iron vapor.

CONCLUSIONS -

While the highly efficient inhibition action of
metallic compounds in hydrocarbon-air flames
has been known for some time, there has existed
controversy in the literature as to whether the
mechanism involves gas-phase or heteroge-
neous chemistry. This paper presents the first
numerical modeling of iron pentacarbonyl’s ex-
tremely strong inhibition action in Bunsen-type
premixed and counterflow diffusion flames, and
provides evidence that inhibition occurs primar-
ily by homogeneous gas-phase chemistry at low
initial Fe(CO)s mole fraction. While we do not
believe that the present calculations explicitly

rule out heterogeneous chemical effects, we
believe that the proposed mechanism, based on
homogeneous chemistry, can explain much—
but not all—of our measurements.

Calculations using the rates constants for the
catalytic cycle reactions (20, 35, and 46) sug-
gested in Ref. [30] yield normalized burning
velocities in qualitative agreement with experi-
mental measurements; however, they predict
less inhibition than was measured. Analysis of
the numerical results confirms that the primary
inhibition occurs through the catalytic cycle of
reactions (20, 35, and 46). An increase in the
rate constants (within experimental uncertainty)
of reactions (20, 35, and 46) leads to improved
agreement between experiments and calcula-
tions at low Fe(CO)s mole fractions for several
equivalence ratios and oxygen concentrations.
At higher initial Fe(CO)s mole fractions, how-
ever, the calculations predict a stronger effect
than measured and do not predict the leveling
off in burning velocity that was measured. Like-
wise, for a counterflow diffusion flame of meth-
ane flowing against air, calculations of the ex-
tinction strain rate agree with experimental
measurements at low values of X,,, but at
higher X, the simulations predict a stronger
effect on a,,, than was measured. In both cases,
the reduction in Fe(CO); effectiveness is sug-
gested to be caused by condensation of iron-
containing species when higher initial mole frac-
tions of inhibitor are added.

Several results reported in this paper support
the hypothesis that the flame inhibition effect of
Fe(CO);s is primarily a result of gas-phase scav-
enging reactions: (1) failure of the gas-phase
model to predict the leveling off of burning
velocity at high X;,,, (2) the shift of the leveling-
off point (in experimental results) of normal-
ized burning velocity to higher X, as X, ,,
increases (and flame temperature increases),
and (3) calculated supersaturation ratios of iron
compounds that are significantly higher than
unity in some regions of the flames.

The performance of the present gas-phase
mechanism is considered very good; nonethe-
less, certain experimental observations are not
fully accounted for. In particular, the predicted
inhibition for lean premixed flames is not strong
enough, and for diffusion flames with diluted
methane the calculations significantly overpre-
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dict the inhibition. The range of flame temper-
ature studied here is fairly narrow: about 2100
to 2400 K in the premixed flames and about
1800 to 2000 K in the diffusion flames. Future
research will examine a wider variety of coun-
terflow diffusion flames—which will allow
greater variation in temperature and gas com-
position—and will measure particulate proper-
ties to elucidate the role of condensed iron
compounds. More research is desirable to test
the validity of the higher rates for reactions 20,
35, and 46 indicated here, and to determine if
additional inhibition reactions are important in
hydrocarbon flames.
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