Available online at www.sciencedirect.com

screncr (@oimeer: Combustion
and Flame

www.elsevier.com/locate/jnlabr/cnf

&

ELSEVIER Combustion and Flame 138 (2004) 78-96

Experimental and numerical evaluation
of metallic compounds for suppressing cup-burner flames

G.T. Linteris®*, V.R. Katta®, F. TakahasHi

@ Fire Science Division, National Institute of Sandards and Technology, 100 Bureau Dr. Stop 8665,
Gaithersburg, MD 20899, USA
b Innovative Scientific Solutions, Inc., 2766 Indian Ripple Road, Dayton, OH 45440-3638, USA
€ National Center for Microgravity Research, NASA Glenn Research Center, Mail Sop 77-5, 21000 Brookpark Road,
Cleveland, OH 44135, USA
Received 1 February 2003; received in revised form 20 March 2004; accepted 1 April 2004

Available online 18 May 2004

Abstract

The first tests of supereffective flame inhibitors blended withh @@ve been performed in methane—air laminar
co-flow diffusion flames stabilized on a cup burner. TheoG@lume fraction required to extinguish the flames
was determined for a range of added catalytic inhibitor volume fractions. When added at low volume fraction, the
agents TMT, Fe(C@) and MMT were effective at reducing the volume of £@quired to extinguish the flames,
with performance relative to GBr of 2, 4, and 8, respectively. This performance advantage of the metallic com-
pounds is less than that determined in premixed or counterflow diffusion flames. Further, as the volume fraction of
each metallic catalytic inhibitor was increased, the effectiveness diminished rapidly. The greatly reduced marginal
effectiveness is believed to be caused by loss of active gas-phase species to condensed-phase particles. Lase
scattering measurements in flames with Fe(§20D, blends detected particles both inside and outside (but not
coincident with) the visible flame location for measurement points above the stabilization region. Ford-e(CO)
addition to the air stream at 450 yil, the peak scattering cross section for vertically polarized light was 1660
times the value for room-temperature air. The first detailed numerical modeling studies were also performed for
methane—air cup-burner flames with £@nd Fe(CQj added to the oxidizer stream and are used to interpret
the experimental results. The role of particles was also illustrated by the numerical results, which showed that
significant levels of supersaturation exist in the flame for several of the important iron-containing intermediates.
This particle formation is favored in the lower temperature stabilization region of the cup-burner flames, as com-
pared to the higher relevant temperatures of previously described counterflow diffusion flames. The results of this
study indicate that the appropriate flame configuration for evaluating the effectivengssedfire suppression
agents must be carefully considered, since in thosescatfferent flame configurations can switch the relative
performance of an agent by an order of magnitude.
0 2004 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Finding replacements for the effective but ozone-
destroying fire suppressant gt and related com-
pounds is a continuing research challenge. Metal
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2. Background

The flame-inhibition properties of the agents
tetramethyltin (TMT, Sn(CH)4), methylcyclopenta-
dienyl manganese tricarbonyl (MMT, G@sHs4Mn

compounds have attracted attention because some(CO)3), ferrocene (Fe(§Hs)2), and iron pentacar-

metals recombine radicals in the postcombustion re-
gion of premixed H/O5 flameg[1] and several metal-
lic compounds are one to two orders of magnitude
more effective than C§Br at reducing the burning
velocity of premixed flamef2—6]. If a means could
be found to incorporate such supereffective moieties
into a practical fire suppressant (particularly for un-
occupied spaces), very effective agents might be pos-
sible.

Premixed and counterflow diffusion flames have

been used extensively for testing these agents since

they provide easily measurable parameters which can
be related directly to the effect of the agent on the
overall reaction rate. For these supereffective agents,
however, few detailed experimental or modeling stud-
ies have been conducted with flames resembling fires.
The present work remedies this deficiency by pre-
senting results for addition of these highly effec-
tive agents to axisymmetric laminar co-flow diffusion
flames formed on a cup burner. (The cup burner is
typically used with fuels that are liquid; however, it
can also be used with those that are gaseous.) Not
only do cup burners have flame structures that are a
reasonable approximation to those in fires, but they
are also widely used by the fire protection industry as
a metric to assess fire-suppressant performgnce
Hence, measurement and numerical prediction of per-
formance of agents in cup burners have clear rele-
vance to their eventual use. The present work exam-
ines the performance of metallic agents in cup-burner
flames in a fundamental manner by making the first
detailed numerical calculations of the flame structure
using a 2-D, time-dependent code with full chem-
istry. These calculations are the first to demonstrate
the blowoff phenomenon for the suppression of cup-
burner flames caused by a supereffective chemically
acting agent.

In the experimental results described below, the
catalytic agents containing Fe, Mn, and Sn are found
to be more effective than GBr when used at low vol-
ume fraction. Nonetheless, their performance in the
cup burner relative to that in premixed and counter-
flow diffusion flames is lower than expected based on
comparable performance with other catalytic agents.
The goal of the present experimental and numeri-
cal work is to delineate the performance of these
agents in cup-burner flames, examine the blowoff
process in cup-burner flames, and provide insight
into their predicted effectiveness in suppressing large-
scale fires.

bonyl (Fe(CO3) have recently been studied in some
detail[5,6,8]. Experiments and modeling of Fe(GD)
have quantified its performance and explained its
mechanism of inhibition for a variety of conditions
[8-10]. For iron, strong intiition is thought to occur
from catalytic radical recombination cycles involving
iron oxides and hydroxides; for example,

FeOH+ H < FeO+ Ho, (2)
FeO+ HoO <> Fe&(OH)-, 2
Fe(OH)2 + H <> FeOH+ H»0, 3)

which yield the net reaction

H+H < Hy.

For manganese-containing inhibitors, the mechanism
is similar (with Mn replacing Fe in the reaction se-
quence). At low volume fractions, Fe(C&is about

80 times more effective than @GBr at reducing the
burning velocity of premixed flames; however, at vol-
ume fractions above about 100 fIL,1 the marginal
effectiveness of Fe(C@)is greatly reduced. This is
believed to occur from condensation of the active
iron-containing intermediates to particlgkl]. In a
similar fashion, MMT loses its effectiveness at about
300 pL/L, and TMT, which is about three times
as effective as C§Br in premixed flames, loses its
marginal effectiveness at about 3000/LL For cup-
burner flames, if Fe(C@)were added alone to the air
stream, it would not be expected to be a particularly
effective suppressant because at the high volume frac-
tion of it required for suppression, condensation of ac-
tive iron-containing intermediates to particles would
limit its gas-phase volume fraction, restricting the po-
tential of the gas-phase catalytic cycle. Any practi-
cal fire suppressant using these supereffective agents
would require some method of overcoming the loss of
effectiveness.

One approach to overcoming the loss of effective-
ness is to combine catalytic agents with inert com-
pounds. In this case, the overall reaction rate is low-
ered in part through radical recombination by the cat-
alytic agent, and in part through the lower tempera-
ture caused by the added diluent. This approach has
been discussed in work since the 19508,12—16]
which suggested that combinations of thermally act-
ing and catalytic agents might prove beneficial. These

1 Note that UL/L is equivalent to ppm by volume.
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predictions have been confirmed in various studies
with premixed and counterflow diffusion flames in-
hibited by Fe(CQj [4], ferrocene[5], CRBr [17],
phosphorus compound48], and alkali metal§19].
Tests and calculations show that addition of an inert

compound lowers the temperature and in some cases

enhances the performance of the catalytic ag&ht
The goal is to harness the very high efficiency of the
metal species at low volume fraction while keeping
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and to interpret the role of thermophoresis in particle
trajectories.

3. Experiment
The cup burner, described previoughs,24] con-

sists of a cylindrical glass cup (28-mm diameter) po-
sitioned inside a glass chimney (53.3-cm tall, 9.5-cm

its concentration below that which causes condensa- diameter). To provide uniform flow, 6-mm glass beads

tion. Nonetheless, it is generally not known a priori
if the combination of an inert agent with the one
of the metal-containing catalytic agents will be ef-
fective in a particular flame configuration, since the

lower temperature can cause higher radical superequi-

librium [8], increasing the catalytic effect, but may
also provide longer residence times for particle for-
mation[11].

fill the base of the chimney, and 3-mm glass beads
(with two 15.8 mesljicm screens resting on top) fill
the fuel cup; the burner cup rim is located 7 cm
above the glass beads in the oxidizer stream. Gas
flows were measured by mass-flow controllers (Sierra
860%), which were calibrated so that their uncertainty
was 2% of indicated flow. The methane flow was
held constant at 0.342 /min (fuel-jet mean veloc-

The approach adopted for assessing the effective- ity 0.92 nys) for all experiments, and the labora-

ness of the catalytic agents in extinguishing cup-
burner flames is to determine how the £@lume

fraction required for blowoff changes in the presence
of the catalytic inhibitor. This approach is conceptu-

tory temperature was 2+ 1°C. To determine the
blowoff condition, the desired amount of catalytic
agent was added to the co-flowing air (held constant
at 41.6 L/min, 10.7 cnys), and CQ was added to

ally the same as the classic oxygen index test used the flow (in increments ok 1% near blowoff) until

to assess material flammabilifg0]. In that test, the
oxygen volume fraction in the air stream at blowoff
(i.e., the oxygen index) is determined for solid, lig-
uid, or gaseous fuels with chemical additives in ei-
ther the fuel or oxidizer. In the present tests, £O
(rather than N) is added as the diluent to facili-
tate comparisons with existing experimental data for
other configurations. Although previous studies have

blowoff was observed. The test was repeated at least
three times.

The organometallic inhibitors were added to the
air stream using multistage saturators in controlled-
temperature baths. The Fe(G@nd TMT used two-
stage saturators of a design described previously
[10], while the MMT used a three-stage saturator,
with 50% larger stages, to ensure saturation. A mea-

been performed with heptane and methanol as the sured portion of the added GGlowed as a carrier

fuels [21], the present experiments use methane. A

through each saturator. The volume fraction of the

gaseous fuel allows an approximate|y constant flame Organometallic inhibitors in the_air stream was calcu_—
size and heat release rate, preserving many proper- lated based on the measured alrﬂOW, measured carrier

ties of the flow field (unlike a liquid-pool fuel, for
which fuel supply rate vargewith inhibitor addition).
These methane—air flames with g€@re also essen-
tially nonsooting, which is desirable, since the metal
additives would change the production rates of soot
(and thus the radiant heat transfer), which would com-
plicate interpretation of the results. The iron, tin, and

gas flow, and calculated vapor pressure of the agent
at the bath temperature. The experimental vapor pres-
sure data were obtained from R€5,26] Since the
vapor pressure of MMT is much lower than that of the
other agents, the burner and lines were maintained at
> 35.0+ 0.5°C before and during the tests to reduce
the likelihood of MMT condensation. Tests to vali-

manganese Compounds were selected because theréjate the assump'[ion of agent saturation in the carrier

exist recent experimental data on their performance
in premixed methane—air flames for comparison. In
order to assess the effect of particle formation on
the effectiveness of Fe(C®Jn cup-burner flames,
we report the results of laser scattering from parti-
cles in a two-dimensional region above the fuel cup.
Finally, a time-dependent, 2-D numerical code in-
cluding full chemistry[22] is used to understand the
chemistry and flow-field effects important in stabi-
lization and blowoff of the cup-burner flames inhib-
ited by Fe(COg, to investigate the supersaturation
conditions of the active iron-containing intermediates,

gas have been described previoydl§]. For bromine

as the inhibitor, all flow tubes downstream of agent
addition, as well as the burner base, were made of
Teflon to avoid reaction. A computer-controlled sy-

ringe pump added the liquid Bto a 2.1-m-long tube

2 Certain commercial equipment, instruments, or mate-
rials are identified in this paper to adequately specify the
procedure. Such identifitan does not imply recommen-
dation or endorsement by NIST, nor does it imply that the
materials or equipment are necessarily the best available for
the intended use.
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carrying the air and C& and complete Brevapora-
tion was observed to occur within a tubing length of
lessthan 1 m.

The fuel gas is methane (Matheson UHP, 99.9%),
and the air is house compressed air (filtered and
dried), which is additionally cleaned by passing it
through a 0.01-um filter, a carbon filter, and a des-
iccant bed to remove small aerosols, organic vapors,
and water vapor. The chemicals used were FefCO)
(Aldrich), TMT (Alfa Aesar), MMT (Alfa Aesar),
CH3OH (Aldrich, 99.8%), Bp (Aldrich, 99.5%),
CR3Br (Great Lakes), M (boil-off), and CQ (Air-
gas).

For the particle measurements, & 9@ser-scat-
tering system was used, as described in previous work
[10,27] A 5-W argon ion laser operating at 488 nm
supplied the laser light to a single-mode fiber, which
carried the beam to an optical table in a fume hood.
To prevent laser light from scattering off of the cup-
burner chimney walls, the round cup-burner chimney
(9.5-cm diameter) was cut off to a height of 10 cm,
which was 2 mm below the fuel cup rim; the cup
burner and shortened chimney were then inserted into
a larger square chimney (2313 cm). This square
chimney was identical to that used in the previous
scattering measurements made with a premixed noz-
zle burner described in Refll], except that brass
straightening screens were installed in the concen-
tric region between the square chimney and the round
chimney, and a second co-flow of air was added at
the same velocity as in the inner, round co-flowing
air stream of the cup burner. The square chimney al-
lowed use of rubber bellows, which connect the ex-
perimental burner to the optical components, thereby
introducing the laser light and collecting the scattered
light while avoiding reflections from windows (see
Ref. [11] for details). A three-axis translator posi-
tioned the burner and chimney in the stationary op-
tical path. The scattering measurements were made
on horizontal paths across the flame at fixed heights
above the fuel-cup rim. Tests with gases of known
scattering cross sectid@8] provided the calibration
factors for the optical system.

An uncertainty analysis was performed, consisting
of calculation of individual uncertainty components
and root-mean-square summation of components. All
uncertainties are reported egpanded uncertainties
X =+ ku., from a combined standard uncertainty (es-
timated standard deviation). and a coverage fac-
tor k = 2 (confidence level 95%). Likewise, when
reported, the relative uncertainty t&./X. The ex-
panded relative uncertainties for the experimentally
determined quantities in this study are £@ol-
ume fraction, 4%; and inhibitor volume fraction for
organometallics, C&Br, and Bp, 5, 2.7, and 2.0%,
respectively.
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4. Numerical model

A time-dependent, axisymmetric mathematical
model known as UNICORN (unsteady ignition and
combustion using reactions) was used for simula-
tion of the cup-burner flames. This model solves the
two-dimensional equations of momentum, continu-
ity, enthalpy conservation, and species conservation.
The body-force term due to gravity is included in the
axial-momentum equation. A clustered mesh system
is employed to trace the gradients in flow variables
near the flame surface. The kinetic mechanism con-
sisted of a hydrocarbon mechanism from GRI-V1.2
together with an iron-species submechanj8in The
rate of the reaction Cgl+ H + M — CHg + M
was changed from the GRI value to that of Warnatz
[29], since it yielded better agreement with exist-
ing experimental data for both counterflow diffusion
flame extinction[30] and co-flow jet diffusion flame
blowoff [31]. The thermophysical properties such as
enthalpy, viscosity, thermal conductivity, and binary
molecular diffusion of all of the species are calcu-
lated from polynomial curve fits. Mixture viscosity
and thermal conductivity are then estimated using the
Wilke and Kee expressionf82], respectively. Dif-
fusion velocities are calculated based on Fick's law.
For each species, an effective diffusion coefficient in
the local mixture is calculated using mixture rules
and the binary diffusion coefficient for each diffusion
pair [33]. A broadband radiation mod¢B4] based
on the assumption of optically thin media was in-
corporated into the energy equation. Only radiation
from CHg, CO, CQ, and HO was considered in
the present study. (Note: we did not include radiation
from and chemical reaction of particles, however, tra-
jectory calculations for them are described below.)
Details of the numerical solution technique as well as
the boundary conditions are the same as described in
earlier publication$35].

The capabilities of the numerical model were val-
idated through comparisons with experimental data
for both counterflow and co-flow diffusion flames.
For the methane—air counterflow flames, the global
extinction strain rate calculated using the present two-
dimensional, time-dependent code with the adopted
kinetic mechanism was 640-38, compared to the
experimental value of 61& 40 s [9]. (Note:

A known problem with comparing experimental re-
sults of counterflow jet diffusion flames with the re-
sults of 1-D calculations is that the actual boundary
conditions in the experiment are intermediate be-
tween the modeled plug flow and potential flow inlet
conditions[36]. With the present 2-D code, however,
the upstream boundary conditions on the fuel and ox-
idizer flows are accurately modeled, and the usual
interpolations done with the 1-D calculated results
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Table 1

Blowoff volume fraction for CQ Xco,,ho in @ methane—air cup burner with and without added Fe¢@DLR;Br in the air or
fuel stream

Catalytic Xinh Inhibitor Xco,,bo % reduction
inhibitor location (%) in Xco,,bo
None — — 157 +£0.6 0

Fe(CO} 450 pL/L In air 141+06 96+0.5
Fe(CO} 924 /L In air 135+0.5 135+0.8
Fe(CO} 450 pL/L In air w/1% CH, 140+06 107+ 0.6
Fe(CO} 450 pL/L In fuel 154+0.6 13+01
Fe(CO} 4500 pl/L In fuel 152+06 26+0.2
CR3Br 1.3% In air 44+0.2 720+4.1
CR3Br 11.0% In fuel 87+0.3 442+25

are not necessary.) Code validation has also been per-since a correlation between the flame-inhibiting be-

formed in co-flow diffusion flames. In previous work,
the calculated co-flow air velocity required to pro-
duce flame lift-off was approximately 0.8/ (for a
methane jet velocity of 1.7 ps) [31], while the ex-
perimental value was 0.76 f8[37]. In recent work
with cup-burner flames, the volume fraction of €0
required for flame blowoff was calculated to be 14.5
or 16.5% (with the above-mentioned changes in the
CHg reaction kinetics parameters) and measured to
be 157 + 0.6% [35], while for the chemically acting
agent CREH, these values were 10.1 and 1% 0.8%
[38]. The code was also able to reproduce both the
flame-tip flicker frequency and the flame-base os-
cillation. These results illustrate the present model's
ability to predict flame extiguishments for a variety
of configurations and agents.

5. Experimental results

In the first tests, the amount of GQequired for
suppression of the cup-burner flame was determined
with Fe(CO} added to either the air or methane
stream.Table 1summarizes the results. The top line
shows that for C@alone, the volume fraction of CO
in the air stream for blowofX ¢, po is 157 £ 0.6.

The next two lines show that addition of Fe(GQd
the air stream at relatively high volume fractions (450
or 924 pL/L) causes only a. 8+ 0.5 or 135+ 0.8%
reduction inXco,,ho- If we add 1% CH to the air
stream to change the flame location and hence the
scalar dissipation rate, the reductionXgo, po With
addition of 450 pl/L of Fe(CQO} is slightly greater,
but still only about 107 +0.6%. Likewise, addition of
Fe(CO} to the fuel stream at either 450 or 4500/l
causes only a.3+0.1 or 26+ 0.2% reduction in the
amount of CQ required for blowoff. These results are
quite different from those in either premixed or coun-
terflow diffusion flames, for which Fe(C@js a very
strong inhibitor[2—5,8] These results are surprising,

havior of additives in premixed flames and that in
diffusion flames has been discussed repeatedly in the
literature[39-48]

The agent CEBr is also a strong catalytic rad-
ical scavenging agent. As a test of the validity of
the present approaciXco, ho Was determined with
CR3Br added to either the fuel or the air stream at a
volume fraction, which would halve the burning ve-
locity of a premixed flame. These results are shown
at the bottom ofTable 1 In contrast to the results
with Fe(CO}, addition of CRBr to either stream has
alarge effect orX co, ho, @ reduction by a factor of 2
to 3. Clearly, CEBr and Fe(CQj behave differently
in the cup burner with respect to their ability to reduce
the CQ requirement for blowoff.

The results inTable 1may lead one to conclude
that although Fe(C@)is highly effective in premixed
flames, it has little effect in cup-burner flames. Con-
ducting cup-burner blowoff tests with added gfor
a continuous range of concentrations of Fe(GOin
the air stream, however, shows that Fe(§@jes, in
fact, inhibit the flame quite strongly (although much
less than expected based on premixed and counterflow
diffusion flame results}ig. 1shows the volume frac-
tion of CO, required for blowoff as a function of the
initial volume fraction of the catalytic inhibitor in the
air stream (prior to C@addition). Data are presented
for Fe(CO}, as well as for the organometallic agents
TMT and MMT. For comparison, tests were also per-
formed for Bpr and CRBr. For blowoff of these
methane—air flames, pure @@ required in the air
stream at a volume fraction of 5+ 0.6%, whereas
CR3Br, a catalytic agent, is required at42t 0.1%.
Moreover, agrig. 1 shows, adding C§Br at volume
fractions below the blowoff value greatly reduces the
amount of CQ required for blowoff. For example,
adding half of the blowoff value of C§Br reduces the
amount of CQ required by 70%. The curvature in the
line for CRBr in Fig. 1lindicates that, as described
previously[15], the combination of CgBr and CQ
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Fig. 1. Volume fraction of C@required for methane—air cup-burner flame bldwsfcatalytic inhibitor volume fraction, GiBr,
Bro, Fe(CO¥, TMT, MMT, or a blend of the last three. The boxed region in the upper left is expanded in the inset, and in it, the
data for the MMT, Fe(CQy), and TMT blend are plotted as a function of the MMT volume fraction.

is synergistic; that is, when combined, less of each is
required for blowoff than one would expect based on
a linear interpolation of the individual results.

The inset taFig. 1 shows the data for the organo-
metallic agents in more detail and indicates that at
low volume fraction, the organometallic agents are
actuallymore effective than CEBr. For the sequence
CF3Br, TMT, Fe(CO}, and MMT, the relative mag-
nitudes of the slopes of the curves (at low volume
fraction) are 1, 2, 4, and 8, so that Fe(G@ about
four times as effective as GBr. While this perfor-
mance is noteworthy, it is far less than was observed
in premixed flames or counterflow diffusion flames,
for which the benefit was one to two orders of magni-
tude for Fe(CQy as compared to GIBr. Also, the rel-
ative performance of Fe(C@and MMT is switched,
with Fe(CO} about twice as effective as MMT in
premixed flames, while the opposite is true for the
present cup-burner flames. Especially apparent in the
inset toFig. 1is that the curves for each of the three
agents, TMT, Fe(C@) and MMT, all have a decreas-
ing slope as their volume fraction increases. This be-
havior is similar to that in premixed and diffusion
flames in which the loss of effectiveness was shown
to be due to condensation of active species.

In previous work it has been argued that to ob-
tain good performance by the supereffective agents,
it might be possible to add small, noncondensing
amounts of several catalytic agents together with an
inert agent[10]. We tested this claim by adding a

blend of the three catalytic metals MMT, Fe(GQ)
and TMT to the air stream and then findiXg o, po.

The bottom curve in the inset Eig. 1showsX co, bo

for such a blend. MMT, Fe(C@) and TMT are
present in the molar ratio 1:2.1:15.5, and the curve
is plotted as a function of the MMT volume frac-
tion. Note that at the test point of the highest volume
fraction, the three agents are added at 200, 420, and
3100 pL/L, respectively. (These values were selected
since the individual curve for each agent is roughly
linear up to these volume fractions; i.e., they have
not yet drastically lost their marginal effectiveness.)
As shown, the agents do work together to reduce the
amount of CQ required for blowoff, and, up to the
maximum volume fractions added, the blend does not
drastically lose its effectiveness. Amazingly, however,
with addition ofthree catalytic inhibitors,each at a
volume fraction which would easily reduce the over-
all reaction rate in a premixed flame by a factor of 4,
and each used below the volume fraction at which the
agent alone starts to have greatly reduced effective-
ness, the combination still reduces the amount 05 CO
required for blowoff by only 25%.

Addition of the metallic agents containing Sn, Mn,
and Fe to the cup-burner flame leads to the forma-
tion of particles in the flow. Bandpass filters were
used to verify that the visual emission, which occurs
both inside and outside the blue flame region (from
peak CH emission), was graybody rather than due to
atomic transitions. Nonetheless, to more accurately
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Ht. Above Burner (cm)

Ht. Above Burner (cm)

=20 -15 -10 -5 0 5 10 15 -20 -15 -10 -5 0 5 10 15
Radial Position (cm) Radial Position (cm)

Fig. 2. Scattering cross section for laser light at 488 nm Fig. 4. Scattering cross section for laser light at 488 nm
as a function of radial position and height above burner in as a function of radial position and height above burner in
methane—air cup-burner flame with 8% g£&nd Fe(CQJ in methane—air cup-burner flame with 8% &and Fe(CQj in

air at specified volume fraction. Dotted lines show flame lo- ~ air at specified volume fraction. Dotted lines show flame lo-
cation from a digitized video image of the uninhibited flame. ~ cation from a digitized video image of the uninhibited flame.
Fe(COj in air at 100 pL/L. Fe(CO} in air at 325 pl/L.

Ht. Above Burner (cm)
Ht. Above Burner {cm)

0 45 -0 s 0 5 1o 15 —2|0 —1I5 —1|0 5 tln 5 1Iu 15
Radial Position (cm) Radial Position (cm)

Fig. 3. Scattering cross section for laser light at 488 nm Fig. 5. Scattering cross section for laser light at 488 nm
as a function of radial position and height above burner in as a function of radial position and height above burner in
methane—air cup-burner flame with 8% &€énd Fe(CQOj in methane—air cup-burner flame with 8% &£&nd Fe(CQOj in

air at specified volume fraction. Dotted lines show flame lo-  air at specified volume fraction. Dotted lines show flame lo-
cation from a digitized video image of the uninhibited flame.  cation from a digitized video image of the uninhibited flame.
Fe(COj in air at 200 pl/L. Fe(COj in air at 450 pl/L.

detect the particles, we conducted laser-scattering ex- The agent Fe(C@)was added at 0, 100, 200, 325,
periments in the cup-burner flames with and without and 450 pl/L to the air stream, which was then com-
added Fe(CQ@) The scattering measurements were bined with the CQ. Figs. 2 to Soresent radial profiles
made on several horizontal paths across the flame at of the scattering cross section (arbitrary but consis-
fixed heights above the fuel-cup rim. Although pure tent units) at heights above the burner rim of 3, 6, 10,
methane—air cup-burner flames are unsteady, flicker- 15, and 20 mm. Also shown in each figure is the lo-
ing at about 10 Hz with a large amplitude, flames with  cation of the peak visible emission, obtained from a
sufficient added C@ are steady, nearly nonflicker-  digitized video image of the flame with 0 L of

ing, and nonsooting. Hence, scattering measurements Fe(CO}. Since the oxygen demand of the Fe(gO)
in cup-burner flames with Fe(C®pndded to the air in the oxidizer stream at 450 I{L is about 0.6%
stream were performed with a GQolume fraction that of the methane, the flame location should not be
of 8% in the total oxidizer stream flow. This approach significantly modified by the presence of this fuel-
was reasonable since the blowoff tests were also con- like agent in the co-flowj49]. In Figs. 2 to 5 the
ducted with appreciable volume fractions of €O peak scattering signal detected is 1.1, 4.7, 12.7, and
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255 x 1076 (cm-sr)™1, respectively, which is 50,
209, 559, and 1660 times the scattering signal for air
under laboratory conditionsnlall cases, the presence
of particles is clearly indicated, and the magnitude
of the scattering signal increases with the Fe(€£0)
volume fraction in air. For each value &fnp, the rel-
ative distribution of the particles for each height and
radial position is approximately conserved. Particles
are present both inside and outside, but not coinci-
dent with, the visible flame location. Flames without
Fe(CO} (not shown) had scattering cross sections
attributable to only the hot and cold product and reac-

tant gases; i.e., no scattering from soot was detected.

The slight radial asymmetry in the scattering data of
Figs. 2 to 5may occur from burner asymmetry, i.e.,
from imperfections in the glass burner cup or the glass
beads it contains or slight off-center location of the
flow-straightening screens (which sometimes shift ra-
dially by up to 1 mm during the experiment).

6. Numerical results

The numerical model is able to predict many fea-
tures of the flame, including the temperature and
species concentration profiles and the fluid velocity
vectors as a function of time and position. For ex-
ample,Fig. 6 shows the blowoff condition predicted
by the model. Two-dimensional color maps of the
temperature are presented for 10% £&nd 0.011%
Fe(COy in oxidizer (left) and 10% C@and 0.012%
Fe(COy in oxidizer (right). The figures indicate that,
unlike counterflow diffusion flames, for which the ex-
tinction occurs essentially globally, cup-burner flames
blow off due to a localized disruption of the stabi-
lization. For the conditions of the figure, the model
predicts that the cup-burner flame will blow off when
the Fe(COg volume fraction is 0.014%.

The blowoff condition for various methane/air/
COo/Fe(CO} flames was determined with the nu-
merical model. The time-dependent calculation is run
for separate cases involving increasing volume frac-
tions of the inhibitor in the air stream. At some spe-
cific value of the inhibitor volume fraction, the flame
detaches from the burner, drifts downstream, and exits
the computational domain. This is the blowoff vol-
ume fraction. The model predicts a blowoff volume
fraction of 1400 pl/L for the case of Fe(C@)alone
(i.e., no CQ) in the air stream of the cup burner.
As described above, experiments with Fe(g&dded
to pure methane—air cup-burner flames were not con-
ducted since flames with such high volume fractions
of Fe(CO} would clearly be expected to lead to
strong condensation of the iron-containing intermedi-

ates. Instead, experiments and calculations were per-

formed to determine the effect of increasing levels
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Fig. 6. Two-dimensional mapf calculated temperature in
cup-burner methane—air flames with 10% £i@ the oxi-
dizer stream, and (a) 0.011 and (b) 0.012% Feg3@)ume
fraction in the air stream, illustrating the blowoff phenom-
enon.

of Fe(COyj in the air stream on the volume fraction
of CO» required to produce blowoffFig. 7 shows
the experimental data (frorRig. 1) for Fe(CO} to-
gether with those predicted from the numerical cal-
culations. As the figure shows, the numerical results
show much stronger initial inhibition of the flame (at
low Fe(CO} volume fraction), as well as a much
smaller loss of effectiveness (flattening out of the
curve) for increasing Fe(C@)olume fractions. Pos-
sible reasons for these discrepancies are discussed in
detail below.

7. Discussion

7.1. Comparative inhibitor effectivenessin different
flames

The variation in the performance advantage of the
chemically acting inhibitors relative to other agents,
and how it varies with the flame metric used to as-
sess performance, can be investigated furtherTaee
ble 2. The agents, listed across the top, areoCO
CR3H, CR3Br, Brp, TMT, MMT, and Fe(COg, which
represent an increasing degree of interference in the
flame chemistry as the dominant mode of flame inhi-
bition. As for the flame metric to assess agent effec-
tiveness, we consider premixed, counterflow diffusion
and co-flow diffusion (cup-burner) flames. With the
premixed flames, an often-used metric is the amount
of inhibitor needed to reduce the flame speed of sto-
ichiometric flames by 30% (which corresponds to a
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Table 2

Performance advantage of chemical agents as compareda€iy various flame metrics

Inhibition metric Xco, Performance of this agent, relative to €Xco,/ X;)

(%) CRH  CRBr  Brp TMT  MMT  Fe(CO)  Fe(CO}

(calc)

Premixed flames

X; for 10% red inSy, 1.36 24 6.8 502 26 360 660

X; for 30% red inSy 461 20 85 978 25 351 698

X; for 45% red inSy, 7.78 20 9.6 22 294 622

Counterflow diffusion flames

X; for extinction ata =550 st 1.30 3 7 245 406

X; for extinction ata =490 si 211 17 50 127 301

X; for extinction ats = 430 s°1 2.75 13 4.0 62 250

X; for extinction atz = 300 s'1 383 09 56

X; for extinction ata = 80 s°1 138 54

X; for extinction ats =50 71 17.0 46

Cup-burner flames

X; for blowoff 157 14 6.4 102 116

X; to achieve a 10% reduction in .a 25 146 36 34 113 49 454

COy, required for blowoff
Source. Data from Ref§2,4-6,51-55]
@ Br, premixed flame data are farhexane—air flame at = 0.95.
factor of 2 reduction in overall reaction ratg]. We the volume fraction of agent required to reduce the

adopted this value, but also determined the amount of CO» required for blowoff by 10% (since this allows us
agent necessary to achieve a 10% and a 45% reductionto assess the potential of blends of catalytic and inert
in flame speed. Similarly, for counterflow diffusion  agents). For each flame metri@ble 2shows the per-
flames, we determine the amount of agent required to formance of each agentrelative to CQ (Xco,/X;
achieve extinction at global strain ratg] of 550, for the same amount of inbition). The values of
490, 430, 300, 80, and 50°8. For the co-flow dif- the agent volume fraction required were determined
fusion flames, we determine the volume fraction of from curve fits to the experimental data provided in
pure agent necessary to cause flame blowoff and also Refs.[2,4-6,51-55] For reference, the volume frac-
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tion of CO, used in the normalizations is listed in
the second column of the table. For example, at 30%
reduction in the flame speed requires a LL@l-
ume fraction of 4.61%, and a 10% reduction in the
amount of CQ required for flame blowoff of the
cup burner requires 1.8%=((0.1- 15.7%)/(1-09 -
0.157), where the additive volume fraction is based
on the air only).

In Table 2 the roles of both residence time in the
flame and the chemical activity of the agent are il-
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high volume fractions of agents required, condensa-
tion of metal species and poor performance were ex-
pected. As additives to reduce the amount of,CO
required to cause blowoff, however, these three agents
are performing better than in the co-flow diffusion
flames. Similar results hold for BrThese results are
consistent with the enhanced performance of catalytic
agents in the presence of an inert compound as de-
scribed in Refs[10,12-16] This was not the case,
however, for MMT and Fe(C@) which both had

lustrated. For example, across each row, the residence much poorer performance relative to €@ the di-

time is approximately constant. That is, for each row,
the premixed flame speed is constant, or the counter-
flow diffusion flame global strain rate is constant, or
the fuel and oxidizer flow rates in the cup-burner dif-
fusion flames are constant. Hence, the relevant flow
times are nearly constant for each row, and for these
metrics, the flow time matches the chemical time un-
der these conditions. Across each row, the table shows
the performance advantage of that agent oves G®

der the condition of the same residence time; going
down the rows typically shows the effect of increas-
ing residence time. As described in REF6], corre-
spondence has been illustrated between the low-strain
(50 s71) counterflow extinction values and the cup-
burner blowoff values for heptane—air flames with hy-
drofluorocarbons or GIBr added to the air stream.
For this reason, low-strain results available for £O
and CRBr in methane—air flamg&5] are also listed

in Table 2at strains of 50 and 80°¢.

In premixed flames (the first three lines d&-
ble 2), the radical-trapping agent GH is only about
twice as effective as the thermally acting agent,CO
while the catalytic agents GBr, and Bp are about 5
to 10 times as effective, and the catalytic metal agents
TMT, MMT, and Fe(COj are 25 to 700 times as ef-
fective. Their effectiveness at the different residence
times of these premixed flames varies by at most a
factor of 2. In the counterflow diffusion flames, the
agents CEH and CRBr have reduced marginal ef-
fectiveness at higher strain (lower residence time)
[53], which drops off faster than that of GJ51]
for CRsH, but at about the same rate for §B%. For
Fe(COy, in the counterflow flames, the performance
advantage over Cgdrops by a factor of 4 as the strain
rate drops by only 20%. This has been described as
being due to longer residence times for particle for-
mation which occur in the lower-strain counterflow
diffusion flameq27,57]

For causing the blowoff of the cup-burner diffu-
sion flames, the performance advantages o§tGF
CF3Br, and Bp over CG are about the same (gen-
erally about 30% of their advantage over £
premixed and counterflow diffusion flames). As de-
scribed above, tests were not performed for pure
organometallic agents in the cup burner since for the

luted cup-burner flames, as compared to their perfor-
mance in the premixed flames. Since unwanted fires
may most closely resemble cup-burner flames, it is
of interest to explore why these very effective agents
were not very effective in the cup burner—even when

added at low volume fraction.

One approach to investigating the deviation (low-
ering) in the performance index for Fe(GOpr the
counterflow and co-flow diffusion flames as com-
pared to the premixed flame metrics is to use the nu-
merical model to estimate the performance that would
have occurred in the counterflow and co-flow diffu-
sion flames in the absence of condensation of inter-
mediate species. To do this, we apply the gas-phase-
only numerical model to predict the blowoff condition
for the cup-burner and extinction of the counterflow
flame. The results are shown in the last column of
Table 2 As the table shows, the variation in the per-
formance advantage over G@& much greater in the
gas-phase-only calculation than in the experiments,
and is much closer to that for the premixed flames. For
cup-burner flames, the performance relative tooCO
is again higher in the calculated case than in the ex-
periment for the amount of agent to achieve a 10%
reduction in the required Cfor blowoff. These re-
sults illustrate that withouthe loss of effectiveness
(attributable to condensation) the performance advan-
tage of these agents predicted by the numerical cal-
culations is fairly consistent across flame types and
degree of inhibition in each (note that the numeri-
cal model predicts the premixed flame results well for
flame speed reductions below 458}).

7.2. Cup-burner performance of metallic agents

Performance of Fe(C@)n the cup burner can be
evaluated through examination of the numerically cal-
culated flame structur&ig. 8 shows the temperature
field (color scale) and velocity vectors for cup-burner
flames with 10% C@ in the oxidizer stream with
(left) and without (right) Fe(CQ) added at a vol-
ume fraction of 100 pfL in the air. The flame with
Fe(COy is shifted significantly downstream com-
pared to the flame without, allowing appreciable flow
of the agent-laden oxidizer stream into the fuel side
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Fig. 8. Calculated temperature (color scale) and velocity vectors (arrows) for methane—air cup-burner flame with an oxidizer

0 5

stream CQ volume fraction of 10%, with (left) and without (right) an added Fe(§@lume fraction of 100 pJL.

of the flame base. The temperature of this stream is atures, while Fe(OH)is favored at lower tempera-

also relatively low,< 600 K. As shown irFig. 9, this
allows significant amounts of Fe(C&jo flow into

the fuel side prior to decomposition, easily reconcil-
ing the large scattering signal both inside and outside
the peak temperature region of the flame.Ag. 9
also shows, the Fe(C@j¥tarts to decompose at a rel-
atively low temperature< 500 K). As illustrated by
reactions(1) to (3) above, the significant species for
the cycle of flame inhibition by iron compounds are
FeO, FeOH, and Fe(OK) The volume fraction of
FeOH is shown irFig. 9, while those for OH, Fe, and
Fe(OHY are depicted irFig. 10 Note that the vol-
ume fraction profile for FeOH mimics that of FeO,
but since its thermodynamics has a lower tempera-
ture sensitivity{6], the volume fraction contour has a
wider profile. As shown, Fe(OH)ends to be located
outside the region of peak temperature, while OH, Fe,
and FeO tend to be within that region. For OH, this
occurs since this is where the high-activation-energy
chain-branching reactions are occurring. For Fe, FeO,
and Fe(OH), their distribution is determined primar-
ily by equilibrium thernodynamic consideratiorjé]:

Fe and FeO, and FeOH are favored at high temper-

tures. For Fe(OH), volume fraction is also lowered
near the locus of peak temperature due to reaction
with H atoms.

As shown inFig. 6, an important feature of cup-
burner flames is that the destabilization (blowoff) phe-
nomenon is different from the global extinction of a
counterflow diffusion flame. In a previous pajjg8],

a region of peak reactivity (the reaction kernel) which
formed in the flame base region was found to be re-
sponsible for the flame stdization and destabiliza-
tion, and this reaction kernel is at a much lower tem-
perature ¢ 1550 K)[31] than either the downstream
region of the flame 1800 K), or other flames
such as premixed or counterflow diffusion flames.
This unique feature of the cup-burner flame struc-
ture and blowoff process has the consequence of po-
tentially greater condensation of intermediate metal-
containing species with subsequent loss of effective-
ness. Another result is that manganese could be more
effective at lower temperatures. Examination of the
equilibrium volume fractions of iron- and manganese-
containing species in hydrocarbon systems presented
in Ref. [6] reveals that the equilibrium volume frac-
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Fig. 9. Methane—-air flame with Cand Fe(CQj volume fractions of 0.10 and 100 JAL in the oxidizer stream. (Left) Fe(C@)
volume fraction (color scale) and temperature contours; (rigintperature (color scale) and contours of FeOH volume fraction

inpL/L.

tions of important intermediate species for the man-
ganese system (MnO and MnOH) are favored over the
equivalent species in the iron system (FeO and FeOH)
when evaluated at 1550 K as compared to 1800 K.
Further, the species Mn(Obl) which is required at

a relatively high volume fraction for effective inhi-
bition, becomes increasingly favored at lower tem-
perature, removing the bottleneck for Mn inhibition,
which occurs near 2000 K. This can reconcile the su-
perior performance of MMT over Fe(C©jin the cup
burner (lower temperature) as compared to that in pre-
mixed flames.

Although the orgaometalliccompoundsare ef-
fective at reducing the amount of G@equired for
cup-burner blowoff as compared to g8, their rela-
tive performance is drastically poorer than one would
expect based on their behavior in premixed flames,
and it is of interest to try to understand why. Two

alytic cycles is defined as a state in which the chain-
carrying flame radicals have already been reduced to
near-equilibrium levels, so that additional catalytic in-
hibitor has no further benefit. This explanation of the
lack of effectiveness is deemed to be unlikely, based
on two results shown iifrig. 1 those for Bp, and
those for the blend of MMT, Fe(C@)and TMT. The
experiments with Br were designed to test the action
of a catalytic agent without the confounding effects
of condensation of inhibiting species. Further, it is
an improvement over tests with @Br for this pur-
pose, since CBr, because of its carbon content and
use at relatively high volume fraction-(2%), can
have fuel-like behavior, moving the flame location,
changing the scalar dissipation rate, and affecting the
blowoff condition. Bromine, added at half the vol-
ume fraction, and having no reducing species, does
not have a fuel effect. A§ig. 1 shows, the curve

possible causes of the loss of effectiveness are the for Bro is linearly decreasing in the region where
same as were discussed previously for premixed and the other curves are starting to flatten out—that is,

counterflow diffusion flames, namely, (1) saturation
of the catalytic cycles and (2) condensation of ac-

tive gas-phase species. The saturation of the cat-

it keeps working, implying that radical depletion is
not the cause of the loss of effectiveness of the metals
(otherwise, By would stop working at about the same
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Fig. 10. Calculated volume fractions (yL) of (left) Fe(OH), (color scale) and OH (contours); (right) FeO (color scale) and Fe
(contours).

value of Xc, ho)- Note that although catalytic radi-  ratio of [H] to [H]equil is about 2500, clearly indicat-
cal recombination cycles can be more or less effective ing that the radicals have not approached their equi-
in certain temperature regimes due to inhibition reac- librium levels, so that the loss of effectiveness must
tion thermodynamic$13,59], the iron cycle tends to be caused by another effect.

work over a wide range of temperatures; its effective- Condensation to particles is more likely the cause
ness varies primarily with the location of the radicals of the degraded performance of the metal agents. Ev-
to recombing60]. Hence, if it were saturated, the rad-  idence to support this is that the approximate agent
icals would be at equilibdm levels tmoughout the volume fraction for the loss of effectivenesk;, at
flame, and other catalytic agents (such as those con- the peak magnitude of the second derivative in the
taining Br) which only work in certain regimes would  curves inFig. 1) is an order of magnitude higher for
still not work. The data for the blend of metallic in- TMT (4000 uL/L) than for the iron or manganese
hibitors show a similar result. If each of the agents (400 pL/L) (as occurs in premixed flamef§)], which
added alone was losing its effectiveness due to radical is consistent with the higher vapor pressure for the tin
depletion, adding a second (or third) catalytic agentto compounds. Also, the manner in which Fe-, Sn-, and
the mix would not provide additional inhibition (since  Mn-containing compounds lose their effectiveness in
radicals would already be reduced to their equilibrium premixed flameg6] is comparable to that indicated
levels). In the bottom curve of the inset Eg. 1, in Fig. 1 Finally, a visible outer annulus, apparently
however, the blend of all three agents clearly shows particles, was observed in all flames with added met-
additional inhibition over MMT alone, providing evi-  als, and the blackbody radiation from that region in-
dence against saturation of the radical scavenging by creased with higher agent volume fraction. Separate
the metals. Finally, the numerical results for flames laser-scattering measurements verified the presence
with increasing amounts of Fe(C&in the air stream of particles near the reaction zone, and these parti-
can be examined to determine the H-atom superequi- cles increased in size/number density as the volume
librium. For flames with 100 ptL of Fe(CO}), the fraction of Fe(COg increased.
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7.3. Particle formation

The potential for particle formation is investigated
by examining the vapor pressure of the condensed-
phase metal species that can form in the flafig. 11
shows the equilibrium volume fraction of the gas-

ture. Fig. 12 (top) shows the volume fraction of the

important iron-containing intermediates as a function
of radial distance from the burner centerline, for a
height above the burner of 4.8 mm (which corre-
sponds to the location of the stabilization region, or
reaction kernel), for a methane—air cup-burner flame

phase species over the condensed phase species (awith 10% CQ and 100 pl/L of Fe(CO} in the oxi-

atmospheric pressure) for Fe, Mn, Sn, FeO, MnO,
SnO, Fe(OH), MnO,, and SnQ@ from Ref. [61].
(Note: although of interest, condensed-phase thermo-
dynamic data for FeOH, FeQand Mn(OH) are not
available.) Clearly, for this temperature range (300 to
2000 K) and these species (added at a volume frac-
tion of up to 103), the potential for condensation
exists, and the characteristics of the specific metal in-

dizer stream. The major iron compounds in the region
of peak temperature (which also corresponds with the
location of peak chain-carrying radical volume frac-
tion) are Fe(OH), Fe®, FeOOH, and FeOH. In-
terestingly, the volume fractions of the first three of
these dip in the region of high radical volume frac-
tion, likely due to the reaction of these species with
the radicals (as described previously in R@f. for

termediate species are expected to have a large effectFeG, and Fe(OH)).

on the condensation behavior. A prominent feature in
the figure is the large variation in the vapor pressure
(3 to 5 orders of magnitude) for the temperature re-
gion of 1500 to 2000 K, which is the temperature
range of interest for radical-branching reactions in hy-
drocarbon flames. That is, reasonable variations in the
temperature of the stabilization region between flame
types will have big effects on the condensation behav-
ior.

To assess which species are more likely to con-
dense, it is necessary to examine not only the va-
por pressure, but also the local volume fraction of
the species in the flame. For the flames inhibited
by Fe(COy, the local volume fractions can be esti-
mated from the numerically calculated flame struc-

The bottom part ofig. 12 shows the supersatu-
ration ratioS; (the ratio of actual volume fraction of
species to the saturation volume fraction at the local
temperature) for Fe, FeO, and Fe(QHAs described
by Frurip and Bauef62], who studied Fe particle for-
mation, values ofS above a critical values; . are
likely to lead to condensation. For the temperatures
of 1600 and 2200 K, they found; . to be 10 and
1000, indicating that a high supersaturation was re-
quired for particle formation. ABig. 12shows,SFeo
is about 18 near the point of peak temperature, but
rises to over 1@just outside that region, clearly indi-
cating a condensation potential, which is higher out-
side the region of peak temperature than within. Sim-
ilarly, Sgeis also higher outside the high-temperature
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Fig. 12. (a) Calculated iron-containing and major species volume fragtjoas a function of radial position at a height above

the burner of 4.8 mm (corresponding to the location of the readt@nel in the flame base); and (b) the supersaturation ratio,
S;, for Fe, FeO, and Fe(OHl)

region than within (18 vs 1d). Nonetheless, the vol-  higher likelihood (i.e., lowers;) for re-evaporation
ume fractions of both of these species in the reaction at the radial location near the peak temperature (al-
kernel are low € 1 pL/L), so the potential for signif- though itis not possible to discern this effect from the

icant particle formation is also low, but the analysis contours inFigs. 2-5.

reveals the potential for condensation and subsequent ~ While it is desirable to conduct a similar analysis
re-evaporation in the higher temperature region. Most for other gas-phase iron-containing species that might
significant is the curve for Fe(Obl) which has val- condense, we were unable to find vapor pressure data
ues of S between 104 and 1¢ in the temperature for FeOH, FeOOH, and Fedall of which are major
range 800 to 1700 K. Since this species accounts for iron-containing species within the high-temperature
more than half of the iron in the flame, it is likely to  reaction zone). Nonetheless, the present analysis re-
condense. Similar analyses were performed at a lo- veals that condensation of iron-containing species and
cation further downstream (10 mm) in the flame, a their re-evaporation may account for the lack of par-
region relatively removed from the stabilization re- ticles in the high-temperature region of the flame, as
gion. There, the effect of the higher peak temperature indicated in the experimental datafeifys. 2-5 While

(~ 1800 K) on the vapor pressure leads to wider phys- particles that re-evaporate can deliver the active iron-
ical regions where condensation could occur, and a containing species back into the gas phase where they
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can recombine radicals, it has been found that particle
formation only slightly overlapping with the region of
radical chain branching can affect the inhibitor’s effi-
ciency[11]. Further, particle formation can also lead
to convective entrainment of the particles, which ef-
fectively sequesters them from reaching the reaction
zone of the flam§27].

To interpret the scattering results shown in
Figs. 2-5 it is useful to discuss previous results
of particle measurements in both Bunsen-type pre-
mixed [10] and counterflow diffusion flamef27]
seeded with Fe(C@) A major finding of those stud-
ies was that the formation of particles leads to a
loss of iron from active gas-phase inhibiting species
to the condensed-phase particles, which are much
weaker flame inhibitors. If the characteristics of the
flow field (including thermophoresis) allowed the par-
ticles to remove iron from the system, the active
iron-containing inhibiting species could not reach the
regions of high radical volume fraction, and Fe(GO)
proved to be a poor inhibitor. The main factors found
to affect the particle formation were the local temper-
ature, the Fe(C@)loading, and the residence time
for condensation. At low enough volume fraction,
the iron compounds were below their dew point at
flame temperatures, so they remained effective in
the gas phase. At higher volume fractions, particles
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to condense and less likely to revaporize in the cup-
burner flame. The different flame configurations also
have widely differing flow fields, which will lead to
different residence times for condensation (which has
been shown previously to be an important parameter
for particle formation). For example, the cup-burner
flames likely have much lower strain rates than the
counterflow diffusion flames, leading to much longer
flow-field residence times in the cup-burner flames,
enhancing the potential for condensation.

7.4. Thermophoresis

A possible cause of the relative loss of effective-
ness of Fe(CQ)in cup-burner flames is the forma-
tion of particles followed by flow-field effects which
keep the active species from reaching regions rele-
vant to flame inhibition[63]. To examine the role
of thermophoresis in the present flames, numerical
calculations were performed for a methane—air cup-
burner flame with a C®volume fraction of 10% in
the oxidizer stream. Particles in the free-molecular
regime Kn > 1, in which Kn = Knudsen numbes
[the mean-free paili[the particle radiu§ were in-
troduced into the oxidizer stream at the 800 K
isotherm, and their trajectory in the flame was tracked.
The thermophoretic velocity is given by the Wald-

were formed. Longer residence times were associated mann equatiof64]. Fig. 13shows the particle tracks

with larger particles and greater loss of effectiveness.
This was true for both the premixed flam@®] and

the counterflow diffusion flame®7]. The premixed
flames had the shortest particle-formation residence
times (on the order of 5 ms), and the peak scatter-
ing cross section for all of the flames tested with
200 pL/L of added Fe(CQ)was 16 x 10~ 71/(cm-

sr) (which is 77 times that of room-temperature air).
Some of the counterflow diffusion flame configura-
tions had much larger residence times (on the order
of 50 ms), and also had much larger scattering cross
sections, up to Z x 10-%1/(cm-sr), which is about
the same as the peak value in the present work (for
200 pL/L of Fe(CO)). For those counterflow dif-
fusion flames, virtually no flame inhibition was ob-
served.

A key difference between the premixed and coun-
terflow diffusion flames and the present cup-burner
flames is the lower temperature of the flame stabiliza-
tion region of the cup-burner flame. For example, the
premixed and counterflow diffusion flames of the pre-

for these particles influenced by drag, gravity, and
thermophoretic forces. As the figure shows, near the
flame base, there is some deviation of the particles
both up and down around the reaction kernel; how-
ever, examination of the estimated radial and axial
thermophoretic Vecities shows them to be much less

than the gas velocity. Consequently, as indicated in
Fig. 13 the particles still pass directly into the reac-

tion kernel, so the effect of thermophoresis near this
region is expected to be minor.

8. Conclusions

The first data on the blowoff characteristics of
highly effective catalytic agents added with €@ a
cup-burner flame of methane and air have been mea-
sured. Although such catalytic agents have previously
been found to be very effective in premixed and coun-
terflow diffusion flames, they are surprisingly less ef-
fective in cup-burner flames. The experiments have

vious studies had peak temperatures of 2230 and 1800 shown that for reducing the amount of @@quired

to 2000 K, respectively, whereas in the cup-burner
flames, the temperature in the reaction kernel is about
1550 K. As shown irFig. 11, the vapor pressure of the
important metal-containing intermediates is very sen-
sitive to the temperature in the range 1000 to 2000 K,
indicating that the intermediates will be more likely

for blowoff, the order of increasing performance is
CRsBr, TMT, Fe(CO}, and MMT. Hence, the rela-
tive performances of Fe(C@and MMT are switched
relative to those in premixed flames. Further, a combi-
nation of three organometallic catalytic agents, each
at a volume fraction that should reduce the overall
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Fig. 13. Calculated particle trajectories for free-molecular-
regime particles in a Cit-air flame with 10% CQ in the
oxidizer stream.

reaction rate by a factor of 4, reduced the amount
of COy required for blowoff by only 25%, a result
that was strikingly unexpected. The superior perfor-
mance of MMT as compared to Fe(G{h the cup
burner was explained based on thermodynamic con-
siderations: the volume fractions of the required in-
termediate species in the catalytic cycle are favored
at the lower temperature in the manganese system.
At higher volume fractions, each of the metal-based
agents experienced a loss of effectiveness that is rem-
iniscent of their behavior in premixed flames. In con-
trast, the agent Brwas effective alone or in combina-
tion with COp, with a performance improvement over
CR3Br of about a factor of 2.

The loss of effectiveness of the organometallic
agents is believed to be caused by particle forma-
tion. Laser light-scattering measurements with up to
450 pL/L of Fe(CO) in the air stream and CO
added at a volume fraction of 8% indicate parti-
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cles with a peak scattering cross section 1660 times
higher than that from air. The particles occur inside
and outside of (but not coincident with) the visi-
ble flame location, and the scattering signal goes up
as the Fe(CQ@) loading increases. The vapor pres-
sure of some important metal-containing intermediate
species of Mn, Sn, and Fe was examined. The data re-
veal that the equilibrium gas-phase volume fraction
of these species varies by orders of magnitude in the
temperature range of 1000 to 2000 K, also indicating
the potential role of condensation and the sensitivity
to temperature of the relevant region of the flame.

The first numerical calculations of the flame
structure and blowoff conditions for the catalytic
flame inhibitor Fe(CQ) in cup-burner flames were
performed. The calculated blowoff condition for
methane—air flames with 10% GOand added
Fe(COj, using a gas-phase-only model, predicted
much stronger inhibition ofte flames than observed
in the experiments (a result consistent with that found
previously in counterflow diffusion flames). The cal-
culated flame structure, together with vapor pressure
data for key intermediate species, was used to illus-
trate the potential for particle formation, especially
outside of the peak temperature regions. The numer-
ical model was also used to predict the trajectories
of particles in the flame. The calculations, which in-
clude the effects of thermophoresis (for particles in
the free-molecular regimé&n > 1), indicate that the
particles enter the reaction kernel in the flame base
and that thermophoresis does not significantly mod-
ify their trajectories.

The relative performance of these very power-
ful flame inhibitors has been found to be highly
dependent upon the type of flame configurations
used for the tests, and evidence is presented that the
reasons are the varying condensation behavior and
blowoff-limit phenomena in the different flame types.
Nonetheless, in the absence of condensation, many
of the common measures of flame inhibition provide
similar ranking of agents with respect to an agent’s
performance benefit over GO
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