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Laser light scattering and thermophoretic sampling have been used to investigate particle formation in
counterflow diffusion flames inhibited by iron pentacarbonyl Fe(CO)s. Three CH,-O,-N, reactant mixtures are
investigated, with Fe(CO); added to the fuel or the oxidizer stream in each. Flame calculations that incorporate
only gas-phase chemistry are used to assist in interpretation of the experimental results. In flames with the
inhibitor added on the flame side of the stagnation plane, the region of particle formation overlaps with the
region of high H-atom concentration, and particle formation may interfere with the inhibition chemistry. When
the inhibitor is added on the non-flame side of the stagnation plane, significant condensation of metal or metal
oxide particles is found, and implies that particles prevent active inhibiting species from reaching the region of
high radical concentration. As the inhibitor loading increases, the maximum scattering cross section increases
sharply, and the difference between the measured and predicted inhibition effect widens, suggesting that
particle formation is the cause of the deviation. Laser-based particle size measurements and thermophoretic
sampling in low strain rate flames show that the particles have diameters between 10 nm and 30 nm.
Thermophoresis affects the nanoparticle distribution in the flames, in some cases causing particles to cross the
stagnation plane. The scattering magnitude in the counterflow diffusion flames appears to be strongly

dependent on the residence time, and relatively independent of the peak flame temperature.
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INTRODUCTION

Production of the widely used but ozone-de-
stroying compound CF;Br has been banned,
and there remains a need for alternative fire
suppressants in a variety of applications. Be-
cause some metal compounds have been shown
to be up to two orders of magnitude more
effective than CF;Br at reducing the burning
velocity of premixed flames [1, 2], it is of interest
to understand their mechanisms of inhibition to
determine if there are ways that they might be
used as additives to fire suppressant blends,
particularly for unoccupied spaces.

In previous research, a gas-phase mechanism
for inhibition by Fe(CO)s [3] and ferrocene [4]
was developed, and it predicted the observed
strong inhibition at low inhibitor mole fraction
reasonably well for many test conditions [5]. For
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the premixed flames, the dramatic loss of effec-
tiveness of these iron compounds at volume
fractions above about 100 ppm! was shown to be
caused by the condensation of iron-containing
intermediates, and the subsequent formation of
particles [6] (with particle residence time more
important than peak flame temperature). While
good progress has been made in understanding
the behavior of these compounds in premixed
flames [6, 7], fires are diffusion flames, and it is
important to extend the tests to more represen-
tative conditions.

In recent experimental studies with diffusion
flames [2], Fe(CO); showed strong inhibition
under certain conditions, but almost none under
others. Addition of Fe(CO)s to the oxidizer
stream of a methane-air counterflow diffusion
flame produces a large change in the extinction
strain rate, whereas addition to the fuel stream
yields virtually no effect. In diffusion flame
experiments with diluted fuel vs. oxygen-en-
riched air, subsequent numerical modeling us-
ing a gas-phase mechanism [3] explained only

" All uses of ppm in this paper are on a volume basis and
correspond to uL/L.
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some of the experimental results (e.g., predict-
ing much stronger inhibition for many condi-
tions than was observed in the experiments).
Furthermore, addition of Fe(CO)s to the air
stream of either counterflow diffusion or pre-
mixed flames illustrates a difference in behavior
in the two. In premixed flames, there is a
dramatic change in the inhibition behavior of
the Fe(CO); at about 100 ppm, with the burning
velocity vs. Fe(CO)s mole fraction curve ap-
pearing very steep below 100 ppm, but nearly
flat above that value (the ratio of slopes above
and below 100 ppm is about 100). For counter-
flow diffusion flames, the extinction strain rate
vs. Fe(CO)s mole fraction curve also experi-
ences a large change in slope near 100 ppm, but
the reduction in the effectiveness of the
Fe(CO)s (i.e., the change in slope) is much
milder, about a factor of seven. The goal of the
present work is to understand the role of parti-
cles in the loss of effectiveness of Fe(CO)s in
the counterflow diffusion flames and provide
insight into the shortcomings in the gas-phase
only numerical model.

Counterflow diffusion flames—as compared
with premixed flames—provide a flexible envi-
ronment for inhibitor addition, and conse-
quently have been widely used in studies of fire
suppressant effectiveness [8—12]. In premixed
flames, all of the inhibitor flows directly into the
reaction zone, whereas in counterflow flames,
the amount of the inhibitor that reaches the
flame is dependent upon the location of inhib-
itor addition relative to the locations of the
flame and stagnation plane (as discussed in
more detail below). Building upon the tradi-
tional co-flow diffusion flame experiments of
Simmons and Wolfhard [13], several recent
studies have systematically added chemical in-
hibitors to either the fuel or oxidizer stream of
counterflow flames [10, 14-18]. Additional
studies have also been conducted with agent
addition to either stream but with variable
mixture fraction (i.e., flame location) [2, 19], so
that the inhibitor reaches the main reaction
zone either by convection or diffusion.

Recently, counterflow diffusion flames have
also been used as reactors for particle synthesis.
The studies described in the review of Wool-
dridge [20] are of value to the current study.
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However, since the strain rates in those particle
synthesis flames have typically been between 10
s~ ' and 20 s™! (i.e., 20-30 times lower than in
the current investigation), the resulting shorter
residence times must be considered when com-
paring between experiments.

In this paper we investigate iron-species con-
densation in non-sooting CH,4-O,-N,-Fe(CO)s
counterflow diffusion flames to determine the
effect of particle formation on flame inhibition.
We use laser-light scattering to determine par-
ticle size and location, and thermophoretic sam-
pling for particle morphology. Flame conditions
are chosen to clarify the relative effects of
residence time and peak flame temperature on
particle formation. Calculated flame structures
from one-dimensional gas-phase flame models
assist in the interpretation of the experimental
data and provide insight into the particle forma-
tion processes.

EXPERIMENT

The counterflow burner system has been de-
scribed previously [2, 21]. The fuel and oxidizer
tubes (22.2-mm diameter) are separated by 11
mm, and there is a nitrogen shroud flow from a
concentric cylinder (51-mm diameter) around
the bottom (oxidizer) jet. The burner produces
a non-sooting flame with a flat region in the
center. The strain rate a (the derivative of the
velocity with respect to the axial position) is
approximated from the outer flow jet exit veloc-
ities as a = 2|V,|/LYA + |Vi|Vpg
|V,|Vp,), where L is the jet separation dis-
tance, V; is the velocity of gas i (F = fuel, O =
oxidizer), and p; is the density of gas i [22]. The
jet exit velocities are chosen so that the momen-
tum of the two streams is balanced at all values
of the strain rate; that is, pzV7 = p, V2. Iron
pentacarbonyl is added to the flames by divert-
ing part of the nitrogen (or methane) stream to
a two-stage saturator maintained in a bath at
17°C to 21°C, held to within *=0.5°C. The gas
flow control system and tests to verify carrier
gas saturation by Fe(CO)s have been described
in a previous publication [5], and the optical
system has been described in a related paper
covering particle measurements in premixed
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flames [6]. The laser-based measurements are
made along a vertical profile at the centerline of
the fuel and oxidizer tubes, and the scattering
calibration is performed with blends of CH, and
N, (scattering cross sections of 18.68 x 10728
cm? and 8.69 X 1072® cm? at 488 nm, respec-
tively [23]). The path length for the laser extinc-
tion measurements (effectively doubled by a
retro-reflection technique [6]) is (4.4 £ 0.4) cm.

Data Reduction

The optical detection system measures the laser
light scattered by molecules and particles at the
beam waist and the attenuation of the laser
beam through the flame. Combined with the
calibration data, these measurements provide
the scattering cross section for vertically polar-
ized light Q,,, and extinction coefficient k,,,, and
allow calculation of particle diameter, volume
fraction, and number density. In terms of the
measured quantities, the scattering cross section
and extinction coefficient are
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where S, is the signal strength from the optical
detector, 7 is the transmissivity, and L, is the
pathlength of the laser beam through the flame;
the subscripts A and cal refer to the results at
hand and with the calibration gases. The data
reduction procedure also requires the refractive
index (m) of the particles and a particle size
distribution function. We do not know the com-
position of the iron particles (as will be dis-
cussed below), but the refractive indices at 488
nm have been reported for several iron-contain-
ing particles: Fe (2.40-3.54i) [24], FeO (2.13-
0.69i) [25], and Fe,O; (1.64-0.30i) [25]. A
log-normal particle size distribution is a reason-
able approximation since it has been found to
be appropriate for nucleating metal particles in
inert gas evaporation systems [26], nucleating
oxide particles in flames [27, 28] and composite
soot-iron particles in flames [25, 29]. We use a
zeroth-order log-normal distribution, which is
given by
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where N is the number of particles at a radius r,
and N, is the total number of particles. For a
log-normal distribution, the count mean radius
is equal to the geometric mean radius r, which
is defined by In r, = [p(r) In (r)dr. The
geometric standard deviation o, is defined [30]
by In o, = [[p(r)(In(r) — In rg)2 dr]V2.

The mean extinction and differential scatter-
ing cross sections are defined as k., = N,
[§ Cop(dr and Q,, = N, 5 Cou(r)
p(r)dr where C,,,(r) is the extinction cross sec-
tion for a single particle of radius , and C,,,(r) is
the scattering cross section for a single particle
of radius r for vertically polarized light. For a
log-normal size distribution of particles, it is
possible to analytically integrate the k,,, and Q,,
equations for particles in the Rayleigh scatter-
ing regime [25], resulting in

812 3 15 5
k..= N, B E(m)r, exp > (In o)
and
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where E(m) = —Im{nm}, F(m) = m
. . : MKy

The particle volume fraction ¢, is ¢, = GmE(m)

For our system of equations, there are more
unknown variables (N,, r,, 0,) than equations
(two), so we must specify one of the variables.
Specifying the geometric width of the size dis-
tribution is a reasonable approach, since previ-
ous research has shown it to be nearly constant
across a range of conditions. Granqvist and
Buhrman [26] found that for 11 different metals
(including Fe) the geometric width of the size
distribution of homogeneously nucleated parti-
cles fell into a band given by o, = 1.48 = 0.12.
Although the chemical reactions in the flames
of the present paper may have an effect on the
nucleation rates, it is not expected to change the



148

physics of the nucleation process, and the use of
0, is a reasonable approximation. More impor-
tant, for flames with relatively high agent con-
centration and long residence times (as de-
scribed below) there may be significant
agglomeration. Under such conditions, it should
be noted that the value of o, can be two or
higher, which would affect considerably the
inferred number density [31]. The volume frac-
tion, of course, is unaffected by variations in o.

Experimental Uncertainty

The uncertainty analysis consists of calculation
of individual uncertainty components and rms
summation of components [32, 33]. All uncer-
tainties are reported as expanded uncertainties:
X = U, where U is ku,, and is determined from
a combined standard uncertainty (estimated
standard deviation) u,, and a coverage factor
k = 2 (level of confidence ~95%). Likewise,
when reported, the relative uncertainty is U/X +
100%, or ku, /X - 100%. The expanded relative
uncertainties for the experimentally determined
quantities in this study are as follows: 2% for
global strain rate in the counterflow diffusion
flames; 5% for the extinction strain rate; and
11.5% for Fe(CO); mole fraction.

For the scattering measurements, the combi-
nation of steep spatial gradients in the flame,
small particle scattering cross section, instability
in the flame, and system noise causes the scat-
tering signal to vary about a local mean value at
any given location. For each Q,, point in the
figures, 100 measurements of S, were made in
1 s; the maximum standard deviation is gener-
ally no more than 10% of the mean in the region
of high Q,, and in the unburned reactants. In
some cases, however, such as the Q,, of room
temperature air, the maximum standard devia-
tion can be up to 20%. The resulting uncertain-
ties in the laser-based particle properties are
included in the tables below.

FLAME STRUCTURE

To investigate the effects of flame temperature,
residence time, and the location of inhibitor
addition on particle formation, we employ three
counterflow diffusion flames with two inhibitor
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addition locations, for a total of six flame con-
figurations. The three flame types are shown
schematically in Fig. 1. To describe the flame
configuration compactly, we use the notation
FX,-IX, in which the flame location is described
by the first half, and the inhibitor location by the
second half. Here, “F” and “I” refer the flame
and inhibitor and “X” refers to the location of
each (fuel stream F, or oxidizer stream O). The
parameter “y” denotes a diluted fuel stream
(blank for undiluted, subscript d for fuel diluted
with nitrogen and air enriched with oxygen). For
example, there are three flame configurations,
FO, FO,, and FF, as shown in Fig. 1: flame on
the oxidizer side, flame on the oxidizer side with
diluted fuel, and flame on the fuel side with
diluted fuel, respectively. The location of the
inhibitor addition is shown schematically on the
left side of Fig. 1 as IO or IF, inhibitor added to
the oxidizer or fuel side or the stagnation plane,
respectively. Thus, the notation FO-IO refers to
a Flame on the Oxidizer side, Inhibitor added to
the Oxidizer stream, with undiluted fuel. This
configuration (the most typical) is produced
from streams of undiluted methane and unen-
riched air. Figure 1 also lists some properties of
the flames. The stoichiometric mixture fraction
Z,, quantifies the location of the flame relative
to the fuel and air streams. For Z, = 0.5, the
flame is coincident with the stagnation plane;
for Z,, < 0.5, the flame is on the oxidizer side of
the stagnation plane; and for Z, > 0.5, the
flame is on the fuel side of the stagnation plane.
The first flame, FO, is a stream of methane
flowing against air, which results in a flame on
the air side of the stagnation plane with a
calculated distance of about 1 mm between the
peak temperature and the stagnation plane. To
produce an environment with the Flame on the
Fuel side of the stagnation plane, the third
flame, FF, uses a stream of diluted fuel flowing
against oxygen-enriched air. However, some
important properties of the FF, flame (such as
the distance to the stagnation plane and the
peak temperature) are significantly different
from those in the undiluted FO flame. Hence,
we created a third flame (FOy in the middle of
Fig. 1) which, while maintaining the flame on
the oxidizer side of the stagnation plane (as in
the FO flame), has a peak temperature and
distance of the peak temperature from the
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Fuel Side
IF —
20 % N2 13 % N2
100 % CH, 80 % CH,4 87 % CH,4
Stagnation Plane —p-oe : i e
Flame g I ‘ \ (
21% O, 30% O, 45% 0,
79 % N2 70 % Na 55 % N2
10— Oxidizer Side
Flame type: FO FO4 FFq
Zy: 0.055 0.4 0.6
Flame distance below
stagnation plane (mm): 0.87 0.20 -0.06
At (57) : 660 740 766
Total Flow Oxid. (L/min): 22.0 24.6 24.3
“ Fuel (L/min): 29.4 26.1 259
Tonar, cale. @ Aext (K): 1786 1630 1590
Timax, cale. @ a=200 s (K): 2020 1840 1630

Fig. 1. Characteristics of the counterflow flames. Burner jet exit area is 3.87 cm?, and jet separation is 1.1 cm.

stagnation plane that are more like those of
the fuel-side flame FF,, facilitating compari-
sons between FOy4 and FFy. (Numerical cal-
culations show that the two diluted-fuel
flames described above, FO, and FF,, have
temperature profiles which are roughly mirror
images of one another, symmetrical about the
stagnation plane.) Fig. 1 shows clearly the
movement of the flame toward and across the
stagnation plane with increasing fuel dilution
and oxygen enrichment, and the attendant
increase in Z.

To illustrate the differences in the flame
structure between the FO, FOg, and FF, flames,
Fig. 2 shows the calculated temperature and gas
velocity profiles for each flame near its extinc-
tion strain rate. The diluted-fuel flames have
peak temperatures that are roughly 200 K lower
than the temperature of a CH, versus air flame,
which could lead to higher condensation rates
since saturation vapor pressure is a strong func-
tion of temperature. The diluted-fuel flames are

also much closer to the stagnation plane, result-
ing in lower velocities—and hence higher resi-
dence times—in the flame zone. For example, in
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Fig. 2. Calculated temperature and velocity fields for the
three flames near their respective extinction points. The
strain rates are 532 5%, 494 5!, and 488 s~ for the FO, FO,,
and FF, flame, respectively. The vertical line denotes the
stagnation plane.
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Fig. 3. Measured (points) and calculated (lines) normalized extinction strain rate for diluted fuel versus O,-enriched-air
flames (a) Flame on the fuel side (FF,), (b) Diluted-fuel flame on the oxidizer side (FO,). Inhibitor in the fuel: open symbols
and dashed lines; inhibitor in the oxidizer: filled symbols and solid lines. Source: ref [34].

the FO flame, the velocity at the point of peak
temperature is roughly 100 cm/s, whereas for
the diluted-fuel flames it is less than 30 cm/s.
The significance of these differences are dis-
cussed below.

In the original experiments on Fe(CO)s in
counterflow flames [2], measurements of a,,,
were made in the FO, FO4 and FF, flames. In
the two diluted-fuel flames, addition of
Fe(CO)s to either the fuel or the oxidizer
stream resulted in less reduction (compared
to the undiluted FO flames) or no reduc-
tion in the measured extinction strain rate.
In a subsequent numerical modeling paper
[3], it was reported that the gas-phase
chemical mechanism strongly overpre-
dicts the inhibition effect in most of the
diluted-fuel flames. These experimental and
numerical results are illustrated in Fig. 3a
(FF4) and Fig. 3b (FO4). To determine
if the deviation between experiment and
model is because of particle formation, light
scattering and extinction measurements were
made in the flames of Fig. 1 at several con-
ditions. In the next few sections we present
the results of the particle measurements,
starting with the undiluted flame on the oxi-
dizer side of the stagnation plane (FO), fol-
lowed by the diluted-fuel flame on the oxi-
dizer side (FO4)—which has a structure most
similar to the FO flame just presented—and
concluding with the diluted-fuel flame on the
fuel side (FFy).

RESULTS AND DISCUSSION
Validation of Calculated Temperature Field

In previous work, flame inhibition by Fe(CO)s
in diffusion flames has been studied through
measurements of global properties (reactant
flows at extinction) [2]. The structures of the
flames have been calculated based on a detailed
kinetic model, and some validation of the Kki-
netic mechanism has been provided by compar-
isons between measured and calculated global
properties of premixed and diffusion flames [3,
5, 7, 34]. Clearly, detailed measurements of the
flame structure can provide the best validation
of the mechanism, and while they are desired,
they are not yet available for flames inhibited by
Fe(CO)s. Nonetheless, we use the calculations
to interpret the present particle measurements.
In particular, the calculations provide an esti-
mate of the temperature profile, as well as the
region of high radical mole fraction and subse-
quent high activity of the gas-phase iron species
catalytic radical recombination cycles.

The temperature profile can be obtained ex-
perimentally from the Rayleigh scattering by
the cold reactant and hot product gases. Calcu-
lating the temperature from the Rayleigh scat-
tering signal, however, requires knowledge of
the exact species mole fractions at each position
in the flame (since it is not possible to separate
changes in scattering cross section caused by
temperature variation from those caused by



PARTICLE FORMATION IN Fe(CO)s—INHIBITED COUNTERFLOW FLAMES 151

6E-08

5E-08 +

4E-08 +

3E-08 +

Q,y (1/cm-sr)

2E-08 +

1E-08 + Calculation

Measurement

0E+00

3 -2 -1 0 1 2
Distance from Center (mm)

Fig. 4. Comparison of calculated and measured Q,, for
uninhibited flame (case FO) ata = 330 s™'.

changes in chemical composition). Alternatively,
we can compare the experimental and calculated
temperature profiles indirectly, by using the calcu-
lated species mole fractions and temperature to
evaluate the scattering cross section. The calcula-
tions for flame structure are performed using a
flame code from Smooke [35], which uses the
Chemkin [36] and the transport property sub-
routines [37], and a one-carbon chemical mech-
anism [38]. At each grid point in the flame, we
calculate the density-weighted scattering cross
= ¢, % 0.X; [(1/T)), where e, is
i=1
the empirically determined optical efficiency
coefficient (K/cm?-sr), o; is the Rayleigh cross
section of the i-th species (cm?), X;; is the mole
fraction of the i-th species at the j-th grid point,
and T; is the temperature at the j-th grid point
(K). We consider only the major species CH,,
N,, O,, CO, and H,O in the summation, and
use cross section data from Ref. [23] (CH,, N,)
and Ref. [39] (O,, CO,, and H,0). We obtain
the optical efficiency coefficient of the experi-
mental set-up by a best-fit to the signals from
the inlet reactants at the air and fuel jet exits. A
comparison of the calculated and measured
cross section for an uninhibited flame at a = 330
s~ ! is shown in Fig. 4. Qualitative agreement is
good, notably in terms of the location of initial
decrease in Rayleigh cross section, and the
location of minimum cross section (i.e., maxi-
mum temperature). Despite the discrepancy in
the absolute Q,, (believed to be caused mainly
by stray scattered light), we can use the numer-

section Q,, ;

T(K): 500 1000 1500 1861 1500 1000 500
2.0E-07 —t+—+ + 4 +

Trest + — + t L

1.5E-07 + X /20000

1.0E-07 +

Q,, (1/cm-sr) or Mole Fraction

5.0E-08

0.0E+00

Distance from Center (mm)

Fig. 5. Methane-air counterflow diffusion flame with inhib-
itor in the oxidizer (FO-IO). Shown are the calculated
temperature (upper scale), stagnation plane location (verti-
cal line), and H-atom mole fraction (dashed line) for the
uninhibited flame, and the measured scattering profiles
(connected points) for Fe(CO)s mole fractions of (0, 50,
100, and 200) ppm in the air stream (@ = 330 s~ which is
50% of a,,, for the uninhibited flame and 77% of a,,, for X,
= 200 ppm). The estimated residence time for 5 nm
particles is shown as 10 ms intervals in the hatched line near
the top.

ical calculations to assist in interpretation of the
experimental data. For example, the calcula-
tions can be used to identify the spatial locations
of various features on the scattering data, such
as the stagnation plane and the region of high
temperature.

Laser Scattering Measurements of Particles

In this section we discuss the formation of
particles in the three types of counterflow
flames, beginning with the undiluted CH, versus
air (FO), and following with the flames of
diluted fuel and O,-enriched air that are stabi-
lized on the oxidizer side (FO4) and the fuel
side (FF,) of the stagnation plane. For each
flame we present results of the scattering cross
section measurements and assess the effect of
the particles on flame inhibition.

Flame on Oxidizer Side

Inhibitor in the Oxidizer (FO-10)

Figure 5 shows the measured scattering cross
section (Q,,) together with the calculated tem-
perature (upper x-axis), H-atom mole fraction,
and stagnation plane location for CH,-air flame
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with inhibitor in the oxidizer (FO-IO). The
strain rate is 330 s, which is (50 = 2.5) % of the
extinction strain rate. Unlike in premixed
flames, the “thickness” (indicated by the region
of increased temperature) of a counterflow
flame (when far from the extinction condition)
is unaffected by addition of the inhibitor [34];
hence, the Q,, profile of the uninhibited flame
(from Rayleigh scattering by the hot products
and cold reactants) is a good marker for the
flame location, even for inhibited flames. Note
that the temperature profile inferred from the
Rayleigh scattering result is nearly identical for
all amounts of added inhibitor in Fig. 5. Fur-
ther, although the OH laser induced fluores-
cence measurements of Skaggs et al. [40] (pro-
pane-air counterflow flames, a = 76 s~ ') show
[OH] profiles to have a narrower full width at
half maximum with addition of 1000 ppm of
Fe(CO)s, our calculations (methane-air flames,
a = 100 s™', 200 ppm Fe(CO)s, show that
narrower OH profiles occur in our flames too—
even while the temperature profile and location
of the [OH] peak are unchanged.

The hatched horizontal line near the top of
Fig. 5 shows the estimated residence time 7.
(via 10 ms intervals between hatch marks). The
estimation encompasses the gas and thermo-
phoretic velocities (assuming 5 nm particles) as
discussed below. Note that near the particle
stagnation region, the near-zero particle veloc-
ities create large uncertainties in the estimated
residence time. This region (caused in part by
the limited spatial resolution of the numerical
flame structure calculation) is indicated by a
shaded bar.

As shown in Fig. 5, at each inhibitor concen-
tration, there are three distinct regions in the
flame: (1) a region of particles on the oxidizer
side of the flame, (2) a nearly particle-free
region near the point of peak temperature, and
(3) a region of particles on the fuel side of the
flame. As the inhibitor mole fraction increases
from 50 ppm to 200 ppm, the scattering in-
creases strongly on both sides of the flame, with
a faster increase on the fuel side. This strong
dependence of scattering on additive concentra-
tion has been observed previously [41, 42]. Also,
a double-peaked scattering profile like that in
Fig. 5 has been observed in H,-O, counterflow
diffusion flames with added Al(CHj); and TiCl,
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[43], and VOCI; and PCl; [44]. In those studies,
both peaks occur in a region of monotonically
rising temperature, and are thought to be a
result of changes in particle structure from
chains of small particles to relatively large
spheres.

The two-peaked structure in the Q,, data of
Fig. 5 can be explained through consideration of
the calculated temperature (upper x-axis) and
flame structure. Inhibitor, entering with the air,
decomposes into Fe and CO upon heating. In
this relatively low-temperature region, Fe can
condense (or oxidize and then condense) result-
ing in formation of the first peak (—2.1 <z <
—1.8, where z is the distance from the center of
the nozzles). The temperature continues to in-
crease (—1.8 < z < —1.2), which may cause a
reduction of particle size or number density
through evaporation, reducing the scattering
cross section. As the gas cools on the fuel side of
the peak temperature (—1.2 < z < 0.4), the
particles reappear and the scattering cross sec-
tion increases. Because the gas velocity drops as
the stagnation plane is approached, the resi-
dence time increases and particles grow larger
or agglomerate. It is also possible that the
different peak heights on the fuel side and air
side are caused by thermophoretic redistribu-
tion of particles or changing gas composition
and the resulting difference in nucleation be-
havior [41].

We can use the results shown in Fig. 5 to infer
the effect of the particles on flame inhibition.
The appearance of particles on the oxidizer side
is most significant, since that is where the inhi-
bition reactions are believed to be occurring
[34]. Hydrogen atom is the radical most scav-
enged by the iron compounds, so its profile
serves as a marker of the region of important
inhibition chemistry (note that the location of
the peak H-atom profile is the same for inhib-
ited and uninhibited flames [34]). The overlap
between the H-atom profile and the regions of
increased scattering is significant (especially at
200 ppm), and suggests that particle formation
influences the inhibition chemistry since the
particles are likely composed of inhibiting spe-
cies from the gas-phase. The fuel-side peak
probably has little effect on the inhibition chem-
istry since the loss of active species to particles
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on the fuel side is beyond the region of chemical
influence.

At first glance, it is surprising in Fig. 5 that
fuel-side peaks occur, since these require parti-
cles (or their precursors) to cross the stagnation
plane. Larger particles have been measured and
predicted to cross the stagnation plane [45, 46];
however, for smaller particles, as in the current
study, their location may be a result of thermo-
phoretic movement to the region of lower tem-
perature. We can evaluate this possibility by
employing the counterflow flame model. The
thermophoretic velocity of a particle can be
estimated at each location in the flame via V' =
(arD), - (=VT/T), where ar is the (dimen-
sionless) thermophoretic diffusion factor, D is
the particle Brownian diffusivity, T is the local
temperature, P is the pressure, and VT is the
local temperature gradient [47]. Waldmann and
Schmidt [48] used kinetic theory to develop an
approximation for (azD), which applies to the
free molecular regime (Kn >> 1, where Kn is
the ratio of the mean free path to the particle
radius): (azD), = (3/4) * [L+ (78 - &)] ' - v,
where « is the tangential momentum accommo-
dation coefficient (which we set equal to unity,
as justified by Talbot et al. [49]), and v is the
kinematic viscosity (momentum diffusivity) of
the local gas mixture (calculated using the
Chemkin transport libraries [37]). Our measure-
ments suggest that the particles are in the free
molecular regime (see the Particle Concentra-
tion and Morphology section below). Figure 6
shows calculated gas velocity (V,,,) along with
the negative of the thermophoretic velocity, and
the measured Q,,, for X;,, = 200 ppm. Near the
air-side scattering peak, V7, is four times
smaller than V,,,, implying that thermophore-
sis has a minor effect on the shape of the
particle field. Near the fuel-side scattering peak,
however, V; > V,,, so that thermophoresis
has likely caused the particles on the fuel side of
the flame to cross the stagnation plane and
move upstream. These results have relevance
for material synthesis in counterflow flames.
Thermophoretic effects could potentially be
used to isolate nascent particles in oxidizing or
reducing sections of the counterflow reactor, or
could be used as an additional control of the
residence time for particle growth. Alterna-
tively, thermophoresis could lead to particle
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Fig. 6. Measured Q,,, calculated gas velocity V,,,, and
negative of the thermophoretic velocity (-V;) for case
FO-IO. Values of -V > 0 correspond to particles moving to
the left. The vertical line marks the stagnation plane. The
location of V = 0 atz = —1.2 mm corresponds to the point
of peak temperature. a = 330 s', X;, = 200 ppm.

contamination as particles remain in the wrong
part of the flame for too long.

One of the primary motivations for the
present particle measurements is to understand
why the numerical calculations using the gas-
phase mechanism significantly overpredict the
inhibition by Fe(CO)s in FO-IO flames. As
described in Ref. [3], the inhibition calculated
using a gas-phase mechanism is within experi-
mental uncertainty for X;,, below about 50 ppm,
but above that value the model predicts too
much inhibition. It has been proposed that
particle formation is a reason for the discrep-
ancy, so it is of interest to see how particle
formation and the deviation between model and
experiment correlate.

To compare the presence of particles and the
strength of the flame inhibition, we must define
suitable parameters describing each variable.
The extinction strain rate (a,,,) is defined by the
global relationship above using the jet exit ve-
locities at which the flame extinguishes, and a,,,
can be used as a measure of the effect of the
inhibitor on the overall reaction rate, since with
added Fe(CO)s, the flame location does not
change significantly. (As described previously
[10], changes in the flame location with inhibitor
addition can change the scalar dissipation
rate—which is a truer measure of the character-
istic chemical time than the extinction strain
rate). For the ‘particle parameter,” we desire a
measure of the presence of particles at (or very
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close to) the extinction condition. In the present
work, we use the peak scattering cross section
Q,, as an estimate of the particle quantity (since
other measurements of particle loading are
difficult in the present flames, as described below).
Also, for the FO-10 flames, we only examine the
oxidizer-side peak since formation of particles
on the fuel side of the flame is downstream of
the location where the important inhibition
chemistry is believed to be occurring.

In principle, we could determine the scatter-
ing cross section very close to extinction. Such
measurements are difficult, however, since the
flame is unstable there. It is possible to gain
some understanding of behavior near extinction
by examining the behavior at stable strain rates
that are below extinction, and then extrapolat-
ing to the strain rate at extinction. The extrap-
olated peak Q,, at the extinction strain rate of
660 st is6-10*cm 'sr ' and 9- 10 * cm ™!
st~ ! on the air and fuel side, respectively. These
values are still significantly above the Q,, from
the reactant gases in the uninhibited flame at
the same spatial location (=210 % cm ™' sr™),
implying that the particles do not completely
disappear at the extinction point. Alternatively,
measurements at a fixed strain rate (Fig. 5) are
possible, but would be inappropriate because at
a = 330 s~' the 0 ppm flame is far from
extinction while the 200 ppm flame is close to
extinction, and the scattering signal decreases as
one gets close to extinction. As an illustration,
for a flame with 200 ppm of Fe(CO)j, increasing
the strain rate from 150 s~ " to 350 s~ decreases
the air-side peak Q,, by a factor of 2.9 (This
occurs despite the decrease in peak temperature
which accompanies the increase in strain rate,
suggesting that for these conditions, particle
formation depends more upon changes in the
residence time than the peak temperature.) It is
most appropriate to choose flames that are at
the same relative strain rate with respect to
extinction (a/a,,,), as close as possible to extinc-
tion. As a compromise, for our correlation of
the particle scattering with the degree of chem-
ical inhibition, we make our scattering measure-
ments at 75% of the extinction strain rate, as
listed in Table 1.

Figure 7 shows the correlation between inhi-
bition (measured and predicted normalized ex-
tinction strain rate) and particle formation

M. D. RUMMINGER AND G. T. LINTERIS

TABLE 1
Measured Values of 0.75 - a,,, for Various Inhibitor
Loadings
-1

Fe(CO)s as)
(ppm) FO-10 FO4-10 FO4-IF
0 495 555 555
25 478 534 532
50 431 516 525
100 386 491 506
200 323 460 506
300 298 398 499
400 282 373 —
500 255 351 —

Relative uncertainty of 0.75 - a,,, is +5%.

(peak Q,,) for the FO-10 flame (the calculated
and experimental extinction strain rates are
each normalized by their uninhibited value). At
X, = 100 ppm, where the model predictions are
close to the experimental results, there is little
more scattering in the inhibited flames than in
the uninhibited flame. (The Q,, of the uninhib-
ited flame, from Rayleigh scattering from the
gas molecules is roughly 107® cm ™" sr™' at the
location of the Q,, peaks in the inhibited
flames.) As X, increases and the difference
between the measured and predicted extinction
strain rate widens, the maximum Q,, increases
sharply, thus suggesting that particle formation
is the cause of the deviation. As in the premixed
flames [6], the active inhibiting species are being
lost to the condensed phase particles (which
remove radicals at a much slower rate, if at all).
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Fig. 7. Correlation between inhibition effect and maximum
Q,, (case FO-10). Filled points are experimental normal-
ized a,,, solid line is calculated a,, ([3]). Open symbols
connected by dotted lines are maximum measured Q,,.
Particle data collected at 75% of a,,, (see Table 1).
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While it has been proposed [34] that the re-
duced effectiveness at high X, could be a result
of saturation of the catalytic cycles (because of
radical mole fractions approaching equilibrium
values and a smaller radical pool), the inhibitor
loses its effectiveness more drastically in the
experiments than in the calculations (which
include the effects of catalytic cycle saturation).
One unexplained difference between the pre-
mixed and counterflow results is that the pre-
mixed flames have a nearly flat leveling-off
behavior at high X;,, while in the counterflow
flames (filled squares in Fig. 7) the slope is only
reduced. While it is difficult to fully identify the
reasons without detailed modeling of the con-
densation process, differences in the time-tem-
perature history of the particles may be signifi-
cant. For example, in counterflow flames near
extinction, higher X, corresponds to higher peak
temperature and lower residence time, both of
which reduce particle formation rates. Thus, in
these counterflow diffusion flames, as inhibitor is
added, properties of the flame are modified so as
to retard particle formation. Conversely, in pre-
mixed flames, as X, increases, the peak tempera-
ture is relatively unchanged, but the residence
time increases (because of the lower burning
velocity), so that flame characteristics for parti-
cle formation are enhanced. It is noteworthy
that for a CH,—air flame with 300 ppm of
Fe(CO)s, premixed flames—which lose their ef-
fectiveness more dramatically than do counter-
flow flames—have a peak scattering signal
about twice that of the counterflow flames.

Inhibitor in the Fuel Stream (FO-IF)

With the flame on the oxidizer side of the
stagnation plane, addition of Fe(CO)s to the
fuel stream results in no appreciable inhibition
[2]. Although a case has been made (using a
numerical model with a gas-phase chemical
mechanism) that poor transport of the inhibit-
ing molecules to the region of high radical
concentration is the most important factor [34],
particle formation may have an additional ef-
fect. Consequently, scattering cross section
measurements were made in flames with inhib-
itor added to the fuel stream.

Figure 8 shows the scattering cross section
resulting from addition of Fe(CO)s (0 ppm to
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Fig. 8. Measured scattering profiles in CH,-air counterflow
diffusion flame with inhibitor in the fuel (case FO-IF). The
calculated temperature and point of peak H-atom mole
fraction are marked on the upper x-axis, and the vertical line
denotes the calculated location of the stagnation plane.
Strain rate = 330 s~ .

300 ppm) to the fuel stream. Most of the
scattering occurs on the fuel side of the stagna-
tion plane (z ~ 0.25 mm), far away from the
point of peak H atom (z ~ —1.4 mm). Although
this implies that there is no direct overlap
between the particle and high radical mole
fraction regions, the particles still act as a sink
for the inhibiting species, and reduce the num-
ber of iron-containing molecules that are avail-
able to diffuse through the flame to the region
of high radical concentration.

The peak Q,, is strongly dependent on X,
but the spatial location of the peak value is
independent of X, a behavior that was previ-
ously seen for silica particle synthesis in H,-O,
counterflow diffusion flames [41]. Compared to
scattering cross section profiles for the FO-10O
flame in the previous section, only one peak
appears and the maximum Q,,, is about 30 times
larger. The value of the peak Q,, may be higher
because the fuel-side particles have a relatively
long residence time, which is because of a
combination of low gas velocity near the stag-
nation plane and a thermophoretic force that
opposes the convective flow.

Flame on the Oxidizer Side (diluted)

Inhibitor in Oxidizer Stream (FO,-10)

Fig. 9 shows measured Q,, for this flame (FO,)
with inhibitor added to the oxidizer (10O, filled
symbols) or the fuel (IF, open symbols) at a =
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Fig. 9. Measured scattering cross section (log scale) for
diluted-fuel flame on the oxidizer side (FO,) of the stagna-
tion plane at strain of 370 s~" (which is 50% of the a,,, for
the uninhibited flame). Data are for inhibitor addition to the
oxidizer (IO, filled symbols) or to fuel (IF, open symbols).
The calculated temperature and point of peak H-atom mole
fraction are marked on the upper x-axis, and the vertical line
denotes the calculated location of the stagnation plane. The
estimated residence time for 5 nm particles is shown as 10
ms intervals in the hatched line near the top.

370 s~* (50% of a,,, for the uninhibited flame).
With inhibitor in the oxidizer stream, significant
scattering appears at X, as low as 50 ppm,
indicating rapid particle formation. Compared
with the FO-IO flame (linear Q,,, scale, Fig. 5),
the particle region in the FO4-10 flame (log Q,,,
scale) is slightly wider (about 1 mm vs. 0.7 mm),
and the peak Q,, is about twice as high as the
air-side peak in the FO (Table 2). Inspection of
the calculated temperature (upper x-axis of Fig.
5 and Fig. 9) reveals that in both cases most of
the particles form at temperatures far below the
maximum temperature (between 500-1300 K),
implying that the lower peak temperature of the
FO,4 flame (as compared with FO-10) is not an

TABLE 2

Peak Q,, in Each Flame Configuration with 200 ppm of
Fe(CO)5 Added to One Stream

Peak Q,, Strain Rate
Flame configuration (107 cm™t st h) (™
FO-IO (air side peak) 0.6 330
FO-IO (fuel side peak) 1.6 330
FO4-IO 12 370
FF4-10 3 383
FO-IF 47 330
FO4-IF 8.6 370
FF,-IF 4 383

M. D. RUMMINGER AND G. T. LINTERIS

important factor for particle formation. Instead,
a difference appears to be in the residence time
(see Fig. 2); the gas velocity in the region of
particle scattering is between 40 cm/s and 100
cm/s in the FO flame, but only 30 cm/s in the
FO, flame. In Fig. 9, the local minimum in Q,,,
occurs near the point of peak temperature. The
calculated peak H-atom location is near the
local Q,,, minimum, just on the oxidizer side of
the stagnation plane. Some overlap between the
particles and H-atom profile is apparent, but
just as important, the formation of particles
upstream of the H-atom region could also re-
duce the inhibition by sequestering the inhibit-
ing molecules into particles, where they remain
until being swept out of the flame zone at the
stagnation plane as explained below.

As in the FO-IO flame, thermophoresis has
an effect on the Q,, profile, especially near the
stagnation plane (z ~ 1.0). Figure 9 shows that
some scattering occurs on the fuel side of the
stagnation plane for X;, = 200 ppm and 300
ppm for addition of inhibitor to the oxidizer. As
with the FO-IO flames, we turn to numerical
modeling to assist in explaining this result. For
uninhibited FO4 flames, comparison of the cal-
culated and measured scattering cross section
again implies that the temperature field is well
predicted by the calculations. The calculated
thermophoretic and gas velocity (Fig. 2) for the
FO,4 flames shows that V- is significantly higher
than V,,, near the stagnation plane, resulting in
a thermophoretic transport of particles toward
the fuel jet, and the appearance of particles on
the fuel side of the stagnation plane.

Inhibitor in Fuel Stream (FO,4-IF)

When the inhibitor is added to the fuel (IF, Fig.
9), Q,, is significantly higher; e.g., addition of
300 ppm of Fe(CO)s to the fuel yields a peak
scattering signal nearly seven times higher than
for addition to the oxidizer. Also, the Q,,, profile
is spatially narrower for the inhibitor added to
the fuel rather than the oxidizer stream, as in
the FO-IO vs. the FO-IF flames. Thermophore-
sis near the stagnation plane drives particles
upstream toward the fuel side, leading to a
somewhat steeper decrease in Q,, than would
occur otherwise. The longer particle residence
times for agent added to the fuel side are
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indicated by the hatched bar at the top of Fig. 9,
which shows about a factor of two increase in
T.es @5 compared to air-side agent addition.

Comparing the oxidizer-side peak Q,, in the
FO4-IF condition with that for the FO-IF con-
dition, we see that the peak Q,, is about 5 times
lower for FO4-IF (Table 2). The reason for this
may be related to the time-temperature history
of the nascent particles in each flame. The
particles in the FO4-IF start to form about 0.75
mm from the stagnation plane, where the cal-
culated velocity is roughly 30 cm/s. While the
gas decelerates, the temperature is increasing,
and reaches about 1,600 K at the stagnation
point. That is, the region of low velocity corre-
sponds to a high gas temperature, and is thus
unfavorable for rapid condensation. In the FO-
IF, the gas velocity is also about 30 cm/s at the
point of first particle formation, but the temper-
ature is lower, only 1,000 K near the stagnation
plane (i.e., the FO flame is further upstream on
the oxidizer side than is the FO4 flame). This
coincidence of the stagnation plane with a re-
gion of favorable temperature for condensation
leads to enhanced particle formation in the
FO-IF, despite a higher peak flame tempera-
ture. Indeed, the FO4-IF flames (open symbols
in Fig. 3b), with less particulate scattering, also
show more inhibition in the experiments than
do the FO-IF flames [2].

As with the previous flames, it is of interest to
see how particle formation and the inhibition
measurements correlate for these diluted-fuel
flames. For strain rates that are 75% of the
extinction strain rate (Table 1), the Q,, was
measured in flames with inhibitor loadings up to
500 ppm, and the maximum Q,, in the flame
zone is again used as the measure of the pres-
ence of particles. In Fig. 10, these maximum Q,,,
are plotted together with the measured and
predicted normalized extinction strain rate. The
behavior for both 10 and IF are similar in that
the calculated and measured normalized extinc-
tion strain rates are reasonably close for low
Fe(CO);s mole fraction, but as X;, increases, the
model overpredicts the inhibition effect. The
Q,, is small where the model and experiment
agree, but is much larger where there is stronger
disagreement between the model and experi-
ment, providing evidence that particle forma-
tion causes lower than expected inhibition.
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Fig. 10. Normalized experimental extinction strain rate (no
lines) and scattering results (dotted lines connecting the
points) versus Fe(CO)s input for diluted flames on the
oxidizer side (FO,) of the stagnation plane. Inhibitor in the
fuel: open triangles; inhibitor in the oxidizer: filled squares;
upper two solid lines, calculated normalized a,,,.

Flame on the Fuel Side (diluted)

Of the three flames examined in this paper, the
calculated temperature profile of the fuel-side
flame (FF,) is the most symmetric around the
stagnation plane, with the calculated peak tem-
perature just 0.1 mm on the fuel side of the
stagnation plane (Fig. 2). Consequently, the
measurements of Q,, are also quite symmetric
with respect to inhibitor addition location. Fig-
ure 11 shows that throughout most of the rele-
vant high temperature region before the stag-
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Fig. 11. Scattering profiles through flame on the fuel side
(case FF,) of the stagnation plane. The calculated temper-
ature and point of peak H-atom mole fraction are marked
on the upper x-axis, and the vertical line denotes the
calculated location of the stagnation plane. Data are for
addition of inhibitor to the oxidizer (IO, filled symbols) or to
the fuel (IF, open symbols). Strain rate = 383 s~'. The
estimated residence time for 5 nm particles is shown as 10
ms intervals in the hatched line near the top.
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nation plane, there is a significant scattering
signal, which increases as X, increases. A nearly
particle-free region, such as that seen by Gomez
and Rosner [47], appears around the stagnation
plane, but the high strain rate (20 times higher
than Gomez and Rosner’s) causes the region to
be very narrow. Referring to Table 2, for inhib-
itor addition to the oxidizer (I10), the fuel-side
flames (FF,) produce particles with Q,, about
twice as high as the oxidizer-side flames (FO,).
For inhibitor addition to the fuel (IF), the peak
Q,, in the fuel-side flames (FF,) is much smaller
than in the oxidizer-side flames (FO,). These
differences are probably a result of the relative
positions of the flame and the stagnation plane.
For example, in the FF,-IF flame, the peak Q,,,
occurs in a region with gas velocity about 30%
larger than the velocities in the FO-IF and
FO4-IF flames, resulting in a shorter residence
time. Near the stagnation plane, where V7 is
comparable to V,,, thermophoresis removes
particles from the stagnation region. Addition-
ally, thermophoresis may be the cause of the
slight shift of the point of peak Q,, in the IF
curves toward the unburned fuel/N, mixture jet
as X, increases. The steeper temperature gra-
dient on the fuel side of the flame than on the
oxidizer side may result in a higher thermo-
phoretic velocity.

The calculated location of the peak H-atom
mole fraction occurs between the scattering
peaks, as shown in Fig. 11. For inhibitor added
to the oxidizer side (IO), formation of the
particles upstream of both the flow and particle
stagnation planes reduces transport of the par-
ticles (and hence the inhibiting species) to the
region of high H-atom mole fraction across the
stagnation planes. For inhibitor added to the
fuel side (IF) there is still significant overlap of
the particle region with the H-atom profile
(note the scale change between Fig. 5 and Fig.
11). In both the IO and IF cases of Fig. 11,
thermophoresis pushes the particles away from
the particle stagnation plane. Because the ac-
tual temperature field is 2-D, it is possible that
the particles also get pushed away from the
centerline of the burner. Hence, the mole frac-
tion of iron-containing species on the centerline
at the stagnation plane may be low because of
particles being swept away by a combination of
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Fig. 12. Electron micrograph of iron-containing particles
extracted from counterflow diffusion flame at a = 150 s™!
and X, = 300 ppm.

convection and thermophoresis in the 2-D flow
field.

Particle Concentration and Morphology

Thermophoretic Sampling and Microscopy

Thermophoretic sampling of the FO-IO flame
seeded with 300 ppm of Fe(CO)s in the air
stream was performed using the apparatus de-
scribed in ref [6]. The thermophoretic grid (3
mm diameter, which is wider than the flame),
was inserted into the center of the region of
maximum visible emission of the flame, at the
centerline of the burner, and perpendicular to
the plane of the flame. Figure 12 shows a
transmission electron microscopy (TEM) image
of particles sampled from the low strain (@ =
150 s™') counterflow diffusion flame. In gen-
eral, the degree of agglomeration is much
smaller than that of the premixed flame. Pri-
mary particle sizes range from 5 nm to 25 nm in
diameter, which agrees reasonably well with the
laser based measurements described below (giv-
en the uncertainty in particle refractive index).

Laser-Light Scattering and Extinction

Laser scattering and extinction measurements
together can provide detailed information about
the particles. Measurements near flame extinc-
tion, however, are challenging in the present
flames because of the small particle loading and
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Fig. 13. Transmissivity in low strain rate (a = 150 s!) flames (case FO-10) with 100 ppm to 300 ppm. Also shown is a

scattering cross section profile for 300 ppm.

subsequent high transmissivity (>99.8%).
Nonetheless, it is possible to obtain the size,
number density, and volume fraction of the
particles slightly away from extinction, and
these are described below.

Part of the difficulty in the light extinction
measurement arises from the steep temperature
gradients in the counterflow flames, which cause
significant beam steering and distortion. These
deleterious effects are minimized through the
use of an integrating sphere and a retro-reflec-
tion technique. Fortunately, the beam steering
that remains occurs at the outer edges of the
high-temperature reaction zone (the maximum
is probably between 400 K and 500 K [50]),
whereas the lowest transmissivity (highest par-
ticle volume fraction) occurs when the temper-
ature is above about 800 K, where beam steer-
ing is minimal. Unfortunately, extinction
measurements were still not feasible in the
counterflow flames presented thus far (a ~ 330
s~') because of the low absorptivity of the
particle field (<0.2%). At low strain rate (<250
s~ ') and Fe(CO)s volume fraction above 100
ppm, however, enough laser extinction occurs so
that measurements are possible, and we use
measurements made under these conditions to
obtain insight into particle formation.

FO-10 Flames

Figure 13 shows the measured transmissivity
through FO-IO counterflow flames at a = 150

s~! and various Fe(CO)s loadings. For refer-

ence, the scattering profile for X, = 300 ppm is
also shown. The transmissivity drops sharply
near the onset of the air-side scattering region,
increases between the scattering peaks, and
decreases slightly at the fuel side scattering
peak. Note that the minimum transmissivity is
only 0.98 at 300 ppm, and over 0.99 at 100 ppm.
After the fuel-side scattering peak, the trans-
missivity should approach unity, but edge effects
in the bowl-shaped flame cause a small amount
of laser extinction (suction from the heat ex-
changer above the flame curves the edges, but
the flame remains flat in the center). As the
iron-laden gases contact the cold shroud flow it
is possible that increased particle formation and
growth occurs at these edges, and causes the
beam extinction. Based on visual observations
of the flame shape, we estimate that the extinc-
tion caused by post-flame gases occurs well
beyond the air-side scattering region (z >—0.5),
so that the transmissivity data related to the
air-side particles are not tainted by the edge
effects. For the fuel-side, however, the transmis-
sivity would probably have been higher if the
flame were not curved at the periphery.

The edge effects and the near-unity transmis-
sivity described above make extensive plots of
particle size and number density as a function of
position inappropriate; instead we present lim-
ited results in tabular form as discussed in Table
3 below. For five of the six flame configurations,
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TABLE 3

Measured Particle Properties for the Six Inhibited Counterflow Flames. The Data
Reduction is Performed Assuming FeO Particles with o, = 0.39

Strain Mean Number Extinction Volume
rate Fe(CO); diameter O, density co-efficient fraction
Flame ) (ppm) (nm) (*107/cm-sr)  (*107°cm™%)  (*10° cm™') (*10%)
FO-IO (Air pk) 150 100 59+0.7 0.65 = 0.1 9.0+6.9 1.2 044 1.6 £0.59
150 200 7.8 £0.6 24 +0.13 6.2+34 1.9 £ 051 2.5 = 0.68
150 300 8.7x0.5 5.4 = 0.63 75 +3.0 3.1 +0.59 4.1 £0.79
250 300 7.8 0.8 1.6 £ 0.12 45=*31 1.3 =046 1.7 £ 0.61
FO-IO (Fuel pk) 150 100 82x0.8 1.6 = 0.12 33+23 1.1*+04 1.5 €053
150 200 9.8 £0.6 52+0.34 35+ 1.7 2.1 +£0.49 2.7 = 0.65
150 300 11.0 = 0.5 11 £ 0.63 39x13 32+ 0.54 43 +£0.72
250 300 8.8 0.4 4.8 +£0.33 6.1+22 2.6 £ 0.46 3.5 +0.62
FO-IF 150 100 17.7 22 16 £ 1.8 0.31 £ 0.27 1.1 £ 0.46 1.4 £ 0.61
150 200 31529 110 = 15 0.070 = 0.045 1.4 =043 1.8 £0.57
150 300 33944 140 = 38 0.055 = 0.046 1.3 £052 1.8 £0.7
250 300 308=31 12098 00870064  16*058 21077
FO4-10 (Air pk) 150 100 73 +£0.8 1.3x0.13 52+%39 1.3 =047 1.7 £ 0.62
150 200 9.5 0.5 82*+091 6.6 2.5 3.6 = 0.65 4.7 = 0.86
150 300 11.6 = 0.5 20 £ 1.6 51x1.6 49 x0.72 6.6 = 0.96
250 300 9.4 0.4 12 = 0.93 113 54 +0.73 72 +097
FO4-IF 150 100 9.6 =23 4.3 = 0.64 1.2+0.8 0.60 = 0.46 0.86 = 0.65
150 200 15013 41 5.1 0.76 = 0.48 1.5 £ 046 2.1 = 0.66
150 300 302 4.1 240 =21 0.069 = 0.067 1.1 =053 1.6 £0.76
250 300 215 £ 4.6 190 = 21 0.41 £0.24 24 = 0.67 3.3 +0.96
FF4-10 150 100 87x09 3.1+0.36 4432 1.8 = 0.65 2.4 +0.86
150 200 11.3 £ 0.6 16 £ 1.4 46 £1.6 4.1 £0.69 55 %091
150 300 175 0.7 79 =49 1.6 £ 0.46 55+0.75 73=*1
250 300 128 =05 3528 47x14 6.2 = 0.86 83+12
FF4-IF 150 100 75*19 2.1+0.18 2.6 x40 0.64 = 0.49 0.91 = 0.70
150 200 9.5=*0.8 11 +0.87 33+21 1.7+ 0.53 2.4 +0.76
150 300 105 =05 3024 4917 3.3 £0.56 4.7 £0.79
250 300 85*0.5 15 1.1 8335 3.0 £0.63 43 £0.89

we provide laser-based particle data for the
location in the flame corresponding to the max-
imum particle diameter, and for the sixth (FF-
IF) we use the location of maximum Q,, (this
was necessary because the transmissivity at the
point of maximum diameter was so close to
unity that the uncertainty was unacceptably
large). In general, the shape of the particle
diameter curve (not shown) mimics the scatter-
ing curve, while the shapes of the laser extinc-
tion coefficient and volume fraction curves (not
shown) look similar to the transmissivity curve.

To convert the scattering and extinction data
into particle size and number density, the com-
position of the particles must be known. Here,
analysis of numerical modeling results [3, 34]

can provide insight. The calculations show that
decomposition of Fe(CO)s leads to gas-phase
Fe. If X, is high enough and the temperature is
low enough, the Fe will be a supersaturated
vapor, and nucleation and growth of Fe parti-
cles may occur. However, a portion of the Fe
may first react with O, to form FeO, that can
react with O to form FeO. These iron oxides can
also exist in a supersaturated vapor, and con-
dense to give particles. If condensation and
formation of iron oxides occur simultaneously,
there may be some co-mingling of the com-
pounds, or formation of particles with a core of
one material and a shell of another. Although
the uncertainty about particle material affects
the data reduction, the exact material of the
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TABLE 4
Effect of the Refractive Index on Particle Properties in FO-IO Flame with X;, = 300 ppm

Assumed Mean Number

particle Scattering diameter density Volume
composition location (nm) (cm™) fraction
FeO Air 8.7 7.5E + 10 4.1E-08
Fe Air 6.0 24E + 11 4.4E-08
Fe,0; Air 10.4 6.4E + 10 6.0E-08
FeO Fuel 11.0 3.9E + 10 4.3E-08
Fe Fuel 7.6 1.2E + 11 4.6E-08
Fe,0; Fuel 13.1 33E + 10 6.2E-08

particles is unimportant in terms of removing
inhibiting species, because there is a fixed
amount of iron in the flame, and condensation
of iron or its oxides both remove inhibiting
species from the gas-phase. For addition of
inhibitor to the fuel, the situation is somewhat
clearer, as numerical calculations [34] show that
almost all of the Fe is converted to FeO,
without further conversion to FeO. Since data
on the refractive index of FeO, are unavailable,
we use FeO properties in the calculations. For
air-side addition of Fe(CO)s, we also use FeO
properties in the calculations because data for
FeOH, FeO,, and Fe(OH), are not available.
Although these uncertainties in the condensa-
tion process make accurate and detailed analy-
ses difficult, we present our limited results to
provide a first estimate of the particle sizes,
number densities and volume fractions in the
flame zone.

Table 3 contains the results of scattering and
extinction measurements for the FO-IO config-
uration (as well as the others). As the Fe(CO);
concentration increases, the mean diameter,
extinction coefficient and volume fraction of the
particles increase roughly linearly. The number
density remains roughly constant, which implies
that the formation of new particles from nucle-
ation is balanced by changes in the total number
density caused by coagulation. The mean diam-
eter is on the order of 10 nm (typical soot
primary particle size range is 10 nm to 40 nm
[51]). The mean diameter may be smaller in the
air-side peak than in the fuel-side peak, but the
edge effects described above make comparisons
tenuous. An increase in strain rate a from 150
s~! to 250 s~! results in a decrease in mean
diameter, Q,,, extinction coefficient, particle

number density and volume fraction. The lower
number density at @ = 250 s~ ! hints that small
particles are merging together to form larger
particles, but we do not have enough data to
fully determine the particle nucleation and
growth mechanisms.

Because the composition of the particles is
estimated, it is worthwhile to calculate the sen-
sitivity of results to the refractive index. For an
FO-IO flame with X;, = 300 ppm, particle
properties were calculated using three different
particle compositions: Fe, FeO, and Fe,0;. The
results (Table 4) show that relative to FeO,
refractive index has an effect which is moderate
for mean diameter (—30% for Fe and +20% for
Fe,0,), large for number density (+218% and
—15%), and moderate for volume fraction
(+7% and +46%). (In previous work on iron-
soot particles [52], a qualitatively similar depen-
dence was found.) Although the refractive index
has a significant effect on individual values, it
does not affect the trends in the data for
particles with constant composition. Nonethe-
less, if the particle composition changes while
passing through the flame, the resulting change
in refractive index could influence interpreta-
tion of the experimental results.

The scattering cross-section data show larger
or more numerous particles when the inhibitor
is added to the fuel (Fig. 8), rather than the air
(Fig. 5). The data for FO-IF in Table 3 show the
same behavior at lower strain rates. As Xj,
increases from 100 ppm to 300 ppm, the mean
particle diameter doubles from 18 nm to 34 nm,
which is two or three times larger than that of
the FO-IO flames. The number density de-
creases with added Fe(CO)s, which again may
suggest that particles are merging to form larger
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particles. The extinction coefficient and volume
fraction remain roughly constant as Fe(CO)s
concentration increases from 100 ppm to 300
ppm, but the experimental uncertainty is high,
limiting the extent of the interpretation.

FO4-10 Flames

Table 3 shows results for the FO4-10 condition
at three values of X, at a = 150 s~! and two
values of strain at X;, = 300 ppm. The results
are similar to those of the FO-IO condition for
many properties: as X, increases, the mean
particle diameter, extinction co-efficient, and
volume fraction increase in a linear fashion,
while the number density remains constant
(within experimental uncertainty). The mean
particle diameter is again on the order of 10 nm,
and an increase in the strain rate results in a
decrease in the mean diameter. Unlike the
FO-IO flame, however, an increase in the strain
rate leads to an increase in the number density.

For the diluted-fuel flame (FO,), the trends
in the particle properties for fuel-side inhibitor
addition (FOg4-IF) are similar to oxidizer-side
addition (FO4-10), as presented in Table 3.
Behavior of the number density, however, is
markedly different for fuel side addition, for
which it decreases by a factor of nearly 20 as X,
increases from 100 ppm to 300 ppm. This dra-
matic decrease may occur from surface growth
and coalescence of smaller particles to form
larger particles. Also, peak particle diameter for
fuel-side addition is 1.3 to 3.0 times that for
air-side addition. Compared to the FO-IF con-
dition, which also has a large peak Q,, on the
fuel side of the stagnation plane, the measured
particle diameter of the diluted-fuel flames with
inhibitor added to the fuel stream (FO4-IF) is
50% smaller at 100 ppm and 200 ppm, and
nearly the same diameter at 300 ppm. A com-
bination of shorter residence time and higher
gas temperature is the cause of this difference,
but there is not enough data to determine the
relative importance of each cause.

FF4-10 Flames

Table 3 shows results at the point of maximum
diameter for the FF4-IO condition at three
values of X, and two values of strain with X, =
300 ppm. As X, increases, the mean particle
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diameter, extinction coefficient, and volume
fraction increase linearly, while the number
density decreases. The mean particle diameter
is on the order of 10 nm, which is similar to the
other cases with inhibitor added to the oxidizer.

In the FF4-IF condition, the point of maxi-
mum particle diameter occurs at a location of
very high transmissivity (>99.5% at each X,,),
which leads to excessively high uncertainty. In
most cases, the uncertainty is higher than the
measured value. As an alternative, we use the
data from the point of peak scattering, which is
an additional 0.4 mm toward the fuel stream,
and has a transmissivity that is far enough from
unity (98.5%-99.5%) to be measured with rea-
sonable accuracy. Table 3 shows the measure-
ments of particle properties for the three values
of X;, and two strain rates at X;, = 300 ppm.
Like the other flames with inhibitor in the fuel,
the extinction coefficient and volume fraction
increase with increasing X;,. The number den-
sity, however, increases with X,,, whereas in the
other IF cases it decreases significantly. Simi-
larly, the mean diameter increases only slightly
with X;,, whereas for the other IF cases, the
diameter doubles or triples. Hence, with the
flame on the fuel side, increasing fuel-side in-
hibitor addition does not lead to the strong
trend of coalescence. Rather, there is a mild
increase in both diameter and number density.

CONCLUSIONS

Particle formation in counterflow diffusion
flames of CH,-N,-O, inhibited by Fe(CO)s has
been studied. Three counterflow diffusion flame
configurations were investigated, with the flame
on the fuel or oxidizer side of the stagnation
plane, and inhibitor added to the fuel or the
oxidizer stream. Numerically calculated Ray-
leigh cross sections agree well with the experi-
mentally measured values for uninhibited
flames, and support the use of calculated flame
structures for assisting in interpretation of the
experimental data. Laser-based particle size
measurements in low strain rate flames show
that the particles have diameters between 10 nm
and 30 nm, number densities of 10* cm™ to 10*°
cm 3, and volume fractions of 1077 to 107 5.
Thermophoretic sampling and transmission
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electron microscopy showed the particles to
have primary particle diameters of 5 nm to 25
nm, with only slight agglomeration.

The particle scattering measurements in the
counterflow diffusion flames suggest that parti-
cle formation reduces the inhibition effect of
Fe(CO)s, and that the time-temperature history
of the particles has a large effect on their
formation rate (and hence the inhibitor’s loss of
effectiveness), as opposed to the peak flame
temperature. The time-temperature history of
the nascent particles is most dependent upon
the location of the flame (i.e., the peak temper-
ature) relative to location of agent addition and
the flow stagnation plane. Thermophoresis can
also have a large effect on the particle velocity.
The measurements are consistent with the hy-
pothesis that the iron-containing intermediate
species (which are believed to enter into the
radical recombination reactions) are lost to a
condensed phase, and become unavailable to
interact with the radicals in regions where they
affect the overall reaction rate. This may occur
either through direct loss to the condensed
phase where the peak radical mole fractions
occur, or through particle formation upstream
and subsequent convection of the particles away
from the location of high radical mole fraction
(which could occur because of 2-D thermo-
phoresis). The present paper primarily mea-
sured particle scattering and inferred the effect
on flame inhibition. To more clearly elucidate
the influence of particle formation on flame
inhibition, it would be of interest in future work
to measure gas-phase iron-species concentra-
tions, particle composition, and particle scatter-
ing off-axis, and model the particle growth
process.

The present measurements in these labora-
tory flames have implications for both fire sup-
pression and flame particle synthesis. For fire
suppression, it is important for gas-phase chem-
ical inhibitors to stay in the gas-phase. If condi-
tions permit loss of the inhibiting species to a
condensed phase and their subsequent convec-
tion away from regions of radical chain branch-
ing, the inhibitor may be much less effective. It
may be advantageous to use low, non-condens-
ing mole fractions of multiple inhibitors.

For particle synthesis, it may be important to
control the flame location and temperature field

(changeable through reactant dilution), the gas
velocity, and the location of precursor addition
to optimize the desired residence time in the
appropriate chemical environment. For exam-
ple, the proximity of the peak temperature to
the stagnation plane can drastically affect the
residence time in the low, moderate, and high
temperature regions of the flames, through both
convection or thermophoresis.

The authors thank undergraduate student in-
tern Nikki Prive for assistance with data acquisi-
tion and uncertainty analysis programs and Maria
Agquino for operating the electron microscope and
advising us on sampling techniques. Discussions
with Dr. George Mulholland about particle mea-
surement techniques and Dr. Quang-Viet Nguyen
about beam steering contributed greatly to this
work. This research is part of the Department of
Defense’s Next Generation Fire Suppression
Technology Program, funded by the DoD Strategic
Environmental Research and Development Pro-
gram (SERDP).
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