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Abstract

The dimensionless extinction coefficient (K.) of soot must be known to quantify laser extinction measurements of soot concentration
and to predict optical attenuation through smoke clouds. Previous investigations have measured K, for post-flame soot emitted from
laminar and turbulent diffusion flames and smoking laminar premixed flames. This paper presents the first measurements of soot K, from
within laminar diffusion flames, using a small extractive probe to withdraw the soot from the flame. To measure K. two laser sources
(635 nm and 1310 nm) were coupled to a transmission cell, followed by gravimetric sampling. Coannular diffusion flames of methane,
ethylene and nitrogen-diluted kerosene burning in air were studied, together with slot flames of methane and ethylene. K. was measured
at the radial location of maximum soot volume fraction at several heights for each flame. Results for K. at both 635 nm and 1310 nm for
ethylene and kerosene coannular flames were in the range of 9-10, consistent with the results from previous studies of post-flame soot.
The ethylene slot flame and the methane flames have lower K, values, in some cases as low as 2.0. These lower values of K. are found to
result from the contributions of (a) the condensation of PAH species during the sampling of soot, (b) the wavelength-dependent absorp-
tivity of soot precursor particles, and, in the case of methane, (c) the negligible contribution of soot scattering to the extinction coefficient.
RDG calculations of soot scattering, in combination with the measured K, values, imply that the soot refractive index is in the vicinity of
1.75-1.037 at 635 nm.
© 2006 Elsevier Ltd. All rights reserved.
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o= (=5 (1)

where I/1, is the ratio of transmitted to incident monochro-
matic light intensity, f, is the soot volume fraction, 2 is the
wavelength of light, and / is the path length through the
medium. When combined with the scattering albedo (i.e.
the ratio of scattering to extinction), K. yields the dimen-
sionless absorption coefficient, which is used in two-color
pyrometry and for calculation of the thermal emission
from hot soot.

In the last decade, a number of investigations have been
—_— conducted into the determination of the dimensionless
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1. Introduction 1 (—K ofo 1)

Accurate knowledge of the optical properties of soot
particles is necessary for the proper interpretation of
laser-based diagnostic measurements, for predicting radi-
ant emission from sooty flames, and for predicting radiant
extinction through smoke. One optical parameter of partic-
ular interest is the dimensionless extinction coefficient (K.),
which can be used to interpret laser extinction measure-
ments of soot concentration via Bouguer’s Law:
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for K. in combination with any of the standard literature
values for the soot refractive index. The measurement of
K. typically involves simultaneous gravimetric sampling
and light extinction (GSLE) measurements [1]. The GSLE
approach has been used to establish K, of soot emitted
from laminar and turbulent diffusion flames and smoking
laminar premixed flames for several fuels and over a range
of visible and infrared wavelengths [1-10]. For all but
underventilated diffusion flames [10], where difficulties arise
from condensation of polycyclic aromatic hydrocarbons
(PAH), K. has been consistently measured to be between
8 and 10 in the wavelength range of 400 nm to 3 um.

The GSLE systems used in these previous studies have
collected soot via a hood above the flame or by enclosing
the flame within a tube. These approaches simplify the col-
lection of enough soot mass to make an accurate determi-
nation of soot sample weight. However, they are limited to
sampling post-flame soot that has been emitted from the
flame. In many cases laser extinction measurements are
used to quantify the soot concentrations within diffusion
flames, so it is important to establish the appropriate K,
value to use in interpreting these measurements. In addi-
tion, there are several reasons to believe that in-flame soot
may have different optical properties than post-flame soot
and that K, may vary within the flame itself. One concern
is to extent to which soot residence time in the flame affects
the scattering component of extinction. In the soot incep-
tion region of flames, precursor particles are heated,
undergo dehydrogenation and solidify into carbonaceous
primary particles. As these particles are convected down-
stream they agglomerate to form progressively larger soot
aggregates [11]. By the time these aggregates are sampled
as post-flame soot, they have grown from individual pri-
mary particles to aggregates containing several hundreds
of primaries [6]. Measurements have shown that light scat-
tering from these large aggregates can account for between
20-30% of the total extinction [2,12,13]. In comparison the
extinction of light by individual primary particles, low
down in the flame, occurs almost entirely by absorption.
Soot residence time therefore has the potential to signifi-
cantly alter K,. In a similar manner, different fuels, with
different sooting propensities, may also affect K, through
changes in primary particle and aggregate size and there-
fore scattering albedo. Also, the extent to which thermal
annealing of the soot within the flame or in the post-flame

zone may increase its optical absorptivity (and therefore
K.) has not been definitively determined [14].

The current investigation is motivated by the desire to
measure K, of in-flame soot and to understand the effects
that residence time and fuel type have upon it. Measure-
ments of K. are reported over a range of axial locations,
and therefore, residence times, in methane/air, ethylene/
air, and kerosene/nitrogen/air laminar diffusion flames.
Investigation of these latter two flame systems allows com-
parisons to be made to post-flame K, values available in the
literature [7,9], as well as recent measurements of K, from
soot sampled within a JP-8 pool fire [15]. Following the
work of previous sooting diffusion flame studies, K, mea-
surements were also conducted with the laminar flames
operating in a ‘pulsed’ or ‘flickering’ mode [16-18].

To aid in the interpretation of the K, measurements, the
scattering component of K, was estimated by applying
Rayleigh—Debye—Gans theory of scattering and absorption
by polydisperse fractal aggregates (RDG-PFA theory) to
soot samples thermophoretically extracted from the flames
and analyzed by transmission electron microscopy (TEM).
Additional information was provided by performing a
methylene chloride extraction of the bulk soot samples
and comparing the ratios of organic to elemental carbon.

2. Experimental
2.1. Flame systems

Five different flames were interrogated in this study. All
the flames were laminar, overventilated, normal jet diffusion
flames, with fuel in the center surrounded by an abundant
air coflow. Coannular flames of methane/air, ethylene/air
and vaporized kerosene/nitrogen/air were investigated, as
well as slot flames of methane/air and ethylene/air. Fuel
and air flow parameters for the investigated flames are
shown in Table 1.

Coannular and slot flame geometries were included in
this study to determine their potential effect on K. The sali-
ent difference between the geometries lies in the heating of
the central core of the flame, where soot formation occurs.
In slot flames, the fuel stream is heated through planar dif-
fusion, in contrast to cylindrical diffusion for coannular
flames. This results in substantially faster heating of the
fuel stream (as a function of height) for the coannular

Table 1

Flow conditions for the laminar diffusion flames

Flame Oruer (slpm) Q.ir (slpm) Viyer (mm/s) Vair (mm/s) h (mm)*

C,H; slot 7.5 250 112 176 ~700

CH, slot 15.0 250 223 176 ~700

C,H4 coannular 0.22 350 41 353 88

CH, coannular 0.44 350 82 353 84

Kerosene coannular 0.0335 350 26 353 40°
+N, diluent 0.107

? Visible flame height.

® Height of strongly luminous zone (smoking flame without a well-defined flame height).
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flames. For example, Roper’s correlations for buoyant dif-
fusion flame heights [19], computed on the basis of the dif-
fusion rate of oxygen toward the fuel core, yield predicted
flame heights of methane flames that are 2.5 times greater
for slot flames, for equivalent fuel exit velocities and for
the slot length used in this investigation. Soot would there-
fore be expected to form earlier and mature more rapidly in
a coannular flame when compared to a similarly fueled slot
flame. Indeed, at a height of 30 mm in the ethylene slot
flame investigated here the peak soot volume fraction is
approximately 2 ppm [20], whereas the peak soot volume
fraction at this height in the coannular flame is approxi-
mately 9 ppm [17].

Two coannular burners were utilized, one to support the
gaseous fueled methane/air or ethylene/air flames, the other
to vaporize and support the kerosene flame. The burners
had identical fuel tube and air coflow geometries so that
direct comparisons could be made between the flames. A
fuel tube diameter of 12.7 mm (1/2in.) was selected to
match that of previous workers [21-24]. In contrast to pre-
vious coannular flame studies, a square burner face (129 x
129 mm) and chimney enclosure was designed so that
large, flat windows could be easily installed in the chim-
ney walls for ease of performing planar laser/optical
measurements.

The fuel flowrate in the ethylene flame was chosen to
match the 88 mm visible flame height of the “non-smok-
ing” flame extensively investigated in previous studies
(e.g. [21,24]). The methane flowrate was chosen to yield a
similar visible flame height (84 mm). For the liquid-fueled
coannular burner, standard kerosene (obtained from a
local hardware store) was gravity fed into a ceramic, capil-
lary force vaporization system, which jetted vaporized
fuel directly into the base of the electrically heated (350—
380 °C) fuel tube. For stable operation of the flame, it
was found that a small flow of nitrogen through the
fuel tube was required to entrain and carry the heavy
fuel vapor out of the tube. With kerosene vaporized at
a rate of 12.5g/h (equivalent to 0.0335slpm), and
0.107 slpm nitrogen supplied to the base of the burner tube,
a very stable and repeatable flame was achieved. The result-
ing smoking flame did not have a well-defined flame height
but the strongly luminous zone extended to a height of
40 mm.

The air coflow for both coannular burners was chosen to
give optimal stability in the steady flames and was set at
350 slpm, a flow that was considerably higher than that
used in the “non-smoking” flame of previous work. In
our burners, the flames were found to exhibit strong flick-
ering at these lower airflow rates.

The slot flames were supported on a Wolfhard-Parker
burner, the design of which has been reported previously
[20]. Methane or ethylene was supplied to a central,
95 mm long and 12 mm wide, rectangular fuel slot. Air
was supplied on each of the long sides of the fuel slot
and a small flow of nitrogen gas, introduced at the fuel slot
ends, was used to prevent the formation of ‘end flames’.

With curved wire mesh screens above the flame and a
square chimney enclosure, the flame could be stabilized
to give two near vertical flat flame sheets over the first
~100 mm of flame height. Total flame height, for either
fuel, was approximately 700 mm.

For the pulsed flame measurements, the fuel flows were
modulated upstream of the burner surface at a frequency of
15 Hz. In both gaseous-fueled coannular and slot burners,
this modulation was achieved using loudspeakers. In the
kerosene burner, the high temperature of burner tube pre-
vented the use of a similar system. Instead a reciprocating
model airplane piston, driven by an electric motor, was
attached to a sidearm that connected into the vertical fuel
tube.

2.2. Gravimetric sampling and light extinction (GSLE)

The dimensionless extinction coefficient of soot was
measured using the portable GSLE apparatus originally
used by Jensen and coworkers to make K. measurements
in large pool fires [15]. The apparatus (see Fig. 1) draws
a sample stream through a probe, dilutes the sample with
nitrogen, pulls it through a 1-m long transmission cell to
allow accurate extinction measurements to be performed,
and then passes a portion of the flow through a filter for
determination of the entrained soot mass.

The sampling probe used by Jensen and coworkers was
redesigned to allow sampling from the small diffusion
flames under investigation here. Initially a tapered quartz
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Fig. 1. Schematic of gravimetric sampling and light extinction (GSLE)
apparatus.
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microprobe was designed and constructed, based on a pre-
vious design [25,26]. The key operational feature of this
probe was a solenoid-driven wire that protrudes through
the tip of the probe to prevent tip blockage by soot. In
practice, it was found that excessive buildup of soot and
tar occurred within the probe, on the solenoid activated
wire, and on the outside of the probe, when sampling from
the kerosene flame and from either of the ethylene flames.
These deposits resulted in a strongly time-dependent soot
sampling efficiency and severe perturbation of the flame
flowfield. To address these problems, a straight-cut stain-
less steel tube with a 3.2 mm outside diameter allowed sam-
pling in the sootier flames without excessive buildup on the
exterior of the probe. Further, by restricting the sample
flow rate to 0.1 slpm, the probe had no noticeable effect
on the local flame structure (though downstream perturba-
tions in the flame were evident — see Fig. 2). Soot buildup
did occur inside the tube when sampling regions with high
soot density, but it was found that this flow restriction
could be conveniently removed with a rapid backflush of
nitrogen (5 slpm) out the end of the probe. When sampling
from the ethylene and kerosene flames, up to two backflus-
hes were needed during each ~10 min measurement period.
For the methane flames no backflushes were required, but
the low soot density then necessitated longer sampling peri-
ods of ~30 min.

From the entrance of the probe the sample traveled
about 0.3 m before being diluted with 5 slpm of nitrogen
(50:1 dilution ratio). The dilution served to quench any

Fig. 2. Photograph of stainless steel sample probe, extracting soot from
the steady ethylene slot flame.

reactions and minimize soot agglomeration within the
GSLE system. A further 2m of tubing brought the
sample to a wire mesh mixer and into the 1-m long
transmission cell where the light extinction measurements
were performed. Light extinction was performed simulta-
neously at 635 nm and 1310 nm with diode lasers whose
beams were combined using a beam splitter and directed
down the center of the transmission cell. After passing
through the cell, the two beams were separated by a sec-
ond beam splitter and directed onto two solid-state pho-
todiode detectors. An aperture placed directly after the
transmission cell reduced the acceptance angle of the pho-
todiodes to ~1.5°, thus reducing contributions from for-
ward scattering. The entrance and exit of windows of
the transmission cell were canted to prevent back reflec-
tions onto the diodes and were purged with nitrogen to
prevent soot deposition. Purge flowrates of nitrogen to
the entrance and exit windows were 0.27 and 1.37 slpm,
respectively.

A portion of the flow exiting the transmission cell
(~60%) was delivered through a Teflon filter so that the
soot mass could be collected. The filter (with a weight of
~260 mg) was weighed before and after the sample period
to determine the soot mass, using a Mettler scale with a res-
olution of 0.01 mg. Collected soot masses varied from
0.4 mg to 4.3 mg. To verify the absence of any moisture
condensation on the soot, several filters representing high
and low derived K. values were re-weighed after being
placed in a dessicator for several days and showed no
change of mass.

GSLE measurements were made at heights of 25 mm,
45 mm, and 65 mm in the steady methane and ethylene slot
and coannular flames. In addition, a measurement was
made at a height of 10 mm in the steady ethylene slot flame.
For the kerosene flame, with its shorter flame height, mea-
surements were made at heights of 25 mm, 35 mm, and
45 mm. For the 15 Hz pulsed flames, all measurements
were made at a height of 45 mm.

For the steady coannular flames the sample probe was
positioned radially to the flame surface and held in the
peak annular soot region, thus maximizing the amount of
soot being sampled. For the pulsed coannular flames the
probe was inserted further so that soot from the centerline
of the flame was sampled. In the slot flames a similar pro-
cedure was followed, except in these flames the flame sheet
was avoided by inserting the probe into the flame
(~30 mm) from one of its open ends.

At most sampling locations, at least two measurements
were performed to assess the reproducibility of the mea-
surement. The spatial resolution of the sampling technique
was deemed to be insufficient to effectively perform radial
profiling through the thin soot layers. To optimize the con-
sistency of the measurement in the different flames, the
flowrates in the GSLE system were held constant through-
out the series of measurements. Laminar flow elements
were used to verify the indicated readings on the previously
calibrated mass flow controllers.
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2.3. Determination of K,

The phenomena of soot probe clogging and nitrogen
backflushing added a significant dynamic component to
the laser attenuation signals collected, as shown in Fig. 3.
Traditionally, K. has been calculated by collecting soot
mass during a period of steady laser attenuation and apply-
ing a rearranged form of Eq. (1), using average values of
the laser attenuation and the total collected soot mass

K. = _/“ln(l/l()) — _;“psootVln(j/IO) (2)
Sl Msoor]

where pgoo 18 the density of soot, V is the volume of gas
drawn into the transmission tube over the sample period,
and mg.o 18 the total mass of soot pulled through the trans-
mission tube. For application to situations where the
instantaneous light extinction (and soot mass being col-
lected) is varying significantly with time, Eq. (2) is only
valid each instant in time (i.e., for each recorded data
point) and must be integrated over the entire time period
in which soot mass is being collected. This is equivalent
to applying Eq. (2) using the total soot mass and the mean
of In(1/I) such that:

_ _psootV% ZtT:O ll’l(]t/l())

K. /
Msoot

(3)

where T is the length of the sample period in number of
‘data points’ and I, is the transmission intensity at data
point z. It should be noted that the volume flow of gas used
in Eq. (2) and (3) includes the window purge flow intro-
duced at the top of the transmission cell, in addition to
the main flow of soot containing gases entering the trans-
mission cell. In addition, since only a portion of the total
flow exiting the transmission tube was directed through
the Teflon filter, m, in Eq. (2) and (3) has to be calculated
from the soot mass collected on the filter
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Fig. 3. Time record of laser transmission signals from the transmission
cell when sampling from the steady ethylene slot flame at a height of
65 mm. The two rapid drops in transmission in the sampling period follow
probe backflushing events, temporarily improving the sampling of soot
from the flame.

Mgoot = Meollected _soot * M (4)
Vﬁlter

where Ve is the flow rate of sample directed through the

filter and Mi¢ojiected soot 15 the mass of soot collected on the

filter.

Using this analysis technique, K. could be accurately
determined even for sampling conditions in which several
nitrogen backflushes were necessary during the sample per-
iod to prevent the probe from clogging.

The calculation of K, requires knowledge of the density
of soot. This quantity was not measured during this study
and is a source of uncertainty in all K, calculations, but is
of particular concern here since the density of the collected
“soot” is likely to show some variations from the contribu-
tions of tar-like material that is sampled together with the
soot in the flame interior. This tar-like material may con-
dense onto the soot or form a discrete aerosol as it cools
in the sampling probe. The density of tar species generally
falls between 1.0 and 1.2 g/cm®, in comparison to a pure
soot density of ~1.9 g/ecm®. For ease of interpretation
and consistency with much of the K, literature, the soot
density is assumed here to be equal to 1.74 g/cm?, as deter-
mined by Choi and coworkers [1] using helium pycnometry
on post-flame soot from a premixed acetylene/air flame.

2.4. Methylene chloride extraction

In view of the concerns over the contribution of con-
densed hydrocarbons (“‘tar-like material”) to the collected
soot mass, vacuum extractions were performed on the col-
lected soot mass using methylene chloride as the solvent.
Approximately 20 ml of methylene chloride was pulled
through each soot-containing filter, such that subsequent
extractions showed no evidence of additional mass loss.
The filters were then allowed to dry and were reweighed,
to determine the mass of material that went into solution
in the methylene chloride, herein defined to be the organic
carbon content of the sample.

2.5. Soot microstructure and scattering albedo

Soot particles were collected onto TEM grids using a
rapid insertion, short-hold, thermophoretic sampling tech-
nique [27] and were analyzed using a JEOL JEM 1200EX
transmission electron microscope. Primary soot particle
diameters and radius of gyration of the aggregates
were then determined, and the scattering albedo estimated
using the Rayleigh—Debye-Gans theory of scattering and
absorption by polydisperse fractal aggregates (RDG-
PFA theory) [28,29].

Soot samples were collected using carbon-coated TEM
grids (200 mesh, 3 mm diameter), with the grids oriented
vertically in an ultraslim grid holder, to minimize flame dis-
turbance. The grid holder was mounted onto the end of a
pneumatically driven piston with a 33 mm stroke length.
Characteristic insertion and retraction times of the grids
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were 6 ms, with the hold times varied depending on the
local soot loading within the flame. The TEM grid samples
were collected in the flame in a similar way to the GSLE
sampling probe, with grids held on the flame centerline
for pulsed flames and at the location of peak annular soot
for the steady flames. For the steady coannular flames, this
collection method ensured a good sample since the TEM
grids straddled the entire soot layer. However, for the
coannular flames the loaded TEM grids were briefly
exposed to the high-temperature oxidation layer as they
were retracted through the flame sheet. Collection in the
steady slot flames presented greater alignment problems
since the TEM grids were inserted in line with the soot
layer. For the pulsed flames the TEM grids were positioned
on the flame centerlines and held for several complete flame
pulsing cycles.

The scattering albedo, w,, of a soot aerosol may be
found from [28,29]

oA
O (5)
1+ pg,
where
— N 4 =\
Pl =5y (1 + ﬁk2R§> (6)

is the population-averaged scattering-to-absorption ratio
and the albedo of a primary particle is given as

_ 255 F(m)

wp:p‘;'af3krpm (7)

In these equations: N is the number of primary particles in
an aggregate, Dy is the fractal dimension (assumed to be
1.79 [6]), k = 21/, R is the radius of gyration of the aggre-
gate, rp, is the radius of a primary particle, and F(m) and
E(m) are functions of the refractive index of soot. These
functions are related to the complex refractive index,
m = n — ik, using the following relationships:

2_(712—k2—1)2—|—4nzk2 (8)
(n? — k> +2)° + 4n2k*

~2
E(i) = —Im(’i’ 1) = . 6”"2 . )
(n* —k~+2)" +4n?k

m?—1
m2+2

F(rh)E‘

To simplify the determination of the requisite soot aggre-
gate parameters for calculation of the scattering albedo,
the digitized TEM images were analyzed using an edge-
detection program to obtain a binarized projected image
of ~100 aggregates. The characteristic primary particle size
was determined by visually fitting a circle to the primary
particles, as they were present either individually or as part
of soot aggregates. A total of approximately 50 primary
particles were analyzed at each sampling location.

The radius of gyration, R,, calculated on a pixel-by-
pixel basis using the following relation [30]:

l Npixel

2
R, = N ;(r,« —7) (10)

where (r; — r.) is the distance between the ith pixel and the
center of mass of the aggregate and Npy is the number of
pixels forming the aggregate.

The number of primary soot particles, N, constituting
each aggregate was estimated using the following empirical
relation and the correlation coefficients recommended by
Koylii et al. [31]:

4 1.09
N:1.15< 3) (11)
nrp

where A4, is the projected area of the aggregate and r, is the
radius of a primary soot particle.

3. Results and discussion
3.1. Flame structures and general trends in K,

Presented in Fig. 4 are the measured values of K. at
635 nm and 1310 nm for the five test flames, with each data
set displayed as a function of height above the burner sur-
face. By plotting the data in this manner, the K, results are
effectively displayed as a function of soot residence time in
the flame. Results from recent investigations of post-flame
soot emitted from JP-8 and ethylene flames have been
added to the relevant plots in Fig. 4 to allow comparison
with literature values [7,9,15]. No K, values for a methane
flame are available for comparison. Overall, the K, results
in Fig. 4 vary considerably, from 2 to 10, with the kerosene
and ethylene coannular flames producing the highest K.
values and the methane slot flame the lowest.

To aid in the interpretation of the K, results, Fig. 5
shows a series of OH radical laser-induced fluorescence
(LIF) images of the five flames, with soot laser-induced
incandescence (LII), PAH LIF and fuel LIF signals also
visible in some of the images (Ref. [20] gives details of
the laser imaging measurement procedures). Indicated on
the images are the lower measurement heights where soot
samples were extracted and the height at which incandes-
cence from soot is just detectable using a 1064 nm laser
light source. In the images, the effect of fuel type on sooting
propensity is clearly evident with the kerosene flame
producing soot much earlier in the flame and in greater
quantities than the methane coannular flame. A striking
difference between the flames is seen in the PAH fluores-
cence signals. Only the slot flames have strong PAH fluo-
rescence signals at flame heights coincident with the
sample locations. Broadband fluorescence (from both
PAH and fuel vapor) is visible at the exit of the fuel tube
of the kerosene flame image, but is restricted to low
heights. It is believed that the PAH fluorescence persists
to higher heights in the slot flames because these flames
have lower heating rates of the fuel-rich core, delaying
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Fig. 4. Dimensionless extinction coefficients (K.) of in-flame soot extracted from the five test diffusion flames over a range of flame heights. The left
column of plots is the K, data corresponding to a wavelength of 635 nm and the right column is the 1310 nm data. Repeat measurements at the same height
are staggered slightly left-right so that they may be readily distinguished.
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Fig. 5. Planar images of the test flames, showing OH" laser-induced fluorescence (Q; (8) line at 283.6 nm), PAH laser-induced fluorescence and laser-
induced incandescence (LII) from soot. The circled crosses mark the flame heights where K. soot samples were extracted. The horizontal arrows mark the

heights at which soot LII, using a 1064 nm laser, was just detectable.

the conversion of PAH to soot. The heating rates are lower
in the slot flames because of the planar geometry for ther-
mal conduction of heat from the flamefront (as opposed to
the cylindrical geometry present in coannular flames) and
because of the nearly three-fold greater fuel exit velocity.

3.2. Kerosene and ethylene coannular flames

For the kerosene and ethylene coannular flames, the K,
results for both wavelengths fall into the 8 to 10 range (see
Fig. 4), which is in good agreement with past work. Zhu
and coworkers [9] measured post-flame soot emitted from
a laminar JP-8 diffusion flame, yielding a K, value of 9.9
at 632.8 nm and 9.8 at 1314 nm (JP-8 is the US military avi-
ation fuel blend and is a form of kerosene). Measurements
of soot extracted from the flame zone of a large JP-8 pool
fire, where the soot sample is most likely a mixture of over-
fire and in-flame soot, yiclded K, values between 7 and 9
for both 635 nm and 1310 nm, with a slight trend towards
higher values at 635 nm [15]. Measurements of the post-
flame soot from an ethylene laminar diffusion flame yielded
a K, value of 9.7 at 632.8 nm and 9.2 at 1314 nm [7].

The K. results for these two flames do not show any sig-
nificant variation with flame height. However, the scatter
present in the data (approximately 10% at some flame
heights) masks any subtle trends with height that may exist.
Comparing the results for the two wavelengths for these
flames, K. has a small bias to lower values at 1310 nm.
The mean K, value at 635 nm is 9.7 for the kerosene flame
and 9.3 for the ethylene flame. These compare to 1310 nm
mean values of 9.2 and 9.0 for the kerosene and ethylene
flames, respectively.

For these coannular flames, the lack of significant vari-
ation of K., both within the flame (for the heights investi-
gated) and between in-flame and post-flame soot, is an
extremely convenient result, both for the interpretation of
optical measurements of soot concentration and for predic-
tions of radiant extinction through smoke or soot. Fig. 6

shows TEM images of typical soot aggregates extracted
from the kerosene and ethylene flames at a height of
45 mm. Classic soot aggregates can be seen with spherical
soot primaries fused together to form chain structures.
The results of the RDG-PFA analysis of the soot aggre-
gate fields are presented in Table 2, with scattering albedos
calculated wusing several refractive indexes [6,32-35].
Results are presented for all five flames at a height of
45 mm and for the ethylene coannular flame over a range
of flame heights. Only the soot particles extracted from
the kerosene and ethylene coannular flames have notable
scattering albedos. At a wavelength of 635 nm the albedo
ranges from 17% to 30% for the kerosene coannular flame,
depending on the assumed refractive index, and between
11% and 21% for the ethylene flame. The soot scattering
albedo in the ethylene coannular flame is essentially con-
stant from a height of 25 mm and upwards.

The small bias to lower K, values at longer wavelengths
has been seen in previous studies. When measuring post-
flame soot from an ethylene diffusion flame, Zhu and
coworkers [7] reported a slight reduction in K, (~5%) as
the wavelength was increased from 632.8 nm to 1314 nm.
Measurements of post-flame soot from a JP-8 flame [15]
showed, after an initial rise in K, in the visible wavelengths,
a similar decrease in K. in the near-infrared. In both of
these studies the wavelength dependence of K, became less
sensitive as the wavelength was extended further into the
infrared, with little effect seen on K. as the wavelength
was increased from 1314 nm to 1565 nm. The dependence
of K. on wavelength in these studies was attributed to a
diminishing contribution of scattering to the total extinc-
tion, although it was noted that there is considerable uncer-
tainty in the spectral dependence of the refractive index of
soot. In the present study, the RDG—PFA calculations for
the ethylene and kerosene coannular soot show a substan-
tial reduction in scattering albedo between 635 nm and
1310 nm, for most choices of refractive index at these two
wavelengths (Table 2). For example, if the refractive index
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Fig. 6. TEM images of typical soot aggregates at a flame height of 45 mm from flames: (a) kerosene coannular, (b) ethylene coannular, (c) ethylene slot,
(d) methane coannular and (e) methane slot. Note: Due to a missed TEM sample, image (c) corresponds to a flame height of 65 mm.

dispersion relation of Lee and Tien [34] is used, then the
scattering albedo for the kerosene soot is predicted to
decrease from 0.3 at 635 nm to 0.05 at 1310 nm, equating
to a 26% reduction in K.. This compares to a measured
reduction in K, of less than 5%. The reason for this differ-
ence is not fully understood, but it suggests a problem
either with application of the RDG-PFA theory to the soot
in these flames or with the reported values for the refractive
index of soot. Zhu and coworkers [36] highlighted an
inconsistency between RDG-PFA predictions and scatter-
ing albedo by measuring the scattering and extinction of
post-flame ethylene soot with a transmission cell reciprocal
nephelometer. Contrary to the expected diminishment in
the scattering contribution at longer wavelengths, they
observed an increase in scattering albedo as the wavelength
increased from 632.8 nm into the near infrared.

In a study of post-flame soot from an acetylene diffusion
flame, K. was found to increase with wavelength [7]. This
departure from the downward trend seen in K, studies of
ethylene and JP-8 flames was attributed to beam shielding
effects [37,38], which are expected to become more signifi-
cant with the large primary particles and more compact
aggregation of acetylene soot. Beam shielding, which can
substantially reduce the absorption cross section of soot
particles, diminishes in significance as wavelength increases
[37].

3.3. Ethylene slot flame
The K. results for the ethylene slot flame (Fig. 4) show

the same apparent invariance to flame height seen in the
kerosene and ethylene coannular flames, but they also

exhibit two striking differences. First, the K, values are sig-
nificantly lower (16-21%) than those of the corresponding
coannular flame. At a measurement wavelength of 635 nm
the mean K, value of the ethylene slot flame is 7.8, com-
pared to 9.3 for the ethylene coannular flame. Second,
the K, results show considerably more variation with wave-
length. At 1310 nm the mean K, value is 5.4, 31% lower
than the value at 635 nm.

On first inspection, the lower K, values seen in the eth-
ylene slot flame could simply be a result of the presence
of soot with a smaller scattering cross-section than is seen
in the more rapid soot formation regimes of the ethylene
and kerosene coannular flame geometries. The TEM
images in Fig. 6 support this view, with the soot extracted
from the ethylene slot flame exhibiting lower levels of
aggregation and consisting of smaller primary particles.
In the RDG-PFA prediction of scattering albedo (see
Table 2), which is particularly effected by primary particle
diameter, the scattering albedo in the slot flame at 635 nm
is calculated to be ~4%, compared to ~20% for the ethyl-
ene coannular flame. This difference in scattering contribu-
tion conveniently accounts for the difference observed in
the K. results at 635 nm, but is unable to explain the large
deviation in measured K, values for the two flames in the
near-infrared.

Fig. 5 suggests that the extractive sampling of soot from
the slot flames is likely to include partial sampling of the
adjacent PAH layer, potentially contaminating the gravi-
metric soot samples with condensed PAH. Indeed, the hor-
izontal separation between the centers of the PAH and soot
layers is 2-3 mm the slot flames, with an overlap of the lay-
ers at the edges. PAH with a molecular mass less than
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Soot structure properties and estimated scattering albedos for a range of refractive indices of soot
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0.01
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41
6480

70
62
38

65
45

C,H, coannular

5320
2240

C,H4 coannular

9

25
# Krishnan et al. [6]. Deduced from RDG-PFA analysis of overfire soot from turbulent diffusion flames.

C,Hy coannular

1310 nm for at a soot temperature of 1000 K.

® Dispersion model of soot by Lee and Tien [34]. Predicted spectral refractive index at A = 635 nm and A

¢ Dalzell and Sarofim [32] and Smyth and Shaddix [33]. Refractive indices of acetylene and propane soot at visible wavelengths from reflectometry measurements of compressed soot pellets.

4 Felske et al. [35]. Refractive indices of propane soot particles at A

2.0 pum from reflectometry measurements of compressed soot pellets.

¢ Dalzell and Sarofim [32] and Smyth and Shaddix [33]. Interpolated values corresponding to A= 1310 nm using dispersion formula.

f Due to a missing TEM sample at 45 mm flame height, RDG-PFA results for the 65 mm flame height have been used instead.

~450 amu is transparent to light at visible and infrared
wavelengths [39], so any increase in collected mass from
condensed PAH collected on the GSLE filter will reduce
the derived K,. Examination of the methylene chloride-sol-
uble mass fractions reveals that indeed significant organic
content is present in the GSLE samples extracted from
the two slot flames. The mean organic mass fractions
across all sample heights are 32% and 25% for the methane
and ethylene slot flames, respectively. In contrast, no mea-
surable amount of mass was removed by the solvent from
either the kerosene or ethylene coannular flame samples.
Fig. 7 shows the effect on K, that contamination by con-
densed PAH would have, if it is assumed that the PAH is
transparent to light at the wavelengths used in this study.
In Fig. 7 the mass-adjusted values of K. for the three
flames, which contained organic carbon content in their
soot samples, are displayed along with the original K, val-
ues from Fig. 4. The ethylene slot flame results show a con-
sistent increase in K, when the organic mass is removed
from the calculation. The mean adjusted K. value at
635 nm increases to 9.9 from the uncorrected value of
7.8. At 1310 nm the mean adjusted K. value is 6.9 com-
pared to the previous value of 5.4. These corrections reduce
the difference in K, values seen between the ethylene slot
and ethylene coannular flames, particularly at 635 nm.
Consideration of the combined effects of condensed
PAH contamination and reduced scattering albedo on K,
still leads to inconsistencies in the ethylene slot flame in
comparison to the coannular flame. At 635 nm, the mean
PAH-adjusted K. value for the ethylene slot flame is 9.9.
When the effect of the reduced scattering albedo is also
taken into consideration, this K, value should be approxi-
mately 17% lower than the K, value obtained for the ethyl-
ene coannular flame (9.3), not higher than this value. This
inconsistency can be reconciled, however, by recognizing
that at the heights sampled in the slot flame, it is likely that
soot precursor particles, formed in the soot inception zone
at the boundary between the PAH layer and the soot layer,
are sampled together with mature carbonaceous soot.
These precursor particles are known to have a lower mass
density (p = ~1.2 g/lem?) [40] in comparison to that of
mature, carbonaceous soot (p = ~1.74 g/cm?). This implies
that the gravimetric soot samples collected from the slot
flames have a lower soot mass density than has been used
in the calculation of K, in this study (direct measurements
of soot density were not feasible). A lower soot density
reduces the derived K, in Eq. (2). To be consistent with
the ethylene coannular K, value and taking into consider-
ation the organic mass fraction and difference in scattering
albedo, the K. value for the ethylene slot flame should
equal ~7.8. The mean density of the soot extracted from
the ethylene slot flame required to achieve this is 1.4 g/cm®.
Further evidence of the contribution of soot precursor
particles to the sample stream extracted from the ethylene
slot flame is provided by the observation of a significant
wavelength dependence in the K, results for the ethylene
(and methane) slot flame. As the earliest particles are
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Fig. 7. Comparison of the mass-corrected (for organic content) K. data with the uncorrected data contained in Fig. 4. The soot samples from the kerosene

and ethylene coannular flame contained no significant organic content.

heated and carbonize in a flame to form mature soot, they
transition from only absorbing light at ultra-violet (UV)
wavelengths to absorbing light over a broader band that
extends into the infrared [41]. The maturity of soot parti-
cles is typically characterized by the molar H/C ratio, with
precursor particles having an H/C ratio of between approx-
imately 0.25-0.6 and mature, carbonaceous soot an H/C
ratio less than 0.2 [11,40,42]. On average, the soot samples
from the slot flame contain less mature soot, with a higher
H/C ratio, than soot at the same flame height in the coan-
nular burner (producing the lower mean soot density, as
discussed above). In an early work by Millikan [43], the
optical extinction dispersion exponent of soot deposits
was found to be a function of the molar H/C ratio. In
terms of K., the measurements from 400 nm to 1000 nm
showed that for mature soot, with an H/C ratio of 0.2,
K. o 1/7°2, and for precursor particles, with an H/C ratio
of 0.5-0.6, K, o< 1/A. This gives an explanation, in terms of
the chemical composition of the soot, for the K, trends
observed in both slot flames as a function of wavelength.
More recently, the empirical relationship between absorp-
tion properties and H/C ratio has been reinterpreted by

Minutolo and coworkers [41]in terms of the energy separa-
tion between valence and conduction electrons of aromatic
clusters within incipient soot particles.

3.4. Methane flames

The K. results for the methane coannular flame (Figs. 4
and 7) are substantially lower than the values obtained for
kerosene and ethylene fueled coannular flames. The TEM
images (Fig. 6) reveal small soot aggregates in the methane
coannular flame with calculated scattering albedos less
than 3% at 635 nm. Extinction of light by methane soot
aggregates is therefore almost exclusively through absorp-
tion, producing a lower K, value than seen with the larger
soot aggregates of flames fueled with heavier hydrocar-
bons. The samples from the methane coannular flame con-
tain organic carbon content, particularly at the lowest
measurement height of 25 mm where the organic mass frac-
tion is 34%. At sample heights above 25 mm, the organic
mass fraction falls to less than 7%, which lends confidence
to the K. values at these locations. The apparently errant
K, values at 25 mm (for both methane flames) presumably



T.C. Williams et al. | International Journal of Heat and Mass Transfer 50 (2007) 1616—1630 1627

result from sampling close to the soot inception point, pro-
ducing very low light attenuation in the transmission tube
and necessitating soot collection over time periods of 20—
30 min (yielding less than 1 mg of soot). Discounting these
values, the mean mass-corrected K. values are 6.9 at
635 nm and 6.8 at 1310 nm, less than 6% higher than the
uncorrected values of 6.5 and 6.4. If one were to then
include a scattering albedo of 25-30%, as typically mea-
sured for highly aggregated soot (as seen in the ethylene
and kerosene coannular flames), the effective K, would be
in the 9.0-9.6 range.

The K. results for the methane slot flame are difficult to
interpret, with a large scatter of the mass-corrected K. val-
ues, probably resulting from the low light attenuation, long
sampling periods, and relatively small soot masses collected
in this flame. At 635 nm the uncorrected K, value of 6.0 is
just slightly lower than the result for the methane coannu-
lar flame. However, the methylene chloride extraction
shows ~20-35% condensed PAH in the gravimetric sam-
ples, yielding PAH-corrected K. values in the range of 7
to 8. The TEM imaging shows very small soot particles,
with little agglomeration and negligible scattering albedos.
The particles are irregularly shaped and appear to have a
liquid-like, translucent composition, typical of precursor
particles seen elsewhere [11]. The molar H/C ratio would
therefore be expected to be approximately 0.4 with a dis-
persion exponent of 1.6 [43] (giving K. x 1/2%°). This
agrees with the observed ~40% reduction in (PAH-cor-
rected) K, to 4 to 5 as the wavelength is doubled from
635 nm to 1310 nm. As explained in discussing the ethylene
slot flame, the sampling of precursor particles leads to an
overestimation of the true K., because of the lower mass
density of the collected soot. Therefore, the true K, in the
methane slot flame is somewhat lower than the PAH-cor-
rected values.

3.5. Implications for soot refractive index

The methane coannular flame K. measurements, with
negligible calculated scattering contribution to extinction
and negligible contribution of condensed PAH and soot
precursor particles, imply that the dimensionless absorp-
tion coefficient (K,) of soot in this flame is approximately
7.0 at both 635 nm and 1310 nm. If it is assumed that the
optical absorptivity of carbonaceous soot particles is rela-
tively independent of fuel source and flame type, as long
believed and recently supported [14], then it follows that
with K, = 7.0, the soot scattering albedos for the ethylene
and kerosene coannular flames are in the range of 20-
30%. These results have substantial implications for the
refractive index of soot, since they are not accurately pre-
dicted by index of refraction values reported in the litera-
ture, as interpreted with RDG theory. For instance, the
proposed K, value of 7.0 is substantially larger than the
value of 4.9 that applies for Rayleigh-limit absorption of
primary particles using the Dalzell and Sarofim [32] and
Smyth and Shaddix [33] value of 1.57-0.56i for the soot

refraction index. Use of the Lee and Tien [34] dispersion
formula refractive index of 1.90-0.43; at 635 nm gives an
even smaller Rayleigh-limit K, of 2.9. Krishnan et al. [6]
index of refraction of 1.99-0.89i yields the highest K, value
of the three, with a value of 5.1. Mountain and Mulholland
[37] found that a soot refractive index of m = 1.55-0.8i
gave good predictions of K, when using a discrete dipole
method to calculate soot aggregate absorption and scatter-
ing. This value of the refractive index yields a Rayleigh-
limit K, of 6.9, which is in good agreement with the current
work. However, it gives low RDG-PFA predictions of the
scattering albedo of 0.1-0.2 at 635 nm for the soot particles
in the kerosene and ethylene flames.

To generate K, and scattering albedo values at 635 nm
that are consistent with the current K, measurements, rela-
tively high values for both the real (n) and imaginary parts
(k) of the refractive index are required. These solutions for
n and k are represented graphically in Fig. 8. In the figure,
both the Rayleigh-limit absorption of primary particles
(K, = 6nE(m)) and the scattering albedo (Eq. (5)) are
solved in terms of ‘n” and ‘k’, producing the ellipses seen.
The intersection of these ellipses gives a solution for the
refractive index. For the Rayleigh-limit absorption, an
ellipse corresponding to a constant K, of 7.0 is plotted,
together with ellipses for K, = 6.5 and K, = 7.5. The ellip-
ses of constant scattering albedo have been calculated using
the primary particle diameter and aggregate structure
properties of the soot collected from the ethylene coannu-
lar flame at a height of 45 mm (Table 2). A scattering
albedo of 0.25 for the ethylene coannular flame, corre-
sponding to K. = 9.3, has been used, together with a lower
value of 0.17. This lower value has been calculated using
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Fig. 8. Solutions of the real and imaginary components of the refractive
index of soot at 635 nm that are consistent with particular values of the
non-dimensional absorption coefficient, K, or the scattering albedo, w,,
chosen per the description in the main text. The intersections of the ellipses
denote index values that match both the assumed K, and w, values and are
consistent with the current K. measurements. Values of the real part of the
refractive index less than one are considered non-physical.
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the lowest individual K. measurement (8.4) taken in the
ethylene coannular flame, and marks the lowest feasible
scattering albedo for the assumed K, = 7.0. This range of
scattering albedos gives approximate bounds to the
possible values for refractive index that are consistent
with the current K, measurements, defined by a curve
from m =1.75-1.03i to m = 1.98-1.66i. The real compo-
nent of the refractive index along this curve is consis-
tent with a number of previous studies. The lower end
of this curve gives an imaginary component of the index
of refraction of ~1.0, which is just slightly greater than
the value recently determined by Krishnan et al. [6]. The
upper end of this curve gives an imaginary component of
~1.5, which is significantly larger than any value of ‘k’ pre-
viously suggested for soot. However, measurements for
graphitic carbon often give values of ‘k’ of this magnitude
[44].

Performing an equivalent analysis of the implications of
the current measurements on the index of refraction at
1310 nm proves to be more difficult. Approaching the
problem with the same assumption as used above for
635 nm (namely, K, cthylene = Ka methane) Yields a K of 7.0
and a scattering albedo of ~0.22 at 1310 nm for the ethyl-
ene coannular flame soot. As shown in Fig. 9, these values
for K, and the scattering albedo are incompatible at
1310 nm (i.e. they do not yield a rational solution for the
refractive index). If we approach the problem from another
angle, and assume that the RDG predictions (using litera-
ture values of the refractive index) of a scattering albedo of
~5% at 1310 nm are correct, then our measured K. values
imply a K, for the ethylene coannular flame of 8.6. Using
these values, the analysis shown in Fig. 9 yields a refractive
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02

Imaginary Component, k

Real Component, n

Fig. 9. Solutions of the real and imaginary components of the refractive
index of soot at 1310 nm that are consistent with particular values of the
non-dimensional absorption coefficient, K, or the scattering albedo, w,,
chosen per the description in the main text. The intersections of the ellipses
denote index values that match both the assumed K, and w, values and are
consistent with the current K, measurements. Values of the real part of the
refractive index less than one are considered non-physical.

index of 1.63-2.00i. A value of two for the imaginary com-
ponent of the index is high in comparison to reported mea-
surements of the soot refractive index in the infrared
[32,34,35], which tend to cluster near a value of one for
wavelengths in the vicinity of 1-2 micrometers, but some
measurements of ‘k’ for graphitic materials in the infrared
yield values of two [45].

Revisiting the analysis for the 635 nm data that was pre-
sented in Fig. §, it is seen that relaxing the assumption that
K, cthylene = Kamethane d0€s not have a significant effect on
the derived refractive index. This is because experimental
measurements of the scattering albedos at 635 nm (typi-
cally between 0.15 and 0.35) have shown a reasonably good
agreement with RDG-calculated values (using conven-
tional indices of refraction) [7,13]. Therefore, as shown in
Table 2, an assumption of a scattering albedo for the eth-
ylene coannular flame soot of 0.15-0.20 appears reason-
able, yielding a K, of 7.5-8.0. The refractive index at
635 nm that is consistent with these requirements is close
to the value of 1.75-1.03i previously derived.

4. Conclusions

After development of an effective, non-disruptive means
of sampling soot from within a flame, the dimensionless
extinction coefficient, K., was measured at several heights
within both coannular and slot diffusion flames of meth-
ane, ethylene, and nitrogen-diluted kerosene burning in
air. The coannular ethylene and kerosene flames consis-
tently yielded K. values of ~9.5 at 635 nm and ~9.0 at
1310 nm, with a trend towards slightly higher values in
the kerosene flame. These values and trends are consistent
with previous K, measurements of post-flame soot derived
from diffusion flames of these fuels. The ethylene slot flame
K. values are substantially lower than the ethylene coannu-
lar flame K., especially in the near-infrared, yielding aver-
age values of 7.8 at 635nm and 5.4 at 1310 nm.
Methylene chloride extraction of the collected soot shows
that there is about 25% organic content in the slot flame
soot, compared to negligible organic content in the coan-
nular ethylene and kerosene flame soot. This finding,
together with qualitative evidence provided by planar
imaging of the PAH and soot fields in these flames, sug-
gests that the lower apparent K, value at 635 nm results
from the contribution of optically transparent condensed
PAH species that are captured on the gravimetric sampling
filter together with the soot. TEM imaging and RDG anal-
ysis of soot samples collected from the flames also shows
that the soot particles in the slot flames are smaller and less
aggregated and therefore contribute less optical scattering
towards the total optical extinction. The very low value
of K. in the near-infrared for the ethylene slot flame
appears to result from sampling condensed PAH and soot
precursor particles together with carbonaceous soot in the
slot flames, at heights where soot inception is still active.
The methane coannular flame produced K, values of 6.5
at 635nm and 6.4 at 1310 nm. There was a small (~6%)
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contribution of organic carbon in the collected soot sam-
ples for this flame. Particle scattering calculations show a
negligible scattering albedo for the methane flame in com-
parison to albedos of 0.2-0.3 in the ethylene and kerosene
coannular flames, thereby accounting for the lower mea-
sured K. values in the methane flame. The methane slot
flame results show similar effects of PAH and soot precur-
sor particle sampling as were evidenced in the ethylene slot
flame. RDG calculations of soot scattering, in combination
with the measured K. values, imply that the soot refractive
index is in the vicinity of 1.75-1.037 at 635 nm. At 1310 nm,
the implied refractive index is somewhat different for meth-
ane and ethylene soot.
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