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Abstract

High-resolution transmission electron microscopy (HRTEM) has been performed on soot samples collected from
two smoking laminar ethylene diffusion flames (one steady and one unsteady) and from the active-flaming region of
a 5-m diameter JP-8 pool fire. The motivation for this study is to improve the understanding of the influence of soot
microstructure on its optical properties. The soot sampling positions in the steady ethylene flame correspond to loca-
tions of maximum soot mass growth, partial soot oxidation, and quenched oxidation along a common streamline.
Visual examination of the HRTEM images suggests that the graphitic crystalline layers of soot undergo increased den-
sification along the sampled streamline in the steady laminar flame. Quantitative image analysis reveals a small decrease
in the mean graphitic interlayer spacing (dyg,) with increasing residence time in the high-temperature region. However,
the differences in the mean interlayer spacing are far smaller than the spread of interlayer spacings measured for any
given soot sample. Post-flame samples from the unsteady ethylene flame show interlayer spacing distributions similar
to the lower region of the steady flame. The soot samples from the pool fire show little evidence of oxidized soot and
have interlayer spacings similar to the unsteady ethylene flame. Previous research in the carbon black field has demon-
strated a direct relation between the graphitic interlayer spacing and the optical absorptivity of the carbon. Conse-
quently, the current HRTEM results offer support to recent measurements of the dimensionless extinction coefficient
of soot that suggest that the optical absorptivity of agglomerating soot shows only minor variations for different fuels
and flame types.
© 2005 Elsevier Ltd. All rights reserved.
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Nomenclature
D¢ fractal dimension n dispersion exponent
d, soot primary particle diameter N, number of primary particles in a soot aggre-
doo2 interlayer atomic spacing between two par- gate
allel aromatic carbon layers R, radius of gyration of agglomerate
C constant of proportionality sp? bonding state involving one unfilled s orbital
fv soot volume fraction and 2 unfilled p orbitals
H height above the burner surface sp’ bonding state involving one unfilled s orbital
1 transmitted light intensity and 3 unfilled p orbitals
Iy incident light intensity Xp non-dimensional size parameter
k¢ mass fractal pre-factor term A wavelength of light
L optical pathlength
1. Introduction quence of providing guidance for the choice of soot

Several investigations of the fine structure of combus-
tion-generated soot have been recently reported, yielding
insight into the formation mechanism of soot [1,2], the
source of ambient soot [3], the effect of intermediate-tem-
perature oxidation on the internal structure of soot [4],
and the effect of residence time on the development of
fullerenic carbon [5-8]. These studies have all relied
upon high-resolution transmission electron microscopy
(HRTEM) as the primary diagnostic for soot nanostruc-
ture. Chen and Dobbins [2] also utilized X-ray diffraction
(XRD) and dark field transmission electron microscopy
(DFTEM) to provide complementary information. The
interpretation of HRTEM imaging of carbon forms has
become semi-automated and fairly quantitative over the
past decade, through the development of advanced fil-
tered image analysis routines that can evaluate carbon lat-
tice fringes for parameters such as circularity, elongation,
fringe length, fringe orientation, interplanar spacing
(doo2), and fractional pattern coverage [9-12]. These
improvements in the analysis of HRTEM have made it
a very useful tool for evaluating changes in soot nano-
structure, especially because standard analytical tech-
niques such as XRD, '*C nuclear magnetic resonance
(NMR), and Raman spectroscopy require significant
amounts of sample material. In fact, XRD and Raman
are inherently ill-suited for analysis of soot because soot
has a paracrystalline structure, with bent graphene layers
that are concentrically arranged around one or more
amorphous growth centers [13], and these measurement
techniques are best suited for interrogation of carbon
forms with planar ordered structures.

The current investigation is motivated by the desire
to determine the extent of thermal annealing of soot dur-
ing its natural thermal and chemical evolution in both
laminar and fully turbulent buoyant, smoking diffusion
flames, and, from these results, to gauge the extent of
variation in soot optical absorptivity in these flame sys-
tems. This latter goal has the important, practical conse-

optical properties that are appropriate to use in inter-
preting optical and laser-based measurements of soot
concentrations and temperature, and in predicting radi-
ant heat transfer from these flames. The soot nanostruc-
ture also affects the reactivity of the soot particles,
both for surface growth and oxidation. However, soot
particle reactivity is predominately a surface phenome-
non and therefore cannot be treated as rigorously via
HRTEM analysis as volumetric (i.e., Rayleigh-limit)
optical absorption, and will not be considered further
here. Before describing the details of the current investi-
gation, a brief review is included of the state of knowl-
edge of soot optical properties and their relation to
soot microstructure, temperature, and chemistry. This
background is required for a proper appreciation of
the motivation for this study and for a full understand-
ing of the implications of the results.

1.1. Optical properties of soot aggregates

Considerable effort over the past decade has been
spent characterizing the light scattering properties of
aggregated primary soot particles, specifically using frac-
tal aggregate approaches. Sorensen [14] recently reviewed
these approaches and their regions of applicability. It
appears that the relatively simple Rayleigh-Debye-Gans
polydisperse fractal aggregate (RDG/PFA) theory, which
ignores internal multiple scattering, can accurately de-
scribe the angle-dependent light scattering from aggre-
gated soot particles, as long as the fractal dimension,
Dy, used in the mass fractal analysis [15]

R\
N = ke 2
(@)

is less than 2. In the above formulation, k¢ is the fractal
prefactor, R, is the agglomerate radius of gyration, and
d, is the primary particle diameter. This condition
is generally satisfied, because soot tends to form
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diffusion-limited cluster aggregates with a Dy~ 1.8
[14,16-21]. The RDG/PFA theory inherently assumes
that the absorption coefficient of soot is independent
of the extent of aggregation and depends solely on the
refractive index of the soot and its volume fraction in
the flow.

Calculations of soot aggregate scattering and ab-
sorption properties have also been performed using a
coupled magnetic and electric dipole method, which in-
cludes the effects of internal multiple scattering [22,23].
These calculations have shown that for relatively small
soot primary particle sizes (i.e., for the non-dimensional
size parameter x,<0.3, where x,=ndy/1) the soot
absorptivity is ~10% higher than the RDG predictions
for both small and large aggregates, because of en-
hanced fields at each primary particle from the multiple
scattering. For larger primary particles (x,>0.6),
shielding effects eventually dominate over the enhance-
ment effect from multiple scattering and can result in
up to a 30% decrease in absorptivity for large aggregates
(N, ~ 1000) [23]. The contribution of scattered light to
the overall extinction from soot varies strongly with
soot primary particle size and aggregate size, until a
saturation regime is reached for large aggregates. For
Xp ~ 0.2 (a typical value for soot illuminated by a visible
light source), coupled dipole calculations and experi-
mental measurements both show that scattering contrib-
utes approximately 20-30% of the total light extinction
for large agglomerates [23-26].

1.2. Temperature dependence of soot optical properties

The understanding of the dependence of soot optical
properties on temperature is much poorer than the
understanding of its dependence on aggregate structure.
By temperature dependence, in this context, we are refer-
ring to the dependence of the optical properties at any
given wavelength as a function of soot temperature, on
account of changes in the chemical bonding of the mate-
rial. Obviously, the total emissivity and absorptivity of
soot will change with temperature because of variations
in the spectral absorptivity of soot and the varying
blackbody spectral distribution with temperature. A
limited number of studies over the years have tried to
resolve the temperature dependence of soot optical
properties, with limited success. Becker [27] and later
Millikan [28] observed that values of the dispersion
exponent, n, derived from visible light extinction mea-
surements, were unchanged for soot when measured in
situ in a flame or when measured for soot collected from
the same flame location with a cooled plate. The disper-
sion exponent is derived from fits to spectral variation in
light extinction of the form In(Zy/I) = Cf,L/2". Whereas
the results from Becker and Millikan are not definitive
evidence for invariance of all soot optical properties with
temperature, they are suggestive of such invariance. Lee

and Tien [29] and Charalampopoulos et al. [30] calcu-
lated the temperature dependence of the index of refrac-
tion of soot, assuming that the Drude-Lorentz
dispersion model holds for soot, with the same resonant
frequencies as graphite and with the assumption that the
damping constants are proportional to the square root
of the absolute temperature. With these assumptions,
the real part of the refractive index is insensitive (<5%
variation at visible wavelengths) to the soot tempera-
ture, whereas the imaginary part (associated with optical
absorption) varies by up to 50% from room temperature
up to flame temperatures. Stagg and Charalampopoulos
[31] performed the only reported direct experimental
determination of the index of refraction of soot, along
with amorphous carbon and pyrolytic graphite, as a
function of temperature, employing ellipsometry on
samples contained within a furnace. For all 3 carbona-
ceous materials, the index of refraction showed negligi-
ble variation at visible wavelengths over the range of
temperatures investigated (25-600 °C), in marked con-
trast to the earlier predictions with the dispersion model.
Stagg and Charalampopoulos noted, however, that
there are reasons to expect the temperature dependence
of the optical properties to be stronger at infrared
wavelengths.

1.3. Soot chemistry and optical properties

The effect of soot chemistry on its optical properties
has been highlighted over the past decade with the reve-
lation of the apparently common, if not universal,
appearance of fairly transparent, liquid-like soot “‘pre-
cursor particles” in the soot inception region of both
premixed and diffusion flames [1]. As these particles
are heated, they undergo dehydrogenation, solidify,
and become the broadband-absorbing (i.e., black) parti-
cles that have been traditionally recognized as normal,
or “mature” soot [32]. Unlike the precursor particles,
the mature soot particles do not coalesce upon collision
with one another, but rather agglomerate into the wispy
chains generally found in sooting flames. Wersborg et al.
[33] made an early measurement of the absorption coef-
ficient of precursor particles in a low-pressure premixed
flame and found the optical absorptivity to be over an
order of magnitude lower than that of mature soot. Mil-
likan [28], Bonne and Wagner [34], and D’Alessio et al.
[35] performed extinction scans in sooting premixed
flames with broadband lamp sources and monochroma-
tor detection, allowing the fit of dispersion exponents. In
all cases, the dispersion exponent was found to decrease
uniformly with height above the burner. Millikan and
D’Alessio et al. plotted the dispersion exponent against
the molar H/C ratio in collected soot and found similar,
approximately linear relationships, with incipient soot
having an H/C ratio of 0.5-0.6 and a dispersion expo-
nent of ~ 2.0. As the H/C ratio in the soot decreased
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to values of ~0.2 (with either increasing height above the
burner or for different flame chemistries), the dispersion
exponent decreased to ~1.2. Dobbins and coworkers
[1,32,36] have characterized precursor particles as hav-
ing a molar H/C ratio between approximately 0.25-
0.6, whereas solid, carbonaceous soot generally has an
H/C ratio less than 0.20. Therefore, it appears that the
earlier referenced studies of dispersion exponent varia-
tion primarily were focused on precursor particles,
where strong variation in the optical properties with
increasing dehydrogenation is expected. Indeed, Minu-
tolo et al. [37] have presented an elegant analysis of
the evolution of absorption spectra in a near-sooting
premixed flame in which the extension of the absorption
band from the UV to the visible (and ultimately into the
infrared) of the large aromatic hydrocarbons and pre-
cursor particles is associated with the decreasing magni-
tude of the Tauc band gap (referring to the energy
separation between valence electrons and conduction
electrons) as the aromatic clusters grow in size within
the particles. Indeed, the band gap energy appears to
correlate linearly with the optical extinction dispersion
coefficient and with the precursor material H/C ratio.

The connection between the chemical structure of
carbonaceous material and its electrical and optical
properties has been explored by researchers in the car-
bon black, astrophysics, and fullerene formation com-
munities, where this issue is of vital importance. On a
local, mesoscale level, a distinction is made between
amorphous carbon, characterized by sp® hybridized car-
bon, and graphitic carbon, characterized by sp> hybrid-
ized carbon. Diamond and methane both contain
carbon with sp® bonding, with the four valence electrons
assigned tetrahedrally to form strong, isotropic ¢ bonds
with the adjacent atoms. This type of bonding produces
carbon that is quite transparent to visible and infrared
radiation and which has high electrical resistivity. Ben-
zene is an example of sp> bonded carbon, where 3 of
the valence electrons are directed trigonally to form o
bonds in the plane, and the 4th valence electron forms
a weak m bond perpendicular to the o bonding plane.
Consequently, graphitic carbon is highly anisotropic,
having optical transparency and electrical resistivity in
its axial direction and strong optical absorptivity and
electrical conductivity perpendicular to its axis. The
sp” hybridized carbon tends to form planar graphitic
microcrystallites embedded in an amorphous structure.
The bent, paracrystalline graphene layer ordering that
is present in furnace black and in soot results from the
incorporation of some sp> bonded carbon in the sp>
bonded layers, producing a mixed hybridization state
[13]. Various effective medium approaches have been
proposed for calculating optical properties of carbon
material that is a mixture of amorphous (sp’) and gra-
phitic (sp?) phases, where the anisotropy of the graphitic
phase adds complications [13,38-40].

2. Experimental methods

Soot samples from three different flames were interro-
gated in this study, as shown in Table 1. For the laminar
flames, TEM grid samples were collected using a rapid-
injection, short-hold thermophoretic sampling technique
with the grids oriented vertically [41]. Copper grids with
a lacey carbon film were utilized, to avoid interference
during the TEM analysis from the amorphous carbon
film that is more typically used for TEM sampling.
For the pool fire, the soot samples were collected with
carbon film grids oriented horizontally and exposed
for 0.3 s [42].

Flame 1 is a 1.1-cm diameter smoking ethylene flame
with forced co-annular air flow and was operated under
conditions matching the steady “smoking” or “S” ethyl-
ene diffusion flame that has been extensively studied by
Santoro and coworkers [43-45] and by Megaridis and
Dobbins [41,46]. The cold-flow, area-averaged exit
velocity was 5.07 cm/s for ethylene and 16.2 cm/s for
air. Because the flame tip is open and emits smoke, the
luminous flame height is poorly defined for this flame,
but is on the order of 150 mm. Soot samples were col-
lected along the centerline, at heights corresponding to
the maximum primary particle diameter (H = 50 mm),
the end of active soot oxidation (H =110 mm), and
past the luminous tip (A =210 mm). Collection along
the centerline of the laminar flames assured that a com-
mon streamline was sampled. Fig. 1 shows an image of
OH fluorescence and elastic soot scattering in this flame,
with the lower two sampling heights indicated.

Flame 2 is a 6-cm diameter ethylene flame stabilized
on a McKenna burner with no forced air coflow. It is a
buoyant, unsteady, smoking diffusion flame. Soot sam-
ples were collected along the flame centerline at a height
of 70 mm (nominally at mid-height of the flame) and
also downstream of the active combustion zone (in the
post-flame region).

Flame 3 is a 5-m diameter JP-8 pool fire; a photo-
graph of which is shown as Fig. 2. The soot samples
from this fire were collected in the active flaming region

Table 1

Flame locations sampled with TEM grids

Flame Fuel Burner Sample Heights
diameter/flow  locations sampled
characteristics

1 Ethylene 1.1 cm/steady Centerline H = 50 mm
laminar H =110 mm

H =210 mm

2 Ethylene 6 cm/unsteady Centerline H =70 mm

laminar Post-flame

3 JP-8 5 m/turbulent 0.8 m from H=12m

centerline
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H=110 mm ——

H =50 mm

soot
scattering

OH-
fluorescence

Fig. 1. Stacked planar images of OH" laser-induced fluores-
cence (on the outer edge of the flame) and elastic soot scattering
(inside of the OH" layer) from Flame 1 [47].

of the fire, somewhat off of the fire centerline. Conven-
tional TEM analysis of the grids collected from this fire
and from a 1-m diameter JP-8 pool fire has been previ-
ously reported in Ref. [42].

HRTEM in lattice fringe mode was performed on the
collected soot samples using a Phillips CM30 micro-
scope operating at 300 kV, with a point-to-point resolu-
tion of 0.18 nm. Photographic images were collected for
representative soot particles and subsequently scanned
into a computer for additional digital analysis. Five to
seven HRTEM images were collected for each flame
sampling position.

In addition to qualitative, visual analysis of the col-
lected HRTEM images, digital analysis of the carbon
ordering was conducted using image-processing soft-
ware. The Semper™ software package, with the custom
modifications previously reported by Palotas et al. [10],
was used for this purpose. A sample of an HRTEM
image and its corresponding carbon fringe image are
shown as Fig. 3. Once this fringe image pattern has been
extracted, a variety of parameters characterizing the tur-
bostratic carbon may be statistically determined, such as
fringe length, fringe circularity/tortuosity, fringe pattern/
orientation, fractional coverage, and the graphitic layer
interplanar spacing, dygp. For the evaluation of the de-

Fig. 2. Photograph of Flame 3, a 5-m JP-8 pool fire at Sandia’s
Lurance Canyon Burn Site [42]. The inset shows a close-up of
the flame structure at the base of the pool fire. (Courtesy of The
Combustion Institute.)

gree of graphitization of carbonaceous materials, the
characteristic interplanar spacing has been most com-
monly used [48]. In many cases, a reduction in dy, corre-
lates with growth in the size of the ordered crystallite
(both in the graphitic basal plane and perpendicular to
it). Therefore, it is often possible to use fringe length as
a relative indicator of the degree of graphitization, but
the use of interplanar spacing provides a more absolute
indication, as it is not constrained by the initial ordering
of crystallites within the carbonaceous material.

3. Results

Examples of low-resolution TEM images of the soot
collected from Flame 1 at heights of 110 mm and
210 mm are shown in Fig. 4. Detailed examination of
these images shows that the soot primary particle size
decreases with height above 50 mm. This trend of
decreasing primary particle size with increasing height
along the flame centerline, even as the soot volume frac-
tion is increasing, has been consistently seen by others
probing similar flames [49-51] and is not understood.
The micrographs also show that the degree of soot
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Fig. 4. TEM images on lacey grids of soot collected at H = 110 mm (left image) and at H = 210 mm (right image) from Flame 1. The

magnification is 50,000x%.

agglomeration increases with increasing height along the
streamline, as expected.

The soot collected at a height of 70 mm in Flame 2
appears to have been newly formed and consists of rela-
tively small agglomerates with an amorphous coating
that is present on both the soot aggregates and the
TEM grid itself. Upon being exposed to the high-power
electron beam used for high-resolution imaging, the
amorphous material that had deposited on the grid
showed fluidity and covered any deposited soot aggre-
gates (over the course of tens of seconds), preventing
effective high-resolution imaging of the soot. An exam-
ple of such a sequence of events is shown as Fig. 5. It
is unclear from the imaging record whether the soot it-
self dissociated under the high-power electron beam or
if the blurring effect in the images resulted entirely from
the flow of material originally deposited on the grid sur-
faces. Others have noted that electron-beam irradiation

of carbon forms, while performing HRTEM, heats the
samples and can lead to significant structural rearrange-
ments, depending on the intensity and duration of the
exposure [52-54]. The samples collected from H =
50 mm and A = 110 mm in Flame 1 also showed a minor
amount of amorphous material coating on both the soot
aggregates and the grid surfaces. However, in contrast to
the midflame sample from Flame 2, the grid-deposited
amorphous material did not show fluidity during
HRTEM imaging of any of the soot samples from
Flame 1.

Samples of HRTEM images from all 3 flames are
presented in Fig. 6. All of the samples show the charac-
teristic ““onion” shape of turbostratic graphitic ordering
(i.e., concentrically oriented graphene layers) that has
been generally found for soot. In some instances the
outer layers of the primary particles are ordered about
a relatively unordered center, whereas in other cases
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Fig. 5. Series of consecutive TEM images (top to bottom) at a
magnification of 70,000x showing the effect of exposure of soot
and grid deposits from H =70 mm in Flame 2 to a high-power
electron beam. Each image was collected approximately 30 s
subsequent to the previous image.

there are several centers of ordering within a given pri-
mary particle or within joined primary particles. Quali-
tatively, when viewing all of the collected HRTEM
images, there appears to be a progression in the extent
of graphitic ordering in these images as the height in-
creases along the centerline of Flame 1. As shown in
Fig. 7, the soot that had recently formed at the first cen-
terline sampling height (H = 50 mm), experienced a tem-

perature of 1500-1600 K for 25 ms before reaching the
second sampling height, and then experienced a longer
period (35ms) over a lower temperature range of
1000-1500 K before reaching the final sampling height.
Therefore, an increase in graphitic ordering of the soot
may be anticipated as a consequence of thermal anneal-
ing along the flame centerline.

In order to quantify the visually apparent trend of in-
creased carbon ordering and to determine the relative
graphitization of the soot in the different flames, quanti-
tative image analysis of the HRTEM images was per-
formed, as previously described. Table 2 shows the
results for the analysis of graphitic layer interplanar
spacing in all of the analyzed soot samples. Both the
mean values of the interplanar spacing and the calculated
standard deviations in the distribution of individual
paracrystalline layer spacings are listed. As previously
found by Palotas et al. [3,4], the standard deviation in
the interplanar spacing is relatively large, apparently
reflecting the inherently wide, multimodal distribution
of interplanar spacings in turbostratic carbons and even
graphitized carbons. As discussed in Refs. [3,4], a variety
of discrete interplanar spacing values between 3.38 and
3.87 A have been measured in these forms of carbon
using both HRTEM and X-ray diffraction. Furthermore,
previous digital analysis of HRTEM images of a highly
graphitized carbon black yielded a standard deviation
in the interlayer spacing of 0.07 A [4], so this should be
considered a practical lower limit of this quantity.

4. Discussion

The majority of the measurements of mean interpla-
nar spacing of graphitic layers in combustion-derived
soot have yielded values of between 3.4 and 3.6 A [2],
comparable to the range of interplanar spacing that
has been measured via XRD for carbon black [56]. By
comparison, the interlayer spacing is 335A in pure
graphite. The values for mean dyy determined by
HRTEM for the soot in the current investigation range
from 3.47 to 3.57 A and are therefore consistent with
these previous findings. Similarly, the range of standard
deviation in dyy, found for the soot in the current inves-
tigation is similar to that found previously for carbon
black and other partially ordered carbons when using
the same analytical approach [4].

The trend in the mean interplanar spacing for the
steady, laminar flame offers weak evidence of densifica-
tion of the graphitic layers as the soot is convected along
the flame centerline near its peak temperature of
~1600 K between heights of 50 mm and 110 mm. Once
the combustion of hydrocarbon fragments, H,, and
CO has concluded (at a height around 110 mm), and
the gas temperature begins to drop substantially, no fur-
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Fig. 6. High-resolution TEM images (magnification of 1,800,000x) from different sampling locations and flames: (a) Flame 1,
H =50 mm; (b) Flame 1, H# =110 mm; (c) Flame 1, H =210 mm; (d) Flame 2, post-flame; and (e) and (f) Flame 3.

ther increase in turbostratic ordering occurs. The
high activation energy associated with the annealing
of semi-ordered carbon (generally estimated as over
200 kJ/mol [57,58]) results in a strong sensitivity of
annealing to temperature variations, consistent with
the trend in soot annealing observed here.

The soot samples from the post-flame region of the
unsteady ethylene flame and from within the JP-8 pool
fire both show slightly larger mean interplanar spacing
than is present for any of the sampled heights along
the centerline of the steady laminar flame. This result
may be indicative of the influence of the lower tempera-

tures expected in the soot formation region in the larger,
unsteady laminar flame and in the JP-8 pool fire, or it
may be an artifact of the limited number of soot parti-
cles analyzed and the wide distribution of interplanar
spacings at any given sampling location. The standard
deviation of the interlayer spacing might be expected
to be larger for the soot sampled from the unsteady
flame and from the turbulent pool fire, in particular,
but no such trend is evident. A possible explanation is
that the TEM grid sampling time scales may be short
in comparison to the characteristic vortex turnover time-
scales in both of these environments, in which case no
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Fig. 7. Temperature and residence time profiles along the
centerline of Flame 1, as given in Ref. [55]. Dashed, vertical
lines indicate the heights at which soot samples were collected
on TEM grids.

extraordinary variation in the interlayer spacing would
be expected.

Vaglieco et al. [59] pointed out that the available data
on the effect of thermal annealing on semi-ordered car-
bons, including amorphous carbon films and coal vitri-
nite, show a modest decrease in the real component of
the refractive index and a strong increase in the imagi-
nary component. In particular, thermal annealing of
an amorphous carbon film has been shown to increase
the imaginary portion of its index of refraction at
500 nm from 0.28 to 0.98 [60]. Some studies have begun
to link measured optical properties with experimental
indications of the ratio of sp? to sp> bonding in carbon
black [13.,40], but no measurements have been reported
of optical properties or bonding ratios of soot or carbon
black as a function of interlayer spacing. Consequently,
the results of the current study suggest that an increase
in the optical absorptivity of post-inception, agglomer-
ating soot may occur during the course of its growth
and oxidation in laminar diffusion flames (and probably
in some turbulent diffusion flames). However, the small
differences in mean interplanar spacing which are seen,
together with the wide distributions of spacing present
in each soot sample, suggest that the resultant optical
property variations, if they occur at all, are quite small.

This conclusion is consistent with measurements of
the dimensionless extinction coeflicient of soot emitted

Table 2
Graphitic layer interplanar spacing in collected soots

from laminar and turbulent flames of a wide variety of
fuels, both gaseous and liquid, which show only a small
variability at visible wavelengths, at least part of which
is attributable to differences in scattering contributions
and shielding effects [61-63]. Recent measurements of
the dimensionless extinction coefficient of soot sampled
from within JP-8 pool fires [64] also show values within
the range of 8-10 previously measured for the post-flame
soot. These results are in agreement with the similarity
of soot carbon interlayer spacings found in the present
study. Taken together, the recent extinction coefficient
measurements and the current HRTEM analysis suggest
that once solid, aggregating primary particles are for-
med, the soot optical properties (from a material per-
spective) are essentially fixed. This is a convenient and
important finding, both for interpretation of optical
extinction measurements of soot concentration and for
predictions of radiant absorption or emission from soot.
However, this finding conflicts with the wide variety of
soot refractive index values reported in the literature
[65]. It is important, however, to note that most of the
reported refractive indices provide imaginary compo-
nents that are too low in comparison with the measured
dimensionless extinction coefficients (even when taking
into account the scattering contribution from soot
aggregates [66]). The high variability in the reported
refractive indices and their low imaginary component
suggests that many of these studies have included contri-
butions from condensed tars and/or precursor particles,
in addition to solid soot particles.

5. Conclusions

Results from an HRTEM study of soot microstruc-
ture evolution along a streamline in a laminar ethyl-
ene/air diffusion flame are reported, and show a minor
decrease in mean graphitic interplanar spacing as the
soot moves through the high-temperature growth re-
gion. Comparison with soot collected in the post-flame
zone of a larger, unsteady ethylene/air diffusion flame
and from the active flaming-region of a large JP-8 pool
fire reveals slightly greater interplanar spacing in the lar-
ger flames, perhaps reflecting lower temperatures in the
soot formation regions of these flames. In all cases, wide

Flame Fuel Burner diameter/flow characteristics Sample location Mean dyp» (A) SD dyg> (;\)
1 Ethylene 1.1 cm/steady laminar H =50 mm 3.52 0.14
H =110 mm 3.48 0.15
H =210 mm 3.47 0.10
2 Ethylene 6 cm/unsteady laminar Post-flame 3.57 0.12
3 JP-8 5 m/turbulent H=12m 3.55 0.14
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distributions of interplanar spacing are apparent for
each soot sample set. These results suggest that the opti-
cal absorptivity of the soot is similar for all of the inter-
rogated flames, and increases a small amount, if at all, in
the upper regions of the laminar diffusion flame. This is
a convenient and important finding, both for interpreta-
tion of optical extinction measurements of soot concen-
tration and for predictions of radiant absorption or
emission from soot.
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