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Abstract The optical properties of combustion-generated
soot, crucial information for quantitative soot emission di-
agnostics and for climate modeling, have been determined
for the particular case of cooled soot from a methane flame.
Optical extinction measurements were performed over a
wavelength range of 450–750 nm using a novel diffuse-
light, spectrally resolved line-of-sight attenuation experi-
ment, and quantified using extractive methods coupled with
scanning and transmission electron microscopy in conjunc-
tion with a detailed uncertainty analysis. The absorption
component of the total measured extinction was isolated
by calculating the expected scattering contribution, accord-
ing to the Rayleigh–Debye–Gans approximation for poly-
disperse fractal aggregates. In contrast to the large degree
of scatter seen in data previously reported in the literature,
a consistent trend of negligible variation of the soot absorp-
tion refractive index function E(m) with wavelength over
the visible was observed (E(m) = 0.35 ± 0.03 at wave-
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lengths of 450–750 nm). These new data are also cast in the
form of dimensionless extinction, which is independent of
the scatter correction, as well as mass absorption cross sec-
tion, which is independent of the mass density of soot and is
commonly used by atmospheric modelers.

1 Introduction

Combustion-generated soot is an atmospheric pollutant that
has been shown to cause adverse health effects in humans
and other animals [1] and contribute to climate change
through radiative forcing [2, 3]. However, quantification of
soot emissions has proven to be a challenging task. Opti-
cal diagnostics have been developed that promise to meet
this challenge [4, 5], though their accuracy is limited by
the level of accuracy to which the optical properties of soot
are known [6–8], with Crosland et al. [8] showing a greater
than 50% uncertainty in soot volume fraction measured by
laser-induced incandescence (LII) due to uncertainty in the
absolute value and spectral variation of the soot refractive
index light absorption function, E(m). Soot optical prop-
erties have been the focus of many studies using a vari-
ety of in-situ and ex-situ techniques for in-flame and over-
fire soot (see [9] and references therein); however, there is
a large variation in the reported optical properties and un-
certainty regarding the equivalence of in-flame and over-fire
soot optical properties [9–11]. Despite attempts to rationally
eliminate some of the reported optical property data based
on problems with the collection and/or analysis methods
used [8, 9], uncertainty limits are still large for use in soot
emission pyrometry based techniques [8]. Interestingly, de-
spite the prevalence of natural gas as a fuel (accounting for
more than a fifth of the world’s total primary energy sup-
ply [12]), very few studies of soot properties [13–15] have
considered soot generated from methane, the primary con-
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Table 1 Selected studies of
soot optical properties Study Fuel λ [nm] In/ex-situ Method

Dalzell and Sarofim [26] C2H2, C3H6 436–10000 Ex-situ Reflectance

Lee and Tien [24] Polymers Visible In-situ Dispersion model

Mullins and Williams [13] Various 450, 633 Ex-situ Reflectance/extinction

Chang and Charalampopoulos [27] C3H6/O2 200–6400 In-situ Scattering/extinction

Bruce et al. [28] Diesel Various In-situ Photoacoustic

Stagg and Charalampopoulos [25] C3H6/O2 400–700 Ex-situ Ellipsometry

Dobbins et al. [29] Crude oil 450–1000 In-situ Extinction

Köylü and Faeth [30] Various 200–5200 In-situ Extinction

Krishnan et al. [31] Various 351–800 In-situ Scattering/extinction

Schnaiter et al. [32] Diesel 450–700 In-situ Scattering/extinction

Snelling et al. [33, 35] C2H4 436–1064 In-situ Pyrometry/LII

stituent of natural gas. These few studies do not consider
post-flame, cooled soot such as would be found as emissions
from various engine and industrial processes. The measure-
ments are done with monochromatic light sources, such as
lasers, providing data at only discrete points of the spec-
trum and do not provide uncertainty estimates of the deter-
mined optical properties. Therefore, the goals of the present
work include filling in the missing property information for
cooled, post-flame soot from methane fuel over a wide range
of wavelengths, achieved through the use of an optical di-
agnostic capable of measuring extinction over a continuous
range of wavelengths, and performing a detailed uncertainty
analysis on the results.

1.1 Soot morphology

Soot consists of many small carbonaceous spherules of
near-constant diameter, called primary particles, that aggre-
gate together to form branching, chain-like structures. Such
geometry cannot be approximated successfully using dense
or porous spheres, or any other simple shapes [16]; however,
it has been shown [17, 18] that soot aggregates are well de-
scribed as mass-fractal-like, where the number of primary
particles, N , that make up an aggregate can be related to the
aggregate radius of gyration, Rg , and the primary particle
diameter, dp , by (1), where Df is the fractal dimension and
kg is the fractal prefactor.1

N = kg

(
Rg

dp

)Df

. (1)

1Some researchers [16, 19, 20] adopt an alternate definition using the
primary particle radius, a, in place of the diameter, which results in
different values for the fractal prefactor. One might argue that this de-
finition is more consistent in that it contains a ratio of radii; however,
the diameter is the measured quantity and it is desirable to use that
value directly. To avoid confusion, we will adopt the term kg as the
prefactor defined using the diameter as in (1) and kf as the prefac-
tor when using the radius instead. The relationship between the two is
kf = kg(1/2)Df .

A probability distribution function (PDF) is used to describe
the probability that a randomly selected aggregate contains
N primary particles. This distribution, when multiplied by
the number concentration of aggregates, gives the aggre-
gate size distribution per unit volume, which describes the
number concentration of aggregates as a function of N .
A self-preserving, scaling distribution describes aggregat-
ing systems well [19, 21, 22]. For N > Navg (most impor-
tant from a light scattering perspective), van Dongen and
Ernst [22] have derived a form of the self-preserving distri-
bution, which is also summarized in Appendix B of [19].
Sorensen has shown [19, 23] that this distribution effec-
tively describes scattering from fractal aggregates; therefore,
it was selected for use in the present work.

1.2 Current knowledge of soot optical properties

The optical properties of soot have seen much attention in
the past, and the methods used to obtain them are as widely
varied as the results [13–15, 24–33]. It is often the case that
values reported in the literature are used generically, despite
the specific nature of the experiments used to obtain these
data. Table 1 compares the approaches of several relevant
previous studies, and their results will be compared to the
present results in Fig. 3 below, which shows variability in
the reported results by about a factor of three.

To date, most work on soot optical properties has fo-
cused on soot sampled or measured in-flame rather than
from an exhaust pipe or smoke stack, which does not neces-
sarily reflect the latter conditions. In fact, some groups [24]
have predicted a significant change in optical properties with
temperature, which conflicts with other studies that found
none [25]. Further measurements at ambient conditions are
therefore necessary.

As mentioned above, soot from methane flames is rarely
if ever considered, perhaps due to methane’s low soot-
ing propensity; only a small number of measurements of
methane soot properties, typically using now-outdated opti-
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cal and soot characterization methods, were found in the lit-
erature [13–15]. (Therssen et al. [34] have also measured the
relative difference in methane soot absorption at two wave-
lengths, but do not provide absolute measurements.)

2 Experimental approach

The accuracy of optical diagnostics is limited by the accu-
rate knowledge of soot optical properties, in particular the
absorption refractive index function, E(m)λ (hereafter re-
ferred to as simply the absorption function). This function
is defined, along with its counterpart, the scattering refrac-
tive index function F(m)λ, as follows, where m = n − ik is
the complex index of refraction of soot and the subscript λ

indicates the wavelength at which to evaluate the function:

E(m) = �
(

m2
λ − 1

m2
λ + 2

)
, (2)

F(m) =
∣∣∣∣m

2
λ − 1

m2
λ + 2

∣∣∣∣
2

. (3)

Using the Rayleigh–Debye–Gans approximation for poly-
disperse fractal aggregates (RDG-PFA), which has been
shown to provide good estimates (within 10% uncertainty)
of optical cross sections for soot aggregates where light ab-
sorption typically dominates over total scatter [23, 36–40],
the volumetric extinction coefficient, Kext,λ, can be related
to the soot volume fraction, fv , through the following rela-
tion:

Kext,λ = 6π(1 + ρsa)E(m)λ

λ
fv, (4)

where ρsa,λ = Ksca,λ/Kabs,λ is the ratio of scattering-to-
absorption coefficients. Equation (4) can be used as the
governing equation for optical extinction measurements of
soot, provided that the aggregates consist of primary parti-
cles that are within the Rayleigh limit (πdp/λ � 1, gener-
ally taken to be πdp/λ < 0.3, and (πdp/λ)|m| � 1) [41].
Thus, finding E(m)λ required determination of three sep-
arate experimental quantities: the soot volume fraction fv ,
the scattering-to-absorption ratio, ρsa,λ, and the spectral
extinction coefficient Kext,λ. Soot volume fractions were
determined by gravimetric analysis. Determination of the
scattering-to-absorption ratio first required knowledge of the
soot morphology, which was found by a combination of
scanning and transmission electron microscopy; this mor-
phological information (dp,N,Df , kg , and aggregate size
distribution) was then used to support numerical calculation
of ρsa,λ. Finally, Kext,λ was determined through diffuse-light
spectral line-of-sight attenuation measurements. A detailed
uncertainty analysis was performed to estimate and propa-
gate the uncertainty in the results, as outlined in Appendix.

The soot under study was generated using an inverted co-
flow diffusion-flame burner, capable of generating soot in a
wide range of sizes and concentrations, based on the work
of Stipe et al. [42]. A brief description of the burner follows,
and the reader is referred to [43] for a more detailed descrip-
tion of the burner.

The inverted burner consists of three main sections: the
burner head, the combustion chamber, and the exhaust tube.
The layout of the burner and a cross-sectional view of the
burner head can be seen in Fig. 1. The fuel tube (port 1)
passes through the head and into the combustion chamber,
and the co-flow combustion air enters a plenum through
port (2) where the flow is distributed evenly by glass beads
and passed through a layer of sintered metal foam into the
combustion chamber. The combustion chamber consists of
a vertical quartz tube through which the operator can vi-
sually monitor the flame. The burner exhaust tube consists
of two parts: a stainless-steel pipe in which the flow mixes
and cools, followed by a section of acrylonitrile–butadiene–
styrene (ABS plastic) tubing that turns and exhausts the
flow at port (6), where soot diagnostics are performed. The
steel pipe features a port near each end; port (3) serves as
an inlet for secondary dilution gas flow, and port (4) is an
auxiliary sampling port. The ABS tube turns the exhaust
stream through 180◦ and drains any condensed water (which
only occurs during the transient warm-up period) through
port (5). The drain outlet was kept below water level to pre-
vent mixing of the exhaust gas and open air. Arnott et al. [44]
have shown that relative humidity values below 65% do not
affect aerosol optics. For all present test conditions, the rel-
ative humidity values calculated from inlet flows and mea-
sured exhaust gas temperatures ranged from 20 to 50%.

The inverted flame burner was operated at 12 different
flow settings to generate soot under various conditions, with
three main variables of interest: dilution ratio, dilution tem-
perature, and dilution gas. These flow settings are summa-
rized in Table 2. Global equivalence ratios were determined
assuming complete (ideal) combustion of CH4 with air (con-
sisting of 21% oxygen), according to φ = 2Qfuel/0.21Qair,
and dilution ratio (DR) was defined as the volumetric ratio
of dilution gas to combustion products, which for methane
fuel can be expressed as DR = Qdil/(Qfuel + Qair).

2.1 Gravimetric analysis

Gravimetric analysis is an ex-situ technique in which all
particles from a known gas volume, V , are collected and
weighed to determine the mass of soot collected, ms . This
is typically achieved through filter sampling of the aerosol
while monitoring the gas velocity and sampling duration. If
the particle density, ρs , is known, and the total gas volume
drawn through the filter is measured, a non-dimensional vol-
ume fraction, fv , can be obtained that is independent of the
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Fig. 1 (a) Layout of the burner
system and (b) cross section of
the burner head. Dimensions are
in millimeters

optical properties of the particles:

fv = ms

ρsV

Ts

T∞
, (5)

where the volume measurement is corrected for differences
in temperature between the exhaust plume, Ts , and at the
point of measurement (ambient), T∞. The gravimetric soot
volume fraction can be used to ‘calibrate’ optical diagnos-
tics by inverting the governing equation (i.e. (4)) to solve
for the missing property information rather than the soot vol-
ume fraction. This method has been used in the past [31, 45].
Note that the low sooting propensity of methane was com-
pensated for by using a longer sampling time, such that the
collected mass of soot, and thereby the accuracy of the mea-
surement, was unaffected.

Soot was sampled from the exhaust plume using an isoki-
netic sampling system, which matches the velocity of the gas
being sampled with that of the surrounding exhaust stream.
The exhaust velocity profile was measured by a pitot tube
traversed at the outlet, and average velocity found by con-
tinuity from the total input flow rate, corrected for tem-
perature. Membrane filters (Whatman, Anodisc 25-mm di-
ameter) with a pore size of 0.02 µm were used for soot
collection, and weight measurements were made with an
electronic micro-balance (Mettler Toledo, UMX2) both be-
fore and after soot was collected. The volume of exhaust
gas from which the soot was collected was measured using
a thermal mass flow meter (Brooks, SMART series), which
was positioned downstream of the filter to avoid contami-
nation by soot deposition. The exhaust gas temperature was
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Table 2 Summary of burner
settings Label Qfuel Qair Qdil Diluent Tdil φ DR

[SLPM] [SLPM] [SLPM] (air/N2) [°C] (global) (vol.)

A1 1.2 15 50 N2 25 0.76 3.1

B1 1.4 13 50 Air 25 1.03 3.5

B2 1.4 13 50 N2 25 1.03 3.5

C1 1.2 15 50 Air 100 0.76 3.1

C2 1.2 15 50 Air 60 0.76 3.1

C3 1.2 15 50 Air 25 0.76 3.1

D1 1.2 15 40 Air 100 0.76 2.5

D2 1.2 15 40 Air 60 0.76 2.5

D3 1.2 15 40 Air 25 0.76 2.5

E1 1.2 15 30 Air 100 0.76 1.9

E2 1.2 15 30 Air 60 0.76 1.9

E3 1.2 15 30 Air 25 0.76 1.9

monitored with a thermocouple and had an average value of
56°C. These data were acquired at a rate of 10 Hz (hardware-
timed). In addition to the uncertainties related to these mea-
surements, there are several sources of uncertainty in the
procedure, including vibration of the balance, electrostatic
charges, the mass of contaminants retained in the filter along
with the soot (e.g. moisture), and buoyancy effects due to
fluctuations in the temperature and humidity of the filter
conditioning environment [46]. Balance vibration was ad-
dressed by isolating the balance with an air suspension isola-
tion table (Kinetic Systems Inc., Vibraplane). Buoyancy and
moisture effects were reduced by conditioning the samples
in a climate-controlled clean room (25°C and 50% relative
humidity) for a minimum of 24 h prior to weighing [46, 47],
and electrostatic charges on the samples were neutralized
with an alpha-radiation neutralizer (Staticmaster, 2U500).

A nominal value of 40 samples, chosen to provide a sta-
tistically significant number of measurements for the sake of
reduced precision uncertainty, were made for each of the 12
conditions, although a small number were discarded due to
flaws, breakage, or contamination. Included in this number
were four control filters per condition, which were handled
in the same way as the samples, only without collecting any
soot. The controls were used to detect any drifting of the
balance, and for each condition the recorded masses were
adjusted by the mean deviation of the controls, which were
typically less than one percent of the measured mass of soot.
For each condition, 10 of the 40 samples were taken for each
of four durations, 60, 80, 100, and 120 s, to ensure linear-
ity of the measured soot volume fraction with sample time.
Repeatability tests were performed to measure the sample-
by-sample variability in the balance measurements, which
was found to be significantly greater than the quoted preci-
sion of the balance. The soot density used in the calculation
was 1.89 ± 0.07 g/cm3, which represents the mean of sev-
eral values found in the literature [29, 45, 48, 49], and the

uncertainty (95% confidence) was assumed to be dominated
by the precision uncertainty and found by treating these lit-
erature values as repeated measurements.

2.2 Soot characterization

The extinction measurements needed to be corrected for
light scattering, which is strongly dependent on the size of
the particles. Thus, it was important to have an accurate es-
timate of the soot morphology (primary particle size, fractal
properties, size distribution) to determine the scattering cor-
rection.

The physical structure of soot can be found by extractive
sampling and observation via electron microscopy. Stud-
ies have found that three-dimensional properties of aggre-
gates can be inferred from two-dimensional projected im-
ages [50], and were reviewed by Brasil et al. [20], who out-
lined a ‘recipe’ for aggregate characterization. This recipe
allows the recovery of key morphological parameters, such
as N,Df , and kg , from the two-dimensional images.

Transmission electron microscopy (TEM) is the cur-
rent standard method used to determine soot morphol-
ogy [50, 51]. The key mechanism for this method of soot
collection is thermophoresis (also known as thermodiffu-
sion or the Soret effect), whereby particles migrate from
a hot region to a cold one [52]. It has been previously
shown [53] that thermophoretic sampling collects a repre-
sentative sample, meaning that it is not biased with respect
to particle size, making it the method of choice for sam-
pling soot from hot gases. However, in the current case of a
cooled exhaust stream (outlet temperatures of 50–60°C), the
thermal gradient between the exhaust gases and the TEM
grid at ambient temperature was small, resulting in a weak
thermophoretic force. This called into question the unbiased
nature of this method, and ultimately led to the conclusion
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Fig. 2 Typical soot aggregates
seen in (a) TEM and (b) SEM
images

that thermophoretic sampling for TEM analysis (TS-TEM)
was not appropriate for finding the aggregate size distri-
bution in this case; scanning electron microscopy (SEM)
was used instead, as is discussed below. However, since
the primary particle size has been shown to be approxi-
mately uniform across a given soot sample [50], meaning
that it is not a function of aggregate size and therefore un-
affected by collection bias, TEM imaging was used to ob-
tain dp .

TEM sampling was performed using 3-mm carbon-
coated copper grids (Electron Microscopy Sciences, cat.
no. 71150), manually held in the exhaust stream for ap-
proximately one minute. Samples were imaged with a TEM
(Philips, CM20) at a magnification of 18000×, and 80–100
measurements of dp were made for each sampling condi-
tion, using Image Pro Plus 4.5.1 (Media Cybernetics). An
example of a typical TEM image used for measurement is
given in Fig. 2a.

To obtain the aggregate size distribution, filter sampling
and subsequent analysis by SEM was performed. However,
the nature of SEM requires the sample to be electrically
conductive; for non-conductive samples such as soot, a thin
coating of conductive material must be applied. This intro-
duces some additional uncertainty in the projected area mea-
surements taken from these images, but, for a soot aggregate
several hundreds of nanometers in diameter, the uncertainty
introduced by the conductive layer is small.

The SEM sampling apparatus was identical to that for the
gravimetric analysis, only the sampling time was reduced
to yield an appropriate surface coverage. The samples were
coated with gold by sputter deposition with a thickness of
10 nm prior to imaging via SEM (JEOL, 840A). A typi-
cal SEM aggregate can be seen in Fig. 2b. The SEM mi-
crophotographs were analyzed according to the recipe given
by Brasil et al. [20], also using Image-Pro Plus. The analysis
of SEM images was considerably more difficult than for the

standard TEM images, due primarily to the added complex-
ity of separating aggregates from the background features
(filter pores). Please refer to [43] for a detailed description
of the image processing and aggregate characterization pro-
cedures. Aggregate size distributions were then found by fit-
ting normalized histograms of the recovered N values to the
self-preserving distribution, with the first moment M1 and
width parameter τ as the fitting parameters. The resulting
mean primary particle size was d̄p = 40.8 nm, mean distri-
bution parameters were M̄1 = 79.8 and τ̄ = 0.0, and mean
fractal parameters were D̄f = 1.67 and k̄g = 7.87.

2.3 Scattering-to-absorption ratio

The term ρsa,λ is a ratio of the scattering-to-absorption co-
efficients; it is a function of the soot morphology (aggre-
gate size distribution, fractal parameters, and primary parti-
cle diameter), the wavelength of light in question, and the
ratio of scattering to absorption functions, F(m)λ/E(m)λ.
The latter value is the only remaining unknown. Krishnan
et al. [31] report an F(m)λ/E(m)λ correlation for the wave-
length range of 351–633 nm, which they found through their
combined scattering/extinction measurements, gravimetric
analysis, TEM, and reported values of kg from the previ-
ous work of Köylü et al. [50]. They validated their find-
ings by correcting the previous extinction measurements of
Köylü and Faeth [30] with their current ρsa,λ values to find
E(m), and then applying their F(m)λ/E(m)λ correlation to
determine F(m). They found that their experimentally de-
termined E(m) and F(m) and those extended from the work
of Köylü and Faeth [30] agreed quite well for wavelengths
above 400 nm. The correlation of Krishnan et al. [31] was
curve fitted to a power-law relationship in order to extrap-
olate to the higher wavelengths considered here. The use
of this curve-fit extrapolation likely introduces further un-
certainty in this calculation; however, no other reasonable
alternative was found. Of those studies listed above with
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sufficient data to determine a correlation, most have been
questioned in the past for one reason or another [30, 31].
For example, the ex-situ measurements made by Dalzell and
Sarofim [26] and Stagg and Charalampopoulos [25] were
performed on compressed soot pellets, which have been crit-
icized for potentially altering the physical properties of soot.
In addition, the earlier in-situ methods [24, 27] typically ne-
glected characterization of soot morphology [30] and em-
ployed Rayleigh or Mie scattering theories, which have been
found to be inappropriate for soot. Thus, the extrapolated
correlation of Krishnan et al. [31] was deemed the most ap-
propriate choice for this work. This choice is further justi-
fied by pointing out that the ratio F(m)λ/E(m)λ serves only
as a scaling factor in the ρsa,λ calculation, which is itself a
scaling factor applied to the measured extinction. As an ex-
ample, with a typical calculated magnitude of ρsa,λ of 20%,
a 10% uncertainty in the ratio of F(m)λ/E(m)λ only results
in a 2% uncertainty in the scattering correction.

The ratio of scattering to absorption was calculated nu-
merically from Rayleigh–Debye–Gans (RDG) theory using
the approach of Sorensen [19]. Assuming that the soot pri-
mary particles are in the Rayleigh limit, and using RDG the-
ory, the differential scattering cross section of an aggregate
(i.e. the scattering cross section per unit solid angle) is given
by [19]

dσ
agg
sca

d�
= k4F(m)

(
dp

2

)6

N2S(q) = dσ
pp
sca

d�
N2S(q), (6)

where dσ
pp
sca

d�
is the differential scattering cross section of a

single primary particle and k = 2π
λ

. The scattering vector
q(θ) is given by q(θ) = [4π sin(θ/2)]/λ.

The scattering cross section, which is a function of ag-
gregate size N and scattering angle θ , can first be integrated
over aggregate size N using the self-preserving distribution
PSP(N) with the defining parameters M1 and τ derived from
SEM data,

dσsca

d�
=

∫ N=∞

N=1
PSP(N)

dσ
pp
sca

d�
N2S(q)dN (7)

and then, assuming RDG theory, integrating over 4π solid
angle to give the total scattered light

σsca =
∫ φ=2π

φ=0

∫ θ=π

θ=0

dσsca

d�

(
1 + (

cos(θ)
)2) sin(θ) dθ dφ.

(8)

The absorption cross section of an aggregate of size N is
given by

σ
agg
abs = N

π2d3
pE(m)

λ
, (9)

and integrating the absorption cross section over the distrib-
ution gives

σabs = M1
π2d3

pE(m)

λ
. (10)

The structure factor S(q) was calculated using the com-
plex hypergeometric approach of Sorensen [19]. The ratio
of scattering to absorption, ρsa,λ, can now be calculated as
the ratio of (8) to (10) using the assumed ratio of E(m)λ to
F(m)λ.

Uncertainty in ρsa,λ was propagated parametrically, by
repeating the calculation using the lower and upper 95%
confidence limits of all the input parameters to observe
the effect on the results. In addition, a blanket value of
10% uncertainty was added to account for inaccuracies of
the RDG-PFA approximation, particularly at larger scatter-
ing angles [39, 40, 54]. The resulting combined uncertain-
ties (95% confidence intervals) of ρsa,λ were on the order
of 20–30%, which, when acting alone, contributed actual
uncertainties of only 3–5% to the calculated E(m)λ val-
ues since E(m)λ ∝ 1/(1 + ρsa,λ). For example, for a ρsa,λ

value of 0.2 with an uncertainty of 25%, as seen at a wave-
length of 700 nm in Table 3 below, the effect on E(m)λ is
(1 + 0.2)/(1 + (0.2 ± 0.05)), or about 4%.

2.4 Spectral line-of-sight attenuation

Line-of-sight attenuation (LOSA) is a robust and direct op-
tical method for the determination of the volumetric extinc-
tion coefficient, Kext. Kext can then be related to the soot
volume fraction by (4), where the resulting soot volume
fraction is proportional to 1/E(m)λ. The transmissivity, τλ,
is defined as the ratio of the intensities of transmitted light
(Iλ) to incident light (Iλ0), and relates to the extinction co-
efficient Kext,λ using the Beer–Lambert Law [41, 55]:

τλ = Iλ

Iλ0
= exp

(
−

∫ ∞

−∞
Kext,λ(s) ds

)
, (11)

where s is the position along the optical path length through
the medium, L. For the special case of an axisymmetric
property medium, it is possible to invert the data using to-
mographic reconstruction to obtain a spatially resolved rep-
resentation of the medium [55–57].

Advances in extinction measurements using long mea-
surement cells, multi-pass cells, or cavity ring-down allow
long measurement path lengths and thus very low detection
limits suitable to ambient particulate concentration measure-
ment (see [4] and references therein). However, the need for
a measurement cell introduces potential sample bias prob-
lems such as particle–particle agglomeration and attrition to
the cell walls. Furthermore, the measurement of concentra-
tions typical of the exhaust of a smoking flame may push
the upper limit of the dynamic range of these highly sensi-
tive diagnostics.
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For open-air measurement of potentially non-uniform
aerosols such as flames or flame emissions, Greenberg and
Ku [58] developed a two-dimensional LOSA (2D-LOSA)
diagnostic based on expanded light sources, imaging op-
tics, and charge-coupled devices. Snelling et al. [56] im-
proved the method by replacing the laser with a collimated
broadband light source, allowing a broader range of wave-
lengths to be tested. More recently, Thomson et al. [55] re-
fined the method of Snelling et al. based on the use of a
diffuse light source rather than a collimated one, allowing
rejection of optical noise from the inevitable small aberra-
tions present in the lenses, as well as addressing the prob-
lem of beam steering, resulting in a significantly improved
sensitivity.

For the present requirement to measure the concentration
field immediately downstream of the burner exit, and where
significant gradients are only likely in the radial direction,
a one-dimensional measurement was sufficient and thus the
second dimension of the detector was available to measure
attenuations in the spectral dimension. To achieve this, the
diffuse LOSA method of Thomson et al. [55] was further
modified to incorporate an imaging spectrometer (American
Holographic, cat. no. SP00298-00) with the CCD (Prince-
ton Instruments, 7386-0001). This allowed the acquisition
of spectrally resolved extinction coefficients over the range
of visible and near-infrared wavelengths of 450–950 nm.
However, due to second-order effects in the spectrometer,
data above 750 nm were found to be influenced by contri-
butions from lower wavelengths and thus results for 450 to
750 nm only are reported. A halogen bulb was used instead
of an arc lamp to improve the performance of the system
over the wide spectral range. The lamp emission was fed
into an integrating sphere, which produced uniform, diffuse
light at its outlet. The halogen bulb was powered by a bench-
top power supply to ensure a temporally constant emission.
The use of diffuse light to make low-noise transmissivity
measurements is discussed in detail in [55]. Thirty measure-
ments were made for each condition, again using a statisti-
cally significant number to reduce the precision uncertainty.
Three images were collected for each measurement, which
were referred to as plume, lamp, and dark. The dark image
was taken with the light source off and the plume blocked
to account for ambient light and dark counts on the CCD.
The lamp image was taken with the lamp on and the plume
blocked, to measure the incident light. Finally, the plume
image was taken with the lamp on and the plume flow-
ing, to measure the transmitted light. The transmissivity of
the plume, and thereby the extinction coefficient, was then
found according to the relation

τλ = plume − dark

lamp − dark
= Iλ

Iλ0
= exp

(
−

∫ ∞

−∞
Kext,λ(s) ds

)
.

(12)

A three-point Abel inversion method was employed to de-
convolve the projected transmissivity data into a radial pro-
file [59]. The inversion confirmed the uniformity of the soot
concentration in the central region of the exhaust plume,
where extinction measurements were performed. Kext,λ val-
ues were determined using only the central region with radii
from 0 to 5 mm. An annular integration was performed nu-
merically over data within this range to obtain the aver-
aged, spectrally resolved extinction coefficient. Note that
while the inversion process enhances measurement noise,
this noise is also averaged out through the annular inte-
gration. In this study, extinction coefficients ranged from
1.5 to 0.8 [1/m] while the diagnostic has a precision, prin-
cipally limited by the short measurement length, of better
than 0.035 [1/m] over most of the spectral measurement
range. A detailed description of the analysis procedure can
be found in [43] and the uncertainty of the measurements
is included in the overall measurement uncertainty analysis
detailed in Appendix.

3 Results and discussion

Data from the preceding diagnostics were combined accord-
ing to (4) to quantify the wavelength-dependent soot absorp-
tion function E(m)λ, as seen in Fig. 3. Although the differ-
ences in magnitude observable among the tested conditions
were generally within calculated uncertainty limits (typi-
cally ≈ ±7%), these data were plotted against several rel-
evant parameters specific to the experiment in an attempt to
better understand the variability. These parameters included
the measured physical or structural quantities of the soot
(Df ,kg, dp,N,Rg,fv), indirect quantities relating to soot
formation calculated from experiment operating parameters
(exhaust stream residence time, characteristic aggregation
time), other experimental parameters (wavelength, dilution
ratio), as well as several combinations of the above. How-
ever, no significant correlations were found.

The lack of correlation is perhaps unsurprising consid-
ering the relatively small variation in the E(m)λ results
among conditions at a given wavelength; all measurements
of E(m)λ fell within 20% of the mean, while the standard
deviation among conditions was only 8–9% at all wave-
lengths. The E(m)λ values calculated for condition C3 were
a slight outlier, without which the data fell within 10–13%
of the mean and standard deviations dropped to 5–7%. The
consistency in the E(m)λ data persisted despite large vari-
ations in several of the input parameters, including a near
factor of two variation in the dilution ratio, which, coupled
with the dilution air temperature variation, resulted in a 50%
difference in the exhaust residence time.

The lack of variability in E(m)λ among the tested con-
ditions suggests that, within uncertainty limits, the parame-
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Fig. 3 E(m)λ results for each tested burner flow condition. For clarity,
calculated uncertainties are not shown in the plot but were typically
≈ ±7% for all conditions

ters varied have little effect on the resultant optical proper-
ties of soot. Negligible differences were found with vary-
ing dilution rate (which affects exhaust residence time and
temperature history), with dilution temperature (which also
affects residence time and temperature history), or with dilu-
tion gas (which would reflect post-flame oxidation effects).
If the measurements made for the 12 burner conditions stud-
ied here are instead considered repeated measurements of
the same values, the spread in their results can be seen as a
measure of the precision uncertainty. The results of such a
treatment can be seen in Fig. 4.

The relatively narrow uncertainty bars seen in the figure
suggest that it is reasonable to treat the 12 conditions as re-
peated measurements. Under this assumption, a wavelength-
dependent soot absorption function could be defined for
more generalized use at a range of conditions. The varia-
tion of the absorption function with wavelength is important
for optical diagnostics that rely on data from more than a
single wavelength, such as two-color pyrometry and time-
resolved laser-induced incandescence. As further discussed
below, the present data support the view that there is little
variation in E(m)λ within the visible wavelengths (up to
700–750 nm). This lack of variation was common to all test
conditions and indicative of a universal trend.

3.1 Other expressions of optical properties

Several authors [31, 45, 60] have reported a dimensionless
extinction constant as the result of their extinction measure-
ments. This dimensionless constant, denoted Ke here, is re-
lated to the measured extinction coefficient by the following

Fig. 4 Condition-averaged E(m)λ data plotted alongside literature
values. Samples for all ex-situ measurements were collected from
within a flame

relation:

Ke,λ = Kext,λλ

fv

. (13)

Equation (13) has a similar form to (4), used to calculate
E(m)λ, only without the dependence on ρsa,λ for the scat-
tering correction. Since some uncertainty is introduced by
the scattering correction, it is useful to re-cast the present
results in terms of the dimensionless extinction constant, as
shown in Table 3. As with the E(m) results, Ke data were
plotted against many variables in an attempt to find trends.
However, once again, the only correlation found was with
wavelength.

Another representation of the absorption properties of
particulate matter is the so-called mass absorption cross sec-
tion (MAC), which is used, for example, in the atmospheric
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Table 3 Summary of
condition-averaged results.
Uncertainties U are given as
95% confidence limits

λ [nm] ρsa Uρsa E(m) UE(m) Ke UKe MAC [ m2

g ] UMAC [ m2

g ]

450 0.29 0.06 0.36 0.03 8.7 0.6 8.0 0.7

500 0.27 0.06 0.37 0.03 8.8 0.6 7.3 0.6

550 0.25 0.06 0.36 0.03 8.5 0.6 6.5 0.5

600 0.23 0.05 0.35 0.03 8.1 0.6 5.8 0.5

650 0.21 0.05 0.35 0.03 8.1 0.6 5.4 0.4

700 0.20 0.05 0.36 0.03 8.1 0.6 5.1 0.4

750 0.18 0.05 0.35 0.03 7.8 0.7 4.7 0.4

particulate field [9]. MAC represents the mass-normalized
absorption cross section of particulate aerosol, and is inde-
pendent of the particle density since fv ∝ 1/ρs from (5),
causing the density terms to cancel in (14). MAC is related
to the present experimental quantities by the following:

MAC = Kext,λ

ρs(1 + ρsa)fv

. (14)

The MAC values presented in Table 3 are compared with the
literature below.

3.2 Comparison to literature

In Fig. 4, the condition-averaged E(m)λ results are plot-
ted alongside several previous studies found in the litera-
ture. Notwithstanding the wide spread of reported results,
the present results show consistency with a subset of previ-
ous studies, despite the use of significantly different fuels.
In particular, the E(m)λ results of Dobbins et al. [29] and
Schnaiter et al. [32] show similar magnitudes, and results of
Krishnan et al. [31] and Snelling et al. [33] compare favor-
ably in terms of spectral variation. The results of Köylü and
Faeth [30] at the lower wavelengths were also in reasonable
agreement, although they showed a significant increase of
E(m)λ between 632 and 800 nm which was not observed
in the present study. The agreement between present and
past results further bolsters the generally accepted notion
that soot optical properties are reasonably independent of
fuel type, since the present study and the five listed above
use fuels ranging from research-grade methane to diesel and
crude oil.

One common assumption made is that E(m) is constant
across the visible wavelengths. The present results show that
this approximation is reasonable, although a small but con-
sistent dip at around 600 nm was common to all measure-
ments. However, the magnitude of this dip is small com-
pared to the measurement uncertainty. The present results
for E(m)λ are not consistent with several of the other earlier
studies. The absolute magnitude of E(m)λ is greater than
that observed by groups such as Chang and Charalampopou-
los [27], Lee and Tien [24], and Stagg and Charalampopou-
los [25], and equally importantly we do not see the rise in

E(m)λ below 500 nm seen by these authors. What these
three groups share is that their models are based on the as-
sumption that graphitic properties can be applied to soot.
This assumption results in a rise in E(m)λ below 500 nm
as the graphite UV resonance is approached [9, 61]. We ob-
serve no such near-UV approach to resonance in soot, sim-
ilar to the findings of Krishnan et al. [31] and of Köylü
and Faeth [30]. This calls into question the attribution of
graphitic optical properties to soot. Additionally, early in-
situ work such as that of Chang and Charalampopoulos [27]
should be regarded with some caution not only because of
the graphitic dispersion assumption, but also because they
did not characterize their soot aggregate properties and as-
sumed spherical soot particles and Mie theory to interpret
their scattering results, which has been proven ineffective in
more recent studies [62, 63].

The comparison of soot absorption function can be ex-
tended to 1064 nm. Therssen et al. [34] have measured the
ratio of E(m) at 532 to that at 1064 nm by matching LII in-
tensities for known fluences. They conclude that the E(m)

ratio is close to 1 in the methane flame and is higher (close to
1.1) in the premixed acetylene/air flames. This conclusion is
in accord with the results of Snelling et al., who found E(m)

at 1064 nm to be 0.4 [33], identical to that at 532 nm [65].
This would imply that E(m) is essentially constant from 450
to 1064 nm.

Many studies have reported values for the MAC, which
were reviewed and presented by Bond and Bergstrom [9].
After reviewing dozens of previous studies, they concluded
that the value of MAC = 10 m2/g, commonly used in
the field of atmospheric modeling [64], was erroneous. In-
stead, they suggested an alternative value of MAC = 7.5 ±
0.6 m2/g at a wavelength of 550 nm, which they found as
the average value of results in the literature for freshly gen-
erated combustion aerosol.2 They considered 17 studies, and
adjusted the values as required to account both for the filtra-
tion medium and for the wavelength of light used in the mea-
surements. For the latter, it was assumed that the refractive

2The uncertainty has been converted to 95% confidence limits for
comparison. The original uncertainty figure given in the paper was
1.2 m2/g, corresponding to a single standard deviation.
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Fig. 5 Comparison of present MAC results to the literature values re-
viewed and adjusted by Bond and Bergstrom [9]

index of soot is constant across the visible range, resulting
in an inverse relationship between MAC and wavelength.
The present results support this assumption, and the uncer-
tainty limits of their recommended value overlaps those of
the present findings (6.5 ± 0.5 m2/g) at that wavelength.
Figure 5 shows a comparison between the present results
and the literature values (original and adjusted) reviewed by
Bond and Bergstrom [9].

4 Conclusions

The objectives of this work were to measure, with quan-
tified uncertainties, the optical properties of soot from an
inverted methane flame that had been allowed to age and
cool in the exhaust stream. These conditions were selected
to better reflect real-world measurement locations such as
exhaust from a tailpipe or smokestack, rather than the typ-
ical in-flame diagnostics performed in the laboratory. The
resulting values of the soot absorption function, E(m)λ, dis-
played no distinct correlation with wavelength. This spec-
tral variation was remarkably constant in the visible range
(0.35 ± 0.03 at wavelengths of 450–750 nm) for wide vari-
ations in the cooling and dilution conditions in the exhaust.
Cast in the form of mass absorption cross section, we ob-
tain a value of 6.5 ± 0.5 m2/g at 550 nm, which compares
well to the value of 7.5 ± 0.6 m2/g proposed by Bond and
Bergstrom [9] in their meta-analysis of published literature.
Comparatively little variation was found in E(m)λ at fixed
wavelength for differences in dilution rate, dilution temper-
ature, and dilution gas. No correlations were found between

any of these properties and the physical soot properties, var-
ied burner parameters, or other derived parameters.

While the large spread in previous data seen in Fig. 4
precludes widespread agreement of results, the present val-
ues (which include quantified uncertainties) compare well
with a subset of studies found in the literature. In particu-
lar, the E(m)λ results of Dobbins et al. [29] and Schnaiter
et al. [32] show similar magnitudes, and results of Krish-
nan et al. [31] and Snelling et al. [33] compare favorably
in terms of spectral variation. This agreement supports the
notion that fuel type has little effect on optical properties
of cooled, post-flame soot, as these four studies all use dif-
ferent, widely varied fuels; both liquid and gaseous, from
crude oil to research-grade methane. Thus, these results are
encouraging for the combustion diagnostics community, as
they show that cooled soot from a methane flame is com-
parable to other measurements made for cooled or aged
soot [29, 32], for soot measured shortly post-flame [31], and
for in-flame soot [33].
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Appendix: Uncertainty analysis

Experimental results are somewhat meaningless without an
idea of the accuracy of the measurements. The uncertainties
associated with the values obtained were estimated based
on the method outlined by the ASME [65]. The total uncer-
tainty consists of two distinct parts, the bias uncertainty and
the precision uncertainty. Bias uncertainty occurs due to the
inaccuracy of the measuring equipment, whereas precision
uncertainty occurs due to random scatter of the data. These
two types of uncertainty are evaluated individually and then
combined to find an estimate of the total uncertainty. The
following is a summary of the sources of uncertainty in the
present analysis. Please refer to [43] for further detail.

A.1 Gravimetric soot volume fraction

The soot volume fraction determined by gravimetric analy-
sis is dependent on the mass of the collected soot, the vol-
ume of gas that was filtered, the ambient and gas tempera-
tures, and the mass density of soot. The remaining uncer-
tainty in the mass of soot is captured in the repeatability
of the balance, which was found to be an order of magni-
tude greater than the quoted accuracy of the balance and
was therefore the dominant uncertainty for the mass mea-
surement. Since the mass of soot determined is the result of
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two separate mass measurements, this uncertainty was mul-
tiplied by

√
2. The uncertainty associated with the volume

measurement corresponded to the uncertainty in the sample
duration combined in quadrature with the quoted uncertainty
of the MFC (mass flow controller). Uncertainties in the am-
bient and exhaust gas temperatures were inflated to account
for additional sources of uncertainty such as soot build up
over the course of a given sampling. The uncertainty in the
mass density of soot corresponds to the spread of the values
reported in the literature at a 95% confidence interval. The
bias limit was found by combining the contributions of each
term in (5) in quadrature:

Ufv

fv

=
√(

Ums

ms

)2

+
(

UV

V

)2

+
(

UT∞
T∞

)2

+
(

UTs

Ts

)2

+
(

Uρs

ρs

)2

,

(15)

where Ux is the uncertainty in x. The precision uncertainty,
represented by 100(1 − α)% confidence limits associated
with a mean value, x̄, is determined by the following for-
mula:

x̄ ± t α
2 ,n−1

σ√
n

, (16)

where σ is the standard deviation, n is the number of sam-
ples, and t is the t-distribution value for a tail area of α/2
and n − 1 degrees of freedom.

As an example, the average bias uncertainty for all sam-
ples of a given condition was found to be 4.6%. The average
soot volume fraction for the 34 samples at this condition
was 54.9 parts per billion (ppb) with a standard deviation of
2.0 ppb or 3.7%. The precision uncertainty for 95% confi-
dence was then found to be 1.3%. Combining the bias and
precision uncertainties in quadrature gave a total uncertainty
in the gravimetric soot volume fraction for this condition of
4.8%, or 2.6 ppb.

A.2 Extinction coefficient

The uncertainty associated with the extinction measurement
is discussed by Thomson et al. [55], only in the present case
the flame emission term was removed. The bias uncertainty
was estimated by examining the symmetry about a vertical
axis (perpendicular to the optical axis) in the normalized
transmissivity data. The exhaust plume attenuates the lamp
light in the central portion of the image; the edge regions of
the image are unattenuated and therefore have unity trans-
missivity. Data were normalized using the unattenuated por-
tion on the left-hand side of the images. Therefore, any de-
viations from unity transmissivity appearing in the unatten-
uated portion on the right-hand side were representative of a
systematic (bias) uncertainty in the measurement of ln(τλ).

However, it was found that the contribution of the bias un-
certainty to the total uncertainty was negligible, i.e. the total
uncertainty was dominated by the precision uncertainty or
repeatability.

A.3 Primary particle diameter

The uncertainty calculation for the TEM results comprised
bias and precision uncertainties. Bias uncertainty was es-
timated based on the spatial resolution of the images. At
a magnification of 18000×, the spatial calibration was
0.777778 nm/pixel, and the accuracy of the location of par-
ticle edges was estimated at ±2 pixels. That uncertainty oc-
curs twice, finding both edges of the particle, so the resulting
bias uncertainty was 2

√
2 × 0.777778 ≈ 2.2 nm. For preci-

sion uncertainty, a 95% confidence interval of ≈ 1.1 nm
was typical. Combining these contributions in quadrature
resulted in a total uncertainty of

√
(2.22 + 1.12) = 2.5 nm.

A.4 Fractal parameters

The uncertainty associated with the fractal parameters was
difficult to estimate due to the empirical nature of the analy-
sis. Uncertainties in measurement from the SEM images
were obscured in the image analysis, since the images were
distorted somewhat during processing and the ‘true’ mea-
surement was unknown. In addition, the use of empirical
constants given by Brasil et al. [20] in the projected area
analysis likely introduced further uncertainty. These uncer-
tainties were further obscured when it was the slope and
intercept of a line of best fit to the data that were of sig-
nificance. Nevertheless, since the slope and intercept were
determined from a line of best fit using least-squares re-
gression, the uncertainties in the fractal parameters were as-
sumed to be equivalent to the confidence intervals in the fits.
Thus, these estimated uncertainties represent the spread in
the data and are therefore estimates of precision uncertainty,
which was assumed to be the dominant source of uncertainty
for the sake of this analysis. Again the reader is reminded
that the scatter correction term in the governing extinction
equation appears as (1 + ρsa,λ). For a ρsa,λ value on the or-
der of 0.3, a 10% increase in uncertainty in ρsa,λ results in
a contribution of only 3% to the total uncertainty of E(m)λ.
Also, any additional uncertainty introduced by this assump-
tion should be small in comparison to the overall uncertainty
in ρsa,λ.

A.5 Aggregate size distribution

The uncertainty in the distribution parameters is subject to
the same difficulties as discussed above for the fractal pa-
rameters. In this case, the confidence limits in the fit para-
meters were much wider, giving further weight to the notion
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that this representation of the precision uncertainty domi-
nates the bias uncertainty contribution to the total. Again, in
this case, the confidence limits given for the fit of the aggre-
gate size histogram to the statistical distributions were used
at face value, since they were assumed to be the dominant
source of uncertainty in the distribution parameters.

A.6 Scattering-to-absorption ratio

The scattering-to-absorption ratio is dependent on many fac-
tors, and the form of the dependence is too complex to ap-
ply the bias limit determination based on combining terms
in quadrature. Instead, a parametric analysis was performed,
where each parameter was varied to its bias limits and the
effect on the scattering-to-absorption ratio was observed.
In addition, a blanket value of 10% uncertainty was added
in order to capture uncertainties inherent in the use of the
RDG-PFA approximation, as discussed in Sect. 2.3. The ex-
perimental parameters that contribute to ρsa,λ are the fractal
parameters Df and kg , the primary particle size dp , and the
fits of size data to statistical distributions (M1 and τ ). The
total uncertainty was determined by combining the contri-
butions of each parameter in quadrature.

A.7 Soot absorption function

The determination of the uncertainty of E(m)λ required
only uncertainty propagation without the addition of further
sources of uncertainty. With the uncertainties in all the re-
quired variables known, the total uncertainty in the absorp-
tion function E(m)λ can also be determined by combining
individual contributions in quadrature as shown in (17).

UE(m)λ

E(m)λ
=

√(
UKext,λ

Kext,λ

)2

+
(

Uρsa,λ

1 + ρsa,λ

)2

+
(

Ufv

fv

)2

. (17)
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