
1 3

DOI 10.1007/s00340-016-6509-6
Appl. Phys. B (2016) 122:232

Investigation of in‑flame soot optical properties in laminar 
coflow diffusion flames using thermophoretic particle sampling 
and spectral light extinction

Nathan J. Kempema1 · Bin Ma2 · Marshall B. Long1 

Received: 1 June 2016 / Accepted: 11 August 2016 / Published online: 24 August 2016 
© Springer-Verlag Berlin Heidelberg 2016

1  Introduction

Optical properties of soot are important to the study of the 
in-flame evolution of soot particles in addition to mod-
eling the post-flame effect that soot has on our climate. In 
the atmosphere, soot particles play a role in climate forc-
ing, and knowledge of their optical properties is crucial to 
modeling the impact of soot emission on our environment 
[1]. When studying the in-flame evolution of soot particles, 
noninvasive laser diagnostics are often utilized to provide 
high spatially and temporally resolved measurements. 
However, measurements are limited by the accuracy of the 
known optical properties, as they are the quantitative link 
between in-flame soot properties and experimental optical 
data. Therefore, both the optical study of how soot is pro-
duced in-flame and models of the effect it has post-flame 
are predicated on knowledge of soot optical properties.

This study will investigate the in-flame optical proper-
ties of soot through the soot volume fraction (fv), which 
is simply the volume occupied by soot per unit volume of 
space. The soot volume fraction is a focus here because 
it is the most commonly used parameter for comparison 
between experiments and computational models [2–5] and 
can be calculated from relatively simple optical extinction 
experiments [6–8]. Thus, to provide accurate experimental 
data in laboratory-scale burners for comparison to numeri-
cal models, the optical properties of soot must be well char-
acterized for the specific reacting flow. The Yale laminar 
coflow diffusion burner [9] is investigated in this work as 
it has been extensively studied [2, 10–12] and one of the 
flames stabilized on this burner is a target flame for the 
international sooting flames workshop [13].

To measure soot optical properties, many studies rely 
on an independent measurement of soot volume fraction 
obtained using gravimetric sampling followed by light 
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extinction (GSLE) [14–18]. In this technique, over-fire soot 
is captured and passed through a light extinction experi-
ment before being deposited on a filter. The filter yields the 
mass of soot collected during a known sampled time and 
under specific flow conditions. Soot volume fraction can 
then be calculated with knowledge of the soot density. The 
extinction data are used in conjunction with the soot vol-
ume fraction to solve for the dimensionless soot extinction 
coefficient (Kext), which further depends on the soot scat-
tering-to-absorption ratio (ρSA(λ)), the absorption function 
(E(m(λ))), the complex index of refraction of soot (m(λ)), 
and the wavelength of light (λ). The Rayleigh–Debye–
Gans theory for fractal aggregates (RDG-FA) is often 
used to calculate ρSA(λ) if the soot morphology is known 
[19–21], which allows the soot absorption function to be 
determined.

To investigate the optical properties of cooled post-flame 
soot, as might be found in the atmosphere, Coderre et  al. 
[20] gravimetrically sampled soot from an inverted meth-
ane coflow diffusion flame to determine fv. They conducted 
a spectrally resolved line-of-sight attenuation (spec-LOSA) 
measurement on the over-fire soot, calculated ρSA(750–
450  nm)  =  0.18–0.29 using RDG-FA theory, and deter-
mined E(m) as a function of wavelength. They found the 
soot absorption function to be relatively constant for the 
post-flame soot over the wavelength interval investigated 
(E(m) = 0.35 ± 0.03 from 450 to 750 nm). Krishnan et al. 
[21, 22] gravimetrically sampled over-fire soot from large 
turbulent diffusion flames to calculate soot volume fraction 
and therefore the soot absorption function through RDG-
FA theory. At 515 nm, they found E(m (515 nm)) = 0.29 
and ρSA(515  nm) ≈ 0.57 for relatively large aggregates 
(number of primary particles per aggregate (Nave)~400–
500, primary particle diameter (dp)~30–50 nm). The mor-
phology of the post-flame soot investigated in these studies 
is important as it affects the derived ρSA(λ) [23] and there-
fore the calculated E(m) for light extinction experiments. 
In addition, the age and environment of soot particles may 
affect internal structure (i.e., degree of graphitization), 
thereby affecting optical properties. Therefore, although 
post-flame gravimetric sampling has been shown to be an 
effective independent measure of soot volume fraction, it 
is unclear that soot optical properties derived from over-fire 
soot may be used with accuracy for in-flame measurements 
due to possible differences in particle age and morphology 
[1, 24].

To eliminate possible errors associated with apply-
ing post-flame-derived soot optical properties to in-flame 
measurements, a few techniques have been developed 
to directly measure the in-flame soot volume fraction or 
absorption function. Williams et al. [19] adapted the GSLE 
technique to include a probe for in-flame extraction of soot 
and measured Kext in a variety of burners with different fuel 

sources. The soot absorption function has been measured 
through nanoscale heat transfer modeling of soot in laser-
induced incandescence (LII) experiments. Snelling et  al. 
[25, 26] matched the peak soot temperature in their heat 
transfer model to experimental data and determined E(m) 
at 532 and 1064  nm in a laminar coflow diffusion flame. 
In another study, Beyer and Greenhalgh [27] conducted an 
LII experiment in vacuum to determine the soot absorption 
function, since the vacuum environment simplifies the heat 
transfer model.

LII has shown the ability not only to measure the 
absolute soot absorption function, but to also measure its 
relative wavelength dependence through two-excitation-
wavelength LII [28]. In this technique, the spatial and 
temporal distributions of the absorbed laser pulse ener-
gies are matched at two excitation wavelengths, allowing 
for determination of the ratio of the absorption function at 
those wavelengths. In the initial study, Therssen et al. [28] 
demonstrated E(m(532 nm))/E(m(1064 nm)) ≈ 1 in a non-
premixed flame of pure methane. Recent work by Bejaoui 
et al. [29] showed that E(m(532 nm))/E(m(1064 nm)) ≈ 1 
in a premixed McKenna burner, which is consistent with 
Ref. [25, 26] in the Gülder burner. Migliorini et  al. [30] 
used spec-LOSA and thermophoretic sampling/TEM anal-
ysis to arrive at the (E(m(λ1))/E(m(λ2))) parameter in pre-
mixed and non-premixed flames and showed that the ratio 
is a function of the height above the burner (HAB). They 
also showed that after a certain particle age along the cen-
terline of the non-premixed flame (i.e., at a certain HAB), 
E(m(450 nm))/E(m(750 nm)) becomes effectively constant 
at ≈ 1.1.

In this study, the thermophoretic sampling particle diag-
nostic (TSPD) [31] is used to provide an in-flame meas-
urement of soot volume fraction, which along with light 
extinction information and the soot scattering-to-absorption 
ratio is used to calculate the soot absorption function. Light 
extinction information is obtained from a previous spec-
LOSA experiment [10], and the ratio is calculated in this 
study using RDG-FA theory with soot size distributions 
and morphological parameters determined in Ref. [11] 
through thermophoretic sampling and TEM analysis. Two 
of the TSPD samples were taken with multiple exposures 
to ensure that the results are free of growth or oxidation 
artifacts. The TSPD technique is first validated for calcula-
tion of soot volume fraction by comparison to previously 
published results [31] in the Santoro burner. Image seg-
mentation and relative optical density (ROD) methods are 
used to calculate the volume of particles per image on the 
TEM grid using electron microscope analysis. The derived 
soot absorption function will be shown to be in excellent 
agreement with previous independent in-flame measure-
ments of the soot absorption function in coflow laminar 
diffusion flames. The measurements are inconsistent with 
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commonly used soot absorption functions derived from 
GSLE measurements of post-flame soot from turbulent dif-
fusion flames.

The available data sets for the soot dispersion expo-
nent (α), which characterizes the wavelength dependence 
of the soot absorption function, are extended to other flow 
conditions (compared to Ref. [10]) stabilized on the Yale 
burner by showing that the wavelength dependence of the 
scattering correction to the fitted light extinction data can 
be approximated as constant over the flame with negligi-
ble additional uncertainty. We will show that the derived α 
maps are in excellent agreement with available two-exci-
tation-wavelength LII data over a wavelength interval of 
450–700 nm and can yield a positive or negative exponen-
tial soot absorption function wavelength dependence that 
depends on the in-flame location. The α maps extend the 
relative absorption function discussion by providing two-
dimensional information and demonstrating that the ratio 
of soot absorption functions is approximately constant for 
mature centerline aggregates but may change wavelength 
dependence with increased HAB for aggregates along the 
flame wing.

2 � Sampling and optical diagnostics

2.1 � Thermophoretic sampling particle diagnostic for fv

TSPD is a powerful technique for the ex situ characteriza-
tion of in-flame sampled soot using electron microscope 
analysis. The method is based on the work of Eisner and 
Rosner [32] and was adapted by Köylü et al. [31] to deter-
mine soot volume fraction using the flat plate geometry 
commonly applied for thermophoretic sampling of soot. 
In each TEM image, the mass flux of particles (ṁ″) to the 
grid is given by

where ρ is the soot density, Vp is the total particle volume, 
Ai is the image area, and σ is the grid exposure time. The 
thermophoretic mass flux (j″) [31] to the probe is approxi-
mated as

and the soot volume fraction is determined by equating 
Eqs. (1) and (2)

(1)ṁ′′
=

ρVp

Aiσ

(2)j′′ ∼= DT

Nux

2x

[

1−

(
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Tg

)2
]

ρfv

(3)fv ∼=
2xVp

AiσDTNux

[

1−

(

Tw

Tg

)2
]−1

where x is the distance in the axial direction above the 
burner from the edge of the probe to the center of the TEM 
grid, DT is the thermophoretic diffusivity, Nux is the Nusselt 
number, Tw is the probe temperature, and Tg is the local gas 
temperature.

A previously detailed pneumatic sampler and sample 
tongues [11] were used to apply the TSPD technique, and 
the system is reviewed here. The sample tongue insertion 
and extraction times were characterized with a mean time 
of 7.5 ms. Radial vibration of the sample probe was deter-
mined to be <400 μm, and displacement in the axial direc-
tion was <300 μm. Samples were acquired through a slot 
in a piece of acrylic to block perturbations to the flame as 
a result of the sliding rail’s motion. For data collected in 
this study, the sample tongues (254 μm thick) did not use a 
washer to hold the TEM grid as in Ref. [11] since the grids 
were adhered directly to the surface of the tongue with a 
very small amount of epoxy. This was done to approximate 
the flat plate geometry of the thermophoretic sampling par-
ticle diagnostic [31]. Sample tongues were 4 mm tall at the 
location of the grid and 2.54 cm tall where the tongue was 
adhered to the sliding rail. This was done to minimize the 
volume of the tongue that entered the flame while maxi-
mizing sample tongue contact with the sliding rail to mini-
mize vibration. The sample tongues were inserted directly 
into the flame and were imaged at 3  kHz using a Vision 
Research Phantom v7.3 detector (140 μs exposure) to cal-
culate the grid exposure time. The 200 mesh copper TEM 
grids had a thin coating (5–6  nm) of pure carbon (EMS, 
CF200-CU) and were analyzed on a 200  kV FEI Tecnai 
Osiris TEM. For each sample, 45 images were taken at 
6300× and 26500× magnification. The relations for ther-
mophoretic diffusivity, gas kinematic viscosity, and Nusselt 
number from Ref. [31] were used in this study along with 
the value for Tw (350 K). The probe wall temperature was 
not measured in this study and increases with increased 
grid exposure time (see Appendix 1). The local gas tem-
peratures were determined in a previous study [10], x was 
equal to 2  mm, and the local gas velocities in the axial 
direction (ux, ranging from 1.5 m/s to 2.4 m/s) were taken 
from numerical simulations [2].

The remaining parameter needed to solve Eq. (3) is the 
volume of particles contained in each image. The method 
used in Ref. [31] to determine the volume of particles per 
image is based on image segmentation. The number of 
primary particles per aggregate (N) is related to the two-
dimensional projected aggregate area (Aa) and mean pro-
jected primary particle area (Ap) according to Eq.  (4), 
where α =  1.155 and ka =  1.095 are empirical constants 
[33].

(4)N = ka

(

Aa

Ap

)α
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Assuming no primary particle overlap, this implies that 
the total volume of particles is given by (5).

The image segmentation process detailed in Ref. [11] is 
used here to determine dp, Ap, and Aa. Processing of the raw 
TEM images was done in MATLAB, and primary particle 
diameters were calculated using a Hough transformation 
along with user input to identify improper primary particle 
selection by the algorithm. The projected primary particle 
area was determined from the mean primary particle diam-
eter at each sample location. The projected aggregate area 
was determined using a Canny edge detection algorithm 
after binning the image 2 × 2.

Since flame-generated soot aggregates are known to have 
particle overlap, Eq.  (5) may overpredict the volume of 
particles. As a result, an additional method to calculate the 
volume of soot particles, developed by Tian et al. [34, 35], 
was used to provide an independent measure of Vp. Their 
method is based on the relative optical density (ROD) of 
soot in TEM images, which results from electron extinction 
through aggregates with different thicknesses. They showed 
that the depth of a soot particle in the direction of the opti-
cal path at a given pixel location (x, y) is proportional to the 
relative optical density, which is defined in Eq. (6)

where I(x, y) is the intensity at pixel location (x, y) and Iback-

ground is a scalar value determined for each image by cal-
culating the mean intensity from a region in the image not 
containing soot. Ibackground accounts for extinction due to the 
thin carbon film. The volume of soot particles is related to 
the summation of the relative optical density over all the 
pixels in an image through a calibration constant C, as in 
Eq. (7) where δA is the area projected onto a pixel.

The calibration constant is determined using Eq. (7) by 
measuring the relative optical density of isolated primary 
particles [34]. The isolated primary particles are assumed 
to have a spherical geometry, which allows C to be deter-
mined by measuring the particle diameter (used to cal-
culate volume) and the summation of its relative optical 
density over the sphere’s projected area. It is difficult to 
assess the uncertainty associated with calculating Vp and 
subsequently fv. Therefore, image segmentation and ROD 
are both utilized to calculate the volume of particles since 
their independence should highlight any major discrepan-
cies between the two approaches.

(5)Vp =
πd3p

6

∑

l

Nl

(6)Drelative(x, y) = −log

(

I(x, y)

Ibackground

)

(7)
Vp = C

∑

x,y

Drelative(x, y)δA

The Santoro burner was used in this study to validate 
our implementation of the TSPD technique through com-
parison to previous work on flow condition 1 (NS) [31, 36]. 
The TSPD technique was then applied at targeted loca-
tions in the Yale coflow diffusion burner, which consists 
of a 4-mm-inner-diameter (I.D.) fuel tube that is concen-
tric with a 74-mm-I.D. coflow of air exiting a honeycomb 
mesh with 0.8-mm cells. The average fuel-tube exit veloc-
ity (parabolic velocity profile) and coflow exit velocity 
(plug velocity profile) are matched at 35  cm/s. The fuel 
source is ethylene diluted with nitrogen, and the flames are 
designated by the volumetric fuel percentage (40, 60, and 
80 %) of the total flow rate. This provides flames with dif-
ferent soot loading and particle temperature–time histories. 
Results are presented in Sect. 3.

2.2 � Scattering‑to‑absorption ratio using 
thermophoretic sampling/TEM analysis

The scattering-to-absorption ratio, which is one of the two 
components of the soot extinction coefficient, can be cal-
culated using RDG-FA theory. We followed the approach 
detailed in Ref. [10], and the calculation is outlined here. 
Equation  (8) defines the scattering-to-absorption ratio as 
the total aggregate scattering cross section divided by the 
total aggregate absorption cross section.

The distribution moments (Mi) are defined in Eq.  (9) 
where n(N) is the aggregate number density distribution. 
Neff is defined as Neff = k0 (2·Rg, eff/dp)

D where k0 is the frac-
tal prefactor, Rg, eff is the effective radius of gyration, dp is 
the primary particle diameter, and D is the fractal dimen-
sion. The wave vector in Eq. (8) is defined as k = 2π/λ, and 
the ratio of scattering-to-absorption functions (F(m)/E(m)) 
was taken from Ref. [22] as a second order polynomial fit 
over wavelength. Although the relation for the scattering-
to-absorption functions was not derived from the in-flame 
aggregates of interest, the same relation was used in Ref. 
[20] since the calculated soot absorption function is a weak 
function of F(m)/E(m). Thermophoretic sampling data 

(8)

ρSA(�) =
σ
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σ
agg
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=
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acquired in Ref. [11] were processed using TEM analysis to 
calculate the distribution moments, Neff, dp, D, Rg, eff, and k0.

The uncertainty associated with an RDG-FA calculation 
of ρSA(λ) is difficult to assess due to the myriad of details 
that go into thermophoretic sampling and TEM analysis. 
Therefore, as is commonly done [30], we assume that the 
uncertainty in ρSA(λ) is no less than 10 % due to the often 
cited 10 % accuracy of RDG-FA theory [23] used to calcu-
late the aggregate scattering and absorption cross sections.

2.3 � Soot absorption function based on spec‑LOSA

The soot absorption function is derived experimentally from 
Eq. (10)

where τ is light transmission and L is the path length through 
the sample. Spectrally resolved light transmission data 
are utilized along with a TSPD-derived soot volume frac-
tion and ρSA(λ) calculated using RDG-FA theory with data 
from previous thermophoretic sampling [11] to determine 
E(m). Spec-LOSA data were obtained previously [10], and 
the experimental procedure is outlined here. A low spatial 
coherence white light source (Dolan-Jenner Fiber-Lite series 
180) was used for illumination. Light from the source was 
collected through a 2-mm-diameter aperture and collimated 
with a 200-mm-focal-length spherical lens and directed 
through the flame. The transmitted light was collected with 
a 125-mm-focal-length spherical lens before being focused 
through an aperture and being re-collimated with a 125-mm-
focal-length spherical lens. The resulting collimated light 
was directed onto the 0.05-mm entrance slit of an imaging 
spectrograph (Jobin–Yvon CP200, 200-groove/mm grating). 
The dispersed light was imaged with a thermoelectrically 
cooled CCD detector (SBIG STF-8300 M chip, 16 bits/pixel 
digitization, 3326 ×  2504, 5.4 μm pixel length) that was 
stabilized at −10  °C to reduce thermal noise. The images 
contained a spatial coordinate that spanned the flame radius 
(5.95 μm projected onto each pixel) and a spectral coordi-
nate that spanned 400  nm to 750  nm (0.14  nm per pixel). 
The burner was mounted on a stepper motor, and transmis-
sion (flame on, lamp unblocked) and emission (flame on, 
lamp blocked) images were collected every 0.5 mm starting 
at 1 cm HAB. Transmission images were calculated at each 
HAB by taking the difference between the transmission and 
emission images and dividing by the difference between a 
lamp (lamp on, flame off) image and a dark (lamp off, flame 
off) image.

The soot dispersion exponent can be found through 
a spectrally resolved light extinction experiment and 
information about particle morphology [10]. The sca-
lar dispersion values can also be related to data from 

(10)fv =
−ln(τ )�

KextL
=

−ln(τ )�

6πL(1+ ρSA(�))E(m)

two-excitation-wavelength LII (ratio of soot absorption 
functions, [37]), which is often used to determine E(m(λ

1))/E(m(λ2)). This is shown in Eqs.  (11) and (12), where 
the soot absorption coefficient (Kabs, λ) is proportional to 
the inverse of wavelength to the α power. From this, it is 
implied that the soot absorption function is proportional to 
the inverse of wavelength to the (α-1) power.

If the ratio of the soot absorption function at any two 
excitation wavelengths is taken, as in Eq. (12), it is equal to 
the inverse of the respective wavelength ratio taken to the 
(α-1) power. Therefore, Eq. (12) is able to relate a measure-
ment of the soot dispersion exponent from spec-LOSA and 
thermophoretic sampling/TEM analysis to data from two-
excitation-wavelength LII.

3 � Results and discussion

3.1 � Thermophoretic sample exposure

The TSPD-derived soot volume fraction must be free of 
exposure-dependent sampling artifacts since it is propor-
tional to the volume of sampled particles and inversely pro-
portional to the grid exposure as seen in Eq.  (3). Previous 
studies have shown possible oxidative effects with increased 
sample exposure [38]. Growth effects may also be possi-
ble depending on the sample substrate material, geometry, 
and measurement environment [39]. However, other stud-
ies did not observe morphological changes with different 
exposures [11, 40]. In this work, samples were taken with 
multiple exposures at two locations in the 80 % flame. The 
first sample was acquired at 6  cm HAB along the flame 
centerline to investigate oxidative effects. Previous studies 
measured high temperature (~1700 K) [10] at this location, 
and computational results indicate the presence of oxidative 
species [2]. Primary particle diameters were measured for 
samples taken with exposures of 16 and 27 ms; the resulting 
histograms are shown on the left and right of Fig. 1, respec-
tively. Both histograms list the number of sampled primary 
particles, and a dashed line is drawn with a label to indi-
cate the mean diameter. Within measurement uncertainty, no 
oxidative effects were observed and thus the measured fv is 
assumed to be independent of sample time.

A similar procedure was used along the wing in the 
80  % flame at 3.5  cm HAB, where temperatures are high 
(~1800 K, [10]) and previous computational results indicate 
the presence of surface growth species such as acetylene 

(11)Kabs,� =
6πE(m)fv

�
∝

1

�α
⇒ E(m) ∝

1

�α−1

(12)
E(m(�1))α

E(m(�2))α
=

(

�2

�1

)α−1
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[2]. This sample location was selected to consider the pos-
sibility of particle growth with sample time. Primary particle 
diameter distributions are shown in Fig. 2 for sample times 
of 19 and 27 ms. The number of sampled particles is listed 
in each histogram, and a dashed line is drawn and labeled to 
indicate the mean diameter. No change in the distributions is 
observed, and the sampled fv is assumed to be independent of 
growth effects.

In contrast to Refs. [38, 39], no sample artifacts were 
observed with an increase in sample time. However, sample 
times were purposely minimized to avoid aggregate over-
lap by keeping the grid coverage of aggregates <20 %. The 
sample times used in this study are small compared to other 
studies [11, 38] because the TEM grid was not recessed 
into the sample tongue, which increases the flux of parti-
cles to the grid per unit time [11]. In addition, primary par-
ticle diameter was measured in Ref. [11] at the same loca-
tions in the 80 % flame for exposures of ~120 and ~80 ms, 
respectively. The longer sample times were possible due 

to a recessed TEM grid, and the measured primary parti-
cle diameters are consistent with the results presented here. 
Thus, sample artifacts were not observed under the given 
flow conditions.

3.2 � Soot volume fraction

The volume of particles in each image was determined 
using image segmentation (6300×) and relative optical 
density (26500×) techniques as discussed in Sect. 2.1. For 
each technique, the volume of particles was determined 
from the average of 45 images and example data are shown 
in Fig. 3 (80 % flame, 3.5 cm HAB, wing). On the left is 
the 8-bit raw TEM image, where each aggregate has been 
segmented and outlines are set to 255 counts. On the right 
is a relative optical density image of soot from the same 
sample. The image background contains zero mean value 
noise that does not contribute to the summation of the rela-
tive optical density in each image.

Fig. 1   Primary particle diam-
eter measured for sample expo-
sures of 16 and 27 ms along the 
centerline at 6 cm HAB in the 
80 % flame
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Fig. 2   Primary particle 
diameter measured for sample 
exposures of 19 and 27 ms 
along the wing at 3.5 cm HAB 
in the 80 % flame
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The TSPD technique was initially applied in the Santoro 
burner at 5 cm HAB along the flame centerline to validate 
our application of the TSPD technique through compari-
son to data from the original study [31]. The first row of 
Table 1 lists the parameters used in Eq. (3) to calculate the 
soot volume fraction with image segmentation and ROD. 
The last column contains the mean fv derived using image 
segmentation and ROD over all grid exposures at a given 
measurement location. A value of 3.3  ppm was deter-
mined in the Santoro burner using the same velocity and 
gas temperature as Ref. [31], which compares well with 
the ≈3.8 ppm determined in the original study. This value 
also compares well with previous LII work in our labora-
tory at this measurement location that yielded 2.5–3.9 ppm, 
depending on the value of the selected soot extinction coef-
ficient (Kext = 8.6–5.5) [41].

The remaining samples were taken in the 80  % flame 
on the Yale burner and are listed in Table 1. The axial gas 
velocity was taken from previous computations [2], and 
the local gas temperature was measured in Ref. [10] using 
color ratio soot pyrometry with a measured soot disper-
sion exponent. Despite the fact that the image segmentation 
technique assumes no primary particle overlap, the results 
are consistent with the ROD method at all measurement 
locations.

3.3 � Soot optical properties

Without knowledge of soot optical properties for spe-
cific flow conditions, a common practice is to assume an 
extinction coefficient derived from a GSLE experiment. 
Recent studies utilized a soot extinction coefficient of 

Segmentation

0

50

100

150

200

250
Relative Optical Density

0

0.2

0.4

0.6

0.8

1

100 nm500 nm

Counts Drelative

Fig. 3   Image segmentation (left, 6300×) and relative optical density (right, 26500×) images used to determine the volume of soot aggregates

Table 1   Soot volume fraction and parameters used in the thermophoretic sampling particle diagnostic

Sample Location Percent grid 
coverage

Grid exposure 
(ms)

Axial velocity 
(m/s)

Gas tempera-
ture (K)

fv Seg. (ppm) fv ROD (ppm) fv ave. (ppm)

5 cm HAB 
Santoro

Centerline 
r = 0 mm

19 39 1.0 1580 3.4 3.1 3.3

2 cm HAB 
Yale

Wing 
r = 3.3 mm

16 38 1.5 1750 1.7 1.9 1.8

3.5 cm HAB 
Yale

Wing 
r = 2.6 mm

15 19 1.9 1800 3.6 4.3 3.8

Wing 
r = 2.6 mm

19 27 1.9 1800 3.4 3.9

6 cm HAB 
Yale

Centerline 
r = 0 mm

14 16 2.4 1680 2.1 2.2 2.1

Centerline 
r = 0 mm

19 27 2.4 1680 1.8 2.1
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8.6 ([18], consistent with [22]) to determine soot volume 
fraction from LII and two-color ratio pyrometry in the 
Yale burner [12]. The techniques compare well and sug-
gest that the accuracy of the recovered soot volume frac-
tion is not limited by available diagnostics but by the accu-
racy of the known soot optical properties. No information 
about E(m) or ρSA(λ) is given in [18], but the extinction 
coefficient derived in Ref. [22] at 515 nm is comprised of 
E(m(515 nm)) = 0.29 and ρSA (515 nm) ≈ 0.57. As noted 
in Sect.  2.2, ρSA(λ) can be calculated through RDG-FA 
theory using information about soot morphology derived 
from thermophoretic sampling and electron microscope 
analysis. Soot samples at six locations in the 80 % flame 
were previously acquired in Ref. [11], and the morphology 
information is used here to calculate ρSA(515  nm), since 
the sparse grid coverage (<10  %) of the samples ensures 
reliable information about morphology and size distribu-
tions. The three TSPD sample locations are a subset of the 
sample locations in Ref. [11]. The calculated scattering-to-
absorption ratios are plotted in Fig. 4 along with the con-
stant ρSA(515 nm) = 0.57 from Ref. [22].

Equation (8) was used to calculate ρSA(λ) and accounts 
for polydispersity effects due to the number of primary 
particles per aggregate, but does not account for the dis-
tribution of primary particle diameters. The assumption of 
a monodisperse primary particle diameter distribution is 
common and requires discussion. Instead of ρSA(λ) being 
proportional to (dp/2)3 for the monodisperse case, as is sug-
gested by Eq.  (8), the actual proportionality is to the sixth 
moment of the primary particle distribution divided by the 

third moment of the primary particle distribution. The data 
in Figs. 1 and 2 were numerically evaluated to determine the 
normalized sixth moment of the primary particle distribu-
tion divided by the normalized third moment of the primary 
particle distribution, where the Rth normalized moment of 
the distribution is defined as the Rth moment of the distri-
bution divided by the mean value of the distribution taken 
to the Rth power. For the centerline and wing soot sam-
ples, this ratio was found to be 1.9 and 2.3, respectively. 
Therefore, Eq.  (8) under predicts ρSA(λ) by approximately 
a factor of 2 when assuming a monodisperse distribution. 
However, this is not the complete story as the ratio of scat-
tering-to-absorption functions (F(m)/E(m)), taken from Ref. 
[22], was derived under the assumption of a monodisperse 
primary particle distribution. The function can be modified 
to account for primary particle diameter polydispersity by 
assuming a distribution and width parameter, given a mean 
primary particle diameter of 42  nm from the listed values 
in Ref. [22]. Previous studies by Köylü and Faeth [42] and 
Snelling et al. [25] found width parameters between 1.2 and 
1.3 for lognormal distributions. For the data presented in 
Figs.  1 and 2, lognormal width parameters of 1.3 and 1.5 
were determined, respectively. The quality of the lognor-
mal fit to the centerline data was excellent, while the quality 
of the lognormal fit to the wing data was poor. Therefore, 
we can correct the ratio of scattering-to-absorption func-
tions by assuming a lognormal distribution and a universal 
width parameter of 1.3 for the centerline data only. Doing so 
results in an approximately 60 % reduction in the F(m)/E(m) 
ratios reported in Ref. [22]. Taken together, the 60 % reduc-
tion and factor of 1.9 increase results in an approximately 
20 % net reduction in the ρSA(λ) values shown in Fig. 4. For 
centerline soot, where the primary particle diameters follow 
a lognormal distribution, this results in a < 2 % change in 
E(m) based on Eq.  (10). Although this argument does not 
hold for soot collected along the flame wing (not a lognor-
mal distribution), the effects of primary particle diameter 
polydispersity are ignored in this study based on the moder-
ate reduction in ρSA(λ) and negligible change to E(m).

For all plots, the open markers were acquired along the 
flame wing and filled markers were acquired along the 
flame centerline. The results in Fig. 4 show an order of mag-
nitude decrease between the scattering-to-absorption ratios 
in the turbulent post-flame soot and the laminar coflow in-
flame soot, respectively. This is likely due to the increase 
in size and primary particle diameter of aggregates found 
in the over-fire turbulent diffusion flame (Nave  ~  400–500, 
dp ~ 30–50 nm) [22] compared to those found in the Yale 
coflow burner (Nave  ~  20–120, dp  ~  15–30  nm) [11]. The 
relative contribution to scattering is increased for the over-
fire aggregates because Eq.  (8) is proportional to Neff and 
is also a strong function of primary particle diameter. Thus, 
although Kext is not a strong function of ρSA(λ), the strong 

Fig. 4   Soot scattering-to-absorption ratio constant from over-fire 
soot in Ref. [22] and those calculated using RDG-FA theory and 
information from thermophoretically sampled aggregates acquired in 
Ref. [11] in the Yale burner. The open circles were acquired along the 
flame wing, and the filled circles were acquired along the flame cen-
terline
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morphology dependence of ρSA(λ) must be considered 
when selecting optical parameters to determine soot volume 
fraction in LII or two-color ratio pyrometry experiments.

The absorption function is the remaining component of 
Kext and can be determined once ρSA(λ) is calculated. Sur-
veys of values found in the literature [20, 43] show a range 
of values (E(m) ≈ 0.10–0.40) in the visible portion of the 
spectrum. Various arguments have been put forward [22, 
43] to narrow the range of usable soot absorption functions, 
but significant uncertainty persists.

The soot absorption function can be calculated as a func-
tion of wavelength using Eq. (10), and the results are plot-
ted in Fig. 5 (50-nm intervals) for the three TSPD sample 
locations in the 80 % flame. Uncertainty bars were calcu-
lated as detailed in the Appendix and are included in Fig. 5. 
The soot absorption function appears to have a wavelength 
dependence, which will be investigated further in Sect. 3.4. 
Table  2 contains values of the soot absorption function 
from in-flame measurements in coflow laminar diffusion 
flames in addition to the values from Fig.  5 at 532 and 
635 nm at the three measurement locations. The literature 
values are from a variety of independent techniques such 
as the previously mentioned LII-derived soot absorption 
function of 0.4 determined by Snelling et  al. [25]. Using 
a modulated LII technique, Snelling et al. [44] determined 
E(m) = 0.45 in the visible portion of the spectrum. In the 
first in-flame GSLE measurement of Kext, Williams et  al. 
[19] measured Kext  =  9.3 (ρSA(635  nm)  =  0.11–0.21), 
Kext  =  9.7 (ρSA(635  nm)  =  0.17–0.30), and Kext  =  6.5 
(ρSA(635 nm) < 0.03) at 635 nm for ethylene, kerosene, and 
methane flames, respectively. The range of the soot absorp-
tion function listed in Table 2 for [19] was determined from 
the mean extinction coefficient and the range of scattering-
to-absorption values. Thus, although the uncertainty of 
E(m) calculated in this study is ±11–14 %, the values are 
in excellent agreement with the body of available in-flame 
measurements of E(m) in similar coflow laminar diffusion 
flames.

Figure 6 shows soot volume fraction derived from TSPD 
(diamonds) and extinction data [10] (squares) calculated 
using Eq.  (10) at λ =  515 nm with Kext =  8.6 from Ref. 
[22]. An uncertainty analysis by error propagation for 
the TSPD-derived soot volume fraction was conducted 
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m
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0.45
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6 cm HAB - Centerline
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Fig. 5   Soot absorption function calculated as a function of wave-
length using Eq. (10) at three locations in the 80 % flame with light 
transmission data from a spec-LOSA experiment [10], soot volume 
fraction from TSPD (this study), and the soot scattering-to-absorption 
ratio calculated in this study with morphological data obtained in Ref. 
[11]

Table 2   Soot absorption 
functions from in-flame 
measurements in laminar coflow 
diffusion flames

E(m) λ (nm) Diagnostic Burner Fuel

Snelling et al. [25] 0.4 532 LII/LII modeling Gülder burner Ethylene

Snelling et al. [44] 0.45 ± 0.04 465 Modulated LII Gülder burner Ethylene

0.45 ± 0.03 577

0.42 ± 0.02 865

This work

 2 cm HAB 0.38 ± 0.05 532 TSPD/spec-LOSA Yale burner Ethylene

 3.5 cm HAB 0.43 ± 0.05 532

 6 cm HAB 0.42 ± 0.05 532

Williams et al. [19] 0.41–0.44 635 In-flame GSLE Similar to Santoro burner Ethylene

Williams et al. [19] 0.40–0.44 635 In-flame GSLE Similar to Santoro burner Kerosene

Williams et al. [19] 0.34 635 In-flame GSLE Similar to Santoro burner Methane

This work

 2 cm HAB 0.36 ± 0.05 635 TSPD/spec-LOSA Yale burner Ethylene

 3.5 cm HAB 0.42 ± 0.05 635

 6 cm HAB 0.40 ± 0.05 635
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(see Appendix 1). Error bars are included for the TSPD 
soot volume fraction with uncertainties of ±14, ±12, and 
±13 % for the 2, 3.5, and 6 HAB sample locations, respec-
tively. Although only a moderate (<15 %) difference in soot 
volume fraction is observed compared to previous studies 
in the Yale burner [2, 12], the apparent accuracy derived 
from using Kext = 8.6 [22] was due to the relative cancela-
tion of an E(m) that was too small and a ρSA(λ) that was too 
large for aggregates in the 80 % flame. Thus, the morphol-
ogy dependence of soot optical properties requires specific 
knowledge of soot in the reacting flow under investigation. 
For laboratory-scale flames designed for combined experi-
mental and computational research, detailed knowledge of 
soot morphology is needed to provide accurate experimen-
tal data for comparison to model results.

3.4 � Soot absorption function ratio

The value of the soot absorption function at specific wave-
lengths was determined in the previous section, but modest 
wavelength dependence is apparent in Fig.  5. The wave-
length dependence of the soot absorption function is con-
tested, with available data suggesting both a non-constant 
[21, 45, 46] and constant dependence [20, 25, 26, 29] over 
the visible portion of the spectrum.

Spectrally resolved extinction data in the 40, 60, and 
80 % flames were selected over a subset (450–700 nm) of 
the total spectral region to improve the dispersion expo-
nent fit in low signal-to-noise regions of the flame. The 
path-integrated extinction data were inverted using Tik-
honov regularization and an onion-peeling discretization to 
reduce noise propagation compared to an Abel three-point 
inversion [47]. The regularization parameter was selected 
by inspecting the singular values of the augmented onion-
peeling matrix [48]. Regularization is beneficial due to 
the weaker extinction signals and subsequently lower sig-
nal-to-noise ratios in the 40 and 60 % flames compared to 
the 80  % flame. The inverted hyperspectral images were 
smoothed in the spectral direction with a LOESS algo-
rithm, which improved the signal-to-noise ratio but did not 
affect the calculated dispersion exponent.

The wavelength dependence of the soot absorption func-
tion derived from spec-LOSA is susceptible to interference 
from the wavelength dependence of absorption by soot pre-
cursors. Leschowski et  al. [49] investigated the influence 
of soot precursors on a spec-LOSA experiment in the Gül-
der burner and demonstrated a wavelength dependence for 
soot precursor absorption at shorter particle residence times 
compared to mature soot aggregates where soot precursor 
absorption was not spectrally dependent. Therefore, for 
mature soot aggregates in this study, we assume a negligi-
ble contribution to the wavelength dependence of the spec-
LOSA data from soot precursor absorption.

The α map for the 80 % flame, presented in [10], was 
found by fitting the extinction (αext) and scattering (αsca) 
data separately as a function of wavelength and taking the 
difference to determine α. In Ref. [10, 11], the wavelength 
dependence of the scattering component was found to be 
small compared to the contribution from absorption (see 
supplemental information in Ref. [11]). At the six sam-
ple locations in the 80  % flame listed in Fig.  4, αsca was 
calculated to be in the range of 0.02–0.05. As a result, a 
constant αsca = 0.035 was subtracted from the two-dimen-
sional map of αext with an expected error of <3 % in α at all 
data points. This was done to determine the soot dispersion 
coefficient for the three flow conditions presented in Fig. 7.

The majority of data points presented in each flame cor-
respond to α  ≈  1.2. Thus, the presented data indicate a 
negative exponential wavelength dependence for the soot 
absorption function over the visible portion of the spectrum 
that goes approximately as λ−0.2. In contrast, soot along the 
wings of the 80 % flame is noted to have a dependence on 
wavelength that varies as a function of HAB (λ−0.2–λ0.1), 
where the soot at 2  cm HAB has a similar dependence 
to that of the centerline soot (α  ≈  1.2). The dispersion 

Fig. 6   Soot volume fraction calculated using TSPD (diamonds) and 
light extinction at 515 nm using Kext = 8.6 (squares). The TSPD soot 
volume fraction is used with the calculated scattering-to-absorption 
ratios (data from Ref. [11]) along with spec-LOSA data [10] to deter-
mine an extinction coefficient and soot absorption function. The open 
markers were acquired along the flame wing, and the filled markers 
were acquired along the flame centerline
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exponent decreases along the wing with increased HAB, 
which also spatially coincides with an increased mean pri-
mary particle diameter [11] and results in a change from 
a negative to positive exponential wavelength dependence. 
The changing wavelength dependence can be seen between 
the 2 and 3.5  cm HAB samples in Fig.  5. The positive 
λ0.1 dependence of the soot absorption function along the 
wings in the 80 % flame is consistent with that stated by 
Michelsen et al. [46] (λ0.17) at 5 cm HAB along the wing 
of the Santoro burner. However, it is noted that tempera-
ture-dependent effects on soot optical properties may be 
present in LII experiments due to laser heating [46]. Thus, 
the alpha map for the 80 % flame shows that depending on 
the in-flame location of soot aggregates, there may be posi-
tive or negative exponential wavelength dependence for the 
soot absorption function. This conclusion is consistent with 
the varied wavelength dependencies stated in the literature 
over a range of reacting flows and particle morphologies 
[20, 43, 45, 50].

Equation (12) was used to convert the alpha maps from 
Fig. 7 to the ratio of soot absorption functions at 450 and 
700 nm, and the results are plotted in Fig. 8 for the 40, 60, 
and 80  % flames. The centerline soot in each flame, for 
mature aggregates, has a ratio of ≈1.1, which is close to the 
≈1.1 determined in Ref. [30] for 450 and 750 nm along the 
centerline in a similar coflow diffusion burner. The results 
in Fig. 8 show that the ratio of absorption functions is rel-
atively invariant to age (HAB) [30] or spatial location in 
the 40 and 60 % flames (for mature aggregates), in addi-
tion to along the centerline in the 80 % flame (for mature 
aggregates). Along the wings in the 80  % flame, where 
the morphology is known to be different than along the 

centerline [11], the ratio is observed to be lower (≈0.95 at 
5  cm HAB). This is consistent with Ref. [37] where soot 
absorption cross-sectional ratios were observed to be larger 
along the centerline than the wing in the Santoro and Gül-
der burners. For young soot aggregates, at the lowest HAB 
along the centerline and wing the ratio is much larger, indi-
cating a stronger relative absorption at shorter wavelengths. 
These conclusions are consistent with observations in Ref. 
[30, 51], but it should be noted that the accuracy of α at 
these locations could be affected by spectrally dependent 
absorption from soot precursors [49].

4 � Conclusions

The soot absorption function and scattering-to-absorption 
ratio are important to the optical study of in-flame soot and 
to post-flame modeling of climate forcing from soot. This 
study focused on in-flame soot optical properties in the Yale 
coflow diffusion burner to validate the accuracy of experi-
mental soot volume fraction for comparison to results from 
numerical models.

The TSPD technique was used to provide an in-flame 
measurement of soot volume fraction in the 80 % flame at 
three locations. Samples were taken with two different grid 
exposures at two locations to investigate possible oxidative 
or growth effects. No such effects were observed. The vol-
ume of soot particles in a TEM image was calculated using 
image segmentation and ROD, which were found to give 
consistent results.
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The TSPD soot volume fraction was compared to soot 
volume fraction derived using light extinction data from a 
previous experiment [10] along with Kext = 8.6 from Ref. 
[22]. There was only a modest difference (<15 %) between 
the soot volume fraction derived using Kext = 8.6 from Ref. 
[22] and the TSPD soot volume fraction. This is despite the 
fact that ρSA(515 nm) ≈ 0.57 and E(m(515 nm)) = 0.29 for 
the post-flame soot in Ref. [22], while ρSA(515 nm) ≈ 0.03–
0.07 and E(m(515  nm)) =  0.39–0.43 ±  0.05 were deter-
mined for in-flame soot. The soot absorption function 
derived in this study was found to be in very good agree-
ment with the body of independent in-flame measurements 
of E(m) in similar coflow laminar diffusion flames [19, 25, 
27].

The wavelength dependence of the soot absorption func-
tion was found at additional flow conditions (compared 
to Ref. [10]) through data from a previous spec-LOSA 
experiment [10] and was improved through Tikhonov 
regularization compared to an Abel three-point inversion. 
The wavelength dependence of scattering from soot was 
approximated as a constant value with negligible additional 
uncertainty in the calculated soot dispersion exponent. The 
soot absorption function along the wing of the 80 % flame 
was found to change from a positive to negative exponen-
tial wavelength dependence with increasing HAB. Other-
wise, mature soot aggregates were found to have α ≈ 1.2 
in the three flames, and younger soot was found to have a 
larger dispersion exponent. The α maps were converted to 

the ratio of soot absorption functions at two wavelengths 
for comparison to two-excitation-wavelength LII data. For 
mature aggregates in all of the flow conditions, the ratio 
E(450 nm)/E(700 nm) was found to be approximately con-
stant (≈1.1), except along the wings of the 80  % flame 
where a lower ratio was observed (≈0.95). However, young 
soot along the flame wings and centerline was observed to 
have a larger ratio indicating a stronger relative absorption 
at shorter wavelengths. These observations are consistent 
with recent LII studies [25, 30].

Acknowledgments  This material is based upon work supported by 
the National Science Foundation under Grant No. CBET-1403224.

Appendix 1: Uncertainty analysis

To assess the uncertainty of the TSPD/spec-LOSA-derived 
soot volume fraction and absorption functions, an uncer-
tainty analysis was conducted. The uncertainty in fv was 
determined by propagating uncertainty from the independ-
ent parameters in Eq. (3) as shown in Eq. (13). The uncer-
tainty in Vp, σ, Nux, Tw, and Tg was taken to be 6, 4, 10, 10, 
and 3 %, respectively. Since the probe wall temperature is 
a function of grid exposure, we include a 10 % uncertainty 
estimate to span the range of possible temperatures with 
the 385 K measured in Ref. [40] serving as an approximate 
upper limit due to their longer grid exposure.
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Uncertainty in the TSPD-derived fv was determined 
from Eq. (13) and used in Eq. (14) to determine uncertainty 
in the measured soot absorption function. Equation (14) is 
arrived at after rearranging Eq. (10) and considering uncer-
tainty in τ, ρSA(λ), and fv to be 1, 10 %, and the result of 
Eq. (13), respectively.
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