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Abstract

The optical properties of soot are crucial in estimating its climate impact through direct radiative forcing. Soot light absorp-
tion is typically quantified by the mass absorption cross-section (MAC,) or the absorption function E(m,), which are wave-
length dependent. Light absorbed by soot can be predicted from its MAC, using mass-concentration measurements, or from
its E(m,) using material density and an optical model accounting for soot-aggregate morphology. Recent work has shown
that the soot MAC, shows a size dependency, due to a size-dependent degree of graphitization. We therefore hypothesized
here that a similar size dependency may be observed for E(m,), which we quantify here. To test this hypothesis, we present a
novel approach to obtain size-resolved MAC, and E(m,) of soot from a gas turbine engine by combining pulsed laser-induced
incandescence signals with total mass-concentration measurements. E(,;) was found to vary with soot-particle size, with
values ranging between 0.23 to 0.31 for the smallest (= 0.13 fg) and largest (= 3 fg) particles measured. To our knowledge,
these measurements are the first to demonstrate that E(m, ) not only varies between soot samples, but also within a population
of soot particles, which impacts the interpretation of optical diagnostics and prediction of the radiative properties of soot.

1 Introduction

Soot, also referred to as black carbon (BC), represents light
absorbing carbonaceous aerosols that are the results of
incomplete combustion of fossil fuels, biomass and biofuels
[1]. Soot has been associated with significant negative health
impacts such as respiratory and cardiovascular diseases [2].
Soot also has major climate impacts via direct radiative
forcing, which depends on its atmospheric concentration
and its absorption and scattering cross-sections, the latter
of which depend on its morphology and optical properties
[3-5].

The absorption properties of soot and other aerosols may
be characterized by a number of quantities. Measurements
are typically made of an absorption coefficient, 8., which
is the product of the particulate absorption cross-section
with number concentration. The absorption coefficient can
be determined experimentally using filter-based methods,
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photoacoustic spectroscopy, photothermal spectroscopy or
extinction-minus-scattering methods [5, 6]. The absorption
coefficient can be normalized by mass concentrations to
provide mass absorption cross-sections (MAC). Given
this relationship, absorption-based instruments can report
equivalent mass concentrations of black carbon by assuming
a MAC value. However, the MAC depends on maturity
(degree of structural order or graphitization) of the soot
particles [7-12] and is a function of wavelength (A, such that
MAC can be written as MAC, ), requiring measurements of
the nanoparticles to properly determine the quantity.
Another quantity related to particle absorption is the
wavelength-dependent absorption function, E(m,), which
is a dimensionless function of the particle refractive index
m=n+ik. In this respect, E(m,) is a more fundamental
quantity than MAC,, directly related to the material
properties. It is also useful in that the value of E(m,) for
mature soot exhibits a weak or negligible dependence
on wavelength [13—15] in the visible through the near
infrared spectrum. However, determining E(m,) from
measurements or predicting nanoparticle properties from
E(m,) requires a morphological model. For soot, E(m,)
is often paired with the Rayleigh-Debye-Gans theory for
fractal aggregates (RDG-FA), which assumes that soot
particles are fractal-like aggregates of non-interacting
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spherical monomers. This theory is widely used due to
its simplicity, and its accuracy can be improved using
correction factors in the range of 0.9 — 1.3 [9, 16, 17].

Various approaches to determining E(m,) have been
used, with generally consistent results for comparable
samples [9, 18]. Often, in-flame or post-flame measure-
ments of spectrally-resolved light extinction are combined
with soot volume fraction, f,, measurements from gravi-
metric analysis of filter samples (e.g. [14, 19, 20] and other
work detailed in [18]. Snelling et al. [21] used low-fluence
laser-induced incandescence (LII) and compared the meas-
ured peak soot temperatures based on optical pyrometry
to a physical model of the LII process to determine E(m, ).
Snelling et al. compared extinction measurements to f
measurements derived from pulsed LII [22] and modulated
LII [23] for in-flame soot. Yon et al. [24] adopted a differ
ent approach, relying on the combination of extinction and
emission measurements to determine several soot proper-
ties resulting in an absolute measure of E(m,). Recently,
Guy et al. [25] proposed an in situ experimental approach
to estimate the absorption function of soot particles in
flames, using a two-pulse LII, measuring the peak tem-
perature after each pulse at different fluences and solving
the energy conservation equation.

Using similar techniques, E(m,) has been measured as
a function of soot maturity by changing flame conditions
[26, 27] or by sampling particles at various heights above
premixed burners [12, 25, 28, 29]. However, studies dis-
cussing the potential variability of E(m,) within samples,
as a function of particle size, are sparse in the literature
and mostly pertain to in-flame measurements of soot [30,
31]. We hypothesize that such a relationship exists, based
on recent work showing that MAC, increased with parti-
cle sizes for soot samples from multiple sources [8, 32-36],
however, this hypothesis has not been directly demonstrated
for post-flame soot. Our hypothesis is based on the funda-
mental relationship between MAC, and E(m,), both of which
rely on B,,.. These quantities are simple transformations of
one another which incorporate more or less information at
each step. MAC, incorporates information on mass concen-
tration into B, while E(/m,) incorporates information on a
morphological model.

Here, we investigate the E(m,) for soot from a turboshaft
gas turbine engine through direct and accurate measurements
of the absorption cross-section, relying on thermal emission
signals from pulsed laser-induced incandescence and
reference mass concentration measurements, used in a novel
analysis framework. By combining these measurements,
particles with known mass (m,,), mobility diameter (d,,) and
mass concentration M, are used to directly measure MAGC,,
which we compare to recent literature reports. Subsequently,
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we analyze E(m,) and associated uncertainty as a function
of particle size, considering variations in particle properties.

2 Methods
2.1 Theory

2.1.1 Laser-induced incandescence signal

The LII technique has been widely used to determine f, or
primary particle diameter in laboratory flames or engine
exhausts [37]. In this technique, particles are heated to high
temperatures by absorbing laser radiation, resulting in ther-
mal radiation emitted by the particles. The LII signal, §,, can
be expressed by considering the ability of an ensemble of
particles to absorb light and emit thermal radiation, such that

Sy = Noyy - AL, ) (T) (D

where A is the detection wavelength; N is the number con-
centration of aggregates; 6, is the absorption cross-sec-
tion of the particles at A; A is a calibration factor, which
includes information on the detection volume; and I is
the temperature-dependent thermal emission intensity based
upon Planck’s law for blackbody radiation,

) -1
(D) = 2 [exp (%) - 1] , @)

where T is the particle temperature and ¢ = hc/kg is a com-
bination of physical constants: & is Planck’s constant, c is
the speed of light, kg is Boltzmann’s constant. The tempera-
ture can be derived via two-color optical pyrometry [38]
where the incandescence signal is measured at two wave-
lengths A, and A,, where A; <A,. Using Wien’s approxima-

tion (exp(%) >> 1), the temperature can be found as a

. . .S
function of the signal ratios Sﬂ as follows:

b(1/0 = 1/2,)
: 6
In [_<_) E<mj>r]

where E(m,),=E(m,,)/E(m,,) is the ratio of E(m,) at the
detection wavelengths. This follows from assuming all of the
particles reach the same temperature (due to uniform laser
profile and volumetric absorption). The optical properties of
the particles in the detection volume can then be represented
in two ways.

b}

3
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2.1.2 MAC, calculation

The first approach stems from noting that one can rephrase
Eq. (1) as,

Sy = My, - ALy, (T), )

where M is the mass concentration; p, , =G, /M, is the
MAG,, and mj, is the soot aggregate mass. The LII signal,
as expressed in Eq. (4), provides a direct route to obtain
mass concentration from LII signal, if the MAC is known.
A novel contribution of this work is in providing an inde-
pendent measure of the mass concentration, such that this
expression can be rearranged to estimate the MAC, from
the LII signals:

_1(_ S S
#abs,/l - M AIbJ(T) ( )

Note that signals have not been directly interpreted in this
manner before. Further, this expression does not directly
require an optical model of the aggregate, and here, depends
on the particle temperature, which in turn depends upon the
relative emission of the selected particles at the detection
wavelengths rather than the absolute emission. For a poly-
disperse particle distribution, the average MAC, will be
biased towards that of the larger particles, as they carry a
disproportionate fraction of the mass.

2.1.3 E(m,) calculation

The second approach relates the LII signals to E(m, ), which
requires an optical model of the aggregates. We use the
traditional RDG-FA-based interpretation of LII signals, in
which the primary particles in each soot aggregate absorb
independently and volumetrically. A correction factor, H,
may be used to correct for the inaccuracy inherent in this
assumption due to factors such as shielding and bridging
[16, 17, 39]. A typical value of H is 1.1, though it can vary
between 0.9 and 1.3 depending on particle size and aggre-
gate structure [9, 16]. Combining this correction with the
RDG-FA approach yields an absorption cross-section of

2
n°E (m ﬂ)
— 3
T ©)
yvhere d,, is the average §oot prima.ry par.ticle diameter, n,,
is average number of primary particles in each aggregate.
Traditionally, this approach describes soot concentrations
in terms of f, in the aerosol,

— T3
S = N”ppgd " @)

This can equally be phrased in terms of a mass concentration
using information about the material density,

M =f,py, (8)

where p,, is the density of the particle material. Then, the
LII signal can be stated as

M lﬁE(mi)
A

S)\=6—

, ] H - Al (T). ©)

Rearranging, one retrieves an expression for E(m;, ),

_ A Pm S/l
E(m;) = @[W] [AIM(T) . (10)

The optical properties derived from the LII signal using
Egs. (5) and (10), are a function of the particle tempera-
ture, which is in turn dependent on the ratio of absorption
functions. The absorption function for mature soot is nearly
constant in the visible-to-near infrared range [9, 15, 27, 40].
As soot from engine exhaust is characteristically mature, this
ratio is typically taken as unity [13, 14, 41]. For young soot,
where a stronger spectral dependence is expected for the
absorption function [27], this assumption might be invali-
dated and could introduce uncertainties in peak temperature
measurements [42].

2.2 Experimental setup

A Gnome helicopter turboshaft gas turbine engine located at
the Rolls-Royce facility in Derby, UK was operated at low
and high rotational speeds 13,000 and 22,000 revolutions
per minutes (RPM) respectively, to provide a source of soot
particles. The particle emissions were sampled via heated
lines (160 °C) and passed through a catalytic stripper
set at 350 °C and 8 L/min (CS15, Catalytic Instruments
GmbH, Germany) to remove volatile material. These
stripped particles emanating from engine exhausts are
often referred to as non-volatile particulate matter (nvPM)
[41]. Particles leaving the stripper were passed through a
cyclone (Cambustion Ltd, UK), with a 50% transmission
cutoff, D50, of 1 pm at 8 L/min to remove large particles,
and a Nafion™ dryer (MD700, Perma Pure LLC, USA) to
prevent condensation of water vapour after cooling. The
experimental setup is shown in Fig. 1. No dilution was used,
to ensure sufficient concentrations for the measurements.
Conditioned particles first passed through a unipolar dif-
fusion aerosol charger (UDAC, Cambustion Ltd, UK) set
to a specific ion-concentration—time product (#;f) to impart
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Fig.1 The Experimental setup used to determine the laser-induced
incandescence (LII) signal, mass concentration and the aggregate
mobility diameter. The aggregate size distributions are determined
via a scanning mobility particle sizer (SMPS). Reference mass
concentrations are measured using the Centrifugal particle mass

multiple electrical charges on the particles using corona dis-
charge, and a centrifugal particle mass analyzer (CPMA,
Cambustion Ltd, UK) to classify the particles based on
their mass-to-charge ratio, m*=m/q, where m and g are
the particle mass, expressed in femtograms (fg), and charge
respectively. The classified particles were then equally dis-
tributed to a scanning mobility particle sizer (SMPS 3938,
TSI Inc., USA) for mobility size distributions, an LII sys-
tem for incandescence signal measurements and an aerosol
electrometer (3068B, TSI Inc., USA) to measure the total
net charge on the particles and provide a reference mass
concentration.

2.2.1 Ll system

The laser-induced incandescence instrument (LII 300,
Artium Technologies, USA) used in this work is based on
the auto-compensating LII technique developed by Snelling
et al. [38]. A pulsed Nd:YAG laser at 1064 nm with a pulse
duration of 7 ns FWHM and a repetition rate of 20 Hz

rapidly heats the particles. The laser fluence is adjusted
with the g-switch delay. The laser beam is shaped using a
diffractive optical element (DOE) to produce a near-top-hat
spatial profile in the sampling volume, resulting in near-
uniform heating of the particles. The resulting LII signal is
separated via a dichroic mirror and measured using a pair
of photomultiplier tubes (PMTs) equipped with narrow
bandpass filters centered at wavelengths of A, =442 and
A, =716 nm. Calibration of the detection system is achieved
by recording the response of the two PMTs to a well-
characterized light source, with a known spectral radiance
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analyzer- electrometer reference mass standard (CERMS). PMT
Photomultiplier tube, UDAC Unipolar diffusion aerosol charger,
CPMA Centrifugal particle mass analyzer, FCAE Faraday cup
aerosol electrometer

[38]. The laser fluence was optimized to cover both engine
settings to avoid the high fluence regime, where particles
experience sublimation.

2.2.2 Mass concentration measurement

The combination of the UDAC, CPMA and aerosol elec-
trometer instruments represents the CPMA-electrometer
reference mass standard (CERMS). Together, these com-
ponents provide a reference measure for total particle mass
concentration, M, of classified particles from traceable quan-
tities [43]:

Im*

=eQ

where [ is the current measured by the aerosol electrometer,
e is the elementary charge, and Q is the volumetric flow
rate through the electrometer. Further details can be found
elsewhere [8, 43—45]. The CPMA resolution represents the
ratio of its mass-to-charge setpoint m* to the full width of
the transfer function [46], which dictates the width of the
range of the selected mass. Equation (11) shows that while
the CERMS mass concentrations depend on particle charge,
they do not require knowledge of the charge state of indi-
vidual particles nor their optical properties.

The mean particle mass can be obtained by first estimat-
ing the average charge based on the current concentration
and total particle number concentration, Ng,ps, from the
integrated number distributions:

M

an
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9= =7 12
eONgyps (12)

and the mass-to-charge ratio

my =mg. (13)

In this study, the UDAC was operated at a high n;¢ product
(3% 10'3) to minimize the number of uncharged particles in
the CPMA [44]. The portion of uncharged particles exiting
the UDAC was measured and shown to be negligible.

2.3 Bayesian inference of MAC, and E(m,)
distributions

Following Eqgs. (3), (5) and (10), the optical parameters
retrieved from these measurements will depend upon the
variations and uncertainties in mass concentration M, cor-
rection factor H, material density p,, and absorption func-
tion ratio E(m,),. These properties describe both the aerosol
properties (M, p,,, and E(m,),) and the optical model (H).

A Bayesian approach, realized using Markov Chain
Monte Carlo (MCMC), is used to account for the fact that
there are uncertainties in these properties that will propagate
forward to the mass absorption cross-section and absorption
function. Priors are assigned for each of the above properties
to constrain the quantities without prescribing fixed values.
These priors are discussed in the following section below.
Details of MCMC approach are provided in the supplemen-
tal information (SI) [47, 48].

2.3.1 Priors

The CPMA was operated with a low resolution of 2 to
achieve higher signals. This produces a wider range of par-
ticle sizes following classification [45, 49, 50], which could
result in a measurement bias. However, this bias should only
act to shift the size effect, rather than change the presented
observations. Nevertheless, additional uncertainties associ-
ated with CERMS mass concentrations measurements (10%)
were included in this work.

Values and uncertainty in soot material density vary
across the literature [47, 48]. In this study, we use a p,, prior
of 186075 kg/m?>, typical for mature soot and account-
ing for the spread in literature. Similarly, the prior in the
absorption function ratio was taken as E(m,),=1=+0.05, val-
ues typical for mature soot [9, 14, 15, 27, 40], characteristic
of engine exhaust [41].

The prior in the correction factor, H, is taken as 1.1+ 0.05
based on Sorensen et al. [16], who demonstrated that H=1.1
is likely a minimum and is relatively constant for aggre-
gates containing 2 — 100 monomers. For very large aggre-
gates with many monomers (n,,,> 100, which corresponds

roughly to 200 nm mobility diameter, H may be smaller,
which would further exaggerate the observed differences in
E(m,) at the largest and smallest sizes.

2.3.2 Additional sources of uncertainty

Since no dilution was used in the sampling lines, particle
coagulation can be expected for high particle number con-
centrations causing a shift in the particle size distribution.
As a result, the particles may exhibit different internal struc-
tures compared to uncoagulated soot particles of equivalent
sizes emitted by the same engine. Consequently, the derived
E(m,), particularly for larger particles, may be underesti-
mated. Also, although minimized in this study, uncertainties
in the calibration factor A due to the laser fluence or opti-
cal calibration, would increase uncertainty in the LII signal,
affecting the derived optical properties.

3 Results and discussion

3.1 Size-resolved mass absorption cross-section
(MAC,)

Figure 2 shows the LII-derived MAC, calculated using
Eq. (5) for the 716 nm detection wavelength as a function
of the mean particle mass calculated using Eq. (13) for both
engine setpoints, with the error bars representing the uncer-
tainty (k=1) from the standard deviation of the MCMC
samples. The mobility size distributions for both engine
setpoints before and after classification are provided in the
SI. For comparison against values in the literature, the MAC
was adjusted to A=550 nm using

Habs,550 = Habs,x( X (14)

550 >—AAE
with the absorption Angstrﬁm exponent (AAE)
approximated as unity, consistent with other treatments in
the literature [51].

Figure 2 shows size-resolved MAC, data from the lit-
erature [32—-36] for multiple soot sources collected ex-situ
using a variety of instruments, as was recently compiled
and reported in Corbin et al. [8]. The literature data exhibit
a broad distribution encompassing a wide range of values,
yet show a consistent trend of decreasing to smaller val-
ues at smaller aggregate masses. The green diamonds in
Fig. 2 highlight the results from Corbin et al. [8 ] which
correspond to the same Gnome engine as measured here,
at the 22,000 RPM setpoint. Our reported MAC, values
(red circles and squares) are comparable to these green
diamonds; they also fall within the lower limit of the com-
piled literature values and show a similar size dependence.
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MACss50, Maps [M? g7
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Mature
soot

5F Gnome, 22,000 RPM (this work)
Gnome, 13,000 RPM (this work)
Gnome (Corbin et al., 2022)
4 MAC range (Corbin et al., 2020)
Literature MAC data *
E === Mature soot (Liu et al., 2020)

0.1 1

Single particle mass,

Fig.2 LII-derived MACss,,, for soot emissions from the Gnome
gas turbine engine at two setpoints (22,000 RPM and 13,000 RPM)
as a function of the average measured particle mass, where the error
bars represent the standard deviation in the measurements. Literature
MACs50,,, data are shown as smaller circles and their trend is
summarized within the shaded region, which contains roughly 95%

The MAC, values for the lower engine speed are slightly
lower than for the higher speed. For context, Fig. 2 also
shows the mean ensemble-average MACss,, ., of 8+0.7
m?/g reported by a recent review [9] of measurements of
mature soot aerosols. This observed trend was discussed
at length by Corbin et al. [8], who demonstrated that nei-
ther RDG nor more complex optical models could explain
the size-dependent trend. The complex models studied
included the generalized multiparticle Mie (GMM) mod-
els, which represents the effects of intra-aggregate light
scattering; the correlation between monomer and aggre-
gate sizes; and the size-dependent optical band gap pro-
posed by a recent quantum-confinement model [52]. Since
these GMM models accounted for the potential role of H
in Eq. (6) and showed that it cannot explain the observed
size dependence, the authors concluded that the refractive
index, or E(m, ), must be size-dependent.

@ Springer
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m, [fg]

of the data. The MAC;;s,,, value for mature soot and corresponding
standard deviation reported by Liu et al. [9] is shown as a the triangle
symbol and error bars on the left of the figure. *Literature MACss, .,
data: size-resolved data compiled from the literature by Corbin et al.
[8] and one additional study by Scott et al. [36]

3.2 Lll-derived absorption function E(m,)

Figure 3 shows the derived E(m,) using the MCMC
approach, plotted as a probability density function, with the
average of the distribution representing the average E(m,).
E(m,) was found to vary from 0.23+ 0.02 (k=1) to
0.31+£0.03 (k =1) for particles ranging between 0.13 fg
and 3 fg (corresponding to particles with geometric
mean diameters of 74 nm and 201 nm respectively). The
absorption function measured here for the largest particle
sizes is consistent with the values reported in the literature
for mature soot, which range between 0.29 and 0.52 across
multiple studies, using several measurement techniques,
models, and soot sources [4, 9]. The triangle symbol at
the right of Fig. 3 presents the lower limit of E(m,) for
mature soot and its associated uncertainty (0.32+ 0.03)
suggested by Liu et al. [9 ]. Those authors derived this
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Fig.3 Absorption function, E(m,) as a function of the average
aggregate mass measured at A; =442 nm for the engine at 22,000

RPM. The results are shown as a probability density function
represented by the shaded colored areas taking into considerations
deviation in M, p,, H and E(m;), with the white filled circles
representing the average of the distribution. Lower limit for mature

soot and corresponding standard deviation reported by Liu et al. [9] is
shown as a the triangle symbol and error bars on the left of the figure

value from RDG-FA based on the average MACss,., value
obtained from a literature review (8.0+ 0.7 m*/g) assuming
P = 1800 kg/m? and H=1.3. The present work verifies this
choice for E(m,) using an independent approach (i.e., the
combination of CERMS and LII). For smaller particles, the
decrease in E(m,) indicates a change in refractive index,
implying a change in soot composition and a corresponding
change in the molecular structure of smaller soot particles.
An important consideration is whether this change in
molecular structure also corresponds to a greater wavelength
dependence of absorption.

Although the absorption function estimated from the
MCMC analysis was found to change proportionally with
H, M and p_, it is more sensitive to changes in E(m,),. Using
a higher value of E(m,), of 1.5+ 0.05 (k=1), representative
of the young soot [27], and a density prior of 1500+ 100 kg/
m? typical of younger soot [11, 52], E(m,) for the smallest
particles increased to 0.55, exceeding those estimated for
the largest particles measured. We therefore conclude that
either (i) such high values of E(m,), are unlikely to represent
our samples, (ii) the measured soot particles contain a
size-dependent fraction of impurities, such as refractory
organics, which increases at smaller sizes and biases our
data analysis, or (iii) there is a size-dependent bias in the

CPMA mass setpoint used as a reference for our calculation
of E(m,) which influenced our results. We consider the latter
hypothesis unlikely, since the earlier review of [8] described
the same size-dependent MAC for 3 studies which used
CPMAs as for 2 studies which did not.

3.3 Comparison with literature
on non-size-resolved soot

A number of studies have investigated and observed trends
of E(m,) on soot as a function of maturity in laminar diffu-
sive flames, shock tube and quenched flame, due to various
measures of reaction time. These studies all differ funda-
mentally from ours in that they measured soot particles dur-
ing their formation, during which growth and graphitization
are correlated. In our study, we have measured soot particles
of different sizes within the same sample. Nevertheless, the
fundamental molecular structures in question may be com-
parable and the insights gained by those prior studies are
discussed below.

This observed size dependence of E(m,) is consistent
with the observed correlation of primary particle size with
soot internal structure by Eremin et al. [53] and Gurentsov
et al. [31]. Eremin et al. [53] demonstrated the variation of
absorption function from~0.05 to~0.25 with carbon pri-
mary particle growth from < 14 to 20 nm, obtained from
acetylene pyrolysis in a shock tube. Similarly, Gurentsov
et al. [31] observed an increase in the absorption function
from 0.2 to 0.5 with an increase in the primary particle
diameter of shock-tube soot from 7 to 20 nm. Although
those authors measured primary particle diameter while we
have measured aggregate mobility diameter, we can compare
these values directly due to the well-established correlation
of soot aggregate diameter with primary-particle diameter
[54]. Gurentsov et al. attributed their observations to an
increase in the degree of soot graphitization process, based
on TEM analysis.

Various other studies have observed that soot optical
properties, and corresponding LII signals, are influenced
by the particle maturity [12, 28, 40, 55-57] reporting low
E(m,) for young soot, which, to some extent, could explain
the results observed in our study. Recently, Nilsson et al.
[58] investigated the response of a single particle soot pho-
tometer (SP2), which is a continuous-wave LII (cw-LII)
instrument, to size selected soot produced by a miniCAST
soot generator of different maturity. The authors found that
the cw-LII signal increased in intensity with aggregate size
and maturity, reaching earlier peak incandescence for more
mature soot. This suggests that mature soot was associated
with a higher absorption function, leading to a stronger LII
signal, although annealing also likely plays a role. Torok
et al. [26], reported E(m,) values in the range of 0.05 - 0.16
for immature soot produced by a miniCAST soot generator,
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where as Bescond et al. [27] reported an absorption function
of 0.11 for similar conditions and particles of d, ~ 100 nm.
This is in agreement with Guy et al. [25], who reported low
E(m,) for young soot within a laminar diffusion methane/air
flame (~0.1), and observed an increase with soot maturity
(~0.39) with increasing the height above burner. Similarly,
in another study, Betrancourt et al. [55] demonstrated that
the LII signal varied with HAB for premixed n-butane/oxy-
gen/nitrogen flames, which correlates with an increase in
both the mean maturity and size of the soot particles, and
resulted in an increase of E(m,) from 0.25 to 0.41, assum-
ing material densities of 1300 kg/m * and 1800 kg/m? for
low height-above-burner (young soot) and high height-
above-burner (mature soot) respectively. A recent study
by Desgroux et al. [30], investigated the optical properties
of incipient or very small soot particles (2—4 nm) within
multiple premixed ethylene/air flames, and reported small
E(m,) values in the range of 0.16-0.25. The E(m,) was fur-
ther shown to increase for richer flames with higher carbon-
to-oxygen ratio up to 0.36, a value close to values reported
for mature soot.

The above-mentioned studies report a range of E(m,) for
young soot spanning from 0.05 to 0.25 measured for differ-
ent sources and flame conditions. The lower limit of E(m,),
observed for the smaller particles within our sample, falls
within this range. Both the small particles in this work and
what has been traditionally termed as young soot exhibit
less absorption. Studies attribute this to differing levels of
hydrogen content and graphitization, typically assuming
the two are correlated. However, for soot emitted by engine
exhaust, this correlation might not hold, as particles could be
less graphitic but do not show wavelength-dependent optical
properties. Further work is required to precisely identify the
cause of the observed size-dependent E(m,).

4 Conclusion

In this work, the optical properties of soot emitted by a
turboshaft engine at different setpoints are determined
by providing an independent measure of average mass,
average size and total mass concentration. Combining the
LII signal measurements with the known mass concentration
obtained using the CERMS system, we characterized the
variation of MAC, (3.6-6.4 m?/g) as a function of particle
mass (in the range of 0.03—3 fg) within a single soot aerosol
sample. Further, we derived E(m,) from the LII signals for
the same size-resolved soot, accounting for variations and
uncertainties in multiple parameters (i.e. material density,
RDG-FA correction factor, CERMS mass concentration and
the ratio of E(im,) at the LII detection wavelengths) using an
RDG-FA model and a Bayesian approach. An increase in the

@ Springer

absorption function from 0.23+ 0.02 (k=1) to 0.31+£0.03
(k=1) was observed with an increase in particle size.

The E(m,) range observed in this study for soot particles
emitted by the engine at a single operating condition is too
broad to be attributed to uncertainty in material density p,,
or the RDG-FA correction factor H. The optical properties
measured for ensemble soot aerosols such as those emitted
by turbine engines therefore reflect a weighted average of
the entire size range of the particles. The fact that LII sig-
nals from polydisperse populations are dominated by larger
particles (since they are mass-weighted) is consistent with
the fact that our E(m,) measurements for large particles is
similar to the E(m,) of ensemble aerosols reported and used
previously [59].

This characterization of the absorption function of soot
provides deeper insights into changes in the optical proper-
ties of soot with changes in the degree of soot maturity,
which remains an important gap in the literature. These find-
ings allow for more accurate predictions of climatic impacts
of soot, providing more reliable calculation of soot’s radia-
tive effects in climate models.
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