i+l

NRC Publications Archive
Archives des publications du CNRC

Raman spectroscopy and TEM characterization of solid particulate
matter emitted from soot generators and aircraft turbine engines
Saffaripour, Meghdad; Tay, Li-Lin; Thomson, Kevin A.; Brem, B. T.; Durdina,
Lukas; Johnson, Mark; Smallwood, Greg J.

This publication could be one of several versions: author’s original, accepted manuscript or the publisher’s version. /
La version de cette publication peut étre I'une des suivantes : la version prépublication de l'auteur, la version
acceptée du manuscrit ou la version de I'éditeur.

For the publisher’s version, please access the DOI link below./ Pour consulter la version de I'éditeur, utilisez le lien
DOI ci-dessous.

Publisher’s version / Version de I'éditeur:
https://doi.org/10.1080/02786826.2016.1274368
Aerosol Science and Technology, 2016-12-23

NRC Publications Record / Notice d'Archives des publications de CNRC:
https://nrc-publications.canada.ca/eng/view/object/?id=3a6228fc-95f1-4d3f-8d0e-7f1c61f31485
https://publications-cnrc.canada.ca/fra/voir/objet/?id=3a6228fc-95f1-4d3f-8d0e-7f1c61f31485

Access and use of this website and the material on it are subject to the Terms and Conditions set forth at

https://nrc-publications.canada.ca/eng/copyright
READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE.

L’acces a ce site Web et I'utilisation de son contenu sont assujettis aux conditions présentées dans le site

https://publications-cnrc.canada.ca/fra/droits
LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

Questions? Contact the NRC Publications Archive team at
PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the
first page of the publication for their contact information.

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la

premiere page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez
pas a les repérer, communiquez avec nous a PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

National Research  Conseil national de C dl*l
Council Canada recherches Canada ana, a



AEROSOL SCIENCE AND TECHNOLOGY
http://dx.doi.org/10.1080/02786826.2016.1274368

jjh ﬁ Taylor & Francis
Taylor & Francis Group

Raman spectroscopy and TEM characterization of solid particulate matter emitted
from soot generators and aircraft turbine engines

Meghdad Saffaripour?, Li-Lin Tay?, Kevin A. Thomson?, Gregory J. Smallwood?, Benjamin T. Brem®, Lukas Durdina®,

and Mark Johnson®

National Research Council Canada, Ottawa, Ontario, Canada; PEMPA, Swiss Federal Laboratories for Materials Science and Technology,
Diibendorf, Switzerland; “Rolls-Royce, plc., Derby, England, United Kingdom

ABSTRACT

To obtain reliable mass concentrations of solid particulate matter (PM) in the exhaust emissions
from engines using optical instruments, it is essential that the solid PM used for instrument
calibration has similar optical properties to the solid PM emitted from the engines being tested. The
solid PM emitted from combustion engines is predominantly soot. The optical properties of soot are
dictated by its chemical structure, size, and morphology. In this work, the chemical bond structure,
primary-particle diameters, aggregate sizes, and morphological parameters of the soot emitted
from two laboratory soot generators, widely used for calibrating instruments, are compared to
those of soot emitted from three aircraft turbine engines using Raman spectroscopy and
transmission electron microscopy. The Raman spectral properties, size, and morphology of soot
emitted from aircraft engines are distinctly different from the properties of soot emitted from the
soot generators operating under globally near-stoichiometric and fuel-rich conditions. These
differences can be attributed to the variations in the size and orientation of the graphitic crystallites,
amorphous-carbon content, amount of polyacetylene compounds, deposition of organic material,
and extent of oxidation. Conversely, general agreement is observed between the chemical
structure, size, and morphology of soot emitted from aircraft engines and the soot emitted from the
soot generators operating at globally fuel-lean conditions. The findings of this investigation can be
useful for identifying suitable soot particles for the calibration of instruments to measure the mass

ARTICLE HISTORY
Received 7 September 2016
Accepted 14 December 2016

EDITOR
Matti Maricq

concentration of solid PM emissions from engines, and for other types of soot.

1. Introduction

The concern over the solid particulate matter (PM) emis-
sions of commercial aircraft is growing because of their
adverse impacts on human health and climate. These emis-
sions, which typically peak during the takeoff and climb-
out operating modes, increase the risk of respiratory and
cardiovascular diseases among the communities living near
airports (Boyle 1996; Pope III 2000; Donaldson et al. 2001;
Hudda et al. 2014; MDPH 2014). Aircraft-generated solid
particulate matter is predominantly soot, and is also pre-
dominantly black carbon, as there are only minor differen-
ces in the solid phase of aircraft-generated particulate
matter, soot, and black carbon. Black carbon alters the
Earth’s radiation budget directly by absorbing and scatter-
ing the incoming solar radiation (Bond et al. 2013). In addi-
tion, by acting as vapor condensation nuclei, these particles
initiate contrails and affect the radiative properties of clouds

(Denman and Brasseur 2007; Forster and Ramaswamy
2007). To better understand and assess these unfavorable
impacts, accurate quantitative measurement of soot emis-
sions from aircraft turbine engines is crucial.

Various optical instruments have been developed in
recent years to measure the mass concentration of emitted
soot. Generally, mass concentration is quantified by an
empirical correlation factor obtained from the calibration
of each instrument. Typically, the correlation factor is
determined by comparing the optical response of the
instrument to a reference source of soot particles. The
soot particles used for calibrating instruments are com-
monly produced by soot generators or laboratory flames.
However, the performance of the mass-concentration
instruments can be highly sensitive to the optical proper-
ties of the particles (Sharma et al. 2002; Slowik et al. 2007;
Baumgardner et al. 2012). Therefore, it is crucial that the
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particles used for instrument calibration have similar opti-
cal properties as those emitted from the test engines. It has
been shown that the correlation factors for the optical
instruments depend strongly on the source, type, and
composition of soot particles (Liousse et al. 1993; Sharma
et al. 2002). Hence, soot particles emitted from soot gener-
ators and aircraft turbine engines might have significantly
different optical properties, depending on the combustion
conditions under which the soot particles nucleate and
grow (Vander Wal and Tomasek 2004; Vander Shaddix
et al. 2005; Wal 2005; Raj et al. 2010).

The optical properties of soot particles depend
strongly on their chemical bond structure (Rosen et al.
1978; Mertes et al. 2004; Shaddix et al. 2005) as well as
their size and morphology (Faeth and Koylii 1995; Col-
beck et al. 1997; Liu and Mishchenko 2005; Adachi et al.
2007). Therefore, having knowledge of these characteris-
tics is necessary for comparing the optical properties of
soot particles. Raman spectroscopy, which is extremely
sensitive to chemical bonds and vibrational frequencies
of molecules, is an ideal method to obtain information
about the chemical structure of particle samples. Analy-
sis of the transmission electron microscope (TEM)
images of particles is a well-established method to mea-
sure the physical size of both primary particles and soot
aggregates, and to provide information about the fractal-
like aggregated morphology of particles (Dobbins and
Megaridis 1987; Koylii et al. 1995).

In the present work, the Raman spectral parameters,
the size of primary soot particles and aggregates, and the
morphological parameters of soot emitted from two soot
generators, widely used as sources for calibrating mass-
concentration instruments, and the solid PM emitted
from three different aircraft turbine engines are mea-
sured. To accomplish that, Raman spectroscopy and
TEM characterizations are conducted. The objective of
this study is to evaluate and compare the chemical struc-
ture and morphology of soot emitted from aircraft tur-
bine engines and soot generators. This information will
be useful to identify suitable soot particle sources for the
calibration of soot mass-concentration instruments for
the purpose of measuring the mass concentration of solid
PM emissions from engines. Further, it may also be use-
ful for identifying suitable soot particles to be used when
calibrating instruments to measure other types of soot,
such as from biogenic sources or ambient black carbon.

2. Methods
2.1. Soot generators

The Miniature Combustion Aerosol Standard (Mini-
CAST), from Jing Ltd., is a commercial soot generator

commonly used for research and instrument-calibration
purposes (Giechaskiel et al. 2010; Gysel et al. 2012;
Mamakos et al. 2013; Maricq 2014; Moore et al. 2014).
In the present work, a MiniCAST Model 5201 Type C
has been used, which generates soot with a laminar pro-
pane/air coflow diffusion flame quenched by a nitrogen
jet. The particle stream is diluted with compressed air.
By adjusting the flow rates of fuel, fuel diluent (N,), com-
bustion air, dilution air, and quench gas (N;), flames
with different global fuel-air equivalence ratios (¢),
which are quenched at different relative heights, are
obtained, which emit particles with various chemical and
physical properties. In addition to the MiniCAST, an
inverted coflow methane/air diffusion flame, which is
another widely used soot generator for instrument cali-
bration and research (Stipe et al. 2005; Coderre et al.
2011; Ghazi et al. 2013), has been used in the present
work. The inverted design prevents flame instabilities
caused by buoyancy-induced flow acceleration. Both
soot generators provide a stable source of particles with
minimal hour-to-hour and day-to-day fluctuations.

The chemical and physical properties of the soot emit-
ted from the soot generators are characterized over a
wide range of flame conditions, categorized into 14 set-
points. The flow rates of the fuel and oxidation air have
been varied to generate flames with global equivalence
ratios (¢) ranging from 0.74 to 1.33. ¢ is defined as

_ (mfuel/mox.air)actual [1]

(mfuel/ Mox.air ) stoichiometric

in which myg, is the mass flow rate of the fuel and my 4,
is the mass flow rate of the oxidation air. Note that this is
a non-premixed flame. The global equivalence ratio rep-
resents the total flows of fuel and oxidation air, and does
not imply that there is complete mixing; therefore, not
all of the oxidation air participates in the combustion
reactions.

The first group of MiniCAST setpoints used had a
fixed fuel flow rate of 60 mL/min and the flame global
equivalence ratios were between 0.94 and 1.33, i.e., glob-
ally near-stoichiometric and fuel-rich conditions. These
setpoints are referred to as the fuel-rich (FR) setpoints.
The second group of MiniCAST setpoints had varying
fuel flow rates and flame global equivalence ratios
between 0.74 and 0.86, i.e., globally fuel-lean conditions.
These setpoints are referred to as the fuel-lean (FL) set-
points. The inverted diffusion flame has been tested only
at one setpoint, with a globally fuel-lean condition (¢ =
0.79). Three of the FR setpoints, i.e., setpoints FR3, FR4,
and FR5, include nitrogen dilution of the fuel stream (an
option with the MiniCAST devices) to examine its effect
on soot properties. Table 1 presents the flame properties
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Table 1. Properties of the flames used in the soot generators at 14 different setpoints. These properties include the soot generator type,
fuel, flow rates, and global equivalence ratio (¢). (Inverted = Inverted coflow diffusion flame).

Flow rates

Setpoint  Soot generator  Fuel  Fuel (mL/min)  Fuel dilution N, (mL/min)  Oxidation air (L/min)  Dilution air (L/min)  Quench N, (L/min) 7

FR1 MiniCAST CsHs 60 0 1.1 20 7 1.33
FR2 MiniCAST G3H3 60 0 13 20 7 1.12
FR3 MiniCAST GH3 60 200 1.5 10 7 0.97
FR4 MiniCAST CsHs 60 250 1.5 10 7 0.97
FR5 MiniCAST CsHs 60 280 1.5 10 7 0.97
FR6 MiniCAST GH3 60 0 1.55 20 7 0.94
FL1 MiniCAST CsHs 55 0 1.55 20 7 0.86
FL2 MiniCAST GH3 55 0 1.6 20 7 0.84
FL3 MiniCAST GH3 60 0 1.75 20 7 0.83
FL4 MiniCAST CsHs 52 0 1.6 20 7 0.79
FL5 Inverted CH, 1370 0 16.6 50 N/A 0.79
FL6 MiniCAST GH3 55 0 1.7 20 7 0.79
FL7 MiniCAST G3H3 50 0 1.6 20 7 0.76
FL8 MiniCAST GH3 55 0 1.8 20 7 0.74

at all the setpoints for the soot generators used in this
study.

In many instances, the output of the soot generator
has mass concentrations of soot that are higher than
those necessary for calibration. To deal with this, second-
ary dilution of the soot stream is performed. To assess
the impact of changing the dilution ratio on the results,
multiple samples have been collected and analyzed at
some of the setpoints while varying the secondary dilu-
tion levels.

2.2. Aircraft turbine engines

The soot emitted from three aircraft turbine engines is
studied, two turboshaft engines based on a late-1950s
design and a more modern in-production turbofan
engine. All three engines use standard Jet A-1 fuel as the
energy source. By varying the speeds and loads of the
turboshaft engines and varying the thrust and speed lev-
els of the turbofan engine, particles with different charac-
teristics are emitted, representing a range of in-service
operating conditions. Table 2 shows the operating modes
of the engines and the estimated global equivalence ratios
for these ranges of conditions. The turbine engines are
equipped with rich-burn, quick-mix, lean-burn (RQL)
combustors; therefore, the fuel-air equivalence ratios
vary throughout the combustor. In the present work, the
global equivalence ratio, ¢, for the whole combustor is
estimated based on the overall air-to-fuel ratio calculated
using measured CO, concentrations at the exit plane of
the turbine. This is a reasonable approach because gas
temperatures at the combustor exit can be as high as
2000 K, showing that combustion and the soot formation
and oxidation processes continue throughout the com-
bustor. To estimate ¢, a stoichiometric air-to-fuel ratio
of 14.7, based on a Jet A-1 surrogate (Saffaripour et al.

2011), is used. For the turbofan engine, ¢ varies between
~0.13 and ~0.29, increasing with engine’s thrust and
speed. However, for the turboshaft engines, ¢ varies
between ~0.15 and ~0.25, decreasing as the engine
speed is increased. Multiple samples have been collected
from the turbine exhaust and treated with different dilu-
tion levels to assess the reproducibility of the results.

2.3. Sampling methods

Samples from the aircraft gas turbine exhaust are
acquired with the sampling system documented in SAE
AIR6241 (2013). Samples from the soot generators are
acquired after transport through lines following the prin-
ciples of SAE AIR6241 (conductive 3/8” I1.D. tubing,
1 um cut-point cyclone, narrow angle flow splitters) and
dilution.

A point-to-plane electrostatic precipitator, ESPnano
from DASH Connector Technology, is used for collecting

Table 2. The properties of the engine setpoints used in the pres-
ent study, including the engine type, engine speed, thrust level
or shaft horse power (shp), and the estimated global equivalence
ratio, ¢. The high-pressure turbine speed is provided for the tur-
boshaft engines and the fan speed is provided for the turbofan
engine.

Setpoint Engine type Speed (rpm) Thrust (% of full) Load (shp) ¢

E1-1 Turboshaft 1 13,000 — 70 0.25
E1-2 Turboshaft 1 21,000 — 630 0.18
E1-3 Turboshaft 1 22,000 — 770 0.17
E1-4 Turboshaft 1 23,000 — 950 0.16
E1-5 Turboshaft 1 24,000 — 1150 0.15
E2-1 Turboshaft 2 13,000 — 70 0.25
E2-2 Turboshaft 2 22,000 — 770 0.17
E2-3 Turboshaft 2 23,000 — 950 0.16
E3-1 Turbofan 1000 3 — 0.13
E3-2 Turbofan 4200 65 — 0.25
E3-3 Turbofan 4700 85 — 0.29
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particle samples. In this device, a high-voltage electric
field (~5 kV), created using a sharp needle as the anode
and a flat surface as the cathode, charges the particles
during the corona discharge (Miller et al. 2010). The elec-
tric field drives the particles toward a grounded platform
onto which the sampling substrate has been attached.

For Raman-spectroscopy studies, samples are col-
lected on Substratek grids, from Ted Pella, with a gold
coating on a 3-mm diameter gold mesh. For these grids,
the surface is smooth, and Raman spectra of a region
covered with soot are acquired. Alternatively, some of
the samples have been collected on preheated quartz fil-
ters using unheated filter holders and without the use of
the electrostatic precipitator. For these filters, the surface
is rough, necessitating that Raman spectra of individual
particles be measured. It has been confirmed that there is
a good agreement between the results using these two
sampling approaches. In total, 10 samples have been col-
lected for the FR setpoints, 12 samples for the FL set-
points, and 27 samples for the aircraft turbine engines.

For TEM imaging, particle samples are collected on
carbon-coated copper TEM grids, also from Ted Pella.
TEM samples are collected for the following soot-genera-
tor setpoints: FR1, FR2, FR6, FL2, FL3, FL7, and FL8.
The turbine engine samples are collected from the
exhaust of turboshaft engine 1 at the E1-1, E1-2, and
E1-3 setpoints. Multiple samples are collected at some
MiniCAST and engine setpoints to confirm the repeat-
ability of results.

2.4. Raman spectroscopy measurements

The Raman spectra have been acquired with a commer-
cial microRaman system (LabRAM HR, Horiba Jobin
Yvon). Soot samples are excited by 632.8 nm radiation at
a power of 0.17 mW to avoid excessive sample heating.
Incident radiation is coupled into an Olympus BX51
optical microscope and focused to a 1.6 um diameter
spot through a Leica 50 x low-working-distance objective
with a numerical aperture of 0.55. The same objective
also collects the retro-reflected radiation and guides it
through a notch filter that removes the Rayleigh-scat-
tered radiation. All Raman spectra have been collected
with a 20 s integration period and are averaged over six
scans. The Raman signal is recorded over a frequency
range of 646-2792 cm ™" with a resolution of 2 cm™". For
samples that are deposited on gold TEM grids, a large
number of Raman spectra (up to a few thousand) are
acquired and a selected number of them are averaged.
For samples collected on the quartz filters, the Raman
spectra of five different particles are averaged to obtain
the mean value. Spectroscopy and optical-imaging tests
have been conducted to make sure that laser irradiation

at the selected power does not cause any change to the
Raman signature of soot samples. To rule out excitation
energy-dependent Raman effects, two of the samples
were studied using 785 nm excitation radiation with the
incident power of 0.12 mW focused through the same
objective. A brief description of Raman spectroscopy is
provided in Section 1 of the online supplementary infor-
mation (SI).

The Raman spectrum of typical soot is composed of
two broad and overlapping peaks, as shown in Figure S2
(a) of the SI. The ideal crystalline graphitic structure in
soot, which consists of spz—bonded carbon atoms in
unreactive basal planes, gives rise to the G band (graphite
band) centered at a frequency of about 1591 cm~ ! (Dres-
selhaus and Dresselhaus 1982). However, most graphitic
materials, including soot, have different types of defects
in their graphitic structure (Pimenta et al. 2007). Strong
defects generally occur at the edge planes of the graphitic
crystallites, which induce the D band (defect band) cen-
tered at about 1344 cm™'. More detailed investigations
of the Raman spectra of carbonaceous material have
shown that these spectra can be better represented with a
fit of five different bands (Cuesta et al. 1994; Sadezky
et al. 2005), shown in Figure S2b. The physical origins of
these five bands are presented briefly in Table 3 and with
more details in Section 2 of the SL

Table 3. The spectroscopic origins of the bands that constitute
the Raman spectra of soot, in order of increasing Raman shift
(more details are provided in Section 2 of the SI).

Band Center Origin

Dy 1200 cm™"  Carbon atoms with sp* and intermediate sp>-sp*
hybridization states (Bacsa et al. 1993), the latter
one possibly caused by curved PAH layers in
graphitic crystallites (Jager et al. 1999), and
single carbon-carbon bonds in polyacetylene-like
compounds (Shirakawa et al. 1973; Harada et al.
1980; Fitchen 1982; Ishida et al. 1986; Lopez-Rios
et al. 1996)

Defects occurring at the edge planes of the
graphitic crystallites (Pimenta et al. 2007;
Dresselhaus and Dresselhaus 1982)

The amorphous-carbon compounds, which are
complex mixtures of sp> and sp>-bonded carbon
atoms with no order, and impurity ions, such as
fluoride, calcium, and potassium (Cuesta et al.
1994; Jawhari et al. 1995; Sadezky et al. 2005), as
well as the internal vibrational modes in small
graphitic domains related to the asymmetric
breathing of the carbon rings and the C—C
stretching of internal and edge carbons (Parent
et al. 2016)

Ideal crystalline graphitic structure that consists of
sp>-bonded carbon atoms in unreactive basal
planes (Dresselhaus and Dresselhaus 1982)

The structural disorder associated with the PAH
layers at the boundaries of the crystallites, i.e.,
those that are not sandwiched between other
PAH layers, (Dresselhaus and Dresselhaus 1982;
Sze et al. 2001)

D, 1350 cm ™!

Ds 1500 cm ™"

G 1580 cm™"

D, 1620 cm ™"




Table 4. The center and FWHM of the bands along with their
standard deviations, averaged over all the 49 samples under
study.

Band-center  Std. of center B-FWHM Std. of FWHM
Band  mean (cm™") (% of mean) mean (cm™") (% of mean)
D, 1190 2.5 166 14.8
D, 1343 0.5 165 11.9
D3 1536 1.0 165 10.9
G 1591 0.4 51 17.5
D, 1618 0.3 43 14.2

Quantifying the five bands present in the Raman
spectra of soot provides a wealth of information about
the chemical structure of soot and enables the compari-
sons of different soot materials. In the present work,
the Raman spectral analysis approach of Sadezky et al.
(2005) has been followed. Lorentzian band shapes have
been used for the G, D;, D,, and D, bands, and a
Gaussian band shape has been selected to model the D;
band (Cuesta et al. 1994; Jawhari et al. 1995; Sadezky
et al. 2005). More details about the spectral analysis and
the curve fitting procedure are provided in Section 3
of the SI.

Table 4 shows the mean values of the center and full
width at half maximum (FWHM) of the bands used to
model the measured Raman spectra along with their
standard deviations. The presented values are averaged
over all the 49 samples studied in the present work. The
standard deviations of the band centers are within
0.3-2.5% of the mean values, showing that the sample-
to-sample variations of the band positions are negligible.
The standard deviations of the band widths (FWHM)
show a larger variation between the samples, within
10.9-17.5% of the mean values.

2.5. Transmission electron microscope
measurements

The particulate samples are imaged using a Philips
CM20 TEM, operating at an accelerating voltage of
120 kV and under high-vacuum condition. Projected,
ie., two-dimensional, TEM images of soot aggregates
are captured using a Gatan CCD camera, with
1024x 1024 pixel dimensions. To find the relationship
between the projected properties of aggregates and their
actual, ie., three-dimensional, morphology, Koylii et al.
(1995) studied the projected images of aggregates cap-
tured from different angles. The data analysis approach
used in the present work, which is based on the findings
of Koyli et al. (1995), is capable of recovering the actual
soot size and morphology from the projected images.
The analysis is conducted using Image] 1.47 (Image
] 2013).
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The diameter of primary particles, d,,, is determined
from the images by measuring the surface area of circles
drawn on the periphery of readily identifiable primary
particles, generally located near the outer edge of aggre-
gates. The number of primary particles per aggregate, n,,,
can be estimated from the projected area of aggregates
using a power-law relationship (Koylii and Faeth 1992;

Koylu et al. 1995),
AN\
ny, = kg <—> , 2]
AP

where A, is the projected area of individual aggregates,
determined automatically from ImageJ, and A, is the
mean projected area of primary particles. Based on the
findings of Koyl et al. (1995, 1997), k, = 1.15 and « =
1.09 have been used to calculate 7,,.

By definition, 1, scales with the characteristic length
of aggregates according to a power-law relationship
(Koylii et al. 1995),

L\ 2R\ Y
wek (g) =w () o

In Equation (3), L is the Feret length of an aggregate,
R, is its radius of gyration, Dy is the fractal dimension, ks
is the fractal prefactor, and k; is a correlation constant.
Dy represents the degree of compactness of fractal aggre-
gates and ky is a proportionality constant that describes
how primary particles are packed in space (Sorensen and
Roberts 1997; Liu and Mishchenko 2005).

In the present work, 7, is obtained from the particles
in the TEM images by applying Equation (2), using A,
and A, provided by Image]. L is also determined using
Image J. The slope and the intercept of a least-square
straight fit to log(n,) as a function of log(L/d,) yield Dy
and k;, respectively, based on Equation (3). k¢is then cal-
culated using k; and Dy using the following approxima-
tion (Koyl et al. 1995),

e
k_f _ Df+2\> 4]
ks D, )

which enables calculating the radii of gyration of aggre-
gates using Equation (3).

The relationships between the actual, e.g., 7,, and the
projected, e.g., L, Ry, and A,, morphological properties of
soot aggregates are relatively independent of fuel type
and combustion configuration (Koylii and Faeth 1992;
Koylii et al. 1995; Sander 1986). In the present work, the
values of 7,, L, R, and A,, are used only to obtain Dyand
ks, and therefore are not reported in the Results sections.
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3. Results
3.1. Comparing the chemical structure of soot

Figure 1 displays a comparison between the Raman spec-
tra of the samples emitted from the fuel-rich and fuel-
lean soot generator setpoints, and aircraft turbine
engines, averaged over all samples for each of these three
conditions, respectively. These spectra are the result of
the 5-band curve fitting procedure to the experimental
results, as documented in Section 3 of the SI. The spectra
have been normalized to the peak of the D band. There
is an excellent agreement between the averaged spectra
of the fuel-lean and the engine samples. However, the
spectrum of the fuel-rich samples shows a shoulder on
the D band, over the 1150-1280 cm™" frequency range,
which is not observed in the spectra of the lean-flame
and the engine samples. In addition, the rich-flame spec-
trum depicts a more-intense peak between 1600 and
1620 cm ™', compared to the lean-flame and the engine
spectra.

To separate the contribution of each band to the
cumulative fit and to find the source of the differences
depicted in Figure 1, Table 5 shows the ratios of the aver-
age intensities (I) of the individual bands to the intensity
of the whole Raman spectrum for the rich-flame, lean-
flame, and engine samples. These intensities are charac-
terized using the areas under the individual bands of the
Raman spectra, and the ratios represent the fractional
contribution of each band to the total. The average inten-
sity of the D, band for the rich-flame samples is 150%

1.2

«=++ Fuel-Rich Flames
—Fuel-Lean Flames
---Engines

More-intense peak for
the fuel-rich flame soot

v;/
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Figure 1. A comparison between the normalized averaged

Raman spectra of the soot emitted from the fuel-rich flames,
fuel-lean flames, and aircraft turbine engines.

Table 5. The ratios of the intensities of the individual bands to
the intensity of the whole Raman spectrum, /(total), and the
ratios of the intensities of the defect bands to the G band. Intensi-
ties are quantified by the areas under the bands. The curve-fitting
approach that allows the centers, FWHMs, and intensities of the
bands to vary has been used.

Fuel-rich flames Fuel-lean flames Engines
1(D4)/I(total) 0.25 0.10 0.09
I(Dy)/I(total) 043 0.63 0.64
1(Ds)/I(total) 0.13 0.12 0.12
1(G)/I(total) 0.08 0.09 0.09
1(D,)/I(total) 0.1 0.06 0.06
1(D4)/1(G) 3.38 1.20 1.10
I(D)/I(G) 5.84 7.30 7.93
1(D5)/I(G) 1.71 143 1.51
1(Dy)/I(G) 1.54 0.74 0.77

and 178% greater than that for the lean-flame and engine
samples, respectively. Therefore, the shoulder observed
in Figure 2 on the D band is caused by a significantly
stronger D, band in the Raman spectrum of the rich-
flame samples, combined with a relatively weaker D,
band. The analysis also shows that in the rich-flame
Raman spectrum the intensity of the D, band is 83%
greater and the intensity of the G band is 11% lower
compared to those intensities for the lean-flame and
engine Raman spectra. This indicates that the more-
intense peak of the G band for the rich-flame spectrum,
demonstrated in Figure 1, is primarily caused by a more-
substantial contribution of the D, band.

To confirm that the differences observed in Figure 1
are not artifacts produced by curve fitting, Figure S5a, in
the SI, shows a comparison between the measured
Raman spectra averaged for the three groups of samples.
Similar to Figure 1, a shoulder on the D band and a
stronger peak between 1600 and 1620 cm ™" are observed
in this figure for the samples emitted under fuel-rich
conditions, as compared to the samples under fuel-lean
conditions and from the engine. As an additional step to
verify the differences shown in Figure 1, the curve-fitting
procedure has been conducted individually for each of
the soot-generator and engine setpoints by fixing the
centers and FWHMs of the five bands to the values
shown in Table 4, such that the fitting parameters are
only the amplitudes of the five bands. The results, pre-
sented in Figure S5b, also demonstrate a distinct shoul-
der on the D band and a more-intense peak between
1600 and 1620 cm™ ' for the fuel-rich setpoints of the
soot generator. Figure S7 shows the uncertainties associ-
ated with curve fitting for some of the averaged Raman
spectral parameters shown in Table 5. These uncertain-
ties are calculated by the OriginPro 9.1.0 (2013). Based
on Figure S7, the difference between the intensity ratios I
(Dy)/I(total), I(D,)/I(total), and I(D,)/I(total) for the
three groups of soot samples is larger than the
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Figure 2. Comparisons between different Raman spectral parameters of soot particles emitted from the fuel-rich flames, fuel-lean

flames, the aircraft turbine engines, and HOPG.

uncertainties of these parameters, thereby these differen-
ces are statistically significant and can be used to com-
pare the properties of the samples.

Based on the information presented in Table 3 on the
physical nature of the bands that construct the Raman
spectrum of carbonaceous material, the ratio of D,-band
intensity to G-band intensity, i.e., I(D,)/I(G), can act as a
measure for the surface area-to-volume ratio of the gra-
phitic crystallites. On the other hand, the ratio of the D;-
band to G-band intensities, i.e., I(D;)/I(G), is correlated
with the edge-to-volume ratio of the graphite crystallites.
In this work, I(D,)/I(G) is 104% greater and I(D;)/I(G) is
23% lower for the rich-flame soot compared to the lean-
flame- and engine-emitted soot (Table 5). Therefore, the
graphitic crystallites in the rich-flame soot samples have a
considerably larger surface area-to-volume ratio and a
slightly lower edge-to-volume ratio than the crystallites in
the other two samples. This indicates that the graphitic
crystallites in the rich-flame soot samples are thinner than
those in the lean-flames and the engine samples.

If the D, band originates from carbon atoms with sp
and mixed sp>-sp> hybridization states (Table 3), a lower

I(D4)/I(G) indicates a higher level of graphitization with
more sp>-hybridized carbon atoms. As a result, the lean-
flame and the engine samples, with an I(D,)/I(G) of
about 1.15, have a higher level of structural order com-
pared to the rich-flame samples, with an I(D,)/I(G) of
3.38. More carbon atoms with sp>-sp> hybridization
states in the rich-flame samples may also show the pres-
ence of a larger number of bent graphitic crystallites in
the rich-flame soot and larger planar graphitic structures
in the soot emitted from the lean-flame setpoints and the
engines (Jager et al. 1999). On the other hand, if the
source of the D, band is the single carbon-carbon bonds
in polyacetylene-like structures, a higher I(D,)/I(G) in
the rich-flame samples suggests a higher concentration
of polyacetylene compounds in soot (Shirakawa et al.
1973; Harada et al. 1980; Fitchen 1982; Ishida et al. 1986;
Lopez-Rios et al. 1996).

The origins of the D; band are known to be amor-
phous-carbon and ionic impurities (Table 3). Therefore,
the contribution of the D; band to the total Raman signal
can quantify the amount of these compounds in the sam-
ples. Figure 1 and Table 5 show that the sample-to-
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sample variations in I(Ds) are small, hence the samples
include comparable levels of non-graphitic impurities.

To enable a better comparison between the properties
of soot emitted from the soot generators and the engines,
the Raman spectral parameters are directly compared in
Figures 2a-d. As the ratios of the intensities of the defect
bands to the G band of the Raman spectrum show the
greatest sensitivity, and the D; band has the largest frac-
tion of the intensity, I(D;)/I(G) was selected as the
abscissa for all of these comparisons. The results for each
group of samples form clusters that occupy different
regions in the plots. The amount of overlap between
these clusters can indicate the similarity or the distinc-
tion of the chemical structure of the samples. Figure 2a
compares the soot samples based on I(D,)/I(G). The
rich-flame data points form a cluster that has little over-
lap with the engine cluster. On the other hand, there is
an excellent match between the lean-flame and the
engine samples. A similar behavior is observed in
Figure 2b, which compares the samples based on I(D,)/I
(G). Figure 2b shows that the rich-flame and the engine
data points fall into two distinct clusters; however, the
lean-flame and engine data points agree well. Figure 2c
shows that the ratio I(D;)/I(G) does not sufficiently dis-
criminate between the soot samples, because the intensi-
ties of the D; and D, bands are comparable for all the
samples. The Raman spectral parameters of highly
ordered pyrolytic graphite (HOPG), which consists of
highly uniform sp>-bonded carbon atoms in planar
graphite sheets, are also added in Figure 2 for reference.
HOPG results demonstrate that a sample that is known
to have a predominantly crystalline graphitic structure
does not have a significant proportion of defects when
the Raman spectra are analyzed.

The FWHMSs of the D; and G bands, i.e., W(D;) and
W(G), have been used extensively in the literature to
compare the graphitic structure of carbonaceous material
(Wang et al. 1990; Dippel et al. 1999; Sadezky et al. 2005;
Knauer et al. 2009; Soewono and Rogak 2011). Higher
D, and G band FWHMs show higher levels of chemical
heterogeneity and a lower degree of structural order
(Knauer et al. 2009). Figure 2d depicts a plot of W(D,),
dividing the data points into two distinct clusters: the
rich-flame cluster with a lower W(D;), i.e., a less heterog-
enous structure, and the engine cluster with higher W
(D,) values, i.e., a higher level of heterogeneity. Figure 2d
also shows that the lean-flame setpoints produce soot
with a similar graphitic structure as the engine-emitted
soot. Nevertheless, Figure S8, which compares the sam-
ples based on the FWHM of the G band, does not sepa-
rate the data points into distinct groups, thus indicating
that the levels of chemical heterogeneity are complex
and beyond the scope of this analysis.

The authors have not observed any relationship
between the Raman spectral properties of engine-emitted
soot and the operating speed and thrust of the engines.
A similar behavior has been reported by Parent et al.
(2016), who conducted a set of complementary tests,
including Raman spectroscopy, to obtain information
about the physical and chemical structure of soot emitted
from a recent aircraft turbine engine operating under
various thrust levels. The results of that study have
shown that the properties of soot do not vary signifi-
cantly with changing the engine operating regime.

Figure S9, in the SI, compares the Raman spectral
parameters of the individual soot generator setpoints for
both rich-flame and lean-flame conditions. The parame-
ters of the duplicated setpoints are included in Figure S9
to demonstrate the repeatability of the measurements.
The parameters for setpoints FR3, FR4, and FR5, which
have their fuel streams diluted with 200-285 mL/min of
nitrogen, are within the same range as the fuel-rich set-
points with no fuel dilution.

Carpentier et al. (2012) have proposed the presence
of a sixth band, D, centered at 1269 cm™', in the
Raman spectrum of carbonaceous particles. This band
originates from the merging of the subbands character-
istic of the individual polyaromatic subunits. Because
the center frequency of the D, band is within the fre-
quency range of the shoulder observed on the D band
for the fuel-rich flame samples, a six-band curve fit has
also been conducted (shown in Figure S4). A compari-
son between the Raman spectral parameters calculated
based on the six-band curve fit, presented in Figure S6,
shows that this approach does not distinguish the dif-
ferences between the Raman signatures of the samples
well. Therefore, the discussion and conclusions in the
present work are based on the well-established five-
band curve fitting approach.

3.2. Comparing the size and morphology of soot

Figure 3 depicts TEM images of typical soot particles
emitted from the MiniCAST soot generator and turbo-
shaft engine 1, at a TEM magnification level of
45,000 times. These images show a clear distinction
between the physical structures of particles sampled
from fuel-rich flames, fuel-lean flames, and an engine.
TEM images captured using a magnification of
4500 times and the TEM images in Figure 3 shown in a
larger size are depicted in Figures S10-S29 in the SI.

The TEM images of the particles from the fuel-rich
flames are shown in Figures 3a-c. The particles emitted
at FR1 and FR2 setpoints (Figures 3a and b) have an
amorphous appearance, with less-distinctive boundaries
between primary particles, suggesting that these
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Figure 3. Typical TEM images of soot produced by the fuel-rich MiniCAST flames (a—c), fuel-lean MiniCAST flames (d-g), and turboshaft
engine 1 (h—j) at a magnification of 45,000 times. These images in larger size and images captured with a magnification of 4500 times

are provided in the SI.

aggregates are coated with a considerable amount of
semivolatile material. On the other hand, the particles
emitted at the FR6 setpoint (Figure 3c) have a more-
graphitized appearance with no evidence of significant
semivolatile coatings.

The particles emitted at the lean-flame setpoints
(Figures 3d-g) appear to have smaller primary particles
compared to the rich-flame setpoints, in particular at
FL7 and FL8 setpoints. The particles emitted at FL7 and
FL8 setpoints have an amorphous appearance and are
significantly smaller than the particles emitted at the
fuel-rich and the FL2 and FL3 setpoints. These differen-
ces are most likely because the particles at FL7 and FL8
setpoints are heavily oxidized.

The images of particles emitted from turboshaft
engine 1 (Figures 3h-j) show particles with small pri-
mary particles, similar to those emitted at the lean-flame
MiniCAST setpoints, and no evidence of significant
semivolatile coatings. The size of the aggregates emitted
from the engine is also fairly small, particularly at the
E1-1 setpoint.

Table 6 presents the results of TEM image analysis for
the size and morphological parameters of particles
shown in Figure 3, including the diameter of primary
particles (d,), and the diameter (D,), fractal dimension
(Dp), and fractal prefactor (ky) of soot aggregates. The
diameter of soot aggregates is characterized by the pro-
jected equivalent-area diameter, which is defined as the
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Table 6. The results of TEM image analysis for particle size and morphology, st. dev. = standard deviation.

Primary particles Soot aggregates
Setpoint d, mean (nm) dj, st. dev. (nm) Number of samples D, mean (nm) D, st. dev. (nm) D¢ ke Number of samples
FR1 389 9.4 98 81.9 433 1.6 19 1577
FR2 40.5 8.8 m 103.1 714 1.8 1.7 1454
FR6 31.7 6.1 403 111.8 68.4 1.8 1.7 1248
FL2 18.5 3.2 31 64.3 49.3 1.8 0.7 7403
FL3 225 43 199 63.3 439 1.7 0.9 1701
FL7 15.0 37 58 24.2 10.0 1.6 1.5 24,672
FL8 94 1.6 23 27.0 16.7 1.8 0.3 27,816
E1-1 17.2 35 61 335 255 1.6 1.5 1543
E1-2 20.8 49 40 457 283 1.7 1.2 3509
E1-3 21.5 53 49 44.2 28.5 1.8 1.1 1738

diameter of a circle with the same area as the projected
area of the aggregate. The standard deviations for the d,,
are 17 to 25% of the mean values, representative of a
nearly monodisperse size distribution. Contrary to
primary particles, soot aggregates are polydisperse and
have highly uneven sizes, with standard deviations for
the distributions of the aggregate properties between
41 and 77%.

The diameters of primary particles, averaged over the
rich-flame, lean-flame, and engine setpoints, are
34.4 nm, 20.6 nm, and 19.6 nm, respectively. The mean
d, values for the rich-flame setpoint are about 70% larger
than d, for the engine setpoints; however, there is a good
agreement between d, for lean-flame setpoints and the
engine (5% difference). A similar behavior is observed
for the diameters of soot aggregates. D, averaged over
the rich-flame setpoints is 97.8 nm, which is 130% larger
than averaged D, for the engine setpoints (42.5 nm). On
the other hand, D, is 34.9 for the lean-flame setpoints,
which is similar to (17% smaller than) D, of engine-
emitted particles.

Figures 4a and b compare the physical properties of
soot particles emitted from the soot generators and
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turboshaft engine 1 based on their size and morphology,
respectively. Figure 4a shows that d, and D, of soot par-
ticles emitted by the rich-flame setpoints are larger than
30 nm and 70 nm, respectively. However, d, and D, of
the soot emitted from turboshaft engine 1 are below
25 nm and 50 nm, respectively. Therefore, these data
points form two very distinct clusters in Figure 4a. On
the other hand, d, and D, for soot emitted from the
lean-flame setpoints are close to the d, and D, of engine-
emitted soot.

A similar behavior is observed in Figure 4b, which
compares particles based on their morphological proper-
ties, Dy and k. The average fractal dimension for all
aggregates is 1.72 with a standard deviation of 5%. Com-
bustion-generated particulates are formed by a diffusion-
limited cluster—cluster aggregation mechanism (Sander
1986). Therefore, the fractal dimension of soot aggre-
gates is universal and nearly independent of combustion
condition. However, the variations in k are significant,
as depicted by a standard deviation of 41% for all aggre-
gates around the mean value of 1.23. The particles emit-
ted from the MiniCAST at fuel-rich conditions have a kf
between 1.6 and 2.0, while the kf of particles emitted
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Figure 4. A comparison between the size and morphological parameters of soot particles emitted from the fuel-rich MiniCAST flames,

fuel-lean MiniCAST flames, and turboshaft engine 1.



from the fuel-lean MiniCAST setpoints and the engine
varies between 0.3 and 1.6. The higher ks of particles
emitted from fuel-rich flames shows that these aggregates
have a more compact structure (Liu and Mishchenko
2005). The difference in the ks values causes two separate
clusters to appear in Figure 4b.

Plotting the data points based on Raman spectral
parameters and d,, shown in Figure $30, also results in
distinctly different clusters for the fuel-rich flame and
the engine data points. However, these properties are
very close for the fuel-lean flames and the engine.

To compare the radiative properties of flame- and
engine-emitted soot, Maricq (2014) measured the BC
content of particles generated by a MiniCAST 5201 C,
operating with a constant fuel flow rate of 60 mL/min
and five different fuel N, dilution levels from 0 to
300 mL/min, and those emitted from four vehicles oper-
ating under different driving conditions. The results
have shown that this MiniCAST produces soot with sim-
ilar BC content as vehicle-emitted soot only when the
fuel dilution levels were below 100 mL/min. For higher
fuel dilution levels, Maricq (2014) found that the emitted
soot is not sufficiently carbonized because of a higher
fuel-stream velocity and a shorter residence time of par-
ticles, thereby it cannot act as a surrogate for engine-
emitted soot. To match the chemical structure, size, and
morphology of soot emitted from gas turbine engines,
the present work shows that the ratio of air to fuel flow
rates in the MiniCAST should also be sufficient to ade-
quately oxidize the emitted soot.

In another study, Mamakos et al. (2013) studied the
effective densities, elemental-carbon (EC) and organic-
carbon (OC) contents, light absorption characteristics,
and primary-particle diameters of soot generated by a
MiniCAST 5200, operating under seven different condi-
tions. Similar to the present work, the authors have
found that increasing the fuel-to-air ratio results in the
emission of premature soot particles with high semivola-
tile content. On the other hand, Mamakos et al. (2013)
found that lower fuel and higher air flow rates cause the
formation of high-EC soot with high light-absorption
capability.

Moore et al. (2014) have also conducted a thorough
characterization of the properties of soot, generated by a
MiniCAST model 4202, to guide the selection of opti-
mum setpoints. The properties of MiniCAST soot have
also been compared to those reported in the literature
for soot emitted from diesel and gas-turbine engines.
The MiniCAST operated under three different regimes:
(1) fuel-rich flame and high-OC soot, (2) fuel-lean flame
and low-OC soot, and (3) fuel-lean flame and high-OC
soot. From Table 1 of Moore et al. (2014), it can be con-
cluded that high-OC soot generated under fuel-lean
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conditions represent the properties of aircraft-emitted
soot better that the other two operating regimes. To
compare the results of the present work with those of
Moore et al., the EC-to-TC ratios of soot samples studied
herein are shown in Tables S3 and S4 in the SI. The
mean EC/TC for engine-emitted samples is 0.59, which
can be reproduced by highly fuel-rich (e.g., FR1) and
highly fuel-lean (e.g., FL7 and FL8) setpoints of the Mini-
CAST. On the other hand, the Raman spectroscopy and
TEM studies, presented earlier in this section, have
shown that only the lean-flame samples represent the
chemical structure and morphology of engine-emitted
soot. Therefore, the findings of this study are in agree-
ment with those of Moore et al. (2014), with the addi-
tional basis in terms of chemical structure and
morphology.

4. Conclusions

To compare the chemical structure, size, and morphol-
ogy of soot particles emitted from engines to those pro-
duced by laboratory soot generators, Raman
spectroscopy, and transmission electron microscopy
studies have been conducted for the soot samples. The
results of this study can be used to identify soot genera-
tor setpoints that produce particles with similar chemical
and physical properties to the soot emitted from engines.
As the optical properties of soot are dictated by its chem-
ical structure, size, and morphology, and many of the
instruments that measure mass concentrations of solid
particulate matter in the exhaust emissions from engines
rely on the optical properties of soot, finding these soot
generator setpoints can be applied to enhance the reli-
ability of instrument calibrations. While this study was
applied to aircraft gas turbine engine emissions, the prin-
ciples in identifying the chemical structure, size, and
morphology of soot particles may be applicable to find-
ing soot generator operating conditions that produce
particles with similar characteristics from other engines,
such as Diesel engines and gasoline direct injection
engines. The important findings of this study are sum-
marized below:

1. The Raman spectral properties, and thereby the
chemical structure, of the soot generated by the
fuel-rich soot-generator flames, with globally near-
stoichiometric and fuel-rich combustion, are con-
siderably different from the spectral properties and
chemical structure of the soot emitted from aircraft
turbine engines. The differences are mainly caused
by (1) thinner graphitic crystallites of the soot
emitted from the fuel-rich flames, (2) a larger num-
ber of sp*-hybridized carbon atoms in the lean-
flame and the engine samples, and (3) a larger
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number of bent graphitic crystallites or polyacety-
lene compounds in the rich-flame samples.

2. The size of primary soot particles and aggregates
emitted from the fuel-rich soot-generator flames is
considerably larger than the size of particles emit-
ted from a turboshaft engine. While the reasons for
these differences are not well understood, it was
noted that there was the appearance of condensed
organic material on soot particles emitted from the
fuel-rich flames and a more intense oxidation of
the soot emitted from the fuel-lean flames and the
engine.

3. Good agreement has been found between the
chemical structure, size, and morphology of the
soot emitted from the soot generators operating
under fuel-lean conditions and the properties of
soot emitted from the aircraft turbine engines.
Comparable combustion conditions, in particular
similar global equivalence ratios, contribute to the
concurrence of the soot properties. It should be
noted that soot formation is not suppressed in the
oxygen-abundant fuel-lean diffusion flames used
in the present work, but occurs under a combus-
tion condition that is different from that in the
fuel-rich flames.

4. The fractal dimensions of soot particles emitted
from the soot generators and the turbine engines,
at all setpoints, are within the same range. How-
ever, the fractal prefactor of particles emitted from
the fuel-rich flames are higher than that for par-
ticles emitted from the fuel-lean flames and the tur-
boshaft engine, suggesting that the particles
emitted from the fuel-rich flames have a more
compact arrangement.

5. Overall, the key parameters that were found to dis-
tinguish soot particle emissions produced by air-
craft gas turbine engines from those produced by
rich-flame soot generator conditions were: for
chemical structure, the I(D,)/I(G) ratio found from
a five-band fit to the Raman spectrum, and to a
lesser extent the I(D,)/I(G) ratio; for size and mor-
phology, the diameters of the primary particles, the
diameters of the aggregates, and the fractal
prefactor.

These conclusions are based on measurements con-
ducted for three aviation engines and two soot gener-
ators operating under a limited number of conditions.
Therefore, more data for other types of engines and
soot generators is required before one can generalize
these conclusions. Although this work has identified
soot generator setpoints that emit soot with similar
chemical structure, size, and morphology as the soot
emitted from aircraft turbine engines, it has not

demonstrated the advantage of calibrating optical
instruments for measuring mass concentration of
solid particulate matter with these recommended set-
points. The validation of these setpoints is a topic for
future work.
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