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ABSTRACT

Soot is a climate forcer and a dangerous air pollutant that has been increasingly regulated. In
aviation, regulatory measurements of soot mass concentration in the exhaust of aircraft turbine
engines are to be based on measurements of black carbon (BC) calibrated to elemental carbon (EC)
content of diffusion flame soot. The calibration soot must currently meet only one criterion:
minimum EC to total carbon (TC) ratio of 0.8. However, not including soot properties other than the
EC/TC ratio may potentially lead to discrepancies between different BC measurements. We studied
the response of two instruments, the AVL Micro-Soot Sensor (MSS) and the Artium Laser-Induced
Incandescence 300 (LIl), to soot from two miniature combustion aerosol standard (mini-CAST)
burners. By changing the air-fuel ratio, premixing nitrogen into the fuel, and using a catalytic
stripper to remove volatile compounds, we produced a wide range of particle morphologies and EC
contents. As the EC content decreased, both the instruments underreported the EC mass, but the LIl
diverged more severely. Upon closer investigation of eight conditions with EC/TC > 0.8, the LII
underreporting was found independent of primary particle size, but increased with decreasing
geometric mean diameter of the soot agglomerates. As the geometric mean diameter decreased
from 160 nm to 50 nm, the differences between the LIl and MSS increased from 15% to 50%. The
results suggest that in addition to EC content, calibration procedures for the regulatory BC
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measurements may need to take particle size distributions into account.

1. Introduction

Incomplete combustion of hydrocarbon fuels produces soot,
a toxic air pollutant, and a climate forcer. Soot has been
increasingly studied because it impacts radiative fluxes
(Jacobson 2001; Menon et al. 2002; Ramanathan and
Carmichael 2008; Bond et al. 2013) and increases suscepti-
bility to allergies and lung, heart, and nervous system dis-
eases (Oberdorster et al. 2004; Attfield et al. 2012; Ristovski
et al. 2012; Ostro et al. 2015). The mounting evidence of
adverse impacts of soot has led to increasingly more strin-
gent regulations of particulate matter (PM) emissions. For
example, new diesel and direct injection gasoline engines in
Europe must comply with PM mass and number concentra-
tion limits (DieselNet 2016). Exhaust soot concentrations
have been substantially reduced due to advances in exhaust
aftertreatment and combustion systems, which has intro-
duced new demands for instruments sensitive and specific

only to the quantity regulated. For measurements of soot
mass concentration, researchers have evaluated real-time
instruments based on aerosol optical absorption: photoa-
coustic, interferometric, incandescence, and filter-based
methods (Mobhr et al. 2005; Sheridan et al. 2005; Cross et al.
2010; Giechaskiel et al. 2014; Lobo et al. 2015). Light absorp-
tion instruments need to be calibrated to report mass con-
centration. However, reported mass concentrations can
differ by more than 15% when the soot measured differs sig-
nificantly from the calibration material as well as due to
interference and sensitivity to exhaust components other
than soot (Saathoff et al. 2003; Giechaskiel et al. 2014). Since
there has not been a universal standard reference material
for soot (Baumgardner et al. 2012), emission standards need
to devise soot definitions and calibration procedures ensur-
ing that various compliant instruments perform similarly
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on the calibration aerosol and the soot source for which they
are intended.

Real-time optical soot instruments will be used for
regulatory measurements of non-volatile PM (nvPM)
emissions from aircraft turbine engines. NvPM is defined
as particles sampled at the engine exit plane that remain
solid when heated to 350°C (SAE 2013). The regulation
will require measurement of both nvPM number and
mass concentrations. Total nvPM mass concentration
can be directly measured only by filter sampling and
analysis, which can be time consuming, costly, and
affected by measurement artifacts (Subramanian et al.
2007; Lack et al. 2008). Therefore, the regulatory stan-
dard considers the most appropriate method for repre-
senting the nvPM mass concentration to be the online
measurement of black carbon (BC) mass concentration.

Compliant instruments measuring BC mass concen-
tration are to be calibrated to the mass of elemental car-
bon (EC) determined by thermal-optical analysis,
currently the most applicable method (SAE 2013). The
method is originally based on National Institute of Occu-
pational Safety and Health (NIOSH) Method 5040 for
diesel particulate matter (Birch and Cary 1996; NIOSH
2003). BC is defined based on optical properties as a soot
fraction that strongly absorbs visible light, whereas EC is
defined based on thermochemical properties as a refrac-
tory carbon that can be removed from a filter under an
oxidizing carrier gas (NIOSH 2003). Both BC and EC are
defined as the difference between the total carbon (TC)
and organic carbon (OC), but OC has different defini-
tions based both on optical properties (non-absorbing),
and thermochemical properties (non-refractory) that
may not be equivalent. In terms of molecular structures,
BC and EC both represent the graphite-like material in
soot, but the boundaries between BC and OC, and EC
and OC only depend on the methods applied (Poschl
2005). For aircraft turbine engine soot, BC and EC are
considered almost equivalent (Petzold et al. 2011).

Currently, two real-time BC instruments comply with
the specifications for standardized measurement of
nvPM mass-based emissions from aircraft turbine
engines (SAE 2013): the Micro-Soot Sensor (MSS; AVL
LIST GmbH, Graz, Austria) and the laser-induced incan-
descence instrument LIT 300 (LIL; Artium Technologies
Inc., Sunnyvale, CA, USA). To differentiate between the
BC mass concentrations reported by these instruments,
we use the terminology of Lack et al. (2014) and Petzold
et al. (2013). The MSS measures the mass concentration
of the equivalent BC (eBC), which is BC derived from
optical absorption measurement. The LII measures the
mass concentration of the refractory BC (rBC), which is
the BC derived from incandescence methods. Hereafter
we use the terms rBC, eBC, BC, nvPM, EC, and OC
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when we refer to mass concentrations, if not stated oth-
erwise. The MSS and LII output signals are directly pro-
portional to EC content of combustion engine soot
(Mohr et al. 2005). To measure nvPM mass concentra-
tions in the aircraft turbine engine exhaust, the instru-
ments must be calibrated to EC mass of diffusion flame
soot containing >80% EC. Such calibrated instruments
must also demonstrate that they agree with EC mass
concentration within £16% on turbine engine exhaust
(SAE 2013).

Since it is impractical and costly to use turbine engines
for periodic calibrations, nvPM mass instruments have
been calibrated with gas-fueled soot generators. A popular
laboratory burner used is the miniature combustion
aerosol standard (mini-CAST; Jing, Ltd., Zollikofen,
Switzerland). Mini-CAST soot properties, such as mean
agglomerate size, morphology, and EC concentrations,
can be varied over a wide range by changing the air-fuel
ratio and diluting the fuel with nitrogen (Moore et al.
2014). While the burner settings for generating soot with
the highest EC content vary for the different models, for
any mini-CAST, EC content decreases with decreasing
mean agglomerate size (Crayford et al. 2013; Maricq
2014; Moore et al. 2014; Kim et al. 2015). Mini-CAST
conditions that produce the largest particles (geometric
mean diameter of the agglomerates, dg, typically>
100 nm) have been found to well match the BC content of
engine exhaust soot (Maricq 2014).

Aircraft turbine engine soot has unique characteristics
potentially irreproducible by soot generators: small
agglomerate size (d; < 50 nm) and EC content of up to
90%. For a typical turbofan engine, d,, effective density,
and EC content increase with engine power (Agrawal
et al. 2008; Petzold et al. 2011; Durdina et al. 2014; Lobo
et al. 2015). To mimic aircraft turbine engine soot, previ-
ous studies either used diffusion flame soot with similar
particle size distributions (Liscinsky et al. 2013; Stettler
et al. 2013; Wong et al. 2013), or, for the development of
the aircraft turbine engine nvPM standard, used EC-rich
soot without considering other properties (Lobo et al.
2015). Since the EC content is the only requirement for
the calibration aerosol, it is unclear to what extent the
eBC and rBC are equivalent to EC over a wide range of
particle composition and morphologies. During inter-
comparison tests on various in-service aircraft turbine
engines in 2012, the MSS and LII overall agreed within
15%, but then the instruments were not yet fully compli-
ant with the standard calibration protocol (Lobo et al.
2015). In a follow-up study in 2013, with the MSS and
LII calibrated in parallel, the LII reported on average
30% lower nvPM mass concentrations (Durdina et al.
2014). It was hypothesized that these differences could
be attributed to different morphology of the calibration
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aerosol and gas turbine soot that were affecting the
instruments response.

Here, we investigate the response of the MSS and LII
to mini-CAST soot with a wide range of EC contents
and morphologies. We used two mini-CAST burners,
models 5201C and 6203C, to produce 28 test conditions
from fuel-rich to fuel-lean. We first look at the overall
correlation of the rBC and eBC to EC as a function of
the EC/TC ratio. Then we focus on eight settings, four
for each burner, which met the sole calibration soot crite-
rion of EC/TC > 80%. For these conditions, we look at
the potential effects of particle effective density, geomet-
ric mean agglomerate size, and primary particle size on
the instrument response. This work has implications for
the development of the nvPM emissions measurement
protocol for aircraft turbine engines and in a broader
sense for future PM regulations of other sources, such as
marine engines (Lack and Corbett 2012), which might
adopt a similar methodology.

2. Methods

2.1. Mini-CAST operating conditions and sample
conditioning

The mini-CAST consists of a co-flow diffusion flame pro-
pane burner, and a quench and dilution track (Figure 1).
In the quench track, nitrogen dilutes the particle stream,
stops the combustion processes, and inhibits water con-
densation at room temperature. The quenched sample is
then further diluted with air (we used dried and filtered
compressed air). The fuel can be diluted with nitrogen
(referred to here as N, premix), which offers additional
settings to modify the particle properties and composi-
tion. The user can control the fuel (Qg), oxidation air
(Q.), N, premix (Quix N2)> and dilution air (Qyy) flows,
whereas the quench N, (Qy) is typically fixed. The two
mini-CAST models 5201C and 6203C used in this study

filtered dry air
exhaust extraction o)

dilution air

quench Nz

burn air
fuel

o) T
fuel Nz premix @

APC - advanced particle counter

AEAP - axial electrostatic aerosol precipitator
COz2 #1,2 - CO2z detectors

CPC - condensation particle counter

CPMA - centrifugal particle mass analyzer
DF - dilution factor

DMA - differential mobility analyzer (L=0.728 m, D1=0.0508 m, D2=0.0889 m)
DMS500 - fast differential mobility spectrometer

Kr85 - radioactive bipolar charge neutralizer

LII300 - laser-induced incandescence

MFGC - mass flow controller

MSS - micro soot sensor

RH, T - relative humidity / temperature sensor

Figure 1. Experimental setup.

differ in geometry, flows, and soot mass output. The
6203C contains a smaller burner with the quench track
located closer to the burner than in the 5201C, which
results in formation of smaller agglomerates (Jing 2002)
and up to factor 20 lower soot mass than the 5201C.

We produced 28 test conditions by varying the air-
fuel mixture, N, premix, and sample treatment by a cata-
Iytic stripper (CS; Catalytic Instruments GmbH, Rose-
nheim, Germany) to remove OC (summary of the test
conditions can be found in Table S1 in the online supple-
mentary information, SI). To characterize the flame con-
ditions at each test point, we used the global fuel-air
equivalence ratio ¢ and atomic carbon/oxygen ratio
(C:O). ¢ is the actual fuel-air mass flow ratio divided by
the stoichiometric fuel-air ratio (0.0641 for propane, by
weight). Thus, the mixture is rich if ¢ > 1, lean if ¢ < 1,
and stoichiometric if ¢ = 1. ¢ and C:O are linearly
dependent. C:O was calculated from the fuel and air den-
sities, and C and O atomic weights and fractions in the
fuel and air, respectively, resulting in the equation:
7.316 x QfQ,, where Q¢ and Q, are the fuel and oxida-
tion air flow rates, respectively (2.2% difference from
Schnaiter et al. (2006) that used 7.16 x Q#Q,). The C:O
and ¢ conditions investigated in this study spanned
flame conditions from fuel-rich (5201C) to fuel-lean
(6203C) with overlapping settings between the two mini-
CASTs. These parameters facilitate comparison between
different burners, but they ignore the N, premix and
quench flow rates, as well as the different burner geome-
tries, thus the same ¢ and C:O may generate soot with
different characteristics (see the SI).

Mini-CAST exhaust was diluted in several stages to
accommodate the optimal measurement range of various
instruments. Since the mini-CAST 5201C generated con-
siderably higher soot concentration, its exhaust was first
passed through a multi-stage HEPA filter dilution bridge
(dilution factor typically set to ~20). All the sample lines
were kept at room temperature because the internal

Nz (purity 99.999%)
1lpm

APC
LII300

heated section

~400 °C catalytic stripper

2-stage filter holder
EC/OC quartz
filters

filter



dilution of the mini-CAST provides a dry sample (RH <
40%). The sample was further diluted with filtered and
dried air by a dilution factor (DF) of ~4 (DF1 in
Figure 1) using a simple T-diluter (cylindrical vessel with
a diluent inlet on the side) and passed through a cyclone
with 1 um Ds, cutoff diameter, as required in the cali-
bration method to prevent particle shedding from affect-
ing the BC mass instruments (SAE 2013). Afterward, the
sample was drawn through the CS at ~12 Ipm (residence
time ~2 s). The design specification of the CS (10 lpm
flow rate) prevented us from running all the instruments
directly after the CS. We therefore used another dilution
step with pure (99.999%) nitrogen using a similar diluter
by a factor of ~8 (DF2 in Figure 1). DF2 was determined
by measuring the CO, concentrations before and after
dilution with two identical CO, analyzers (LI-840A; Li-
COR, Inc., USA). The CO, analyzers were calibrated and
checked for linearity in the measurement range used
(<1% vol.) before and after the campaign. Because the
mini-CAST produces low CO, concentration (<0.3%), a
small amount of CO, (<5% by volume after mixing) was
mixed into the sample upstream of DF1. DF1 and DF2
were set such that the BC mass instruments reported
concentrations <500 pg/m’ to mimic values previously
measured for in-service aircraft turbine engines with the
standardized measurement systems (Lobo et al. 2015).
DF2 was used to correct the BC mass data for compari-
son with the EC/OC filter samples that were taken
upstream of DF2 to minimize sampling time.

2.2. EC/OC sampling and analysis

The exhaust sample was drawn through two 47 mm diam-
eter, heat-treated, quartz filters (Pall Tissuequartz; Sigma-
Aldrich, LLC; USA) arranged in series and placed in a
two-stage stainless steel filter holder (URG-2000-30FXT-
QCM; URG Corporation; USA). The flow rate was main-
tained constant by a mass flow controller (MFC, MKS
1179A; MKS Instruments, USA). We collected 60 filter
pairs and sent them to Sunset Laboratory Inc. to be ana-
lyzed according to the NIOSH 5040 protocol (NIOSH
2003). Since some OC compounds can pyrolize and
resemble EC, the EC/OC split needs to be corrected by
measuring the transmittance of the filter media. Gas phase
OC that absorbs on the filter also affects the EC/OC split.
We corrected for this artifact by subtracting the OC deter-
mined from the secondary filter, which contained almost
exclusively adsorbed gas phase OC, from the OC mass
determined from the primary filter. The primary filter
contained on average 18 ;g/cm” TC (range: 6-66) and the
secondary filter 0.78 j1g/cm® TC (range: 0.2-1.7).

The EC mass concentrations were calculated from the
total sample volume passed through the filter and the EC
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mass determined by the thermal-optical analysis. The
EC mass deposited on the filter was calculated by multi-
plying the filter loading area by the EC concentration
from the analyzed filter punches (1 cm?®). The filter EC
mass was then divided by the total sample volume passed
through the filter calculated from the filter flow rate (at
standard temperature and pressure conditions, 0°C and
101.3 kPa) and the sampling time. For each test point,
the resulting EC and OC mass concentrations are the
average of two to three filter samples. We estimated the
errors in the EC mass concentrations and the EC/TC
ratios by propagating the measurement uncertainties in
the EC and TC mass provided by Sunset Laboratory Inc.
and the MFC error (5% at a given flow rate). The relative
errors of the EC mass concentration and the EC/TC split
(£10) were 8 = 0.4% and 8.5 £ 0.7%, respectively.

2.3. Transmission electron microscopy

To investigate the particle morphology and internal
structure, particles were collected using an in-house
designed axial electrostatic aerosol precipitator (AEAP,
Figure 1) on carbon coated copper grids for transmission
electron microscopy (TEM) analysis. Representative
TEM images for each test point were acquired using an
FEI Tecnai F20 operated at 200 kV using a field emission
gun high-resolution TEM. Images were taken with the
Gatan Ultra Scan CCD with a point resolution of
0.24 nm. At least two areas were imaged at higher magni-
fications to provide good resolution since both the grid
film and particles contained carbon.

2.4. Real-time particle instrumentation

After the last dilution stage, the sample was distributed
via a 5-way splitter to the real-time instruments that
measured particle number concentration, size distribu-
tion, and BC mass concentration (Figure 1). Each instru-
ment was connected to the splitter by a similar length
(~3 m) of carbon-impregnated conductive silicone tub-
ing. We verified that each instrument received the same
sample independent of the position on the splitter by
swapping the splitter connections.

The eBC was determined by two MSSs (firmware version
2.05). The MSS measures the eBC mass concentration using
the photo-acoustic method. The aerosol is drawn through a
temperature-controlled (52°C) open resonant cell where it
is exposed to intensity-modulated laser light (near-infrared
wavelength 4 = 808 nm) at the resonance frequency of the
cell (~4000 Hz). When the light is on, the BC in the soot
absorbs the incident light; it heats up, and dissipates the heat
to the surrounding gas when the light is off. The periodic
warming and cooling of the surrounding gas result in
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pressure fluctuations (sound) that are detected by a micro-
phone located in the middle of the cell at the pressure maxi-
mum of the standing acoustic wave. The microphone signal
is linearly related to BC mass concentration in the measure-
ment volume. The light source wavelength used guarantees
negligible interferences from other exhaust components
(Schindler et al. 2004). Water and absorbing gases (e.g.,
NO,) interfere with the photoacoustic response of soot
(Arnott et al. 2003; Lack et al. 2009), but at the wavelength
used for a dry (<10% RH) sample they produce negligible
BC-equivalent signal (< <1 pug/m’).

The rBC was determined by the LII (firmware version
3.2). The LII measures the rBC mass concentration by
absorption of laser radiation, which is transformed into
heat and reemitted as thermal radiation (incandescence).
The LII uses a Q-switched Nd:YAG laser emitting radia-
tion at 1064 nm at 20 Hz. The particles are heated up to
4000 K, below the sublimation temperature, and the
incandescence from the particles is measured by two
photomultipliers at 720 nm and 440 nm wavelengths.
The measurement cell was heated to 60°C. The incandes-
cence intensity is used to derive number and size of the
soot primary particles and thereby the soot volume frac-
tion. LII is insensitive to soot coatings as they evaporate
early during the heating without contributing to the
incandescence (Slowik et al. 2007).

The MSSs and LII were independently calibrated
using different soot sources. Each instrument was run in
parallel with an EC/OC sampling system. The correlation
coefficients were determined from linear regressions of
the instrument signals and the EC mass determined by
the NIOSH 5040 method (NIOSH 2003). EC was deter-
mined from at least four filters spanning the concentra-
tion range from 50 pug/m® to 1000 pg/m’. The MSSs
were calibrated by the manufacturer AVL using a pro-
pane-fueled CAST aerosol generator. The LII was flu-
ence-optimized (i.e., finding the pulse energy that gives
the highest incandescence) and calibrated in the labora-
tories of the National Research Council Canada using a
methane-fueled inverted flame burner. Both the calibra-
tion sources produced >80% EC, but optical properties,
such as the mass-specific absorption cross-section
(MAC, m®/g), are unknown. The accuracy of this calibra-
tion is expected to be within £10%, reflecting the limita-
tions of the calibration method, reference material, and
inter-laboratory variability (SAE 2013).

Particle size distributions in mobility equivalent diam-
eter, d,,, were measured using the fast particle spectrom-
eter DMS500 (Cambustion, Ltd., UK; Biskos et al. 2005).
The DMS500 has been widely used in studies that char-
acterized aircraft turbine engine emissions (Lobo et al.
2012; Lobo et al. 2015). Prior to measurement by the
DMS500, the exhaust sample was diluted once more

with a HEPA filter dilution bridge (dilution factor ~2)
to prevent fouling of the classifier and its frequent
cleaning.

The nvPM number concentration was measured by an
AVL Particle Counter Advanced (APC; AVL LIST
GmbH, Austria). The APC consists of a two-stage rotat-
ing disc diluter (dilution factor maintained at ~176 for
this study), a catalytic stripper (350°C), and a condensa-
tion particle counter (CPC; Model 3790E, TSI, Inc,
Shoreview, MN, USA) with a 10 nm D5, cutoff diameter.
This instrument was only used to monitor particle num-
ber concentration and the stability of the mini-CAST
since it is more sensitive than the BC mass instruments
and is less affected by particle properties.

2.5. Effective density and primary particle size

Particle effective density was determined from tandem
aerosol classification by particle mobility and mass. The
mini-CAST aerosol was first classified by an in-house
designed DMA (column length = 72.8 cm, outer cylin-
der ID = 8.89 cm, inner rod OD = 5.08 cm). This DMA
was previously used in numerous lab and field studies
(Schmid et al. 2002, and references therein). The sample
and sheath flow rates were 3 lpm and 20 lpm, respec-
tively. The DMA-classified aerosol was drawn through
the centrifugal particle mass analyzer (CPMA; Cambus-
tion, Ltd., UK) that classifies particles by their mass/
charge ratio between two concentrically spinning cylin-
ders with an electric field between them (Olfert and
Collings 2005). The DMA-CPMA classified particles
were counted by a CPC (Model 3775, TSI, Inc., USA, Ds,
= 4 nm). The CPMA was operated in the scanning
mode by stepping the angular velocity and voltage while
keeping the DMA settings constant.

Prior to the mini-CAST experiments, we verified the
DMA-CPMA performance using NaCl aerosol. The par-
ticle mass, m,,, obtained for a given DMA-selected d,,
was used to calculate the d,, using material density of
2160 kg/m® and the dynamic shape factor of 1.08 (Kelly
and McMurry 1992). The calculated d,, agreed with the
DMA-selected value on average within 2.5% (range
0.5%-6.8%) in the 25-200 nm range.

The m,, was determined as the mode of a log-normal
distribution fitted to the DMA-CPMA output function.
This mode gives the average mass of singly charged
particles. However, for loose soot agglomerates, the
DMA-CPMA may not completely separate singly
charged particles (Olfert et al. 2007). When multiply
charged particles are present, the output function distri-
bution is positively skewed (Radney and Zangmeister
2015). Since the distributions were symmetric, we did



not consider multiply charged particles to affect the
determined m,, and effective density.

The particle effective density was calculated as
et = 6my, /7d). Since soot particles are fractal-like
agglomerates, their morphology can be approximated by
scaling laws (Sorensen 2011). The effective density distri-
bution of fractal-like agglomerates follows a power-law
relationship:

Petf :Adﬁfm _37 [1]

where A is the mass-mobility pre-factor and Dy, is the
mass-mobility exponent.

Effective density distributions were used to estimate
the primary particle diameters, d,,, using the theory of
Diffusion Limited Cluster Aggregation (DLCA; Jullien
et al. 1987; Sorensen 2011). According to the DLCA the-
ory, soot aggregates typically have fractal dimension of
1.8 and their mobility diameters scale with the number
and size of primary particles. The effective density of
DLCA agglomerates that have less than 100 primary par-
ticles can be estimated from the d,,, d.,, and the material
density, py, as Equation (S26) in the supplementary
information of Mamakos et al. (2013):

d 2.17-3
Pett = P (_m> . (2]
M dPP

Similar to Mamakos et al. (2013), we fitted Equation (2)
to the experimentally determined effective densities to find
dy, that best represents the experimental data. Instead of
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using a constant material density of 2000 kg/m?, we calcu-
lated the material density from the EC/OC data. We
assumed densities of 1800 kg/m’ and 1300 kg/m® for EC
and OC, respectively, according to Adler et al. (2010), and
references therein.

2.6. Variability and reproducibility

The same flow conditions for two mini-CAST burners of
the same model may produce soot with different EC con-
tent, dg, and concentration. The same is true for repeated
measurements of one burner over long periods. Previ-
ously, one burner tested over a period of several months
reproduced the d, and particle number concentrations
within 20% and 50%, respectively (Moore et al. 2014).
To minimize the intra-day variability, test matrices for
each burner were executed within three consecutive
days. Within this short period, d, and effective density
distributions of duplicate measurements at one burner
setting varied within 10%. While the variability plays an
important role for characterization of the operating con-
ditions (see the SI), we primarily investigate the response
of the BC instruments with respect to the measured
properties rather than the specific flow settings.

3. Results and discussion
3.1. Effect of EC/TC

The eBC (measured by the MSS) and rBC (measured by
the LII) agreed with the thermal-optical EC to various
extents as a function of the EC/TC and the mini-CAST
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1.4 L) l L l v I v L] 1.4 L] l L] l L] | L} Ll 1.4
1 a)Llil 1 {b) MSS 1
1.2 . 1.2 1.2
1.0 THI.-; 1.0 1 T 1.0 1
: T 1L y i 1
©08- Jﬂ‘ el 2 0.8 | 5 8 0.8-
. Y 1S Bcs T
R 06- e B 0.6- o @ 064
: G - . :
0.4 4 ,,‘L F‘(E: . 0.4 e 0.4
b o ’/ ; I 6 A 1 1 @ 'r' 1 k .
024 S B e | 4 024 S 1 o024,
N: ¢ 0—-—/--\ N-,*
1.7 o T 1.4 ] ]
0.0 ¥ +———————1— 0.0 ¥———————f— 0.0 ¥—r——1——1—1
00 02 04 06 08 10 00 02 04 06 08 1.0 00 02 04 06 08 1.0

EC/TC

EC/TC

EC/TC

Figure 2. Ratios of the real-time BC to filter EC as a function of the EC/TC for the LIl (a), MSS 1 (b), and MSS 2 (c). Error bars represent the
propagated errors in the BC and EC mass concentrations. We assumed 10% error for BC mass concentration measurement and the aver-
age error in the EC mass concentration was 8%. MSS 2 data were not logged at all test conditions.
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Table 1. Summary of the mini-CAST settings, EC/TC, dg, and dj,, for the eight selected test points with the highest EC/TC using the CS.

Test point  Source Qs [mlpm] Qmix N2 [MIpm] Q, [lpm] Qg [Ipm] Qqii [Ipm] ¢ co EC/TC  dy[nm] dpp [nm] Dim
1 5201C 60 0 1.7 7 20 0.86 0.26 0.89 152 26 213
2 5201C 60 100 1.7 7 20 0.86 0.26 0.86 98 17 2.16
3 5201C 60 0 1.45 7 20 1.01 0.30 0.93 161 45 2.19
4 5201C 60 200 1.45 7 20 1.01 0.30 0.83 85 23 211
5 6203C 20 0 1 1 10 0.49 0.15 0.84 72 15 2.15
6 6203C 20 5 1 1 10 0.49 0.15 0.81 55 15 2.14
7 6203C 15 0 0.6 1 10 0.61 0.18 0.84 74 15 2.1
8 6203C 25 0 0.8 1 10 0.76 0.23 0.84 58 25 223

model (Figure 2). As EC/TC decreased, both the eBC and
rBC underreported the EC, but the rBC diverged more
severely (Figure 2a). At the lowest EC/TC (0.31), the
rBC/EC and eBC/EC reached 7% and 58%, respectively,
and increased after treating the sample by the CS. After
the CS treatment, the EC/TC doubled (0.62; details in
Table S1 in the SI) and the rBC/EC and eBC/EC reached
15% and 75%, respectively (marked by arrows in
Figures 2a and b). For the mini-CAST 5201C, the rBC/
EC shows an almost linear dependence on EC/TC for
both the untreated and CS-treated soot (Figure 2a). The
eBC/EC shows a similar trend for the CS-treated soot,
whereas the untreated samples appear to be independent
of EC/TC for EC/TC > ~0.4 (Figures 2b and c). For the
samples with EC/TC > 0.8, the eBC overreported the EC
while the rBC/EC remained close to unity. Both the MSS
and LII responded differently to mini-CAST 6203C soot.
The rBC/EC and eBC/EC were lower than the mini-
CAST 5201C samples at similar EC/TC. Even for EC/TC
>0.8, the rBC/EC reached only 58% whereas the eBC/
EC reached 93%.

a) mini-CAST 5201C

The BC-EC discrepancy is linked to changing light
absorption properties with soot structure (Bond and
Bergstrom 2006). With decreasing EC/TC, the primary
soot particles became less distinguishable and the inter-
nal structure less graphitized (TEM images in Table S4
in the SI). The heat treatment by the CS partially
removed the semi-volatile OC and improved graphitiza-
tion. The OC in mini-CAST soot, rather than being a
transparent non-absorbing soot coating, is a “weakly”
absorbing semi-volatile and non-volatile “brown” carbon
that can be efficiently removed only at ~500°C
(Mamakos et al. 2013). Light absorption of mini-CAST
soot OC strongly depends on wavelength (Kim et al.
2015). The differences could be seen on the filter
samples, where the EC-rich samples were black and the
OC-rich were brown.

The spectral dependence of OC absorption may be
linked to the differences between eBC and rBC at OC-
rich conditions. The relative absorption function of the
LII (function of the complex refractive index) decreases
and becomes strongly wavelength dependent as particles

b) mini-CAST 6203C
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Figure 3. Comparison of the real-time BC (DF 2 corrected) with the filter EC for EC/TC > 0.8 for test points 1-4 generated by the mini-
CAST 5201C (a) and test points 5-8 generated by the mini-CAST 6203C (b).
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Figure 4. Effective density distributions for test points 1-4 generated by the mini-CAST 5201C (a) and test points 5-8 generated by the
mini-CAST 6203C (b). Error bars represent the assumed errors of 10% for effective density and 3% for particle size measurement. The
gray areas show the range of effective density distributions found for aircraft turbine engines using the same technique (Durdina et al.

2014; Lobo et al. 2015).

become less mature with liquid-like structure, similar to
the OC-rich conditions in this study (Table S4 in the SI).
Such particles require higher laser fluence to incandesce
than mature soot (Olofsson et al. 2013). However, even
for the most mature soot with EC/TC > 0.8, the rBC/EC
varied twice as much as the eBC/EC (Figure 2). Since
these conditions would qualify as calibration aerosols for
nvPM mass concentration measurements, we limit our
further observations to a subset of conditions summa-
rized in Table 1.

Four test points were chosen for each mini-CAST,
spanning from fuel-lean to stoichiometric and treated by
the CS (Figure 3). For both the mini-CASTs, eBC agreed
well with EC (R* > 0.95, slopes within 16% of the 1:1
line). However, rBC agreed well only for test points 1-4
(R* = 0.95, slope 0.9). The rBC-EC agreement was rather
poor for test points 5-8 (R*> = 0.41, slope 0.47). This
striking difference suggests that properties other than
EC/TC may affect the instruments response.

3.2. Effect of particle morphology and size

Effective density decreased with particle mobility size for
all the test points, following a power-law relationship
(Figure 4). The lines in Figure 4 represent the power-law
fits of Equation (1) (fitted particle size range from 65 nm
to 300 nm). The error bars represent the uncertainties
for the DMA classification (3%; Kinney et al. 1991) and
the effective density determined by the DMA-CPMA
system (10%; Johnson et al. 2013). The mass-mobility
exponents, Dg,,, were similar for all test points (~2.15;

Table 1). The Dy, determined is similar to previous
mini-CAST and diesel soot studies (Mamakos et al.
2013; Maricq 2014; Moore et al. 2014), but is lower than
Dy, of aircraft turbine engine soot determined with the
same method (~2.35-2.65, Durdina et al. 2014; Lobo
et al. 2015). This suggests that mini-CAST soot is less
compact than aircraft engine soot. The different Dy, of
these soot types should not affect the BC measurements,
because soot MAC is independent of Dg,, (Radney et al.
2014). While the Dg,, was similar for all the test points,
the effective density strongly varied for a given particle
size. For example, effective density of 100 nm mobility
diameter particle at test point 3 was more than factor of
2 higher than at test point 2 (Figure 4a). Overall, effective
density increased with ¢ and decreased with N, premix
(Table S3 in the SI).

Effective density increased with increasing primary parti-
cle size, similar to previous findings (Mamakos et al. 2013).
The estimated primary particle size from DMA-CPMA
measurements and DLCA theory (Equation (2)) ranged
from 15 nm to 43 nm (Table 1). We also observed such dif-
ferences in primary particle size in the TEM images that
agree relatively well with the estimates (Figure 5).

Test points 1, 4, and 8 produced soot with effective
densities closest to aircraft gas turbine soot. The gray
areas in Figure 4 represent the range of effective density
distributions found for in-service aircraft turbofan
engines with different combustors and running at vari-
ous power levels (Durdina et al. 2014; Lobo et al. 2015).
The estimated d,,,, for these points are similar to a turbo-
fan engine at high power (Liati et al. 2014; Vander Wal
et al. 2014), however these mini-CAST settings produced
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a)TP 1

Figure 5. TEM images of soot particles. Circles represent the estimated primary particle diameter from DMA-CPMA measurements and

the DLCA theory.

a wide range of d, that were larger than observed in the
aircraft engine exhaust (Figure 6a).

The different relative response of the MSS and LII
seems to be linked to soot agglomerate size and is
roughly independent of primary particle size (Figure 6).
This can be seen, e.g., on test points 1, 4, and 8 that pro-
duced similar d;, (~25 nm), but different d, (58 nm-
152 nm; Figure 6a). The rBC/EC and eBC/EC for these

points were independent of dy,, (Figure 6b), but the dif-
ference between rBC/EC and eBC/EC increased with
decreasing d, (Figure 6c). A similar trend can be
observed for test points 2, 5, 6, and 7 that produced d,,
of ~15 nm and d; ranging from 55 nm to 100 nm. Over
the eight test points, the difference between rBC and eBC
increased (relative to MSS 1 data) from 15% at ~160 nm
to 50% at ~50 nm.
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Figure 6. Geometric mean diameter as a function of primary particle size compared for mini-CAST test points 1-8 and aircraft engine
soot (Durdina et al. 2014; Liati et al. 2014) (a); BC/EC response as a function of the primary particle size (b) and the geometric mean

diameter (c).



The effect of soot agglomerate size on the LII response is
thought to be independent of EC mass concentration. For
example, test points 3 and 8 produced similar EC mass
concentrations (Figure 3), but the rBC was ~30% lower at
test point 8 that generated smaller agglomerates (Figure 6).
The MSS and LII have been found to respond linearly
(R* > 0.99) as a function of soot mass concentration on a
fixed mini-CAST setting with different dilution ratios
except for reported concentrations below <5 g/m’ (Lobo
et al. 2015). Here, the MSS and LII reported at least 67 and
30 j1g/m’, respectively.

While it is unclear how these differences would translate
to real-world combustion engine soot measurements, the
LII sensitivity to agglomerate size may explain the differen-
ces observed in aircraft turbine engine measurements
(Durdina et al. 2014). At the ambient conditions and the
instrument settings used, the LII response is expected to be
independent of agglomerate size and morphology. The
agglomerate size affects the signal only at high pressure and
high laser fluence (pulse energy per area) and is unimpor-
tant at atmospheric pressure and low fluence as used here
(Bladh et al. 2008; Liu and Smallwood 2011).

Since the laser fluence was optimized for the calibra-
tion aerosol, it may not be optimal for other sources.
Both high and low laser fluence levels can underestimate
the soot volume fraction. Higher laser fluence is required
to incandesce loose soot agglomerates with small pri-
mary particles (d,, < 10 nm and Dg, = 2) because of
their larger surface area (Gysel et al. 2012). On the other
hand, too high laser fluence can vaporize the soot to cer-
tain depth, leaving less material to incandesce. Although
the LII was operated at low fluence levels ~0.15 J/em?,
below the often used threshold for soot vaporization of
0.2 J/cm?, fluence should be below 0.1 J/cm? to eliminate
the possibility of any soot vaporization (Yoder et al.
2005). Therefore, this effect cannot be completely
excluded.

4, Conclusions

The plethora of definitions of soot and soot surrogates based
on optical properties or chemical compositions makes it
challenging to specify a surrogate aerosol for real-world
emissions, being ideally an inexpensive material that could
be used for calibration of various instruments. The real-time
BC instruments used for regulatory measurements of nvPM
mass-based emissions from aircraft turbine engines are ref-
erenced to EC determined by a thermal-optical method
using diffusion flame soot that contains >80% EC. This
loose criterion may not guarantee acceptable performance
during actual aircraft turbine engine measurements. There-
fore, the performance of real-time BC instruments needs to
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be assessed on gas turbine soot as well as using potential cali-
bration sources.

We have shown that two real-time BC instruments, the
MSS and LII, respond differently to mini-CAST soot with
various compositions and morphologies. We used two
mini-CAST burners to produce soot with a wide range of
EC/TC ratios, effective densities, and d, by changing ¢, pre-
mixing N, into the fuel, and switching between the CS-
treated and untreated sample. The soot properties varied
not only with flame conditions but also with the burner
design. As EC/TC decreased, the rBC (LII) and eBC (MSS)
underreported the EC. The LII was shown to be much more
susceptible to underestimating the EC mass concentration
at low EC/TC, moreover, the rBC/EC varied by up to 60%
at conditions with EC/TC > 0.8.

For the eight selected test points with EC/TC > 0.8,
we found the MSS to agree better with EC (within
£16%) suggesting that the MSS may be more robust and
less sensitive to calibration aerosol properties other than
EC/TC. Both the MSS and LII responded independently
of primary particle size, but the LII seemed to be affected
by the geometric mean size of the soot agglomerates. The
rBC/EC ratio steeply decreased with decreasing d,. We
therefore suggest taking the particle size distributions of
the calibration aerosol into account.

If mini-CAST soot is to be used for calibrating the
instruments measuring nvPM mass concentrations, set-
ting the conditions by ¢ might produce completely dif-
terent d; and EC/TC for various burner models. Since
EC content of mini-CAST soot decreases with decreasing
d,, generating soot with high EC content, and a small
agglomerate size (dy < 50 nm) typical for aircraft gas tur-
bines seem to be conflicting requirements. Therefore,
other sources should be investigated. These findings may
contribute to improving the specifications for the calibra-
tion method for nvPM mass concentration measure-
ments in the exhaust of aircraft turbine engines and may
also apply to regulatory measurements of other soot
sources.
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