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Fast-sizing spectrometers, such as the TSI Engine Exhaust
Particle Sizer (EEPS), have been widely used to measure
transient particle size distributions of vehicle exhaust. Recently,
size distributions measured during different test cycles have
begun to be used for calculating suspended particulate mass;
however, several recent evaluations have shown some deficiencies
in this approach and discrepancies relative to the gravimetric
reference method. The EEPS converts electrical charge carried
by particles into size distributions based on mobility classification
and a specific calibration, and TSI recently released a matrix
optimized for vehicle emissions as described by Wang et al.
(Submitteda). This study evaluates the performance of the new
matrix (soot matrix) relative to the original matrix (default
matrix) and reference size distributions measured by a scanning
mobility particle sizer (SMPS). Steady-state particle size
distributions were generated from the following five sources to
evaluate exhaust particulates with various morphologies
estimated by mass-mobility scaling exponent: (1) A diesel
generator operating on ultralow sulfur diesel, (2) a diesel
generator operating on biodiesel, (3) a gasoline direct-injection
vehicle operating at two speeds, (4) a conventional port-fuel
injection gasoline vehicle, and (4) a light-duty diesel (LDD)
vehicle equipped with a diesel particulate filter. Generally, the
new soot matrix achieved much better agreement with the SMPS
reference for particles smaller than 30 nm and larger than
100 nm, and also broadened the accumulation mode distribution
that was previously too narrow using the default matrix.
However, EEPS distributions still did not agree with SMPS
reference measurements when challenged by a strong nucleation
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mode during high-load operation of the LDD vehicle. This work
quantifies the range of accuracy that can be expected when
measuring particle size distribution, number concentration, and
integrated particle mass of vehicle emissions when using the new
static calibration derived based on the properties of classical
diesel soot.

1. INTRODUCTION

Mobile source emissions, contributing significantly to
urban particle pollution, are linked with cardiovascular and
pulmonary diseases (Donaldson et al. 1998; Oberdorster et al.
2004), and therefore present widespread environmental prob-
lems. In January 2012, the California Air Resources Board
(CARB 2012) adopted the Low Emissions Vehicle (LEV) III
regulations, which lowered the particulate matter (PM)
emission standards over the Federal Test Procedure (FTP) for
light-duty vehicles (LDVs) from 10 mg/mile to 3 mg/mile
beginning with the model year (MY) 2017, and to 1 mg/mile
beginning with MY 2025. The US Environmental Protection
Agency (USEPA 2013) also has enacted the Tier 3 Vehicle
Emission and Fuel Standards Program, which lowers PM
emission standards for LDVs to 3 mg/mile beginning in MY
2017. With the advances in engine technologies resulting in
lower PM emissions, there is need to continue to explore
improvements and alternatives to measuring PM mass at very
low levels.

Current regulations for motor vehicle PM emissions in the
United States are based on gravimetric determination of PM
that is collected onto filter media as defined by Code of Fed-
eral Regulations (CFR), parts 1065 and 1066. One of the alter-
native PM measurement methods that CARB (2012) is
evaluating to support the LEV III PM standards is integrated
particle size distribution (IPSD) (Liu et al. 2009), which
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estimates real-time suspended particle mass from particle size
distribution (PSD) and an effective density function. Since the
method does not use filter media, IPSD is unaffected by gas-
eous adsorption artifact or particle evaporation after collection
onto filters, and therefore has been explored to evaluate
whether the method offers greater sensitivity for measuring
PM mass at low emission levels (Liu et al. 2009; Li et al.
2014; Quiros et al. 2015a). Furthermore, measuring PSD pro-
vides not only the ability to estimate PM mass but also other
important characteristics of vehicle particle emissions such as
total particle number and surface area.

Suspended particle mass in motor vehicle emissions has
also been evaluated using other types of real-time instru-
ments. Maricq et al. (2006) reported the estimation of sus-
pended PM mass using an Electrical Low Pressure Impactor
(ELPI; Dekati Ltd., Kangasala, Finland). The EPLI meas-
ures real-time aerodynamic PSDs using cascade low-pres-
sure impactors and electrometers at each stage. Although
aerodynamic distributions require no knowledge of particle
density to obtain an accurate mass distribution, particle
charging efficiency depends on particle mobility diameter
and shape but not aerodynamic diameter, and thus the accu-
racy of the size distributions reported by the ELPI may vary
depending on particle morphology. Considering these funda-
mental and other experimental uncertainties, Maricq et al.
(2006) estimated that the integration of aerodynamic size
distributions using the ELPI yielded an uncertainty of about
20% in quantifying vehicle exhaust PM mass. Later, Dekati
Ltd. developed the Dekati Mass Monitor (DMM) that,
among other improvements for measuring engine exhaust,
combines aerodynamic and mobility classifications to deter-
mine particle effective density in real-time by assuming a
unimodal distribution (Lehmann et al. 2004). Mamakos
et al. (2006) showed that the DMM overestimates PM mass
from 3 to 40% over transient cycles. Due to the “black-box”
operation of the DMM, which uses a proprietary method for
calculating particle effective density and size distribution,
the authors and several other groups have been unsuccessful
in unequivocally pinpointing the source of error or discrep-
ancy. Another instrument that does not measure particle
size, the Micro Soot Sensor (MSS; AVL, Graz, Austria) is
frequently used to quantify real-time particle mass (Khalek
et al. 2010) using photo-acoustic signals to detect black car-
bon that is assumed to linearly correlate with filter-based
gravimetrically determined particle mass. While the instru-
ment is sensitive to PM mass at low levels, it does not
detect the non-light absorbing fraction of PM. Accordingly,
Silvis (2012) reported a method that can estimate non-light
absorbing fraction of vehicle PM, such as the Soluble
Organic Fraction (SOF), along with the MSS signal at cer-
tain conditions, so that MSS can be used to quantify vehicle
exhaust PM mass, including the non-light absorbing frac-
tion. This method does not actually measure, and instead
estimates the SOF fraction, and therefore the accuracy of
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this approach is insufficient for regulatory PM mass
determination.

The Scanning Mobility Particle Sizer (SMPS) is widely
accepted as a reference instrument for measuring PSD in the
submicron range (Wang and Flagan 1990; Mulholland et al.
2006). It provides high size resolution (100 channels from 2 to
1000 nm) with a reported size accuracy within 3% for spheri-
cal particles (Kinney and Pui 1991). However, the SMPS
requires at least 1 min to scan the entire particle size range
and is not suitable for measuring transient vehicle exhaust
emissions. Shah and Cocker (2005) initially developed a fast
SMPS to reduce this scan time down to 2.5 s, but only for the
size range below 150 nm, which does not cover the full size
range of interest for vehicle exhaust. The fastest commercially
available SMPS from TSI Incorporation (Shoreview, MN,
USA) requires a longer scan time of approximately ~10 s, and
is therefore also not suitable for measuring PSDs during tran-
sient cycles.

Other instruments, such as the TSI Engine Exhaust Particle
Sizer (EEPS; 5.6-560 nm) (Johnson et al. 2003, 2004; TSI
2013) can measure emissions over a suitable range and at high
time resolution (10 Hz). Early developments by Mirme (1994)
at Tartu University and Biskos et al. (2005), led to the com-
mercialized systems available today, such as the EEPS by TSI
and the DMS500 by Cambustion. In recent years, both the
EEPS and DMS500 have been widely used for emission mea-
surement and characterization (Liu et al. 2005; Rubino et al.
2005; Yao et al. 2006; Zervas and Dorlhene, 2006; Zheng
et al. 2012). The two instruments have multiple electrometers
downstream of a corona charger to measure size distributions.
The inversion of electrometer current measured at multiple
electrometers into a size distribution requires an instrument
matrix that accounts for particle charge distribution and a
transfer function for mobility classification. The EEPS instru-
ment matrix comprises 22 rows and 17 columns, with each
column representing the electrical current measured by 22
electrometers when the EEPS is challenged by a unit concen-
tration of mono-disperse particles with a central diameter of
one of the 17 primary bin sizes (Wang et al. Submittedb).

The initial EEPS matrix (default matrix) that has been
widely used over the past decade was developed based on the-
oretical calculations and experimental evaluations using a pro-
totype EEPS with near-spherical particles (e.g., oil droplets,
sodium chloride, and polystyrene latex spheres [PSL]) (Wang
et al. Submittedb). As more data became available from EEPS
users, it became evident that the default matrix did not accu-
rately report the size distribution for near-spherical particles,
and discrepancies relative to reference methods, such as the
SMPS, were even more severe when measuring soot particles
characterized by more fractal morphologies (Rubino et al.
2005; Wang et al. 2009; Jeong and Evans, 2009; Asbach et al.
2009; Kaminski et al. 2013; Quiros et al. 2014). Generally,
the EEPS agrees better with the SMPS for compact shape par-
ticles <~75 nm, such as NaCl aerosol, but much narrower
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distributions are reported for EEPS when characterizing more
fractal-like particles, such as diesel exhaust (Asbach et al.
2009; Kaminski et al. 2013; Zimmerman et al. 2014). Wang
et al. (Submitteda) showed that the geometric mean diameters
(GMDs) measured by EEPS agreed with those by SMPS
within 15% for diesel engine exhaust particles <50 nm, but
underestimated by 20-50% for larger particles. Zimmerman
et al. (2014) attributed disagreement to different properties
and morphology of the ambient and engine exhaust particles.
In a unipolar charging environment, aggregates of fractal mor-
phology carry more charge than near spherical particles of
equivalent mobility diameter (Chang 1981) by 20-30% as
shown experimentally by Shin et al. (2010) and Oh et al.
(2004). Although some studies have proposed and demon-
strated corrections for size distributions measured by the
default matrix (Zimmerman et al. 2015; Quiros et al. 2014,
2015a), there is continued interest in deriving accurate size
distributions directly from the instrument following.

A more fundamental approach to report accurate size distri-
butions was developed by Wang etal. (2009), which
accounted for differences in charge distribution among par-
ticles of different shapes. Rather than using a universal instru-
ment matrix to characterize particles of all morphologies, two
new matrices were created, and recently distributed commer-
cially by TSI (2015): one for compact shape particles (com-
pact matrix; Wang et al. Submittedb) and another for engine
exhaust particles (soot matrix; Wang et al. submitted). The
soot matrix was created using mono-disperse and poly-dis-
perse particles from a John Deere 4045H diesel engine under
steady-state operations. The emissions from this engine under
similar conditions were previously reported to have a mass-
mobility scaling exponent (D,,) ranging from 2.3 to 2.4 (Park
et al. 2003), a range that coincides with the mass-mobility
relationship of particulates emitted from many classifications
of modern light- and heavy-duty engines. The mono-disperse
particles (10400 nm) were used to update the relationship
between particle size/concentration and electrometer number/
current. The polydisperse particles were used to further opti-
mize the matrix using parallel size distributions measured by
an SMPS as a reference. Wang et al. (Submitteda) reported
that the GMDs generated by the soot matrix agree with those
reported by the SMPS within +£20% for 9.5-400-nm mono-
disperse diesel engine exhaust particles. Similar improvements
to the default matrix were made, and are now included in the
compact matrix (Wang et al. Submittedb), but this matrix is
not evaluated in this study because it was intended for compact
rather than fractal vehicle-emitted particles.

This study further evaluates the performance of the new
TSI soot matrix relative to the existing default matrix and ref-
erence size distributions measured by an SMPS over a variety
of vehicle and engine-emitted polydisperse particles during
steady-state conditions. Emission sources were a diesel gener-
ator, a light-duty gasoline direct injection (GDI) vehicle, a
conventional light-duty gasoline port fuel injection (PFI)
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vehicle, and a light-duty diesel (LDD) vehicle equipped with a
diesel particulate filter (DPF). This selection of emission sour-
ces provides a broad spectrum of vehicle particulate from gas-
oline and diesel sources without wall-flow particulate after-
treatment (D,, = 2.2-2.7), as well as particulate downstream
of a DPF (D,,= 2.3-3.0) as discussed by Quiros et al. (2015a)
to challenge the new soot matrix. This study evaluates the per-
formance of the EEPS soot matrix using total particle number
concentration, suspended particle mass determined by the
IPSD method, and lognormal fitting statistics to either a unim-
odal or bimodal distribution (geometric mean diameter
[GMD], geometric standard deviation [GSD], and area under
the curve. We discuss the applicability of fast-sizing instru-
ments, such as the EEPS, for providing “universal” accuracy
when measuring particulate emissions from vehicle exhaust.

2. EXPERIMENTAL

2.1. Instruments: SMPS and EEPS

Size distributions were measured by an SMPS (Models
3936176 and 3936L.88) and an EEPS (Model 3090, firmware
version 3.11), both manufactured by TSI Inc. Briefly, the
SMPS measures particles that are first charged to a Fuchs
charge distribution with a 8Kr charger (Fuchs 1963; Wieden-
sohler 1988). The polydisperse particles are then separated in
a Differential Mobility Analyzer (DMA) according to their
electrical mobility. At each specific voltage, only particles
with a specific electrical mobility are selected and counted by
a downstream butanol- or water-based ultrafine condensation
particle counter (CPC; TSI Model 3776 or 3788, respectively,
cut-off size ~2.5 nm). The SMPS was operated with an inlet
impactor with a cut-off aerodynamic diameter (dsy) of
620 nm. Due to the lower effective density of soot for large
sizes, the impactor is likely not to be effective in term of multi-
ple charge correction, but it may still protect the DMA from
contamination by larger particles released from the walls of
the sampling system or exhaust manifold. The SMPS was con-
figured with aerosol and sheath flows equal to 1.45 and 7 L/
min, respectively, a 2-min sampling resolution (up scan 90 s,
down scan 30 s), and therefore the measured size distribution
from 8.7 to 378.6 nm over 105 size bins. The data were ana-
lyzed with the TSI Aerosol Instrument Manager, version 8.0.0,
and both diffusion loss and multiple charge corrections were
used.

The EEPS charges particles efficiently using a unipolar
corona charger. The charged particles are classified by electri-
cal mobility, and then detected using multiple electrometers.
One of the main differences between SMPS and EEPS is the
particle charging mechanism. The SMPS uses a bipolar diffu-
sion charger, while the EEPS uses a unipolar corona charger.
As a result, the charging efficiencies for agglomerates are dif-
ferent. The EEPS is operated at 10 L/min for sample air, and
40 L/min for sheath air, and can measure particle sizes from
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5.6 to 560 nm in a total of 32 size bins. This EEPS was oper-
ated with an inlet cyclone having a cut-off diameter of 1 pum,
a 1-Hz data collection rate, and software version 3.2.5.0.
Using this latest release of the TSI EEPS software, size distri-
butions were exported using both default and soot matrices
under the user-selectable menu option. The size distributions
generated by the two matrices from the same raw instrument
record were used for comparison with SMPS distributions in
this study.

2.2. Test Vehicle, Fuel, and Matrix

Three light-duty passenger vehicles, including one GDI,
one diesel vehicle, and one conventional gasoline PFI, and a
diesel generator were used to generate particles and evaluate
the PSD measurements. The GDI vehicle was a 2012 Mazda
3, which is certified to California PZEV II standards with a
2.0-L, 4-cylinder, wall-guided GDI engine and a three-way
catalyst (TWC). The initial mileage was 19,155 miles. The
diesel vehicle was a MY 2009 Volkswagen Jetta, equipped
with a 2.0-L, 4-cylinder turbo-charged diesel engine, a DPF
and a lean NO, trap (LNT) system. The Jetta had an initial
mileage of 114,331 miles and was certified to meet California
ULEV II emissions standards. The PFI vehicle was a MY
2012 Chevrolet Malibu, which was certified to California
ULEV II emission standards using a TWC among other con-
trols, and had an initial mileage of 26,700 miles. The diesel
generator was a Pramac 3.6-kW generator, E3750 MYHDI,
Yanmar Engine that was not equipped with a DPF.

All the vehicles were tested with in-use California fuel pur-
chased from a local fuel station, except the PFI vehicle was
tested with Phase II certification fuel. The diesel generator was
operated with commercial diesel fuel (ultralow sulfur diesel
(ULSD), <15-ppm sulfur content) as well as a bio-fuel (fatty
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acid methyl ester fuel B-100), which was a 100% biodiesel
with 0.6-ppm sulfur content.

2.3. Laboratory Setup

All measurements except those on the PFI vehicle were
made at the Vehicle Emissions Research Laboratory (VERL)
of the Bourns College of Engineering-Center for Emissions
Research and Technology (CE-CERT) at the University of
California at Riverside (UCR). The testing cell in CE-CERT is
equipped with a Burke E. Porter 48-inch single-roll electric
dynamometer for LDVs. A schematic of the laboratory setup
is shown in Figure S1 in the online supplementary information
(SI). The CVS flow rate was set between 230 and 494 standard
cubic feet per minute (CFM) (6.5-14 m>/min) for LDVs, and
to 1095 CFM (31 m*/min) for diesel generator (Table 1). The
CVS dilution air was HEPA-filtered. For diesel generator
emissions, a mini-dilution tunnel (ISO-8178-1; Jayaram et al.
2011), which is equipped with a single venturi following ISO-
8178-1, was used to provide a secondary dilution ratio of 9.5.
The measurements on the PFI vehicle was conducted in the
CARB Haagen—Smit Laboratory (HSL) located in El Monte,
CA. Details regarding the HSL setup and configuration for the
light-duty testing laboratory can be found in Hu et al. (2014)
and Quiros et al. (2015a).

Table 1 lists the six testing configurations and specifica-
tions evaluated in this study. The passenger cars were tested at
30 or 60 mph with 0 to 4% simulated road grade, and the die-
sel generator was tested at a 1.34 bhp (= 1 kW) output.
Vehicles were operated on a chassis dynamometer, and the
diesel generator was used with a resistive load bank (Swift-E
STD, Simplex Inc.) to ensure a consistent power output. The
vehicles and generator were operated for 30 min prior to tak-
ing measurements to ensure thermal stability of engine

TABLE 1
Summary of testing conditions

CVS flow No. of  Estimated mass-
Test Vehicle/ Operating rate 2nd  SMPS mobility
ID engine Fuel condition (m>/min) DF scans exponent (D)
Diesel-reg  Generator ULSD 1.34 bhp 31 9.5 6 2.2
Diesel-bio  Generator Biodiesel  1.34 bhp 31 9.5 6 2.2
GDI-30 Mazda 3 E10 30 mph at 0% grade 14 1 3 2.4
GDI-60 Mazda 3 E10 60 mph at 2% grade 14 1 3 2.3
PFI-25 Chevrolet Malibu ~ E10 Cert 25 mph” at 0.8% grade 6.5 1 37 2.7
TDI-60 VW Jetta ULSD 60 mph at 4% grade 14 1 6

*Simulated transient operation, average speed 25 mph. Refer to Quiros et al. (2015a) for full description.
**Estimated mass-mobility scaling exponent based on the findings reported in Quiros et al. (2015a). Values equal to 3.0 indicate spherical particles; increasing

fractal morphology is indicated by the decreasing values of Dy,

*#*The mass-mobility scaling exponent for particulates downstream of a wall-flow particulate filter is largely a function of operating condition, and is also likely

specific to the age of the after-treatment system (Quiros et al. 2015a).
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components and exhaust transfer lines. For each test, measure-
ments were conducted for the duration required to make three
complete SMPS scans (360 s). The PFI vehicle tested at HSL
was warmed up for 15 min prior to beginning of measurement,
and was operated continuously for 75 min while measure-
ments were conducted. The PFI vehicle was operated under a
simulated transient operation, where the speed of the vehicle
was oscillated between approximately 23 and 27 mph once
every 6 s. This condition was selected to evaluate the effect of
transient operation on effective density in Quiros et al.
(2015a), and on the performance of the EEPS inversion matri-
ces in this article.

At VERL, the SMPS and EEPS sampled through the same
line except for the last part of tubing connections. The SMPS
sampled at a flow rate of 1.45 L/min from a copper tube with a
length of 1.5 m. The EEPS sampled at a flow rate of 10 L/min
from a copper tube with a length of 1.3 m. At HSL, the EEPS
and SMPS directly sampled from a sampling manifold, draw-
ing air from the CVS using conductive silicon tubing with a
length of 1.25 m, and sample flow rates were 10 and 1.5 L/
min respectively. The diffusional losses of particles onto sam-
ple tubing for both laboratories were calculated and corrected
using the Gormley—Kennedy diffusion estimation (Gormley
and Kennedy 1949). These losses were approximately 3% and
10% for 10-nm particles for the EEPS and SMPS sampling
lines respectively, and were less than 0.1% for 400-nm par-
ticles measured by either instrument. The lower correction fac-
tor applied to the EEPS data can be attributed to the higher
sample flow rate of the instrument. All data reported in this
article have been corrected for any diffusional losses of partic-
ulate before entering the instrument.

3. DATA ANALYSIS

The IPSD method was initially defined by Liu et al. (2009),
and more recently evaluated using emissions from LDVs by
Liet al. (2014) and Quiros et al. (2015b), although the concept
of using size distribution to estimate PM mass was discussed
much earlier by Maricq and Xu (2004). Briefly, the IPSD
method estimates total particle mass by integrating the frac-
tional mass obtained by multiplying the particle effective den-
sity and volume concentration for each size bin from the
measured PSD as follows:

D3,
Mipsp=>_ pesr, i <6P> i (1]

where n; and D,,; are the particle number concentration and
particle mobility diameter, respectively, in a given size bin i,
and pegr; 1S the effective density of the particle in size bin i.
The effective density is dependent on particle composition and
morphology (Park et al. 2003) and can be expressed as a
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function of a mass-mobility scaling exponent (D,,) and con-
stant A:

64DPn =3

Peff = + (Dp = 55 nm) (2]

Using the power decay model, effective density is not well
predicted for nucleation mode particles. Therefore, in this
study, a constant density of hydrated sulfuric acid (1.46 g/
cm®) was assumed for particle diameters smaller than 30 nm
(Zheng et al. 2012). For all particles larger than 55 nm, Equa-
tion (2) was used to calculate the particle effective density
using data from Maricq and Xu (2004) for GDI vehicles
(Dm =22, A =133, D, (units nm) and pe¢ (units g/cm3)).
For particles with D, between 30 and 55 nm, the effective den-
sity calculated for particles with D,, = 55 nm (1.031 g/cm3)
was applied, which fits with experimental data well shown in
previous studies within this range (Maricq and Xu 2004;
Quiros et al. 2015b).

Note that the estimates of suspended PM mass using ISPD
used the same effective density functions, despite the known
(or expected) differences in effective density among various
emission sources. The only difference between matrices for
the number and mass distributions is the measurement method
(SMPS, EEPS default matrix, and EEPS soot matrix). In
Section S1, Table S1 in the SI, we quantify the impact of
changing the effective density function on final mass esti-
mates. The impacts of changing effective density on final mass
estimation are generally minimal. The estimated mass-mobil-
ity scaling exponents, which are used to model effective den-
sity as a function of size, are listed for each vehicle condition
in Table 1. Technically these values are the exponents in the
power-fit model used to relate mobility diameter with particle
mass; in addition, these can be used to assess the morphology
of a given particle. Values equal to 3.0 indicate a spherical par-
ticle, with increasing branched and fractal morphologies indi-
cated by decreasing values of D,. These exponents are used to
compare the strengths and weaknesses of two EEPS inversion
matrices for measuring PSD relative to reference SMPS
distributions.

4. RESULTS AND DISCUSSION

Particle size distributions, total particle number concentra-
tions, and total PM mass determined by the IPSD method
(Mipsp) from EEPS and SMPS are shown in Figures 1-5 and
Table 2. The vertical error bars represent one standard devia-
tion (SD) of the measurements either during three or six conse-
cutive SMPS scans to compare average PSDs. These error bars
reflect both measurement uncertainty and actual variations in
vehicle emissions over the measurement period. For this rea-
son, no vertical error bars are shown in Figure 4, which repre-
sents a notably longer and transient measurement period. To
compare the SMPS and EEPS distributions only for the
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regions of overlapping size ranges between 8.7 nm and
378.6 nm, the integrated number and mass emissions are
reported within this range only. Particle size distributions were
fit to lognormal distributions, and corresponding GMDs and
GSDs for nucleation and accumulation modes are listed in
Table 3. The lognormal distributions fit to SMPS distributions
are shown in Figures 1-5 for each test condition.

Diesel Generator

Diesel Generator Operated with ULSD (Strong
Unimodal Distribution)

4.1.
4.1.1.

Figure 1 shows size distributions reported when measuring
emissions from the diesel generator using ULSD. Based on
reference SMPS measurements, the distribution is a unimodal
with a GMD of 52 nm. This GMD is consistent with previous
studies (Harris and Maricq 2001; Zervas and Dorlhene 2006)
and suggests that the majority of the particles are accumulation
mode soot particles with a mass-mobility scaling exponent of
approximately 2.2 (Mariq and Xu 2004; Olfert et al. 2007).
We expect this condition to represent the relative performance
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of the size distribution methods when measuring diesel
exhaust from engines operating on ULSD without DPF after-
treatment. The particle number emission and particle mass
emission rates determined by the IPSD method (Mipsp) were
3.71 £ 0.05 x 10" #/bhp-h (average + SD) and 672 +
28 mg/bhp-h (Table 2) respectively based on reference SMPS
measurements.

The size distributions measured by the EEPS with the
default matrix showed a bimodal distribution with a small
nucleation mode with a GMD of 12 nm, and an accumulation
mode with a GMD of 54 nm (Figure la and Table 3).
Although the accumulation mode GMD was similar to that of
SMPS (52 nm), it is notable that the default matrix for the
EEPS resulted in a much narrower size distribution (GSD =
1.55) compared with the size distribution measured by the
SMPS (GSD = 1.87). The EEPS default matrix underesti-
mated particle number in the 10.8 to 34-nm and 93.1 to 371.8-
nm size bins, and overestimated particle number in the 34 to
93.1 nm size bins. Harris and Maricq (2001) used the SMPS to
measure the size distribution of diesel soot emitted from both
diesel engines and LDD vehicles equipped with oxidation cat-
alysts. They reported that diesel soot size distributions were
well described by a single signature lognormal curve with a
GSD of ~1.7 nm for diesel vehicles, and ~1.8 nm for two
sets of diesel engines. The GSDs measured in this study with
the EEPS default matrix were significantly smaller because
the default matrix was developed using near-spherical
particles and does not correctly represent the charging and
detection of soot particles in the EEPS as discussed by Wang
et al. (Submitteda,b). In addition, the EEPS detected a small
nucleation mode that was not observed by the SMPS. The
cause of this peak is unclear, and was detected by the soot
matrix as well.

The Mipsp value estimated with the EEPS default matrix
was 417 £ 37 mg/bhp-h, 38% lower than that estimated by the
SMPS. This is explainable because the default matrix underes-
timates the emission rate of larger particles, and the particle
mass is the 2.2 power of particle diameter (volume increases
by a cubic power, but effective density decreases by a 0.8
power of mobility diameter). The particle number emission
rate of PM estimated by the EEPS default matrix was 3.48 &
0.15 x 10" #/bhp-h, close to that estimated by the SMPS.

When the soot matrix was applied, the diesel exhaust
PSDs showed a bimodal distribution with a nucleation and
accumulation mode diameters of 10 nm and 52 nm respec-
tively (Figure la and Table 3). Particle mass distribution
was calculated using the IPSD method in Figure 1b. A
notable improvement in the particle sizing was observed,
especially in the large particle sizes (>~100 nm). The
GSD of the single lognormal fit was 1.90 nm, slightly
larger but in close agreement to the GSD measured by the
SMPS (1.87 nm). The response of the EEPS soot matrix
for measuring particle number and mass for particles was
slightly larger than the reference SMPS measurements for
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TABLE 2 »
Particle number and mass emission rates (Mpsp) determined by EEPS and SMPS”

Particle number emission rate

SMPS

EEPS default

EEPS soot

Diesel-reg (#/bhp-h)
Diesel-bio (#/bhp-h)
GDI-30 (#/mile)
GDI-60 (#/mile)
PFI-25 (#/mile)

3.71 £0.05 x 10"
3.08 £0.18 x 10"
3.18 £0.26 x 10"
1.40 £0.18 x 102
3.08 +1.81 x 10"
3.87 £0.53 x 10"

3.48 +£0.15 x 107
2.25+0.12 x 10"
2.28 +0.88 x 10"!
1.09 £ 0.25 x 102
3.39 4+ 3.30 x 10'?
2.03 +0.24 x 10"?

3.69 +£0.12 x 10"
2.73 £0.18 x 10"
3.46 £ 1.32 x 10"
1.37 £ 0.30 x 102
3.89 +3.73 x 10"?
3.01 £0.33 x 10"

TDI-60 (#/mile)

SMPS
Diesel-reg (mg/bhp-h) 672 £ 28
Diesel-bio (mg/bhp-h) 236 £ 6
GDI-30 (mg/mile) 0.018 £ 0.006
GDI-60 (mg/mile) 0.15+0.03
PFI-25 (mg/mile) 0.46 +0.32
TDI-60 (mg/mile) 1.17+£0.14

Particle mass emission rate (Mpsp)

EEPS default EEPS soot
417 £ 37 630 £+ 62

162 + 10 240 + 17
0.012 4+ 0.004 0.016 £ 0.006
0.10 4+ 0.02 0.15+0.03
0.34 +0.38 0.52 + 0.56
0.12 +0.01 0.17 £ 0.01

*Total particle number and PM mass emission rates account for CVS flow rates and secondary dilution factors.

particles between ~200 nm and 400 nm. However, the
overall estimated Mpsp was 630 £ 62 mg/bhp-h, which is
6% lower than the SMPS measurement (672 £ 28 mg/bhp-
h). Overall, an excellent agreement is shown between the

SMPS and EEPS soot matrix, indicating an improvement
in EEPS for measuring particle number and mass emissions
for traditional diesel exhaust with a dominant accumulation
mode.

TABLE 3
Parameters for bi-modal fit of each steady state test

Nucleation mode

Accumulation mode

Test ID Instrument/matrices Fraction (%)’ GMD (nm)? GSD? Fraction (%) GMD (nm) GSD
Diesel-reg SMPS 0 — — 100 52 1.87
EEPS default 5 12 1.80 95 54 1.55
EEPS soot 3 10 1.80 97 52 1.90
Diesel-bio SMPS 12 11 1.30 88 43 1.71
EEPS default 12 11 1.31 88 44 1.53
EEPS soot 13 11 1.28 87 41 1.77
GDI-30 SMPS 82.4 8 1.59 17.6 52 1.97
EEPS default 71.1 8 1.48 28.9 37 1.84
EEPS soot 58.6 9 1.33 414 24 2.42
GDI-60 SMPS 54 10 1.80 46 37 2.50
EEPS default 34 11 1.44 66 52 1.73
EEPS soot 30 11 1.29 70 37 2.50
PFI-25 SMPS 23.1 19 1.42 76.9 54 1.85
EEPS default 22.7 13 1.53 97.3 52 1.63
EEPS soot 32.5 15 1.61 67.5 51 1.92
TDI-60 SMPS 99.99 12 1.40 0.01 64 1.71
EEPS default 89 6 1.57 11 61 1.50
EEPS soot 89 8 1.43 11 66 1.60

'"Number fraction of particles in this mode.
’Geometric mean diameter (GMD).
3Geometric standard deviation (GSD).
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4.1.2. Diesel Generator with Biodiesel (Weak Bimodal
Distribution)

Figure 2 compares PSDs measured by the EEPS default and
soot matrices and SMPS for the diesel generator operating on
100% biodiesel. All measured distributions exhibit a bimodal
pattern, with a stronger accumulation mode and a weaker
nucleation mode. Based on SMPS distributions, the particle
number emission rate estimated was 3.08 + 0.18 x 10"
#/bhp-h, which was 17% lower than when operating on ULSD
as discussed in the previous section. However, Mipsp
decreased by 65% (from 672 + 28 to 236 £ 6 mg/bhp-h)
when the biodiesel was used due to decrease in accumulation
mode particles. Interestingly, a nucleation mode with a GMD
of ~10 nm was detected, which was not observed with ULSD.
Given the extremely low sulfur content (0.6 ppm) of the bio-
diesel, the nucleation mode particles likely originated from
lube oil. Because the same lube oil was used for regular diesel
and biodiesel tests, it is possible that the reduced accumulation
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default and soot matrices for the diesel generator operating on biodiesel.
Dashed lines in panel (a) present lognormal-fitted size distribution of accumu-
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mode particles with biodiesel resulted in greater condensa-
tional growth from gaseous hydrocarbons during dilution.

As shown in Figure 2a, PSDs reported by the EEPS matri-
ces were also bimodal, with nucleation and accumulation
mode GMDs of ~11 nm and ~44 nm, respectively, for both
matrices, and close to those reported by SMPS. The agreement
of the EEPS default and soot matrices for reporting GMD is
interesting because the default matrix was calibrated by near-
spherical laboratory-generated particles for all size ranges,
whereas the soot matrix was calibrated using engine-generated
particles for both nucleation and accumulation modes (Wang
et al. Submitteda). These results indicate that nucleation mode
particles emitted from a generator operating on low sulfur con-
tent bio-fuel possess similar properties as laboratory- and
engine-generated calibration materials, and generally exhibit
good size-based agreement. Also, the result indicates that par-
ticle charging characteristics are not much different between
near-spherical and aggregates at small sizes more specifically
of around 44 nm.

Figure 2a shows that the default matrix generally underesti-
mated the particle number for all size bins, including nucle-
ation mode and larger accumulation mode particles. The total
particle number emission rate given by the EEPS default
matrix was 2.25 & 0.12 x 10'3 #/bhp-h, 27% lower than that
estimated by SMPS. Meanwhile, the EEPS default matrix
underestimated the GSD of accumulation mode compared
with SMPS (1.53 vs. 1.71). As shown by mass distributions in
Figure 2b, the estimated Mipsp for the EEPS default matrix
was 162 + 10 mg/bhp-h, 31% lower than that estimated by
SMPS (236 £ 6 mg/bhp-h).

Figure 2a shows that the EEPS soot matrix substantially
improved agreement between the EEPS and SMPS size distri-
butions for all size ranges, but some discrepancies still exist.
As shown in Table 2, the particle number and mass emission
rate given by the EEPS soot matrix was 2.73 £ 0.18 x 10"
#/bhp-h and 240 £ 17 mg/bhp-h, which agreed within 11%
and 2%, respectively, with those estimated by the SMPS (3.08
+ 0.18 x 10" #/bhp-h and 236 + 6 mg/bhp-h respectively).
Wang et al. (Submitteda,b) found that EEPS may underesti-
mate particle concentrations <10 nm, but could not get high
enough signal-to-noise ratio to calibrate EEPS in that size
range. To address the issue, they increased the gain of the low-
est channels (5.6 and 7.5 nm) by ~10% to account for the part
of underestimation while not generating artifacts due to elec-
trometer noise. The soot matrix also reported a smooth contin-
uous distribution between ~100 nm and 300 nm that the
default matrix did not report above the detection limit of the
instrument. In this range, although the soot matrix achieved
better agreement than the default matrix, it over-predicted the
number and especially the mass distributions relative to SMPS
reference measurements. It is possible that the morphology of
the accumulation mode particles may have differed compared
with the emissions generated by the engine used for EEPS cali-
bration, and thereby resulted in a slightly greater response. A
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direct measurement of effective density or mass-mobility scal-
ing exponent could provide some indication as to whether par-
ticle morphology played a role in the observed over-prediction
of accumulation mode particles when characterizing emissions
from a diesel generator fueled by biodiesel.

4.2. GDI Vehicle (Balanced Bimodal Distribution with
a Lower Mass-Mobility Scaling Exponent)

Figure 3 compares PSDs measured by EEPS and SMPS for
a GDI vehicle (the Mazda 3) operated at 60 mph and a 2%
simulated road grade. The SMPS reported a bimodal size
distribution with GMDs of 10 nm and 37 nm for nucleation
and accumulation modes, respectively. The PSD under the test
condition for this vehicle gave a strongly overlapping bimodal
distribution; the nucleation mode contributed 54% to the
total particle number, a substantial increase than the small
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nucleation mode observed when characterizing emissions
from the diesel generator operating on bio-fuel. Although not
measured directly, we estimate the mass-mobility scaling
exponent of PSD to be approximately 2.3 based on the steady-
state measurements of modern GDI vehicles conducted by
Quiros et al. (2015a).

Similar to the patterns observed when measuring emissions
from the diesel generator, the EEPS default matrix showed
substantial disagreement with size distributions reported by
SMPS when measuring light-duty GDI emissions. As shown
in Figure 3a, the EEPS default matrix reported narrower accu-
mulation mode distributions than the SMPS (GSD = 1.73 nm
vs. 2.50 nm), which resulted in underestimating the number
concentration of particles larger than 100 nm by one to several
orders of magnitude. Over both nucleation and accumulation
modes, total particle number emissions reported by the EEPS
default matrix were 1.09 + 0.25 x 10" #/mile (22% lower
than the SMPS), and mass emissions were 0.10 = 0.02 mg/
mile (33% lower than the SMPS). This observation of the his-
torical TSI EEPS default matrix is a likely key contributor to
the observed 34% underestimation of Mypgp relative to gravi-
metric filters when we evaluated the IPSD method using the
transient FTP cycle (Li et al. 2014).

The EEPS soot matrix exhibited substantially stronger
agreement with reference SMPS distributions than the EEPS
default matrix for light-duty GDI emissions. Better agreement
is observed with nucleation mode particles between 10 nm
and 20 nm due to the increased gain for channels in that size
range as explained previously. The nucleation mode GSD of
SMPS distribution (1.80) was notably broader than either
EEPS matrix (1.29 and 1.44); however, the accumulation
mode GSD for the SMPS and EEPS soot matrix are identical
(2.50) and notably larger than the EEPS default matrix (1.73).
Overall, total particle number and mass (Mpsp) emission rates
were estimated to be 1.37 £ 0.30 x 10'* #/mile and 0.15 +
0.03 mg/mile, respectively, agreeing with those measured by
SMPS within 2% (1.40 + 0.18 x 10'? #/mile and 0.15 +
0.03 mg/mile respectively). Figure 3b illustrates the mass dis-
tributions, and shows a good agreement between the EEPS
soot matrix and the SMPS measurements. These findings sug-
gest that the new EEPS soot matrix appears to accurately char-
acterize both number and mass distributions in both nucleation
and accumulation modes when challenged by light-duty GDI
vehicle particulate emissions.

A comparison of the EEPS with the default matrix and soot
matrix was also conducted at a lower speed (30 mph) and 0%
grade to challenge the EEPS with different exhaust PSDs and
lower concentrations from the GDI vehicle. The result also
shows that with the default matrix, the EEPS tended to under-
estimate particle number and mass emission rate, in compari-
son with the measurement of SMPS, while the soot matrix
improved the agreements between EEPS and SMPS with both
particle number and mass emission rate. More detailed discus-
sion is provided in Section S2 and Figure S2 in the SL.



COMPARISON OF EEPS AND SMPS MEASUREMENTS

4.3. PFI Vehicle (Balanced Bimodal Distribution with
a Higher Mass-Mobility Scaling Exponent)

Figure 4 compares PSDs measured by EEPS and SMPS for
a PFI vehicle (Chevrolet Malibu) operated at 25 mph and a
0.8% simulated road grade at the ARB light-duty HSL. The
distribution was bimodal with GMDs of 19 and 54 nm for
nucleation and accumulation modes, respectively. The accu-
mulation mode contributed 76.9% of the total particle number,
with the rest contributed by nucleation mode particles. The
testing was conducted by Quiros et al. (2015a), and the mea-
sured mass-mobility scaling exponent of the emissions during
this test was 2.7. Compared with the emissions generally
reported by GDI vehicles, the mass of particulates from PFI
vehicles scale more rapidly with increasing diameter, indicat-
ing more compact geometries for larger particles and more fill-
ing of the void space of soot particles.

The relative differences between SMPS, EEPS default
matrix, and EEPS soot matrix distributions were similar to
those observed for the diesel generator and light-duty GDI
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vehicle, with a couple of important exceptions. In contrast to
the vehicle emissions with lower mass-mobility scaling expo-
nent, total particle number emission rates measured with the
EEPS default matrix was 3.39 + 3.30 x 10'* #/mile, 10%
higher than that estimated by SMPS (3.08 &+ 1.81 x 10"
#/mile). In addition, the EEPS default matrix gave a similar
GMD for accumulation mode particles compared with SMPS
(52 nm vs. 54 nm). Similar to the trends observed in Fig-
ures 1-3, the GSD of accumulation mode particles was much
narrower for the EEPS default matrix than the SMPS (GSD =
1.63 vs. 1.85, Table 3). Similarly, this resulted in lower over-
all mass estimates (Mpsp) for the EEPS default matrix report-
ing a 26% lower mass estimate (0.34 =+ 0.38 mg/mile)
compared with the SMPS (0.46 + 0.32 mg/mile). When the
EEPS soot matrix was applied, the agreement in accumulation
mode particle sizing given by the two instruments was
improved when characterizing particle mass emissions, but
not necessarily particle number emissions that are typically
influenced by nucleation mode particles. The broadening of
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the accumulation mode GSD resulted in better mass agreement
between EEPS soot matrix (0.52 £ 0.56 mg/mile) and refer-
ence SMPS measurements (0.46 = 0.32 mg/mile). Given the
EEPS soot matrix was developed based on emissions from an
off-road diesel engine, likely with a much lower mass-mobility
scaling exponent, it is interesting to observe good agreement
for mass distributions, especially for larger particle sizes as
observed in Figure 4. Unipolar diffusion charging of particles
depends on particle morphology. Jung and Kittelson (2005)
found diesel soot assumedly with D, = ~2.3 obtains 15 to
17% more charges than singlets with D, = ~3. It is interesting
that no difference was observed when the soot matrix was used
for aerosol with D, = ~2.7 while the matrix was developed
using aerosol with D, = ~2.3. Further investigation is neces-
sary in this aspect.

However, the EEPS soot matrix resulted in a larger devi-
ation when measuring total particle number emissions rela-
tive to the SMPS distribution. The EEPS default matrix
overestimated the total particle number emissions relative to
SMPS distributions by 10%, and the new EEPS soot matrix
overestimated total particle number by 26%. As shown in
Figure 4a, the deconvolution of the total size distribution
into “nucleation” and “accumulation” modes is not entirely
clear, where differences in the nucleation mode between the
three size distributions were reported.

4.4. Turbo-Charged Direct Injection LDD Vehicle with
a DPF (Strong Bi-Modal Distribution)

Figure 5 compares PSDs for the turbo-charged direct injec-
tion (TDI) operated at 60 mph and 4% road grade (test ID:
TDI-60 in Table 1). This vehicle was field-aged near the end
of the regulatory useful life period, and the originally equipped
DPF likely accumulated sulfur and other elements originating
from lube oil or diesel over this period that could affect parti-
cle mass emissions. All three size distributions exhibited a
bimodal trend, with a dominant nucleation mode centered at
~10 nm as measured by SMPS.

Similar size distributions were observed with heavy-duty
diesel vehicles equipped with DPFs, where Herner et al.
(2011) demonstrated that nucleation mode emissions are cata-
lyst temperature-dependent, and comprise up to 62% sulfate
by reconstructed mass. As a result of high load, the catalyst
temperature for this condition was 452°C, which is sufficient
to promote oxidation of SO, to SOz, which quickly reacts
with water vapor to form H,SO,. Therefore, the nucleation
mode observed from the TDI vehicle was likely hydrated sul-
fate with possible condensed hydrocarbons formed during
dilution rather than solid particles formed during combustion
that are typically removed by DPF (De Filippo and Maricq
2008). It is important to note that the elevated temperature
was the result of high load operation (60 mph, 4% simulated
road grade), and the resulting emissions are not likely
observed during most certification cycles such as the FTP or
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Supplemental FTP (US06) that only momentarily reach these
power outputs.

Figure 5a illustrates that the EEPS soot matrix provided
partial improvement upon the default matrix when characteriz-
ing particle number, and little improvement when characteriz-
ing particle mass, relative to SMPS distributions. The default
and soot matrices significantly underestimated total particle
number emission rate by 48% and 21%, relative to SMPS,
respectively. Nevertheless, the accumulation mode of the
EEPS data inverted by the new soot matrix exhibited substan-
tial broadening, and agreed more closely with SMPS than that
by the default matrix (Figure 5a). However, since the nucle-
ation mode dominated the distribution and accounted for
~80% of the particle mass emissions, the EEPS highly under-
estimated total particle mass emissions.

The discrepancy when measuring nucleation mode particle
number emissions possibly came from the fact that nucleation
mode particles have grown to different concentrations and
sizes at the point the particles were measured by SMPS and
EEPS. The EEPS had a higher sample flow rate, and therefore
shorter transit time through the sampling line (0.1 s) than the
SMPS (0.8 s), and therefore less time for growth (Wei et al.
2001). We believe the discrepancy is due to sampling condi-
tions as many studies have reports that bipolar and unipolar
charging showed negligible difference for sphere particles
(Jiang et al. 2011). Sampling of nucleation mode particles is a
challenge and there is continuous effort seeking for optimal
sampling conditions (Kittleson et al. 2002). One suggestion is
to use a secondary dilution to equilibrate nucleation mode par-
ticles; however, the selection of dilution ratio requires empiri-
cal practice. Humidity and temperature of dilution air/sample
should also be considered. The sample transit time should be
another parameter to be considered (Vouitsis et al. 2008).
Future work should be conducted for further investigation.

5. CONCLUSIONS

In this study, size distributions reported by the TSI EEPS
using the default matrix and a new kernel matrix, the soot
matrix, were compared with measurements with an SMPS
over steady-state conditions. To represent different engine
technologies with expected mass-mobility scaling exponents
between 2.2 and 2.7, tests were conducted using a GDI vehi-
cle, a conventional gasoline PFI vehicle, one LDD vehicle
equipped with a DPF, and a diesel generator. Over all the con-
ditions evaluated in Figures 1-5, the EEPS soot matrix greatly
improved the agreement with SMPS for most cases, particu-
larly for number and mass distribution of particles larger than
100 nm. For mass concentrations, the soot matrix agreed with
SMPS within 13%, and for number concentrations the soot
matrix agreed within 26% when excluding the TDI test for
number concentration comparison.

As pointed out by Wang et al. (Submitteda,b), the EEPS
instrument matrices are ill-conditioned, i.e., particles of the



COMPARISON OF EEPS AND SMPS MEASUREMENTS

same mobility diameter can be detected by several electro-
meters. The overlapping of matrix columns enables size distri-
butions with a range of width to be able to fit to the EEPS
electrometer data. The mathematical regularization in the
inversion process further favors the smoothest solution, result-
ing in a broader distribution. Therefore, the EEPS resolution is
less than that of the SMPS resolution, and generally performs
better with smooth and broad unimodal distributions (Fig-
ures 1 and 2), but may have challenges in retrieving narrow
distributions or distributions with fine features, such as
bimodal or non-typical size distributions that may appear
more mono-disperse in nature (Figure 4).

Overall, the EEPS soot matrix is a broad and strong
improvement upon the default matrix, and appears to reason-
ably agree with the SMPS reference measurements for typical
size distributions emitted from modern vehicle exhaust. Atypi-
cal size distributions measured from the TDI vehicle equipped
with DPF after-treatment did not agree as well, and the flexi-
bility of the TSI EEPS running the soot matrix should be fur-
ther explored for a wider range of size distributions. Next, the
“universality” of the EEPS soot matrix for vehicle-emitted
particulates could further be tested over transient test cycles,
and verified against other reference measurements such as the
gravimetric method for mass determination.
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