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Two potential strategies for reducing diesel emissions are ex-
haust aftertreatment and the use of reformulated or alternative
fuels. Little is yet known about the impact on ultrafine particle
emissions of combining exhaust aftertreatment with such increas-
ingly common fuels. This paper reports ultrafine particle size dis-
tribution measurements for a study in which the impact of such
fuels on emissions from a heavy duty diesel engine employing dif-
ferent aftertreatment configurations was evaluated. Eight differ-
ent fuels were tested: Canadian No. 1 and No. 2 diesel; low sulfur
diesel fuel; two different ultra low sulfur diesel fuels (<30 ppm S);
Fischer-Tropsch diesel fuel; 20% biodiesel blended with ultra low
sulfur diesel fuel; and PuriNOx

TM. The fuels were tested in com-
bination with four exhaust configurations: engine out, diesel ox-
idation catalyst (DOC), continuously regenerating diesel particle
filter (CRDPF), and engine gas recirculation with CRDPF (EGR-
DPF). In general, aftertreatment configuration was found to have
a greater impact on ultrafine particle size distributions than fuel
composition, and the effects of aftertreatment tended to be uni-
form across the entire particle size distribution. Steady state tests
revealed complex behavior based on fuel type, particularly for Puri-
NOx. This behavior included bimodal particle size distributions
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with modes as low as 8–10 nm for some fuels. Unlike previous re-
sults for gravimetric PM from this study, no significant correlation
for ultrafine emissions was found for fuel properties such as sulfur
level.

1. INTRODUCTION
Emissions of particulate matter (PM) with diameters of less

than 0.1 micron, termed “ultrafines,” have been increasingly im-
plicated in a number of negative health effects. Epidemiological
studies have indicated that these particles can potentially play a
role in respiratory ailments such as lung disease and childhood
asthma (Dominici et al. 2006). More significantly, evidence has
accumulated over the past decade that they can have an even
greater impact on cardiovascular illness, including triggering
heart attacks in susceptible individuals (Mills et al. 2005; Peters
et al. 2004). It has been thought that due to their small size,
ultrafine particles are able to penetrate deeper into the respira-
tory system and can thus have a greater impact than particles of
larger size. Recent studies have begun to elucidate the mecha-
nisms behind these effects, demonstrating the ability of ultrafines
to penetrate into the bloodstream (Limbach et al. 2005; Warheit
et al. 2005; Oberdorster et al. 2004) and to cause genetic dam-
age (Risom 2005; Koike and Kobayashi 2006). In light of these
findings, increasing emphasis has been placed on understand-
ing ultrafine emissions from diesel engines and development of
emission control strategies.

Two possible strategies for reducing diesel emissions are ex-
haust aftertreatment and the use of reformulated or alternative
fuels. There has been increased interest in the use of such al-
ternative fuels not only for potential emissions reductions, but
also due to policy concerns that include increased energy secu-
rity. Previous work has shown that the combination of exhaust
aftertreatment and reformulated fuel can be an effective strat-
egy for reducing diesel emissions including ultrafine particles
(Chatterjee et al. 2002; Frank et al. 2004). However, little is
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TABLE 1
Fuels and aftertreatment configurations evaluated in this study

Engine Out DOC CRDPF EGR-DPF

Diesel Fuel 1 & 2 (DF1, DF2)1 X X
Low Sulfur Diesel (LSD) X X
Equilon ULSD (EULSD)2 X X X X
Tosco ULSD (TULSD)3 X X X
Fischer-Tropsch (F-T) X X X
Biodiesel (B20)4 X X X
PuriNOxTM (PNOx)5 X X

1Canadian diesel fuel.
2Commercially available to operators on the east coast of the United States.
3Commercially available to operators on the east coast of the United States.
4Blend of 20% biodiesel and 80% EULSD by volume.
5Blend of 7% water and 93% EULSD (Lubrizol Corp.)

yet known about the impact on ultrafine particle emissions of
combining exhaust aftertreatment with other increasingly com-
mon reformulated or alternative fuels such as Fischer-Tropsch
(F-T) diesel (Norton et al. 1998; Clark et al. 1999; Boehman et
al. 2003) biodiesel blend diesel (Wang et al. 2000; Durbin et al.
2002; US EPA 2002), or the water emulsion PuriNOx

TM (PNOx)
(US EPA 2002).

In this research, the impact of several such diesel fuels on
exhaust emissions was evaluated, using eight different fuels as
given in Table 1. The fuels were tested in combination with four
configurations: engine out, diesel oxidation catalyst (DOC), con-
tinuously regenerating diesel particle filter (CRDPF), and engine
gas recirculation with CRDPF (EGR-DPF). Not all fuels and af-
tertreatment methods were tested together; the most complete
set of tests was performed with DOC aftertreatment. Details of
the selected engine for the program are given in Table 2.

Results from this study for regulated PM (i.e., PM 2.5 and
PM 10) and gaseous emissions (Frank et al. 2004) and for unreg-
ulated emissions (Tang et al. 2007) have previously been pub-
lished. In general, measurements of regulated PM determined by
gravimetric means do not consistently correlate with those for ul-
trafine PM and cannot be used to predict such measurements due
to a number of factors. Chief among these is that the formation
of regulated and ultrafine PM is governed by different mecha-
nisms; the formation mechanisms for ultrafine PM in particular
are not yet fully understood. Their relationship can be further
complicated by such effects as potential scavenging of ultrafines
and volatiles by soot particles, etc. This article presents the re-
sults of independent particle size distribution measurements for
ultrafine PM performed during this testing.

2. EXPERIMENTAL

Test Fuels
Eight different fuels were evaluated in this study in various

combinations with aftertreatment configurations as summarized

in Table 1. Properties of the fuels are given in Table 3, and were
determined by testing in compliance with the requirements of
ISO/IEC 17025. Prior to initiating the emissions testing on each
different fuel, the engine was thoroughly flushed to ensure there
was no contamination from the previous fuel. This included
draining all fuel lines and changing fuel filters between test fuels.

Aftertreatment
The diesel oxidation catalyst is an integrated converter muf-

fler (part number A17-0322, Engine Control Systems, Lubrizol
Canada). The DOC contained a model AZ29 catalyst and is ver-
ified under the USEPA Voluntary Retrofit program. It employs
a single Corning large frontal area substrate (diameter 9.5′′ ×
length of 6′′; total volume: 426 in3 or 7 liters) with cell density
of 300 cells/in2 or 46.5 cells/cm2.

TABLE 2
Test engine description

Description

Engine Manufacturer International—Navistar
Model DT466
Year 2001
Serial Number 1234128
Chassis Number 1H357582
Air Handling System Turbo-charged, Air-to-Air,

Intercooling
Control Electronic
Bore (mm) 116.5
Stroke (mm) 118.9
Cycles 4-stroke
Number of Cylinders In-Line 6
Displacement (liters) 7.6
Curb-Idle Speed (rpm) 700
Rated Power 230 hp @ 2300 rpm
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TABLE 3
Test fuel analysis

Fuels D1 D2 LSD E-ULSD T-ULSD F-T B20 PNOx

Density (kg/m3) ASTM
D4052

826.2 845.9 818.2 826.4 824.3 783.3 837.9 839.2

Flash Point (◦C) ASTM
D93A

48.0 62.0 55.0 69.0 70.0 85.0 73.0 —

Cetane Number ASTM
D613

42.5 42.0 41.9 42.9 43.1 >74.8 49.7 50.9

Viscosity @ 40◦C
ASTM D445

1.727 2.385 1.500 1.790 1.716 3.564 2.108 2.203

Total Sulfur (ppm)
ASTM D5453

472 410 162 28 27 1.2 21 30

Aromatics (%) ASTM
D1319

22.2 30.6 17.8 20.2 20.9 0.8 29.6 21.6

Carbon, %m ASTM 86.24 86.54 86.56 86.38 85.69 85.12 84.47 80.05
Hydrogen, %m ASTM 13.51 13.18 13.66 13.52 13.72 15.09 13.32 13.45
Nitrogen, %m ASTM 11.44 24.91 6.46 5.56 4.35 0.593 4.24 794.2
Olefins, %v ASTM 1.4 1.2 2.8 3.6 1.5 0.8 3.5 3.4
Saturates ASTM — — 79.4 76.2 80.1 98.4 66.9 75.0

The continuously regenerating diesel particle filter used in
this study is commercially known as Continuously Regenerat-
ing Technology (CRT

©R , Johnson Matthey). The substrates used
were manufactured by Corning Inc., and a detailed description
of the CRDPF has been provided previously (Frank et al. 2004).
Testing with the CRDPF was restricted to the ultra-low sulfur
content fuels (<30 ppm) in order to prevent loss of activity of
the catalyst.

Johnson Matthey and their partner STT Emtec supplied the
CRDPF particle filter and exhaust gas recirculation system.,
commercially known as EGRTTM (Exhaust Gas Recirculation
Technology), which has been described previously (Frank et al.
2004). Since the EGR configuration employs a CRDPF, it was
also tested only with the ultra-low sulfur content (<30 ppm)
fuels.

Test Procedure
The base testing sequence used was the U.S. EPA Engine

Dynamometer Schedule for Heavy-Duty Diesel Engines as de-
scribed in Code of Federal Regulations 40 part 86, Appendix I.
Emissions were determined over a cold start cycle followed by
four hot start transient test cycles, with each cycle separated by
the required twenty-minute soak period. The dynamometer and
sampling system were subjected to the procedure described in
the U.S. Code of Federal Regulations § 86.1334–84, Pre-test
engine and dynamometer preparation, and all testing was con-
ducted in accordance with the respective sections of the CFR.
The engine was cooled as per § 86.1335–90. Final calibration of
the dynamometer and throttle control systems was performed
and verified, and the engine was then mapped according to
§ 86.1332–90 for each fuel.

Data was gathered based on the 1200-second Federal Test
Procedure (FTP) testing cycle. The FTP certification testing cy-
cle is a composite of both hot and cold starts, and data was
taken for 3–4 repeated hot starts, as well as for cold starts when
possible. Logistical considerations prevented data from being
obtained for all cold start cases, unlike the hot start and steady
state cases. Therefore, the hot start, steady start, and cold start
results are presented separately here, with the cold start data pre-
sented last since it constitutes the smallest data set. In addition,
steady states were run for each case at 900 rpm and 50 N-m
torque for 20 m each.

Particle Size Distribution Measurement
For all cases, exhaust samples were taken from the engine

dynamometer at the outlet of the engine exhaust to more accu-
rately reflect actual emissions from a vehicle. A constant sample
flowrate of one lpm was drawn from a right-angle sample tap
using a valveless pump (Model QD, FMI, Syosset, NY) into a
minidiluter, where it was diluted with dried and filtered air at
a ratio of 100:1 regulated by mass flow controller. The dilution
method and ratio were kept constant for all test cases. This was
done in order to prevent changes to the particle size distribution
due to dilution effects (Khalek et al. 2003).

Particle size measurements for this study were performed
by means of two instruments, the Scanning Mobility Particle
Sizer and the Electrical Low Pressure Impactor. The Scanning
Mobility Particle Sizer (SMPS, TSI, Inc., Shoreview, MN) used
in this study was comprised of the Model 3080 Electrostatic
Classifier and Model 3085 Nano Differential Mobility Analyzer
(DMA) to sort particles by electrical mobility diameter (Wang
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and Flagan 1990), and the Model 3025A Condensation Particle
Counter (CPC) to determine particle number at each size. The
SMPS sample flowrate was set to 0.6 lpm with a sheath air
flowrate of 6.0 lpm in order to minimize diffusion losses in
the classifier. Since the time required for the SMPS to scan a
complete particle size distribution is about five minutes, it is
impossible to collect real-time particle size distribution data with
the SMPS over these transient driving cycles. For the steady state
testing cycles, the SMPS was set to scan from 5.94 nm to 225
nm with a scan time of 5 m. For each steady state test cycle,
four complete scans were averaged together in order to reduce
variability.

The Electrical Low Pressure Impactor (ELPI, Dekati, Ltd.,
Tampere, Finland) is a multistage impactor that sorts particles
by aerodynamic diameter and determines particle number by
means of sensitive electrometers. In contrast to the SMPS, the
ELPI can sample particle sizes at a frequency of 1 Hz (Keskinen
et al. 1992), and was thus able to obtain particle size distribu-
tions throughout both the FTP and steady state cycles. The ELPI
measures the particle size distribution based on 12 size bins with
a D50% of 30 nm to 6800 nm, which are dictated by the design
of the instrument. However, unlike the SMPS, these size bins
are unequally spaced across the measurement range with vary-
ing widths of D50% values of 30, 60, 110, 180, 270, 420, 680,
1100, 1670, 2600, 4200, and 6800 nm.

The ELPI and SMPS have significant differences in their
measurement methods, and as a consequence the relationship
between these two methods is often nontrivial and sensitive to
the nature of the aerosol. These differences are discussed in
further detail below. Nevertheless, the use of both instruments
can contribute to a more complete characterization of particle
size distributions, especially for systems with transient behavior
such as mobile source emissions.

3. RESULTS AND DISCUSSION

3.1 Hot Starts
Overview

Equilon ULSD (EULSD) was the only fuel tested using the
complete set of four aftertreatment methods. The average parti-
cle size distributions for these cases were determined by aver-
aging all concentrations for a given size bin over the course of
an entire 20 m test cycle. The ELPI average particle size distri-
butions for the hot starts for EULSD only are shown in Figure
1. The magnitude of the particle number concentrations for En-
gine Out and DOC were approximately equal while CRDPF and
EGR-CRDPF were roughly 97% lower, with EGR-CRDPF the
lowest of the four aftertreatment methods tested.

The particle size distributions for all four aftertreatment
methods are highly similar, with the peak of the particle size
distribution occurring in the 110 nm size bin. The shapes of
these distributions are also consistent with those previously de-
termined for the use of DOC and CRDPF on heavy duty diesel

FIG. 1. ELPI EULSD distributions hot starts for each aftertreatment method.

transit buses using a chassis dynamometer (Chatterjee et al.
2002). The similarity of the distributions for different aftertreat-
ment methods indicates that the PM reductions achieved by these
methods are all occurring over the full range of the particle size
distribution. The divergence of the distributions in the 30 nm
bin for Engine Out and DOC and for CRDPF and EGR-DPF
may indicate divergence of behavior below this particle size, or
may simply be due to the fact that this is the limit of the size
sensitivity of the ELPI without the addition of a filter stage.

Differences between the particle emissions of EULSD with
the four aftertreatment methods are further illustrated by the
contour plots of ELPI distributions shown in Figures 2 and 3.
Each series covers the period of the second transient in the hot
start FTP, and shows the time series ELPI distribution rather
than the average values shown in Figure 1. The Engine Out case
(Figure 2a) demonstrates the most complex behavior, with a
pronounced shift in particle size from small to large early in the
transient and an indication of bimodality near the end. By con-
trast, the behavior for DOC (Figure 2b) appears more uniformly
unimodal and is fairly consistent over the period of the transient.
The CRDPF case shows a more tightly defined distribution but
also indications of bimodality (Figure 3a), and the EGR-DPF
case is of very low concentration and with no distinguishing fea-
tures (Figure 3b). These contour plots indicate the complex and
changing nature of particle size distributions during the course
of a testing cycle which can be obscured by examining aver-
age particle size distributions; nevertheless, such distributions
remain a valuable tool for evaluating the relative performance
of emission control strategies such as those presented here.
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FIG. 2. Time series ELPI distributions for the 2nd hot start transient for 30 to 270 nm for EULSD fuel and a) Engine Out and b) DOC aftertreatment.

In general, the trends shown in Figure 1 for EULSD reflect
those found throughout the study. Behavior consistent with that
of EULSD was found for each of the individual fuels studied,
and averaging the results for all fuels for each aftertreatment
method produced a similar result as shown in Figure 4. Overall,
the effect of aftertreatment method on ultrafine emissions was
greater than the effect of changing fuels. Specific results found
for each of the aftertreatment methods are discussed further
below.

Engine Out and Diesel Oxidation Catalyst (DOC)
For both Engine Out and DOC aftertreatment, there was no

significant difference in the particle size distributions measured
by the ELPI for the different fuels (data not shown).

Continuously Regenerating Diesel Particle Filter (CRDPF)
The ELPI average particle size distributions for each fuel

tested with CRDPF are shown in Figure 5. There are no signifi-
cant differences between the fuels for particle sizes larger than

FIG. 3. Time series ELPI distributions for the 2nd hot start transient for 30 to 270 nm for EULSD fuel and a) CRDPF and b) EGR-DPF aftertreatment.

420 nm. Below 420 nm the distributions appear to diverge, but
there is significant variability in the results for each individual
fuel, which makes it difficult to distinguish between them. This
may be due in part to the low particle number concentrations,
especially in the smallest size bin (30 nm), or may in fact be
caused by the difference in fuel composition.

Exhaust Gas Recirculation with CRDPF (EGR-DPF)
The ELPI average particle size distributions for each fuel

tested with EGR-DPF are shown in Figure 6. As was the case
for CRDPF, there is significant variability in the results for in-
dividual fuels, making it difficult to distinguish between them.
Again, this may be due in part to the low particle number con-
centrations, which are nearing the lower limit of the ELPI mea-
surement range (the data shown is source concentration which
has been corrected for dilution; the actual sample measured by
the ELPI was diluted by at least one order of magnitude). Inter-
estingly, the TULSD appears to have the lowest concentration
over the entire particle size range.
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FIG. 4. ELPI distributions hot starts for each aftertreatment method, all fuels
averaged.

3.2 Steady States
Overview

Unlike the hot start testing mode, for the steady state test-
ing mode only a single test was performed for each fuel and
aftertreatment configuration examined. However, during these
tests it was also possible to obtain SMPS data, so the ELPI data
can be supplemented by the greater size resolution and mea-
surement range of the SMPS. Both ELPI and SMPS particle
size distributions for the steady state tests were calculated on
an average basis for a 20 m period, although the large vari-
ability inherent in the transient driving cycles was no longer
present.

Equilon ULSD (EULSD) was the only fuel tested for all four
aftertreatment methods and, as in the case for the hot starts, it
provides a good illustration of the overall steady state behavior

FIG. 5. ELPI distributions hot starts for CRDPF, all individual fuels.

FIG. 6. ELPI distributions hot starts for EGR-CRDPF, all individual fuels.
Data for F-T at 420 nm was invalidated.

for the various aftertreatment methods. The particle size distri-
butions determined by ELPI are shown in Figure 7a. The overall
behavior for the various aftertreatment methods is the same as
that found for the hot start case, i.e., the magnitude of the particle
number concentrations for Engine Out and DOC were approx-
imately equal, while CRDPF and EGR-CRDPF were roughly
97% lower. However, for the steady state case the differences
between Engine Out and DOC and between CRDPF and EGR-
CRDPF are smaller. Note that the DOC emissions shown in
Figure 7b have a higher concentration than those for Engine
Out; this difference may not be significant based on the magni-
tude of the error bars in Figure 1 and the fact that only a single
steady case was run. The shape of the particle size distributions
is also similar to those for the hot starts, i.e., with a peak in the
110 nm bin and the curves diverging from each other in the 30
nm size bin.

The corresponding SMPS data for EULSD tested with all
four aftertreatment methods is shown in Figure 7b. The same
overall behavior as is exhibited by the ELPI data pertains here,
i.e., the magnitude of particle number concentrations for Engine
Out and DOC were approximately equal, while CRDPF and
EGR-CRDPF were roughly 96% lower. Also note that the DOC
emissions once again have a higher concentration than those for
Engine Out, as was also shown by the ELPI data.

Two other characteristics are evident in the SMPS data, with
its wider particle size range and greater size resolution, that
are not apparent from the ELPI data. First, there is a differ-
ence in the mode of the particle size distribution for Engine Out
and DOC versus CRDPF and EGR-CRDPF. The mode of the
CRDPF and EGR-CRDPF distributions is larger at 85.1 nm,
whereas the mode of the Engine Out and DOC distributions is
smaller at 46.6 nm. Second, the DOC case displays a clear bi-
modal distribution with the second mode at 10.2 nm. A similar
bimodal distribution was also observed for several other cases,
and will be discussed further below.
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FIG. 7. Steady state distributions for EULSD only, measured using a) ELPI and b) SMPS.

The trends for EULSD data shown in Figures 7a and 7b re-
flected those found by the ELPI throughout the study, and av-
eraging the results for all fuels for each aftertreatment method
produced a similar result to EULSD as shown in Figure 8. Over-
all, behavior consistent with that of EULSD was found for each
of the fuels studied with the exception of PNOx. The SMPS data,
while confirming this overall result, also revealed significant dif-
ferences in particle size distributions. Specific results found for
each of the aftertreatment methods are discussed further below.

FIG. 8. ELPI distributions for each aftertreatment method, all fuels averaged
plus PNOx.

As mentioned previously, the ELPI and SMPS measurement
methods have significant differences between them, chiefly: (1)
different size ranges (30–6800 nm for the ELPI, 5.94 nm to
225 nm for the SMPS), (2) different size resolution and binning
(13 bins for the ELPI, 104 bins for the SMPS), and (3) different
measures of particle diameter (aerodynamic for the ELPI, elec-
trical mobility for the SMPS). There are also additional issues
relating directly to the operation of the instruments, including
small particle losses in the ELPI and multiple charge correction
in the SMPS. In this article, ELPI and SMPS number concentra-
tion have both been plotted as dN/dlogDp in order to facilitate
comparison despite their different size ranges and resolution.
Conversion of electrical mobility diameter to aerodynamic par-
ticle diameter requires information on both shape factor and
particle density, which are not definitively known for diesel PM.
Further, particle density for diesel PM changes as a function of
particle diameter and particles of a given diameter can exhibit a
wide range of density (Maricq et al. 2000), and particle density
may change as a function of fuel composition.

Nevertheless, as is demonstrated by Figures 7a and 7b, these
dissimilar measurement methodologies are in reasonable agree-
ment for the particle size distributions measured here, and exam-
ination of both the ELPI and SMPS results can yield a more com-
plete picture of the full particle size distribution than the use of a
single technique. In particular, examination of the full distribu-
tions from the combined results indicates that these distributions
are somewhat broader than expected for a self-preserving parti-
cle size distribution from coagulation in a homogeneous system.
This suggests imperfect mixing, which is consistent with our ex-
pectations for diesel engine exhaust. Additionally, as shown in
Figures 7a and 7b for DOC, the SMPS distribution is in agree-
ment with the ELPI distribution but also indicates a bimodal
behavior in the region below 30 nm, which is undetectable by
the ELPI. Several other occurrences of this behavior are also
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FIG. 9. SMPS distributions steady state for Engine Out, all individual fuels.

discussed below, suggesting that similar bimodal or complex be-
haviors may be occurring in the <30 nm region during transient
testing that were not measured by the ELPI. This underscores
the importance of developing measurement methods that can
detect particles in this region on a transient basis.

Engine Out
There was no significant difference in the particle size distri-

butions measured by ELPI for different fuels with Engine Out
(no aftertreatment) (data not shown). The SMPS data for Engine
Out shown in Figure 9, however, reveal three notable character-
istics. First, the particle size distributions for all fuels share a
common mode at approximately 51.4 nm. Second, all of the
fuels display bimodal distributions to a varying degree.

Third, for the size range from 10 to 300 nm, the LSD dis-
tribution is bimodal whereas the EULSD distribution appears
monomodal. This difference between LSD and ULSD closely
corresponds to that previously found by Ristovski et al. for the
same size regime during steady state testing (Ristovski et al.
2006). It was speculated that this behavior was correlated with
the fuel sulfur level and possibly due to sulfuric acid and water
nucleation. However, the current results also reveal a small bi-
modal behavior for EULSD as well, below 10 nm at ca. 8 nm.
This may have been previously undetected since the prior mea-
surements were taken with a Model 3022 CPC with a minimum
detection limit of 7 nm whereas the current measurements were
taken with a Model 3025 CPC with a minimum detection limit
of 3 nm. The potentially bimodal nature of the EULSD distri-
bution indicates that other mechanisms than sulfuric acid and
water nucleation may be contributing to this behavior.

Overall, for the Engine Out case the relative magnitude and
bimodality of the particle size distributions do not clearly corre-
late with fuel sulfur level, indicating that there may be additional
mechanisms at work. Strongly bimodal behavior appears lim-
ited to the range of 162–615 ppm sulfur; it is not known whether
this is due to some unknown mechanism or role for sulfur, or
simply an artifact of these measurements. It should be empha-
sized that this data is based on only a single test run per fuel

and aftertreatment case; in the case of Ristovski et al. a large
number of tests were evaluated and bimodality was not present
in every SMPS scan (Ristovski et al. 2006), so that the behavior
observed here may be an artifact of the limited sample size. Also,
the relationship of this steady state behavior to that of transient
cycles is unknown. However, the observation of bimodality for
multiple test runs does indicate that significant particle behavior
may be occurring below 30 nm. The possibility of such behavior
underscores the importance of further investigations into diesel
exhaust with instrumentation that can both resolve nanoparti-
cles below 30 nm and operate at a sampling rate commensurate
with transient test cycles, potentially using such methods as an
ELPI modified with a filter stage or the Engine Exhaust Particle
Spectrometer (EEPS) (Johnson et al. 2003).

Diesel Oxidation Catalyst (DOC)
By contrast to the results for the hot starts with DOC, the

ELPI measurements for steady states with the DOC revealed
significant differences between fuels as shown in Figure 10.
While the mode and shape of the particle size distribution did not
vary, the magnitude of the particle number concentration varied
widely between fuels. PNOx exhibited the lowest concentration
and DF1 the highest, with a 96% difference between them.

The SMPS steady state data for DOC shown in Figure 11 also
reflect this wide variability between fuels, with differences not
only in concentration but also in shape and mode of the particle
size distribution. In contrast to the Engine Out case, EULSD
again has a bimodal distribution with the second mode at 8–
10 nm, but the LSD distribution is now monomodal. Regulated
and unregulated results for this study indicate that differences
in gravimetric PM for the various fuels were found to correlate
with fuel sulfur levels and sulfate formation due to the action

FIG. 10. ELPI distributions steady state for DOC, all individual fuels.



FUEL/AFTERTREATMENT EFFECTS ON ULTRAFINE EMISSIONS 1037

FIG. 11. SMPS distributions steady state for DOC, all individual fuels.

of the catalyst (Frank et al. 2004; Tang et al. 2007). While the
differences in ultrafine PM do not correlate with fuel sulfur level
for either the ELPI or SMPS data for the DOC, the presence of
an additional mechanism involving sulfur may contribute to the
differences in behavior for the Engine Out and DOC cases.

The F-T fuel exhibited bimodal behavior similar to EULSD.
B20 and PNOx also displayed distributions similar to each other
with modes at ca. 25 and 85 nm. B20 is blended with EULSD,
which suggests that its bimodal behavior is due to the ULSD
rather than the addition of biodiesel. Data using TULSD for
comparison was not available for this case.

Continuously Regenerating Diesel Particle Filter (CRDPF)
and Exhaust Gas Recirculation with CRDPF (EGR-DPF)

ELPI data for the CRDPF and EGR-CRDPF aftertreatment
cases is shown in Figure 12. There is no difference in particle size
distributions and little difference in concentrations between fu-

FIG. 12. ELPI distributions steady state for CRDPF and EGR-CRDPF, all
individual fuels.

els, with one significant exception. The concentrations for PNOx
with CRDPF exceed those for all other fuels for CRDPF and
EGR-CRDPF, and are equivalent to those emitted by all other
fuels with Engine Out and DOC aftertreatment (as shown in
Figure 8). In general, PNOx has been found to produce signifi-
cantly lower PM emissions in other studies (Langer et al. 2001),
and higher emissions for PNOx were not observed during hot
start testing. However, the levels of PM reduction that have been
found vary widely, and PNOx has been found to increase PM
emissions in some cases (Henningsen 1994). Such results sug-
gest that the effect of PNOx on PM may be sensitive to engine
type or other specifics such as characteristics of the injection sys-
tem. Previous studies have not examined the effect of PNOx on
emissions in the ultrafine range. It is notable that in this study,
the strong increase in PM for PNOx was found only for the
CRDPF and EGR-DPF cases, suggesting some effect of PNOx
in concert with the CRDPF catalyst. However, data was taken
for only one steady state test for each of these cases, indicating
that further research is needed in this area.

Note also that concentrations for F-T with EGR-DPF appear
slightly lower than those for other fuels at most particle sizes.
These low particle emissions could potentially be due to the
low aromatic content of F-T but this behavior did not occur for
the other aftertreatment methods. In general, ultrafine particle
emissions did not correlate well either with fuel aromatic content
(as given in Table 3) or polyaromatic hydrocarbon emissions
(data not shown).

The SMPS results for the CRDPF and EGR-CRDPF shown
in Figure 13 show a similar trend, with particle size distributions
similar for all fuels with the exception of PNOx. The number
concentration for PNOx does not appear to be higher as indicated
by the ELPI data, but the shape of the particle size distribution is
bimodal with a second mode of 60.3 nm below the 79.1 nm mode
shared with the other fuels. This distribution is highly similar to
the distribution for PNOx with DOC aftertreatment (Figure 11),
but at a concentration two to three orders of magnitude lower.
None of the other fuels (including B20 and EULSD) exhibited
bimodal behavior for the EGR-DPF case.

FIG. 13. SMPS distributions steady state for CRDPF and EGR-CRDPF.
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FIG. 14. ELPI distributions cold starts for each aftertreatment method, all
fuels averaged.

3.3 Cold Starts
Data for only one cold start was obtained for each test case,

due to the obvious logistical difficulties involved, and this should
be taken into account when interpreting the data. In addition,
cold start data is not available for every case tested, due to
practical considerations encountered during the testing program;
therefore only those cold starts with accompanying hot start data
are shown. Due to the dynamically variable nature of the test cy-
cle, only ELPI size distribution data could be obtained for the
cold starts. The overall behavior for the cold starts was the same
as that found for the hot start and steady state cases, i.e., no sig-
nificant difference between Engine Out and DOC particle size
distributions or between CRDPF and EGR-CRDPF distributions
(Figure 14). However, the reduction in concentration from En-
gine Out/DOC to CRDPF/EGR-CRDPF was only ca. 94%, as
opposed to ca. 97% for both the hot start case and the steady
state case.

Particle size distributions for the cold starts appeared to have
slightly higher concentration than for hot starts for the Engine
Out and DOC cases, but were not significantly different (data
not shown). Particle size distributions for the CRDPF and EGR-
CRDPF cases, however, did show increases in number concen-
tration for the cold start tests as seen in Figure 15. There was
a ca. 87% increase in concentration for the cold start over the
hot starts for the CRDPF case, with the difference greater for
the small particle sizes (99% at 30 nm) than the large particle
sizes (45% at 6800 nm). The increase for the cold start over
the hot starts was even greater for the EGR-CRDPF case at
95%, with the difference similar for both small and large par-
ticle sizes. However, the large increase for EGR-CRDPF may
be biased by the low concentrations measured for the hot starts,
which are near the minimum of the ELPI measurement range.
These results are based on data averaged across all fuels for

FIG. 15. ELPI distributions for CRDPF and EGR-CRDPF, hot starts vs cold
starts, all fuels averaged.

each aftertreatment method; all fuels exhibited similar behavior
with the exception of PNOx with CRDPF, which was signifi-
cantly higher than other fuels just as it was for the steady state
tests.

4. CONCLUSIONS
Overall, the effect of aftertreatment method on ultrafine par-

ticle size distributions was greater than the effect of changing
fuels, as was previously also found for regulated PM (i.e., PM
2.5 and PM 10) and gaseous emissions (Frank et al. 2004), and
for unregulated emissions (Tang et al. 2007). Particle size distri-
butions for different methods were generally similar, indicating
that the PM reductions achieved by these methods were occur-
ring over the full range of the particle size distributions. Ultrafine
emissions from Engine Out and DOC were approximately equal,
while those from CRDPF and EGR-CRDPF were significantly
lower. Differences in distributions for different fuel types used
with each method were observed only at <420 nm and gener-
ally at <100 nm. Ultrafine emissions were not found to strongly
correlate with fuel sulfur level, fuel aromatic content, or the
addition of oxygenates (as given by Table 3); neither did they
correlate with polyaromatic hydrocarbons also measured in this
study (data not shown).

For the hot start cycles, little to no variation was observed
based on fuel type for Engine Out, DOC, and EGR-CRDPF af-
tertreatment. The ultrafine emissions behavior of the fuels did
diverge for CRDPF aftertreatment, but only below 420 nm. Cold
start behavior generally followed the same pattern as hot starts,
at a higher particle concentration. The steady state cycles were
measured both with ELPI and SMPS, and revealed complex
behavior based on fuel type. The most significant feature of
this behavior was the presence of bimodal distributions, includ-
ing those with modes as small as 8–10 nm. The observation
of such complex behavior emphasizes the necessity of further
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investigations into ultrafine emissions from diesel engines using
methods that can both detect particles at <30 nm and sample at
a rate compatible with transient vehicle testing cycles.
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