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The inﬂuence of fuel properties on particulate matter (PM) emissions from a catalytic gasoline particulate ﬁlter (GPF) equipped gasoline direct injection (GDI) engine was investigated using novel “virtual drivetrain” software and an engine mated to an engine
dynamometer. The virtual drivetrain software was developed in LABVIEW to operate the
engine on an engine dynamometer as if it were in a vehicle undergoing a driving cycle.
The software uses a physics-based approach to determine vehicle acceleration and speed
based on engine load and a programed “shift” schedule to control engine speed. The software uses a control algorithm to modulate engine load and braking to match a calculated
vehicle speed with the prescribed speed trace of the driving cycle of choice. The ﬁrst 200 s of
the World-harmonized Light-duty Test Procedure (WLTP) driving cycle was tested using six
different fuel formulations of varying volatility, aromaticity, and ethanol concentration. The
ﬁrst 200 s of the WLTP was chosen as the test condition because it is the most problematic
section of the driving cycle for controlling PM emissions due to the cold start and cold drive
off. It was found that there was a strong correlation between aromaticity of the fuel and the
engine-out PM emissions, with the highest emitting fuel producing more than double the
mass emissions of the low PM production fuel. However, the post-GPF PM emissions
depended greatly on the soot loading state of the GPF. The fuel with the highest engineout PM emissions produced comparable post-GPF emissions to the lowest PM producing
fuel over the driving cycle when the GPF was loaded over three cycles with the respective
fuels. These results demonstrate the importance of GPF loading state when aftertreatment
systems are used for PM reduction. It also shows that GPF control may be more important
than fuel properties, and that regulatory compliance for PM can be achieved with proper
GPF control calibration irrespective of fuel type. [DOI: 10.1115/1.4050576]
Keywords: gasoline particulate ﬁlter, gasoline direct injection, World-harmonized Lightduty Test Procedure, fuel properties, particulate matter, air emissions from fossil fuel
combustion, fuel combustion

Introduction
Mitigating the emission of harmful pollutants and greenhouse
gasses remains a challenge in the development of internal combustion engines and vehicle systems as regulatory standards continue to
become increasingly stringent [1,2]. The use of gasoline direct
injection (GDI) engines has been widely adopted, with the majority
of new light-duty vehicles powered by GDI engines [3]. GDI
engines can attain higher thermal efﬁciency than their port fuel
injection (PFI) counterparts; however, particulate matter (PM)
emissions are a persistent concern with GDI engines due to the
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nature of the fuel delivery method to the combustion chamber
[4–6]. PM emission control is primarily achieved through a combination of engine control strategies, exhaust aftertreatement devices,
and fuel formulation [7]. These three aspects must be analyzed from
both a component level approach and a system-level approach to
understand their impact on PM emissions and opportunities for
synergistic reduction of PM emissions.
High particulate matter emissions from GDI engines relative to
PFI engines are due to the reduced charge mixing time after the
start of injection. This leads to charge inhomogeneity as well as cylinder wall and piston surface wetting. Fuel-rich regions in the cylinder undergo incomplete combustion and pyrolysis of the fuel
which causes soot formation [7–9]. Fuel formulation also plays
an important role in soot formation. This includes both thermodynamic properties, such as heat of vaporization (HoV), energy
density, and volatility, and chemical properties, such as aromaticity.
Lower volatility fuels require higher temperatures and longer times
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where DBEi is the double bond equivalent for component i, Pvap,i
(443 K) is the vapor pressure of component i at 443 K, and Wti is
the weight fraction of component i. Aikawa et al. showed a good
correlation between the PM Index and PM emissions operating
over the New European Driving Cycle (NEDC).
Gasoline particulate ﬁlters (GPFs) have been shown to signiﬁcantly reduce the tailpipe emissions of PM over regulatory driving
cycles. Particle number (PN) and PM reductions range between
60% and more than 90%, depending on a number of factors including
ﬁlter porosity, ﬁlter pore size, catalyst loading, soot loading, driving
cycle, and other vehicle parameters [18]. As soot is loaded on the
GPF, the ﬁlter pores ﬁll with soot, which increases the ﬁltration efﬁciency. However, this also increases the pressure drop across the
ﬁlter. The ﬁlter must be regenerated by oxidizing the soot once the
pressure drop becomes high enough to affect fuel efﬁciency.
Ideally, a soot loading level could be maintained that optimized
both ﬁltration efﬁciency and fuel efﬁciency. Implementation of
GPFs in GDI engine-equipped vehicles is becoming prevalent in
Europe to meet Euro 6c PN limits, in China to meet China 6(b) PN
limits in 2020 [19], and may be introduced in the United States to
as stricter LEV III PM standards are phased in.
Driving cycle testing is conducted with a vehicle on a chassis
dynamometer, also known as a rolling dyno, with the vehicle following a prescribed speed trace of a regulatory driving cycle that
approximates real-world driving. Emissions and fuel consumption
are measured over the cycle to determine compliance. Thus, determining if a vehicle meets regulatory compliance requires a fully
assembled vehicle. Because engine testing and calibration early in
the development process is conducted on an engine dynamometer,
testing driving cycles with an engine dynamometer could reduce the
time required for in-vehicle calibration on a chassis dynamometer
and in real-world tests. Testing driving cycles on an engine dynamometer would allow engine control strategies and aftertreatment
components to be modiﬁed before ﬁnal vehicle assembly.
Testing driving cycles with an engine dynamometer requires a
model of drivetrain components and vehicle speciﬁcations in
order to operate the engine as if it was in a vehicle performing in
the vehicle itself on the road. The literature review yielded few published works on testing driving cycles using an engine dynamometer. Kę der et al. proposed an engine dynamometer test stand
for driving cycle simulation [20]. The authors outlined all necessary
hardware and software, including a vehicle model, which would
allow the operation of an engine on an engine dynamometer as
though it was operating in a vehicle performing a driving cycle.
However, no experimental engine data were presented, so it is not
known whether the system was successful at completing its objectives. In a master’s thesis by Androne and Rao, a hardware-in-loop
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methodology was applied to an engine dynamometer and vehicle
model to operate and engine over the World-harmonized Light-duty
Test Procedure (WLTP) and NEDC driving cycles [21]. They were
able to control the engine to match calculated vehicle speed within
2 km/h of the driving cycle speed traces and showed comparable
fuel consumption and CO2 emissions to the engine in a vehicle
running the driving cycles on a chassis dynamometer.
No previous published work was found on PM emissions from an
engine on an engine dynamometer operating over a driving cycle. In
the current study, the authors sought to determine the impact of fuel
properties on engine-out and post-GPF PM emissions of a GDI
engine operating overcritical portions of a relevant driving cycle.

Methods/Experimental. The test engine used in this study was
a BMW N43B20 2.0 L, naturally aspirated, in-line four-cylinder
engine. The engine speciﬁcations are listed in Table 1. This
engine was used in BMW 120i, 320i, and 520i vehicles in the European market from model years 2007–2011. The engine featured
centrally mounted, outward opening, spray guided piezoelectric
injectors. The engine was controlled by a National Instruments
Powertrain Controls engine controller in lieu of the factory engine
controller to allow full control of all engine parameters. The calibration was developed by another research group and National Instruments at Oak Ridge National Laboratory using a vehicle on a
chassis dynamometer with the factory engine controller [15]. A
three-way catalyst (TWC) wash-coated GPF was installed in the
exhaust of the engine to evaluate ﬁltration performance.
A virtual drivetrain model was designed in LABVIEW software to
control the dynamometer in such a way that the engine would
behave as if it were connected to a transmission in a vehicle. A schematic/ﬂowchart of the virtual drivetrain, the driving cycle controller, and the engine hardware is shown in Fig. 1. The virtual
drivetrain inputs were brake torque, engine speed, virtual gear
“vGear,” virtual brake “vBrake,” and vehicle speciﬁcations to calculate an instantaneous acceleration. The drivetrain model loop
was executed with a speciﬁed Δt value of 100 ms. Then, the calculated acceleration is multiplied by Δt to calculate the change in
vehicle speed over the time-step, which is added to the previously
calculated vehicle speed, to obtain the new calculated vehicle
speed. To determine vehicle acceleration, the net road force is calculated using Eq. (2)
Froad = Fdriveline + Fd + Frr + Fbrake

(2)

where Froad is the net road force, Fdriveline is the driveline force produced by the engine, Fd is the aerodynamic drag force, Frr is the
rolling resistance, and Fbrake is the braking force. The driveline
force produced by the engine is the product of the brake (crank)
torque, the current gear ratio, the ﬁnal drive ratio, the driveline efﬁciency, and the inverse of tire radius. The calculation for the driveline force is calculated using Eq. (3)
Fdriveline = τcrank Rg R fd ηdriveline rtire −1

(3)

where τcrank is the crank torque produced by the engine, Rg is the
gear ratio of the current gear, Rfd is the ﬁnal drive ratio, ηdriveline

Table 1 Test engine geometry and speciﬁcations
Model number
Displacement (cc)
Bore × Stroke (mm)
Compression ratio
Rated power (kW)
Rated torque (Nm)
Induction
Injection
Max rail pressure (bar)

N43B20
1995
84 × 90
12:1
125 @ 6700 rpm
210 @ 4250 rpm
Naturally Aspirated
Central Spray Guided Piezo Injectors
200
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to evaporate, which leads to charge inhomogeneity and soot formation [10]. Partial oxidation of aromatic compounds is known to
produce soot precursors, thus, fuels with high concentrations of aromatics generally produce higher PM emissions [11]. Fuel oxygenates have varying effects on soot formation, depending on
concentration and oxygenate. Ethanol, for example, has been
shown to increase soot concentrations under some conditions and
reduce soot concentrations under others [12–15]. This is due to
two counteracting effects: higher concentrations of ethanol diluted
the concentration of aromatics in the fuel, reducing soot;
however, the high heat of vaporization of ethanol inhibits the evaporation of the fuel, leading to poor charge composition [16].
Fuel properties can be analyzed to determine a fuel’s propensity
for PM emissions. A predictive model for calculating a fuel’s propensity for PM production, called the PM Index, was developed by
Aikawa et al. [17]. The PM Index is based on the mass fraction,
double bond equivalent (DBE), and vapor pressure of each of the
fuel’s components. The equation for calculating the PM Index is
shown in Eq. (1)

n 

DBEi + 1
(1)
× Wti
PM Index =
Pvap,i (443 K)
i=1

1
2
Af
Fd = − Cd ρVvehicle
2

Table 2 Fuel properties tested

Fig. 1 Schematic of virtual drivetrain, driving cycle controller,
and engine hardware

(4)

where Cd is the drag coefﬁcient of the vehicle, ρ is the air density,
Vvehicle is the vehicle velocity, and Af is the frontal area of the
vehicle. The rolling resistance force is calculated as the product
of the coefﬁcient of friction for the tires and road Cf, the mass of
the vehicle m, and the acceleration due to gravity g. The equation
for the rolling resistance force is shown in Eq. (5)
Frr = −Cf mg

(5)

The vehicle acceleration was calculated as the ratio of the road
force over the mass of the vehicle. The equation for vehicle acceleration, avehicle, is shown in Eq. (6)
avehicle =

Froad
m

Fuel ID

Aromatics (%)

T90 (°C)

EtOH (%)

AKI

PMI

Baseline
A-1
A-2
V-1
V-2
E15
E50

27.0
22.4
42.9
29.4
29.4
28.5
16.7

162
160
166
129
187
160
160

9.9
9.9
9.9
9.9
10.0
15.2
50.0

90.8
90.9
92.6
90.8
91.7
93.6
96.3

NA
1.2
1.8
0.7
2.2
1.4
1.1

Note: Bold values indicates that these are the properties deviated from the
baseline fuel.

(6)

The vehicle velocity was calculated by adding the previous
vehicle velocity, Vvehicle,o, to the product of the vehicle acceleration
and loop execution time, Δt, and is shown in Eq. (7)
Vvehicle = Vvehicle,o + avehicle Δt

(7)

A set of shift matrices within the virtual drivetrain controlled
what virtual gear (vGear) the vehicle was in. The shift matrix
inputs were engine speed and load, then it was determined if an
“upshift” or “downshift” was required based on engine speed and
percent load. There were unique shift matrices for gears 1, 2, and
3–6. The virtual brake (vBrake) was a variable in the virtual drivetrain model representing a braking force from 0 to 10 kN. When the
vBrake was be applied, the total road force became negative, which
decreased the calculated vehicle speed, and thus the engine speed
until a downshift was determined to be required. The driving
cycle controller was a proportional–integral–differential (PID) controller that took calculated vehicle speed and desired vehicle speed
as inputs and output a signal to the throttle or the vBrake to either
increase or decrease the vehicle speed. The set of described
Journal of Energy Resources Technology

Fig. 2 Engine and instrumentation schematic showing dilution
system and instruments used in the experimental study
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is the driveline efﬁciency, and rtire is the tire radius. The aerodynamic drag force is calculated using Eq. (4)

components allowed the engine to operate over any predeﬁned
vehicle speed trace as if it were in a vehicle performing the speed
trace.
Seven different fuel formulations were tested in the experimental
study. A list of fuels and fuel properties is shown in Table 2 including percentage of aromatics, distillation temperature T90, ethanol
concentration, ani-knock index (AKI) where AKI is the arithmetic
mean of the research octane number (RON) and the motor octane
number (MON), and PM Index. The fuels were formulated based
on a baseline E10 Euro 6 certiﬁcation fuel. They were match
blended to change one fuel property while keeping the others as
close to the baseline as possible.
The emissions sampling system and measurement instrumentation are shown in Fig. 2. As described in previous work [16],
gaseous emissions were measured using an AVL (Graz, Austria)
SESAM i60 FT multi component exhaust measurement system
composed of a Fourier transform-infrared (FT-IR) spectrometer, a
ﬂame ionization detector (FID), and a paramagnetic oxygen detector. PM emissions were measured by an AVL MicroSoot Sensor
(MSS), two TSI (Shoreview, MN) engine exhaust particle sizers
(EEPSs), and two TSI condensation particle counters (CPCs) with
11 nm cutoff sizes. The MSS measured soot mass concentration
upstream of the GPF, the EEPSs simultaneously measured particle
size distributions (PSDs) upstream and downstream of the GPF at a
rate of 1 Hz using the soot inversion matrix to determine real-time,
size-resolved GPF ﬁltration efﬁciency, and the CPCs measured PN
concentration pre- and post-GPF. Two catalytic strippers (CSs)
were operated at 300 °C in order to remove all volatile and semivolatile material from the exhaust gas such that the particle
emissions measured by EEPSs and CPCs were that of only solid
particles. The CS operating principles and performance are
described in other work [22].

deviation over the test was less than 0.1 mph. This was true for
every fuel and was extremely repeatable due to the nature of the
virtual drivetrain (maximum deviations in same location and of
same magnitude), thus only the trace for the baseline fuel on the
engine dyno is shown.
Figure 4 shows the test engine torque and speed compared with
the engine in the vehicle over the ﬁrst 200 s of the WLTP cycle. The
speed and torque traces of the BMW test engine were comparable to
that of the actual vehicle. The torque output for the chassis dynamometer vehicle is a calculated crank torque from an ECU lookup
table, which is likely why there are large spikes at throttle tip-in.
However, the trends in torque are very similar between the
chassis dynamometer and the engine dynamometer. The toque discrepancy at idle is due to torque converter drag and ancillary loads
not associated with the engine dyno. The trends in engine speed for
the engine dynamometer and chassis dynamometer also are in good
agreement. The slight differences in torque and engine speed
between the engine dynamometer test and the chassis dynamometer
test can be attributed to differences in shift matrices. The shift
matrix for the engine dynamometer tended to hold gears longer
than the chassis dyno, resulting in slightly higher engine speed
and lower brake torque for some portions of the cycle to attain
the same acceleration.
Average PSDs are shown for the pre-GPF and post-GPF sampling location in Fig. 5. These are average size distributions
emitted for each fuel over three runs of the ﬁrst 200 s of the
WLTP. The standard deviation for each curve is approximately
one order of magnitude due to spikes and dips in concertation
due to fuel tip-in and fuel cut and is not shown, so the individual
curves can be clearly seen. The E50 fuel produced the lowest
average particle concentrations of any fuel throughout the size
range. Under these conditions, the dilution of aromatics was

Results and Discussion
Vehicle driving cycle data were provided by an automotive
partner for a vehicle with a similar displacement, naturally aspirated
engine operating over the WLTP cycle on a chassis dynamometer.
Vehicle speed traces are shown in Fig. 3 for the target speed of the
WLTP, the simulated vehicle speed using the virtual drivetrain and
engine dynamometer, and for a medium-sized vehicle on the chassis
dynamometer. The maximum deviation from the speed trace for the
engine dynamometer was less than 1 mph, and the average

Fig. 3 Simulated vehicle speed versus time over the ﬁrst 200 s
of the WLTP cycle compared with the manufacturer-provided
data and the prescribed target speed for the cycle

102307-4 / Vol. 143, OCTOBER 2021

Fig. 4 (a) Engine torque and (b) engine speed versus time over
the ﬁrst 200 s of the WLTP cycle compared with the manufacturer
provided
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Exhaust sample for particle measurement required dilution to
“freeze” the size distributions by decreasing the particle concentration to inhibit the particle coagulation rate so that the PSDs did not
shift to larger sizes. Dilution was also required to reduce the water
concentration to eliminate condensation as well as to keep the particle concentrations within the measurement limits of the particle
instruments. Ejector pump (EP) diluters were used with critical oriﬁces to maintain a constant sample ﬂowrate. The pre-GPF dilution
ratio was approximately 100 ± 1:1 and was measured throughout
testing using the CO2 concentration measured downstream of the
diluter by an infrared CO2 detector. The post-GPF dilution ratio
was approximately 50 ± 1:1 and was measured by the same
method as the pre-GPF dilution ratio, but it was measured prior to
testing as opposed to during testing. Particle loss through the CS
was characterized in a previous study, and all reported particle emissions in this study are loss corrected by the method described in that
work [23]. Particle mass was calculated from the particle size distributions measured by the EEPS and the size-dependent density function determined by Maricq and Xu for a GDI vehicle operating
under steady-state conditions [24].
The ﬁrst 200 s of the WLTP cycle was selected for evaluating PM
emissions. This portion of the driving cycle is the most problematic
for PM emissions due to cold start and cold drive off. Each fuel was
tested under this portion of the driving cycle three times. The GPF
was regenerated before each fuel was tested, so each fuel test started
with a clean ﬁlter. The GPF loaded over the course of three runs for
a speciﬁc fuel before it was regenerated for testing the next fuel.
GPF regeneration was accomplished by running ∼700 °C exhaust
through the ﬁlter under slightly lean conditions for 10 min followed
by a fuel cut. The engine was cold soaked after each test such that all
engine components were at ambient temperature (∼20 °C) before
starting the next test. The fuel system and engine were purged
and ﬂushed with new fuel prior to starting the testing the next
fuel test.

thought to a concern with GPF implementation. However, with a
clean GPF and high oil consumption, these results show that
there can be considerable 10 nm particle penetration. This could
be addressed by optimizing ﬁlter pore size for >99% ﬁltration efﬁciency with a clean ﬁlter. On the other hand, an engine with very
high ash emissions will eventually load the ﬁlter with ash and
increase the ﬁltration efﬁciency, mitigating the ash slip problem.
Figures 6 and 7 show the pre- and post-GPF solid PN > 23 nm
and PM emissions calculated from EEPS PSDs for three fuels
over three runs with error bars representing one standard deviation.
The fuels highlighted here are the highest emitter (the high aromatics fuel A-2), the lowest emitter (E50), and one in between the two
(the low volatility fuel V-1).

dominant, outweighing the effect of delayed fuel evaporation
caused by the high HoV of the ethanol. The high aromatics fuel produced the highest average particle concentrations of any fuel
throughout the entire size range. It appears under these conditions
the pathway from aromatics to soot precursors is dominant in producing PM compared with the volatility effect because the low volatility fuel has the highest PM Index but produced fewer particles on
average.
All fuels produced large 10 nm ash modes thought to originate
from lubrication oil additives. This is consistent with the observed
high oil consumption of the engine. The peaks of the ash mode generally followed the trend of the ∼80 nm accumulation (soot) mode. If
the accumulation and ash mode formation mechanisms were independent from one another, it would be expected that the ash mode
would decrease as the accumulation mode increased due to the
large soot particles scavenging the small ash particles. However,
because this is not the case, it appears that the ash and soot mode
are linked. As discussed in previous work, there may be fuel impingement on the cylinder walls which partially washes away the oil ﬁlm
and allows it to detach, atomize, and eventually be burned, leaving
behind only the noncombustible ash particles [16].
The post-GPF size distributions show the GPF was very effective
at removing the 10 nm ash mode. The concentration of 10 nm ash
particles was reduced by two orders of magnitude for most fuels,
corresponding to a ﬁltration efﬁciency of 99% at this size.
However, because such a large ash mode was emitted from the
engine-out location, a signiﬁcant amount of 10 nm ash particles
slipped through the GPF. Current PN emission limits are for particles greater than 23 nm under the European Particle Measurement
Programme (PMP) [25]. Due to the high toxicity of very small particles, it is possible that the PN regulatory limits will be reduced to
include 10 nm particles in the future. Because many GPFs can
capture more than 99% of 10 nm particles, they may not be
Journal of Energy Resources Technology

Fig. 6 Cumulative solid PN > 23 nm pre- and post-GPF over the
ﬁrst 200 s of the WLTP

Fig. 7 Cumulative PM pre- and post-GPF over the ﬁrst 200 s of
the WLTP
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Fig. 5 (a) Average pre-GPF and (b) post-GPF PSDS over the ﬁrst
200 s of the WLTP

Fig. 8 Average size-resolved ﬁltration efﬁciency over each
200 s run of the WLTP for fuels A-2, V-1, and E50 with total ﬁltration efﬁciency for PN > 23 nm listed for each run

102307-6 / Vol. 143, OCTOBER 2021

are highlighted to show the trends with a high, mid, and low emitting fuel, respectively. For each fuel, the ﬁltration efﬁciency curve
increased for each subsequent run as soot was loaded over the three
runs. For each fuel, the most penetrating particle size (MPPS) was
near 100 nm and for each run (ignoring downward slopes around
500 nm for now), and for each fuel, the ﬁltration efﬁciency at
MPPS on the ﬁrst run was just under 60%. This shows each
round of fuel testing started with a clean ﬁlter. For the A-2 fuel,
the ﬁltration efﬁciency exceeded 90% at 100 nm on the third run,
whereas the V-1 fuel and E50 fuel only reached 77% and 67%,
respectively, at 100 nm on their third runs. The total ﬁltration efﬁciency for PN > 23 is shown in the legend. By the third run the E50
fuel only reaches 0.784, while the A-2 fuel reaches 0.928. This illustrates how the highest engine-out emitting fuel, A-2, produced
lower post-GPF emissions than the lowest engine-out emitting
fuel, E50.
The ﬁltration efﬁciency curves all showed an unusual drop in ﬁltration efﬁciency near 500 nm. This is unusual because for most
ﬁlter media, the MPPS is near 100–200 nm. Particles smaller than
the MPPS are effectively trapped by diffusion, and particles
larger than that are effectively trapped by impaction and interception [26]. From examining the time resolved PSD data for each
run, there are very few ∼500 nm particles emitted from the engineout location. However, at around 180 s elapsed time into the cycle,
there was a large spike in ∼500 nm particles from the post-GPF
location for all fuels, with no emission of particles of this size at
the pre-GPF location. During this period, the engine goes from a
high load to a fuel-cut condition.
Initially, the post-GPF spike in PM was thought to maybe a
partial regeneration. However, the GPF temperature only got as
high as ∼150 °C, which is too low for regeneration. It is currently
unclear what caused this throughout all the tests. Particles of this
size could be catalyst material from the GPF releasing during a
sudden change in ﬁlter ﬂowrate; suspended soot particles of this
size are very rare. Another explanation could be the release of coagulated soot particles at the back of the ﬁlter. This would be an interesting area to explore, but because the relative concentration of the
∼500 nm particles is orders of magnitude less than particles in the
10–100 nm size range, the tail in the ﬁltration efﬁciency curve
does not signiﬁcantly affect the total ﬁltration efﬁciency. Furthermore, these 500 nm particles do not signiﬁcantly contribute to the
overall number or mass of particles emitted.
Comparisons between cumulative soot mass emitted and cumulative PN > 23 nm emitted over the ﬁrst 200 s of the WLTP cycle with
the PM Index and fuel aromatics concentration at the engine-out
location are shown in Fig. 9. The soot concentration measured by
the MSS correlated about equally well with the aromatics concentration as it did with the PM Index, with an r-squared value of
∼0.5. The engine-out PN > 23 correlated well with the aromatic
concentration of the fuel, but poorly with the PM Index. This
may be explained by looking at the soot and PN > 23 nm concentrations. There should be a strong linear correlation between soot mass
and PN > 23 nm if particle density and the particle size distribution
remain constant.
A discrepancy can be seen between the PN > 23 and soot concentration in the order of the relative magnitudes for each fuel. The low
volatility fuel, V-2, produced the highest soot concentrations but the
high aromatics fuel, A-2, produced the highest PN > 23 nm concentrations. From examining the particle size distributions in Fig. 5, the
A-2 fuel emitted a higher fraction of particles between 23 nm and
100 nm than the V-2 fuel. Above 100 nm, the PSDs from the two
fuels converge. If the soot mass emitted was equal for the A-2
and V-2 fuels, it could be explained that most of the particle mass
is in the distribution above 100 nm. However, because the V-2
has higher soot mass than A-2, it would seem to indicate that it
also has higher soot density.
Figure 10 shows correlations between post-GPF PM emissions
and the fuel aromatics concentration and PM Index. No correlation
existed between the post-GPF PM emissions and aromatics or the
PM Index. The post-GPF PM emissions were not signiﬁcantly
Transactions of the ASME
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The pre-GPF emissions were very repeatable with each fuel
showing distinct traces. For the ﬁrst 200 s of the WLTP cycle, the
high aromatics fuel produced the highest cumulative pre-GPF emissions and the high ethanol fuel producing the lowest cumulative
pre-GPF emissions. However, there was high run-to-run variability
in the post-GPF emissions. The highest variability was seen for the
A-2 fuel. The A-2 fuel had the highest post-GPF emissions of the
three fuels on the ﬁrst run with a clean GPF; however, the A-2
fuel had the lowest post-GPF PM emissions of any fuel on the
third run. The high engine-out PM emissions from the A-2 fuel
loaded the GPF over the ﬁrst two runs and increased its ﬁltration
efﬁciency to a high level. Even though the engine-out emissions
stayed high during the third run, because the GPF ﬁltration efﬁciency was sufﬁciently high, the post-GPF emissions were lower
than any fuel. This shows the signiﬁcance of the state of loading
of the GPF. The E50 fuel produced the lowest average cumulative
post-GPF PM emissions. However, the A-2 fuel produced the
second-lowest average cumulative post-GPF PM emissions, even
though the average pre-GPF emissions were much high than the
V-1 fuel.
The effect of the soot loading on GPF ﬁltration efﬁciency over
the three runs is shown in Fig. 8. Again, fuels A-2, V-1, and E50

Fig. 10 Correlation between (a) cumulatve post-GPF PN > 23 nm and aromatics, (b) post-GPF PM
and aromatics, (c) post-GPF PN > 23 nm and PMI, and (d ) post-GPF PM and PMI
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Fig. 9 Correlation between (a) cumulatve pre-GPF PN > 23 nm and aromatics, (b) pre-GPF soot
and aromatics, (c) pre-GPF PN > 23 nm and PMI, and (d) pre-GPF soot and PMI

different from each other. This was due to, as discussed earlier, the
GPF loading faster for the fuels the emitted higher engine-out PM.
The ﬁrst 200 s of the WLTP corresponds to 0.93 km of distance traveled, so the cumulative emissions shown are approximately the
same as the emission per km, e.g., mg/km. If only looking at
the ﬁrst 200 s, all of the fuels would fail the Euro 6c PN limit of
6 × 1011 part./km for this section of the test and all would pass the
Euro 6c and PM limit of 4.5 mg/km with the GPF installed.
Though the PN number limit is much harder to achieve, and as
the engine warms up over the cycle, the lower emissions through
the remainder of the cycle may be enough to bring the average
#/km emissions below the limit. Future work will seek to evaluate
this over the entire driving cycle.

Driving cycle testing was demonstrated with an engine on an
engine dynamometer using a novel, software programmed virtual
drivetrain. The virtual drivetrain commanded the engine to operate
under speed and load conditions as if it were performing the
driving cycle. Calculated vehicle speed was well within the acceptable limits of the driving cycle, and engine speed and load traces
were comparable to that of a similarly sized engine running the
driving cycle on a chassis dynamometer. This development
allowed PM emission testing and GPF performance evaluation
over a driving cycle with the use of an engine dynamometer. The
virtual drivetrain offers an option for testing driving cycles without
the expense and footprint of a vehicle on a chassis dynamometer.
This expands the limits for what can be done at certain research facilities and can reduce engine calibration and emission control development time in corporate engineering departments.
Particulate matter emissions were measured pre- and post-GPF
with six different fuel formulations over the ﬁrst 200 s of the
WLTP cycle. The results showed high PM emissions from all
fuels and illustrated why this challenging section of the regulatory
cycle is important for mitigating emissions. Each fuel produced
repeatable engine-out PM emissions. The high aromatics fuel produced the highest engine-out particle concentrations, approximately
a factor of 2 higher than the E50 fuel. However, the average
post-GPF PM emissions were not signiﬁcantly different between
fuels. The post-GPF emissions were more dependent on GPF
loading state than engine-out PM emissions. Fuels that emitted
high engine-out PM rapidly loaded the ﬁlter and increased its ﬁltration efﬁciency, while the lower engine-out emitting fuels did not
effectively load the ﬁlter over the test, and therefore did not
beneﬁt from increased ﬁltration efﬁciency. These results show
that current and future PM emission standards could be met more
easily through optimized control of GPF loading state. It is not
clear whether the loading state of the GPF will be a controlled
parameter in regulatory testing of PM. Optimizing the GPF
loading state is a complicated control strategy. However, with
proper engine calibration, emissions limits are attainable irrespective of fuel type.
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