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General Introduction

In order to limit the contributions to global warming due to burning of fossil fuels, major
countries across the world have set new targets on reducing vehicular fuel consumption and
tailpipe CO, emissions. As the CO, emission standards around the world become more
stringent, the turbocharged downsized gasoline direct injection (GDI) engine provides a mature
platform to achieve better fuel economy. For this reason, it is expected that the GDI engine will
capture increasing shares of the market during the coming years. The in-cylinder liquid
injection, though advantageous in most engine operation regimes, creates emissions during the
cold crank-start and cold fast-idle phases. The engine cold-start is responsible for a
disproportionate share of the hydrocarbons (HC), carbon monoxide (CO), nitrogen oxides (NOx)
and particulate matter (PM) emitted over the certification cycle. Understanding the sources of
the pollutants during this stage is necessary for the further market penetration of GDI under
the constraint of tighter emission standards. This thesis aims to examine the formation
processes of the principal pollutants during various conditions in a GDI engine, and the
sensitivity of the pollutant emissions to different calibration strategies. To this end, a detailed
analysis was carried out with regard to the main engine combustion parameters. The results
show that the pollutant formation processes are strongly dependent on the mixture formation
and on the temperature and pressure history of the combustion process, so particular attention
must be reserved to the engine calibration.



Targets

Within the research topics of the PhD course, the principal targets have been the following:

1. Experimental investigation of impact of injection timing on particulate number

emission of a modern gasoline direct injection engine using RON 98 and RON 95 E5
Fuels.
In this work, a wide injection timing sweep window was studied and this helps a better
understanding of the impact of the mixture preparation on engine performance.
Therefore, this work also examined the strong impact of injection timing on combustion
process and particulate matter emissions under different loads and speed conditions of
a GDI engine. In addition with regard to the studies in literature, it is still not conclusive
as to whether the use of Ethanol may cause an increase or decrease in particulate
emissions from current S| engines. In fact for GDI engines, results show both increases
and decreases demonstrating that the details of combustion system design and engine
operating points are very important. In this work a meticulous analysis was performed in
order to understand the effects of Ethanol on PN emissions.

2. Numerical study on emissions reduction using multiple injection strategies.

In order to meet the required performance and emission targets, focusing on the
reduction of particulate emission, a multiple injection strategy can be considered as an
option to control both the mixture stratification and the wall impingement.

It's well known that, for the engine cold conditions, the use of multiple injection
strategies is very common in order to avoid the PN increase emissions, these last linked
to the piston impingement effects. In this work a numerical investigation is performed
with the aim of understanding the potential benefits of multiple injections strategies
also for engine warm conditions and for an upper middle operating point. The analysis
makes use of an advanced simulation tool, which allows to select particular strategies to
be validated on engine bench. As first step an accurate engine model and calibration
setup were realized in order to have a better prediction in terms of performance, fuel
consumption and pollutants emissions with regard to the measures obtained from the
test bench. As second step an accurate analysis was realized with regard to the
comparison between homogeneous and stratified operations, thus leading to important
final considerations.

3. Research and development of calibration strategies for catalyst heating.
For the engine in cold conditions, the Three way catalyst is not at operating temperature
so its emission conversion capability is significant inhibited. As a consequence, the
tailpipe emissions during the first phase of an engine cold start make up about 60 + 80 %
of the total emissions during a regulatory test procedure. In this work the target has
been of finding a good calibration strategy in order to ensure an optimum compromise
of catalyst heating potential, smooth running and low raw emission levels.



1. Why the Emphasis on Gasoline Direct Injection Engines ?

In order to limit the contributions to global warming due to burning of fossil fuels, major
countries across the world have set new targets on reducing vehicular fuel consumption and
tailpipe CO; emissions (see Figure 1.1). Achieving these targets would require CO; reductions of
the order of 3% — 6% per year across major markets. In response, vehicle manufacturers are
rapidly advancing and implementing various technologies aimed at reducing fuel consumption
and tailpipe emissions [1]. One approach that has gained popularity is that of replacing
traditional port fuel injected (PFI) or multi-port injected (MPI) gasoline engines by boosted,
downsized gasoline direct injected (GDI) engines [2, 3, 4, 5].
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Figure 1.1 Vehicular tailpipe CO, targets in selected countries [1]

In 2016, GDI vehicles captured ~49% of the light-duty car and truck market share in the United
States, within only 9 years from their introduction [6]. The key difference between GDI and PFI
engines lies in the fuel-air mixture preparation before combustion. In PFl engines, the fuel is
injected upstream of the intake valve or in the intake manifold for mixing with air before
entering the cylinder. In GDI engines, fuel is injected directly into the combustion chamber, and
the associated charge cooling mitigates engine knock and enables operations at higher
compression ratios. Furthermore, the amount and timing of fuel injected into the chamber can
be more precisely controlled, leading to improved combustion and fuel economy gains.



However, the improved fuel economy of GDI engines is accompanied with an undesirable
increase in the formation of particulate emissions. The direct injection of fuel in the combustion
chamber leads to insufficient time for mixture formation and fuel impingement on the
relatively cooler combustion chamber surfaces, leading to fuel-rich regions, incomplete
combustion, and particulate formation. On the vehicle side, practically all diesel engines are
equipped with a diesel particulate filter (DPF) to capture these particulates.

1.1. GDI Vs PFI

PFl is a pressurized indirect injection system, in which the injection of fuel takes place in the
inlet port, before the air enters in the combustion chamber. The electronic control unit (ECU)
commands the amount of fuel per injection event by adjusting the length of time a fixed orifice
in the injector is open. Fuel is injected as a fine spray in the air inlet port, where homogenous
mixing of fuel and air takes place. The homogenized combustible mixture, also known as
‘charge’, enters the cylinder via the cylinder intake valve. The fuel is injected at a pressure
slightly higher than the intake manifold pressure, so that the amount of fuel injected per
injection event is determined only by the length of time the orifice in the injector is opened by
the ECU. The length of time is known as the ‘pulse width’ of the injector. The engine fuel
requirements change according to engine speed, load and temperature. The ECU tailors the
amount of fuel injected based on these factors by modulating the pulse width of the injector,
and the frequency of injection events. However, since the injection point is upstream of the
intake valve, a liquid fuel film can form on the intake port walls and intake valve in PFI engines.
Accumulation of liquid film on the walls alters in an uncontrolled manner the air-fuel ratio of
the charge delivered to the cylinders, and causes lags and overshoots in the fuel flow with
respect to the airflow delivered [7, 8, 9, 10]. In comparison, GDI is a high-pressure direct
injection system. Similar to PFI, the ECU controls the amount of fuel injected per injection event
by adjusting the length of time a fixed orifice in the injector is open. Unlike PFI, the fuel is
injected directly into the cylinder at a much higher pressure with the intent of creating
heterogeneous variation in the fuel and air mixture, also known as a ‘stratified charge’.
Stratified charge in GDI can be used to ignite mixtures which are, on average, leaner than PFl,
but are richer closer to the spark plug. GDI reduces fuel transport delay, which enables very
precise control of injection timing and air fuel ratio. The amount and timing of fuel injected in
GDI can be better tailored to match variation in engine load than in PFl due to in-cylinder
injection. Direct injection reduces errors in maintaining proper combustion stoichiometry,
which are also known as fuel-metering errors. GDI also eliminates the formation of a liquid fuel
film found on intake port walls and intake valves in PFl engines. However, fuel impingement can
occur on cylinder walls and piston surface in the GDI. In GDI, the timing of fuel injection event
can be varied, and there can be multiple injection events during intake stroke and/or
compression stroke within the same combustion cycle. More than one injection pulse enables
variation in the level of stratification in the combustion chamber.
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Injection events during the intake stroke result in homogenous charge and during the
compression stroke result in heterogeneous charge. Thus, more than one injection events
enable staged combustion in GDI. Staged combustion helps prevent knock, which enables an
increase in compression ratio for improved engine efficiency [7, 8, 11, 12, 13, 14, 15, 16, 17].
Directly injected fuel vaporizes utilizing heat within combustion chamber, thereby producing a
cooling effect. This results in a higher compression ratio and volumetric efficiency than a PFI
engine [8, 11]. Compression ratio, which is the ratio of the maximum to minimum volume in the
cylinder, is limited by the temperature inside the combustion chamber at the end of the
compression stroke. If the temperature at the end of the compression stroke is higher than the
flash point of the fuel, the charge will auto-ignite, producing a ‘knock’. The cooling effect of the
injection spray results in lower temperature at the end of the compression stroke, and allows
GDI engines to have higher compression ratio than PFl engines by 1 to 2 ratios [7, 8, 11, 12, 17].
Volumetric efficiency is the ratio of the mass of air and fuel mixture drawn into the cylinder
during the intake stroke to the mass that would occupy the displaced volume of the cylinder if
the air density in the cylinder were equal to the air density in the air intake manifold.
Volumetric efficiency is, thus, a mass ratio and not a volume ratio. When the volume of final
mixture decreases, the density of the mixture increases, which results in higher volumetric
efficiency [18]. The cooling effect of the spray increases volumetric efficiency of GDI engines
over PFl engines. The cooling effect of the spray increases volumetric efficiency of GDI engines
over PFl engines. In a PFl engine, droplets of liquid fuel sprayed into the intake port wet the
intake port wall and intake valve, and evaporate mainly by absorbing thermal energy from
these surfaces. In contrast, in a GDI engine, fuel droplets are vaporized mainly by absorbing
thermal energy from the air. This results in cooling of the mixture, which in turn leads to a
decrease in the volume and increase in the density of the mixture [8, 11, 12]. Calculations and
experiments to quantify the potential volumetric efficiency benefits and reduction in
temperature of charge have been done by [8, 11]. Anderson et al. [11] calculated the change in
final mixture volume compared to the volume of intake air for two extreme cases. Both cases
consider typical conditions where initial intake air temperature is 100°C and fuel temperature is
50°C. A decrease of 5% in final mixture volume was estimated for a case in which fuel was
completely evaporated by air, and an increase of 2% in final mixture volume was estimated for
a case in which fuel was evaporated completely due to the intake port wall and intake valve
surface. These extreme cases are unrealistic, as the fuel also absorbs heat from the air in a PFI
engine, and from the cylinder walls in a GDI engine, but they serve to illustrate the potential
differences. Anderson et al. [11] postulated that the actual volumetric efficiency advantage of
GDI engines over PFl engines lies in between these two ideal cases. If the intake air and fuel
temperatures are varied, the estimated difference at constant pressure in charge temperatures
for these extreme cases can be as large as 30°C. In experiments performed by Wyszynski et al.
[8], they found that changing from PFl to GDI in the same engine led to a 9% increase in
volumetric efficiency. Wyszynski et al. [8] found that the improvement is between 50 and 70%
of the theoretical maximum possible, which they have calculated separately under varying
intake air and fuel temperatures. The improvement is limited by the finite time available for
evaporation of the fuel droplets, and by direct impingement of the injection spray onto surfaces
in the combustion chamber in a GDI engine.
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Higher compression ratio and volumetric efficiency, coupled with better control of fuel and air
staging, lead to higher specific power output, higher torque and increased engine efficiency [7,
8, 11]. For achieving higher injection pressure and more precisely timed fuel injection events,
GDI engines require more sophisticated fuel injection hardware, a high-pressure fuel pump and
a more complex engine control system compared to PFl engines [7, 11]. GDI engines are,
therefore, more difficult to build, require better materials and higher precision in
manufacturing. This increases the cost to design and manufacture GDI engines by $213 to $321,
depending on the engine size [19]. A high-pressure fuel pump also requires more electrical
power to operate, which affects the fuel consumption [7].

1.2. Types of GDI Systems

In GDI engines, fuel is injected into the cylinder from a single point orifice, which can be located
either on the side wall, or at the top of the cylinder. GDI engines in which fuel injector is
mounted in the side wall are known as wall-guided (WG), whereas, GDI engines in which the
injector is mounted at the top of the cylinder are known as spray-guided (SG). In WG systemes,
the fuel injector is located on the side of the cylinder near the corner of the cylinder head and
the cylinder wall, and fuel-air mixing primarily relies on piston head geometry. The fuel spray is
injected towards the piston head where it is redirected towards the spark plug for ignition. WG
systems were employed in the first generation GDI engines. The major disadvantage of WG
systems is fuel impingement on piston surface and cylinder walls, which results high particulate
emissions. SG systems are an improvement over WG systems, due to their potential to reduce
particulate emissions. In SG systems, the location of injector relative to the spark plug is such
that some of the fuel is directed towards the spark plug for ignition, while the remaining fuel is
dispersed into the remainder of the cylinder. The injected fuel-vapor cloud assumes a hollow
conical shape inside the chamber. SG systems are designed to reduce fuel impingement on
piston surface and cylinder walls. There has been a movement towards SG systems in lieu of
WG systems. SG systems are being employed in the second generation GDI engines [7, 20, 21,
22].

1.3. Operation of GDI under Low and High Loads

The operation of GDI engines differs for low and high engine load conditions. For low engine
loads, there is typically a single injection event in which fuel is injected near the end of the
compression stroke. High injection pressure and heat from the intake air help atomize the fuel
in the cylinder. Due to shorter mixing time, the charge is not well-mixed, and becomes
stratified, resulting in pockets of fuel-rich and fuel-lean mixtures. Thus, the air-fuel ratio inside
the cylinder varies depending on location within the cylinder. The fuel is injected such that the
fuel-air mixture is richer close to the spark plug and leaner towards the wall of the cylinder.
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The overall average air-fuel ratio in the chamber can be as lean as 50:1, but close to the spark
plug it is still rich enough to ignite easily [7, 8, 11, 14, 17, 23]. At higher engine load, fuel is
injected in multiple events. A portion of fuel is injected during the intake stroke so that the air
flowing into the chamber can aid air-fuel mixing. This creates a homogenous charge, in which
fuel is evenly distributed throughout the cylinder, similar to a PFl engine. However, the mixture
is too lean to ignite. A second shot of fuel is injected as the piston comes up during the
compression stroke, forming a fuel-rich mixture region near the spark plug surrounded by the
fuel-lean mixture throughout the rest of the cylinder. This rich-lean stratification within the
cylinder helps prevent uncontrolled combustion, or knocking and, along with the cooling effect
of the spray mentioned earlier, enables a higher the compression ratio. Higher compression
ratio increases engine torque and efficiency and, in turn, improves fuel economy. GDI engines
are more fuel efficient to a large extent because of their higher compression ratios [7, 8, 11, 20,
14, 17, 23].

1.4. Fuel Economy of GDI versus PFI

There are varied reports of the fuel economy advantage of GDI vehicles when compared to
conventional PFl vehicles. Early studies, such as [7] have theoretically estimated the fuel
economy advantage to be close to 25% depending on the test cycle. Another study [23]
theoretically estimate the advantage at 20%. The study [24] reported the measured advantage
to be 20 to 30%, while another study estimated only a 1.5% decrease in fuel consumption
(National Research Council, 2015). The study [15] measured a 2% to 4% fuel economy
advantage. Thus, there seems to be a lack of consensus regarding the fuel economy advantage
of GDI engines over PFl engines. Recent studies focusing on particulate matter (PM) emissions
from GDI engines, such as [7, 8, 11, 20, 14, 17, 23]. Other studies [21, 25, 26] cited the earlier
studies, and EPA rated fuel economy data regarding the fuel economy advantage, but have not
reported any new data. Moreover, the existing reports are based on either theory or lab-based
dynamometer tests, and do not account for real world fuel economy.

1.5. Emission Rates of GDI versus PFI

Due to differences in fuel entry and combustion dynamics, GDI engines are expected to have
different emission characteristics than PFl engines. GDI engines emit higher rates of 15 ultrafine
particles (UFPs) compared to PFl engines, both in terms of mass and particle number [7, 14, 17,
20, 21, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35]. In GDI engines, when the fuel is injected late
during compression stroke, the process of fuel vaporization and gas phase mixing remains
essentially incomplete, which leads to both fuel-rich and fuel-lean mixture pockets. Direct
injection can also lead to impingement of fuel on the cylinder walls and the piston head.
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While impingement on piston surface is a part of WG systems design, uneven fuel flow due to
carbon build-up and regular wear in the injectors in both WG and SG systems can result in fuel
impingement on cylinder walls and piston surface. These surfaces create a “wall effect” because
they tend to be much “cooler” than the flame temperature reached in the central part of the
cylinder. Colder temperatures slow down combustion kinetics. Pockets of fuel rich mixtures,
coupled with slower reaction kinetics, can lead to products of incomplete combustion (PIC).
Fuel-rich combustion can produce UFP and unburned hydrocarbons (HCs). UFP formation is also
attributed to incompletely volatilized fuel droplets in the unburnt gas [7, 14, 20, 25, 27, 28, 30,
31, 32, 36, 37]. The total soot particle number emitted by GDI engines is generally higher
compared to PFl engines, and to diesel engines equipped with a Diesel Particulate Filter (DPF)
[22, 31] reported that a GDI LDGV had black carbon (BC) emissions an order of magnitude
higher than for PFl engine vehicles based on chassis dynamometer measurements. Automobile
manufacturers have been trying to reduce PM emissions by improving engine designs and
calibrations. First-generation WG GDI engines are known to have higher PM emissions than the
second-generation SG GDI engines [30, 39]. BC emissions from vehicles measured on the
Federal Test Procedure (FTP) and US06 for WG GDI were highest compared to SG GDI and PFI.
In contrast, SG GDI BC emissions were lower on the aggressive US06 driving cycle, compared to
PFI [38] Higher particulate emissions from WG systems are largely because fuel spray in WG
systems impinges on piston and cylinder surfaces more so than for SG systems, which leads to
cooling of the fuel spray and more particle formation [40]. Reduction in PM emissions from GDI
engines can be achieved through improving variables such as air-fuel ratio, fuel injection timing,
number of injections, injection pressure, coolant and engine temperatures [33]. Another
solution to reduce PM emissions from GDI engines are Gasoline Particulate Filters (GPFs). GPFs
have the same general operating principle as DPFs [41]. GPFs are shown to control both PM
mass and particle number emissions from GDI engines [33, 42]. A prototype GPF, based on a
design similar to a DPF, reduced BC emissions by 73 percent to 88 percent on the FTP and by 59
percent to 80 percent on the US06, depending on temperature [33]. As an added advantage,
catalyzed GPFs could reduce emissions of other regulated pollutants [42]. However, there are
concerns related to the implementation of GPFs. GPFs are estimated to add approximately
$100 to the cost of a vehicle [43]. GPFs have an influence on the system back pressure. Increase
in system back pressure may cause an increase in fuel consumption [33]. Due to the concerns
regarding implementation of GPFs, they are more likely to be required in markets that use the
Euro 6 or similar particle number standards, than in in markets such as the U.S. where there are
only PM mass emission standards (DieselNet, 2017). GPFs are now being used in Europe to
meet the Euro 6 particle number standard of 6.0 x 10! particles per kilometer for direct
injection engines that went into effect in 2017 (DieselNet, 2018). For a PFl engine, as the air-
fuel mixture becomes leaner from stoichiometric, NOyx formation increases at first, due to
availability of oxygen coupled with sufficiently high flame temperature. However, NOy levels
drop as the mixture is leaned beyond 16:1 or 17:1 [9, 11]. This is due to decrease in
temperature in the reaction zone, which results in a decrease in NOx formation and engine-out
NOy emission concentrations. For a GDI engine, there are several competing factors that dictate
the overall rate of NOx formation. Fuel-rich zone at the core of stratified charge reduces initial
NOy formation. Fuel-rich zone followed by a fuel-lean secondary zone enables burn-out of PICs
without forming additional NOx.
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Thus, the rate of NOx formation is reduced due to staged combustion in GDI engines. However,
rate of NOy formation tends to increase with pressure inside the combustion chamber. High
compression ratio increases NOx formation in GDI engines. Cooling effect of fuel vaporization in
the cylinder lowers the peak flame temperature in GDI engines, which tends to lower NOy
formation. These competing phenomena tend to compensate each other [7, 27]. The study [11]
found that when the fuel is injected early during the intake stroke in a GDI engine, NOy
emissions of GDI nearly match PFl operation in the same cylinder head. This is due to creation
of a homogenous charge inside the combustion chamber and similar residence time in both
cases. In case of homogenous charge, NOx levels increase as the mixture is leaned from
stoichiometric, and then decrease if leaned beyond 16:1 or 17:1, both for GDI and PFl engines.
In contrast, if the fuel is injected during the compression stroke in GDI, the NOy levels for a
stoichiometric overall air-fuel ratio are lower for late injection GDI than either case of
homogenous mixing, i.e., early injection GDI and PFI. This indicates that a greater fraction of
fuel combusts at an air-fuel ratio that is locally richer than stoichiometric. Leaning the charge
further from stoichiometric overall air-fuel ratio results in monotonically increasing NOy
emissions in the case of late injection GDI, which indicates that a substantial fraction of the fuel
is combusting at local air-fuel ratios which produce higher levels of NOx than the overall air-fuel
ratio would suggest. The study [21] conducted field measurements using remote sensing for a
total of seven GDI vehicles in Toronto, Canada, and compared their results with the Toronto
vehicle fleet emission factors reported by [44]. The emission factors reported by [44] are based
remote sensing measurements of 100,000 vehicle-related plumes of the Toronto vehicle fleet,
which is comprised of 94% gasoline-powered vehicles. The study [45] reported that for NOy, the
average fuel-based emission factors from GDI vehicles were 52nd percentile of the total vehicle
fleet, indicating that NOx emissions from GDI were in line with Toronto vehicle fleet. Saliba et al.
(2017) found no statistically significant differences in NOx emissions from laboratory-based
tests for GDI and PFIl vehicles. Another study [24] reported that cycle average NOx emission
rates for GDI vehicles tested in laboratory-based chassis dynamometer test were on average
lower by 30% than PFI vehicles that were tested. CO is formed due to incomplete oxidation of
fuel. In PFI engines, CO formation is high for homogenous fuel-rich mixtures, and decreases
steeply at first as the homogenous mixture leans towards stoichiometric ratio. CO formation for
stoichiometric charge, which is 14.6:1 air to fuel ratio, is considerably lower than if the ratio
were 13:1 or 12:1. CO formation decreases further as the charge leans from stoichiometric
ratio, however, the decrease is not as steep as between 13:1 and 14.6:1 [9]. In GDI engines,
pockets of fuel-rich mixture in the stratified charge generate CO emissions, even if the overall
combustion is relatively lean [7]. However, while CO formation is higher in the fuel-rich pockets,
it is possible for the CO produced from fuel-rich pockets to oxidize as it mixes with burnt fuel-
lean charge, which will still be rich in oxygen. This is known as post-flame oxidation. [21] report
that CO was not detected in significant concentrations in the GDI exhaust, since the vehicles
they tested were new. Low CO emissions can be attributed to the high effectiveness of three-
way catalyst (TWC) in newer vehicles. The effectiveness of TWC decreases with age. [21]
reported that CO concentrations in 65% to 90% of vehicle plumes from GDI vehicles they
measured using remote sensing were below detectable limits, depending on the distance of the
monitor from the roadside.
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Due to small sample size of plumes where CO emissions were detected, [21] concluded that the
GDI CO emissions from the vehicles tested relative to the fleet are uncertain. [24] found that CO
cycle average emissions were on average 40% lower for GDI vehicles than PFI vehicles. [26]
found no statistically significant differences in CO emissions between GDI vehicles and PFI
vehicles. HC is formed either due to incomplete oxidation of fuel in fuel-rich mixtures, or when
fuel-lean mixtures are not completely burned inside the combustion chamber, which results in
emission of unburned HCs in vaporized fuel. For PFI engines, HC formation is high when the
charge is fuel-rich, decreases as the mixture leans towards stoichiometric air-fuel ratio of
14.6:1, is nearly constant between an air-fuel mixture of 14:1 and 18:1, and increases after the
mixture leans beyond air-fuel ratio of about 18:1 [9]. In GDI engines, production of HCs is more
complex than PFl engines due to stratification of charge. HC emissions are produced both due
to fuel-rich pockets and fuel-lean pockets. Unburned HC emissions resulting from fuel-lean
pockets depend on how far the flame propagates through the cylinder [27]. In addition, HC
emissions are also produced in a GDI engine due to wetting of cylinder wall and piston head,
which depend on design of the combustion chamber, timing of injection and location of the
injector. Wetting of cylinder wall and piston head is typically more prevalent in WG GDI systems
than SG GDI systems. Thus, HC formation is inherently higher in WG systems due to their
design, compared to SG systems. Cooling effect of fuel spray, which lowers the charge
temperatures by up to 21 30°C in the combustion chamber, reduces the degree of post-flame
oxidation of HCs, leading to engine-out HC emissions [11]. For the case of multiple injection
events, GDI and PFl are reported to have similar HC emissions for all overall air-fuel ratios. For
the case of late injection during the compression stroke, HC emissions are reported to be
similar for GDI and PFI at richer overall air-fuel ratios. However, combustion becomes unstable
at overall ratios leaner than about 18:1, resulting in high engine-out HC emissions from GDI
engines [11]. The study [45] reported benzene, toluene and ethylbenzene-xylenes (BTEX)
instead of total HCs. It reported that BTEX emissions from seven GDI vehicles they measured
were substantially higher compared to the Toronto fleet (range: 80t - 90t percentile), and
suggested that GDI vehicles may increase ambient BTEX levels. [45] inferred that BTEX, which
are soot precursors, may be elevated due to incomplete or fuel-rich combustion in the GDI
engines. In contrast, [26], with results based on a larger fleet of 15 GDI vehicles tested, found
no statistically significant differences in BTEX emission rates of GDI and PFI vehicles. GDI
vehicles tested by [26] consisted of 11 WG and 2 SG GDI vehicles. 2 GDI vehicles were
unclassified. Further, [26] also reported that for the GDI vehicles they tested, BTEX emissions
mirrored total HC emissions. [26] also found no statistically significant difference in HC emission
factors between GDI and PFl vehicles. However, [24] found that 3 GDI vehicles they tested had
45% less HC emissions than a fleet of PFI vehicles they tested.
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2. Mechanisms for the formation of the Pollutant Emissions

2.1. Carbon Monoxide Pollution — CO

Carbon monoxide is the result of a partial oxidation of carbon caused by an oxygen defect that
does not allow the transformation into carbon dioxide. CO is also produced under conditions of
a sufficient quantity of air, but its formation also depends on chemical kinetics. The sequence of
reactions is:

RH-> R = RO2 = RCHO - RCO - CO

and is characterized by being a succession of very rapid reactions that leads to an almost
complete oxidation of carbon to CO. Next we have:

CO+0OH—> CO2+H

and since at high temperatures there are high concentrations of CO and OH with the
consequent equilibrium of the chemical system of C, O-H. These form the CO: only if sufficient
residence times are ensured for adequate training temperatures; the speed, as a function of
temperature, however, becomes practically zero below 700 °C and can lead to stopping the
reaction. Carbon monoxide is produced during incomplete combustion. Anything that leads to
incomplete combustion increases CO production. Two major causes are a rich fuel mixture
(more fuel than is needed), or restricted air supply (dirty or plugged air filter). A gasoline engine
producing 10,000 ppm CO at the ideal air-fuel ratio will produce over 60,000 ppm when the fuel
is increased. Other causes of high CO production include a cold engine, misfiring, incorrect
engine timing, defective or worn parts, exhaust system leaks, and defective catalytic
converters.
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Figure 2.1: Effects of Air-Fuel Ratio on CO emissions [46]
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2.2. Hydrocarbons Pollution — HC

Index of combustion efficiency, but not pollution, is the amount of unburnt hydrocarbons,
those products given by incomplete oxidation of the fuel, the composition of the fuel
determines which type of waste. The gases of exhaust contain many types of unburnt
hydrocarbons and the composition of the fuel can greatly influence the composition and extent
of HC, however most of HC is not formed in combustion, but by pyrolysis, or by decomposition
of organic compounds by temperature reached in the cylinder. Others to mention are the
carbonyls, characteristic especially in Diesel while the phenols that are divided into aldehydes
and ketones are typical of those engines that use alcohol as fuel. The principal sources of
unburned HC in Sl engines are the following:

e Crevices

e Absorption and desorption in oil layers
e Absorption and desorption in deposit
e Quenching (bulk and wall layer)

e Liquid fuel effects

e Exhaust valve leakage

Spark plug
thread crevice

Lubricating oil
absorbtion and
desorbtion

Valve seat
crevice

Cylinder head
gasket crevice

Bulk quenching within
flame front for lean -
mixtures and high turbulence

= Piston ring
pack crevices

Figure 2.2: Crevice HC mechanisms [47]

18



Absorption of

ppm Cy

HC

60 | fuel vapor
7 Fuel/ air
mixture
40 ‘ 5
i [
i Compression stroke
200 \\{. ' /,4 Desorption of
‘ N, / ‘ fuel vapor
! -
Without oil film / | ~* [
‘ ‘ J Burned
0 i gas

Oil film

2 14 16 8 20 22
A/F i__‘

Ishizawa and Takagi (Nissan)
JSME Int. Jnl. 1987 Vol. 30 No. 260 pp. 310-317
Expansion stroke

Figure 2.3: Absorption and desorption of fuel vapor [47]

Unburned HC sources:
Crevices
Wall phenomena
Bulk quench

Oxidation products Post-combustion
in-cylinder mixing

,% Residual gas - z
HC vV

Exhaust port

: Oxidation products
‘\ ‘@

Exhaust pipe

Figure 2.4: HC Pathway [47]



Fuel (100%
aidh o%
* I
Flame converts fuel to | HC Mechanisms |
CO,, CO, H,0, H; etc. l
v + v v v v
---—-----——-- Fuel Only - e ----- Fuel- Air Mixture --—----——-—---
Lig. Fuel Deposits | Oil Layers Quenching | Crevices Exh. Valve
1.2% (1%) (1%) [0.5%] (5.2%] Leakage [0.1%}
[ L™ — y
Crankcase (0.7% 4.6% Blow-by (0.6%)
- Recycled - T " L
2.5% = 51% Sieyded
l In-Cylinder Oxidation 1
1—‘ 1/3 Oxidized | 2/3 Oxidized
[ I
1.7% 1.7%
3'4% Unburned HC in Residual
04 - s
} 113 (1.3%) - Recycled
S 2.3%
< Exhaust Oxidation (0.8%) [« 1/3 1.5% .
Engine- out HC (1.6%) |
| Fully Burned Exhaust | [ Tailpipe- out HC (0.1-0.4%) | Catalyst |
Figure 2.5: HC Pathway — Steady State [47]
Source % Fuel Escaping Fraction Emitted % Fuelas HC % of Total EOHC
Normal Combustion as EOHC Emissions Emissions
Crevices 52 0.15 0.682° 426
Quench 0.5 0.15 0.074 46
Oil Layers 1.0 0.09" 0.000" 56
Deposits 1.0 0.30 0.300 18.7
Liquid Fuel 1.2 0.30 0.356 222
Valve Leakage 0.1 1.00 0.100 6.3
Total 9.0 1.60 100
Blowby (0.6%) subtracted
Amount to crank case (0.7%) subtracted
*‘steady state cruise condition (1500 rpm, 2.8 bar NIMEP)

Table 2.1: HC Sources: magnitudes and percent of total engine-out emissions* [47]

In order to control the HC emissions the principal strategies are the following:
e Reduce crevice volume
e Keep liner hot
e Comprehensive cold start strategy
- Retarded timing, fuel rich followed by exhaust air injection.
e Spark retard
e Higher burned gas temperature in the later part of expansion stroke and higher
exhaust temperature.
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2.3. Nitrogen Oxide Pollution — NOy

Nitrogen oxide (NOx) emissions consist of nitric oxides (NO) and nitrogen dioxides (NO). At high
temperatures, characteristic of the combustion chamber of engines, nitrogen molecules in air
react with oxygen to form NO gas. NO; is predominantly formed from the reaction of NO and
peroxy radicals, but is rapidly converted back to NO at high-temperature environments
containing an abundance of H and O radicals. The nitrogen atoms in the formation of NOy
primarily come from the nitrogen in air, which is composed of 78% N.

The nitrogen atoms in some fuels (e.g. coal) can also contribute to NOx emissions, but this is not
relevant for most transportation fuels. NO can be formed via a number of reaction
mechanisms, the two most significant being thermal and prompt NO formation:

e Thermal NO : This mechanism for NO formation is considered relevant at temperatures
above 1,800K where the strong N2 bond can be broken to initiate the following series of
reactions:

N.+O > NO+N

0, +N=>NO+O0O
N +OH > NO +H

This mechanism is the dominant source of NO in fuel-lean and stoichiometric conditions
(Section 3.2) [49].

e Prompt NO : This mechanism is responsible for the formation of NO in the colder part of
the flame and becomes significant under fuel-rich conditions, since it requires a high
concentrations of the hydrocarbon radical species to initiate the sequence of reactions.
These reactions first produce Cyanonitrene (NCN) and hydrogen cyanide (HCN), which
undergo further reactions to form NO [50]:

CH+N; 2> HCN+N
CH; + N, 2 HCN + NH
N+0O2>NO+0
HCN + OH = CN + H20
CN+ 02> NO +CO

An important operating condition of an engine is the air-fuel ratio, A. For any combustion
process, both fuel and oxidizer are required for a chemical reaction. If the exact right amount of
air is supplied to burn off all of the fuel, this proportion of air to fuel is referred to as
stoichiometric (A = 1). If there is not enough air to burn all of the fuel, the mixture is called fuel-
rich (A < 1). Lastly, if there is excess air, the mixture is called fuel-lean (A > 1). For gasoline, the
stoichiometric air-fuel ratio is 14.7. Figure 2.6 shows the emissions associated with each
combustion regime.
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At higher loads, engines often operate at rich conditions for maximum power. The higher flame
speed of ethanol helps in achieving complete combustion for rich mixtures. Most S| engines are
designed to operate at stoichiometric or lean conditions and to minimize fuel enrichment,
except during short periods of high-load (e.g. acceleration). The various operating conditions of
the engine have respective NOx emissions. However, these values of NOy are all well within the
capacity of three-way catalytic converters, which convert NO to N in order to meet regulatory
standards.
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Figure 2.6: Concentration of HC, CO, and NOy emissions as a function of air-fuel ratio in a typical gasoline
engine. Stoichiometric mixture (A=1) corresponds to an air-fuel ratio of 14.7 [51].

2.4. Particulate Matter Pollution — PM/PN

For many years, gasoline particulates were seldom-discussed, due to the rationale that “if you
can’t see it, it doesn’t exist.” Diesel engines have long been implicated as particle producers,
producing visible smoke due to high particulates. The Euro 4 regulations in Europe (EU)
required a particle mass (PM) reduction. The Euro 5b regulation required further PM reduction
and introduced a particle number (PN) standard. Subsequent regulations in the United States
required particulate filters on all diesel vehicles using PM standards. Now, one seldom sees
visible smoke from a diesel engine in the western world, unless the owner has tampered with
the system (sometimes referred to as rolling coal) or the system has a defect.

Diesel vehicles equipped with particulate filters are now cleaner than gasoline vehicles, from
both a PN and PM standpoint. While gasoline engines seldom emit visible smoke, they can and
do produce a lot of particles. Gasoline engine technology has improved power and fuel
economy, such as in the case of gasoline direct injection (GDI) technology, but can also produce
additional unseen particles. A typical gasoline engine emits many trillions of particles every km
(about a billion particles every meter).
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This makes car-starting locations, like curbsides, home garages, and parking garages, potentially
high-concentration zones. Other potential high-risk zones include areas near stoplights and
traffic throughways. European entities appear to be the first to recognize the importance of
limiting the number of particles emitted from both diesel and gasoline engines, in addition to
the mass of the particles. Europe began to regulate gasoline direct injection engines in 2014,
with a PN limit of 6 x 10! particles/km (that’s 600 billion particles/km) on the new European
drive cycle (NEDC) certification test cycle. For the first 3 years, manufacturers were allowed to
exceed this PN value by a factor of 10. Since September 2017, the 6 x 10! particles/km limit
value has to be met for all new type approvals, tested now over the new certification cycle, the
world harmonized light vehicle test cycle (WLTC). In addition to the new test cycle, the
European regulators also added a second condition for real-world driving emissions (EU6-RDE),
to assure that the PN won’t exceed the regulatory limit (plus a measurement error, currently
set at 0.5 times), on the EU6-RDE or during normal driving. The EU regulations will be fully
phased in by 2020. Particulates are most often the result of incompletely combusted fuel, with
many potential mechanisms occurring simultaneously under a wide variety of engine conditions
to produce particles. Particulate output and composition change as the result of a number of
varied factors including, but not limited to, temperature, altitude, fuel quality, vehicle power-
to-weight ratio, drive cycle, as well as engine hardware and software. In addition, high exhaust
temperatures during high-speed and high load operation can lead to PM storage and release of
material from sampling system surfaces [52] and exhaust systems [53], increasing uncertainty
for OEMs.
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2.4.1.1. Regulations on Vehicular Exhaust Particulate Emissions

In Europe, PN limits have been in place for diesels since 2013. Starting in 2014, new GDI
platforms have had to also effectively meet a PN-based limit of 6 x 102 #/km, for solid particles
larger than 23 nm in diameter. This limit tightened to 6 x 101! #/km in September 2017 for new
type approvals, and all new vehicles have to meet the limit starting September 2018. Other
than the PN limits, the Euro 6 regulations also further limit tailpipe gas emissions and set PM
limit at 4.5 mg/km (7.2 mg/mi). Durability is specified at 160,000 km. The emission limits and
introduction timings are summarized in Figure 2.7, and details on the test methods are
provided in the following section. Other than the regulated limits mentioned above, the
increased emphasis on public disclosure is worth highlighting. Information on real-world driving
emissions (EU6-RDE) testing must be provided via free website and include maximum test
values for NOx and PN [54]. Also, an “extended documentation package” is to be provided by
OEMs on Auxiliary Emission Strategies.
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Fig. 2.7 Overview of Euro 6d regulations and implementation timeline [260].
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2.4.1.2. Test Procedures

The Joint Research Centre (JRC) reported [55] the issue of on-road emissions far exceeding the
certification values obtained under controlled lab testing. The study demonstrated the accuracy
and reliability of portable emissions measurement systems (PEMS) for measurements of
tailpipe emissions from on-road vehicles. Accordingly, several important changes have been
recently introduced in the legislation to ensure compliance with emission norms under real-
world driving conditions. Starting September 2017, the chassis-dynamometer-based
certification test cycle is changed from the New European Drive Cycle (NEDC) to the World
Harmonized Light Vehicle Test Procedure (WLTP) [56]. A complementary EU6-RDE test
procedure is introduced and not-to-exceed (NTE) limits have been expressed as Euro 6 emission
limits multiplied by the “conformity factors (CF)”. The development of the EU6-RDE legislation
was split in four packages. The first two outlined the basic test procedures: boundary conditions
for a valid EU6-RDE test, data evaluation tools, requirement of the PEMS equipment, and
specification of CFs. The third package included the evaluation of cold-start emissions,
regeneration events, and test provisions for hybrids, while a fourth and final package covers in-
service compliance, surveillance tests, and provisions for light commercial vehicles. At the time
of this printing, the fourth package had not been published. The conditions for a valid EU6-RDE
test have been designed to be representative of normal driving conditions on European roads.
The vehicle is to be driven for 90-120 min on a mix of urban, rural, and motorway (highway)
routes, starting with the urban segment. The segments are identified by the vehicle speeds, and
these are noted in Table 2.2 summarizing some of the EU6-RDE trip specifications. The EU6-RDE
emission limits along with the associated CFs must be met over the entire EU6-RDE trip and the
urban part separately as well. For new type approvals, the CF is set at 1.5 for PN and
temporarily at 2.1 for NOy starting September 2017, while the latter is also reduced to 1.5 in
January 2020 (the timing is extended by 1 year for all vehicles in both cases). The conformity
factors are expressed as “1+margin error” with the equipment margin of error being set at 0.5
for the final factors for both NOx and PN.

Urban Rural Motorway
Distance >16 km >16 km >16 km
Relative fraction 29%-44% 23%-43% 23%-43%
Driving speeds 15-40 km/h 60-90 km/h >90 km/h
>100 km/h for at
least 5 min
Vinax < 145 km/h

Table 2.2: EU6-RDE trip specifications [260].
Other boundary conditions have to be complied with for a test to be valid:

e The altitude difference between the start and end points of the test should be less
than 100 m, and the cumulative altitude gain should be limited to 1200 m/100 km.
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e Moderate and extended temperature and altitude ranges are specified-emissions
associated with any data points which fall in the extended category are divided by
1.6:

= The moderate conditions are 0 to 700 m altitude and 0°C to 30°C ambient
temperature.

= The extended conditions cover 700 — 1300 m altitude and between -7°C to
0°C and 30°C to 35°C ambient temperatures.

= |f any data point falls outside these boundary conditions, the entire trip is
considered invalid.

e For valid tests, the data has to be further processed using at least one of two
methods: the moving-average window method (with associated EMROAD software)
and the power-binning method (with associated software called CLEAR).

Vehicle preconditioning is described: the vehicle has to be driven for at least 30 min and parked
with engine turned off for 6 — 56 h before starting the EU6-RDE test. In the first two packages of
EU6-RDE, cold-start emissions, as defined by emissions occurring in first 5 minutes or until
engine coolant reaches 70°C, were excluded. Recognizing that a significant fraction of emissions
occur during cold start, the 3™ package [57] specifies that these emissions are now included in
the analyses. Also included are emissions associated with regeneration events, corrected
through the use of Ki-factors. If regeneration occurs during the first test, it can be voided at the
request of the manufacturer, but the 2nd test is considered valid even if regeneration occurs,
and the associated emissions during regeneration are included in the overall evaluation. The
3rd EU6-RDE package also describes the calculation of emissions from hybrid vehicles. The
internal combustion engine has to be working for at least 12 km under urban driving conditions,
and it is recommended that the trip be started in charge sustaining mode. The emissions are
weighted according to the CO; emissions under charge-sustaining mode as described below.

Emissions of any species (M) are calculated according to the following equation:

v ms # \ Total emissions(mgor#) mg
i (km‘km _]_ Total CO, (mg) 2‘Wm:(km ]

where COz,witc is measured in charge-sustaining mode. Looking ahead, the accuracy of PEMS
equipment is expected to improve, and with the availability and review of EU6-RDE data, a
downward revision of CFs to 1 may be expected. Furthermore, there are also considerations to
include ultra-fine particles below 23 nm in the regulated limits, and the emission profiles and
measurement capabilities are being reviewed [58].
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2.4.2. Technology Pathways

Various strategies are being pursued to minimize particulates [59, 60]. This section provides a
brief overview of technical considerations and pathways for reduced particulate formation and
tailpipe emissions.

2.4.2.1. In-Cylinder Methods

A lot of work is being done to minimize the in-cylinder formation of particulates and thereby
reduce the emissions at the source. Primary consideration is given to achieving mixture
preparation and avoiding fuel-rich regions. Piston bowl, engine, and injection system design is
aimed at reducing impingement of fuel on the cool piston and cylinder surfaces, known sources
for increased particulates. The combustion system is broadly classified into spray-guided and
wall-guided systems, which differ primarily in terms of the strategy used for charge
stratification. In spray-guided systems, the injector and spark plug are in close proximity and
some of the fuel is directed towards the spark plug. Wall-guided systems rely on the fuel
impingement on piston bowl surfaces and the subsequent transport of fuel towards the spark
plug by the charge motion and flow field. Both systems have their challenges relevant to
particulate formation: in spray-guided systems, the close proximity of injector and spark results
in shorter time for fuel evaporation, whereas in wall-guided systems, fuel impingement with
cold cylinder and piston surfaces leads to higher particle emissions.

24.2.1.1. Injection System

Proper design of the injection system is critical to achieve the desired mixture preparation
within a short time between the opening of inlet valves and spark timing. The rapid, fine
atomization of fuel requires the use of higher injection pressures as compared to PFl engines.
Injectors are probably the most important element in the system. These have to be designed
for accurate, rapid metering of fuel, at correct timing and small droplet size to ensure quick
evaporation. Several factors of injector design and calibration are considered for achieving high
fuel economy, low emissions, and low particulates [61, 62], including (a) the number of
injection holes, spray pattern, duration and number of injections, fuel rail pressure, etc., and (b)
higher fuel rail pressures (>250 bar), to help with better atomization and penetration of fuel
spray and lower particulates. In one study [63], optimization of injection timing, and increased
injection pressure from 200 to 500 bar was shown to reduce the particulate emissions by half.
Coking of injectors should be minimized, as this is a key contributor to increased particulate
emissions over the lifetime of a vehicle [64, 65, 66, 67, 68].
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Coking of injectors leads to increased spray penetration and risk of fuel impingement on walls,
reduced fuel atomization quality, increased fuel leakage during injector closing, and diffusion
flame due to fuel absorbed by porous deposits. Injector prototypes developed recently [69]
show that a significant reduction in PN emissions can be realized through the use of injectors
which protrude into the combustion chamber, thus exposing them to higher temperatures
which minimize deposit formation. Particulate formation is sensitive not only to the hardware
but to the injection timing as well [70]. High emissions occur with early injection at intake
stroke, due to impingement of fuel on piston surfaces. On the other hand, high emissions can
also occur with highly retarded injection into the compression stroke, as this leads to
insufficient time for mixture formation before onset of combustion. A split injection strategy is
commonly used where the first injection introduces a fraction of the fuel early in the cycle to
form a well-mixed lean charge, followed by a second injection done late in the compression
stroke for increased heat release and early catalyst light-off. A combination of port fuel
injection and direct injection can be used to reduce particulates [71]. Also multiple (double or
triple) injections are carried out at low temperatures during warm-up or under high loads for
improved fuel economy, knock mitigation, and lower emissions.

2.4.2.1.2. Variable Compression Ratio (VCR)

VCR has been developed over several years and primarily offers improved fuel economy
through the optimal selection of compression ratio (CR) per the load requirement. During cold
start, low CR results in increased distance between piston and injector, and therefore reducing
propensity of particulate formation due to fuel impingement. Also, the improved combustion
overall is expected to lower emissions in general. Despite its increased complexity, the benefits
have led to commercialization of this system [72].

2.4.2.1.3. Exhaust Gas Recirculation (EGR)

EGR is increasingly being used to reduce NOx emissions and also offer improved fuel economy.
A benchmarking study done by EPA [73] showed a 7.5% improvement in fuel economy possible
with the use of cooled EGR, starting with an Atkinson engine with a 14:1 compression ratio
engine. Cooled EGR is also effective in reducing particulate emissions. In one study [74], EGR
ratios (fraction of exhaust gas reintroduced in the engine) of up to 25% were studied. At part
loads, brake-specific soot mass and solid particle number were reduced by more than 50% and
38%, respectively. At high speed, high-load conditions, fuel enrichment can be used to mitigate
engine knock and to limit the high temperatures, which are detrimental to downstream
components, such as turbochargers. Fuel enrichment, however, leads to high particulate and
HC emissions and also leads to a fuel penalty, so it is generally avoided.
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EGR is also effective in reducing the gas temperatures and therefore eliminate the need for fuel
enrichment. Thus, particulate emissions reduction was observed even for the high-load
conditions. In a more recent study [75], up to 75% reduction in PN was observed through the
use of 15% EGR when fuel enrichment at high loads was avoided. The use of a GPF to clean the
recirculated exhaust before entering the engine was found to yield a further reduction in
particulates.

24.2.14. Lean and Low-Temperature Combustion

GDI engines can be operated in both stoichiometric and lean-burn combustion modes. Lean-
burn operation is attractive due to its potential to reduce fuel consumption by 5%-15%
compared to stoichiometric GDI engines. By definition, lean combustion avoids the fuel-rich
combustion regime and is inherently suited for low particulate emissions. In practice though,
particulate emissions were found to be high, in both the lean stratified and lean homogenous
combustion modes. The modulated rich periods required to make ammonia for non-urea-based
NOx control for lean-burn operation are associated with transient particulate emissions [76],
and the use of GPFs was shown to be effective in capturing particulates with >95% filtration
efficiency. Much progress is also being made on achieving low-temperature combustion via
compression ignition engines. Oak Ridge National Laboratory has provided an excellent
summary on the various strategies being pursued [77], differing in the level of fuel stratification.
The overall goal is to achieve (a) sufficient premixing of fuel/air to avoid soot formation
associated with fuel-rich combustion and (b) reduce peak combustion temperatures via dilution
with air or EGR to avoid NOy formation. The key challenge for this technology is that by
definition, exhaust temperatures are low, and this poses a challenge to keep the catalyst above
light-off temperatures. An example is the development of the gasoline direct injection
compression ignition (GDCI) engine targeted to meet Tier3-Bin30 limits [78].

A BSFC (brake-specific fuel consumption) of 211-214 g/kWh was demonstrated over a wide load
range, utilizing a high CR of 16:1 and injection pressure of 350 bar.

The difficulty of achieving the very high conversion efficiencies (>99%) needed for HC has
translated into a rather complex aftertreatment system, which at the latest stage includes a
pre-turbo catalyst, HC trap, SCR, and a passive GPF for off-cycle particulates. An announcement
of the commercialization of a spark-assisted HCCI engine was recently made [79] and promises
to cut fuel consumption and likely emissions as well.
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2.4.2.1.5. Electrification

Electrification of the powertrain is an attractive approach for reducing tailpipe emissions.
Increasing on-board power on hybrid architectures—ranging from 48 V mild hybrids to full and
plug-in hybrid electric vehicles (PHEVs)—can be used for propulsion of the vehicle and thereby
reducing fuel consumption and associated emissions. However, there is increasing evidence
that particulate emissions for hybrids can be equivalent or even higher than vehicles without
any electrification. In a study in Japan [80], particulate emissions were measured on the JCO8
test cycle from several gasoline and diesel vehicles, including one GDI and one MPI hybrid. Most
of the particulate emissions for GDI and MPI engines were associated with cold start, with
almost no emissions after the engine warmed up. However, in the case of hybrids, emissions
were found to occur even after engine warm-up, most likely due to transient engine turn-on
events. Overall, emissions from hybrid MPI vehicles were found to exceed those from diesels
fitted with DPFs. In another study, a GDI engine was used to simulate HEV start-stop operation
on an NEDC test [81]. Although the engine only operated 28% of the time during the cycle, the
PN emissions were 4.5X higher than when the engine was run in conventional mode. In the case
of PHEVs, attention is being given to particulate emissions associated with “high-powered cold
starts” [82]. This is the scenario when the engine turns on for the first time when the vehicle is
already moving at a high speed or under high load and results in cold-start emissions which are
larger than would be under normal cold starts. A recent study focused on this issue and
measured real-world emissions from a 1.5L GDI PHEV certified to Euro 6b standards and driven
with various levels of charge on the battery [83]. As expected, the PN emissions in urban
conditions were eliminated when the vehicle was propelled by battery alone. When the battery
was depleted though, the demand on the IC engine was high and PN emissions were the
highest. A peak in particulate emissions was observed when the engine turn-on was coupled
with a high power demand. Hybrids and their power management strategies are evolving, and
clearly there is room to improve on some of the above shortcomings. In the meantime, robust
aftertreatment solutions are seen to be necessary to cover the operation of hybrids under
widely varying real-world conditions.

2.4.2.2. Fuel Consideration

Concurrent with engine improvements, high fuel quality is a prerequisite when moving to the
next level of regulations, both for its impact on combustion and aftertreatment systems. Major
markets noted above have committed to low-S (<10 ppm) fuel. The chemical composition and
physical properties of the fuel affect the injection quality and combustion characteristics, and
there are several studies which link these properties with particulate formation [84, 85, 86, 87,
88, 89, 90]. Unfortunately, in many markets, fuel quality varies widely, even when fuels are
within the legal specifications. The topic of fuel and its influence on particle formation is also a
topic covered in more detail in another chapter of this book. A PM index (PMI) model has been
proposed [91], which quantifies the relationship between fuel composition and the particulate
emissions.
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The model accounts for the double bond equivalents, vapor pressure, and weight fraction of
each component in the fuel. A strong correlation has been confirmed between the PMI index
and particulate emissions. Aromatics are clearly linked with increased particulates, both
through their role in the formation of PAHs and through their lower volatility which leads to
slower mixture formation. One study [89] found that compared with a domestic Korean fuel
with high oxygen content, the use of Euro 5 fuel with higher aromatics led to a 77% increase in
PN emissions over the NEDC test cycle. In a study of the emissions from various GDI and PFI
engines on the LA92 test cycle [92], Tier2-Bin2 and SULEV vehicles showed an increase in
cumulative PM by 148% when the aromatics content was increased from 15% to 25%, and
further increase by 73% when the aromatics content was increased to 35%. In light of these
studies, the availability of fuel with low aromatics content will be an important consideration to
achieving low in-use emissions. The aromatics content in gasoline has been lowered over the
years. In the United States, the Tier 3 gasoline fuel specifications cap the aromatics content at
25%. Other components such as oxygenates which improve combustion or volatility can be
expected to lower particulates. One such oxygenate which is already added mandated in some
regions is ethanol. In the United States, the Renewable Fuel Standard requires the use of
renewable fuel to be blended with gasoline, and ethanol is primarily used. Ethanol is considered
potentially beneficial for lowering particulates due to the increased oxygen content and the
displacement of aromatics. There are conflicting reports, which also found an increase in
emissions when using ethanol [93], and the differences in findings likely stem from the
sensitivity of particulate formation to other properties such as its impact on physical properties
and the engine operating conditions. Other studies confirm the benefit of using ethanol-
blended fuels during the cold-start phase of the FTP test cycle [94] and on the WLTC [95]. Other
oxygenates have also been studied. The impact of M15 methanol/gasoline blends [96] on spray
behavior and particulate emissions showed that the blend did not consistently lead to low
particulate emissions. Higher oxygenates, such as butanol, also show promise. In one study [97]
testing a GDI vehicle on FTP75 and USQ6 cycles, both PN and PM emissions were found to
reduce, compared to reference EO fuel when it was splash blended with 10% ethanol (E10) and
16% isobutanol (iB16). The blend with butanol gave higher reductions. On the US06 test cycle,
PM emissions reduced from 2 mg/mi for EO to 1.9 mg/mi for E10 and to 0.4 mg/mi for iB16.

In another study, addition of 33% butanol to E5 gasoline (5% ethanol) was shown to reduce
particulates while keeping a similar particle size distribution [98].

In order to meet the CO; targets, a wide variety of advanced gasoline engine technologies are
being pursued which have implications for tailpipe emissions [99]. Some of these engine
improvements have an added benefit in terms of reduced particulates. Since the advent of
modern automobiles, the spotlight has been mostly focused on one key feature of its operating
fuel - the octane rating. This number quantifies a fuel’s capacity to resist autoignition when
compressed. Vehicles with spark-ignition (SI) internal combustion engines, which run on
gasoline, comprise over 90% of the U.S. fleet. SI engines operate by first compressing the fuel-
air mixture in the combustion chamber and then, at a carefully determined time, igniting that
compressed mixture to transfer chemical energy to mechanical energy. If the fuel auto-ignites
before the ignition is initiated by the spark plug, the engine experiences knocking, which can
have negative performance effects or even damage the engine (Fig. 2.15). Proper functioning of
an Sl engine relies on high-octane gasoline fuels, since they have higher anti-knock properties.
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Automakers design the extent of piston compression of their engines to be compatible with
current fuel octane standards. An engine’s compression ratio (CR) is the proportion of the
cylinder volume at the bottom of the piston stroke to the top of the stroke. CR directly
correlates to engine efficiency therefore, extending octane ratings beyond the current
minimums can enable automakers to produces engines with better performance and fuel
economy.
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Valve Valve
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Fig. 2.8 Cartoon of internal combustion engine. Under normal operation, the spark plug initiates the
propagation of a premixed flame in the combustion chamber. Premature combustion caused by low-
octane fuel results in uneven burning, which reduces the power output and can damage valves, pistons,
and other engine components [260].

2.4.2.2.1. History of Octane

Two pure compounds with opposite knocking behavior, n-heptane and isooctane (2,2,4-
trimethylpentane), were used to establish the octane scale in 1927. As the name implies,
isooctane has superior antiknock properties and was assigned an octane rating of 100, while n-
heptane was assigned a O rating. Gasoline and other fuel blends are tested for knock and
compared to various mixtures of n-heptane and isooctane. A sample is assigned an octane
rating corresponding to the ratio of n-heptane and isooctane required to match its knocking
properties. The composition of the mixture that matches the observed knocking of the sample
is assigned as the octane rating of that fuel [100]. The Research Octane Number (RON) tests the
fuel performance under standard conditions, whereas the Motor Octane Number (MON)
simulates more severe operation representative of conditions at high-load or speed. The
average of a fuel’s RON and MON is referred to as its Anti-Knock Index (AKI). Figure 2.9 shows
the trend in fuel AKI, and illustrates the correlation between the rating and engine CR. Today,
the AKI federal standard for regular grade gasoline is 87.
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Anti-knock agents, also called octane enhancers, are added to gasoline to help meet these
federal standards. One of the most widely used octane enhancer for many years was tetra-
ethyl-lead (TEL), which at approximately 3g/gal gives a 10- to 15-point increase in AKI. As
observed in Figure 2.9, lead compounds were phased out of gasoline beginning in 1975. Lead
deposits damage the vehicle’s catalytic converter, motivating the transition to unleaded
gasoline, which increases engine life by as much as 150 % [101]. Octane enhancers, such as
methyl t-butyl ether (MTBE), were first developed to replace lead. MTBE has both a high AKI
rating and causes minimal corrosion to the engine and other parts. However, when gasoline
containing MTBE leaks from underground storage tanks, it contaminates the groundwater,
resulting in an unpleasant taste and odor in drinking water. This led to limitations on MTBE
blending in gasoline, and in certain areas of the country, a total ban on its use.

11+
13 ~
i 4100 =
& 2
o 9- &
® . 490 &
o - [N ' oy it o o = 12 9
= 4 % c
o dashed = unleaded i ..9..
@ 7+ Ford Model T 180 < &
E ol re=3.98 El E
£ 170 * {1 ¢
o B 8
i
A 160 =

L
o

3 I T T T I T
1900 1920 1940 1960 1980 2000 2020

year

Fig. 2.9 Averaged trends in compression ratio (black), fuel AKI (red), and fuel TEL concentration (blue) for
the U.S. as a function of year. Plot adapted from Splitter et al. [101].

2.4.2.2.2. Gasoline Composition

The crude oil that is pumped out of the ground is a complex mixture of several thousand
organic compounds. These compounds include:

e straight-chain alkanes (paraffins),
e cycloalkanes (naphtenes),
e aromatic hydrocarbons (aromatics),

e alkenes (olefins).

These are natural constituents of crude oil, but can also be produced in various refining
operations.
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Techniques such as catalytic cracking and reforming are used to convert lower-demand
components to high-demand products or to high-octane streams. By molecular rearrangement
or dehydrogenation, catalytic reforming converts low-octane, heavy naphthas into aromatic
hydrocarbons, which are added to gasoline components known as reformates. Alkylation and
isomerization are also used to convert low-octane straight-chain paraffins to higher-octane
branched paraffins, called alkylate, used in premium gasoline blending stocks for its exceptional
anti-knock quality. Furthermore, aromatics are known to form polycyclic aromatic
hydrocarbons (PAHs), which are precursors to soot and contribute to secondary organic aerosol
(SOA) formation. These health factors, along with an effort to lower the cost of refining, have
increased interest in the use of alternative, low-cost, octane boosting oxygenates such as
ethanol with RON =109 [102].

2.4.2.3. Aftertreatment System

It is clear that there are various pathways to mitigate particulate emissions via engine design
and fuel improvements. Nevertheless, there is potential for deterioration of emissions with
vehicle mileage. As mentioned previously, coking of injectors is known to increase emissions
and could potentially lead to an increase in particulates over the lifetime of the vehicle [103,
104, 105]. Coking of injectors leads to increased spray penetration and increased risk of fuel
impingement on walls, reduced fuel atomization quality leading to modified droplet size and
velocity, increased fuel leakage during injector closing and diffusion flame due to fuel absorbed
by porous deposits. There is limited data on changes in emissions with vehicle mileage. A study
[106] on two 2010 GDI vehicles found that particulate emissions on the FTP test cycle improved
from 3—-4 mg/mi for a relatively new vehicle to ~1.5 mg/mi at 30-60K mileage, and then
followed by an increase again to 2—3 mg/mi for 90—150K miles. The final option for eliminating
particles before leaving tailpipe is via aftertreatment systems. Existing aftertreatment of
gasoline vehicles consists of three-way catalysts (TWCs), which primarily convert gaseous
emissions. Studies have shown that TWCs can help eliminate some of the smaller particles (<20
nm) especially during cold start, when the catalyst is below light-off temperature [107, 108].
This is likely due to condensation of nucleation mode particles formed from heavy HC on the
catalyst, which are either oxidized or released later, when the temperature is above light-off.
The use of a GPF is seen as a reliable way to ensure that the emissions are controlled well
below the regulated limits, over a broad range of driving conditions.
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Fig. 2.10 Potential product choices and gasoline aftertreatment system layouts including GPFs [260].

Particulate filter technology is not new. All modern diesel vehicles in advanced markets are
equipped with DPFs, and these have shown robust performance over millions of miles in
accumulated driving history. There are some key differences in the design of the filters for GPFs
due to the higher operating temperatures for gasoline (up to 900°C compared to <400°C for
diesel), lower PM (1-3 mg/km compared to 10 mg/km for diesel), lower PNs (~10*? #/km
compared to ~10* #/km for diesel), and lower O, concentrations. Potential aftertreatment
system layouts include use of either bare (uncoated) or TWC-coated GPFs (see Figure 2.10). In
the former, the main functionality is filtration only, while the latter provides efficient space
utilization via adding functionality of gas emissions conversion. The filters can be added in the
close-coupled (CC) or in the under-floor (UF) position, as dictated by the emissions and space
constraints. The key requirements are high filtration efficiency and also low pressure drop, the
latter to minimize the impact on fuel economy and driving characteristics. In addition, the filters
must have adequate porosity to host the catalyst, sufficient channel volume for soot and ash
accumulation, and thermomechanical robustness to withstand the stresses during canning and
exotherms associated with soot regeneration. These often conflicting requirements are met
through selection of the appropriate material, optimizing the overall size and cell design, and
engineering the pore structure. Subsequent chapters will delve into details of the design and
performance aspects. It is only noted here that several studies now confirm that the
replacement of a TWC with a coated GPF can be done without impacting the fuel economy.

The performance of GPFs—filtration, pressure drop, and gas conversion—has been studied
extensively in the past few years, and there is ample evidence that this is a robust technology
which helps meet the current regulations over diverse, real-world driving conditions. For the
future, as was mentioned in the previous section, particles below 23 nm may be regulated.
Studies are emerging which show that GPFs are very effective at capturing very fine, sub-23 nm
particles. This is probably not surprising, given that the increased Brownian motion of smaller
particles lends to increased filtration efficiency. In a study [109] involving 5 GDI vehicles, high
PN emissions (~6 x 102 #/km) were recorded when sub-23 nm particles were included. GPFs
were found to be effective in near total capture of these small particles. In another study [110]
of a 1.4 liter Euro 6b GDI vehicle under real-world driving conditions, an increase in engine-out
PN by >50% was recorded when particles below 23 nm were included, while the tailpipe
emissions after the GPF increased only by ~20%. The GPF filtration efficiency increased by ~10%
when filtration of the smaller particles was included, and all tailpipe emissions comfortably met
the regulated PN limit of 6 x 101! #/km.
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2.4.2.3.1. Gasoline Particulate Filter Design, Fundamentals and
Function

The basic design of all GPFs in use today is the same as for diesel particulate filters, shown
schematically in Figure 2.11.

Fig. 2.11 Wall-flow particulate filter design [260].

The filters are based on a refractory, porous ceramic honeycomb structure. The channels are
plugged in a checkerboard pattern at alternate ends. This results in a structure that forces the
exhaust gas to flow from the inlet channels, through the porous wall, and back out into the
outlet channels. Within the porous wall structure, particles are removed by filtration resulting
in a significant reduction in particulate matter emissions. This type of filter is commonly
referenced as a wall-flow filter. The main design parameters for these filter technologies, aside
from material selection, are those describing the macroscopic structure of the honeycomb and
those that describe the microstructure of the porous filter wall.

The honeycomb structure is usually characterized by its cell density, that is, the number of cells
or channels per unit area, and the thickness of the walls or webs. The unit commonly used to
describe the cell density is cells per square inch, cpsi, or in some cases as cells per cm?2. The web
thickness, tw, is usually provided in 1/1000 of an inch (a customary U.S. unit called “mil”), or in
metric units in mm or um. Two key characteristics of the honeycomb structure, which can be
derived from the aforementioned values, are the open frontal area (OFA) and the hydraulic
diameter, ds. For square channels, these values can be calculated by (1) and (2):

d, = (CPSD™Y2 —t,,, (1)
OFA =d} /(d, +t,)?. (2)

The microporous wall material is typically described by its porosity and its median pore size
(D50) as determined by mercury porosimetry. Common values used for GPF designs and
materials are summarized in Table 2.3.
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Property Uncoated GPF Coated GPF

Porosity 45%-55% 55%-65%
Median pore size 10 pm-15 pm 15 pm-25 pm
Cell density 200 cpsi-360 cpsi 300 cpsi
Web thickness* 6 mil-12 mil 8 mil-12 mil

Table 2.3: Range of typical gasoline particulate filter properties [260].

The selection of the optimal filter design and filter material is determined by a number of
application requirements:

e Filtration performance: The absolute value of filtration efficiency required is
determined by the engine-out raw emissions and the regulatory standards to be met.

e Pressure drop: The pressure drop, or resistance to flow, has impact on the fuel
efficiency as well as the peak power of an engine and typically has to be as low as
possible.

e (Catalyst activity and utilization: Applicable only for coated GPFs, with the main
parameter from the filter substrate being the washcoat capacity and catalyst
efficiency.

e Mechanical and thermomechanical robustness: The filter has to withstand the
mechanical stress applied during canning as well as the thermomechanical
stress from temperature gradients in operation.

e Passive soot oxidation and soot mass limit: The filter has to be robust enough to
withstand potentially severe soot regenerations, but also enable a maximum of
passive soot regeneration.

The requirements for GPF performance are new, particularly as it relates to (a) thermal shock
resistance, which are for GPFs similar to those for flow-through TWC substrates, (b) the need
for monolithic structures to maximize the accessible filter volume and frontal area due to a
sometimes very compact packaging space, as well as (c) the desire to have a low thermal mass
and low thermal conductivity material that quickly responds to temperature changes to take
advantage of passive soot regeneration potential. The key characteristics of the advanced
cordierite ceramics are their low thermal expansion (~10-6 m/mK), their high temperature
capability (>1300°C), their low intrinsic material density (2500 kg/m3), and their high intrinsic
strength. The particles found in gasoline exhaust are typically in the range of roughly 10-400
nm (described by their electrical mobility diameter), several orders of magnitude smaller than
the typical pore sizes (10—25 um) used in GPFs (see Table 2.3). Hence, filtration is not the result
of a sieving effect but is rather primarily based on deposition due to Brownian motion and
interception. Inertia effects can also play a role, but usually to a lesser extent. These
mechanisms are summarized schematically in Figure 2.12. The filtration based on Brownian
motion is related to the random movement or diffusion of small particles relative to the fluid
stream lines.
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Once a particle gets close enough to a solid surface, it can deposit and is removed from the fluid
stream. This mechanism is dominant for small particles, for example, those <100 nm, and its
contribution decreases as the particles become larger, since the Brownian motion decreases
with particle size. Interception occurs when a particle’s trajectory passes within one particle
radius of the collecting body. In such a case, the particle traveling along that stream line makes
contact with the body and may be collected there. As one would expect, this collection
mechanism decreases in relevance as particles become smaller. It is therefore most effective
for particles of intermediate sizes. Deposition as a result of inertia is relevant for large, heavy
particles only, which do not follow the fluid steam lines. In the following paragraphs, only a
brief description of the physics describing the two most relevant mechanisms for GPF
applications will be provided to enable a basic understanding of the relevant parameters. Most
models represent the porous filter wall as an assemblage of unit collectors, onto which the soot
particles are deposited. The size and number of the unit collectors can be derived from the
mean pore size and porosity, for example, by assuming spherical shape:

) dpore .(3)

Soot

Particle

Brownian Diffusion Interception Inertia
Fig. 2.12 Relevant filtration mechanisms [260].

For these unit collectors, the efficiency can be determined using established correlations, as
given,

B [g(e)]?
Nine = 1.5~ Nr2(1+—NT)S .(4)

Where g(g) and the power s are functions of the porosity. The dependence on soot particle and
collector size is considered by N, = ds/dc. From the correlation, it can be observed that n: is
independent of the flow rate and temperature. For Brownian motion, the unit collector
efficiency nsm can be described by:

2RI

A

Moy = 45 (L= )3 .(5)

Pe:

l

w
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with As being a parameter, primarily dependent on the porosity €, and Pe; being the Peclet
number. The Peclet number is proportional to the fluid velocity inside the pore space uw/e and
the ratio between collector diameter dc and diffusion coefficient for Brownian motion Dg:

Uy

dc
€ Dguy,

Pel-— (6)

The particle size ds and temperature T dependence of this collection mechanism are introduced
via the Brownian diffusion coefficient, Day ~ (T/ds%). To better understand the effect of the
different design and operating parameters, examples are shown in Figure 2.13 for the filtration
efficiency, as function of the particle size. First of all, one can observe that the filtration
efficiency is generally very high for small particles and for large particles. In the intermediate
range, a minimum can be observed.
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Fig. 2.13 Examples for the influence of different parameters on the filtration
efficiency: (a) pore size, (b) porosity, (c) web thickness, (d) wall flow velocity, and (e) temperature [260].

This “V” shape behavior is due to the overlapping effect, with deposition due to Brownian
motion dominating in the small particle range and decreasing as particle size gets larger, and
interception (and inertia) dominating for large particles but decreasing as particles become
smaller. The minimum is due to both mechanisms having lower efficiency. From Figure 2.13 (a)
and (c), one can see the expected trend with small pores or thick walls enabling higher filtration
efficiency over the entire size range. The porosity dependence is at first counterintuitive, with
higher efficiencies for higher porosities. The reason for this is that as porosity is increased, the
residence time within the pore space increases, providing more time for particles to be
collected. This trend breaks down as we approach porosities of € - 1. For the flow velocity and
temperature effect, one can observe that only the Brownian motion collection is impacted, as
described above. Figure 2.13 shows that for GPFs, where the particles in the exhaust are
expected to be primarily in the range of 10—-100 nm, the collection based on Brownian motion is
dominant.
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A simplified model based on Brownian motion only, which is useful as a practical engineering
tool, is based on a number of mathematical simplifications, which enable establishment of a
simple correlation for the filtration efficiency based on a filtration characteristic parameter,
AFilt:

%3¢, - (CPSI)/3

T -(7)
dSO,pore SVZ/3

AFilt~

This parameter covers all basic filter design variables. The correlation was validated and
calibrated using data from a large number of laboratory experiments with filters of very
different properties and test conditions. In Figure 2.14, the correlation is shown using
experimental data as well as a large number of additional data. The experimental data include
filters covering porosities between 45% and 67%, median pore sizes between 9.8 um and 28
um, cell densities between 180 cpsi and 350 cpsi, and web thicknesses between 7 mil and 19
mil. In addition, a wide range of part sizes and space velocities were used. With the help of the
definition of Arir, one can understand the sensitivity of filtration to changes in any of the design
and process variables. Just considering the different powers in the correlation, one can observe
the following order: pore size > web thickness > space velocity > porosity > cell density.
Catalyst coating on the particulate filter also changes its filtration characteristics. Catalyst
particles, which are coated into the porosity of the filter wall, usually called in-wall coating,
consume some of the pore space and change the effective porosity, as well as the effective
pore size. The reduction in effective pore volume always reduces the amount of soot required
to reach the saturation in filtration efficiency. The change in effective pore size can result in
enhanced filtration, as well as decreased filtration efficiency, depending on the coating
technology as well as the substrate microstructure properties. In some cases, coatings may also
be applied onto the filter walls, usually referenced as on-wall coating. In this case, the coating
acts like a membrane with effective properties that can be derived from its particle size and
typical packing densities for random particles.

100

X
=i 8 e ®
P 7
2 80 Y~
[0} s ®
E @ o o;:)ge
W g £ ‘
c w$ ..ﬂ)'-v
0 %2 %
=] % 8¢
© &
—
= 40 AR
L S
o
b |
= 2 4
©
o
O
0 : ,

Characteristic Parameter Ag;; in a.u.
Fig. 2.14 Correlation of the filtration efficiency measured on laboratory equipment of
clean research filter samples with the filtration characteristic parameter Agi: [260].
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The pressure drop of a filter is an application critical parameter of significant practical
relevance, it impacts engine power as well as fuel consumption. The pressure drop of
particulate filters is composed of five primary contributions, shown schematically in Figure 2.15.
The inlet and outlet effects, shown as (1) and (5) in Figure 2.15, are due to the contraction and
acceleration as the gas enters the inlet channels and the expansion and deceleration of the gas
as it exits the channels, respectively.
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Fig. 2.15 Schematic of individual pressure drop contributions of wall flow filters [260].
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The turbulent entrance effects that occur as a result of flow development inside the channels
are typically lumped into these contributions. The inlet and outlet contributions are described
by terms proportional to the kinetic energy, with the proportionality constant {;:

Ap/® =G pj- (WP .(8)

The index j represents filter inlet or outlet, and i/o indicates the condition at the inlet or outlet
of the filter. Correlations for ¢ are empirical and typically include the OFA as variable. For the
frictional losses along the inlet and outlet channels (Figure 2.15, index 2 and 4), existence of a
laminar flow profile is generally assumed within the channels. The pressure drop along the
channels can therefore be described analogous to flow through substrates:

Ap;“=2-fo-n%-u;"'eff )

The index j again represents the inlet and outlet channel. n, Lch, and dh represent the viscosity,
effective channel length, and hydraulic diameter, respectively. With respect to the velocity to
be used, it has to be considered that at the inlet side (region of inlet plugs), all the flow is in the
inlet channels, whereas the opposite is true on the outlet side (region of outlet plugs), with all
the gas flow exiting via the outlet channels. Hence, the local flow rate in the inlet and outlet
channels varies along the length, which has to be considered in the choice for u¢7 . The last
contribution to pressure drop comes from the resistance to flow across the filter wall (index 3
in Figure 2.15), from the inlet to the outlet channels. It is worth noting that this is the only
contribution determined by the porous microstructure of the filter.
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In general, the pressure drop across the wall can be described by Darcy’s law:

w AL, w
ApY = n-|— -u¥ . (10)
k Jerr

with ALw as effective thickness, k as permeability, and uw as wall-flow velocity. The
permeability of a clean wall is in general a function of the porosity, the pore size distribution,
and the general morphology of the porous wall, considering, for example, the connectivity of
the pore network. The simplest approaches to estimate the permeability are based on
correlations utilizing the porosity and mean pore size only, as follows:

k,, = %-e “dpore -(11)

Here K is the wall permeability, € the porosity, and dpore the median pore diameter. These
correlations can provide reasonable estimates for the permeability of clean, uncoated filter
walls. A comparison with some experimental values is shown in Figure 2.16. Typical
permeabilities for uncoated filter technologies are in the range of Kw = 0.8 — 4 x 10712 m2.
Coating changes and decreases the permeability of the filter wall. For in-wall coatings, the
catalyst particles consume some of the pore volume, reducing the effective porosity as well as
pore size. In general, higher washcoat loading results in lower permeability. The impact in
absolute terms depends significantly on the coating technology. The use of pore size and
porosity data from mercury porosimetry measurements and the correlation provided above
usually does not provide for sufficient results. The most effective way to describe the impact of
in-wall coatings on the permeability is to use semi-empirical correlations, calibrated to
experimental data from coated filters. The impact of on-wall coatings can be described
reasonably well if a resistance in series approach of the coating layer and the porous wall is
applied. The permeability of the coating layer itself is described by its particle size, porosity, and
thickness.
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Figure 2.16 Permeability of filters. Experimental data and simple correlation [260].
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The contribution of each of the individual pressure losses described above depends on the flow
conditions, as well as the filter technology. In Figure 2.17, examples are shown for an uncoated
as well as a coated GPF under different operating conditions. For the uncoated filter example, it
can be observed that while the share of the resistance of the flow across the wall remains
moderate and roughly constant, the contribution of the inlet and outlet effects increases
significantly as the flow rate increases. For coated filters, the contribution of the wall is under
all conditions higher compared to the uncoated filter technology due to the lower wall
permeability. With respect to the distribution between the two other areas of pressure loss, the
same holds as for uncoated filters. As for filtration, the accumulation of soot and ash also
changes the permeability of the filter wall, resulting in an increase in pressure drop. Figure 2.18
shows laboratory measurements of pressure drop as function of the soot load, measured for a
number of different GPF examples. The different data sets represent samples of a high-porosity
GPF technology, all in the same size, two without coating and five with different coating
technologies. For all cases, one can observe a steep initial increase at low soot loadings, then
leveling off to a more moderate slope of pressure drop vs. soot load. The moderate slope is
similar for all examples. It is driven by the increase in soot cake thickness, which is primarily
related to the cell design of the filter (e.g., filtration surface area), which was 300/8, and the
same for all samples tested.

The initial steep increase is the result of some soot accumulating in the pore structure,
decreasing the local permeability. Since the local velocities inside the pores can be high due to
the local porosity, this effect is very pronounced. As the examples show, this effect is a strong
function of the coating applied to the filter. The different coatings shown vary in washcoat level
as well as coating technology. The washcoat load of coatings A, B, and C is the same and at a
medium level, but different technologies were applied. The washcoat loading for coating D is
higher compared to A—C and very high for coating E. The effect of the washcoat loading level is
to some extent driven by the fact that more coating results in greater reduction of open pore
volume. The absolute effect, however, depends also on the selected coating technology, as can
be seen by comparing coatings A—C.

Uncoated GPF Coated GPF
GC 200/8 GC HP 1.1 300/8 w/ 100g/L WCL
Low Load Wall
igg%jg Elt]igt'i]gﬁl ‘ Inlet/Cutlet \
Medium Load
100kg/h ‘
600°C
High Load
400kg/h
800°C
GPF 4.66°x6™ O Filter Wall = Inlet Contraction/Outlet Expansion = Channel Friction Note: No soct, no ash

Figure 2.17 Share of the different pressure drop contributions for uncoated and
coated GPFs at different operating conditions [260].
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Figure 2.18 Pressure drop as function of soot load for different GPFs with different
coating technologies. All filters with same technology and 300 cpsi/8 mil design [260].

2.4.3. Soot Formation in Combustion

The particles emitted by combustion engines typically consist of three distinct types, labeled
“Nucleation Mode,” “Accumulation Mode,” and “Course Mode.” Coarse mode particles are of
varying nature, such as rust from the exhaust system. They are not emitted directly but formed
from the other two modes. The predecessors stored within the exhaust system become
attached to each other and re-enter the exhaust flow as larger particles. Because of these
storage and release processes, the coarse mode is an inconsistent emission. However, it is
suggested that they consist of a solid core and an outer layer of volatile material. As the coarse
mode is of unsettled state, artificial nature, and comparative rarity, these particles have been
little studied [111]. Historically, nucleation mode particles have been less studied, because they
are at the limit of detection for many instruments. The consistency of these particles is still a
topic of research. A literature survey by Giechaskiel, Manfredi, and Martini gives an overview
about the current state of research on nucleation mode particles [112, 113]. They state:

The structure of primary particles is sometimes different (more amorphous)
and unburned hydrocarbons or volatile organics can be found. This means
that differences in the thermal pre-treatment (temperature, residence time of
PN systems) might lead to different results. A lot of studies have found a solid
core mode with older and modern diesel engines, both at low and high loads.
Solid core mode is often observed at gasoline engines with port fuel injection
(G-PFl) and it is assumed to originate from the metals of the lube oil or from
fuel additives. At GDIs a shoulder at 10-20 nm appears quite often. For mopeds
very often the size distribution after thermal pre-treatment peaks at or below
20 nm. It should be mentioned that in many studies it was recognized that the
‘solid’ core mode was re-nucleation artifact of the PMP (Particle Measurement
Programme) method and the dilution factors employed.
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Accumulation mode particles consist of a collection of much smaller “primary” particles. The
size of the primary particles ranges from about 20 to 50 nm. It should be mentioned that
accumulation mode particles vary in size because they contain both greater or fewer numbers
of primary particles, not because the primary particles vary in size. The number of primary
particles to form an agglomerate is not a fixed number and varies from tens through hundreds
to thousands. The morphology of agglomerates is also of a diverse nature, as the surface is
coated by a layer of volatile or semi-volatile material. The chemical composition of particles can
be defined according to the four layered conceptual model by Eastwood [111], depicted in
Figure 2.19. The five main components of the particles are subsequently presented according to
the discussion by Eastwood [111]. As the sulfate bound in the fuel mainly contributes to the
sulfate fraction, it is important to mention that this model was based upon diesel particles.

Sulphate 3 H.SO, + metal
Fraction sulphates
Volatile or Nitrate 3 HNO; + metal
Soluble Fraction nitrates
Organic 3 ~CH,
Fraction +N,O,S
Particulate
Carbonaceus 3 ~C8H, C9H
Fraction +N, 0,8
Nonvaolatile or
Insoluble
Ash 3 numerous metals
Fraction few non metals

Fig. 2.19 Conceptual composition of particle composition according to Eastwood [111].

2.4.3.1. Organic Fraction

Based on the assay method, the organic fraction is also known as soluble organic fraction, or
volatile organic fraction. However, the mass of soluble organic fraction is usually quite close to
the mass of volatile organic fraction, even though the separation processes are based on
different properties that do not necessarily generate the same end result. The organic fraction
consists of several hundred compounds, such as alkenes, alkanes, alcohols, esters, ketones,
acids, and aromatics. Even lighter C4 to Cg compounds were detected, which should be in the
gaseous state, thus supporting the assumption that surface interactions are strong.

45



2.4.3.2. Sulfate Fraction

The sulfate fraction mainly consists of water-soluble sulfates, or the SO4%~ ion, with the chief
component sulfuric acid, H.SO4. There is a connection between the amount of sulfuric acid and
the amount of water on the filter, thus dependent on the humidity in the filter’'s immediate
environment. Therefore, prior to gravimetric measurements, the filters must be conditioned for
a certain period of time in a closely defined environment.

2.4.3.3. Nitrate Fraction

The nitrate fraction consists of water-soluble nitrates, like the NOs3™ ion, with the chief
compound nitric acid, HNOs;. Compared to the sulfate fraction, the amount of the nitrate
fraction is usually lower. Additionally, nitric acid has a lower boiling point as compared to
sulfuric acid, thus showing a greater volatility.

2.4.3.4. Carbonaceus Fraction

The title “carbonaceous” implies that this fraction is predominantly but not exclusively carbon.
In the research community, this fraction is also titled as “Soot,” “Graphite Carbon,” “Elemental
Carbon,” or “Black Carbon.”

2.4.3.5. Ash Fraction

The ash fraction covers inorganic compounds or elements, such as metals and a few nonmetals,
and is a mixture of highly variable composition. A method to characterize the ash fraction is to
burn all the particles and thereafter analyzing the remains, which is the “Incombustible Ash.”
The ash fraction is mostly caused by fuel additives and oil as well as the elemental composition
of the working fluid itself. The ratio for each of these fractions on the total particle emissions
depends upon the composition of the working fluids, the engine operating parameters, the
wear performance of the engine, as well as influences of the exhaust gas aftertreatment
devices. Besides the chemical composition, particles are classified according to their diameters.
As smaller particles do not contribute strongly to the particle mass, the legislative authority saw
it necessary to limit the particle number and thus the emission of fine particles. A typical
distribution of the particle emissions of a diesel engine can be found in works by Kittelson et al.
[114] and Dageforde [115].
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Thereby, particle size distributions are plotted in three ways: according to number, area, and
mass. Fundamentally this is the domination of different ranges by number and mass.
Concerning particle numbers, most of the particles reside in the nucleation mode, while for the
particle mass, the maximum is found in the accumulation mode. Generally, the particles are
classified by their diameter as follows:

e PMI10 for particles with a diameter not exceeding 10 um.

e PM2.5 for particles with a diameter not exceeding 2.5 um (“fine particles”).

e PMO.1 for particles with a diameter not exceeding 100 nm (“ultra-fine particles”).
e Particles with a diameter not exceeding 50 nm are known as “nanoparticles.”

Even though the term “diameter” implicates particles to be of spherical shape, particles are
more likely to show branched or reticular structures. Therefore, the measured diameter of
particles by the actual measurement system is a comparative value and gives the reference
diameter of an ideal round particle, which would behave comparatively to the measured
particle. According to Hinds, different definitions for the reference diameter are common [116]:

. Hydrodynamic Diameter—diameter of a reference particle showing equal
diffusion properties

° Aerodynamic Diameter—diameter of a reference particle with the density of 1 g/cm3
and equal descent rate

° Electrical Mobility Diameter—diameter of a reference particle with a well-defined
charge that shows equal mobility in an electrical field

The different diameters can be converted to each other as exemplarily shown by Jimenez et al.
[117] and McMurray et al. [118]. However, the existence of different definitions with different
values for the diameter supports the assumption that shape, mass, and surface of particles with
equal diameters can show significant differences. Furthermore, the nucleation mode particles,
in particular, can consist of a large number of volatile particles. As the nucleation mode
particles are mostly dominated by volatile particles, the sampling position and the thermal
pretreatment of the exhaust gas can influence the measured size distributions.
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2.4.4. Soot Formation

From the above-mentioned particle fractions, ash and soot are generated within the engine’s
combustion process, while the other components form later in the exhaust system or even not
before entering the surrounding air [111]. Even though today the formation process of soot is
not determined in every detail, it is known that polycyclic aromatic hydrocarbons (PAH) play a
major role in the process. This mechanism proposed by Bockhorn et al. [119] is schematically
shown on the left-hand side of Figure 2.20. The formation process of PAH is dominated by
acetylene (C;Hz), which is present in a greater amount in fuel-rich flames. By reactions with CH
and CHy, C3Hs is created, which tends to build up a benzene ring (aromatic ring formation) by
recombination and rearrangement. By abstraction of hydrogen and acetylene addition (HACA
mechanism) [120], spatial structures with a graphite-like structure are formed from the plain
PAH molecules which are soot precursor molecules. The three-dimensional structures resulting
from the initial nucleus formation are known as primary soot particles. Due to surface growth
and coagulation, which means a conglomeration of particles, the soot formation continues and
extends. The growth of singular particles is limited, even though the reasons are not yet fully
understood. This process is followed by the agglomeration of colliding particles, creating loosely
structured agglomerates. A maximum output of soot is thereby visible for rich air-fuel
equivalence ratios and temperatures from 1600 to 1700 K. For lower temperatures, the
formation of radical precursors like CsHjs is inhibited. For higher temperatures, these precursors
are pyrolyzed and oxidized. Therefore, the soot formation is limited to temperatures from
about 1000 to 2000 K. Soot oxidation can occur at the precursor, nuclei, and particle stages of
the soot formation process. Heywood states that in general, the rate of heterogeneous
reactions such as the oxidation of soot depends on the diffusion of reactants to and products
from the surface as well as the kinetics of the reaction [121]. There are many species in or near
the flame that could oxidize soot, such as O;, O, OH, CO;, and H,0. For the homogeneous,
stoichiometric combustion in gasoline engines, the soot oxidation process is assumed to be
dominated by OH, as the concentration of O and O is at a low level [121]. However, in
compression ignition engines, a large fraction of the soot formed is oxidized within the cylinder
due to the excess of oxygen [122]. There are a number of models available which describe the
dependency of the soot oxidation process on oxygen partial pressure and temperature [111,
123]. As it has been proven difficult to follow the oxidation of soot aerosols in flames, studies of
bulk samples of pyrographite can be used to understand the soot oxidation process. The semi-
empirical formula of Nagle and Strickland-Constable [124] has shown to correlate pyrographite
oxidation with oxygen partial pressures below 0.1 MPa and temperatures in the range of 1100
to 2500 K and is therefore often used to describe soot oxidation mechanisms [121].
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Fig. 2.20 Soot formation process according to Bockhorn [119] with pictures of soot structure
created with HRTEM (left figure) and soot output dependency of temperature
and air-fuel ratio by Bohm et al. (right figure).

2.4.5. Influencing Factors on Soot Formation in Gasoline Engines

The influencing factors on soot formations in gasoline direct injection (GDI) engines are shown
in Figure 2.21. Spray-wall interactions and the resulting impingements of liquid fuel on piston
and liner result in insufficient mixture preparation. If the time for evaporation of the liquid fuel
films is too short, a diffusive combustion with increased soot emissions is the consequence.
However, at steady-state operation, these emissions can be prevented by a proper
dimensioning of spray targeting, injection pressure, and injection timing. Concerning multi-hole
injectors, the deposit formation at the injector tip is a major source of particle number
emissions. At the end of the injection process, the impulse of the injection is low and the liquid
fuel of the nozzle sac and the nozzle hole volumes can wet the injector tip. Due to insufficient
evaporation of this liquid fuel, deposits are formed in a diffusive combustion at the injector tip.
Furthermore, the built-up deposits further on act as a reservoir for liquid fuel in a self-enforcing
process. Due to this effect, the particle number emissions can be increased by more than one
order of magnitude without influencing any other emission characteristic, such as THC or NOx.
Also, a dominant reason for particle emissions is inhomogeneities caused by insufficient
mixture preparation.
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Possible sources for inhomogeneities are, for instance, spray-wall interactions, spray-valve
interactions, or late injection timings and thus not enough time for mixture preparation.
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Fig. 2.21 Influences on particle formation according to Bertsch et al. [125].

2.4.5.1. Inhomogeneity

Soot formation generally depends on the local temperature and on the local air-fuel ratio [126].
Theoretically, fuel-rich zones should not exist for a homogeneous, stoichiometric operation of a
GDI engine. Investigations show that spray-wall interaction is one of the main causes for soot
formation in GDI engines [127, 128, 129, 130]. Concerning soot formation, this spray-wall
interaction becomes critical, only if the time before ignition is too short to evaporate and
sufficiently homogenize the liquid fuel. During the following combustion process, most of the
injected fuel is oxidized. After regular combustion, the temperature in the combustion chamber
is at a high level. In combination with the low oxygen content, due to the stoichiometric
operation, ideal conditions for soot formation are present. Thus, even small amounts of fuel
stored in the wall films can significantly lead to increased particle number emissions. Contrary
to diesel engines, soot cannot be oxidized after the combustion because of the low oxygen
content [131]. Schulz et al. have shown that in addition to the initial temperature, the injection
pressure, and the distance from injector to the hot plate, the angle of the injector to the plate
plays an important role, regarding the wall film area and the wall film mass [132].
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Bertsch [133] shows that with the correct injection timings, piston film can be prevented even if
high amounts of fuel have to be injected. They also show that hydraulic flow and large-scale
motion have a significant effect on the wall impingement. In the studies of Dageforde et al.
[134] and Notheis et al. [135], the influence of large-scale motion on the spray targeting could
be shown and explain the different effects on the particle number concentration resulting from
a poor interaction of the in-cylinder charge motion and the spray. This is also one reason for
inhomogeneities caused by an insufficient mixture preparation. Fuel-rich zones with oxygen
deficiency are formed, which are a potential source of soot emissions. In contrast to global fuel-
rich conditions, a post-oxidation of the soot built up in the fuel-rich zones is possible. An
insufficient mixture preparation caused by valve impingement or cold engine conditions can
also lead to remaining droplets in the gas phase and therefore to diffusive flames. Steimle et al.
used high-speed imaging to locate different forms of inhomogeneity in the combustion
chamber [136]. The different effects are shown in Figure 2.22. Largely, impingement on
different locations leads to an increase in particle formation. Under cold engine conditions,
inhomogeneities in the mixture formation can lead to diffusive combustion in large areas of the
combustion chamber and the occurrence of remaining fuel droplets as an additional soot
source.

Interaction with intake valve

Piston wetting

Liner wetting

Injector deposits (tip sooting)

Combustion chamber roof wetting

Fig. 2.22 Some of the most important sources of soot emissions in GDI engines
according to Steimle et al. [136].
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2.4.5.2. Tip Sooting

Using multi-hole injectors, another possible reason for soot emissions is a deposit formation at
the tip of the injector, known as “Tip Sooting.” These deposits are formed as a result of a liquid
fuel film on the tip. Using a clean injector, the fuel evaporates almost completely before the
flame front reaches the injector. However, if deposits are formed at the tip, fuel is stored within
the porous structure of the deposits. The evaporation process is delayed and leads to an
insufficient mixture preparation of the stored fuel. The fuel is oxidized after the initial
combustion under oxygen deficiency and leads to increased soot formation. Measurements by
Berndorfer et al. [137] and Wiese et al. [138] have shown that this effect can increase the
emitted particle number concentrations at steady-state operation by more than one order of
magnitude, while neither the hydraulic flow nor the spray pattern are influenced by the
deposits. Piock et al. have shown that an increased injection pressure is capable to reduce the
deposit formation [139]. And even when deposits are built up at the injector tip, increased
injection pressure of up to 40 MPa showed a reduction in particle number emissions. Figure
2.23 shows the result of tests on deposit formation using a multi-hole injector by Dageforde
[140]. The picture on the left shows the injector tip before the start of the test. After running
the engine about 500 minutes at 10 MPa injection pressure, the particle number emissions
increased by about 360%, while the particle mass emissions increased by about 510%. After this
test, the injector had deposits formed on the injector tip, as shown in the picture on the right.

10 250 —
| oo &
8 200 =
= | =
E 6 150 %
% & 100 :.
- {50 e
0 —0
108 5 ~8
107 ———— ~o . -6 E
?, o0 0-.0.. . I “E,
= Q o Qo E
[, 106 — o) _O o 4%
& : o o) op- | &
=z | - 0 |
o 105 — o0 o.d 80 T -2 E
ke . _ |
104 Lo L 1 . lo8 1 L  1o8 | 1 1 1l
-30 30 90 150 210 270 330 390 450 510 570
time[min]
=—{=—IMEP[bar] ==} rail pressure[bar] roiQ o= PNepe [PEm?] 0 - = PMy,gq [Mg/m?]

Fig. 2.23 Deposit formation on the injector tip measured by Dageférde [140].
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2.4.6. Soot Formation in Different Operating Points

2.4.6.1. Higher Specific Loads and Low Engine Speeds

As downsizing and downspeeding are the most promising solutions to reduce the fuel
consumption of modern engines, the engines operate more frequently at high engine loads and
low engine speeds compared to engines with a larger displacement. For the higher engine load,
a larger amount of fuel needs to be injected. In combination with the low in-cylinder charge
motion caused by the low engine speeds, the mixture preparation is new. Bertsch and Notheis
investigated different engine strategies and their influence on particle number emissions
experimentally [141] and in comparison to CFD simulations [142]. The investigations using a
single-cylinder research engine were used to classify the different influencing factors according
to their particle number reduction potential. The three groups “Strong Influence,” “Measurable
Influence,” and “Low Influence” are illustrated in Figure 2.24.

STRONG INFLUENCE

Charge motion

Injection pressure Valve timings

[njector hydraulic flow .
Inflammation Oil temperature

Injection timing (Ignition system) 5

Residual gas amount
Temperature coolant Fuel temperature
Ait/fuel ratio Fuel & ” External exhaust gas
FIRLEN TR0 RN recirculation fraction

Fig. 2.24 Influencing factors on PN formation in GDI engines at high specific
loads according to Bertsch [133].

One of the parameters with the strongest influence on particle number formation investigated
in this project was the in-cylinder charge motion. Increased in-cylinder charge motion (tumble
or swirl) leads to enhanced mixture formation and thus to reduced particle number formation,
if the level of in-cylinder charge motion is matched to the engine. If not adjusted correctly,
negative effects of the implemented charge motion are possible. Numerical studies on the
same engine have shown that different charge motion strategies change the spray targeting.
This could lead to a higher amount of cylinder wall impingement which increases the particle
number emissions. With the relative cold temperatures of the cylinder walls, the evaporation of
the liquid film is reduced. The fuel on the cylinder wall can get in the top land and burn
diffusively as soon as the piston moves downwards.
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Another promising solution to reduce particle number emissions is a combination of a reduced
hydraulic flow of the injector with increased injection pressure.

The average droplet size is reduced and the evaporation process is enhanced due to the
increased surface-to-volume ratio. By using an increased injection pressure, the necessary
amount of fuel can be injected within a shorter time with lower average droplet sizes. It’s likely
that the different parameters leading to particle number emissions reduction potential are not
additive and most of the effects interact with each other. It can also be stated that a cleaner
combustion process, emitting particle number emissions slightly above the level of ambient air,
can be realized in a gasoline direct injection engine at high engine load under steady-state, hot
engine conditions.

Also, it could be recommended to operate gasoline direct injection engines with low particle
number emissions at high engine load [133]:

e Ashort time for engine heat-up is required for low particle number emission engine
concepts.

e The spray targeting, injection pressure, and injection timing need to be optimized
synchronously and adjusted to the engine operation point.

e Operation with air/fuel ratio below A = 0.9 should be prevented.

e Large-scale charge motion enhances the mixture formation process but needs to be
applied to the engine geometry and operation settings.

e The ignition system can stabilize the ignition process and thus reduce particle number
emissions.

e The fuel composition influences the evaporation process, soot formation, and soot

oxidation. Therefore, future gasoline fuel for low particle number emissions should
contain low amounts of aromatics and a high vapor pressure.
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2.4.6.2. Engine in Transient Operation Points

Understanding the emission behavior of engines in transient operation points is one of the
great challenges in order to optimize engine application for Real-Driving-Emission (EU6-RDE)
standards regarding particle emissions. Transient conditions refer to changing engine
conditions, which can be characterized in four major classifications as shown in Figure 2.25
proposed by Disch et al. [143]. The first-order transient is the reciprocating engine process
itself. The cylinder pressure changes in a short timescale and processes have a high impact on
engine and emission performance. Even in stationary engine operation, these processes are
highly transient. Second-order transient describes cycle to- cycle variations. These are governed
by driver requests such as changes in engine load and speed. The engine control unit (ECU)
control strategies have a great effect on these timescales as well. Third-order transients
describe changes in engine temperatures such as oil, coolant, and combustion chamber surface
temperatures.

I. Order

e.g. cylinder pressure

Il. Order
e.g. change in rpm and load

lll. Order
e.g. oil and cooling water temperature

IV. Order
e.g. oil dillution, combustion chamber deposits

—

Process impact

Time
Fig. 2.25 Criteria for interpretation and evaluation of transient
Engine operation [143].

These processes are slower and the impact on the emissions is high, but not as significant as
first-and second-order processes. Cold start emissions in particular are influenced by the engine
heat-up behavior. The fourth order describes engine processes over a longer timeframe such as
wear, combustion chamber deposit build-up, and oil dilution [143].

2.4.6.2.1. Effects in Transient Operation during Load Step

The ECU calibration during load step conditions has a significant influence on mixture formation
and especially the lambda value. Studies by Disch et al. have shown that during load steps,
especially after coasting conditions, the lambda value control during the first combustion cycles
is emission critical [144, 145]. To ensure a reliable engine torque build-up, the calibration of the
initial combustion cycles, before the lambda control becomes active, has to be adjusted so that
lean misfire is prevented. For this reason, a precise stoichiometric mixture with a high degree of
homogenization is indispensable.
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An under-stoichiometric ECU calibration and/or poor mixture formation, for the initial
combustion cycles, causes peak values for particle number concentrations. In addition, the
injection strategy during engine load changes has a superimposed impact. The in-cylinder
conditions at start of injection (SOI) change significantly during the first few combustion cycles.
Pool flames, as a result of piston wetting caused by early SOI applications can be detected. The
cooling of the piston and wall surface during coasting requires a temporary SOI shift to later SOI
timings. The temporary shift is an effective opportunity to reduce peak values of particle
number concentrations. However, at later SOI timings, higher fluctuations of local lambda
values close to the spark plug were observed. This leads to increased particle number emissions
due to inhomogeneity and higher cycle-to-cycle variations. Figure 2.26 shows an example of
pool flame occurrence during a fast tip-in and the corresponding particle number concentration
and size distribution. Pool flames can be observed in early phases of the tip-in. In later phases,
only a few droplets can be identified as sources of particle emissions, even with constant SOI
timings. This is due to the heat-up of the piston surface during the firing operation. Tan et al.
also showed a significant influence of spark timing and lambda value development during load
changes. They state that in order to improve the transient behavior, extra development effort
has to be invested in order to control the lambda value and its influence on transient emission
behavior [146].
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Fig. 2.26 Comparison of particle emission and high-speed imaging during tip-in [260].
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2.4.6.2.2. Catalyst Heating Operation

The catalyst heating operation is a special case of transient engine operation. To effectively
reduce exhaust gas emissions after engine start-up, the catalyst needs to be heated up above
the light-off temperature. To facilitate a quick heat-up of the catalyst, a high exhaust enthalpy
flow is needed in combination with low gaseous emissions and low cycle-to-cycle variations.
During this operation mode with cold engine conditions, more than 50% of the cumulative
particle number emissions are produced in the first 100 seconds of the NEDC test cycle [147,
148]. Therefore, the quality of the mixture formation process mainly influences the particle
number emissions. For GDI engines with a centrally mounted injector, a multi-pulse injection
strategy with a short injection pulse just before ignition timing can lead to low particle number
emissions [149]. The split-up of the injection process reduces the penetration and thus can help
avoid wall wetting. Additionally, the short injection pulse just before ignition timing leads to a
local fuel enrichment and increased turbulence within the spark plug area [150]. While the
turbulence supports the stabilization of the inflammation and combustion process, the local
fuel enrichment and the very short duration between the last injection pulse and ignition timing
can lead to a substantial increase of the particle number emissions [151].

Therefore, the timing and injected fuel mass must be carefully and precisely chosen. Besides
the optimization of the injector and the spray targeting by new laser drilling methods [152, 153],
a further increase in the injection pressure is a promising solution to reduce particle number
emissions. Schumann demonstrated with a single-cylinder research engine that an injection
pressure of up to 80 MPa enables stratified operation in the catalyst heating mode with low
particle number and NOx and HC emissions [154]. Besides the optimization of the fuel supply
system, increased in-cylinder charge motion supports the mixture formation process.
Dageforde therefore reduced the maximum intake valve lift of a single-cylinder research engine
and combined the increased in-cylinder charge motion with a split injection strategy and the
use of different fuels [155]. Results showed that the increased in-cylinder charge motion and
the short injection pulse, right before ignition timing, leads to a stabilization of the combustion
process and lower particle number emissions. De Francqueville and Pilla performed detailed
investigations on particle formation in catalyst heating operation, using an optical accessible
engine with a transparent sapphire ring [156]. They used Laser-Induced Incandescence (LII) to
localize soot in the combustion chamber and Laser-Induced Fluorescence (LIF) to measure the
fuel distribution. It was possible to determine five mechanisms as causes for the soot
formation: ballistic impacts on the piston or on the lower part of the liner, non-direct impacts
on the upper part of the liner due to fuel transportation in the combustion chamber or
rebounds, and the last mechanism identified was mixture heterogeneities in the bulk gases. In
summary, they state that fuel impacts on the piston, and to a lesser extent on the liner, were
identified as the main mechanisms for the soot formation in GDI engines.
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2.4.7. PN Formation Mechanisms

Particulates can form by a number of mechanisms, often with multiple mechanisms being
present simultaneously at a given engine condition. Engine-out particulate emission is the
result of particulate inception, growth, and oxidation mechanisms. The physics and chemistry
that drive these mechanisms can be complex, nonlinear, interdependent, and engine-specific;
thus, what is presented here is a general outline and not a prescriptive guide meant to apply to
every engine, injector, and mode of operation. This also means that as a given engine
parameter changes (e.g., engine speed), particulate emissions may go up or down, depending
on a number of other factors. In general, particulates are formed in regions with an over-
abundance of fuel in the fuel/air mixture. This happens through either high-temperature
thermochemical decomposition of the fuel by pyrolysis during the combustion or as a result of
low temperature chemistry pathways of radicals after the time of combustion. These rich zones
are typically found either in the gas phase, where under-mixed regions of fuel lead to locally
rich zones, or due to liquid films on the surfaces of the combustion chamber (e.g., piston, fuel
injector tip, walls) [157, 158, 159]. The sources for particulates can also be independent of the
engine fueling and instead related to engine oil, examples being oil introduction through the
crankcase ventilation system (PCV), oil suction past loose piston rings, or oil leakage from the
turbocharger. These oil-related mechanisms are generally indicative of engine malfunctions or
poor engine design.

2.4.7.1. Gas Phase

With regards to particulate formation, the ideal mixture is homogenous and contains no gas-
phase rich zones capable of producing particulates. However, in direct-injection (DI) engines,
liquid fuel is injected directly into the combustion chamber, requiring all the injected fuel to
both vaporize and fully mix with the charge (air and EGR) present in the cylinder during the
time available in the intake and compression strokes prior to combustion. If any locally rich
zones persist until the time of combustion, they are likely to turn to soot. Sufficient mixing to
prevent soot is driven by a combination of fuel injection characteristics (drop size, air
entrainment in spray, penetration) and mixing characteristics (sufficient time and turbulence).
High-speed imaging of the combustion chamber provides in situ spatial and temporal
diagnostics of the combustion process. The incandescence of the soot particles are observed by
imaging the combustion chamber through an endoscope. The still images of a DI combustion
chamber with increasing gas-phase incandescence soot are presented in Figure 2.27. The
images are taken at ~90° aTDC in an engine that is operating at room temperature to simulate
an engine start. From left to right, the injection timing is retarded such that there is less time
for mixing and evaporation. The result is that some liquid fuel is still present, and suspended in
the charge, at the time of combustion. These rich pockets then burn as a result of pyrolysis and
present themselves to varying degrees as incandescent light.
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Fig. 2.27 In situ high-speed imaging via endoscope can visualize the origin of
particle formation in the combustion chamber. In these images, the piston is at ~90°
aTDC and the injection timing is retarded from left to right. Additionally the engine is at
room temperature to simulate an engine start. The result is varying levels of gas-phase
soot incandescence as a result of insufficient time for mixing and evaporation [260].

2.4.7.2. Liquid Films

Liquid films can form on any surface inside the combustion chamber and are a consequence of
spray characteristics in DI engines. Frequent locations for liquid films are on the piston,
combustion chamber walls, or intake valves. In these locations, a liquid film is formed due to
improper spray targeting or injection timing. Liquid films can also form on the injector tip or
within the nozzle holes and sac volume of the injector. These films are related to the injector
needle movement characteristics and the internal geometry of the injector. These fuel films can
lead to diffusion flames with rich combustion zones, which can significantly contribute to
particulate emissions. Examples of diffusion flames initiated on the top of the piston (left panel)
and tip of the injector (right panel) are presented in Figure 2.28. In this case, an engine with
side-mounted injector was used and the injector is located at the top left corner of the viewing
area. The engine was operated at part load condition during the imaging and the start of
injection (SOI) was varied from advanced (left panel) to retarded (right panel) timing. The still
images used in the left and right panels are taken at 35 °aTDC and 85 °aTDC, respectively,
during the expansion stroke, at which time the main combustion event has ended.

Fig. 2.28 Left: Pool fire on the piston surface due to spray impingement and
incomplete evaporation can be a significant source of particle emissions. Right: Soot
incandescence from a diffusion flame due to liquid wall film on the injector tip [260].
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2.4.8. Operating Conditions

An engine must operate under a wide range of conditions, and the particular speed/load profile
that an engine experiences can vary drastically based on the vehicle application, drive cycle,
transmission selection, and other calibration parameters. For a given accelerator pedal position
and external environment (wind, road condition, temperature, elevation), the engine will need
to produce a given amount of power, which dictates a choice of speeds and loads for the engine
operation. The physics happening inside the engine are intrinsically related to the operating
conditions, and an overview of the relationship between some of the most important operating
condition parameters and soot mechanisms is presented here. Changing one engine parameter
often changes multiple physical parameters simultaneously. For example, increasing RPM
changes the component temperatures, air flow, and volumetric efficiency. Throughout the
engine calibration process, the best control response for a given operating point is optimized,
given the constraints in emissions, fuel economy, and engine responsiveness.

2.4.8.1. Engine Speed

Engine speed affects fundamental properties that influence the charge induction, fuel spray
development, combustion, and engine-out emissions. Higher engine speeds reduce the time
available for mixing and evaporation, which can have a negative effect on charge homogeneity.
However, turbulence and mean air velocity increase as the engine speed increases, which
improves mixing and enhances the charge homogeneity, thus mitigating the locally rich zones in
the gas phase and reducing the particulate production. The resulting effect on mixing is engine
and condition specific. Regarding fuel impingement on the piston, because piston speed
increases at higher RPM, the piston moves away from the spray more quickly and reduces the
piston impingement for a given SOI. Increased engine speed generally leads to higher
component temperatures due to more friction and a shorter time for heat transfer. Higher
temperatures accelerate the evaporation of the liquid fuel films on the components but can
also promote low temperature soot formation reactions. Depending on the temperature range
and the location of the fuel film, higher temperatures can exhibit non-monotonic emission
behavior. For example, while non-monotonic particulate behavior can be observed for injector
tip temperature [160], pistons generally benefit from being hotter with regards to particulate
emissions, although the relationship is complex [161, 162]. The cumulative effect of all these
changes indicates that PN (particle number) could go up or down as a function of engine speed,
which is shown in Figure 2.29.
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Fig. 2.29 Effects of engine speed/load on PN emission [161-162].

Sweeps of engine speed at two loads are presented for a turbocharged engine with a side-
mounted injector. The tests were performed under warm engine conditions with a single
injection per cycle at SOI = 280 °bTDC. While the engine showed insensitivity to engine speed in
terms of PN emission for the load point of 6 bar BMEP between 1000 and 2500 RPM, at higher
load (10 bar BMEP) significant sensitivity to engine speed is observed.

2.4.8.2. Engine Loads

As the engine load increases, the amount of injected fuel mass increases proportionally and PN
typically increases. Keeping all other factors constant, as injected fuel mass increases, the
amount of fuel which requires mixing increases, exacerbating under-mixing mechanisms.
Impingement mechanisms also get worse since more fuel mass impacts surfaces like pistons or
valves. At higher engine loads, the liquid film on the injector tip can also increase. In general,
the engine component temperatures increase at elevated engine loads. As more fuel is burned
per cycle, a greater heat flux through the combustion chamber leads to increased internal
surface temperatures, such as in the piston, walls, and valves. For surface impingement—
related PN mechanisms, the increase in temperature is generally helpful in promoting
evaporation. A possible exception to this is the Leidenfrost effect. The Leidenfrost effect refers
to the cases when the temperature of a surface is significantly higher than the boiling point of
the fuel, which prevents the evaporation of the liquid film due to the instant creation of a thin
vapor film below the liquid surface. This phenomenon alters the rebound and splash
characteristics of the impinged fuel as well as the time for evaporation [161-162]. Engine-out PN
emission as a function of the engine load is presented in Figure 2.30. The data represent a load
sweep at 2000 RPM during warm engine operation. Optimized injection timing in terms of
lowest PN emission was selected for each load point. The non-monotonic trends have been
observed at different engine speeds and other engine tests.
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Fig. 2.30 The effect of engine load on PN can be non-monotonic but generally
increases at high engine loads [161-162].

2.4.8.3. Oil and Coolant Temperature

The temperature of the oil and coolant of the engine also affects the fuel and component
temperatures. Fuel temperature is initially at ambient (in the fuel tank), but while traveling
through the fuel rail, it is heated to near coolant temperature. Because gasoline is a multi-
component mixture of varying composition, the fuel temperature has a significant influence
over the portion of the volatile components of the fuel. Colder fuel temperatures inhibit
vaporization of the fuel and increase spray penetration and typically lead to an increase in PN.
Colder component and temperatures also inhibit the evaporation of fuel films on internal
engine surfaces. Emissions during cold start are a major issue, with often 50% or more of
emissions being produced in the first few minutes of a drive cycle while the engine is still cold.
The PN emissions during a steady-state engine warm-up process can be seen in Figure 2.31. The
engine was operated at a constant load of 10 bar BMEP and 2000 RPM, starting from the
ambient temperature condition until reaching the warm operation temperature.
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Fig. 2.31 PN emissions typically reduce with increasing engine temperature [161-162].
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2.48.4, Engine Speed and Load Transient

During real world driving, the engine is frequently changing both speed and load due to vehicle
acceleration and deceleration. In particular, increases in engine load are associated with
increased PN. The increase in engine load is accompanied by an increase in injected fuel mass
per pulse, and the added fuel mass penetrates further, possibly impacting the piston. Because
the piston surface is colder from running at a lower load, evaporation is inhibited and soot
production due to the surface diffusion flames is increased. This often results in a spike in
particulate production during transient increases in engine load, which typically levels out to a
steady-state level after tens of seconds.

These tip-in events can be simulated at the engine dyno tests by load jumps. The PN emission
results of a load jump from idle to mid-load (1 bar to 6 bar BMEP) at 1500 RPM during warm
engine operation is shown in Figure 2.32. The two panels presented in the figure are indicating
the same load jump at two different injection timings. The retardation of the injection timing
resulted in a significant decrease of steady-state PN emission during the high load portion of
the load jump.
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Fig. 2.32 Engine load transients are typically accompanied by a temporary
spike in PN emission. The transient calibration refinement during the transients have
potential of order of magnitude reduction [161-162].
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2.4.9. Engine Calibration

While the operating conditions of the engine are mostly dictated by outside influences, such as
the driver and road conditions, the calibration parameters are optimized to pick the best engine
operation for a given demand. While many parameters are considered for the calibration
parameters, such as gaseous emissions, fuel economy, and engine responsiveness, the
calibration parameters influencing the PN emissions are discussed in greater detail below.

2.4.9.1. Injection Timing

Injection timing is a key parameter for influencing PN mechanisms. For homogeneous-charge
engine operation (which is the norm for most of the speed/load operating points of most
production DI engines), injection happens during the intake stroke. Injection timing is often a
compromise between fuel consumption and PN.

Fuel consumption is generally improved as injection timing is moved earlier (presumably due to
better mixing), but the likelihood of spraying fuel on the piston and causing PN due to piston
wetting also increases with earlier injection timing, so injection timing should be chosen to be
sufficiently late to avoid the piston. The injection timing also determines how much time is
available for the charge to mix and for any liquid films to dry. Injection timing is often chosen to
be as early as possible while still avoiding piston impingement, with an additional safety factor.
This trade-off timing is significantly different depending on the engine geometry (i.e., side- vs.
centrally mounted injectors) and the injector spray targeting.

2.4.9.2. Fuel Pressure

Increased fuel pressure is a valuable tool for PN mitigation. Increasing fuel pressure shortens
the time needed to inject a given amount of fuel, increasing the time available for mixing and
drying. Higher fuel pressure also increases the ratio of the inertial to viscous forces, thus
enhancing the spray turbulence and improving the break-up and atomization of the spray,
speeding vaporization and mixing, and increasing in-cylinder turbulence. Spray penetration
often stays roughly constant with increased fuel pressure. Despite the higher spray momentum
at higher injection pressure, the fuel droplets are smaller and thus have a smaller momentum-
to-drag ratio and entrain more air into the spray plume, decreasing penetration. Therefore, for
in-cylinder combustion characteristics, increased fuel pressure is beneficial. The primary
drawbacks to increasing fuel pressure are the need for a more robust valve train to drive the
fuel pump, the associated increase in the parasitic losses, and the need for advanced control
strategies to control fuel mass during short injection events.
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The effects of injection timing and the fuel injection pressure are shown in Figure 2.33 for a
mid-load steady-state operating point at 2000 RPM. The sharp increase in the PN emissions by
advancing the SOl beyond 310 °bTDC indicates piston impingement. Higher fuel pressure
decreased the PN emissions regardless of the injection timing, but the magnitude of
improvement was dependent on the injection timing.
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Fig. 2.33 Increase in fuel pressure typically reduces particle formation. Very early SOI timings lead to
spray impingement on the piston and lead to a sharp increase
in PN, whereas very late injection timing reduces the available time for mixture
formation and also affect PN negatively [161-162].

2.49.3. Number of Injection Events

The higher particle number emissions associated with operating the engine at higher loads pose
additional challenges for meeting future stringent emissions regulations. In the following study
[163], the potential of using multiple injection strategies (double injection and triple injection
strategy during the intake stroke in homogeneous combustion mode) to reduce particle
number emissions in a 2.0 liter boosted SIDI gasoline engine at 1000 rpm, 11 bar BMEP
condition was investigated using Horiba Mexa SPCS1000 PN measurement instrument.
Measurement indicate that the double injection strategy causes a 60% reduction in particle
number concentration and up to 80% reduction when implementing triple injection strategy as
compared to baseline single injection strategy, demonstrating the potential of multiple
injections as a promising strategy for lower particle emissions at high load operating conditions.
Fuel spray penetration increases with increasing fuel mass, so breaking the injection into
multiple events decreases the penetration, minimizing wetting of the piston or other surfaces.
One of the primary advantages of multi-injection is to begin the spray event at an earlier timing
without wetting the piston than would be possible for single injection. The tip wetting of
injector can increase or decrease depending on injector design and engine operating
conditions.
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Fig. 2.34 Schematic Diagram of injection timing for single and multiple injection strategies.
Split ratio is 4:6 for double injection, and 4:4:2 for triple injection [163].
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Fig. 2.35 Particle Number emissions comparison for single injection, double injection and triple injection
strategies at 1000 rpm, 11 bar BMEP [163].
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Fig. 2.36 Wall film mass comparison between single injection and double injection at 1000 rpm, 11 bar
BMEP. Injection settings are shown in Figure 2.34 [163].
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Fig. 2.37 Wall film mass comparison (piston film mass) between single injection and double injection at
1000 rpm, 11 bar BMEP. Injection settings are shown in Figure 2.34 [163].
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Fig. 2.38 Wall film mass comparison (liner film mass) between single injection and double injection at
1000 rpm, 11 bar BMEP. Injection settings are shown in Figure 2.34 [163].

The 3D CFD simulation reveals that the dominant reasons for the observed particle number
reduction with double injection are the significant reduction in fuel-piston and fuel-liner
impingement, and the improvement in mixture preparation at the end of compression. For
triple injection strategy, the fuel impingement is further reduced and a better air-fuel mixture is
obtained, resulting in further reduction in particle number emissions.
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Fig. 2.39 Effects of the second injection (SOI2) and split ratio in mass on particle number emissions at
1000 rpm, 11 bar BMEP [163].
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Fig. 2.40 Effects of the third injection (SOI3) and split ratio in mass on particle number emissions at 1000
rpm, 11 bar BMEP [163].

Regardless of double injection and triple injection strategy, the particle number emissions tend
to increase when retarding the final injection timing. This trend is attributed to the deteriorated
mixture preparation due to the limited time of spray evaporation and mixing. Reducing the first
injection mass is beneficial for lower particle number emissions both for double injection and
triple injection strategies during the intake stroke. The reduction in fuel impingement on
cylinder liner and piston top is believed to be the dominant reason.

In addition to the previous study, the studies [161-162] show that an incorrect management of
the SOI and of the split factor could lead to an unwanted PN increase. The effect of multiple
injection at mid-load operation is shown in Figure 2.41. The fuel rail pressure was held constant
at 200 bar. Finding the optimum injection timing, number of injections, and split of fuel masses
is often a matter of experimental trial and error.
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Fig. 2.41 Multiple injection strategies have the potential to reduce PN emission
due to piston impingement when used in the right context [161-162].
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2.4.10. Fuel Impact on Particle Formation

Gasoline direct injection (GDI) engines are becoming the standard for gasoline light duty
vehicles in both the United States and Europe, replacing the traditional port fuel injection (PFI)
engines, due to their improved thermal efficiency and lower carbon dioxide (CO2) emissions
[164, 165]. Especially in the United States, GDI platforms have been introduced by automakers
as a pathway to reduce net greenhouse gas (GHG) emissions from the transportation sector and
meet the federal Corporate Average Fuel Economy (CAFE) standard. However, GDI engines
produce higher particulate matter (PM) emissions compared to their PFl counterparts. GDI
involves the direct spray of fuel into the combustion chamber.

Late evaporation of this fuel can lead to localized poor air-fuel mixing or diffusion-governed
combustion that favors PM formation, especially during cold-start conditions [166, 167].

The use of biofuels in the United States and Europe has also been promoted for the past
decades in an effort to reduce GHG emissions from the transportation sector due to
environmental protection concerns. Biomass-derived ethanol is the most popular biofuel in the
United States, where all the gasoline sold contains up to 10% ethanol by volume (E10). The
ethanol utilization is on the rise in the United States, with the U.S. Environmental Protection
Agency (EPA) allowing 15% of ethanol by volume (E15) to be sold in the market [168].

The positive environment for ethanol growth was also favored by mandates put in place by the
Energy Independence and Security Act of 2007 (EISA) and the Renewable Fuel Standard. In
addition to lower concentrations of gasoline-ethanol blends, gasoline is allowed to contain as
much as 83% of ethanol by volume and as little as 51% of ethanol by volume [169]. Higher levels
of ethanol can be used in flexible fuel vehicles (FFVs), which are designed for this purpose and
are certified for emissions compliance by testing with EO and E85 [170, 171]. Analogous to
ethanol, higher alcohols have been the subject of increased interest as potential fuels in spark
ignition (SI) engines [172, 173, 174]. Particular emphasis has been given to butanol isomers,
which combines the advantages of an energy density, closer to that of gasoline, with the
oxygen content and renewability of ethanol [175, 176]. PM formation in S| direct injection
engines is well documented [177, 178, 179, 180]. Polycyclic aromatic hydrocarbons (PAHs) are
known species to play a major role in the process of soot formation in GDI combustion [181,
182]. The formation process of PAH is dominated by acetylene (C;H;), which is present in a
larger amount in fuel rich flames. By reactions with CH and CH,, C3H3 is formed, which tends to
form a benzene ring (aromatic ring) by recombination and rearrangement. By abstraction of
hydrogen and acetylene addition (HACA mechanism), these PAH molecules grow planar. Spatial
structures with a graphite-like structure are formed from the plain PAH molecules and grow
further by the HACA mechanism. These built-up three dimensional structures are known as
primary soot particles. Due to surface growth and coagulation, the soot formation continues
and grows. This process is followed by the agglomeration of colliding particles, building up
loosely structured agglomerates. Soot oxidation can occur at the precursor, nuclei, and particle
stages of the soot formation process. There are many species in or near the flame that could
oxidize soot, such as 0, O, OH, CO,, and H;0.
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For the premixed, stoichiometric combustion in gasoline engines, the soot oxidation process is
assumed to be dominated by OH, as the concentration of O and O; is on a low level [183, 184,
185, 186]. Fuel composition is critical to the formation of PM in GDI engines [187, 188, 189]. It
should be expected that different fuels have different concentrations of PM emissions [190,
191]. So when comparisons are made between tests using different fuels, it would be useful to
have a particulate matter index (PMI) that enables a correction to be made based on the key
fuel properties. Aikawa et al. [192] developed a model to correlate PM emissions with the vapor
pressure and the double bond equivalent (DBE) of the fuel components. The DBE is a measure
of how unsaturated a hydrocarbon is and can be defined from:

2C—H+2
DBE =———— .(12)

where C, H, and N are the number of carbon, hydrogen, and nitrogen atoms, respectively, in an
organic compound.

The PMI links the PM emissions with the vapor pressure and the DBE of the components in the
fuel weighted by mass fraction (Wt) as follows:
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As above mentioned, the DBE is a measure of the number of double bonds and rings in the fuel.
Particulate emissions can correlate with DBE values and higher boiling points for different
chemical species in the fuel. Differences in molecular structure and DBE between paraffins and
aromatic hydrocarbons contribute to greater particulate emissions for aromatics [193, 194]. For
example, the DBE values of paraffins is 0, whereas the DBE values of aromatic hydrocarbons,
depending on the molecular structure, are approximately 4 to 7. In addition, components with
higher boiling points and lower corresponding vapor pressures evaporate more slowly, resulting
in a greater tendency for diffusion combustion instead of premixed combustion. This results in
more imperfect fuel mixing and diffusion-controlled burning of thin films of liquid fuel on the
piston, leading to higher particulate emissions [195]. The work undertaken by Aikawa et al. [192]
used a PFI engine and had no independent control of the fuel vapor pressure or DBE, as
commercial gasolines were used, along with a base fuel, to which different components were
added. Indolene was used as a base fuel, to which were added 10% by mass of components
such as 2,2,4-trimethylpentane, dodecane, ethylbenzene, and 1,2,4-trimethylbenzene. The PMI
range of the fuels tested was 1.01-3.86. The index range of over 1,400 worldwide fuels
available was calculated with a mean PMI of 2.12. Furthermore, Aikawa et al. [192] evaluated
the vapor pressure at a range of temperatures and found the best correlation between PMI and
particle emissions for the vapor pressure at a temperature of 443 K. Leach at al. [196] further
investigated the model of Aikawa et al. [192] using a spray-guided GDI engine with designed
fuels where the DBE and the vapor pressure were varied independently.
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In contrast to Aikawa et al. [192], who calculated the PMI by volume fractions, Leach et al. [196]
calculated a particle number index (PNI), using mass fractions. However, they stated that in the
majority of cases the relative difference in calculation of PMI and PNI is less than 15%. It should
also be noted that in their work, the engine was operated at low engine speed (1500 rpm), low
load (0.18 MPa IMEP), and with a rich mixture (A = 0.9). Dageforde et al. [197] investigated
different fuels and fuel blends at catalyst heating operation, and their results supported the
findings of Aikawa et al. [192] and Leach et al. [196], as the particle number emissions could be
reduced by operating the engine with oxygenated fuel blends as well as with alkylate fuel. The
ethanol and n-butanol blends (E40 and B40) have a reduced amount of aromatic compounds
and thus a lower DBE. However, using toluene as an aromatic compound and thus increasing
DBE did not increase the PN emissions. A study by Khalek et al. [198] indicated that reductions
in high boiling point aromatics and the DBE value played important roles in reducing both the
PM mass and PN emissions. Karavalakis et al. [195] showed that reducing the aromatic content
could effectively decrease PM mass, PN, and black carbon emissions from a fleet of PFl and GDI
vehicles. The same study showed a tight correlation between the PMI and particulate
emissions, as well as a strong contribution of aromatic species with high boiling points to PM
formation [195]. Similar results were observed in a study conducted by Kim et al. [199] when
they tested a GDI vehicle using three fuels with different aromatic contents over the New
European Driving Cycle (NEDC) and the Federal Test Procedure (FTP) test cycles. The authors
found that higher aromatic contents and less volatile fuel led to increases in PN emissions. Zhu
et al. [200] tested two identical GDI vehicles over the WLTC test cycle using seven fuels with
varying levels of aromatics and olefins contents, as well as T50 (50% vol distillation
temperature) and T90 distillation parameters. The results of this study showed decreases in PM
and PN emissions when the aromatic content and T90 decreased. Chan et al. [201] evaluated
the particulate emissions from two vehicles when operating on two fuels with different PM
indices over the FTP and the US06 Supplemental Federal Test Procedure (US06) driving cycles.
They found that replacing naphthylenic aromatic hydrocarbons in the fuel (i.e., high PMI fuel)
with monoaromatics and naphthenes (i.e., low PMI fuel) reduced PN and black carbon
emissions. They also found that the low PMI fuel led to formation of smaller particles with
diameters of about 50 nm. Jiao et al. [202] predicted the soot emissions of GDI engines using a
computational fluid dynamics (CFD) model. The study confirmed that the light components of
gasoline can be more easily evaporated, which affects the ignition and combustion, whereas
the heavy components have a large impact on the engine emissions, especially in the presence
of the fuel film. Fushimi et al. [203] tested four GDI vehicles and concluded that the high boiling
point components may cause the increase in PM emissions. A major study conducted by the
U.S. EPA has shown that PM emissions are greatly influenced by aromatic content and T90,
followed by ethanol, T50, and RVP (Reid vapor pressure) [204]. This study, the EPAct/V2/E-89
(hereafter “EPAct”) program, was the first large parametric study of gasoline fuel effects to
include PM measurements for all tests and was conducted on a fleet of 15 PFl vehicles. The
results of this study showed positive coefficients for total aromatics, T90, and ethanol in PM
fuel effect models, meaning that relative increases in these fuel properties were associated
with higher emissions. Further analysis was conducted on the EPAct data, which replaced total
aromatics and T90 fuel parameters in the original design with the PMI parameter [205]. The
results showed a large coefficient for PMI, confirming its high correlation with PM emissions.
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This study also showed that ethanol exacerbates the propensity of low-volatility fuel
components to form PM [205]. This phenomenon was further confirmed by a follow-up study
from the same group of authors where they showed that the presence of ethanol was found to
have a reinforcing interaction with PMI resulting in augmented PM emissions. The authors
suggested that ethanol’s high heat of vaporization hinders evaporation of the higher molecular
weight components of the fuels [206]. Karavalakis et al. [207] conducted a comprehensive
literature review and statistical analysis for the identification of possible correlations between
fuel properties, such as the distillation parameters, aromatics, and octane indices, and PM mass
and total and solid PN emissions. In their review, the authors included some of the major fuel
studies available in the literature such as the EPAct study, the European “Particulates” project,
the Coordinating Research Council (CRC) E-94 study (phases 1 and 2), studies conducted by the
California Air Resources Board (CARB), and others. The authors reported that for GDI vehicles,
aromatics and distillation temperatures had the strongest positive correlations with PM mass
and total PN emissions. Distillation end point was statistically significant for both PM mass and
PN emissions, while T70 and T90 showed a consistent positive correlation only for total PN
emissions. Other properties, such as octane indices AKI, research octane number (RON), and
motor octane number (MON), and T10, generally showed more negative correlation with PM
and PN emissions for GDI vehicles. The authors also presented cases where statistically
significant interactions showed trends in the data related to particular combinations of engine
types/model years, number of engine cylinders, and drive cycles. For example, they showed
that T10 had a more significant impact on PM mass emissions (positive correlation) for larger
engines for GDI vehicles, whereas end point had stronger statistically significant effects on PM
mass emissions (positive correlation) for vehicles equipped with wall-guided GDI naturally
aspirated engines. It is still not conclusive as to whether the use of ethanol causes an increase
or decrease in particulate emissions from current S| engines. Storch et al. [208] reported
measurements of two-dimensional soot volume fraction in GDI ethanol-blended spray flames
ignited by a spark plug inside a spray injection chamber. They found reduced evaporation for
pure ethanol and E85 blends compared to isooctane and E20, which they were ascribed to the
high enthalpy of evaporation of ethanol delaying the evaporation process. They also showed
higher sooting tendency of isooctane-E20 compared to pure isooctane, as well as that ethanol
addition to a toluene-isooctane mixture and gasoline can increase the frequency of soot
volume fractions. The authors claim that is due to the fact that ethanol changes the
evaporation characteristics of the mixture due to non-ideal mixing behavior and high enthalpy
of evaporation, which leads to an increased soot formation tendency. Chen et al. [209]
investigated the effects of gasoline/ethanol blends in different blending proportions for PN and
particle mass emissions using a single-cylinder optical access direct injection engine under cold
and warm conditions at a stoichiometric condition (1500 rpm, 0.5 bar manifold absolute
pressure). They found increases in both PN and PM emissions with increasing ethanol content,
with these increases being more profound under cold conditions than under warm conditions
(Figure 2.42). The increases in particulate emissions were attributed to the deleterious effect of
ethanol on spray break-up and the evaporation efficiency as a result of its high vaporization
enthalpy and low energy density. Similar findings have been reported by the same group of
authors where higher ethanol concentrations led to increased PM mass and PN emissions
during engine cold-start conditions [210].
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These results were explained by mixture inhomogeneities caused by poor evaporation at low
temperature due to the high enthalpy of evaporation of ethanol. Di lorio et al. [211] studied the
PM emissions of ethanol/gasoline blends (EO, E50, E85, and E100) in homogeneous and
stratified conditions in a supercharged GDI engine. They found that the accumulation mode
particles increased in the stratified mode. When the fuel was injected at the early stage of the
intake stroke, there was sufficient time for evaporation and mixing with the fresh air, and
improved the air/fuel mixture homogeneity. When the fuel was injected at a later stage of the
intake stroke, the evaporation and mixing time was short even though the in-cylinder higher
temperature was not enough to promote the fuel evaporation, and this resulted to a certain
extent in stratification and uneven mixing. Once the flame front arrived at the wet surface, the
diffusion combustion that occurred on the oil film contributed highly to PM formation. Similar
trends have been seen by Catapano et al. [212] when they studied the effects of engine speed
on PM emissions of ethanol blends. They observed a decrease in particle size distribution and
PN emissions as the ethanol content in the blend increased for the cases with no significant fuel
impingement at 2000 rpm. But as the engine speed was increased to 4000 rpm, the longer
injection durations for ethanol blends resulted in more impingement with the piston, and the
time available for vaporization was decreased, which increased the PN and sizes for the ethanol
blends, as shown in Figure 2.43. Analogous increases in PN emissions were observed in a study
by He et al. [213] using certification gasoline and an E20 blend at four steady-state engine
operating conditions when testing a wall-guided GDI engine. It was found that fuel injection
timing was the dominant factor impacting PN emissions.
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Fig. 2.42 Total particulate number (top) and total particulate mass (bottom)
emission for different gasoline/ethanol blends in a cold (20°C) and a warm (80°C)
engine. Chen et al. [209].
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Chan et al. [214] showed that the use of E10 fuel reduced the particle emissions from a PFI
vehicle and showed moderate particle reductions over the FTP cycle at standard ambient test
temperature (22°C), but significantly increased particle emissions compared to neat gasoline at
other ambient test temperatures (-7°C and -18°C).

The majority of the published literature have shown the beneficial effects of ethanol fueling on
PM formation from GDI engines and vehicles. Esarte et al. [215] found that the presence of
alcohols reduced the formation of soot and that a higher oxygen/ carbon (O/C) ratio in the
reacting mixture resulted in a higher soot reduction due to the enhancement of oxidation
reactions by the presence of oxygen in the mixture. Thus, the reaction rate of the particle
surface growth by large hydrocarbons for the formation of the accumulation mode particles
decreases. Maricq et al. [216] examined the impact ethanol/gasoline blends from a
turbocharged GDI vehicle with two engine calibrations over the FTP cycle. They showed
statistically significant reduction in PM mass and PN emissions when the ratio of ethanol was
higher than 30% by volume for both engine calibrations. However, as the ethanol level ranged
from 0% to 20%, a small benefit in PM mass and PN emissions was observed, which was within
the test variability.
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Catapano et al. [212].
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The same study showed that the PM composition was determined to PN emissions of pure
gasoline, E10, and E20 fuels under the FTP and US06 driving cycle on a GDI vehicle.

They found that the addition of ethanol could simultaneously reduce the PM mass and PN
emissions in the transient phase and transition phase, which was mainly due to the PM
reduction under the fuel-rich condition, whereas the PM emissions in the rich-fuel conditions
were much higher than those in the stoichiometric conditions. Under steady-state conditions,
the PN concentrations decreased with an increase in ethanol level. Similar to Maricq et al. [216],
this work showed that most of the organic carbon (OC) in PM was effectively removed by the
three-way catalyst (TWC) leaving a larger fraction of EC. In a study by Fatouraie et al. [217], they
conducted experiments in a single-cylinder GDI engine at the same load conditions and at a
fixed engine speed (1500 rpm) using EO/indolene and E100. They found over an order of
magnitude less soot with ethanol under all operating conditions compared to indolene. Sakai
and Rothamer [218] studied different ethanol blends (E10, E20, E30, E40, and E50) on a single-
cylinder GDI engine to evaluate the relative sooting propensity of ethanol fueling under
completely premixed and prevaporized operation. By operating the engine in this mode, the
presence of liquid fuel in-cylinder was eliminated, allowing the examination of soot production
from gas phase sources. The results showed that higher ethanol concentrations decreased
particulate emissions. As ethanol levels increased, the particle size distribution changed from
agglomeration to nucleation mode dominated profiles. At higher equivalence ratios, this shift
also corresponds to the change from an accumulation mode dominated distribution for low-
level ethanol blends to a nucleation mode dominated distribution at higher blends. Karavalakis
et al. [219] studied the particulate emissions of a GDI FFV with a wall-guided injection system
fueled with E10, E51, E83, and an isobutanol blend at a proportion of 55% by volume over the
FTP and LA92 driving cycles. They found that the addition of higher ethanol blends and the
isobutanol blend resulted in large reductions in PM mass, black carbon, and total and solid
particle emissions, with specific fuel properties having an obvious effect on particulate
emissions, such as the oxygen content and aromatic compounds. Mamakos et al. [220] also
showed important reductions in total and solid PN emissions when they tested GDI FFVs on
high ethanol volumetric fractions (75—85%) over the NEDC and the motorway portion of the
Artemis cycle. Jin et al. [221] examined the impact of different low-, mid-, and high-ethanol
blends (EO, E10, E30, E50, and E85) on a GDI vehicle over the FTP cycle. Their results showed
strong PN and PM mass reductions for the high-ethanol blends relative to EO and E10 fuels. As
the ethanol content was increased, the size-resolved PN concentration showed a decrease in
the accumulation mode. Finally, Zhang et al. [222] showed that with an increase in the ethanol
ratio, the accumulation mode particles were significantly reduced, with the nucleation mode
particles being the majority of the total particle concentration. This finding was attributed to
the lower combustion temperature with the increase of the ethanol ratio, whereas fewer
primary carbon particles were generated by the pyrolysis of fuel vapor and dehydrogenation
reaction decreased due to the lower aromatic content and the higher oxygen content in the
fuel. According to the above statements, the main cause of the gasoline engine particles is the
non-premixed combustion of the incompletely evaporated and mixed fuel.

Thus, if the fuel molecules contain oxygen to improve the combustion of the local zone, then it
will help to inhibit the generation of soot particles.
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Based on this hypothesis, Oh et al. [223] studied the effects of oxygen content on the PM
emissions of a GDI engine equipped with a centrally mounted injector, a GDI engine equipped
with a side-mounted injector, and a PFl engine. They found that increasing the oxygen content
in gasoline helped reduce the PM emissions of the GDI engine, especially during the start-up
phase. Wang et al. [224] compared the PM emissions of gasoline and ethanol in a single-
cylinder spray-guided GDI engine under the conditions of 3.5 bar to 8.5 bar IMEP and
stoichiometric air/fuel ratio. It was found that the ethanol would produce less PM emissions
but more PN emissions. Vuk and Vander Griend [225] researched the particulate emissions from
a GDI vehicle that was fueled with various ethanol/gasoline blends and operated over the FTP
and US06 driving cycles. They found major reductions in both PM mass and PN emissions with
ethanol concentrations as low as 10%, suggesting that ethanol promoted faster evaporation of
wetted walls in situations of fuel impingement, while also providing additional oxygen in fuel-
rich diffusion flames. On a different study conducted on a spray-guided GDI engine, it was
found that the accumulation mode particles and the average diameter decreased with an
increase in the oxygen concentration in the rich air/fuel mixture [226]. For the stoichiometric
mixture, the particle concentration of E85 was significantly lower than that of the other fuels,
whereas the particle concentrations of E30, M30 (30% by volume of methanol), and gasoline
were equivalent. The effect of air/fuel ratio on the PM of the E85 was less pronounced
compared to gasoline and E30, and the accumulation mode particles were very low, especially
under the rich mixture condition. From these results, it can be inferred that the oxygen content
of the fuel molecules can reduce the concentration of the intermediate substance of the soot
formation precursor. Another possible biofuel that is receiving widespread attention for SI
engine applications is butanol [227, 228], whose isomers have research octane numbers ranging
from 96 for straight n-butanol to 105 for the branched tert-butanol [229]. A study by Li et al.
[230] conducted in a 1.8L turbocharged GDI engine fueled with gasoline and n-butanal,
isobutanol, sec-butanol, and tert-butanol blends at ratios from 10% to 50% by volume showed
that sec-butanol/gasoline vyielded the lowest PN emissions, closely followed by n-
butanol/gasoline, isobutanol/gasoline, and tert-butanol/gasoline. The mean particle diameter
decreased with the addition of butanol due to the reduction in the fraction of larger particles.
Sec-butanol blends shifted to smaller particle sizes, while tert-butanol blends to larger particle
sizes. Storey et al. [231] found that the addition of 48% butanol (equivalent oxygen content as
E30) in a GDI engine at 2600 rpm and 8 bar BMEP under rich conditions with advanced injection
reduced smaller particles, while an important peak in accumulation mode particles could be
observed compared to pure gasoline. The distributions showed a unimodal shape, and the
butanol blend shifted the distribution to greater diameters, although butanol emitted fewer
total particles than gasoline. Hergueta et al. [232] studied the effect of 33% butanol by volume
in commercial gasoline containing 5% of ethanol and gasoline in a GDI engine. With the use of a
transmission electron microscope (TEM), they showed that the butanol blend did not increase
the primary particle diameters, due to the oxygen content of butanol that could limit the rate of
soot formation and at the same time promote soot oxidation. Chan [233] tested a GDI vehicle
fueled with iB16 (16% isobutanol) over the FTP and USO6 driving cycles at standard and cold
ambient temperatures.

For the standard and cold ambient temperature FTP testing, the iB16 blend resulted in lower
solid PN and black carbon emissions compared to gasoline.
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Lattimore et al. [234] carried out experiments with a single-cylinder GDI engine at an engine
load of 8.5 bar and various compression ratios between 10.7 and 11.5 with B20 (20% by volume
of n-butanol). They found that n-butanol addition to gasoline significantly reduced the
accumulation mode PN emission, due to the earlier combustion phasing and thus increased
post-combustion oxidation time. They also showed that Bu20 had more nucleation mode
particles than gasoline, due to the lower soot accumulation mode particles that reduced nuclei
adsorption. In a study by Karavalakis et al. [219], four alcohol blends were examined (E10, E51,
E83, and 55% of isobutanol or Bu55) in GDI FFV over the FTP and LA92 driving cycles. While the
isobutanol blend had lower total aromatics compared to E51 and E83 blends, it exhibited higher
PN emissions than these fuels, as shown in Figure 2.44. This finding was due to the lower
oxygen content of the isobutanol blend and the higher content of heavier monoaromatic and
naphtheno-aromatic hydrocarbons with high boiling points relative to E83. Additionally, the
authors stated that branched butanols can produce intermediate higher molecular weight
radicals, such as propene and butane, than ethanol, which react to produce higher molecular
weight soot products. In a different study by Karavalakis et al. [235], when they tested lowand
mid-level isobutanol blends in two GDI passenger cars over the FTP and LA92 driving cycles,
they found PM mass, PN, and black carbon emissions reductions with increasing the alcohol
level in the fuel.

1.3E+012 ( 1 ‘
PFIFFY___ GDIFFV___ PFIFFV__ GDIFFV

Figure 2.44 Particle number emissions for the PFI-FFV and GDI-FFV over the
FTP and LA92 cycles. The colors represent: E10 (gray), E51 (blue), E83 (red), and Bu55
(yellow). Karavalakis et al. [219].
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2.4.11. Review on the combustion parameters that influence the PN

Emissions

In the following pictures the effects of the principal engine’s parameters on the PN emissions

and the principal strategies for its reduction are shown.

Cold start

The heat transfer the combustion chamber surface to the
air-fuel mixture is considerably reduced and thus less fuel
vaporization and air-fuel mixing will occur, resulting in a
heterogeneous charge and localized fuel-rich regions.

Air-fuel ratio

A rich mixture leads to increase the PN emissions due to
insufficient air to burn all of the fuel. However, too lean mixture
can deteriorate combustion quality and lead to incomplete
combustion, which may lead to an increase in PN emissions.

N/

e

&

Transient condition
A load ramp lead to formation of relative peaks
in PN concentration.

Fuel injection pressure

Increased fuel injection pressure enhances the air-
fuel mixing; at higher injection pressures, fuel
droplets become smaller which leads to better
evaporation.

N

Fuel injection timing

Injecting fuel too early could lead to fuel impingement
on combustion chamber surfaces and high levels of
PN emissions. Retarding the fuel injection timings can
lead to insufficient time for air-fuel mixing which may
produce higher PN emissions.

Fuel injection strategies
With split injection, individual fuel injection pulses may
terminate before attaining the quasi-steady liquid length,

Ignition timing

which can decrease impingement on the piston bowl

Retarding the ignition from optimum, increases the
exhaust temperature, leading to more post-flame
oxidation of particulates, hence a decrease in PN

and cylinder wall.

emissions.

Figure 2.45 Influences on particle formation according. Adapted from Bertsch et al. [125].

Minimize Particulate Formation
in Combustion Chamber

Reduce Particulates
in Exhaust System

= Air Delivery
- Provide sufficient fresh air
- Increase intake air temperature .
- Optimize intake and exhaust valve overlap 7|
- Optimize mixing with residual gas

= Fuel Delivery
- Optimize spray pattern
- Provide small droplets
- Minimize wall wetting
- Increase fuel pressure
- Increase fuel temperature
- Apply multiple injections
- Gontrol global A/F ratio

« Combustion Control
- Optimize charge motion level
- Enable sufficient air/fuel mixing
- Prevent rich mixture regions
- Provide high charge temperature
- Apply retarded spark

- Base Engine Operation

- Provide warm combustion chamber walls

- Minimize oil layers in combustion chamber

- Prevent introduction of intake system deposits and
oil residuals from venting system

~
~

+ Exhaust Manifold
- Provide hot manifold walls
- Support oxidation

+ Aftertreatment System
- Optimize fast light off
- Apply a PM filter

Figure 2.46 Strategies Towards Meeting Future Particulate Matter Emission Requirements in
Homogeneous Gasoline Direct Injection Engines. [236]
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3. Case of Study

3.1. Experimental Investigation of Impact of Injection Timing on
Particulate Number Emission of a Modern Gasoline Direct Injection
Engine using RON 98 and RON 95 E5 Fuels

3.1.1. Introduction

Injection timing is a key parameter for influencing PN mechanisms. For homogeneous-charge
engine operation, which is the norm for most of the speed/load operating points of most
production DI engines, injection happens during the intake stroke. Injection timing is often a
compromise between fuel consumption and PN. Fuel consumption is generally improved as
injection timing is moved earlier (presumably due to better mixing), but the likelihood of
spraying fuel on the piston and causing PN due to piston wetting also increases with earlier
injection timing, so injection timing should be chosen to be sufficiently late to avoid the piston.
The injection timing also determines how much time is available for the charge to mix and for
any liquid films to dry. Injection timing is often chosen to be as early as possible while still
avoiding piston impingement, with an additional safety factor. This trade-off timing is
significantly different depending on the engine geometry (e.g., side-vs. centrally mounted
injectors) and the injector spray targeting. The following study focused on the effects of the
injection timing on the particulate matter emissions with emphasis on the particles number
that was investigated for a gasoline direct injection (GDI) engine fueled with two types of
gasoline RON 95 E5 - RON 98, and under different engine operating conditions.

3.1.2.  Experimental Setup

A GDI engine with turbocharger, centrally located spark plug and side-mounted injector was
used for study in this work. With regard to the lube oil, it was used Selenia SAE OW 30, in
addition other detailed specifications of the engine are listed in Table 3.1.

The schematic of engine and experimental setup is shown in the Figures 3.1 —3.2.

The test fuels were commercial gasoline, with a Research Octane Number (RON) of 95 and 98
and other chemical-physical properties like shown in Table 3.2.

The test engine was setup on an engine dynamometer with well controlled coolant, oil, fuel,
ambient air and intercooler outlet temperatures.

A Horiba Motor Exhaust Gas Analyzer Mexa 7100-D was used for analyzing gaseous emissions,
including Carbon Monoxide (CO), Hydrocarbon (HC) and Oxides of Nitrogen (NOx).
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Particulate number emissions were measured in the engine-out exhaust flow using a Horiba
Mexa-2100SPCS. The measurement method is based on the requirements described in Revision
4 of the UN/ECE Regulation No. 83, which is a uniform provision concerning the approval of
new vehicles regarding the emission of the pollutants. The total dilution ratio of 2000 was set
during the tests. With regard to the Measure System, in Table 3.3 the principal needed
information are shown.

TABLE 3.1 - Test engine specification

Engine type Four stroke, GDI, 4 cylinders
Valves/Cylinder 4

Displacement (1) 2.0

Induction system type Turbocharger

Cylinder bore (mm) 84

Piston stroke (mm) 90

B/S ratio 0.93

Compression Ratio 9.5

Fuel Injector HDEVS5.2LS — 6 holes — 20 Mpa
Fuel Types Gasoline (RON 95 E5 — RON 98)
Fuel Pressure 200 bar

TestBench [ =

Joint

ECU+ETK ES 4321 (A)
’ ES 421.1 (p)

ES 411.1 (T)

Fuel to
engine Fuel from
tank

ES 592. 1

Gas Horiba
Indimodul Analyzer Mexa 2200 AvL735sc
‘ CAN-bus

Figure 3.1 Scheme of the Experimental Setup
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Figure 3.2 Engine Layout
TABLE 3.2 — Tested Fuels

CHARACTERISTICS UNIT METHOD RON 95 E5 RON 98
Density at 15 °C Kg/lt EN ISO 3675 0.751 0.749
Research Octane Number (RON) = - EN ISO 5164 96.9 98.2
Motor Octane Number (MON) - EN ISO 5163 86.5 87.2
Sensitivity (RON-MON) - Calculation 10.4 11
Antiknock Index (AKI) - Calculation 91.7 92.7
Vapor Pressure kPa ENISO 13016-1 59.8 64.5

PSI 8.67 9.35
Distillation
Initial Boiling Point °C EN ISO 3405 33.5 33.5
10 % vol. evaporated at (T10) °C EN ISO 3405 44 51.1
50 % vol. evaporated at (T50) °C EN ISO 3405 86.4 83.2
90 % vol. evaporated at (T90) °C EN ISO 3405 152.9 148.2
E70 Vol % EN ISO 3405 36.5 37.6
E100 Vol % EN ISO 3405 58.5 61.1
E150 Vol % EN ISO 3405 89.1 95.6
Final Boiling Point °C EN ISO 3405 195 180.1
Residue Vol % EN ISO 3405 1 1
Aromatics Vol % ASTM D 319 335 33.7
Olefins Vol % ASTM D 319 11.4 11.1
Saturates Vol % ASTM D 319 50.2 45.7
Ethanol Vol % EN 1601 4.9 0
Methanol Vol % EN 1601 0 0
Other Oxygenates Compounds Vol % EN 1601 0 9.5
Oxygen Content Weight % EN 1601 1.9 2.09
Benzene Content Vol % EN 12177 0.45 0.6
Lead Content mg/lt prEN 237 <1 <1
Sulphur mg/kg EN ISO 20846 <10 <10
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TABLE 3.3 — Measure System

Interface module ES 592.1

Lambda module ES 432.1

Temperature module ES 411.1

Pressure module ES 421.1

Particle Counter Horiba Mexa-2100 SPCS
Fuel Mass Flow Meter AVL 735s

Fuel Temperature Control AVL 735c¢

Engine Control Unit ECU

ECU Interface ETK

Combustion Analyzer Indicom

HC, CO, NOx emissions Horiba — Motor Exhaust Gas Analyzer Mexa-7100D

3.1.3. Results and Discussion

3.1.3.1. Impact of the Injection Timing on PN Emission using
Gasoline RON 98

The four operating points OP (Speed x Load) tested are as follows:

TABLE 3.4 — Engine Operating Conditions
OP (Speed x Load) Injection Strategy

Injection Pressure [MPa] SOI Sweep [°CA BTDC]

OP1:3500 rpmx 8bar ~ 0.98  Single in Intake Stroke 20 240° - 340°CA
OP2:3500 rpm x 20 bar | 0.91 | Single in Intake Stroke 20 240° - 340°CA
OP3: 4500 rpm x 8 bar 0.98  Single in Intake Stroke 20 240° - 340°CA
OP4: 4500 rpm x 20 bar | 0.77 | Single in Intake Stroke 20 200° - 340°CA

Figures 3.3 — 3.4 — 3.5 — 3.6 show the PN emissions indicator for every operating condition. It
can be seen that for each operating condition an appropriate SOI, at which the engine
generated the lowest PN emission, could be found, and these SOls advanced as speed or load
increased. From figure 3.3, at 3500 rpm x 8 bar operating point there was an increase in PN
soot emissions from left to right for the most advanced SOI. This behavior can be due to the
increase of the fuel film on the piston surface that provides the SOl advance and consequently
an increase in the pool fire intensity.
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Another possible hypothesis can be related to the injector diffusion flame according to
Berndorfer et al [24] where it was found that a detailed optimization of the relevant injector tip
parameters controlling the atomization as well as the fuel injector tip interaction is necessary to
lower the particulate number emissions in Sl engines. At a fixed engine speed, an higher load
means more fuel quantity, i.e. longer injection duration at constant injection pressure, which
works as the primarily factor that enhance the spray penetration depth (Preussner et al., 1998
[25]), and may cause a less effective mixture preparation. In consequence, an early injection
timing, together with the retarded spark timing, aids to improve the mixture preparation.
According to what has just been said, from the same figure 3.3, it’s possible to see that for a
higher engine load, in this case at 3500 rpm x 20 bar operating point, we have a drastic increase
in PN emissions but in opposite direction compared to the previous operating point (3500 rpm
x 8 bar). This last result demonstrates that the fuel film does not influence the soot emissions
and that the time reduction for the Air-Fuel mixture preparation led to less time to mix and
evaporate the fuel droplets, generating locally fuel rich-zones and incomplete combustion,
principal factor that directly affects soot PN emissions.

OP1-0P2
16,00
3500 rpm x 8 bar

14,00 3500 rpm x 20 bar

12,00
10,00
8,00

6,00

PN Indicator [-]

4,00
2,00 RP

0,00 r T T T T T T 1
-80 -60 -40 -20 0 20 40 60

Late Timing <----------------—--- SOI [°CA BTDC] -------------------- > Early Timing

Fig. 3.3 Effects of the SOl on PN at 3500 rpm and variable load
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PN Indicator [-]
(o)}

14

12

10

OP3 -0P4 —#—4500 rpm x 20 bar
—8—4500 x 8 bar

4
2 RP RP
O T T T T = T T T 1
-80 -60 -40 20 0 20 40 60
Late Timing <----------------—-- SOl [°CA BTDC] -------------------- > Early Timing
Fig. 3.4 Effects of the SOl on PN at 4500 rpm and variable load
OP1 - OP3 —#—3500 rpm x 8 bar
—0— 4500 rpm x 8 bar
7,00
6,00
5,00
8 4,00
S
2
£ 3,00
2
a
2,00
RP_, _R /
1,00 el o
0,00 T T T T T T S
-80 -60 -40 -20 0 20 40 60
Late Timing <-----------------—-- SOI [°CA BTDC] -------------------- > Early Timing

Fig. 3.5 Effects of the SOl on PN at 8 bar and variable speed
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OP2 - OP4 3500 rpm x 20 bar
4500 rpm x 20 bar
14,00
12,00
10,00
2 3,00
©
)
©
£ 500
2
o
4,00
2,00 /
0,00 r T T T T T T 1
-80 -60 -40 -20 0 20 40 60
Late Timing <-------------------- SOl [°CA BTDC] -------------------- > Early Timing

Fig. 3.6 Effects of the SOl on PN at 20 bar and variable speed

Engine speed affects fundamental properties that influence the charge induction, fuel spray
development, combustion, and engine-out emissions. Higher engine speeds reduce the time
available for mixing and evaporation, which can have a negative effect on charge homogeneity.
However, turbulence and mean air velocity increase as the engine speed increases, which
improves mixing and enhances the charge homogeneity, thus mitigating the locally rich zones in
the gas phase and reducing the particulate production. The resulting effect on mixing is engine
and condition specific. Regarding the fuel impingement on the piston, because piston speed
increases at higher rpm, the piston moves away from the spray more quickly and reduces the
piston impingement for a given SOI. As can be seen from the Figure 3.7, increased engine speed
and engine load led to higher component temperatures due to more friction and a shorter time
for heat transfer. Higher temperatures accelerate the evaporation of the liquid films on the
components like piston, valves or walls thus reducing the negative effects of the fuel
impingement but at the same time can also promote low temperature soot formation
reactions. With regard to the last effects, from the Figure 3.5 it’s possible to detect that for a
fixed and low engine load, the increased engine speed and the higher component temperatures
due to the higher exhaust temperatures reduced the impingement effects on the piston, thus
leading to a good PN reduction. In addition, it was found that this last advantage is more
pronounced for low engine loads by means of a comparison between the Figures 3.5 — 3.6.
However, from the same figures it’s also possible to see that an increased engine speed led to a
higher PN emissions for later SOls, essentially due to the less time available for the mixing and
evaporation of the mixture. Similar results were observed by Zhang et al. [237].
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Fig. 3.7 Effects of the SOl on Exhaust Temperature
3.1.3.2. Impact of the Injection Timing on PN Emission using

Gasoline RON 95 E5

The four operating points OP (Speed x Load) tested are as follows:

TABLE 3.5 — Engine Operating Conditions

OP (Speed x Load) Al-] Injection Strategy Injection Pressure [MPa] SOI Sweep [°CA BTDC] ‘
OP1: 3500 rpm x 8 bar 0.99 Single in Intake Stroke 20 265° - 340°CA
OP2: 4500 rpm x 8 bar 0.99 ' Single in Intake Stroke 20 265°-340°CA
OP3: 3500 rpm x 20 bar 0.89 Single in Intake Stroke 20 265° - 340°CA
OP4: 4500 rpm x 20 bar 0.77 | Single in Intake Stroke 20 265° - 340°CA

Figures 3.8 — 3.9 — 3.10 — 3.11 show the total PN emissions for every operating condition. It can
be seen that for each operating condition, an appropriate SOI, at which the engine generated
the lowest PN emission, could be found and these SOls advanced as load increased otherwise
remained unchanged as the engine speed increased.
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Fig. 3.8 Effects of the SOl on PN at 3500 rpm and variable load
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Fig. 3.9 Effects of the SOl on PN at 4500 rpm and variable load
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Fig. 3.10 Effects of the SOl on PN at 8 bar and variable speed
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Fig. 3.11 Effects of the SOl on PN at 20 bar and variable speed
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Fig. 3.12 Effects of the SOl on Exhaust Temperature

From the same Figure 3.8, at 3500 rpm x 8 bar there was an increase in PN soot emissions from
left to right for the most advanced SOI. In addition from the same figure it’s possible to see that
for a higher engine load, in this case at 3500 rpm x 20 bar operating point, we have an increase
in PN emissions from the most advanced SOI to the most retarded SOI, but in opposite direction
compared to the previous operating point (3500 rpm x 8 bar). It’s also possible to detect that
the increased engine load led to a small reduction in PN emissions for the earlier SOls, instead
for the later SOIs became crucial in terms of emissions. The Figure 3.9 shows that for a fixed
engine speed of 4500 rpm, an increased engine load has worsened the impingement effects
however leading to a drastic emissions increase especially for later SOls. The Figure 3.10 shows
that for a fixed and light engine load of 8 bar, an increased engine speed led to a good PN
reduction for the earlier SOls due to the mitigation of the impingement effects.
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3.1.3.3. Study on the comparison between the two fuel types

In this section are shown the results that were obtained using the two fuel types for all the
operating points analyzed in this paper. From the following Figures 3.13 —3.14 - 3.15-3.16, it’s
possible to detect the gap in PN emissions between the two different gasoline types RON 95 E5
— RON 98, underlining that this last fuel has given better results in terms of PN emissions

reduction.

oP1 —=—3500 rpm x 8 bar (Using RON 95 E5)
—®—3500 rpm x 8 bar (Using RON 98)
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Fig. 3.13 Effects of the SOl and Gasoline Type on PN
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Fig. 3.14 Effects of the SOl and Gasoline Type on PN
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Fig. 3.15 Effects of the SOl and Gasoline Type on PN
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Fig. 3.16 Effects of the SOl and Gasoline Type on PN

From the previous Figures, it’s possible to notice that the RON 95 E5 fuel blend has given higher
PN emissions than RON 98 for all the operating points tested. In particular when liquid fuel
impingement occurs (more probably due to the challenges ethanol can pose to spray
formation), then a higher increase in PN emissions compared to fuel RON 98 is reported. In
addition, it’s interesting to note that while the engine fueled with gasoline RON 98 showed a
low sensitivity to SOl in terms of PN emissions, for the engine fueled with gasoline RON 95 E5 a
significant sensitivity to SOl is observed.

However, from these last results, it’s very important to point out that there’s a strong link
between PM — PN emissions from GDI engines and the composition and properties of the
gasoline. The gap in PN production between the two fuel types tested is essentially due to the
key factors listed below in Table 3.6:

TABLE 3.6 — Effects of the gasoline properties on PN emissions

N S 2 2 A R BRI R TR

Note: |, Negative correlation and M Positive correlation
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These last effects are in general dominated by the aromatic content of the fuel, but other fuel
components and properties notably olefin content, oxygenate content, Sulphur content, fuel
volatility, enthalpy of vaporization and boiling points of individual components have significant
effect on PM emissions [238]. Some studies have reported that higher octane number (RON) in
gasoline reduces PM emission from GDI engines, [239] however care should be taken with this
as often octane number is increased by adding aromatic components, which would serve to
increase PM emissions. In a recent study of Karavalakis et al. [240], it was found that for GDI
engines, Anti-Knock Index (AKI), research octane number (RON), motor octane number (MON)
and T10 (the temperature when 10% of a fuel by volume boils away during a distillation test)
were negatively correlated with PM mass and PN emissions, indicating that PM and PN
emissions decreased as the value of these variables increased. In the same study it was
reported that T90 (the temperature when 90% of a fuel by volume boils away during a
distillation test), Saturates Concentration and Final Boiling Point (FBP) showed a positive
correlation with PM and PN emissions, and that T50 (the temperature when 50% of a fuel by
volume boils away during a distillation test) didn’t affect the emissions. In addition to this last
study, the results of this work show that even T50 could affect the PN emissions with a positive
correlation. From the Table 3.6 it’s possible to detect that the Oxygen content and the content
of other Oxygenates Compounds are negative correlated with PM and PN emissions, in fact it’s
well known that oxygenated fuels are seen as a potential pathway to reducing well-to-wheel
CO, emissions from vehicles. Typically oxygenated fuels have higher vapour pressure,
significantly higher AHvap (kl/kg stoichiometric mixture), and significantly lower LHVs
compared to gasoline. However at high levels of oxygenates, the PN emissions are reduced to
almost zero, showing perhaps the dominance of the chemically bonded oxygen.

Fuel volatility has a noticeable impact on PM emissions, [241-242, 243] as a fuel with a lower
vapour pressure will be slower to evaporate on injection, and produce a less well prepared
mixture leading to higher PN emissions. Fuel with very low volatility impacts on the piston or
walls and burns as a pool fire, leading to a significant increase in PN emissions.

On the contrary fuels with very high volatility can flash evaporate on injection, giving a poorly
prepared mixture with locally rich zones, again leading to high levels of PN emissions.

With regard to the impact of Ethanol Fuel Blends, it’s still not conclusive as to whether the use
of Ethanol causes an increase or decrease in particulate emissions from current Sl engines.

In fact for GDI engines results show both increases and decreases demonstrating that the
details of the combustion system design and engine operating points are very important [244-
245-246-247-248-249-250-251-252-253]. It’s necessary to highlight that Ethanol has a higher heat
of vaporisation and smaller vapour pressure as compared to gasoline which reduces the
evaporation of ethanol blended fuel and enhances heterogeneous air-fuel mixture,
consequently producing higher PM emissions [254-255].

Similar results were observed by Wang et al. [256] by means of experiments carried out at
varying engine load from 3.5-8.5 bar BMEP and 1500 rpm without using a catalyst. They found
that an addition of ethanol into gasoline led to higher PN emissions from GDI engine.

Luo et al. [255] studied the impact of ethanol fuel blends in a GDI engine without using a
catalyst. They found that ethanol fuel blends increased particle number (PN) concentration at
low load engine conditions. However, at high load engine conditions PN concentration
decreased.

94



3.1.3.4. Conclusions

A meticulous and comprehensive investigation of the effect of the injection timing on the
particulate number (PN) emissions of a gasoline direct injection engine was realized. The impact
of this injection parameter on the test engine was investigated and compared under different
engine speeds and load conditions.

From this study, the following conclusions may be drawn:

Particulates can form due to multiple mechanisms. For a given operating condition,
appropriate calibration settings must be chosen to mitigate PN, where one the most
dominant control parameter is the injection timing. Injection timing has a strong link with
the particulate number emissions due to the impingement effects on the piston and for
the little time for mixture mixing, so in all cases it’s possible to identify an optimum SOl in
terms of PN emissions. In this case, for all engine operating points that were tested, with
retarding the injection timing, particulate number (PN) emission decreased to the lowest
and then increased. In particular, it was found that the injection timing corresponding to
the lowest PN advanced as the engine speed and load were increased.

Using RON 98 Fuel, it was found that at a fixed engine speed and for advanced SOls, a
higher engine load showed a positive effect on the reduction of PN production regarding
the impingement effects on the piston, and that this last gain is less pronounced for
higher engine speed. Furthermore, for higher engine load, the rapid increase of the
particulate number linked to later SOls and due to the insufficient time for the mixture
mixing became very drastic compared to the lower loads.

Using RON 98 Fuel, it was found that at a fixed engine load and for advanced SOls, a
higher engine speed showed a positive effect on the reduction of PN production
regarding the impingement effects on the piston, and that this last gain is more
pronounced for lower engine loads. However, for higher engine speed, the rapid increase
of the particulate number linked to later SOIs and due to the insufficient time for the
mixture mixing became very pronounced especially if associated with a high engine load.

From the comparison between the two fuel blends, the gasoline RON 98 has given better
results in terms of PN emission reduction. In particular, it was found that while the engine
fueled with gasoline RON 98 showed a low sensitivity to SOl in terms of PN emissions, for
the engine fueled with gasoline RON 95 E5 a significant sensitivity to SOl is observed. It’s
also possible to notice that the impingement effects for RON 95 E5 were more marked
than RON 98, so leading to higher PN emissions for earlier SOls. This suggests that for
advanced SOls, the fuel spray impinges on the piston and subsequently burns as a pool
fire, leading to higher levels of PN.
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In addition and as noted above in Table 3.2, the fuel RON 98 has a higher vapour pressure
than fuel RON 95 E5, suggesting that even at the earliest injection timing it could
evaporate more quickly before it has chance to impinge on the combustion chamber
surfaces. With regard to the fuel RON 95 E5, it was found that the PN emissions linked to
the latest SOIs were by far the worst, for the reasons above mentioned.

The PN emission levels of the GDI engine tested are strongly associated with the fuel
physical and chemical properties as well as reported in Table 3.6. In this case and for all
the operating points that were tested, the results suggest that the ethanol presence with
its low vapour pressure could lead to higher PN emissions when the impingement isn’t
avoided, so particular attention must be reserved to the calibration of the injection
timing.
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3.2. Numerical Study on Emissions Reduction using Multiple Injection
Strategies

3.2.1. Introduction

GDI technology is now widely used due to its basic advantages in CO2 potential reduction both
in homogeneous and stratified operation [257]. The fuel evaporation during intake and
compression strokes reduces the cylinder charge temperature, allowing increased compression
ratio and higher thermodynamic efficiency. Besides, coupled with other technologies like
downsizing and lean-burn operation, additional advantages can be obtained both in terms of
performance and fuel consumption. Nevertheless, this technology shows some aspects that can
reveal critical for the operation of the engine, in particular dealing with soot emission. In fact,
the direct injection strongly reduces the time allowed for the injection phase and the delay
between the end of the injection and the spark, so that some droplets of the injected fuel can
survive till to the combustion phase, especially considering stratified operation. Another
important consequence of direct injection is that the fuel wall film is formed directly in
combustion chamber. The mean result of these facts is a higher risk, in respect with PFl engines,
of the presence of fuel in liquid phase during combustion. When the flame front surrounds the
liquid fuel, inhomogeneous diffusive combustion, with a very low local air-fuel ratio, leads to a
significant emission of soot [111]. The control of the amount of liquid portion of fuel in
combustion chamber in the combustion phase is a key factor for the good operation of the
engine, in particular approaching Euro 6 legislation which imposes a limit in particle emission
both in terms of mass and particle number for direct injection spark ignition engines. As a
consequence, the engine and the injection systems are even more correlated and the design of
the injection system becomes one of the main challenges in GDI engines development.
Different configurations for the position and the typology of the injector are possible, and every
one of them shows basic pros and cons. Once the injection system design is set, another way to
control the injection process is the management of the injection parameters, which are
basically the start, the duration and the pressure of the injection. Currently, multiple injections
in the same stroke for GDI engines is a well-known practice for catalyst heating during cold
start, but it is not so usual for operation in medium and high loads in homogeneous conditions
[258]. Moving toward Euro 6d emission standards, one of the main challenges for GDI engines is
the reduction of particulate emission in terms of mass and particle number. In fact, in stratified
operation, the droplets injected during compression stroke may cause a significant amount of
soot production, due to locally non premixed combustion. Besides, in medium and high load,
the liner and piston spray impingement is another possible reason of production of soot
emission.

In order to meet the required performance and emission targets, focusing on the reduction of
particulate emission, a multiple injection strategy can be considered as an option to control
both the mixture stratification and the wall impingement.
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It's well known that for the engine cold conditions, the use of multiple injection strategies is
very common in order to avoid the PN increase emissions, these last linked to the piston
impingement effects. In the following work a numerical investigation is performed with the aim
of understanding the potential benefits of multiple injections strategies also for engine warm
conditions and for an upper middle operating point. The analysis makes use of advanced
simulation tool, which allows to select particular strategies to be validated on engine bench. As
first step an accurate engine model and calibration setup were realized in order to have a
better prediction in terms of performance, fuel consumption and pollutants emissions with
regard to the measures obtained from the test bench. As second step an accurate analysis was
realized with regard to the comparison between homogeneous and stratified operations, thus
leading to important final considerations.

3.2.2. Engine Model and Performance Simulation Software: Gt-Power

3.2.2.1. Gt-Power

It is an engine performance simulation software, developed by Gamma Technologies Inc. GT-
Power is used to predict engine performance parameters such as power, torque, airflow,
volumetric efficiency, fuel consumption, turbocharger performance and matching, and
pumping losses etc. Beyond basic performance predictions, GT-Power includes physical models
for extending the predictions to include cylinder and tailpipe-out emissions, intake and exhaust
system acoustic characteristics (level and quality), in-cylinder and pipe/manifold structure
temperature, measured cylinder pressure analysis, and control system modeling. Standard GT-
Power engine models are easily converted to real-time capable models for SiL or HiL
simulations [259]. These models may also be included in a full system level simulation within
GT-SUITE to provide accurate and physically based engine boundary conditions to the rest of
the vehicle.

3.2.2.2. Gt-Suite

GT-Suite can be used for modelling each system independently or for coupling several systems
together to make them interact with each other, so more complex systems can be analysed.
GT-Suite 17 Calibration of Gasoline Engine in GT-Power Software Environment © 2018, Ashish
Kumar, M.Tech. (Power System Engineering), Indian Institute of Technology (Indian School of
Mines), Dhanbad (All Rights Reserved) includes functionalities such as GT-COOL, GT-FUEL, GT-
CRANK, GT-VTRAIN, GT-DRIVE, GTSUITEmp, and GT-POWER [259].
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3.2.2.3. Applications of GT-Power

GT-POWER contains comprehensive and advanced set of models for engine performance
analysis, providing many features required to analyse a number of engine configurations and
performance characteristics, including:

e Torque and power curves, airflow, volumetric efficiency, fuel consumption,
emissions.

e Steady state or full transient analysis, under any driving scenario.

e Turbocharged, supercharged, turbocompound, e-boost, pneumatic assist.

e S|, DI, HCCl and multi-mode combustion, multi-fuel, and multi-pulse injection.

e Infinitely variable valve timing and lift (VVT and VVL).

e Controls system modelling, via built-in controls library or Simulink coupling.

3.2.3. Engine Study and Experimental Setup

3.2.3.1. Engine Study and Experimental Setup

The engine model (designed in GT-Power) which was used for the study of the Gasoline Direct
Injection has the specification as given in Table 3.1 and Figure 3.2. This Model (figure 3.17)
shows all the components and interconnections of the engine model that was studied and
experimented on. The assembly is divided into two parts: main assembly and controller
assembly. The controller assembly contains waste gate, ignition control, injector control and
CAM template, and the main engine assembly which contains the intake port, air cleaner,
turbocharger, intercooler, throttle, actuator, sensor, intake manifold, intake connections,
injector, cylinders, engine crank case, exhaust manifold, waste gate, turbine, exhaust port and
feedback connections.

The engine model used in this project is a one-dimensional representation of the physical
engine taking into account the anomalies and complexities of the operation and operation
modes of the engine as stated in section 3.1.2. and subsequent subsections. Object of this study
is a depth investigation with regard to the CO, NO, and PN Emissions for an upper middle
operating point (n x PME) 2500 rpm x 21,5 bar. In this case the tables 3.7 — 3.8, the Figures 3.17
— 3.18 — 3.19 show the engine model realized, multiple injection strategies that have been
tested and the principal calibration parameters.
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TABLE 3.7 — Multiple Injection Strategies Object of Study
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Fig. 3.17 GDI Engine Model in GT-Power
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TABLE 3.8 — Main Engine Parameters

2500 rpm x 21,5 bar

14,73
200 bar
Throttle 99,9 %
Spark Timing 0°CABTDC
Inlet Valve Opening 50 °CABTDC
Inlet Valve Closing 205 °CAATDC
Exhaust Valve Opening 27 °CABBEDC
Exhaust Valve Closing 10 °CAATDC
Engine Conditions Warm
Emission Sampling Engine Out
HO1 Inj. Strategy. TDC(360°CA) BDC(180°CA) TDC(0°CA)
EXH. STR. INT. STR. COMP. STR. EXP. STR.

45t
S$0I1=320°CA

HO2 Inj. Strategy TDC(360°CA) BDC(180°CA) TDC(0°CA)

EXH. STR. INT. STR. COMP. STR. EXP. STR.

o

5011 5012
320°CA 260°CA

HO3 Inj. Strategy TDC(360°CA) BDC(180°CA) TDC(0°CA)

EXH. STR. INT. STR. COMP. STR. EXP. STR.

45t - 2ﬂd- 3rd.
son S0I12 S0I3
320°CA 260°CA 220°CA

Fig. 3.18 Multiple Injection Strategies in Homogeneous Mode
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HP2_1 Inj. Strategy TDC(360°CA) BDC(180°CA) TDC(0°CA)

EXH. STR. INT. 5TR. COMP. STR. EXP. STR.
= 2nd
50I=303°CA 50I12=135°CA
HP2_2 Inj. Strategy. TDC(360°CA) BDC(180°CA) TDC(0°CA)
EXH. STR. INT. STR. COMP. STR. EXP. STR.
+ >l
S0I1=303°CA 50I12=93°CA
HP2_3 Inj. Strate TDC(360°CA) BDC(180°CA) TDC(0°CA)
EXH. STR. INT. STR. COMP. STR. EXP. STR.
45t 2nd
S0I1=303°CA 5012=45°CA

Fig. 3.19 Multiple Injection Strategies in Stratified Mode

3.2.3.2. Results and Analysis for CO and NOx Emissions

The following figures 3.20 — 3.21, by way of example, show the prediction in terms of NO, and
CO emissions respectively for the HP2_1 and HP2_2 Injection Strategies, and that these values
are very aligned with the relative measures from the test bench like follow.
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Fig. 3.20 NOy Emissions from GT-Power using HP2_1 Injection Strategy

102



CO Emissions from Test Bench: 8300 [ppm]

Burned CO, NO, and H2 Mass Fractions
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Fig. 3.21 CO Emissions from GT-Power using HP2_2 Injection Strategy

In the following figure (Fig. 3.22) it’s possible to evaluate the effects of the Injection Mode on
the CO and NO, Emissions. From the same figure it’s possible to detect that the HO3 injection
strategy has given the best results in terms of CO emissions, conversely the HP2_3 injection
strategy has given the best results in terms of NOx emissions.

Effects of Injection Mode on the CO and NOx Emissions

25000

20000

15000

m CO Emissions

10000

® NOx Emissions
0. -

HP2_1 HP2_2 HP2_3

Emissions [ppm]

Injection Mode

Fig. 3.22 Effects of the Injection Mode for CO and NOx Emissions
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3.2.3.3.

Results and Analysis for PN Emissions

The following figure 3.23, by way of example, show the prediction in terms of PN emissions for
the HP2_2 Injection Strategy, and that this value is very aligned with the relative measure from
the test bench like follow.
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Fig. 3.24 PN Emissions from GT-Power for Homogeneous Mode
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Fig. 3.25 PN Emissions from GT-Power for Stratified Mode

In the following figure (Fig. 3.26) it’s possible to evaluate the effects of the Injection Mode on
the PN Emissions. From the same figure it’s possible to detect that the HO3 injection strategy
has given the best results, conversely the HP2_3 injection strategy has given the worst results.

Effects of Injection Mode on the PN
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Fig. 3.26 Effects of the Injection Mode on PN Emissions
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The following figure shows the effects of the injection mode on the particle number distribution
with a particular focus on the particles in Nucleation and Accumulation modes. From the
following figure it’s possible to detect that the PN in accumulation mode shows low sensitivity
with the injection mode. From the same figure it’s also possible to observe that the multiple
injections strategies in homogeneous mode led a good reduction with regard to the PN in
nucleation mode.
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Fig. 3.27 Effects of the Injection Mode on the Particle Number Distribution
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3.2.4. Conclusions

In this work a numerical comparison of different multiple injection strategies has been
presented and the results of simulation have been analyzed oriented to evaluate the potential
advantages of the multiple injection strategies on the soot production.

From this study, the following conclusions may be drawn:

* Multiple Injections in homogeneous mode are better than stratified mode in terms of
PN emissions reduction.

*  Multiple Injections in homogeneous mode during inlet stroke show a slight decrease of
PN emissions compared with the single injection with advantages in terms of wall
impingement reduction and mixture preparation respect of a single injection strategy
for a medium-high engine load.

* A multiple injection strategy in stratified operation shows that the second injection
should be avoided during the middle-late part of the compression stroke to avoid a PN
increase.

* The multiple injection strategies in homogeneous mode show a smaller production of
the particles in nucleation mode. In this case HO3 injection strategy has given the best
results.

* The work allows to assess the effectiveness of a multiple injection strategy in DISI
engines also for warm homogeneous operating conditions: the parameters introduced
in injection strategy with multiple injection can be considered functional to a more
effective control of the soot emission, a reduction of fuel consumption and a more
efficient mixture preparation in DISI engines.

* Better CO Emission Reduction using HO3 injection strategy.

* Better NOX Emission Reduction with injections in stratified mode, in particular using
HP2_3 Injection Strategy.

* A CFD Analysis would be necessary for quantitative predictions on the HC Emissions.
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3.3. Research and Development of Calibration Strategies for Catalyst
Heating

3.3.1. Introduction

One of the objectives of emission optimization is to heat the catalyst in the best possible way to
its operating temperature so that a good emission conversion can be achieved. This can be
achieved through catalyst heating. Normal operation of the engine already involves conflicting
objectives from different requirements such as low fuel consumption, emissions (all
components simultaneously), smooth running, comfort, available torque, so that every
parameterization requires a certain compromise to balance the individual objectives. During
catalyst heating, the compromise shifts temporarily such that, for instance, the mass flow and
temperature of the exhaust gases are increased at the cost of fuel consumption. This can, for
example, be achieved through an intentional worsening of combustion efficiency by retarding
the ignition angle. In this way, the gaseous emissions can subsequently be reduced considerably
as the catalyst temperature increases. The following figure shows the connection to increased
fuel consumption during catalyst heating:

Additional fuel demand

in catalyst heating

Fuel demand without
catalyst heating

flow

_ Fuel demand

/A Without catalyst
heating efficiency 30%

Losses

A For catalyst heating
efficiency 10%

Engine torque

Fig. 3.28 lllustration of the catalyst heating principle

The catalyst temperature can be increased both by hot exhaust gas and by the production of
heat inside the catalyst by the conversion of emissions. This requires, however, that the catalyst
already is sufficient heated to support conversion and that sufficient incompletely burned
components and oxygen are contained in the exhaust gas.

The effectiveness of catalyst heating and the output of emissions can be influenced by many
measures. Some of them are always applicable, while some of them only if the engine is
equipped with certain actuators.
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The following figure gives an overview of the complex relationships.
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Fig. 3.29 Relationships between control factors and effects during catalyst heating

The principal strategies for the catalyst heating, are the following:

Engine Speed Increase:

To increase engine speed, the setpoint for the idle speed is increased during catalyst
heating. The exhaust gas temperature and the mass flow increase at a higher engine
speed. By increasing the engine speed, a larger amount of exhaust gas, which
provides the catalyst heating, become available.

At the same time, fuel consumption increases. The time available for mixture
preparation decreases and homogenization can worsen along with smooth running
of the engine.

Ignition Retarding / Combustion Efficiency:

Readjusting the ignition angle decreases the efficiency, which increases the exhaust
gas temperature and mass flow, both of which contribute to heating of the catalyst.
Fuel consumption increases, engine smoothness decreases.

Lambda Target Values:

At a slightly lean air-fuel ratio (approx. A = 1.05), HC and CO in particular are
reduced, and to some degree also NOx.

Camshaft Adjustment:

By means of camshaft adjustment, a systematic back flow of hot exhaust gas is
achieved (internal exhaust gas recirculation).

Adjustment of the intake camshaft enhances fuel efficiency and engine smoothness,
whereas adjustment of the exhaust camshaft leads to a reduction in raw emissions.
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Swirl Control Valve:

The swirl control valve provides better mixture preparation, which usually allows use
of more retarded ignition angles.

Start of Initial Injection:

Adjustment of the start of initial injection affects mixture preparation and reduces
wetting of the cylinder wall or piston face. At the same time, there is a change in
engine smoothness and raw emissions.

Multiple Injection (Homogeneous Split):

With the use of the gasoline direct injection, the amount injected is sometimes
distributed over two (or more) injections. During what is called a homogeneous split
an initial injection takes place during the suction cycle, the last injection during the
compression cycle and, depending on the installation position of the injector,
timewise either very close to injection (e.g. approx. 5° before injection in the case of
central mounting) or such that a rich mixture can still reach the spark plug (e.g. 80°
before TDC in the case of side mounting). This changes mixture preparation and
reduces wetting of the cylinder wall or piston face. Engine smoothness is improved,
permitting further retarding of the ignition angle.

The exhaust gas mass flow and temperature can decrease. Particle emissions may
decrease, because wetting is reduced, but they may also increase considerably,
because the mixture in the combustion chamber is less homogeneous.

Rail Pressure:
A high rail pressure usually improves homogenization and reduces the wetting.

Lambda Split:

It's possible to control the mixture for individual cylinders separately so that the
average lambda remains neutral, however some cylinders rich , others lean. More
raw emissions are produced, but are so balanced that they can react exothermically
with one other in the catalytic converter if it is already converting satisfactorily. The
exothermic reaction in the catalytic converter then heats it directly. Fuel
consumption increases, engine smoothness decreases. If the cat is not yet warm
enough or is very old, emissions increase.
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e Secondary Air Injection:

An effect similar to that of lambda splitting is achieved with secondary air. The
mixture of all cylinders is set rich and at the same time air is blown into the exhaust
system upstream of the catalyst by a pump. The exhaust gas then contains enough
oxygen for the HC and CO to be oxidized in the cat exothermically. The major
disadvantage is the expense for the secondary air system components, furthermore
they must be monitored by diagnosis. At low temperatures, there’s a risk that the
secondary air system will ice over and cannot be used.

3.3.2. Experimental Setup

For the same engine described in the section 3.1, page 80, a depth study was conducted
in order to find a good strategy for the catalyst heating. In this case the principal target
has been the reduction of the catalyst conversion window, taking into account the
following preliminary considerations:

e Mixture formation and fuel evaporation are hampered by the low
temperatures conditions in the combustion chamber.

e The cold piston and cylinder walls cause fuel adsorption and flame quenching.

e Lean engine operation with late ignition and delayed combustion impede
engine operation, because of in some cases very lean mixture zones in the
combustion chamber deteriorate combustion and even cause flame
quenching. This leads to high level of engine roughness and, at worst, misfire.

e High levels of friction losses in the cold engine due to high viscosity of the
engine oil at cold temperatures.

In order to obtain a good strategy, the possible manipulable engine parameters could be the
following: injection timing for up to three injection pulses, ignition Timing, mass distribution
between the injection pulses, intake and exhaust valve timing, idle speed control, global air-fuel
ratio, injection pressure, charge motion (tumble/swirl), fuel injection strategy (homogeneous —
stratified or purely stratified).The following figure shows the principal catalyst heating
strategies implemented by means of the use of multiple injection strategies.
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Lean Catalyst Heating

TDC(360°CA) BDC(180°CA) TDC(0°CA)
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Delta A
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Conditions Spark Ignition | Injection Mode Lambd; S0Is Injection Pressure Splict Factor
Idle from 10 to Stratified 1+1,05 1%t 280 BTDC Firing 120 bar 42,5%
Cold TWC! 30°CA ATDC 42,5%
(Col ) 219; 2,6 ms dwell time from the 1% 15%°
3% 10 ATDC Firing
Part Load Phase (1) with r1>40% from 5 to 30°CA | Homogeneous 1+1,05 1% 280 BTDC Firing 120 bar to 200 bar 60%
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Part Load Phase (2) with low load | from 5to 30°CA | Homogeneous 1+1,05 1% 280 BTDC Firing 120 bar to 200 bar 100%
and over 3000 rpm (Hot TWC) ATDC

Fig. 3.30 Catalyst Heating Strategy

With regard to the target of this work, a good strategy has been implemented in order to allow
a fast light-off of TWC, this last very useful especially in engine cold conditions. In particular, a
meticolous use of the multiple injections combined with delayed ignition angles, allows to have
a good PN reduction with a significant reduction of the other main emissions due to an efficient

and fast catalyst heating.

112



3.3.3. Conclusions

Concepts:

e Multiple injections during intake stroke in order to avoid piston impingement and to
enhance a good mixture preparation until TDC.

e Small Injection (e.g. 5% of entire fuel mass) after TDC shortly before ignition:
» create rich mixture near spark plug

» provide turbulence to the initial flame core (robust inflammation)

e Stable combustion and acceptable engine roughness with late ignition angles achieved
by enriched mixture at spark plug.

e Ignition angles up to 20 + 30 °CA aTDC possible = high exhaust gas heat flux to the
catalyst.

e Fast Light off of the catalyst with reduced HC, CO and NO, emissions.
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4. Summary and Future Work Suggestions

First of all it's fundamental to underline that GDI engine technology has gained rapid market
share since it was introduced in the year 2007 in the U.S. LDGV market. GDI engines provide, on
average, 7.5% higher specific power and are, on average, 8% more fuel efficient than PFI
vehicles. Manufacturers can choose to either downsize engines or provide the cars with extra
horsepower by using GDI. GDI engines are more fuel efficient and powerful due to higher
compression ratio and volumetric efficiency, coupled with better control of fuel and air staging.
Due to the recent increase in the number of cars fitted with GDI engines in the U.S. market, it is
important to study the fuel economy and emission rates of GDI vehicles, and compare them to
conventional PFl vehicles. With the increasing adoption of GDI technology, particulate
emissions are a focus, and both PN and PM standards are driving the rapid adoption of
advanced technologies to mitigate these emissions. This justifies the ongoing research on
advanced gasoline vehicle technologies, fuel blends and additives, low-temperature
combustion, powertrain electrification, and advanced after-treatment systems. Particulates can
form due to multiple mechanisms. An understanding of which mechanisms are
present/dominant at a given condition is the first step toward mitigating those mechanisms.
The dominant mechanism is a function of engine operating condition, and the operating
condition is often dictated by driver input and external conditions such as road grade and
ambient temperature. For a given operating condition, appropriate calibration settings must be
chosen to mitigate PN, where the dominant control parameters are injection timing, fuel
pressure, and multi-injection. In general, a combination of injection timing that avoids piston
wetting, high fuel pressure, and the opportunity for multi-injection at certain engine conditions
constitutes a good baseline for PN mitigation.

In this PhD thesis a meticulous and comprehensive investigation of the effects of the principal
engine parameters on the emissions of a gasoline direct injection engine was realized. A
meticulous and comprehensive investigation of the effect of the injection timing on the
particulate number (PN) emissions of a gasoline direct injection engine was realized. The impact
of this injection parameter on the test engine was investigated and compared under different
engine speeds and load conditions. Particulates can form due to multiple mechanisms.

For a given operating condition, appropriate calibration settings must be chosen to mitigate PN,
where one the most dominant control parameter is the injection timing. Injection timing has a
strong link with the particulate number emissions due to the impingement effects on the piston
and for the little time for mixture mixing, so in all cases it’s possible to identify an optimum SOI
in terms of PN emissions. In this case, for all engine operating points that were tested, with
retarding the injection timing, particulate number (PN) emission decreased to the lowest and
then increased. In particular, it was found that the injection timing corresponding to the lowest
PN advanced as the engine speed and load were increased.

Using RON 98 Fuel, it was found that at a fixed engine speed and for advanced SOls, a higher
engine load showed a positive effect on the reduction of PN production regarding the
impingement effects on the piston, and that this last gain is less pronounced for higher engine
speed.
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Furthermore, for higher engine load, the rapid increase of the particulate number linked to
later SOIs and due to the insufficient time for the mixture mixing became very drastic compared
to the lower loads. Using RON 98 Fuel, it was found that at a fixed engine load and for advanced
SOls, a higher engine speed showed a positive effect on the reduction of PN production
regarding the impingement effects on the piston, and that this last gain is more pronounced for
lower engine loads. However, for higher engine speed, the rapid increase of the particulate
number linked to later SOls and due to the insufficient time for the mixture mixing became very
pronounced especially if associated with a high engine load. From the comparison between the
two fuel blends, the gasoline RON 98 has given better results in terms of PN emission reduction.
In particular, it was found that while the engine fueled with gasoline RON 98 showed a low
sensitivity to SOl in terms of PN emissions, for the engine fueled with gasoline RON 95 E5 a
significant sensitivity to SOl is observed. It's also possible to notice that the impingement
effects for RON 95 E5 were more marked than RON 98, so leading to higher PN emissions for
earlier SOls. This suggests that for advanced SOls, the fuel spray impinges on the piston and
subsequently burns as a pool fire, leading to higher levels of PN. In addition and as noted above
in Table 3.2, the fuel RON 98 has a higher vapour pressure than fuel RON 95 E5, suggesting that
even at the earliest injection timing it could evaporate more quickly before it has chance to
impinge on the combustion chamber surfaces. With regard to the fuel RON 95 E5, it was found
that the PN emissions linked to the latest SOIs were by far the worst, for the reasons above
mentioned. The PN emission levels of the GDI engine tested are strongly associated with the
fuel physical and chemical properties as well as reported in Table 3.6. In this case and for all the
operating points that were tested, the results suggest that the ethanol presence with its low
vapour pressure could lead to higher PN emissions when the impingement isn’t avoided, so
particular attention must be reserved to the calibration of the injection timing.

With regard to the multiple injections strategies, the results of this work show that Multiple
Injections in homogeneous mode are better than stratified mode in terms of PN emissions
reduction. Multiple Injections in homogeneous mode during inlet stroke show a slight decrease
of PN emissions compared with the single injection with advantages in terms of wall
impingement reduction and mixture preparation respect of a single injection strategy for a
medium-high engine load. A multiple injection strategy in stratified operation shows that the
second injection should be avoided during the middle-late part of the compression stroke to
avoid a PN increase. The multiple injection strategies in homogeneous mode show a smaller
production of the particles in nucleation mode. In this case HO3 injection strategy has given the
best results. The work allows to assess the effectiveness of a multiple injection strategy in DISI
engines also for warm homogeneous operating conditions, the parameters introduced in
injection strategy with multiple injection can be considered functional to a more effective
control of the soot emission, a reduction of fuel consumption and a more efficient mixture
preparation in DISI engines. With regard to the other main emissions, the results show a better
CO emissions reduction using HO3 injection strategy, and a better NOx emissions reduction
with injections in stratified mode, in particular using HP2_3 Injection Strategy. Finally a CFD
analysis would be necessary for quantitative predictions on the HC Emissions.
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With regard to the high emissions levels during the engine cold start, an accurate catalyst
heating strategy has been implemented and calibrated in order to ensure a fast light off of the
TWC. The calibration has concerned the use of the multiple injection strategies, small fuel’s
injections after TDC shortly before ignition, delayed ignition angles.

Future studies could be useful in order to investigate the impact of the fuel’s chemistry on the
main emissions, experimentation of new different gasoline/Ethanol or gasoline/Methanol
blends, and innovative combustion strategies as for example plasma combustion technology.
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