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Abstract

In order to improve performance and minimize pollutant emissions in gasoline turbocharged direct-
injection (GTD1) engines, different injection strategies and technologies are being investigated. The
inclusion of exhaust gas recirculation (EGR) and the variation of the start of injection (SOI) are some
of these strategies that can influence the air-to-fuel (AF) mixture formation and consequently in the
combustion process and pollutant emissions. This paper presents a complete study of the engine
performance, pollutant emissions and aftertreatment efficiency that produces the SOI variation with
a fixed EGR rate in a 4-cylinder, turbocharged, gasoline direct-injection engine with 2.0 L
displacement. The equipment used in this study are TSI-EEPS for particle measurement and HORIBA
MEXA 1230-PM for soot measurement being HORIBA MEXA 7100-DEGR with a heated line
selector the system employed for regulated gaseous emission measurement and aftertreatment
evaluation. The experimental results confirm how the use of an adequate SOI strategy is indispensable
to obtain low exhaust emissions values and a balance between the different pollutants. There was
found a slight reduction in brake specific fuel consumption (BSFC) with the SOI advance. The
experiments showed a decrease in CO, a non-sensible variation of THC and an increase in NOx
emissions with SOI delay. Additionally, a significant increase in particle emissions was observed
with early SOIs. Finally, with the SOI delay the aftertreatment performance revealed an increase in

the oxidation of CO and a decrease in the reduction of NOx.
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Introduction

Regarding environmental pollution, Internal Combustion Engine (ICE) emissions are known to
represent a significant portion of air pollutants. This worsening of air quality, especially in large urban
areas significantly affects both human health and the environment. In this sense, it has been shown
that some cardiovascular and carcinogenic problems are also linked to particulate matter (PM)
emissions, specifically ultrafine particles which, because of their size, can pass from the lungs into
the bloodstream [1,2]. The total unburned hydrocarbons (THC) and nitrogen oxides (NOx) are
precursors of ozone, a gaseous compound which, at ground level, can affect the airways and cause
changes in lung function [3,4]. Another adverse effect of the NOXx is the acid rain, which can disturb

ecosystems and can cause biological death in lakes and rivers [5].

Due to increasing social awareness about human health and the environment, the regulations in charge
of the limits for the emissions produced by ICEs have evolved significantly [6]. In this context, fuel
consumption and the maximum limits of the more harmful pollutants (NOx, THC, carbon monoxide

(CO) and PM) have drastically decreased over the last decade.

For improving fuel economy, turbocharged direct-injection gasoline (GTDi) engines are becoming
the substitutes to the traditional port fuel injected (PFI) gasoline engines. The reduction in fuel
consumption is mainly due to the improvements carried out in atomization and vaporization fuel
process through high-pressure (up to 350 bar) injection systems, becoming highly popular in the
world market since they are improving downsizing and power density [7]. On the one hand, the time
available for fuel injection and complete fuel droplet evaporation is greatly reduced due to the direct
injection into the cylinder, leaving unburned fuel on the cylinder wall and the piston surface. This
causes an increase of THC and soot emissions [8]. On the other hand, the increase in power density
in GTDi engines leads to higher temperatures in the combustion chamber, increasing the NOx

emissions [9].

In general, spraying the fuel directly into the chamber lowers the temperature allowing higher
compression ratios [10], which leads for a fuel consumption improvement. Those systems can be
operated in stratified-combustion or homogeneous-combustion modes. During stratified-charge
operation the fuel vaporizes as combustion occurs and the air-to-fuel (AF) ratio in the cylinder is not
thoroughly mixed. This allows for reduced the fuel consumption at idle and low load conditions,
along with the ability to run the engine un-throttled. In contrast, fuel-rich zones can facilitate the

particle formation at high temperatures [11-13]. During homogeneous-charge operation, since fuel is



sprayed directly into the chamber during the intake stroke there is no fuel inefficiency due to wall

impingement and the fuel events can be further controlled with higher precision.

Until the introduction of Euro 5 legislation, the compliance of the pollutants emitted by GTDi engines
had been achieved using three-way catalyst (TWC) systems, but the increase in particle emissions
has led to the inclusion of a PN emissions limit in the Euro 6 legislation. In this sense, the
implementation of the gasoline particle filter (GPFs) has become an alternative to reduce the particles
number emitted by those engines. However, the fact of incorporating more and more aftertreatment
systems in the exhaust system causes an increase in the back pressure and, therefore, an increase in

the pumping losses, producing increases in fuel consumption [14,15].

The function of the TWC is the simultaneous reduction of all gaseous compounds through a single
element. For this purpose, the current systems are based on the catalytic properties of platinum group
metals (PGM) such as platinum (Pt), palladium (Pd) and rhodium (Rh) for the reduction and oxidation
reactions [16,17]. The CO and HC abatement are mainly achieved through oxidation reactions with
the remaining O, in the exhaust gas; while the NOx reduction is achieved by reacting the HCs and
the CO with the NO [18,19]. However, the operation of this aftertreatment system is highly
conditioned by the AF ratio and exhaust gas temperatures (EGT) In this sense, at stoichiometric

conditions and at high temperatures best efficiency for the TWC is achieved [19,20].

Regarding PM emissions, soot is mainly formed from carbon, which originates from a high
combustion temperature and occurs as an intermediate step between fuel evaporation and fuel
dehydrogenation [21]. In diesel engines, where the fuel is injected during the compression stroke, the
combustion process occurs with stratified charge. The combustion starts in the stoichiometric zones,
where the heat released in these regions allows the spread of combustion in poor zones, while in the
fuel-rich zones the combustion is controlled by slow diffusion flame [11]. The elevated temperatures
in the fuel-rich zones are responsible for the soot formation. This principle opposes the combustion
process that occurs in GDI engines. Ignition delay and early SOI (during the intake stroke) provide
the more homogeneous charge reducing the fuel-rich zones, so the traditional soot formation

mechanism may not be applied for GDI engines [22,23].

The soot formation process in GDI engines has been extensively investigated in several studies
[22,24-26]. These studies concluded that the soot formation can be attributed to different factors: (i)
short time for AF mixture preparation due to a delayed SOI leading to rich local zones and, (ii) the
fuel film trapped on the piston surface and the cylinder wall, which typically occurs when the SOI is

carried out very early during the intake stroke, and (iii) injection characteristics such a spray cone
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angle, tip penetration and injector diffusion flame, and (iv) hardware interactions like impingement

on the liner or spray interaction with the intake valves.

In this framework, to improve performance and minimize the emissions in GTD1i engines, different

strategies and technologies have been adopted, some of which are still being investigated, such as:

e The incorporation of exhaust gas recirculation (EGR) systems, which provides a reduction in the
combustion temperature and consequently a reduction in NOx emissions [27,28]. The EGR also
better facilitates TWC efficiency due to a more uniform mixture, especially during engine
operation at low load [9,29]. In addition, EGR can replace fuel enrichment in gasoline engine to
inhibit knock [9]. In general, the addition of EGR causes a dilution effect in the charge and
consequently the combustion degradation, being necessary to maintain an appropriate phasing
in the park-plug (SP) timing in order to produce the correct combustion process and reach the
desired torque. Several authors have explored this effect, concluding that SP timing is increased

as the EGR rate increases [30,31].

e The spray-guided technology for better control of the AF mixture formation and a complete
combustion process. This technology uses the placement of the injector near the SP which carries
a suitable mixture around it during the fuel injection event and spraying process [32]. This
technique has shown better results than the wall-guided combustion mode, which increases the
THC emissions, and the air-guided combustion mode which leads to poor control of the AF

mixture [33,34].

e Lastly, the variation of the start of injection (SOI) is also being investigated. A simple strategy
that can greatly influence the combustion process and pollutants emissions. The SOI during the
intake stroke facilitates the formation of homogenous charge, because the fuel evaporation time
is long enough, but may be too poor for ignition at low a temperature and pressure. Contrarily,
the SOI delay to the compression stroke generates a stratified charge, and the evaporation time

is reduced providing fuel-rich zones [32].

Referring to the last aspect, different studies can be found in the bibliography. The experiments
carried out by Li et al. [35] showed a considerable increase in CO emissions with the SOI delay in a
GDI engine. With a stoichiometric AF ratio at 1800 rpm engine speed, the CO emissions increase
from about 20 to 100 g/kWh for a SOI delay of 180 to 90 crank angle degree (CAD) before top dead
center (BTDC) respectively. This result was linked to an increase in the charge stratification with the

SOI delay.



Price et al. [36] observed an increase in PM mass concentration over one order of magnitude with the
SOI delay from 60 to 160 CAD after top dead center (ATDC) in a spray-guided GDI engine with
toluene as fuel. In that case, the reduction of the time for the AF mixture preparation was the
responsible factor for the increase of particle mass concentration. The lower volatility of toluene

compared to other fuels proved this behavior even more.

In a GDI engine, Bonatesta et al. [37] used an early SOI (315 CAD BTDC or earlier) for the enable
better AF mixture preparation and maintain a brake mean effective pressure (BMEP) higher than 7
bar at high engine speed (> 3000 rpm). A significant increase in PN emissions was observed in the
mentioned conditions. The authors justified a large part of this behavior with a fuel increase which is

deposited in the piston surface provided by the SOI advance.

Finally, in the work of Zheng et al. [38] on a GDI engine it was identified that the SOI advance of
2nd injection event provided a more homogeneous AF mixture and better combustion, which in turn

contributed to an increase in the EGT and, therefore, to a better efficiency of the catalytic converter.

According to the previous considerations, the main objective of this paper is to analyze
experimentally the effects of the SOI variations on exhaust gas emissions behavior and TWC
efficiency from a GTDi engine equipped with a low-pressure EGR (LP-EGR). In this sense, it is
uncommon to find all these topics included in the same research paper, being this issue the main
contribution of this work and not to optimize the engine used to fulfill any legislation. Two different
steady-state homogeneous-combustion operating points in terms of engine speed and load were
investigated; both at 50% of load but one at 2000 rpm and the other at 3000 rpm. The equipment used
in this study are TSI-EEPS for particle size distribution measurement and HORIBA MEXA 1230-
PM for soot measurement being HORIBA MEXA 7100-DEGR with a heated line selector the system
employed for regulated gaseous emission measurement and aftertreatment evaluation. A specific test
procedure was also developed to ensure that variations on the emissions were not due to different
exhaust temperatures (enough stabilization time for each variation), leaving only the SOI variations
as the single responsible factor for the pollutants variations. In this sense, also a detailed description
about how to move from base calibration settings to the same operating point including EGR will be

shown.



Material and Methods

This section includes the main characteristics of the engine as well as the main properties of the fuel
used. In addition, a detailed description of the different measurement systems used for pollutants

emission measurement and the test methodology are given.
Test bench facilities and fuel used

In this study a Euro 5 GTDi engine with 4-cylinder and 2.0 L displacement including a serial TWC
was used. This engine has a Bosch fuel injection system equipped with 4 injectors. Each one has
seven holes nozzle and are placed between the intake valves with an inclination of 45° with respect
to the vertical axis of the cylinder, allowing a maximum injection pressure up to 15 MPa. Detailed

specifications of the engine are given in Table 1.

Table 1. GTDi engine main characteristics.

Characteristic Unit Value

Type - 4-cycle

Valves by cylinder - 4

Number of cylinders - 4

Compression ratio - 10.2:1

Diameter mm 87

Stroke mm 83

Maximum power kW 153 at 6000 min’!
Maximum torque Nm 300 at 2000 min!

A custom-made LP-EGR system was added since original engine did not include the EGR path. The
exhaust gas was extracted downstream of the TWC and recirculated to the compressor inlet, allowing
homogenous mixture (fresh air + EGR) at the intake manifold [39]. The LP-EGR line design was
done incorporating a water-gas cooler which allowed control in EGR gas temperature, followed by a

control valve which controlled EGR rate.

To make possible modifications in the SOI and SP timing, the engine control unit (ECU) was partially
opened and the engine setting maps could be modified with the ETAS-INCA software.

The engine was installed in a fully instrumented test cell, with all the auxiliary facilities required for
its operation and control. In this sense, it was connected to a dynamometric brake SCHENCK
DYNAS3 LI250, which allows engine speed and torque control. The test bench was fully equipped

with K thermocouples and mean pressure sensors in the exhaust, cooling, intake and lubricating paths.



Fuel consumption was determined by an AVL-733S Dynamic Fuel Balance. The Sensyflow-P hot-
plate anemometer system was used to measure the air mass flow rate on the intake side. In this regard,

the characteristics and the error of the instrumentation of the sensors are summarized in Table 2.

Table 2. Characteristics of engine instrumentation.

Magnitude Sensor/instrument Range Error

Temperature Thermocouple Type K [-200 - 1200] °C [ £ 1.1 °C or 0.4% (actual value)
Mean Pressure | Piezoresistive PMA P40 [0 - 6] bar + 0.3% (full scale)

Fuel mass flow | Gravimetric balance AVL-733S [ [0 - 27] kg/h + 0.12% (full scale)

Air mass flow Sensyflow ABB FMT700-P [0 - 720] kg/h + 1% (actual value)

Torque Torquimeter [-650 - 650] N.m |+ 0.1% (full scale)

A commercial gasoline (which fulfills the Directive(EU) 2016/802 legislation [40] for European
market) with a research octane number (RON) of 98 was used in all the tests performed. The

specifications of the fuel properties are provided in Table 3.

Table 3. Gasoline properties.

Property Unit Value
RON - 98
Density at 15 °C kg/m? 735.7
Lower heating value MlJ/kg 44.09
Sulfur content ppm 7.3
Oxygen wt% 2
Aromatic hydrocarbons Vol.% 22.9
Benzene Vol.% 0.68
Distillation T10% Vol. °C 51.3
Distillation T50% Vol. °C 85.8
Distillation T90% Vol. °C 142.9

Experimental Set-up

As shown in Figure 1, three different exhaust gas analyzers were used in this study for pollutants

emission measurement.
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Figure 1. Experimental set-up for pollutants emissions evaluation in a GTDi engine.
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For regulated gaseous compounds measurement, an HORIBA MEXA 7100D-EGR was installed to
provide both raw and tailpipe emissions and EGR ratio through the carbon dioxide (CO,)
measurements. To establish a quantification of the efficiency of the aftertreatment device, a heated
valve system concept was installed to assess the TWC efficiency during the steady-state operating

points.

An HORIBA MEXA 1230-PM which includes a TSI-DCS100 was used to provide the soot emission
rate. The system consists of a diffusion charging sensor (DCS) with a specific dilution device for soot
measurement [41]. The dilution ratio used for the sample preconditioning was defined according to

Bermudez et al.[42].

A two-stage dilution system Dekati Fine Particle Sampler (DEKATI-FPS 4000) was coupled with a
TSI Engine Exhaust Particle Sizer (TSI-EEPS 3090) to determine the particle size distribution (PSD).
TSI-EEPS 3090 is capable for measuring PSD with a frequency up to 1 Hz providing a measurement
range between 5.6 and 560 nm.

Particle measurement method

The dilution system used in this study dilutes the exhaust sample in two stages. In the first isothermal
porous tube diluter (PTD) the concentration of the volatile is reduced and stabilize avoiding
nucleation preventing the formation of new nano-particles (A to B way in Figure 2). The ejector
diluter (ED) acts as a secondary diluter (B to C way in Figure 2) reducing both temperature and

particle concentration.
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Figure 2. Particle evolution at dilution system. Theoretical phase-diagram used in the methodology for
measuring particle size distribution [46].
The dilution ratio and dilution air temperature affect the gas-to-particle conversion in the
measurements. A significant reduction of both parameters can increase the phenomena of nucleation
and adsorption/condensation of volatiles. In this sense, an increase in the total concentration of
nucleation-mode particles could occur under these conditions since these particles are constituted
mainly by volatile condensed material. Additionally, the size of the accumulation-mode particles

could increase due to the absorption of volatile condensates on their surface [43—45]

To reduce the problems mentioned above and considering that the same dilution system is used to
dilute the exhaust gases, the measurement methodology described by Desantes et al. [46] was applied
in this study, as shown in Figure 2. Such measurement procedure was developed to reduce the
sensitivity of particle size measurements due to different dilution settings. In this sense, the dilution

ratio used in this study was 30 and the dilution air temperature was 220 °C.
Calculations method

During the test performed, the brake specific fuel consumption (BSFC) was determined by measuring
fuel mass flow and the mechanical power (Pe) taking into account the effective torque and engine

speed.

BFSC = "Lt 1)

e

The EGR rate was calculated from CO; concentrations taken at the intake and exhaust manifolds.

Equation 1 defines the calculated EGR rate as:



Coz,int_coz,atm

EGR = -100 )

€COz,exh—CO0z,atm

In Equation 2, COyx is the Vol.% of CO, measured at the intake manifold being CO,¢x the Vol.%

of CO; taken at exhaust manifold. Atmospheric carbon dioxide was considered as CO2 aim.

The method adopted for conversion efficiency calculation was based on Equation 3.

_ Xdown
TWCepr = 100 — X 100 3)
In Equation 3, Xqown and X, are each gaseous pollutant concentration downstream and upstream the

TWC respectively.

Regarding particle concentration measurement, PSD may be decomposed by Equation 4 according to
Seinfeld et al.[47]. It establishes that total particle size distribution is the sum of two particle mode

concentrations (nucleation-mode and accumulation-mode), assuming the log-normal size distribution

function:
d d
o0 i55) o5
an; = 1-x . 6_ 2logZagy + =% 8_ 21log?agz (4)
dlogdp; V2rlog ogq v2mlogag,

The nucleation-mode represents the particles with sizes lower than 50 nm in diameter, although some
authors define this limit as 30 nm. Some authors state that particles belonging to this mode are mainly
formed by volatile components such as unburned hydrocarbon and sulfates [48,49], but also some
others state that nucleation mode are the main precursors for soot particles and the composition can
be carbonaceous substances derived from the pyrolysis reaction [50,51]. The other mode is the
accumulation-mode, which is formed for particles between 30 nm to 1 um and its chemical

composition is of agglomerates of soot with hydrocarbons absorbed on the surface [22,52,53].

In Equation 4, X is the ratio of the total particle concentration concentrations of two distributions, dpi,
dp2, dpg1, dpe2, 01 and o, are the geometric mean diameters, median diameters, and geometric standard
deviations of each peak, and N; is the particle concentration of particle size d,i. In this study, the
decomposition of particle size distribution is nucleation-mode particles from 5.6 to 30 nm; and

accumulation-mode particles from 30 to 560 nm.

To calculate total particle number concentration (dN) the Equation 5 is used for each mode:
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_ ydp(upper)
dN = de(lower) dN; (%)

All measurements made with TSI-EEPS 3090 were scaled properly with the dilution ratio in order to

bring the particle concentration to the raw emission on measurement position.
Results variability analysis

The variability and significance of the measurement were calculated through StatGraphics software.
In the following paragraphs the sequence to obtain means representative values and their deviation is

descripted.

For each day and each measurement, mean values and its coefficient of variation (COV) of raw data

collected were firstly calculated.

Xday,l i COVday,l
Xday,z i COVday,Z (6)
Xday,3 t COVday,S

The Equation 6 show the total mean value (TMV), calculated as a mean of the three means of each

day, being this value the one represented on the graphs.

Xaayi+Xday2+tXday,s
TMY = 2% ;y ay (7

The maximum and minimum variation of each TMV was adopted calculating the maximum or

minimum variation of the three COVs calculated. Equation 8 and 9 represent those calculations.

Max,q, = Maximum(Xgay1 + COVaay 1 i Xaay2 + COVagy 2 s Xaays + COVaay3) —TMV  (8)
Minyg, = TMV — Minimum(Xgay1 — COVaay1; Xaay2 — COVaay2 s Xaayz — COVaay3z) (9
Thus, the points showed at each plot are:

TMV M ®*var (10)

—Minyqr
Test schedule

Two different steady-state operation points were chosen for the experiments performed, being both

at 50% load but one at 2000 rpm and the other at 3000 rpm. In those operation points, a homogeneous-
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charge combustion strategy was used since the injection event was carried out during the intake
stroke, allowing enough time to homogenize the air-fuel mixture. The reference SOI for
2000rpm_50% operating point was 280 CAD BTDC being the studied SOIs 260, 270, 290 and 300
CAD BTDC. The reference SOI for 3000rpm_50% operating point was 290 CAD BTDC being the
SOIs analyzed 270, 280, 300 and 310 CAD BTDC. The main parameters of each operating point

studied are shown in Table 4.

The reference operating points and the influence of the EGR rate inclusion on this engine was
analyzed by Bermudez et al. [9] and Lujan et al. [54]. The basis of the previous investigation was
focused to find the maximum EGR rate allowed at iso-torque experiments. Thus, once the EGR rate
was analyzed previously, the focus of this paper to bring knowledge about the influence of the SOI

variation on pollutant emissions with a fixed EGR rate.

Table 4. Steady-state operating points and main parameters.

Point Speed |Torque |EGR SP SO1
[rpm] [Nm] [%] [°PBTDC] [°PBTDC]
2000_50SOI-20 17.5 33 260
2000_50SOI-10 17.5 33 270
2000_50SOI_Ref |2000 164 17.5 33 280
2000 50SOI+10 17.5 33 290
2000_50S0OI+20 17.5 33 300
3000_50SOI-20 17.5 42.5 270
3000_50SOI-10 17.5 42.5 280
3000_50SOI_Ref |3000 170 17.5 42.5 290
3000 50SOI+10 17.5 42.5 300
3000_50SOI+20 17.5 42.5 310

In order to give a clear picture about how it is defined each variation of the SOI for both operating

point, Figure 3 shows how the different SOIs are represented in the following graphs.

2000rpm_50%
3000rpm_50%

) ) ) ) )
-20 -10 Ref. +10 +20
2609  [270°]  [280°]  [290°]  [300°]
[2709]  [280°]  [290°]  [300°]  [310°]

Late timing SOI'[CAD BTDC] Early timing

Figure 3. Indication of SOI variation.
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Methodology test

This section explains how the different parameters that control the combustion process were defined
and stabilized for each operating point. It is important to note that the procedure carried out leads to
the fact that base calibration needs to be enhanced if EGR is used since the reference engine operation

is modified. The diagram in Figure 4 shows the methodology carried out:

@ ‘ Reference case ‘ Reference airmass flow

@ ‘ EGR valve opening ‘ Until EGR rate settled is assessed

the reference case

. . Until air mass flow is equalto
Throttle valve m odification

‘ Until torque is equal to the

@ ‘ Spark plug modification reference case

@ ‘ WT modification ‘

@ ‘ Throttle valve m odification

Until air mass flow is equalto
the reference case

Until torque is equal to the
referencecase

@ ‘ Spark plug modification

\ EGR case ‘ Reference airmass flow

@ ‘ S0l variation cases |

Figure 4. Methodology for setting the parameters that define the reference point.

o Initially the engine was operated in the reference operation point (without EGR) - Point 1 of the

diagram.

e The EGR valve was progressively opened until the desired EGR rate was reached- Point 2 of the
diagram.

e Since the addition of EGR causes a decrease in air mass flow rate and consequently deterioration
in combustion process, the intake throttle valve was progressively opened until the same air mass

flow rate than in the reference case was reached - Point 3 of the diagram.

e The new composition of the gas inside the cylinder caused a misalignment in the combustion
process. Therefore, the SP timing was adjusted to reach the reference torque - Point 4 of the

diagram.

13



e  The addition of EGR allows the reduction of trapped exhaust gases during valve overlap (VO)
(in normal operating the VO allows to reduce the oxygen inside the cylinder, providing a less
reactive charge and reducing the possibility of knocking). This procedure was carried out by
modifying the variable valve timing (VVT) to reduce the VO. The results are shown in Figure 5
- Point 5 of the diagram.

e Since the modification of the VO also influenced intake air mass flow, the throttle valve was
progressively opened again to reach the air mass flow measured in the reference case- Point 6 of

the diagram.
e  The procedure carried out in point 4 was repeated - Point 7 of the diagram.

e  Once the same conditions as the reference case were reached (air mass flow), the SOI was varied

without modifying any other parameter - Point 8 and 9 of the diagram.

Intake (Ref.) Exhaust (Ref.)
o - --- Intake (SOI) - --- Exhaust (SOI) TDC
8 | Combustion Exhaust Intake Compression
'g 7 4 2000rpm_50%
E %] \
£ 27 \
e 47 \
S 3 1 \
= 2 ! Reference SOI
1] | 280CADBTDC
0 N T T T ! ‘\‘ T
0 90 180 270 360 450 540 630 720
9 TDC
8 ] Compression
7 i \ 3000rpm_50%
€ j
E %] \
£ 9] \
e 41 \
_ 3 \
o j
= 2 Reference SOI
1] , 290 CAD BTDC |
0 NS

0 90 180 270 360 450 540 630 720
Crank Angle Degree [CAD]

Figure 5. Modification in VVT to reduce the VO at each operating point.

Methodology for testing steady-state operating points

In order to test different SOIs at each engine speed, the methodology shown in Figure 6 was

employed. This methodology was used to minimize the test-to-test variations:
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e The engine was run at reference steady-state operating point (engine speed, torque, EGR and
SOI — Table 4). The time until the measurements were performed was determined by the
variation at TWC outlet temperature. In this sense, when this temperature was stable, the

measurements were carried out during two minutes at 1 Hz.
e  After that, the first SOI variation was assessed adding 10 CAD to the reference SOI.
e  The rest of the SOIs were performed in the same way that the first SOL.

e  When the last SOI was assessed, the engine was taken to reference steady-state again, and the

second reference operating point was measured.

To obtain representative results and improve their interpretation, the methodology described above
was repeated for three different days. This procedure allowed data to generate results variability
analysis from measurements and to obtain the mean value and deviation of each variable through the

method described in Results variability analysis section.

15 min 100s 1 mn. 1008, 15mn. 100,

+207 801 =20 500
M Measurement
phase

Engine stabilization Reference 501 -20" S0l engine

+20" S0 engine ‘

{until Teut TWE Measurement (until stabilization (until
stable) phase Tout TWC stable) phase Tout TWC stable)
i | I I . i
. . 15 min. 1008 - 15mn 1008, I . 15 mmin. 1005,
r‘l ! +10* S04 engine 050 ! ! 10* S01 angine 10 800 ! ! Engine stabilization Referenoe S01
- I (il M a |1 I stnbilizmBon {until Measirerment | I (Uil Taee TWE Measirement
' ' Teur TWE stable) phase f H Tost TWE stable) phase . f stable) phase
i . - - . - : ! L —_— .
i Ly po=id A== _r'r '''''' 1 r'l_—.'_J ..... ' ri_J. _______ ' ro=ct
4 4 4 4 dy by {
| Test schedule for each steady-state operating point assessed > ;
- ‘l Steady-state operating point performance | | Mext steady-state operating point performance |‘ -ei

Figure 6. Methodology employed for testing each SOI at different steady-state operating points.

Results and Discussion

The analysis of the results has been divided into engine performance, gaseous emission, particle

emissions and aftertreatment efficiency.
Engine performance analysis

To carry out an adequate parametric study of the SOI variation, it is important to maintain constant
the following parameters: air mass flow, fuel mass flow, SP timing and EGR rate. Alterations in the
values of the mentioned parameters can directly affect the combustion process and consequently the

engine performance [55] and therefore the SOI variation would not be the only one responsible for
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the alterations in the pollutant emissions. Prior to this situation, as it shown in Figures 7A and 7B, air

mass flow and fuel mass flow values were kept constant in all tests for each operating point.
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Figure 7. Air mass flow and fuel mass flow as function of SOI at each operating point.

Although the main purpose of this work is not to evaluate the use of different SOIs in terms of engine
performance, the analysis of the BSFC trend for each variation is important in order to identify
whether the SOI variations are really viable in each operation point. As it is shown in Figure 8A, a
slight increase in the BSFC with early SOIs was observed.

On the one hand, since the SP timing was held constant, the rise of combustion pressure take place
later which leads into losing efficiency and performance. If the SP timing is not shifted in order to
center the combustion, the piston probably will be moving down in the expansion stroke when part
of the combustion takes place (later SOI, late combustion). In this case the ability to expand this

portion of the gas through the full range is lost, decreasing performance and increasing the BSFC.

On the other hand, the distance between the SOI and the piston position decreases with the late
timings. The impact of the fuel on the piston can be much greater and eventually there will be an
increase in the fuel film that is deposited on the piston surface and between the rings and combustion
chamber walls [36,56]. Thus, part of the fuel trapped will not participate in the combustion process

and then it cannot burn properly, which directly is reflected in the engine performance.
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Figure 8. Engine performance for different SOIs at each operating point. (A) BSFC. (B) EGT.

Additionally, the Figure 8B illustrates the EGT measured in the exhaust manifold just before the inlet
of the turbine. As it is shown, there is a slight increase in the temperature values in both operating
points with the SOI advances. EGT represents the exhaust enthalpy of the gas for ideal gases which
is a function of temperature and the combustion energy converted into expansion work. EGT also
decreases if energy is conserved. In this sense, it is also related with the fact that ignition timing was
keep constant and therefore a late timing will lead into a late combustion producing higher

combustion temperatures.

Gaseous emission analysis

Concerning gaseous emission results, the analysis has been divided into the different compounds: raw
THC, raw CO and raw NOx emissions.

Raw THC emission analysis

Figure 9A shows the raw THC emissions for the different SOIs. As a general remark, the raw THC
emissions show few variations in both operating points (2000rpm_50% and 3000rpm_50%).

In 2000rpm_50% operating point there was a slight decrease of 14% in raw THC emissions as the
SOI was advanced [from 2.31 g/kWh for latest SOI (260 CAD BTDC) to 2.03 g/kWh for the earliest
SOI (300 CAD BTDC)]. Late SOIs cause a reduction in the time for the preparation of the AF mixture,
which can promote a decrease in the degree of evaporation of the fuel and a decrease in the

homogenization of the charge, producing an increase in THC emissions. Additionally, since the
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injectors are placed between the intake valves, a change in the injection timing can lead to a valve
impingement, which produces an increase in the THC [57,58]. In this sense, the later the SOI the

higher intake valve lift as it is observed in Figure 5.

In 3000rpm_50% operating point, the trend observed was slightly different than the one showed by
2000rpm_50%. In this case, the raw THC emissions stay almost in a constant value (approximately
1.90 g/kWh), as it shown in Figure 9A. This behavior could be due to a higher speed of the piston,
which leads to a reduction in the time to prepare the AF mixture and an increase of flow velocities

and therefore an increase in the turbulence.
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Figure 9. Gaseous emission for different SOIs at each operating point. (A) Raw THC emission. (B) Raw
CO emission. (C) Raw NOx emission.

In the present study the engine hardware was kept the same and only the injection timing was varied,

therefore variations in THC due to oil leakage and blow-by were not considered. Contrarily, wall

impingement and AF mixture preparation time are the mainly drivers for the THC change. In that

case, during the rich-combustion operation (i.e. lambda < 1) the lack of oxygen and the low

temperatures in the combustion chamber provide an incomplete combustion process, which directly
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affects the secondary hydrocarbons oxidation reactions in the expansion and exhaust strokes.
However, in the test carried out, the global AF ratio remained constant for both operating points and
for the different SOIs. This is mainly due to the dependence between THC emissions and the AF

ratio, where the THC emissions increase with the mixture enrichment [24,59].

Raw CO emission analysis.

Regarding the raw CO emissions, SOI variation has a strong influence on this compound than in the

THC emissions, as it is shown in Figure 9B.

A considerable increase in raw CO emissions in both operating points with the SOI delay was
observed. The emissions of the most advanced SOI were compared with those of the most delayed
SOI in both operating points. In 2000rpm_50% operating point there was an increase around 47%
(18.20 to 26.85 g/kWh), and in 3000rpm_50% operating point this increase was 81% (16.90 to 30.56
g/kWh).

The CO is formed mainly as the product of the incomplete combustion process in fuel-rich zones of
the combustion chamber where air is insufficient being during expansion and exhaust strokes [60].
Two hypotheses are related with the increase on the CO with late timings. First the shorter time
available for the AF mixture preparation, especially when the SOI is delayed, can lead to a
inhomogeneous charge that increases fuel-rich zones and consequently produce higher CO emissions,
as it is depicted in Figure 9B. Secondly, the steep increase in CO, linked to the reduction in EGT and

BSFC could indicate an change in the combustion duration according to [61].

Raw NOx emission analysis.

The NOx are produced by the reaction between nitrogen and oxygen during the combustion process
at high temperatures. Normally NOx are formed through high temperature oxidation of the diatomic
nitrogen in combustion air. In general, it has been assumed that in the fuel rich zone little NOx will
be formed because there is little available oxygen and that flame temperatures are relatively low [62].
Other factors that also have great influence on the NOx formation are the residence time for the

reaction and also the oxygen concentration [63,64].

Figure 9C shows a reduction in raw NOx emissions with the SOI delay in both operating points. In
2000rpm_50% operating point the NOx emissions decreased by 11% [from 4.01 g/kWh for the most
advanced SOI (300 CAD BTDC) to 3.55 g/kWh for the most delayed SOI (260 CAD BTDC)]. In
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3000rpm_50% operating point the NOx emissions decreased by 15% [from 5.72g/kWh for the most
advanced SOI (310 CAD BTDC) to 4.87 g/kWh for the most delayed SOI (270 CAD BTDC)].

The reduction of the raw NOx emissions can be related to the reduction in combustion temperature.
Although there was no indicated measurement system to quantify thermodynamics inside the
cylinder, the reduction in temperature combustion is proved by the EGT, as Figure 9C depicts. The
decrease of combustion temperature is due to a degradation in the combustion process, that is a
consequence of a deterioration in the synchronization between the time available for the AF mixture
preparation and the SP timing. Previous works, presented by Costa et al. [65] and Sjoberg et al. [66]

carried out these measurements and obtained similar results.
Particulate Matter emissions

Once the result in terms of gaseous compounds has been analyzed, the influence of SOI variation on

soot and PN emissions is be analyzed in this section.
Soot emission analysis

Figure 10 shows the soot emissions for the different SOIs. At 3000rpm_50% operating point there
was an increase in soot emissions of 17% [from 0.94 g/kWh for the reference SOI (290 CAD BTDC)
to 1.20 g/kWh for the most advanced SOI (310 CAD BTDC)]. Similar trend was observed in the
2000rpm_50% operating point, even though the differences in soot emissions were higher. In this
case, the increase was up to 140% [from 0.89 g/kWh for reference SOI (280 CAD BTDC) to 2.15
g/kWh for the most advanced SOI (300 CAD BTDC)]. This behavior can be due to the increase of
the fuel film on the piston surface that provides the SOI advance and consequently an increase in the
pool fire intensity. Another hypothesis can be related to the injector diffusion flame according to
Berndorfer et al [26] 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 SI engines.

During the 2000rpm_50% operating point, the highest value of soot emission was measured in the
most advanced SOI (300 CAD BTDC). This value was higher than the value shown in the most
advanced SOI (310 CAD BTDC) in the 3000rpm_50% operating point. These results could be due to
the fact that lower piston speed causes a longer interaction time between the non-evaporated fuel

droplets and the piston surface.
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Figure 10. Soot emission for different SOIs at each operating point.

Finally, in both operating points different results in soot emissions was observed when the SOI was
delayed from the reference SOI. In this case, soot emissions did not have significant variations;
obtaining a few increases with the SOI delay. The increase in soot emissions was 10% for
2000rpm_50% operating point [from 0.89 g/kWh for the reference SOI to 0.98 g/kWh for the most
delayed SOI (260 CAD BTDC)] and 7% for the 3000rpm_50% operating point [from 0.94 g/kWh for
the reference SOI to 1.01 g/lkWh for the most delayed SOI (270 CAD BTDC)]. These results could
demonstrate that for these SOIs the fuel film does not influence the soot emissions. In this case, the
time reduction for the AF mixture preparation led to less time to mix and evaporate the fuel droplets,
generating locally fuel-rich zones and incomplete combustion, factor that directly affects soot

emissions.
PN emission analysis.

Figures 11A and 11B shows the PSDs at different SOIs for each operating point. In general, a bimodal

structure was observed in both operating points. For the nucleation-mode, particles of less than 30
nm and with a concentration peak at 10 nm were identified. For the accumulation-mode, the particle

range was between 30 and 560 nm with the peak at 45 nm.

As shown in Figures 11C and 11D, from the reference SOI the total particles concentration began to
increase with the SOI advance. For the 2000rpm_50% operating point, the total particle concentration
increased by 882% [from 4.84x10° #/cm® for the reference SOI to 4.76x10° #/cm? for the most
advanced SOI (300 CAD BTDC)]; and for the 3000rpm_50% operating point this increase was 196%
[from 7.01x10° #/cm® for the SOI reference to 2.01x10° #/cm? for the most advanced SOI (310 CAD
BTDC)].
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A different behavior was observed when SOI was delayed from the reference SOI (Figures 11C and

11D). For the 2000rpm_50% operating point, the total particle concentration increased up to 71%
[from 4.84x10° #/cm® for the reference SOI to 8.29x10° #/cm’ for the most delayed SOI (260 CAD
BTDC)]; and for the 3000rpm_50% operating point this increase was 55% [from 7.01x10° #/cm? for
the reference SOI to 1.08x10° #/cm? for the most delayed SOI (270 CAD BTDC)].
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Figure 11. PSD and particle composition analysis for different SOIs at each operating point. (A) PSD at
2000 rpm and 50% load. (B) PSD at 3000 rpm and 50% load. (C) Particle composition at 2000 rpm and
50% load. (D) Particle composition at 3000 rpm and 50% load.

The results found in terms of PN emissions can also confirm the analysis performed in the previous
section Soot emission analysis. The SOI advance provides a greater quantity of fuel film on the piston
surface, and consequently, a larger quantity of PN emissions. On the other hand, around a specific
SOI value (in these experiments the value is in accordance with the reference SOI) the SOI delay
leads to a shorter time for the AF mixture, which causes an increase in particle emissions. The last

factor had less influence on particle emissions and similar results can be found in Price et al. [24] and

Wang et al. [22].

As shown in Figures 11C and 11D, for the most advanced SOIs (290 and 300 CAD BTDC for the
2000rpm_50% operating point and 310 CAD BTDC for the 3000rpm_50% operating point) it was

observed that particles that could form by the pool fire are mostly nucleation-mode. These results fit

with the ones presented by Park et al. [67]. Regarding the accumulation-mode particles, a significant
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increase in the measured concentration was observed with the SOI advance from the reference SOI
in both operating points. A larger amount of nucleation particles could leads to an increase of surface
growing mechanism (coagulation of nuclei) and as a consequence an increase in the formation of

accumulation-mode particles [37,68].

The increase in the particle concentration (in both nucleation and accumulation mode) in the most
delayed SOI for both operating points is mainly due to a larger quantity of fuel fuel-rich zones (due
to in homogeneities in the AF mixture) during the combustion process. Under these conditions, the
particles are formed when a partially premixed flame spreads across these locally fuel-rich zones [25].
However a large number of these particles are oxidized immediately, because they are subject to high

temperatures at that time, resulting in a reduction of particle emissions [22].

The aforementioned trend shows how the particulate produced is much lower than the particle
emissions generated by the pool fire (for most advanced SOIs) when the time available for the AF
mixture is reduced (most delayed SOIs). In the advanced SOIs, particle formation can persist until
the end of the combustion cycle where the rate of heat release can decrease significantly, causing a

considerable decrease in the subsequent oxidation phase [69-71].
Aftertreatment efficiency

To evaluate the TWC efficiency, a heated valve system connected to the exhaust gas analyzer
(HORIBA MEXA 7100D-EGR) was used to measure raw and tailpipe emissions, as it was previously
explained in Test bench facilities and fuel used section and showed in Figure 1. Furthermore, the

calculation method has been previously explained in Equation 3.

The TWC efficiency for pollutants abatement depends mainly on three specific exhaust gas
parameters [72]: (i) O concentration, (ii)) CO, HC and CO; concentration and (iii) space velocity

(SV).

Although there are many reactions occurring in the catalyst for pollutants abatement, the basic

operation of the TWC can be simplified and based on the following reactions [18]:

Cuy + 7270, > XCO, + 2 H,0 (11)
CO +50, > CO, (12)
2NO + 2C0 - N, + CO, (13)
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As Equation 11 and 12 shown, THC and CO abatement are mainly related to the O, content in the

exhaust gas.

Figure 12 shows raw O, emission in the exhaust gas for the different SOIs studied. Based on the
results found, O, concentration increases with the SOI delay in both operating points. The later SOIs
provide a reduction of the time for the AF mixture preparation and consequently increase the
heterogeneity mixture. This phenomenon reduces the amount of O, that it is taking part during the
combustion process leaving a higher O, concentration in the exhaust gas, which is also translated into

the CO increase (Figure 9B).
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Figure 12. Oz concentrations in exhaust gas for different SOIs at each operating point, upstream the
TWC.

Figure 13A shows the TWC efficiency for THC abatement. In both operating points, there were no
significant variations in the conversion efficiency for this pollutant. On the one hand although the O,
concentration in the exhaust gas decreased for the most advanced SOls, the efficiency remained
relatively constant with the SOI variation (about 94% for the 2000rpm_50% operating point and 85%

for the 3000rpm_50% operating point).

On the other hand, as shown in Figure 13B, there was an increase in the TWC efficiency for CO
abatement with the SOI delay. This is mainly due to the dependence of the O, concentration for the
CO conversion, as shown in Equation 11. The O, concentration increased with the SOI delay (Figure.
11), increasing CO efficiency from 85% to 92% for the 2000rpm_50% operating point, and from 69%
to 82% for the 3000rpm_50% operating point.

Taking into account the previous results it was shown that the reduction of raw CO emission was
stronger than THC but the efficiency analysis has pointed out that TWC analyzed has a strong THC

oxidation reactions interaction with O2 occur earlier than the CO reactions.
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Figure 13. TWC efficiency and tailpipe emissions for different SOIs at each operating point. (A) THC
efficiency. (B) CO efficiency. (C) NOx efficiency.
Contrary, a slightly decrease in the TWC efficiency for NOx abatement was observed with the SOI
delay, as shown in Figure 12C. Since the reduction reaction for NOx conversion (Equation 13) is
highly dependent on the CO concentration, the increase in the CO oxidation efficiency provides a
decrease in the NOx conversion efficiency (less CO available for reduction reaction). This behavior
was observed mainly in the 2000rpm_50% operating point, where the NOx efficiency decreased from

80% for the most advanced SOI to 75% for the most delayed SOL.

Finally, when comparing the TWC efficiency between the two operating points, an increase in the
TWC efficiency was observed when operating in the 2000rpm_50% operating point. This trend is
due to exhaust gas flow decrease of 0.12 m*/s for the 3000rpm_50% to 0.7 m*/s for the 2000rpm_50%
operating point, provided by the increase in engine speed. Consequently, in 2000rpm_50% operating
point, the retention time of the exhaust gas is greater (lower SV) facilitating the catalytic conversion

and oxidation processes [72,73].
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Conclusions

This paper presented an experimental study in a SOI variation in a GTDi engine equipped with LP-
EGR system. The effects of SOI variation on engine performance, raw gaseous emission, tailpipe
soot emission, particle size distribution and TWC efficiency was investigated in two steady-state

operating points.

While the influence of SOI variation on PM and NOx emissions have been studied in the past, the
present paper makes a significant contribution to the field for its holistic approach. In the literature,
several studies have been focused on particle measurement in PFI engines including EGR systems
and assessing different EGR ratios [74,75]. Other studies realized with GTDi engines were focused
on performance analysis when EGR is added but leaving out particle measurements [76—78] or
focusing on particle measurements including different gasoline blends [79,80]. Thus, the following

section describes the main contributions found of those aspects.

Considering the engine performance, it was possible to observe a slight increase on the BSFC.
Advancing this event puts a larger mass of fuel on the piston surface. Thus, a large part of these fuels
is not reached by the flame during the combustion process and cannot burn properly, negatively

impacting the engine performance.
The main results in terms of gaseous compounds are summarized as follows:

e CO emissions significantly increased with the SOI delay in both operating points. Result

associated with an increase in the charge heterogeneity.

e NOx emissions decreased with the SOI delay. Factor associated with an increase in the

deterioration of the combustion process and a decrease on the exhaust temperature.

e THC emissions presented almost non-sensible variations in both operating points.
Focusing on PM emission, the conclusions depicted below have been obtained through this study:

Both soot and PN emissions showed the same trend. The SOI advance can provide an increase in the
pool fire intensity and as a consequence a larger quantity of particle emissions. However, around a
specific SOI value the SOI delay produces a less time for AF mixture, which causes an increase of

PM emissions. The latter factor had less effect on particle emissions.
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Although the European particle measurement program (PMP) method defines that only solid particles
above a 23 nm threshold shall be measured, the results obtained in this work that include
measurements of particles with sizes smaller than 23 nm can be very interesting. In this regard, there
is evidence that suggests particulate mass emissions have decreased substantially in recent years with
the introduction of new technologies in ICEs [81] but producing an increase up to two orders of
magnitude in PN emissions [82]. This is mainly due to the reduced number of solid particles in
emissions, leading to a considerable increase in nucleation mode particles. Therefore, it will be almost
impossible to rule out the possibility of the measurements of particles with diameters below 23 nm in

future legislation.
Finally, the main conclusions obtained concerning TWC efficiency are listed below:

e CO oxidation increased with the SOI delay mainly due to the dependence of O, for CO

conversion. As it was observed, O, concentrations decreased with the SOI delay.

e  NOx conversion decreases with the SOI delay. This behavior can be explained by increase in the

CO oxidation efficiency with the SOI delay (less CO available for NOx conversion).

On the one hand, this work has contributed to show how a simple strategy in a GTDi engine can have
great influence on pollutants emission levels, a very important aspect nowadays due to the new and
demanding emissions regulations. On the other hand, it is important to point out that the inclusion of
EGR and timing variation will never be enough to fulfill a change in legislation in terms of emissions.
Apart from that, improvements in the combustion chamber design as well as the air-path [83], and
the inclusion of a new aftertreatment device (like GPFs —related with PM reduction-) [84] will be

needed to approach and meet new legislations.

Taking into account that the SOI variation affects particle emissions, the TWC effect on PM emissions
must be analyzed in future works. The TWC catalyst surface is known to be extremely porous and
could act as a particle filter. In a study carried out by Mizuno et al. [85] it was found that small pores
(20-40 um in diameter) trapped a significant percentage of PM. Additionally, in the works of Whelan
et al. [86,87], it was demonstrated that the catalyst provided a reduction of nucleation-mode particles
but an increase in the accumulation-mode particles, a tendency that could be associated with the
coagulation of particles. Due to small passage ways in the catalytic converter, the probability of the

particles colliding with each other to form particles of larger diameter is much greater.
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Abbreviations\ Definitions

AF
ATDC
BTDC
BSFC
CAD
CO
cov
CcO2
EGT
EGR
ECU
GDI
GTDi
IC
ICE

air-to-fuel PSD  particle size distribution
after top dead center SOI start of injection

before top dead center SP spark-plug

brake specific fuel consumption THC  total unburned hydrocarbons
crank angle degree TWC  three-way catalyst

carbon monoxide VO valve overlap

coefficient of variation VVT  variable valve timing
carbon dioxide PM particulate matter

exhaust gas temperature PN particle number

exhaust gas recirculation

engine control unit

gasoline direct-injection

gasoline turbocharged direct-injection
internal combustion

internal combustion engines

LP-EGR low-pressure exhaust gas recirculation

NOx

nitrogen oxides
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