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Abstract

This study investigates the possibility of using a passive pre-chamber as a primary
ignition source in an experimental single-cylinder gasoline-powered engine under
stoichiometric conditions. The engine utilizes the Miller cycle and has the same
bore and stroke dimensions to the production engine Aurobay VEP Gen3 LP, with
modified cylinder head and piston resulting in a compression ratio of 13.45:1. Three
Tenneco passive pre-chambers with dilerent jet orientations were tested and com-
pared against each other and a baseline spark plug. To evaluate the setups fuel
e [ciehcy and emissions, a minimap consisting of 11 operating points was generated
by power-weight averaging the WLTP cycle. A VVT sweep was conducted to find
the optimal camshaft phasing for each setup and operation point except one. The
minimap was repeated three times over three consecutive days to assess the setups
repeatability and robustness, and performance comparisons were made. A WOT
(Wide Open Throttle) test was conducted to compare the setups full-load perfor-
mance. This was complemented with a heat loss test, were one minimap run was
conducted with all the setups running with the same input settings, including com-
bustion phasing, camshaft phasing and mass airflow. Additionally, a cooled-EGR
test was conducted to investigate the potential of reducing in-cylinder heat transfer
losses using external cooled-EGR.

The WOT test and minimap cycling revealed three regions for the pre-chamber
setups. During high load operation, a region dubbed as the "High Load Gain" re-
gion was identified, where the ability to advance combustion phasing resulted in a
reduction in fuel consumption. On the other hand, during part load operation, a
region dubbed the "Excess Heat Loss" region was observed, where the short com-
bustion duration and inability to advance combustion phasing resulted in excessive
in-cylinder heat losses. However, with the aid of cooled-EGR, these heat losses could
be e [edtively reduced, leading to an increase in fuel conversion e [ciehcy. Finally,
the "Low Load Balanced" region was identified, where the total heat losses between
the setups became comparable. This was mainly due to the pre-chamber setups
advanced VVT settings, which trapped internal-EGR and reduced the in-cylinder
heat losses adequately enough to be ol[set by the exhaust heat losses, resulting in
comparable heat losses between all of the setups.

The tests concluded that the performance di Lerknces between the pre-chambers were
minimal, with the simplest pre-chamber performing equally well as the rest. How-
ever, the performance dilerknce between the pre-chamber and the baseline spark
plug was substantial, with the pre-chamber outperforming the spark plug in re-
peatability, robustness, and fuel consumption in almost every test conducted, with
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the highest gain in fuel consumption observed at high load, with the reduction ex-
ceeding 6%. Therefore, the results of this thesis strongly suggest that pre-chamber
technology has great potential for application in future Aurobay engines and is a
promising avenue for future research and development.
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Xii



LNT
MBT
MFB
MEP
N Oy
NVH
OEM
PMEP
PFI

Lean NOy Trap
Maximum Brake Torque
Mass Fraction Burned
Mean E [edtive Pressure
Nitrogen Oxides

Noise Vibration Harshness

Original Equipment Manufacturer

Pump Mean E [edtive Pressure
Port Fuel Injection
Pre-Chamber

Pressure Volume

Rate of Heat Release
Resdual Mass Fraction
Revolutions Per Minute
Pressure Rise Rate

Spark Ignited

Spark Plug

Selective Catalytic Reduction
Laminar Flame Speed
Turbulent Flame Speed
Turbulent Jet Ignition

Total Hydrocarbons

Top Dead Center

Turbulent Kinetic Energy
Unburned Hydrocarbons
Variable Valve Timing
Wide-Open Throttle
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Below is the nomenclature of indices, sets, parameters, and variables that have been
used throughout this thesis.

Parameters & Variables
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50%, AlIS0
IMEP 4
IMEP
CoMwmep

IMEP y

OH
CH

f
Windicated

th

Qn
QuvH
My

J

Isentropic Coe cient
Compression Ratio

E ciency

Air fuel Equivalence Ratio
Flame-development Angle

Rapid Burning Angle

Overall Burning Angle
Combustion Phasing

Indicated Mean E ective Pressure Gross
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Standard Deviation ofIMEP
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Hydroxyl Radical

Methylidyne Radical

Fuel Conversion E ciency
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Thermal E ciency

Net Heat Released
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Pindicated Indicated Power Produced

P Pressure
\ Volume
Crank Angle
N Engine Speed [RPM]
Vy Piston Swept Volume
Qor Crevice Heat Flow
Qnt Heat Transfer
Qch Chemical Energy Released During Combustion, Gross Heat-Release
Qchper Net Heat-Release
ComEff Combustion E ciency
C Degree Celsius
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Introduction

The automotive industry is on a constant path of improvement and the internal
combustion engine is no exception. Though many established automobile companies
aim to electrify their eet, combustion and hybrid powered automotive vehicles still
account for a considerable share of the global market [1]. This is therefore a solid
indication that there is still a considerable demand for automobiles powered by
the internal combustion engine and will be for some time in the future. It should
therefore come as no surprise that the internal combustion engine continues and
will continue to be developed for the considerable future and will come to play an
important role in the life's of many people around the world for the foreseeable
future.

1.1 Background

In the recent centuries the development of technology has enabled improvements
in living standards across the planet. These advancements are not only driven by
convenience but also with the urge to nd improvements that would revolutionise the
way ordinary citizens would normally conducted their way of life. The advent of the
automobile in the latter part of the 19th century in one such item that revolutionised
the way people commuted. As Henry Ford once famously quotétf | had asked
my customers what they wanted they would have said a faster hoisdicating that
people of the times where themselves unaware of the revolution that technology
would bring them. This revolution was enabled by the invention of two crucial
thermodynamic cycles that to this day still dominate the transport sector. These
two cycles are the Otto-cycle invented by Nikolas Otto in 1876 and the Diesel-cycle
by Rudolf Diesel in 1892.

Automotive vehicles powered by the spark ignited (SI) internal combustion (IC)
engine based on the Otto-cycle and the compression ignition (Cl) IC engine based
on the Diesel-cycle both utilise chemical combustion of liquid fuels to produce me-
chanical power. With this however a new form of challenge has emerged and its
predominately associated with the emission of greenhouse gases formed in the com-
bustion process of these fossil based liquid fuels in these two cycles. It is widely
recognised today that emissions such as carbon dioxidE@,) and water vapor
(H,O) are among the main contributors to global warming and in a recent publi-
cation by the European Environment Agency[2], the transport sector accounts for
27% of the total greenhouse gas emissions in the European Union as illustrated in
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Figure 1.1.

Figure 1.1: Carbon dioxide sector wise contribution to GHG in the European
Union, image from [2].

The increased concentration of GHGs (Green House Gases) in the earths atmosphere
has led to the elevation in the global average temperatures due to the gases e ectively
trapping heat energy inside the planet and not letting it dissipated back into the
space. Metaphorically, its e ects are like the one found in green houses in the
agriculture industry, hence the name. The hypothesis regarding GHGs is supported
by the records of data gathered throughout history regarding the global average
temperature and this is illustrated in Figure 1.2. As seen, the annual mean has
in the recent decades shown an increasing trend. The increased temperature has
increased the melting of the ice covers near the poles, which in turn has resulted
in an increase in sea levels. Other e ects that are bounded by the increase in
average global temperatures are the shifts in weather patterns causing the presence
of warmer and prolonged seasons and the increase in droughts which subsequently
lead to forest wild res that savages many parts of the world.

Other emissions that are a bi-product of combustion such as nitrogen oxidé$é®x),
particle matter (PM), unburned hydrocarbons (UHC) and carbon monoxide (CO)
all pose a threat to human health as they are extremely poisonous. The air quality in
urban areas also su ers as a result of these emission and according to the European
Implementation Assessment [4] poor air quality was responsible for 379000 prema-
ture deaths in 2018 alone. Both of these e ects on human health and global warming
has not gone unnoticed by the governing bodies around the world and their e ective
answer has been the introduction of legislation regarding emissions standards which
dates back to the 1960s. The rst emission standard was enacted during this time
period in California as a means to combat the smog problem that was emerging
in Los Angeles [5]. Europe, USA and Japan all followed suit and introduced emis-

2



1. Introduction

Figure 1.2: Global temperature annual mean, 1880 to 2020, image from [3].

sions standards into there respective jurisdiction as a means to control air pollution.
Stricter legislation mandated car manufacturers to install after-treatment systems to
be able to compile with these new standards. The 3-way catalytic converter became
common for the Sl IC engine after the introduction of electronic engine control,
which had the ability to purposely uctuate the combustion conditions withing a
narrow band around stoichiometric ( = 1), constantly alternating between slightly
rich (< 1) and slightly lean (> 1). This allows for e ective reduction or con-
version of the harmfulCO, HC and NOx to CO,, H,O and nitrogen (N,). The
after-treatment system for the diesel powered CI IC engine driven primarily at lean
(> 1) conditions is unable to make use of the 3-way catalytic converter due to it
being inoperative as conditions diverge from stoichiometric. This means that the
conventional diesel powered CI IC engine after treatment system is composed of a
diesel oxidization catalyst (DOC), selective catalytic reduction (SCR) or lealN Ox
traps (LNT) and the diesel particulate Iter (DPF) which naturally implies that the
entirety of the system is more complex and expensive. Although the introduction
of these systems combined with advancements in engine technology has alleviated
the emission dilemma, emission legislation continues however to grow stricter and
stricter by the decade. Its therefore of great interest and urge to develop e cient
engines to further reduce the impact these emissions to not only be able to meet
these new requirements but also for the bene t of both the environment and air

quality.

The focal point of development with regards to the gasoline powered Sl IC engine
has been the combustion process and thermal e ciency. These are two areas of of
dedication which not only help with reducing the tailpipe emissions but also improves
fuel economy. With regards to these points, the Cl IC engine has some major
advantages that triumph the Sl engine. One of these major advantages is the lack of
a throttle which, depending on load, accounts for up to 30% of the losses in a SI IC
engine [6]. Technologies such as the early intake valve closing (EIVC) camshafts and
cooled exhaust gas recirculating (EGR) do alleviate the issue of pumping losses for
the SI IC engine but at the cost of reduced main charge turbulence and combustion
stability since the EGR tolerance is e ectively governed by the ignition process to
reliably and reputably ignite the mixture. Another major advantage of the CI IC
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engine is due to it obtaining a much higher compression ratio which in turn yields
higher thermal e ciency. The compression ratio of Sl IC is limited by the tendency
of the end-gases to self-detonate leading to knocking combustion which when left
unchecked can lead to catastrophic engine failure. One possible solution to tackle
the above mentioned issues regarding knock, reduction in turbulence induced by
using EIVC or the combustion stability degradation due to EGR is the use of a
pre-chamber ignition system.

1.2 Motivation and Challenges

Pre-chamber combustion utilizes a separate volume located on the cylinder head
separated via a set of ori ces. During the compression stroke, air/fuel mixture is
forced into this volume and when this mixture ignites, the pressure di erence be-
tween the main chamber and the pre-chamber will drive the propagating ame front
into the orice, creating a hot and turbulent jet. Depending on the number of
ori ces the pre-chamber contains, the hot jets will be ejected into the main com-
bustion chamber in several directions, creating several dispersed ignition sites. All
of these hot jets will thus become a source of ignition for main bulk mixture in the
main chamber to combust. Due to the rapidness of the main chamber combustion
initiated by the pre-chamber, it is of high interested for the automotive industry.
The multiple high energy ignition sites in combination with high turbulence intro-
duced into main chamber lead to a fast burning combustion characteristic which is
an attractive solution to mitigate the initiation of knock, reinstate losses burn-rate
initiated by EIVC camshafts (Miller cycle) [7] and to increase the cooled exhaust
gas recirculation (cooled-EGR) ignition limit.

Despite these potential bene ts in combustion burn-rate, to the best of the author's
knowledge, it has only been implemented in production for one light duty automobile
vehicle, that being the sports car Maserati MC20 which also utilizes a spark plug
inside the main chamber [8]. The reason for this lack of relevancy is believed to
be, other than the increase in complexity imposed by such ignition source, is its
inherent sensitivity to the control environment as was pointed out by Sir Harry
Ricardo whom rst proposed the pre-chamber engine back in 1918 [9]. This point
is still valid today some 100 years later as demonstrated by D. E. Lee et al [10]
as the cycle to cycle variation during low load operating resulted in inconsistent
combustion and engine operation.

The potential enhancement in e ciency as a result of the pre-chamber is an at-
tractive proposition and their inherent sensitivity can be prevailed as proven by the
major OEMs like MAHLE Powertrains and Hitachi [11] [12] whose research indicate
that stable and reputable combustion is achievable. As such, the motivation behind
this research is thus to validate if stable engine operation is possible in combination
with bene cial technologies that compile with the aim of better thermal e ciency
such as the Miller cycle and higher compression ratio using a passive pre-chamber
as the primary ignition source.
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1.3 Research objective and Investigation Conduct

The research objective of this thesis is to validate the stability and performance of
the main chamber combustion initiated by the passive pre-chamber in a test environ-
ment. The test rig is equipped with a single cylinder engine closely resembling the
geometry of the production engine VEP Gen3 LP bore and stroke. To aid with the
research objectives and the validation process, research questions where generated
and this thesis will thereby look to answer the following questions:

" Is the passive pre-chamber generating consistent and repeatable results?
How does the orientation of the pre-chamber e ect the combustion character-
istics and performance?

What are the e ciency improvements (if any) in comparison to a conventional
spark plug setup?

A

The rst question will focus on robustness of the combustion cycle and the generated
results. This will be conducted by repeated mini-map cycling. It is of importance
that the test results generated can be repeated and that the system as a whole is
robust. The second question looks to address the combustion characteristics as a
function of pre-chamber orientation. The three passive pre-chambers variants are
supplied by Tenneco and are con gured to have di erent jet penetration orienta-
tion. As such, the investigation will include the e ects of the di erent turbulence
wake induced by the di erent orientations on the main chamber burn-rate. The
third question looks to address the performance of the pre-chamber compared to a
conventional spark plug with the help of theoretical analysis.

The research questions can be summarised as criterias that the pre-chamber has to
ful I, with particular heavy emphasis being placed on the rst and second question.
Stable running in all loads and speeds operations is paramount for this system to
be deemed a success and if any point was to fail, it is important to understand
why it failed and what can be done to mitigate this. The investigation is aimed
to be conducted in as realistic manner therefore conventional gasoline 95E10 at
stoichiometric conditions is to be used throughout testing (with the only exception
being during the WOT test, where 98 octane fuel was instead used) to enable the
option to run 3-way catalytic converter e ectively.
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2

The Spark Ignited Internal
Combustion Engine

The spark ignited internal combustion engine is highly complex with multiple moving
parts that all accumulate to convert of liquid or gaseous fuels into mechanical power.
As such, it is important to study the relevant background information to understand
the working principles of this engine. In this chapter, the working principles of
the spark ignited internal combustion engine and the associated challenges will be
explored.

2.1 Spark Ignited Internal Combustion Engine Fun-
damentals

2.1.1 The Otto-Cycle

The working principle of the spark ignition (SI) internal combustion engine (some-
times referred to the Otto engine, gasoline or petrol engine) is based on the Otto-
cycle proposed by Nikolaus Otto in 1876. This cycle is based on four strokes: intake
stroke, compression stroke, expansion stroke and exhaust stroke [6] [13].

(@) Four strokes of the Otto cycle, (b) PV diagram, Otto Cycle.
reproduced from [6].

Figure 2.1: Otto Cycle

The following section, and this thesis in fact, will primarily focus on the compression
and expansion stroke where chemical combustion commences leading to subsequent
heat release which causes the piston to move and produce mechanical power. The
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other strokes will be explored but only in the sense that they may bene t from the
di erent combustion process initiated by the pre-chamber.

2.1.2 Combustion Process of the Conventional Direct Injec-
tion Sl Engine

The combustion process of the conventional SI IC engine is highly complex and is
characterised by a self-sustaining thin reaction sheet (or a pre-mixed ame) where
exothermic reactions occur. The liquid fuel is injected with high pressure during
the intake stroke to yield atomisation and to maximise homogeneous mixing with
the incoming air. The air ow inside the cylinder during the intake stroke can be
characterised as a tumble motion and motion aids in the mixture preparation and
the burn-rate which will be discussed later in this section. The homogeneous mix-
ture is then compressed during the compression stroke and ignition commences as
the piston reaches top dead center (TDC). Ignition is initiated by discharging a high
voltage between the electrode gap in the spark plug which in-turn leads to a spark
that ignites the compressed mixture. The ignition of this mixture gives rise to a
ame kernel and a reaction sheet which in its earliest instance of appearance is ap-
proximately spherical in shape, propagating and consuming the unburned mixture
at a slow ame speed in all direction. This ame speed is termed the laminar ame
speed to emphasize the speed of consumption of the unburned mixture normal to
the ame front. The temperature pro le of the reaction sheet as it consumes the
unburned homogeneous mixture is depicted in Figure 2.2 with its division into the
typical zones that yields it distinct characterises. Consumption starts in the preheat
zone whereby the unburned mixture is heated by conduction by the consumed mix-
ture ahead of it in the conduction zone. The mixture then gets consumed into the
conduction zone where mass di usion of species and conduction from the mixture
in the preceding zone further raises its temperature. When the temperature of the
mixture is high enough, a fuel oxidation chemical reactions will occur. The reaction
zone is the predominant area whereby the main bulk of the chemical energy of the
fuel is released.

Figure 2.2: Temperature pro le of a pre-mixed ame at 1 Bar and 300K isooctane.
Derived from Cantera.
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The self-sustaining nature of the reaction sheet as depicted in Figure 2.2 is what
whats commonly dubbed as propagation. The rate of consumption of the unburned
mixture is determined by mixture content and the diusion and reaction rate of
the fuel. Any change in these parameters will e ect the slope of the temperature
pro le and thereby the thickness of the ame as it is de ned by the addition of the
pre-heat, conduction and reaction zone. A thicker ame yield a slower burn due
to the increase in time required for the mixture to reach the temperature whereby
fuel oxidation can occur. The burn rate is however most e ected by the turbulence
present in the combustion chamber during combustion phase. Turbulence wrinkles
and distort the reaction sheet, substantially increasing its area and thereby the rate
of which unburned mixture can be consumed.

Figure 2.3: Turbulent Flame Brush.

The speed of which the distorted and wrinkled reaction sheet consumes the unburned
mixture ahead of it is known as the turbulent ame speed $7). The ame will
propagate locally at the laminar ame speed $_ ) but the mean contour of the
ame brush will move and consume the unburned mixture at the turbulent ame
speed.

As the rate of combustion changes due distortion of the ame front, the accumulated
heat release rate will change as a function of crank angle. The accumulated heat re-
lease curve (or the mass fraction burned curve) showcases the burning angles as the
main bulk combustion commences and three phases exists, ame-development angle,
rapid-burning angle and overall burning angle as illustrated in Figure 2.4. Flame-
development angle, 4, is the crank angle interval in which spark is discharges {)

and 10% of the charge burnedMFB o 10%). This angle is used to determine delay
between the spark, which gives rise a spherically shaped kernel with a mean ame
contour speed of laminar ame speed, and a rapidly evolving ame front whereby
the consumption of the bulk unburned mixture commences. This is primarily in u-
enced by the ow eld and mixture composition in the vicinity of the spark plug.
The rapid burning angle, y, is measured from 10% to 90% of charge consumption
(MFB 10 90%) and is the interval whereby the bulk of the mixture is consumed. The
turbulent ame brush is fully evolved, consuming the bulk mixture at a turbulent
ame speed and extinguishing as it hits the cylinder walls. The overall burning
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angle (,) is the combined angle of the ame development and the rapid burning
angle which yields the duration of combustion. As soon as the ame extinguishes
against the cylinder wall, heat from the combustion chamber will start conducting
to the combustion chamber walls and this magnitude of heat transfer increases as
the cycle is drawn out.

Figure 2.4: Mass fraction burned MFB ) as a function of crank angle, wide open
throttle (WOT).

The heat transfer and crevice ow losses during combustion are depicted in Figure
2.5. The red line in the gure is the net heat released(,) which indicate the
net energy released during combustion. The blue line indicates the total available
input energy (Total Input Energy, Fuel Energy, mfQ v ) before and after combus-
tion. The combustion ine ciency's include crevice losses, losses due to unburned
hydrocarbons (UHC) not patrticipating in the combustion process and incomplete
combustion that causes dissociation which result in carbon monoxide (CO) emis-
sions. This loss is depicted as the jolt in the Total Input Energy curve which results
in a reduction in the net available energy (Energy After Combustion). The di erence
between the accumulated heat release and the blue line (Energy After Combustion)
is the loss due to heat transfer to the exposed surfaces in the combustion chamber.

Figure 2.5: Accumulated heat release curve in Joules (J) as a function of crank
angle (CAD).
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