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Abstract

The ever more demanding of fuel economy and emission standards require innovative control
strategies for internal combustion engines (ICE) and new procedures for the use of alternative
fuels as well as improved after-treatment systems. This development is intrinsically linked to
improved understanding of in-cylinder processes, with complex dependencies between
phenomena that are related to flow, thermal and chemical engineering. In this thesis, kernel
formation and flame front propagation were investigated in an optically accessible Direct
Injection Spark Ignition (DISI) engine. The optical analysis was made possible by a Bowditch
design that features an extended piston combined with a quartz window mounted within the
piston crown. The results pertaining to this work can be divided into two categories: the first one
dedicated to the thermodynamic analysis, i.e. the analysis of parameters derived from in-cylinder
pressure measurements (Indicated Mean Effective Pressure IMEP, Covariance of the same
COVivep, Net Heat Release Rate NHRR, Mass Fraction Burned MFB, Volume Fraction Burned
VEB etc..); the second part of the study is focused on the optical analysis of images related to the
sequencies obtained through cycle-resolved digital imaging using a high-speed camera. Therefore,
the two types of data were combined and compared to investigate how changing operative
parameters affect the thermodynamic and optical results. Three different configurations (i.e.
Cross-, Counter- and Uniflow with respect to the direction of tumble) in terms of spark plug
orientations further emphasized the complex interaction between chemical phenomena and fluid
motion. One of the main conclusions was that the spark plug orientation plays a significant role in
flame kernel displacement and influences the direction of propagation of the flame front. Thanks
to the large amount of experimental data acquired in the laboratory, a further goal of this research
is to create a statistical database that contains detailed information on flame kernel formation and
evolution. This database will constitute a solid basis for validation and implementation of a 3D

CFD model capable of providing valuable information on the in-cylinder phenomena.
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Introduction

Background

Internal Combustion Engines (ICE) are an integral and fundamental part of road transportation;
this statement applies to Europe as well as to the US and China but looking at the information
given by media it seems that the era of ICE is nearing its technological sunset. Complete vehicle
electrification is imminent and with it most of the problems related to the Greenhouse Gas (GHG)
emissions produced by this sector will be solved (at least at tail-pipe level); this is the daily
message that can be read in a magazine or via web. Due to this demonization of the IC engine by
the media, there are more and more people who are convinced that this information is true, but
the reality is quite different. A statistical Review of the World Energy 2020 journal [1] has
calculated that the total demand of fossil fuel oil grew by 0.9 million barrels per day (b/d) in 2019,
slightly lower than the 10-year average of 1.3%. The largest increase in consumption was
registered in China, while as an oil producer the US experienced an increase higher than any
country for the third consecutive year. Although renewable energy has undergone important
growth (more than 40% increase respect to previous years), as can be seen in figure 1.1, oil is the

primary source of energy.

World consumption Shares of global primary energy
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Figure 1. 1, World energy consumption by source (1994-2019).

The oil fuel is the first used energy source with 33.1% [1].
1
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Figure 1. 2, Global energy-related CO,emissions by sector (March 2021) [2].
Replacing ICEs with the Zero Emission Vehicles (ZEV’s) is showed as something of acceptable
and imminent, and consequently the new generations of students tend to be distant and
disinterested in this technology. The massive attack that the ICE technology is undergoing,
however, is not matched by the proposal of a valid alternative. Currently, in the world there are
around 1.2 billion of light-duty vehicles and 380 million of heavy-duty vehicles and the daily
demand for the liquid fuels exceeds 11 billion liters. Numbers destined to increase; in fact the ETA
predicts that for the US transport market alone the total number of cars and light-trucks on the
road will increase by 23%, from 240 million in 2015 to 295 million in 2050. So, considering that in
2015 in the US 98.1% of light-duty vehicles were driven using gasoline, diesel, or flex/fuel ethanol
and that this value will drop to 85.5% in 2050, the number of IC engines on the road will increase
approximately by 47 million over the next three decades [3]. For these reasons, ICE’s technology
has undergone many improvements over the past decades, more than any other technology, and
looking at future predictions the research for further improvements must continue. A simplified
analysis on the evolving efficiency of the ICE technology and related after-treatment systems, can

be obtained by comparing the European transport GHG emissions in the last three decades.



Looking at the statistics from the European Environment Agency, thanks to the ever more
stringent norms in terms of GHG emissions, this value has been reduced by more than 20% [4]

from the 1990. Figure 1.3 shows the evolution of GHG emissions trend.
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Figure 1. 3, GHG emissions evolution for EU (1990-2018) [4].
Another consideration is linked to the idea that with an Electric Vehicle (EV) it is possible to
reach “zero emissions level”. This false “myth” does not take into account the fact that GHG
emissions are only delocalized and not eliminated; electricity must be produced to drive EVs and
for this reason fossil fuel is needed (considering that the industrial sector is strongly dependant on
coal) as renewable energy sources are far from levels that can satisfy the global energy demand [1].
Finally, there are social reasons as well, for which most vehicles with ICEs cannot completely be
replaced with their electric counterpart: cost (mostly upfront investment rather than operational
costs). An average electric car has a much higher price than a common vehicle with the same
dimension, without mentioning the problem related with the battery autonomy and consequently
limited range. The causes behind such a high price are directly linked to the demand for materials
used in Electric Vehicles (EV’s). Some considerations can be made on the data reported in [5,6],
where the future problem linked to the growth in demand for materials for the production of

batteries is also faced (figure 1.4).



Metal Expected Demand Growth Increase to 2030 in the EV Industry

Nickel 14x
Aluminum 14x
Phosphorus 13x
Iron 13x
Copper 10x
Graphite 10x
Lithium 9X
Cobalt 3x
Manganese 3x

Figure 1. 4, Expected Demand Growth Increase to 2030 in the EV Industry [6].
After all these considerations, it is therefore intuitive that there is need a to continuously improve
the efficiency of ICEs. The scientific community has made many important steps forward in the
last decades, one of which has been the introduction of the Direct-Injection Spark-Ignition (DISI)
engine technology. The first commercially available DISI powered vehicle was the Mitsubishi
Galant in 1996 and in 2008 only the 2.3% of vehicles used DISI engine; this value has increased to
over 45% by 2015 [7]. The pressure inside of a direct injection system must be higher compared to
the PFI (Port Fuel Injection) system mainly due to injection time and backpressure constraints.
One of the DISI engine advantages is the possibility to use the strategy of stratified charge for low
load engine operative condition. With this strategy the injection timing is set near the end of the
compression stroke, and this allows to have a rich mixture around the spark plug and an overall
lean charge in the combustion chamber. For mid or high engine loads the stratified strategy is no
longer possible due to the formation of wetting zones and consequently an increase of PM and
UHC emissions [8]. There are also benefits to a DISI engine when operating in homogeneous
mode. In fact, injecting during the intake phase directly into the combustion chamber, the
volumetric efficiency increases (during the vaporization phase the overall mixture temperature

decreases) and consequently, it is possible to take in more air (hence, more output power) [9].

In this study the experimental results, performed on an optically accessible single-cylinder DISI
engine, are reported. The tests carried out in the laboratory concern different levels of Air-Fuel
ratio (AFR) and Spark Advance (SA) for a set engine speed of 2000 rpm. The spark plug was kept

in the configurations Uniflow, Crossflow and Counterflow. In the first one the ground electrode is



in line with the tumble motion, in the Cross the spark plug is rotated by 90 angles degree with
respect to the previous orientation, while for the latter the ground electrode orientation is opposite
to the tumble motion. Therefore, this work aims to study the effect on the flame kernel formation

and flame front propagation for the above-mentioned operative parameters.



Chapter 1

Literature Review

1.1 Optically accessible engine history and evolution

From the beginning of the development of ICEs, the idea of being able to directly observe the
phenomena that were taking place inside the combustion chamber has fascinated many
researchers and scientists. This became possible with the introduction of the first model of an
optically accessible engine by Nicolaus Otto [10] in 1872. This type of engine allowed to study new
phenomena that until then had never even been hypothesized. Year after year, while this type of
engine was “evolving” with the introduction of new models and designs that allowed ever more
accurate analysis of the combustion processes, the parallel release on the market of the first
simulation software gave the optically accessible engine a new role; the possibility of comparing
experimental with simulated data regarding kernel growth, flame front propagation and
consequently the burning turbulent velocity. Thanks to the constant innovation and upgrade of
these software, combined with increasing accuracy of the measuring instruments, the research has
received a strong push for the evaluation of the in-cylinder phenomena. For the work related to
this thesis, more attention is given to the Bowditch design [11]. Introduced for the first time in the
1958 by F.W. Bowditch, the extended piston resembled design used by NACA [12], but the
essential innovation was the presence of an inclined mirror (45 degrees to the vertical) at the base
of the piston crown. This solution, combined with the quartz piston top, guaranteed the possibility
to observe the inside of the combustion chamber without significant modifications to the original
engine (an example was the absence of side windows as was the case of many other optically
accessible engines at the time). The quartz disk was bonded to the piston seat using a high-
temperature epoxy adhesive to resist the hight thermal stress due to the combustion processes.
However, the main issue of the Bowditch extended piston design concerned the excessive oil
leakage past the valve guides. Due to these leaks, there was the eventuality of fouling the quartz on

the piston top and consequently degrading the quality of visualization of the combustion
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chamber. This problem was resolved with the introduction of specific valve stem seals. A similar
issue was linked to the oil coming up from the crankcase and it was resolved with the introduction
of special ring-pack. Finally, it is necessary to make a consideration regarding the fact that each
optically accessible engine has undergone specific modifications; therefore, each engine of this
type has a unique design and consequently this leads to difficulties in the comparison of the results

obtained in different laboratories. Figure 1.5 illustrates the Bowditch extended piston design.
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Figure 1. 5, (a) Schematic diagram of Bowditch's slotted, extended piston design from [11],

(b) 3D visualization from [13].



1.2 Cycle to Cycle Variability and Flame Kernel Growth

For many years, engine designers have been trying to reduce the instability of the combustion
process in ICEs. The reduction of cycle-to-cycle variability (CCV) is a prerogative for increasing
the efficiency ICEs and consequently reduce fuel consumption. Many studies [14-22] have
investigate this phenomenon, but the available information regarding the causes of CCV are
relatively limited and they are difficult to compare due to the differences between the optical
research engines used or varying methodology. The main problem with the study of the cycle-to-
cycle variability is its stochastic nature that reveals a random variation for each cycle. Therefore,
there are several causes at their origin: the turbulence related to the intake flow, air-fuel ratio
equivalence, the recirculated quantity of exhaust gas, spark plug orientation and many others of
minor entity. The variations of these quantities are strongly related to the kernel growth; as
demonstrated in [14,15] it is responsible of more than 50% of CCV. The CCV reduces the output
power, in fact it is estimated that with a drastic decrease of cycle-to-cycle variation the output
power and fuel consumption reduction can be improved by about 10%, [16]. This phenomenon
becomes relevant for lean air-fuel mixtures [17] and consequently it is possible to observe an
important increase of vibrations and noise. The main factors that determine the levels of CCV can
be identified by applying a 0D/1D modelling approach [18]. The first influence is related to the
variations of mean flow (hence, the in-cylinder turbulence) across the combustion chamber; in
fact, through the optimization of tumble and swirl motions can reduce CCV by up to 66%. The
second most important factor is linked to the equivalence ratio; without the variations of mixture
composition the CCV can be reduced by up to 13.7%. The latter factor is related to the flow angle.
The impact on the CCV of this parameter is reduced to 3.8%. The authors; in [19], studied the
effect on the flame kernel growth and consequently the CCV for three spark plug orientations
with two different electrodes designs in an optically accessible single-cylinder engine. The two
spark plugs used feature respectively a “Double Fine Wire” and “Oval-]” designs, (Figure 1.6).
The authors divided the results obtained in two groups, A and B, where for the first group the
initial flame kernels were located to the exhaust side (in concurrence to the designed tumble
design) while for group B the flame kernels were located to the intake side, opposite to the

designed tumble direction. The results of group A showed that for the crossflow configuration the
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flame kernel propagation is faster for each spark plug design (90° for Double Fine Wire and 100°
for the oval-J, figure 1.7) while the counter-flow is the “slowest” configuration. Group B showed
instead that there is no significant advantaged for each orientation (the oval-]J spark plug for the 0°

index orientation produces fastest propagating flame kernels).

For the work carried out for this thesis, the optically accessible engine used has already been object
of many studies. In the papers [20,21], the authors reported the effect on the flame kernel
displacement and dimension of the arc between the two electrodes for many operative conditions
including the variation of engine speed and Air-Fuel ratio (AFR). Among the main conclusions,
the authors noted that there is the possibility to use leaner mixture for low engine speed, due to
the fact that lower rotational velocity featured higher stability of the combustion process. Another
evidence is given by the analysis of linear correlations between mean piston speed and COV yzp
that has revealed that the chemical kinetics part also has a determining role in this sense. The
analysis of the flame kernel and relationship with the air-fuel ratio was studied in [22], where the
connection between the level of cyclic variability and Air-Fuel ratio using a crank angle resolved
method is explained. CCV was measured with the evolution of IMEP and peak pressure for each
engine cycle and it was demonstrated that there is a strong correlation between the IMEP and the
first phases of combustion process (the range examined was up to 5% of MFB), practically when
the flame kernel is taking form. After these considerations, it is quite evident that there is a the
need to continue to study the phenomena underlying the cyclic variability to improve the
combustion process. Specifically, thanks to the similarity of the studies (in terms of purpose)
performed in [19], this thesis aims to enrich and compare the results obtained with those already

published in this specific research field.



P

Figure 1. 7, On the top, from left to right: Counter-flow, Cross-flow, on the bottom: Cross-flow (for the oval-J
this configuration is set to 100° respect to the vertical), Uniflow [19].
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1.3 Homogeneous charge injection strategy

The combustion process in a Spark-Ignition (SI) engine is known as pre-mixed turbulent
combustion [17] and the heat release rate (HRR) is strongly related to the turbulent burning
velocity. The latter is a function of the laminar burning velocity which in turn depends strongly on
the AFR, (figure 1.8). What has been said is related to what was anticipated in the introduction
paragraph, or the development of GDI technology that has allowed the implementation of various
strategies of injection. In this thesis the attention will be focused on the homogeneous charge
injection strategy. Therefore, in a SI engine, to obtain a homogeneous mixture it is necessary to
start the injection long before reaching the firing top dead centre, TDC [23]. This large advance is
needed to give the time to the injected fuel to completely breakup (the phenomenon that leads the
flow of fuel to crush the droplets into smaller ones), vaporize and mix with the air flow coming
from the intake manifold. Fuel delivery during the intake stroke is generally employed, to ensure
high velocity and turbulence. Normally this type of strategy is used for operative conditions
related to mid or high level of engine load. In these cases, stratified operation is not optimal due to
possibility of presence of overmixed zones, that can promote the formation of UHC, and
undermixed regions (for example near the spark plug electrodes) that increase the PM emissions
[8]. However, if the stratified strategy is not feasible, the possibility of using lean Air-Fuel mixtures
is limited. Looking at these constraints, it would appear that the homogeneous strategy does not
have margins of improvement in terms of fuel consumption. Nonetheless, researchers are seeking
ways to find out how this operative condition can be optimized. In addition to the advantage
related to the reduction of charge temperature during the vaporization phase, there is also the
possibility to split the injection [23]. In fact, one of the main downsides of this approach is due to
the long duration of the injection, to accommodate the high load operative conditions, that causes
the over penetration of fuel jet and consequently the impingement on the piston crown. In fact,
despite the increased pressure of a DISI system (that allows to have smaller droplet size and
consequently good atomization), the long duration of injection increases the spray momentum
and makes the fuel droplets travel across the combustion chamber. More accurate studies have
been carried out in [24,25] for the evaluation of the effect of split and delayed injection on the

cycle-to-cycle variation, PM, CO and UHC emissions. In this study, the injection strategy was
11



maintained as a single event per cycle approach. The start of the injection was set at 300 degrees of
crank Before Top Dead Center (BTDC) for all cases performed in the laboratory. This value

ensured that a homogeneous mixture was achieved at the spark timing angle.
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Figure 1. 8, Laminar burning velocity for several fuels as function of equivalence ratio, [17].
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1.4 DISI Mixture Formation and Control

The combustion system of a DISI engine is usually classified into three categories depending on

the mixture control mechanism: wall-guided (WG), air-guided (AG) and spray-guided (SG), [26].

AN/
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7

=

Spray guided Wall guided Air guided

Figure 1. 9, Different types of DISI combustion system [26].
In the WG and AG mixture control configurations the injector is placed near the cylinder liner,
away from the spark plug, so the fuel spray is directed toward the latter. The fluid motion in the
combustion chamber is defined by the piston bowl in the WG configuration or by the air flux for
the AG system. In the WG configuration the cavity on the piston top has the role of directing the
fuel spay toward the spark plug to create the condition of local rich air-fuel ratio (this becomes
important during the stratified charge operative condition). For the last configuration (SG) the
injector is fitted near the spark plug, so this arrangement allows to obtain a strong coupling
between fuel preparation and fuel injection [27]. As disadvantages of these configurations, the
WG combustion system causes an increase of fuel deposits and therefore higher UHC emissions.
The AG mode offers a more complicated air-fuel ratio control and distribution in the combustion
chamber, and finally the SG ensures to achieve better mixture control toward the spark plug but
there is the necessity of elevated turbulence inside the combustion chamber to support flame front
propagation [28]. The comparison between DISI SG and WG configurations shows that for the SG
combustion phasing losses are lower with a higher combustion efficiency and therefore improved
fuel economy. However, the most part of these advantages are related to the possibility of adopting
the stratified charge strategy, and as previous mentioned, it is possible to adopt this strategy only

in low load conditions due to the issues linked with the fuel deposits and PM emissions. For the
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work performed in this thesis, the optically accessible engine featured a wall-guided injection

system that is representative of a large segment of the automotive engine design.

1.5 Motivation and Research Goal

Talking about the motivation and research goal behind this thesis, it is related to the
understanding of in-cylinder processes, with complex dependencies between phenomena that are
related to flow, thermal and chemical engineering. As previously mentioned, the main issue linked
to this specific research field is the absence of a common database. Therefore, the purpose of the
present work is to investigate the process of flame kernel formation and flame front propagation
to compare the results obtained with the already existing information related to the studies carried
out in [19]. In the latter, the authors have studied the effect of different spark plug orientation on
kernel formation and flame front propagation for various operative conditions in an optically
accessible GDI engine. The similarity of the mentioned work (in terms of goal) with the one
performed in this thesis allows to enrich and validate this research field. Thanks to the many
experimental tests carried out in the laboratory it was possible to accumulate a considerable
amount of output data and these thermodynamic data, combined with the optical analysis, could
be used for future implementation in a CFD model. It will allow proper calibration and provide
more accurate knowledge of the phenomenon of flame front propagation, starting with the kernel
formation. Furthermore, the research goal is strongly related to the improvement of combustion
stability in lean conditions with the evaluation of cycle-to-cycle variability and related parameters.
Particular attention is given to the operative conditions with a set engine speed of 2000 rpm for
the spark plug configurations: Uniflow, Crossflow and Counterflow. Finally, for a better
understanding of in-cylinder phenomenon, the observed flame behaviour are linked to the tumble

characteristics.
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Chapter 2

Experimental Setup
2.1 Engine System Setup

In this paragraph the engine setup and testing procedures are explained. The measurements were
carried out in one of the laboratories of the “Istituto di Scienze e Tecnologie per 1'Energia e la
Mobilita Sostenibili” (STEMS-CNR) in Naples, on an optically accessible Direct-Injection Spark-
Ignition (DISI) single-cylinder four-stroke engine. Originally, the engine head was built for a 1.4
litres Fiat 4-Cylinder turbo-charged unit in line; it was appropriately modified for the optical
investigations. The engine is equipped with four-valve pent-roof head, while the crankcase is
designed for a single-cylinder that features a Bowditch extended piston design, which combined
with the quartz section on the piston top allows the combustion chamber to be visible through the
piston crown. Table 2.1 shows the engine specifications and the valves timing setup, while figure

2.1 the schematic configuration [29].

Displacement 399 cm?
Stroke 81.3mm
Bore 79 mm
Connecting Rod 143 mm
Compression Ratio 10:1
Number of Valves 4
Exhaust Valves Open 153 CAD ATDC
Exhaust Valves Close 360 CAD ATDC
Intake Valves Open 363 CAD BTDC
Intake Valves Close 144 CAD BTDC
Fuel Injection System DI-WG
Start of Injection 300 CAD BTDC

Table 2. 1, Engine Specifications.
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ELECTRIC

ENGINE MOTOR/BRAKE

Figure 2. 1, Schematic representation of the experimental setup [29].
A 50-kW dynamometer allowed to maintain a constant engine speed for different load levels load
with an error of £20 rpm. The crankshaft was connected to a reversible electrical motor with an
elastic coupling. Mixture formation occurs in a wall-guided (WG) mode, with fuel delivery
through a six-hole injector manufactured by Magneti Marelli (diameter of holes of 0.140 mm and

solenoid actuation, figure 2.2) fitted between the two intake valves.

(a) (b)

Figure 2. 2, (a) Magneti Marelli Injector, (b) Injector nozzle.
Synchronization of various control triggers for ignition, injection and camera recording start was
achieved using the optical encoder mounted on the crankshaft as an external clock connected to
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an AVL Engine Timing Unit (AVL, Graz, Austria). The AVL ETU (figure 2.3) is a pulse generator
that synchronizes the encoder with the engine cycle and the input command used for this
operation are the Trigger and CDM (Crank Degree Medium) from the encoder. The Trigger
indicates the TDC position, the second one the pulses for each angle. The injection system is
controlled by an additional electronic control unit (figure 2.4), where the start and duration of the
injection event are fixed using the digital input signal coming from the ETU. Apart from the
output signal that drives the injector, the injection control unit also maintains a constant pressure

(100 bar) in the fuel rail.

Figure 2. 3, AVL ETU pulse generator.

Figure 2. 4, Injection control unit.

The common-rail pipeline for the injection system was modified to enable only one of the four
injectors and subsequently tested to ensure that there were no leaks through the seals. The
injection pressure was monitored using a piezoelectric transducer flash-installed at one of the
rail’s extremities. The fuel supply system features a continuous-delivery system; therefore, it is
comprehensive of a low-pressure pump which feeds the high-pressure pump. Regarding the Start

of Injection (SOI), for all the cases the value reported in the Table 2.1 was used to guarantee the
17



condition of homogeneous charge. The spark plug mounted in the combustion chamber has the
“classical” J-type electrode design (Bosch - YR7LEU) [30]. In this thesis the spark plug electrodes
orientation was studied in three different configurations: Uniflow, Crossflow and Counterflow
[19], where for the first the ground electrode acts as “shield” for the flow coming from the intake
valves. The second one features the ground electrode rotated by 90 angles degree respect to the
previous position, while for the last the position is opposite respect to the Uniflow configuration.
A peculiarity of the Uni and Counterflow configurations is the advantage linked to the fact that it
allows to obtain a symmetric geometry in the combustion chamber. Therefore, including this
configuration in a Computational Fluid Dynamics code, it is possible to the discretize only half
combustion chamber, so the numerical solution requires half the time. In figure 2.5 the three

configurations above described are showed.

Exhaust valves

Pressure
transducer

Intake valves
(a) (b)

(0)

Figure 2. 5, (a) CROSSFLOW configuration, (b) UNIFLOW configuration, (c) COUNTERFLOW
configuration.
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Air- fuel ratio was monitored by two different devices. The first is a UEGO (Universal Exhaust
Gas Oxygen) sensor with an accuracy of £1% that is fitted close to the exhaust manifold. This
sensor has a measurement range of 0.55-1.2 A. The second device is located further down the
exhaust line; it is a AVL DITEST GAS 4000, and it is also needed to study the composition of the
combustion gas. The AVL device is not influenced by the exhaust backpressure (mainly due to the
fact that it features a sampling pump, [31]) and it measures the air-fuel ratio by applying the

Brettschneider’s equation [32];
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where A is the relative air-fuel ratio and, CO,, CO, O, and HC the species concentrations with the
same unit (only HC needs to be converted from ppm to percentage using the relation
[ppm/10000]). Hev is the hydrogen to carbon ratio (1.73 for gasoline), K water gas equilibrium
constant, Ocv the oxygen to carbon atomic ratio and K, the flame ionization detector FID/NDIR
conversion factor. Regarding emissions measurement, the principle is based on the non-dispersive
infrared (NDIR) for CO, CO, and HC concentrations, and electro-chemical for NO, and O,. The
AVL equipment features an overall accuracy of around 3% [33], the error may increase with the
measured value, but in any case, not more than 5%. The fuel used is a common gasoline with a
RON (Research Octane Number) of 95 [34]. Regarding the intake pressure, it was maintained on
the same level for all cases analysed (1 bar, to recreate in the laboratory the usual operative
conditions for an automotive engine) and the air-fuel ratio was varied from stoichiometric to lean
blends. The regulation of these parameters was made possible using a dedicated control system for
each component. The engine speed was set by regulating the electrical motor speed with a
feedback control loop capable of switching between motor — generator regimes. Acting on the
throttle valve opening level it was possible to set the intake pressure, while for the variation of AFR

the (DOI) was increased or reduced. The intake air temperature was around 300K and monitored
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by a thermocouple placed in the intake manifold. A Bosch absolute pressure sensor was used for
measuring the intake pressure with an accuracy of +1%. Oil and water temperatures were
managed and regulated by a thermal conditioning system comprehensive of an electric heater and
a heat exchanger. It permitted to maintain a wall of the cylinder liner temperature between 330-
335K. Under normal conditions for the engine, it was necessary to maintain a moderate
temperature to protect the elongated piston-bore assembly that features high tolerance specific for
optical engines. Finally, a transducer (AVL GH12D) was used to measure the in-cylinder pressure
with an accuracy of £1% and resolution of 0.2 CAD. Piezoelectric pressure sensor working
principle is based on the electrical charge output of quartz crystal under mechanical load.
Therefore, the output charge is proportional to the pressure difference applied, and it is converted
to a voltage signal by a charge amplifier (AVL FI Piezo-Amplifier). The pressure trace used for the
thermodynamic analysis, for the different cases, was obtained as an average of 200 recorded

cycles. Figures 2.6 and 2.7 show the different components of the experimental setup.

Engine head

Figure 2. 6, Engine experimental setup.
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Figure 2. 7, Electric motor/brake coupled with the engine (49.7 kW power, 230 Nm maximum torque).
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2.2 Optical Setup

A Bowditch extended piston replaces the original metal piston for this research engine to allow the
combustion chamber to be visible through the piston crow. Thanks to a mirror, inclined at 45
degrees with respect to the vertical, fitted at the base of the elongated piston, it is possible to
observe and study the phenomena inside the combustion chamber during all the firing phases.
Therefore, this kind of solution involves the use of a piston whose head section is replaced by a
quartz window and consequently the quality of recorded images is strongly influenced by its
degree of cleaning. So, it is recommended to acquire the necessary optical data with the minimum
number of operative tests but even with these precautions the piston top needs to be removed and
cleaned after a certain number of tests performed. The piston quartz window ensured a field of
view of 62 mm in diameter, corresponding to 60% of the piston cross section. Slotted graphite
piston rings were used to provide oil-less lubrication with uninterrupted bronze-Teflon rings
used for sealing. The Bowditch piston produces a lower effective compression ratio and in
addition the bowl of piston results flat. Compared to the original piston used in the four in-line
engine, the resulting geometry can be considered as representative of automotive applications.
The Bowditch piston involves the use of three stock piston rings (figure 2.8) and to reduce the heat
transferred to the quartz, and consequently its overheating, normally the time of tests in the
laboratory cannot last more than a few minutes. Due to these numerous mechanical limitations,
laboratory tests have sometimes been repeated for a more accurate analysis of data. A schematic

representation of a Bowditch extended piston design is reported in the figure 2.9 [35].

Top-land region

, Piston rings
> region

Figure 2. 8, 3D render visualization of piston crown.
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Figure 2. 9, Schematic representation of a Bowditch extended piston [35].
To avoid excessive thermal expansion of the piston top, the housing of quartz window is made of
steel (ck45). Finally, thanks to the presence of two balancing shafts in the crankcase, the vibrations
which normally would occur for a common single-cylinder engine, were significantly reduced.
Flame front propagation was investigated through cycle resolved digital imaging. Acquisition of
images was carried out with a high-speed CMOS camera (CamRecord 5000, 8-bit, 16 pm x 16 um
pixel size by Optronis, Kehl, Germany, figure 2.10 [37]) equipped with a 50 mm Nikon objective.
The camera was set in full chip configuration with a resolution of 512x512 pixel and acquisition
speed of 5000 frames per second, with an exposure time of 167 ps. The f-stop of the objective was
set at 2.8 to improve the signal-to-noise ratio without extensive saturation effects. Therefore, for
the set-up allowed the images were recorded with a dwell time of 2.4 CAD at 2000 rpm and a

spatial resolution of 0.19 mm per pixel.
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Figure 2. 10, High-speed camera CMOS, CamRecord 5000 by Optronis [37].
For each test performed in the laboratory, the number of cycles recorded by the high-speed
camera was about 10 consecutive cycles out of a total of 200 that were acquired for each condition.
Each sequence featured 25 consecutive frames with an interval of 2.4 CAD (0.2 ms) starting from

the spark timing as reported in figure 2.11.
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Figure 2. 11, Camera gating for acquiring 25 images per cycle.
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Although deriving quantitative information about the kernel from the cycle resolved images
seems in principle quite a simple task, in reality the uncertainties related to the presence of the
spark plug and the possible obstruction of the actual flame kernel must be carefully considered. In
fact, in this phase the kernel tends to be hidden by the ground electrode, so the software is cannot
“see” anything and returns a frame without any object visualized. Therefore, it is intuitive to note
the the importance of the subjective “sensibility” imposed during this type of analysis and the
subsequent choice of parameters when using the NI Vision software to optimize the recorded

images.
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Chapter 3

Procedure and Measurement Methodology
3.1 Thermodynamic Analysis

The signals recorded by the acquisition system were: in-cylinder pressure, intake pressure,
equivalence ratio, signals of primary and secondary current of the ignition system. The
thermodynamic analysis started from the in-cylinder pressure analysis; to do this a dedicated
script built in National Instrument LabView software was used. The latter was necessary to
summarize the information coming from 200 cycles in a single average signal with the steps

reported in figure 3.1.

FOLDER i

For Loop
i SELECTION OF THE FILE TO EXTRACTION OF THE ROW i
— i INSERTO ON LABVIEW s RELATED TO THE SIGNAL TO BE |
! SCRIPT ANALYSED :
1
]

v

CREATION OF THE AVERAGE VALUE CALCULATION
MATRIX 3600x200 FOR EACH CRANK ANGLE DEGREE

Figure 3. 1, LabView script for in-cylinder pressure analysis.
However, before plotting the average in-cylinder pressure signal it is necessary to equalize the
value of the latter at 180 CAD BTDC to the intake pressure average signal (obtained with the same
procedure as for the in-cylinder pressure). This correction is necessary due to the measurement
principle (the in-cylinder pressure is calculated as an increment, so a referring point must be
defined). Therefore, this correction is performed using the measured pressure in the intake
manifold at 180 CAD BTDC point. After this step, it is possible to study and compare the average
pressure traces for each case that was analysed. The work carried out in this phase provides the
comparison of the results for different values of AFR, spark plug orientations and Spark Advance
(SA), to study which parameter had a significant effect on CCV. One of the first parameters
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investigated was the Indicated Mean Effective Pressure value, IMEP. As a first step, to calculate
these parameters the cylinder volume is also required. Therefore, the first step was to obtain the
clearance volume calculated with the compression ratio and displacement values.

Vb

T erR-1

The equation reported above is simplified as it does not take into account the crevices volume and
the variation of the compression ratio due to the elongated piston. For this reason, a thermal
analysis was carried on the engine to verify the expansion levels of components during the
motored and firing operative conditions. Therefore, the in-cylinder free volume for any crank

angle degree can be obtained with the relation:

2

4

Vs
V=V:+ *(l+a—ys)
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where “B” is the bore, “1” the connecting rod length, “a” the crank radius and “s” the distance

between the crank axis and piston axis, this last is given by:

1
s = acos + (I* — a?sin?6)2

A schematic representation of cylinder geometry is showed in figure 3.2 [17].

Figure 3. 2, Simplified cylinder geometry [17].
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Now it is possible to calculate the Wci (Indicated Work per Cycle) for each set of 200 cycles with

the following relation [17],

Wc,i = fﬁ pdV

where “p” is the in-cylinder pressure measured in Pa and dV the instantaneous variation of the in-
cylinder volume. Using a loop block in LabView it was possible to calculate this value for each of
200 cycles and consequently obtain the IMEP. The following equation allows to calculate the

IMEP,

ci

IMEP =

D
where Vp, is the displacement of single-cylinder engine, reported in the table 2.1. Consequently, it
was possible to estimate the stability of combustion process, for the recorded series of data, with
the evaluation of the related COVyyzp. The latter was calculated for population of 200 values of

IMEP with the relation below,

OIMEP «100

cov, =
TMEP UimEP

where the “onver” indicates for the Standard Deviation, while “pnze” is the average value for the
200 cycles under analysis. A similar procedure was used for calculating the pressure peak reached
in the combustion chamber and relative COV. With the referenced and averaged pressure signals,
it is possible to calculate the Mass Fraction Burned values (MFB), and subsequently the Volume
Fraction Burned, VFB. Heat Rate Release analysis was performed with a simplified approach of

the first law of thermodynamics, using the equation,

y 1
dQ = 1=|<p*dV+ 1>i<V*dP

where Q is the net heat rate release measured in joule for crank angle, p the in-cylinder pressure in
Pa, V is the instantaneous in-cylinder free volume in m?, and the ratio of specific heats y was set to
1.35. Mass fraction burned (MFB) was calculated based on the integral of heat release,

Qk - QST

MFB =
Qevo — Usr
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Where subscript “k” is related to the current crank angle position while “ST” means spark timing
crank angle and EVO the exhaust valve opening. With the MFB trend it is possible to divide the
combustion into several stages and recognize the fundamental points of the process. The CA
window that corresponds to 0-10% MFB is related to the flame development angle, 10-90% MFB
corresponds to the rapid burning angle, and 0-90% MFB is the overall duration of the process.
Finally, with the MFB50% point is possible to understand if, for the parameters set, the engine is
close to working at the MBT condition, that is Maximum Brake Torque. Once MFB was known, it

was possible to calculate the evolution of the burned volume fraction using the relation,

1

VFB = — -
[W_l]*E“Ll

where the density ratio between the burned and unburned mixture is set to 0.25 as representative

of most of operative conditions of a SI engine [17].
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3.2 Current Signals Analysis

Regarding the analysis of the current signals, it was carried out with the same logic seen for the in-
cylinder pressure. The results obtained and reported in the dedicated chapter (Chapter 4) concern
only the analysis of the discharge phase and related COV. Hence, the attention is focused on the
current signal of the secondary circuit and not of the primary. It was found that the latter is not
influenced by the phenomena in the combustion chamber (turbulence, different values of AFR,
etc.). Therefore, the primary signal tends to remain stable for all the cases analysed. Finally, the
attention is focused not only on different charge strategies for the primary circuit coil, but also on
combined effect of the latter with the different orientations of the spark plug, with the purpose of
analysing how it affects kernel formation (in terms of displacement) and flame front propagation

(in terms of flame morphology). Figure 3.3 shows typical intensity current signal for the primary

and secondary circuit.
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Figure 3. 3, Primary and secondary current intensity signals.
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3.3 Optical Data Analysis

A script built in NI Vision for evaluating flame kernel displacement and flame morphology based
on the recorded optical data was used. The steps behind each optical analysis are the same for all
cases that were evaluated. The procedure starts with the use of processing function “Measure” that
is needed to convert pixels in millimetres (the ratio is about 5.2 pixels per millimetre) and define
the position of the centre of the spark plug for subsequent considerations on flame kernel velocity,
displacement and flame front propagation direction. After this initial step, a circular mask was
applied to the images coming from the sequences, so as to limit the investigated area to the quartz
window fitted on the piston top and to cut light from reflections at the boundaries of the optical
access. Note that the parameters used for these first two steps can change from a series of cases to
another (for example two series of tests performed in different days) due to possible variations of
the position of the high-speed camera with respect to the crankcase (e.g., for working on the
engine). Next step the “Color Plane Extraction” function was used. In this way, by selecting the
HSI command, it is possible to extract the three color properties: hue, saturation and intensity.
After this phase it is possible proceed with improving image quality by employing the
“Brightness” and “Look up table” functions. The first one, combined with the second, was used
two times to have improved contrast, gamma and brightness (set respectively at 1.00, 53.30 and
128 for both functions repeated in the script) and subsequently a reduction of signal-noise ratio.
Finally, a threshold level was applied to obtain binary images. The choice of the latter parameter is
strongly linked to the user sensibility; in fact, defining a level of grey on a scale from 1 to 256 it is
possible to indicate to the software when to “see” or not a determined pixel. Therefore, it is
intuitive that setting a lower value of grey on the scale can be helpful for the analysis of the first
stage of combustion process but not for fully developed flames; in fact for the latter many small
objects that are not part of the flame front would form during the visualization phase, with the risk
that the software confuses one of these “small objects” with the main flame area. This is a situation
to avoid given that during the results export stage the software would save the objects coming
from the signal-noise first, and not the main flame, with consequent errors on the successive

analysis. Therefore, for the operative conditions with A=1.00-1.15, the threshold was fixed at
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33/256. Instead, for the cases with leanest AFR the grey scale was set at 24/256 so as to improve the
image processing quality. Finally, using the “FFT filter” and “ Advanced morphology” functions, it
is possible reduce the signal-noise ratio and fill any eventually holes in the foreground figures.
Further clarifications are required for the FFT filter function, with respect to the “error” that
occurs with the original frame parameters. The modality of filtration was set on “low pass” with a
truncation level of 20% and it was observed that the error between the flame area morphology
parameters (before and after the correction) is less than 2%. As the final steps of the procedure,
the remaining functions that were used are linked to the necessity to save the information on
flame kernel morphology. The sequence of steps applied for performing the analysis is illustrated

in figure 3.4.

He —

High-Speed camera

Original frame from the AVI sequence Measure and Image Mask functions
]

Brightness and Lookup Table Threshold function to obtain a binary ~ FFT Filter and Advanced Morphology

functions for image optimization image functions for cleaning the signal

Figure 3. 4, Steps of the NI Vision script used for image processing.
Previous studies identified preferential directions for flame propagation, due to fluid motion
phenomena (tumble and swirl) as well as temperature gradients and non-homogeneity of the
mixture inside the combustion chamber [35]. To better characterise the previously mentioned

effects, the “Max Clamp” specific function was added to the NI Vision script; this allowed the
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evaluation of flame front propagation and whether there was a preferred direction. Therefore,
knowing the temporal gap between each frame, the horizontal and vertical velocity were

calculated, and the following equations were used to compare the trend on the two axes,

Intake _ Lintake

Exhaust  Lgxhaust

Left _ LLeft
Right LRight)

Clamp, = Liese + Liigne
Clampy = Lintake + Lexhausts

where, Lintaxs, Lexuaust, Ligrr and Lrigur indicated the position of extreme side of the flame area in
each direction with respect to the spark plug. Figure 3.5 shows an example of comparison between

two consecutive frames.

Flame front frame 1

Optical Limit

Flame front frame 2

Figure 3. 5, Flame front propagation comparison of two consecutive frames.
Finally, to have a better understanding of the extent of cyclic variability recorded during the trials,
it may be useful to show the parameters obtained with the NI Vision script. The dimensions
repoted in the table 3.1 are in pixels, except for the area; they are related to five frames, at the same
crank angle degree, during five consecutives sequences for the same operative condition: A=1.15,

spark advance 12 CAD and wide open throttle.
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Center of Mass X/Center of Mass Y| Perimeter | Feret Diameter [Area [mm®]
233.7 277.5 512.6 179.8 633
261.5 2351 450.0 1433 377
24472 246.8 774.8 2327 1423
256.3 233.7 730.8 2375 1268
232.5 254.8 492.2 168.3 504

Table 3. 1, Flame area morphology parameters.

COMX |(CDMY |PERIMETER |FERET DIAMETER |AREA
Standard Deviation 11.6 16.0 133.5 36.9 423
Coefficient of Variation 4.7% 6.4% 22.5% 19.2% 50.2%

Table 3. 2, Standard deviation and COV of main parameters of flame area Morphology.
Observing the position of the center of mass, the cyclic variability is contained but the same
observation is not valid for the parameters related to the area and its morphology. The latter show
high cyclic variability, well beyond the error values due to the use of the previously mentioned

filter function.
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Chapter 4

4.1 Coil Charge Duration Analysis

Before proceeding with more detailed analysis of the results, it is necessary to make several
considerations on the coil charge duration parameter and its effect on the flame kernel formation.
Maintaining the Uniflow configuration of the spark plug, this parameter was varied from a
minimum that ensured successful ignition to the maximum dwell time that was close to the peak
current that could be achieved with the coil that was used. The related results showed that there
was no clear and consistent trend in the thermodynamic and optical data. The primary circuit
electric current signal showed the same trend for all the operative conditions set (evidently with
lower peak current as coil charge duration as reduced), so attention was focused on the secondary
current signal. Table 4.1 shows the parameters set for the investigation of the Coil Charge

Duration are shown:

A Intake Pressure Engine Speed Coil Charge Spark plug
[bar] [rpm] Duration [CAD] |Configurati
1 (WOoT ti .
A=1.00 (WOT operating 2000 07-10-20-30-40 | Uniflow
condition)
1 (WOoT ti
A=1.15 ( c.)p.era 8 2000 07-10-20-30-40 Uniflow
condition)
1 (WOT ti .
A=1.30 (WOT operating 2000 10-20-30-40 | Uniflow
condition)

Table 4. 1, Parameters set for Coil Charge Duration investigation.
Spark Advance (SA) was fixed at 12 CAD for all the cases analysed. Furthermore, another
difference can be seen by looking at the Coil Charge Duration value for the leaner mixture. In fact,
for the latter the lower limit does not reach 7 CAD as with such a lean mixture and low intensity of
spark misfiring events were detected. The reasons why the leaner mixture featured lower
capability of generating a stable combustion process with a reduced Coil Charge Duration is
related to the fact that in this operative condition the molecular density of the fuel between the
two electrodes is low and therefore chemical reactivity is reduced. The secondary current signals

are showed in figures 4.1, 4.2 and 4.3.
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Figure 4. 1, Secondary current signal during discharge phase, A=1.00.
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Figure 4. 2, Secondary current signal during discharge phase, A=1.15.
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Figure 4. 3, Secondary current signal during discharge phase, A=1.30.
The secondary current intensity signals show the same trend for all the air-fuel ratio levels
examined. The fluctuations are very moderate and looking at the start of discharge phase for
reduced Coil Charge Duration it is possible to observe how the trend tends to be slightly irregular.
This phenomenon is linked to the fact that the stored energy in the primary circuit is low and the
breakdown voltage that occurs between the two electrodes begins to become unstable. Practically,
the engine is near the misfiring limit. More information can be obtained with the COV of signals
calculated on an interval of 40 CAD starting from the spark ignition advance angle; this parameter

is shown in figure 4.4.
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Figure 4.4, COV-Is for A=1.00-1.15-1.30.
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For the analysis of the COV-Is there is the necessity clarity the fact that looking at the above
reported figures it seems that the lowest value of coefficient of variation is reached for the shortest
Coil Charge Duration. As previously said, it is precisely in this condition that the engine is close to
the no-spark condition. The phenomenon is linked to the fact that with such reduced spark
intensity the average level of secondary current intensity is just enough to ensure ignition (In the
interval of 40 CAD under analysis), there is little interaction with the fluid flow and consequently
the COV tends to decrease. Hence, the reduction of COV-Is for the shortest Coil Charge Duration
can be interpreted as the misfiring limit. After this clarification, as expected, it is possible to note
that the average trend of COV-Is is slightly decreasing with the increase of Coil Charge Duration.
This can be expected, given that more energy charged to the coil results in stronger spark and thus

more stable ignition.

More detailed analysis of the combustion characteristics was performed based on in-cylinder

pressure traces, IMEP and COVg» (figures 4.5 to 4.10).
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In-Cylinder Pressure Traces
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Figure 4. 5, In-Cylinder Pressure Traces, IMEP for COVnygp for A=1.00.
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In-Cylinder Pressure Traces

=P measured CH 07 [CAD] =——P measured CH 10 [CAD] =P measured CH 20 [CAD] P measured CH 30 [CAD] =—P measured CH 40 [CAD]
45
A=1.15
40
35
30
25
P [bar]
20
15
10
5
0
270 315 360 405 450
CAD
u IMEP m COV IMEP
10.0 5.0%
9.0
8.0 4.0%
7.0
6.0 3.0%
IMEP [bar] 5.0 COV IMEP
4.0 2.0%
3.0
2.0 1.0%
1.0
0.0 0.0%

CH 07 [CAD] CH 10 [CAD] CH 20 [CAD] CH 30 [CAD] CH 40 [CAD]

Figure 4. 6, In-Cylinder Pressure Traces, IMEP for COVnygp for A=1.15.
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In-Cylinder Pressure Traces
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Figure 4. 7, In-Cylinder Pressure Traces, IMEP for COV pgp for A=1.30.
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The pressure traces do not show a preferential trend in terms of changes in peak pressure for
different values of Coil Charge Duration (Figure 4.5 to 4.7). A similar conclusion can be drawn for
the IMEP that practically remains stable for each case examined (Figures 4.6-4.8-4.10). Looking at
COVwp, as expected with richer AFR there is an evident improvement of stability for the
combustion process. The effect of Coil Charge Duration values was more prominent for the
mixtures with an air-fuel ratio of A=1.30-1.15, for which it is possible to observe an overall
decrease of COViver as dwell time was increased. For the stoichiometric blend the COV tends to
remain stable. To conclude, based on this initial analysis Coil Charge Duration was fixed at 40
CAD for all conditions that were investigated, so as to ensure good ignition stability and avoid

misfiring events.
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Chapter 5

Results

5.1 Operative Conditions

Following the initial analysis aimed at identifying eventual coil charge duration effects, more
detailed investigations were focused on CCV and the correlation between in-cylinder
thermodynamic parameters and flame characteristics. Operative conditions entailed a sweep of
air-fuel ratio (AFR), spark advance (SA) and spark plug configuration. Table 5.1 lists these settings
for all the cases that were analysed, and it is possible to notice the Coil Charge Duration is not
mentioned since as explained in the previous chapter, the effect of the latter on flame kernel
formation and front propagation was not appreciable and did not show a well-defined trend in

their variation. For these reasons, the Coil Charge Duration was fixed at 40 CAD.

A Intake Pressure |Engine Speed | Spark Advance Spark plug
[bar] [rpm] [cAD] Configuration
A=1.00 1 (WOT c.:p.eratlve 2000 12 Uniflow - Crossflow -
condition) Counterflow
8
. 12 .
1 (WOT operative Uniflow - Crossflow -
A=1.15 .. 2000 16
condition) Counterflow
20
24
A=1.30 1 (WOT c.:p.eratlve 2000 12 Uniflow - Crossflow -
condition) Counterflow

Table 5. 1, Engine operative conditions.
Data acquisition followed a procedure that provided some steps to ensure comparable results even
if measurements were performed in numerous sessions. The first one concerned the evaluation of
intake air temperature (equal to that of the ambient, therefore the tests were carried out in the
same period to avoid the problem related to the possibility of having appreciable variations in its
value) which was around 300K. The second step involved monitoring the coolant system
temperature (controlled using a thermal condition unit) in a range between 50-55K, for the
input/output water-flow respectively. The last step was related to the continuous evaluation of

piston seals wear to ensure that blow-by leaks were kept in a narrow range. Each series of tests
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performed in the laboratory provided the acquisition of cycles in the same

motored and fired

conditions at the beginning and at the end of each session so as to confirm the validity of recorded

data. An even more detailed evaluation was to verify that the in-cylinder pressure at spark timing

was as close as possible for all configurations that featured the same advance

setting. To do this,

once the average pressure signals were obtained with the use of the LabView script, these traces

were compared (as shown in Figure 5.1) and any cases that were out of the

chosen range were

discarded.
In-Cylinder Pressure Traces
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Figure 5. 1, In-Cylinder pressure traces, A=1.15, Spark Advance 12 CAD.

For the example shown in Figure 5.1, obtained with lean air-fuel mixture (A=1.15) and fixed Spark

Advance (SA) of 12 CAD, it is possible to note that the gap at spark timing is less than 0.1 bar, a

negligible difference.
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5.2 Thermodynamic Results

The following results reported below are divided by spark plug configuration. Therefore, the first
series of cases refer to the operative conditions of Spark Advance (SA) fixed at 12 CAD and
variable air-fuel ratio (A). Afterwards, the AFR was fixed for obtaining a lambda value of 1.15 and
spark timing could be varied in a wider range (i.e. with stoichiometric fuelling maximum spark
advance was limited by knock, while for lambda 1.30 the range of ignition settings was reduced
due to stability issues, similar to the effects observed in [38]). In this way, each effect could be
quantified in conditions that entail a certain cause, while other influences were reduced as much

as possible.

5.2.1 Thermodynamic Results for Fixed Spark Advance (SA)

The main idea behind fixing the ignition setting was to ensure that flame kernel initiation occurs
in similar conditions with respect to tumble and turbulence intensity. This emphasizes the effects
of the chemical composition, thus the reactivity of the mixture and time characteristics as well as

the influence of spark plug orientation with respect to the interaction with fluid motion.

. A=1.00
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Figure 5. 2, In-cylinder Pressure traces for A=1.00.
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A=1.15

In-Cylinder Pressure Traces

P measured Uniflow P measured Crossflow P measured Counterflow
a5
40
35
30
25
P [bar]
20
15
10
5
0
270 315 360 405 450
CAD
Figure 5. 3, In-cylinder Pressure traces for A=1.15.
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Figure 5. 4, In-cylinder Pressure traces for A=1.30.
Looking at the graphs showing the average in-cylinder pressure (Figure 5.2 - 5.3 - 5.4), no well-
defined trend was observed. Peak pressure values appear to be influenced in a contained way by

the Uniflow and Counterflow configurations; overall the Crossflow configuration seemed to
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feature lower peak pressure compared to the other two orientations. As expected, with richer air-
fuel mixtures, there is an increase in terms of IMEP values (figure 5.5) as a direct consequence of
larger injected fuel quantity and higher-pressure peak reached during the combustion phase.
Furthermore, it is interesting to observe the gap between the three traces during the first stage of
the combustion process, an indication that there was hight cycle to cycle variability. For better
understanding of CCV effects, COV e gives and overview of engine output, while COVpyax is
more closely related to the actual variability of combustion. The latter are shown in figures 5.5 and

5.6.
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Figure 5. 5, IMEP and COV g for A=1.00-1.15-1.30.
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Prmax = COVpmax
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Figure 5. 6, P max and COVpyux for A=1.00-1.15-1.30.
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As a direct influence of “slower” combustion (therefore considering the cases with lean mixtures,
longer chemical time scales are characteristic) increased effects of turbulence-flame interactions
and larger COV are expected. Looking at the reported COViygp values (Figure 5.5), it can be seen
that for the operative condition with the leanest mixture the Counterflow configuration shows the
highest cyclic variability (around 11.8%) if compared with the other two (respectively 9.8% for
Uniflow and 10.2% for Crossflow). For the air-fuel ratio A=1.15 and A=1.00, a different situation
was evident, in fact for the latter there is an alternation between the Crossflow and Counterflow
configuration in terms of higher values of COVye. The Uniflow configuration appears more
“stable” for each case, (probably related to the fact that the electrode “J” acts as “shield” for the
tumble motion, therefore the kernel formation results more stable and consequently the flame
front propagation as well). In line with what was previously observed for the overall shape of in-
cylinder pressure traces, with richer mixtures the overall IMEP value tends to increase while the
trend for the COVer and COVipuax is obviously opposite (i.e., reduced stability was recorded for
lean operation). The cyclic variability for the leanest AFR is very high (an overall value around
10%), therefore the combustion process is unstable and events such as misfiring or partial burning
can occur. It should be noted that only the latter phenomenon was present for the sets of data
recorded for this study. With the increase of the Duration of Injection, from 30 to 39 CAD
(therefore the operative conditions corresponding from A=1.30 up to the stoichiometric one)
there is an evident reduction of COVip (Figure 5.5), a sign that the cyclic variability was much
more contained (lower than 3.5% for A=1.15 and around 1% for A=1.00). Peak pressure
variability, i.e., COVpuax (Figure 5.6) featured relatively higher values, mostly due to the fact that
the IMEP parameter is integrated over 720 CAD, thus reducing the actual influence of combustion
stability itself. Other phenomena related to the optical engine characteristics (listed in the Chapter
2 in the dedicated paragraph) can also contribute to variations in terms of cyclic repeatability (e.g.
the large top-land region volume can significantly influence the final part of the combustion
process). Looking at the absolute values, for the leanest blend this value stands at more than 15%
(with a peak of almost 19% for the counterflow configuration) and decreases to around 12% for
A=1.15 and finally tp 6% for the stoichiometric operative condition. An overall trend of highest

COViuax for the counterflow configuration can be observed (the only exception is for A=1.15).
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Figure 5. 7, Mass Fraction Burned for A=1.00-1.15-1.30.
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The in-cylinder MFB traces show an increasing burning rate as the duration of injection was
increased (figure 5.7). In line with what was previously said, it is possible to observe an alternation
between the Counter and Uniflow configurations in terms of higher flame front propagation
speed. In terms of burned mass, the location of 50% (MFB50) is reached in comparable times by
each configuration (respectively around 45 CAD ASOS for A=1.30, 31 CAD ASOS for A=1.15 and
28 CAD ASOS for the stoichiometric operative condition). For the Spark Advance set at 12 CAD,
the MBT operative condition is close to being reached for A=1.15-1.00 (for this engine the MBT
was found to feature an MFB50 location around 18 CAD ATDC). Moreover, the maximum gap
between the three traces was registered when passing from the Uniflow configuration to Crossflow
for A=1.15 ; in fact, in the latter condition a gap of 3 CAD was observed. Finally, as expected, with
a leaner charge, the duration of the early stage of flame front development (0-10% MFB) is
extended (25 CAD for A=1.30, 19 CAD A=1.15 and 17 CAD for the stoichiometric condition),

mainly due to the lower reactivity of the mixture.
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Figure 5. 8, COV-Is for A=1.00-1.15-1.30.
Observing the figures related to the COV of secondary current intensity signals (Figure 5.8) for
the three configurations, it is possible to note that the Crossflow configuration has the highest
variability for all the air-fuel ratio levels examined. The cause is related to the position of spark
plug that in this configuration exposes the “space” between the two electrodes to the tumble
motion more than the others two configurations, therefore the secondary current intensity signals

that is directly correlated to the electric arc results more instable.
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5.2.2 Thermodynamic Results for Fixed Lambda (A)

The following part of the analysis features the operative condition for fixed DOI/A and variable
Spark Advance (SA). As previously explained, the intermediate level of AFR ensured the widest
range for sweeping the ignition timing, without the risk of knocking and acceptable level of
stability. The following results are related to the operative condition for a fixed Duration of
Injection (DOI) of 34 CAD corresponding to A=1.15 and variable Spark Advance (SA) from 8 to

24 CAD with a step of 4 CAD between each case.

In-Cylinder Pressure Traces

P measured SA8 Uniflow P measured SA8 Crossflow P measured SA8 Counterflow
50
45
40
35
30
P [bar] 25
20
15
10
5
0
270 315 360 405 450
CAD

Figure 5. 9, In-cylinder Pressure traces for A=1.15 and SA 8 CAD.
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Figure 5. 10, In-cylinder Pressure traces for A=1.15 and SA 12 CAD.
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Figure 5. 11, In-cylinder Pressure traces for A=1.15 and SA 16 CAD.



In-Cylinder Pressure Traces
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Figure 5. 12, In-cylinder Pressure traces for A=1.15 and SA 20 CAD.
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Figure 5. 13, In-cylinder pressure traces for A=1.15 and SA 24 CAD.
As ignition was advanced, peak pressure reached higher values (Figure 5.9 to 5.13). In fact,
anticipating the spark timing angle, combustion will start earlier during the compression stroke,
therefore the compression related to the flame front propagation added to that due to the piston
motion will result in increased in-cylinder peak pressure. On the other hand, anticipating the
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ignition event results in higher compression work, thus increasing counter torque to the
crankshaft (without mentioning problems related to the onset of knocking phenomenon,
especially for stoichiometric fuelling). It may therefore be useful to refer to a parameter that allows
to have an idea on the quality of the combustion process. This parameter corresponds to
Maximum Brake Torque operative condition (MBT). In a common automotive engine, it
corresponds to the 50% of MFB reached around 8-10 CAD ATDC. For this particular optically
accessible engine this value was found to be around 15-18 CAD ATDC, mainly due to the high
blow-by losses through the piston seals. Furthermore, looking at the in-cylinder pressure trace, it
is interesting to observe how the three signals, one for each different spark plug configuration,
feature a visible gap between each other for the operative conditions related to delayed spark
ignition timing. This gap tends to reduce with the increase of Spark Advance since the combustion
process begins in a part of the cycle with more stable organized flow (i.e. tumble) and
consequently has better repeatability. Finally, in terms of pressure peak, the Uniflow configuration

shows the highest values for each case examined (the only exception is for SA20 CAD).

In line with previous claims about the in-cylinder pressure, the increase of the Spark Advance
corresponds to higher IMEP values up to an optimum point that was found to be around 16 CAD
(Figure 5.14). In accordance with the definition of Maximum Brake Torque operative condition
(corresponding to the higher value of IMEP and acceptable level of COViugp), it is reached at SA
16 CAD for the Uniflow and Crossflow configuration, while for Counterflow at SA 20 CAD. The
COV e values for the three configurations are comparable, but for delayed Spark Advance the
Counterflow and Crossflow configurations seem to have higher cyclic variability (respectively
4.2% and 3.8% against 3.3% of Uniflow); anticipating the spark ignition event reverses the trend,
with the Uniflow COVpzp that decreases slower than other two (2.1% versus 2% for crossflow and
1.7% for Counterflow). Finally, for the most anticipated spark ignition condition the three

configuration tends to stabilize on equal values (around 2%).
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Figure 5. 14, IMEP and COV g values for the Spark Advance sweep, A=1.15.
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Figure 5. 15, COVpyax values for the spark timing sweep, A=1.15.
Unlike the COViugp, the COVpmax shows an overall continuously decreasing trend with the
increase of Spark Advance, for the investigated range. In line with the results of in-cylinder
pressure, a reduced COVpyax corresponds to a good cyclic repeatability and in fact looking at the
pressure traces for SA 24 CAD (Figure 5.13) the gap between the signals is very contained when

switching from one plug orientation to another.

Figure 5.16 shows calculated MFB traces of the three plug configurations for each spark timing.
Negative MFB values are due to the simplified approach that was employed. A more complex
analysis that includes heat transfer and blow-by modelling would have resulted in more plausible
results, but this procedure was preferred. In fact, calculating the VFB from the MFB the intent was
of correlating the thermodynamic (i.e. the cycle most representative for an average in-cylinder
evolution) and optical data; the latter category provides much more valuable information on the
spatial distribution of the reacting and burned gas, as well as insight into the interaction with the
working fluid. As expected, the evolution results “slower” for the most delayed Spark Advance

(SA).
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Figure 5. 16, Mass Fraction Burned for A=1.15 and Spark Advance from 8 to 24 CAD.
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Figure 5. 17, COV - Secondary Current Intensity, A=1.15.
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Observing the secondary current intensity signals (Figure 5.17), the Crossflow configuration
shows the highest variability for the Secondary Current Intensity signal (mainly due to the fact
that with this orientation of the spark plug, the space between the two electrodes is more exposed
to the tumble motion compared to the other two configurations), while an overall decreasing

trend can be seen with the increase of Spark Advance.

5.3 Optical Results

To gain further insight into the evolution of combustion related phenomena, a detailed analysis of
cycle resolved visualization images was performed, through the post-processing procedure
previously described. A detailed morphology characterization of the flame kernel and flame front
were performed. In this results section, after the global thermodynamic analysis of the combustion
process, the sequence of images acquired with the high-speed camera were post-processed and
analysed to have a better understanding of the spatial behaviour of the combustion process. As
previously said, the optical analysis is strongly dependant on user sensitivity in setting the
required parameters for running the NI Vision script. Therefore, a further validation measure to
ensure that the greyscale parameter (that directly influences the flame detection sensitivity of the
software) was correct and not overestimated or underestimated, the Volume Fraction Burned
traces obtained from the Thermodynamic analysis of 200 consecutive cycles was compared with
the VEB of the cycle (one of ten recorded by the high-speed camera) that was closest to the
average trace. Then, from this sequence it is possible to obtain the evolution of the normalized

flame area and compare it with the VEB derived from thermodynamic evaluations. This simplified
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method allows a rapid check of the correct settings for greyscale value, given that the evolution of
the flame area is directly related to the sensitivity of the NI Vision script; an example is shown in

figure 5.18.

VFB [200 cycles] VEB [Cycle 56] Normalized Area [Cycle 56]

09
08

0‘7 Optical Limit

e i

VFB[] 05

03
0.2

0.1

0 5 10 15 20 25 30 35 40 45 50
CAD ASOS

Figure 5. 18, Volume Fraction Burned comparison with normalized area, A=1.15, SA16 CAD, Counterflow

configuration.
The optical results, like the thermodynamic ones, are divided by parameters settings (table 5.1)
and the first series of data reported below refers to the operative conditions for fixed spark

advance (SA) set at 12 CAD and variable air-fuel ratio (AFR).

5.3.1 Optical Results for Fixed Spark Advance (SA)

When making considerations related to the observed trends, results corresponding to the
acquisitions made at 14 and 16.4 CAD ASOS (1.2 ms and 1.4 ms from spark ignition) were taken
as input data. This was decided so as to be sure to have a good quality of the frames that were
acquired (i.e., high enough intensity with respect to the early flames that were biased by the
presence of the spark arc, and small enough to be completely contained by the field of view) and to
reduce the cases without any object visualized.
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6.8 CAD ASOS 9.2 CAD ASOS  11.6 CAD ASOS 14 CAD ASOS 16.4 CAD ASOS

UNIFLOW

CROSSFLOW

COUNTERFLOW

Figure 5. 19, Flame image sequence during the flame propagation stage, A=1.00, SA12 CAD.
6.8 CAD ASOS 9.2 CAD ASOS  11.6 CAD ASOS 14 CAD ASOS 16.4 CAD ASOS

UNIFLOW

CROSSFLOW

COUNTERFLOW

Figure 5. 20, Flame image sequence during the flame propagation stage, A=1.15, SA12 CAD.
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6.8 CAD ASOS 9.2 CAD ASOS  11.6 CAD ASOS 14 CAD ASOS 16.4 CAD ASOS

UNIFLOW

CROSSFLOW

COUNTERFLOW

Figure 5. 21, Flame image sequence during the flame propagation stage, A=1.30, SA12 CAD.
The flame sequences reported in Figures 5.19 to 5.21 correspond to the cycles with the Volume
Fraction Burned (VEB) traces closest to the average. It is intuitive to state that the operative
condition with the leanest blend caused the greatest difficulty in the optical analysis. Poor
luminosity of the reaction zone it impossible to use the first frames after spark ignition. For this
reason, to compare the images (therefore the flame area morphology) corresponding to the same
Crank Angle Degree, it was decided to analyse the frames related to 14 and 16.4 CAD ASOS. The
next step concerned the analysis of flame area center positioning during the early stages of
combustion. To do this, it was necessary to define a point of reference starting from the position of
the spark plug (rendered possible by the use of the “Measure” function in NI Vision) and to know
the relative location of the flame area instant by instant. To calculate the dislocation along the
horizontal and vertical axis of the flame area with respect to the spark plug, the following

equations were used,

Dx = (XFlame Area Center ~— XSpark Plug Center) * 0-187’

Dy = _(YFlame Area Center — Y:Spark Plug Center) *0.187,
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where the coordinates of flame area center were obtained using a specific tool in NI Vision
(function “Particle Analysis”), while the last term is used to convert the dimension from pixels to
millimetres (5.3 pixels ~1 mm). Finally, looking at the equation used for calculating the
displacement along the vertical axis, the inversion of sign is related to the fact that in NI Vision the
reference system sees the y coordinate increase downwards (i.e., the 0,0 coordinates are located in
the upper-left corner of the user interface). Now it is possible to proceed with the evaluation of the
displacements along the horizontal and vertical axis with respect to the spark plug center and by

these calculate the radial displacement with the following equation,

R =+/Dx? + Dy?

Dy - ASOS 14 (SA12 CAD) Dy - ASOS 16.4 (SA12 CAD)
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(a) (b)
Figure 5. 22, Displacement along the vertical axis respect to the spark plug center, (a) frame at 14 CAD ASOS,
(b) frame at 16.4 CAD ASOS.
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Figure 5. 23, Displacement along the horizontal axis respect to the spark plug center, (a) frame at 14 CAD
ASOS, (b) frame at 16.4 CAD ASOS.
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Figure 5. 24, (a) Percentages of Up-Down events, (b) Percentages of Right-Left events for frame at 14 CAD
ASOS, SA12 CAD.
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Figure 5. 25, Radial displacement of flame area center respect to the spark plug center for frames at 14-16.4

CAD ASOS.
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Figure 5. 26, Flame area center locations for the Uniflow configuration for frame at 16.4 CAD ASOS, SA12
CAD.
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Figure 5. 27, Flame area center locations for the Crossflow configuration for frame at 16.4 CAD ASOS, SA12
CAD.
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Figure 5. 28, Flame area center locations for the Counterflow configuration for frame at 16.4 CAD ASOS,
SA12 CAD.

For all orientations, once the spark ignition advance is fixed, it is possible to observe (Figure 5.22,
5.26 to 5.28) the tendency of the flame kernel to move from the exhaust valves to the intake valves
as the mixture ratio varies, thus passing from lean to stoichiometric. As expected, in terms of
vertical displacement variation, the effect is more evident with the Crossflow configuration. In
fact, the latter is more exposed to the tumble motion. Figure 5.24 shows the percentages of up-
down and left-right events. Uniflow and Crossflow configurations show an increasing trend with
richer blends for the first category. In Counterflow, on the other hand, the trend is decreasing.
Passing to the analysis of displacement along the horizontal axis, for all configurations, an evident
flame kernel displacement towards the left side of the spark plug was detected (Figure 5.23, 5.26 to
5.28), although it is not possible to identify a defined trend with the air-fuel ratio value. The only
exception is represented by the Counterflow configuration which in the case of a stoichiometric
mixture presents a positive value. Furthermore, with the same fluid dynamic conditions (same
spark advance), no univocal trend can be observed in the percentage variation of displacements
along the horizontal axis, Figure 5.24 (b). Finally, the Crossflow configuration (in line with what

has been said for the evaluation of dy and in the thermodynamic results paragraph) shows the
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greatest dislocation values of the center of mass with respect to the spark plug, in all cases (Figure
5.25). Overall, the distance of the flame area center from the spark plug increases passing from

A=1.30 to A=1.15, then decreases for the stoichiometric operative condition.

5.3.2 Optical Results for Fixed Lambda (A)

As for the thermodynamic data, the following results are related to the operative conditions for a
fixed AFR and variable SA. This optical analysis allowe to have better understanding of flame-fluid

interaction for different fluid-dynamic conditions.

6.8 CAD ASOS 9.2 CAD ASOS  11.6 CAD ASOS 14 CAD ASOS 16.4 CAD ASOS

UNIFLOW SA 8 CAD

CROSSFLOW

COUNTERFLOW

Figure 5. 29, Flame image sequence during the flame propagation stage, SA8 CAD, A=1.15.
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6.8 CAD ASOS 9.2 CAD ASOS  11.6 CAD ASOS 14 CAD ASOS 16.4 CAD ASOS

UNIFLOW SA 12 CAD

CROSSFLOW

COUNTERFLOW

Figure 5. 30, Flame image sequence during the flame propagation stage, SA12 CAD, A=1.15.
6.8 CAD ASOS 9.2 CAD ASOS  11.6 CAD ASOS 14 CAD ASOS 16.4 CAD ASOS

UNIFLOW SA 16 CAD

CROSSFLOW

COUNTERFLOW

Figure 5. 31, Flame image sequence during the flame propagation stage, SA16 CAD, A=1.15.
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6.8 CAD ASOS 9.2 CAD ASOS  11.6 CAD ASOS 14 CAD ASOS 16.4 CAD ASOS

UNIFLOW SA 20 CAD

CROSSFLOW

COUNTERFLOW

Figure 5. 32, Flame image sequence during the flame propagation stage, SA20 CAD, A=1.15.

6.8 CAD ASOS 9.2 CAD ASOS  11.6 CAD ASOS 14 CAD ASOS 16.4 CAD ASOS

UNIFLOW SA 24 CAD

CROSSFLOW

COUNTERFLOW

Figure 5. 33, Flame image sequence during the flame propagation stage, SA24 CAD, A=1.15.
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Figure 5. 34, Displacement along the vertical axis respect to the spark plug center, (a) frame at 14 CAD ASOS,
(b) frame at 16.4 CAD ASOS.
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Figure 5. 35, Displacement along the horizontal axis respect to the spark plug center, (a) frame at 14 CAD
ASOS, (b) frame at 16.4 CAD ASOS.
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Figure 5. 36, (a) Percentages of Up-Down events, (b) Percentages of Right-Left events for frame at 14 CAD
ASOS, A=1.15.
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Figure 5. 37, Radial displacement of flame area center respect to the spark plug center for frames at 14-16.4
CAD ASOS, A=1.15.
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Figure 5. 38, Flame area center locations for the Uniflow configuration, A=1.15, frame at 16.4 CAD ASOS.
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Figure 5. 39, Flame area center locations for the Crossflow configuration, A=1.15, frame at 16.4 CAD ASOS.
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Figure 5. 40, Flame area center locations for the Counterflow configuration, A=1.15, frame at 16.4 CAD
ASOS.
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Among the results shown, it is possible to note the absence of the ones related to the operative
condition for the Spark Advance (SA) of 24 CAD. The latter proved particularly difficult to
analyse due to repeated presence of luminous points in the sequence recorded. In fact, these made
it difficult to obtain accurate results (the script was unable to distinguish the flame front).
Therefore, the reported results do not consider this particular operative condition. For all
orientations, once the mixing ratio is fixed, looking at the Figure 5.34, a quadratic trend of the
displacement of the kernel is visible as the ignition advance increases (up to SA16 CAD, i.e., up to
achieve the MBT condition). One exception is observed in the case of Counterflow in delayed
conditions (SA8 CAD). The percentages of up-down events, figure 5.36 (a), confirm the reversal
of the trend as the ignition advance increases. An evident displacement to the left side of spark
plug of the flame kernel was detected (figure 5.35). This trend is to be attributed to a slight swirl
motion that seems to have a greater influence on the ignition of combustion in the Cross and
Counterflow configurations. The effect appeared to amplify as the ignition advance increases for
Uni and Crossflow cases, while the Counterflow configuration is an exception showing a slightly
decreasing trend. Looking at the percentages of Dx <0 (figure 5.36 (b)) it seems that the
counterflow configuration is in contrast with the others. For the radial displacement no-well
defined trend was observed (figure 5.37). As an overall conclusion of this analysis, it is important
to note the differences in terms of spatial distribution of flame area, even when the
thermodynamic results indicated no particular trend, with practically the same engine output and
stability figures. Certainly, further analyses are needed, with acquisition of more data to examine
specific effects. An interesting example is the behaviour of the counterflow configuration that

seems to have an opposite trend if compared with the Uniflow and Crossflow configurations.
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5.4 Flame Front Velocity Analysis

The analysis of the propagation speed of the flame front, was carried out only for the operative
conditions for a fixed AFR (A=1.15) and variable spark timing. This specific investigation can be
linked to the previous studies perfomed [19]. Thanks to the same orientations of the spark plugs,
it is possible to compare those results obtained with the ones in this thesis. The velocity values
were obtained using a dedicated tool of NI Vision; in fact, thanks to the “Particle analysis”
function, it was possible to know the Feret Diameter of the flame front area for each frame that
was acquired. This simplified approach made it possible to study the effect of turbulence motion
on the different spark plug configurations, and to have better comprehension of flame-fluid
interaction behavior for different spark ignition timing. Figure 5.41 shows the propagation speed

of the flame front.

Flame Front speed (SA8 CAD)
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Figure 5. 41, Frame Front speed, SA8 CAD.
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Flame Front speed (SA12 CAD)
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Figure 5. 42, Frame Front speed, SA12 CAD.

Flame Front speed (SA16 CAD)
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Figure 5. 43, Frame Front speed, SA16 CAD.
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Flame Front speed (SA20 CAD)
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Figure 5. 44, Frame Front speed, SA20 CAD.
A common trend of increasing propagation speed can be noted as the flames increase in size (i.e.,
as the process evolves). All configurations seem to feature a value of around 20-30 m/s
propagation velocity that can be considered as representative for the main combustion phase. No
clear influence of plug orientation was identified, but as an overall effect, the Uniflow
configuration tended to feature “faster” propagation and Counterflow was the “slowest”. As
expected, the flame-fluid velocity is higly dependant on spark timing. Similar values can be
expected for turbulence intensity at TDC [19], while the combined effect of direct influence of
tumble and its conversion into turbulence require further information of fluid motion (e.g., from

numerical simulation).
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Chapter 6

GT-Power Model

To gain further insight into phenomena that place inside the combustion chamber (such as
tumble motion, turbulence, blow-by losses, etc.), a model of the optically accessible DISI engine
was built in the GT-Power environment [39]. The main goal was to evaluate the applicability of
the combustion SITurb sub-model; to this end, calibration for a set of operative conditions was
attempted. In this way, it is possible to define a certain predictability level of the model
(considering the difficulties related to the intrinsically customized nature of the type of the engine
used for this study). After a description of the aforementioned model and methodology used for

the numerical application, a brief evaluation of simulation results is presented.

Figure 6.1 shows an overview of the model. Rather than showing detailed specifics of the different
elements, it highlights the logic behind the simulation tool. Reading from top to bottom, air from
an inlet environment component (illustrated as a green filled rectangle) is aspirated by the engine
through the intake system, while combustion products are transferred through the exhaust system
to an outlet environment. More to the point, each element is mainly intended to define a certain
sub-volume of the intake-cylinder-exhaust series, connected between them with dedicated data
flow links. For example, the intake manifold (shown as a series of T elements connected to runner
pipes) is linked to the cylinder (intuitively identified with a piston a schematic representation of a
propagating flame) through two ports and corresponding valves. These two links transport the
working fluid backwords or forwards based on the pressure difference and effective discharge
area. From the cylinder to the crank-train (shown as four piston-connecting rod assemblies with a
common crankshaft) only kinetic energy is transferred (e.g. constant engine speed was imposed,
and thus the crank-train component compensates torque variations due to the changes of in-
cylinder pressure). Other connections are intended as signals (illustrated with blue colour lines)
used for monitoring purposes (e.g. relative air-fuel ratio in the exhaust line) or for establishing

specific targets used by the genetic algorithm optimizer for finding calibration parameters.
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Figure 6. 1, Gt-Power simulation model.
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6.1 Overall Calibration of the GT-Power Model

One of the first steps of the calibration was to check that intake pressure levels were correctly
predicted during the intake stroke. Slight adjustments of the inlet environment pressure were
required (1-2 percentage points around 1 atm). As figure 6.2 shows, in-cylinder pressure at intake

valves closure (i.e. 216 CAD ATDC at the end of the exhaust stroke) was correctly modelled.

In-Cylinder Pressure Traces (Motored Condition)
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P Intake
P simulated
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1.05
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Figure 6. 2, In-Cylinder Pressure during the intake-stroke, motored condition.
Once the intake air quantity was validated as correct for ensuring valid cycle start conditions,
attention was paid to the compression-expansion processes. Starting with motored pressure
traces, adjustments were applied to the effective compression ratio (through changes in the
geometric ratio as well as adjustments of the crevice volumes) that was not as straight forward to

set as for commercial engines.

To better characterize the blow-by losses, a specific sub-model was elaborated (highlighted in light
blue close to the cylinder component in figure 6.1), so as to be representative for the specific
geometry of each piston ring volume (Chapter 2, Figure 2.8); this series of orifices and volumes
was linked to the single-cylinder component on one end, and the environment at the other. The
blow-by sub-model is divided into three sealing rings and is directly connected to the crankcase

(whose setting are the same of the external environment, Pcrankcase=1 atm and Tcrankcase=288 K).
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Given the very design of the elongated piston, slight changes in the geometric compression ratio
are possible due to thermal expansion. Hence, the compression ratio and blow-by orifices were
calibrated using the motored pressure traces. It was found that indeed, higher compression ratio
values were required for fired conditions in order to obtain the correct pressure level at the time of
ignition.

In-Cylinder Pressure Traces (Motored Condition)

20
P measured
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Figure 6. 3, In-Cylinder Pressure Traces Comparison, motored condition.

Figure 6.3 shows the comparison between the measured and simulated in-cylinder pressure traces
in motored conditions. There is good accuracy of simulation throughout the cycle. As previously
stated in the second chapter, the CR value is around 10 for the motored operative condition, while
during in-firing operations, the thermal effects (considering the presence of the elongated piston)
and mechanical stress can influence the latter with consequent variations in its value. Therefore,
the maximum increase registered was noted for the operative condition for a spark advance of 24
CAD with a CR of 10.5, hence an increase of 5% with respect to the motored operative condition.
This particular trend was found to be consistent with higher peak pressure levels as spark timing
was advanced, resulting in increased heat transfer rates and therefore higher piston temperature

and consequent larger expansion effects (effectively reducing piston-head clearance).
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On the other hand, with the experimental data such as oil and coolant system temperature values,
recorded during the motored and in-firing operative conditions, it was possible to define a
thermal regime of each component of the GT-Power model. For the motored operative condition,
the in-cylinder wall temperature was set equal to the same value of coolant system. During fired
operation instead, higher piston temperature was imposed (e.g. over 500 K compared to around
370 K for motored conditions), so as to match the calibrated compression ratio value.
Nonetheless, this was found to be of secondary importance when undertaking calibration of the

combustion sub-model.

For a better reproduction of the combustion chamber, a 3D CAD model was implemented in the
GT-Power model through and STL file; this ensured correct definition of the flame area during
combustion. Finally, measured tumble coefficients were implemented for the intake valve
components, so as to ensure correct modelling of tumble and turbulence. Given that no other data
was available in this respect (e.g. cold-flow CFD simulations), all calibration parameters were set
at their default values for the flow sub-model that calculates fluid velocity. Finally, the crevice sub-
model was activated, and its volume was implemented based on measured bore-piston

dimensions and related expansion effects during fired operation.

6.2 Combustion Sub-Model Calibration

Gas exchange, compression and expansion feature relatively low complexity compared to
turbulent combustion. As shown in the previous sub-section, these processes were correctly
modelled during motored operation, with minimal computational effort. Combustion instead
features more calibration parameters, each related to a certain part of the process. These are the
Flame Kernel Growth (FKG), Turbulent Flame Speed (TFS) and the Taylor Length Scale (TLS)
multipliers. Additionally, the Dilution Effect Multiplier (DEM) can be adjusted for controlling the
effect of residual gas on calculated laminar flame speed. As their names hint, FKG controls the
transition from laminar to the turbulent flame speed regime (thus influencing mostly the initial
stages of the process), TFS influences the rate at which fresh charge is entrained within the
reaction zone (and indirectly links turbulence characteristics to combustion evolution), while TLS

controls the rate of oxidation within the reaction zone.
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The main goal of this part of the numerical analysis was the definition of a set of calibration
parameters for the SITurb combustion model that can successfully simulate as many operating
points as possible within the operative conditions that were investigated. Given the relatively
reduced influence of spark plug orientation on thermodynamic parameters, the choice was made
to consider only the uni-flow configuration. Flow model calibration parameters (in terms of
tumble decay and turbulence production, length scale and so on) were set to their default values,
as no other data was available for more detailed definition. The combustion model was set to
v2019, the most recent version recommended by Gamma Technologies for the calibration of the
predictive numerical model. The methodology used to perform this analysis involved the use of
the optimization tool in GT-Power. Figure 6.4 shows how the parameters were set for running the

optimizer.

Attribute Object Value

OFF
Integrated Design Optimizer
Simple Optimizer

Number of Objectives

Single Objective
Multi-Objective, Pareto
Multi-Objective, Weighted-Sum
Case Handling

Optimize Each Case Independently

@O ® O OHO®O

Case Sweep and Cross-Case Studies
Search Algorithm

Search Algorithm Genetic Algorithm w

Population Size def (=calculated) o]

Number of Generations 30[...]

Show Genetic Algorithm Settings ]

Integrated Design Optimizer Options

Optimization Restart File ign ..

Faster Runtime (Local Runs Only)

Maximum Number of Parallel Designs 1

Timeout Duration (minutes) 300

Save Design Files? ]
Automatic Data Suppression (Recommended)

Figure 6. 4, Optimizer parameters setting.
As suggested by Gamma Technologies, the Integrated Design Optimizer allows more advanced
choices in terms of settings with respect to the Simple Optimizer attribute. “Multi-Objective,
Weighted Sum” allows to combine multiple different response RLTs (i.e. single value results

calculated after each simulated cycle) into a single objective function that gets minimized or
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maximized. This option finds a single best design for the created objective function, and the
objective function has a very specific definition, as described in the optimization manual.
Therefore, this option is recommended over the “Pareto” procedure when all objectives correlate
with each other. “Case Sweep and Cross-Case Studies” refers to the necessity to optimize more
than one case with a common solution. The use of the “Genetic Algorithm” is recommended by
the manual for all problems having medium to high complexity, which would result from many
factors, the presence of one or more constraints, and non-linear characteristics. The “Population

Size” when set to “def” is calculated with the following logic,

n Population Size
3 10

4 16

5 20

5] 26

7 30

8 40
9+ 50

where “n” is the factors number that must be optimized. Therefore, the three parameters inserted
as “Factors” were the Turbulent Flame Speed (TFS), Taylor Length Scale (TLS) and Flame Kernel
Growth (FKG) multiplier, while the Dilution Effect Multiplier (DEM) was set to the default value
(1, representative of the most operative conditions in an ICE). With a calculated Population size (3
factors correspond to 10 Population size elements) and an imposed Number of Generations of 30,
an exhaustive number of combinations was guaranteed to find the optimal solution. Finally, the
“Faster Runtime” option allows the optimizer to launch a single solver process and attempt to run
all designs using it. Doing so can greatly decrease the overall optimization time. Regarding the
three factors, it was necessary to analyse the sensitivity level for each one of them in terms of how
simulated in-cylinder pressure is affected. This allowed the definition of an operative range that
the optimizer can work with to find the optimal solution. To do this, for an arbitrary set of SITurb
parameters (TFS = 1.9, TLS = 4.4 and FKG = 5.3, obtained through trial and error as an initial

gross evaluation), a variation was applied for each parameter (+ 10% from the starting value) to
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study the effect on the pressure cycle as shown in figure 6.5 (A=1.15, SA12 CAD, WOT and CR=

10.25).
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Figure 6. 5, SITurb parameters effect on In-Cylinder pressure.
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It should be noted that only one parameter was varied at a time. On the basis of the obtained
results, considering the starting values of SITurb, it is evident that the TFS has the greatest impact
on the in-cylinder pressure traces with a set percentage of variation in its value. Therefore,
considering the large number of operating conditions analysed and the consequent different
resulting trace characteristics such as peak pressure, crank angle where it is reached and IMEP, it

was decided to set the range limits shown in figure 6.6 for the three factors.

Attribute 1 2 3
Factor TFs[...] TLs[... FKGL...]
(| Range 1.0 1.0 1.0
.| Lower Limit 0.8 1.0[] 4,000
©® Upper Limit 4.0[.. 10.0[...] 10.0[...]
Integers Only ] ] U

Figure 6. 6, Factors range limit setting.
Finally, the output signals of the MathEquations were set as RLT responses, with the aim of
minimizing them. This component uses three input signals generated by using RLT values for
peak pressure, its crank angle and IMEP, and calculates a sum of the difference between these
three values and those obtained from the experimental data. In this way it was possible to calculate
the error between the experimental values and the simulated ones (Pmax, CApmax and IMEP).
Evidently, the output of the MathEquation component was used as a target to be minimized by the

optimizer.
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6.3 Simulation Model Results

As a first step, the optimizer was applied for the relative air-fuel ratio A=1.15 with variable spark
timing (8, 12, 16, 20 and 24 CAD BTDC). This was intended as in-between the two extreme values
of air-fuel ratio that were investigated. Figure 6.7 shows the in-cylinder pressure traces obtained
with the optimized calibration parameters. Acceptable results were obtained for spark timing of 8,
12 and 16 CAD BTDC, while the more advanced settings of 20 and 24 featured reduced accuracy.
As Table 6.1 shows, only the SA12 and 16 show error values below 5% for all three target
parameters. More detailed description of tumble and turbulence would most likely improve
predictability, but again, as no additional data was available for calibrating the flow sub-model, the
default settings were preferred. Another possible effect is the extensive influence of blow-by losses.
The results in motored conditions (figure 6.3) give good confidence that the phenomenon is
correctly modelled. The default blow-by sub-model included in the code was found to predict
effective lambda values at EVO that were too low compared to measured relative air-fuel ratio at
the exhaust. This was due to the fact that the default sub-model allows only air to escape the
combustion chamber. While normally this would not be a problem, i.e. commercial engines
feature around 1% blow-by [17], due to the high mass loss specific for the optical engine, the
dedicated sub-model was preferred. Nonetheless, given that the simulation performed less
satisfactory for spark advance 20 and 24 seems to confirm that this phenomenon can be one of the

main reasons for lower accuracy for these conditions.
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Figure 6. 7, In-cylinder Pressure traces comparison, A=1.15, SA8 to 24 CAD BTDC.

ERROR% SA8 SA12 SAle SA20 SA24

Pmax Error <5%
CAPmax Error 5<E<15%
IMEP Error >15%

Table 6. 1, Calculated parameters error, A=1.15, SA8 to 24 CAD BTDC.
In a second phase, the model was run with the optimized FKG, TFS and TLS values for the other
two mixture strength settings, i.e. Duration of Injection (DOI) 30, 34 and 39 CAD, thus covering
A=1.30-1.15-1.00 conditions, at a fixed spark timing of 12 CAD BTDC. Figure 6.8 shows the
results for the three air-fuel ratio settings. As expected, the A=1.15 condition featured the lowest
error (given that this set of data was included in the optimization step), while A=1.30 was
characterized by large differences with respect to the measured parameters. The stoichiometric
case featured good accuracy in terms of absolute peak pressure, while its location and IMEP were
less satisfactory. The fact that the pressure trace is greatly anticipated for A=1.00 suggests that FKG
as well could be a determining factor. The initial phase of the process is highly dependent on the
chemical reaction time, i.e. the results depend heavily on the value of laminar flame speed. This
parameter is also essential for correct simulation in lean conditions, hinting towards the relatively

high difference recorded for A=1.30. Table 6.2 shows the relative error for each target parameter
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and highlights that the stoichiometric case features high error only for the location of peak

pressure, while the leanest condition fails to correctly model the pressure trace.
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Figure 6. 8, In-cylinder Pressure traces comparison, SA12 CAD BTDC, A=1.00-1.15-1.30.

ERROR% DOI30 DOI34 DOI39

Pmax Error <5%
CAPmanx Error 5<E<15%
IMEP Error >15%

Table 6. 2, Calculated parameters error, SA12 CAD BTDC, A=1.00-1.15-1.30.

For the A=1.30 case it is possible to attribute part of the difficulties of the model to return an
acceptable matching to the high value of cyclic variability (COVmer of 9.5%, Chapter 5, Figure
5.5). Figure 6.9 shows the entire set of 200 in-cylinder pressure traces, as well as the average and
simulation data. There are numerous cycles that featured late burn, thus resulting in changes of
the fluid composition at the end of the cycle, due to incomplete oxidation. Such significant
variations in residual gas composition could explain, at least in part, the difficulties in simulating

the combustion process. It should be noted that there no misfiring cycles recorded.
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In-Cylinder Pressure Traces (A=1.30, SA12 CAD)
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Figure 6. 9, In-Cylinder Pressure traces for A=1.30, SA 12 CAD.
Figure 6.10 shows the normalized flame area (determined using the optical data recorded in cycle-
resolved mode during the cycle that featured the trace closest to the average), compared to the
calculated Wetted Flame Area (WFA). The latter parameter is referenced to the cylinder head,
given the line-of-sight character of the optical data. The comparison reflects the overall accuracy
that is similar to that shown in Tables 6.1 and 6.2 but constitutes a solid starting point for

correlating simulations with the optical data.
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Figure 6. 10, Simulated (solid lines) and measured flame area (lines with symbols) for variable spark timing

and air-fuel ratio.
More to the point, even if the 0D/1D nature of the model allows only a fraction of the resolution
specific for 3D CFD simulations, important information of flame characteristics, as well as its

interaction with the turbulent flow field can be obtain with contained computational effort.
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To conclude, the GT-Power model was found to be predictive for part of the investigated
conditions. The optimized set of calibration parameters was only partially successful in predicting
the effect of spark timing and air-fuel ratio. Considering the difficulties intrinsically linked to this
type of engine, the overall calibrations performed on the individual sub-models can however
provide useful insight into in-cylinder phenomena, especially when considering the combination
of thermodynamic and optical data. Further analysis on the turbulence and combustion model is
needed to have a wider window of predictability (in terms of operative conditions covered by the

optimizer).
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Conclusive Remarks

The aim of the thesis work was to investigate the flame-fluid interaction for different operative
conditions and return a database with the information on kernel displacement of flame front

propagation direction. The main conclusions of this work are the following:

e Considering that the ignition strategy used for this study was the “Single breakdown
event”, the coil charge duration does not seem to affect the engine performances in an
appreciable way. However, a decreasing trend of the COV of the secondary current
intensity signal was observed for extended duration of coil charge.

e For a fixed Spark Advance at 12 CAD and variable Air-Fuel ratio (A), the Uniflow
configuration seems to show a peak in terms of engine performance (Higher value of
IMEP and lower COVyzp). For this operative condition, the Crossflow configuration has
registered the higher value of COV-Is.

e For a fixed Air-Fuel ratio set to DOI34/A=1.15, in line with the previous study [19], the
Counterflow configuration showed the slowest flame front propagation; in fact the latter
achieves the MBT condition for a Spark Advance of 20 CAD, while for the other two
configurations it is obtained for a SA of 16 CAD. The optical results confirm the
thermodynamic data.

e The optical analysis, for a fixed SA, showed a reversal trend along the vertical axis (passing
from the exhaust to the intake valves) for all the three configurations examined, with the
fastest decrease recorded for the Crossflow orientation. In line with [19], the Crossflow
configuration has registered the largest radial displacement of flame kernel with respect to
the spark plug center.

e The optical analysis, for a fixed AFR, showed a reversal trend along the vertical axis
(passing from the intake to the exhaust valves) up to 16 CAD for all the three
configurations (the only exception is for Counteflow configuration with a SA of 8 CAD).

e The GT-Power model return a good level of predictivity for the operative cases with a
fixed A=1.15 and Spark Advance from 8 to 16 CAD. Further analysis and calibrations on
the engine submodels are needed to improve the capacity of the model to return a better

matching between simulated and measured in-cylinder pressure traces.
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The results obtained suggest some interesting reference points for future analysis for the
investigation on the Flame-Fluid interaction in a DISI engine. The Counterflow configuration
sometimes exhibited opposite behavior in terms of optical results compared to the other two
configurations. This orientation certainly requires more in-depth studies to improve and validate

the results just obtained.
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