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Abstract: This work shows the results of an experimental campaign carried out in two spark ignition
engines, a small optical research engine and its commercial counterpart, using a turbulent ignition
system (pre-chamber) specifically designed for small engines. Advanced optical techniques and
conventional methods were used to study the combustion process under various operating conditions.
The pre-chamber operated actively in the research engine and passively in the commercial engine.
Results showed that the pre-chamber configuration resulted in an increase in indicated mean effective
pressure (IMEP) and a decrease in the coefficient of variation (CoV) of IMEP. These improvements
compensated for challenges such as slow methane combustion rate, poor lean burn capability, and
air displacement. In addition, the pre-chamber configuration exhibited lower fuel consumption
and specific exhaust emissions compared to the standard ignition system. The novelty of this work
lies in the successful implementation of the turbulent ignition system as a retrofit solution for SI
engines, showing improved combustion efficiency and lower emissions. The study goes beyond
previous efforts by demonstrating the benefits of the pre-chamber configuration in small engines
without requiring extensive modifications. The results provide valuable insights into the automotive
industry’s pursuit of engine optimization and highlight the significance of innovative approaches for
spark ignition engines in contributing to sustainable mobility.

Keywords: pre-chamber design; SI engine; active pre-chamber; passive pre-chamber; optical engine

1. Introduction

Increasing concerns about fuel shortages and environmental issues have led to ex-
tensive research into new technologies for internal combustion engines to reduce fuel
consumption and lower CO, and pollutant emissions while improving performance.

Recently, modern spark ignition engines have undergone a transition towards the
adoption of direct injection systems, known as gasoline direct injection (GDI). This shift is
driven by the desire to enhance engine efficiency and attain higher performance [1,2]. Direct
injection of fuel into the combustion chamber brings several advantages, including improved
knock resistance and higher volumetric efficiency. For liquid fuels, this is primarily due
to improved air cooling as a result of fuel evaporation. In the case of gaseous fuels, direct
injection provides better cylinder filling by displacing a portion of the air that enters the
cylinder when operating in port-fuel mode [3,4]. Consequently, this substitution of air
for gaseous fuel helps to reduce the limits of achievable specific power. In addition, the
higher pressure and improved precision of the GDI injectors allow more precise control of
the fuel quantity, resulting in improved efficiency, especially in the part-load conditions
and in dynamic operation. It should be noted, however, that the direct injection system
is comparatively more complex and comes with a higher cost when compared with its
counterpart, intake manifold injection.

One of the proposed solutions to significantly improve the efficiency of SI engines is
the use of lean mixtures, which can reduce unburned hydrocarbon and CO, emissions,
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especially during cold start [5-7]. The introduction of lean mixtures into the combustion
chamber leads to a decrease in flame speed and, thus, to a lower rate of heat release.
Moreover, the application of lean stratified combustion can potentially lead to engine
stability issues, especially with respect to cycle-to-cycle variation (CCV). The slowdown
in flame speed associated with lean stratified combustion can contribute to CCV, which
has a significant impact on engine emissions and performance. Instabilities during engine
operation, including vibration and noise, can affect power output. Conversely, reducing
CCV can increase power output while maintaining fuel economy, thereby increasing
overall efficiency.

CCV in Sl engines can be influenced by multiple factors, such as turbulence intensity in
the combustion chamber, air/fuel ratio, presence of residual or recirculated exhaust gasses
in the cylinder, spatial non-uniformity of mixture composition near the spark plug, spark
characteristics (including energy and duration), and flame core development. In general,
an increase in the burning rate and an improvement in flame front propagation lead to
an increase in engine stability [8], and this can be achieved in several ways, especially
under lean conditions. New combustion strategies, such as partial fuel stratification, have
demonstrated effectiveness in stabilizing lean combustion in direct injection spark ignition
engines [9]. Despite the benefits of GDI technology, it also presents certain drawbacks,
including an increase in exhaust emissions such as hydrocarbons (HC), carbon monoxide
(CO), and particulate matter. This is primarily due to the short duration available for
fuel vaporization and mixture formation to achieve charge stratification for overall lean
combustion. Furthermore, the impingement of fuel on the piston head and cylinder wall
contributes to these exhaust emissions [10-13].

New architectures, such as optimized pre-chambers, allow the flame speed and tur-
bulence to be increased [14,15]. A pre-chamber consists of a very small auxiliary chamber
connected to the main combustion chamber designed to initiate a flame front that rapidly
ignites the air-fuel mixture in the main chamber.

The mixture in a pre-chamber can be realized either by scavenging the mixture from
the main chamber during the compression stroke (passive pre-chamber) or by an additional
external fuel supply (active pre-chamber). The pre-chamber allows both stratified charge
combustion and very lean mixture combustion, which can reduce fuel consumption as in
direct injection engines [16] without greatly increasing pollutant emissions.

In both passive and active configurations, during the compression stroke, the pre-
chamber is filled with the intake charge present in the main combustion chamber. As
the piston approaches the top of the compression stroke, the spark plug ignites the air-
fuel mixture in the pre-chamber, causing a high-energy jet of flame and hot gasses to be
expelled through small holes into the main combustion chamber. The pre-chamber acts as
a dedicated ignition source for the leaner mixture in the main chamber, providing faster
and more consistent combustion initiation. In the active pre-chamber configuration, a small
amount of fuel is injected during the compression stroke, enriching the fuel-air mixture
around the spark plug [17], further increasing the stability and reliability of the ignition
and combustion processes in the main chamber. Active pre-chambers can be supplied with
either liquid or gaseous fuels, which brings some advantages in mixture formation. There
are examples of fuel supply to an active pre-chamber using fuel vapor [18], a premixed
fuel-air mixture [19], and methane or hydrogen [20].

The improvement in combustion stability and fuel efficiency through pre-chambers
is highly dependent on an appropriate geometric design that allows proper pre-chamber
filling and jet ejection, ultimately leading to efficient main chamber ignition. Optimiza-
tion of the pre-chamber design takes into account aspects such as pre-chamber volume,
internal shape, nozzle orifice layout and diameter, swirl control, injector location, spark
plug arrangement, and turbulence generation. To fine-tune these design parameters for
optimal performance and efficiency, the scientific community uses computational fluid
dynamics simulations (CFD) [21] and experimental studies. From an experimental point
of view, several researchers have studied the influence of different geometric parameters
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on the combustion process in metal engines [22]. In addition, optical studies using optical
techniques such as natural flame luminosity imaging, OH* chemiluminescence, infrared
emission, and planar laser-induced fluorescence (PLIF) have played a complementary role
by characterizing jet ejection and providing valuable insight into ignition within the engine
main chamber [23,24]. The effects of nozzle diameter on an active pre-chamber jet and
engine performance were investigated, and it was found that a pre-chamber with multiple
holes and a small hole diameter can improve thermal efficiency, but excessively small hole
diameters can lead to flame quenching and misfire [25,26]. With regard to spark plug
design, spark plug type, direction, position, and electrode spacing of the spark plug have a
significant effect on flame core development and combustion [27].

Properly designed pre-chambers can significantly extend engine lean-burn limit of
the engine and increase efficiency [28], but one of the disadvantages of integrating a pre-
chamber into an engine head is the associated cost. Installation of a pre-chamber requires
modification of the cylinder head, which may necessitate a redesign of coolant passages or
other features.

This paper reports on the design and testing of a prototype pre-chamber intended
as a retrofit for small commercial engines without the need to modify the cylinder head
and engine components. The pre-chamber was designed using the virtual design program
SolidWorks CAD. The main design goal was to include in the original engine head, par-
ticularly in the spark plug location, the pre-chamber endowed with both a commercial
park plug and injector. Once designed and manufactured, the pre-chamber was able to be
installed in a single-cylinder optical engine and in a commercial engine, being used in both
active and passive modes. Its effects on the combustion process, engine performance, and
emissions were studied.

The first part of the experiments was conducted in an optically accessible small spark
ignition engine running on methane and gasoline, and the pre-chamber was operated in
active mode. First, methane was injected into the pre-chamber and gasoline into the intake
manifold at an engine speed of 2000 rpm; subsequently, methane was injected into both the
pre-chamber and the intake manifold at 2000 rpm and 4000 rpm. At both engine speeds,
the optical engine ran with the throttle wide open (WOT) and in stoichiometric and lean
mode. The engine was alternately equipped with the standard spark plug and with the pre-
chamber, which was equipped with a direct fuel injector and a spark plug. The combustion
process was characterized by the acquisition of the indicated data for thermodynamic
analysis and the application of optical techniques, which provide a powerful tool for the
detailed description of the combustion process with a high spatial and temporal resolution
allowing a local analysis of the fundamental processes.

The second part of the experimental activity was carried out in a commercial small
spark ignition engine with the same characteristics as the research engine, running on
gasoline and with the pre-chamber operating in passive mode. This further experimental
campaign is intended to demonstrate the capability of the designed pre-chamber system
to be installed in the commercial engine head with no modifications and to give good
results in terms of engine performance improvements and also in its simpler figuration,
i.e., without additional injector (passive mode). The experiments were performed at
engine speeds of 2000, 3000, 4000, and 5000 rpm in stoichiometric and lean modes. The
engine was alternately equipped with the standard spark plug and with the pre-chamber
operating in passive mode. In order to obtain the same cylinder peak pressure in motored
conditions in the two configurations, a WOT condition was used for the pre-chamber, and
for the standard ignition configuration, the tests were performed at partial load (PL). The
combustion process was characterized by collecting the indicated data for thermodynamic
analysis, and exhaust emissions were measured under all engine operating conditions.

This paper is intended to represent an important advance in knowledge in this field:
This paper describes the pre-chamber design compatible with a commercial small displace-
ment engine and the effects of pre-chamber ignition compared to the original spark system
on the combustion process under stoichiometric and lean-burn operating conditions. The
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optical investigation in the research engine provides important information about the igni-
tion mechanism and combustion evolution, which results from the use of the pre-chamber
through high spatial and temporal visualization under real engine-like conditions. On the
other hand, the tests carried out on the commercial engine support the conclusions on the
efficiency improvements possible by using the pre-chamber, especially for lean mixtures.

2. Experimental Apparatus
2.1. Pre-Chamber

The pre-chamber was designed to fit inside the engine head, which is identical to
the commercial engine and the optically accessible research engine. It was designed to be
housed in the spark plug hole: the main challenge was to fit all the new components into
an existing, very small geometry designed only for the spark plug. Figure 1 shows the
complete ignition system in conjunction with the SI engine head, the pre-chamber, and a
detail of the pre-chamber tip with the holes.

Injector
housing

Spark plug
housing

Plasma jet
holes

(b)

Figure 1. Pre-chamber mounted in engine head (a), detail of pre-chamber (b). The housing for the
spark plug and the injection nozzle is shown in green, and the combustion pre-chamber is in gray.

The new ignition system consists of five different parts:

e  Combustion pre-chamber (golden part): The mixture of air and fuel is generated
in this component. The mixture ignites thanks to the spark plug, and due to the
resulting increase in temperature and, thus, pressure, the mixture passes through
the holes into the combustion chamber at a very high speed. The main objectives in
the development of this component were: Minimizing the volume to minimize the
impact on the compression ratio. Optimizing the shape, number, and orientation of
the holes to maximize the propagation speed of the plasma jet and, thus, the flame in
the combustion chamber.

e  Spark plug and injector housing (green part): The hole that originally contained the
spark plug has a maximum diameter of 24 mm. Due to the limited volume, the spark
plug and the injector could not be inserted in parallel. After a careful analysis focused
on reducing dead volume and possible losses, it was decided to insert the injector
along an axis parallel to the original spark plug hole and the spark plug at an angle
of 14° to the axis of the injector. In this way, it was possible to accommodate the two
components while facilitating assembly and disassembly operations.

e  Spark plug: an NGK-ER8EH-N spark plug was chosen for the pre-chamber for its
small size (thread diameter of 8 mm, hexagon of 13 mm, and thread length of 19 mm).

e Injector: A commercially available “Synerject Strata” injector was selected, designed
to inject an air-gasoline mixture in a direct injection system for gasoline engines. The
injector was modified to inject gaseous fuel: It was coupled with an adapter that has
the external geometry of the commercial GDI injector. On the inside, the adapter is
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equipped with an appropriately sized channel that allows methane to be injected into
the pre-chamber, optimizing mixture formation.

e Injector adapter (red part): An injector extension/adapter was designed to allow fuel
to be injected into the pre-chamber. The geometry of the adapter was designed based
on that of the injector. One end of the extension faces the combustion chamber, and
the other is connected to the injector, which in turn is connected to a rail. In the case of
the passive pre-chamber, there is no injector (dark green part), and the injector adapter
is used only as a cap.

Different pre-chambers with different numbers of holes and diameters were designed and
tested [29]. In this article, the results with four holes with a diameter of 1 mm are described.

Figure 2 shows a section of the engine head with the pre-chamber and a picture
showing the pre-chamber at the spark plug location of the engine. In the scientific literature,
it was found that if the volume of the pre-chamber exceeds 2.4% of the dead volume, the
disadvantages of reducing the compression ratio could exceed its advantages [30]. In this
study, the pre-chamber was not optimized for performance; it has a volume of 2.2 cm?,
which corresponds to 7.2% of the dead volume and results in a reduction of the compression
ratio from 9:1 to 8.5:1. Nevertheless, the performances of the engine equipped with the
pre-chamber are similar and, in certain conditions, even higher than those obtained with
the standard ignition system.

Injector/ injector
adapter

Spark Plug
housing

Prechamber
Plasma jet (3/4)

(a) (b)

Figure 2. Section through the engine head with the pre-chamber (a), pre-chamber tip in the center of

the head (green arrow) (b).

2.2. Engines Setup and Procedures

The new ignition system (pre-chamber) was tested on two small single-cylinder en-
gines of 250 cm® SI with the same head. The difference between the engines is that one is
the commercial version, and the other has been modified to be widely optically accessible.
The commercial engine has a maximum power of 16 kW at 8000 rpm and a maximum
torque of 20 Nm at 5500 rpm. In the optical version, the speed is limited to 5000 rpm,
so the maximum power is 7.9 kW, and the maximum torque is 14.7 Nm (measured at
5000 rpm). The head features a four-valve, pent-roof geometry chamber with a centered
spark plug. The bore and stroke of the engines are 72 mm and 60 mm, respectively, and
the geometric compression ratio is 9:1 with the standard ignition system; as previously
reported, when the pre-chamber is fitted, the compression ratio drops to 8.5:1 due to the
higher dead volume. In both engines, the main injection is in the intake manifold (port
fuel injection, PFI), and methane is supplied to the engine from a pressurized bottle with a
pressure regulator set at 8 bar. The fuel line is split into two rails to supply both the port
injector and the pre-chamber.

The in-cylinder pressure is measured by a quartz pressure transducer mounted flush in
the area between the intake and exhaust valves. The in-cylinder pressure, rate of chemical
energy release, and associated parameters are evaluated for each cycle and/or averaged
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over 500 consecutive cycles [7]. A lambda sensor is installed on the engine exhaust to
measure the air/fuel ratio. Injection timing is controlled by the ETU (Engine Timing Unit)
multi-channel system, as is ignition timing. Only in the commercial engine were HC, CO,
and CO, emissions measured using an NDIR analyzer, and NOy emissions were measured
using chemical sensors.

The standard spark plug and pre-chamber are mounted alternately on the engines.
The duration of the coil charge is set to 4 ms in both cases so as not to change the energy
delivered by the spark to the air-fuel mixture. Details of the engines’ characteristics are
shown in Table 1.

Table 1. Specifications of the SI single cylinder four stroke engines.

Parameter Value
Displacement [em3] 250
Bore [mm] 72
Stroke [mm)] 60
Connecting road [mm] 130
Compression ratio 9:1

Intake Valve: Opening @ 6 After Top Dead Center and Closing
@ 50 After Bottom Dead Center,
Exhaust Valve: Opening @ 4 Before Bottom Dead Center and
Closing @ 1 After Top Dead Center

Valve timing [°CA]

In the optically accessible engine, a wide section of the concentric flat-bottomed piston
bowl is replaced by a sapphire window. An elongated piston arrangement is used, equipped
with two self-lubricating piston rings to prevent the lubricating oil from getting on the
window during engine operation. The upper ring, near the top of the piston, is made
of a high carbon/Teflon bronze composite to better withstand the high temperatures of
combustion. The lower piston ring, protected from temperature by the upper ring, is made
of Teflon-Bronze to provide a better seal. Moreover, for the lower part of the transparent
single-cylinder engine, a special lubricating oil and coolant conditioning unit is used; it
contains a pump for oil and another for water. The oil pressure in the circuit is adjusted by a
pressure control valve (overflow valve). The water circuit is equipped with a coolant/water
heat exchanger and a coolant heater. The heat exchanger is used to cool the water during
engine operation and the engine-lubricating oil via the coolant/oil heat exchanger. The
coolant heater is instead designed to heat the coolant and lubricating oil during engine
warm-up to stabilize the engine operating condition before starting the experiments, as the
duration of the optical engine tests is insufficient to stabilize temperatures.

Figure 3 shows a detail of the optical engine and experimental setup for cycle-resolved
2D imaging of natural luminosity. A 45° tilted UV-visible mirror, located at the bottom of
the optical section of the engine, reflects the light emitted during the combustion process
that has passed the transparent piston. In this way, the light is reflected toward the optical
detection unit, which differs depending on the optical technique applied.

For cycle-resolved flame visualization, images were acquired using a fast 16-bit
1024 x 1024 pixel CMOS (complementary metal-oxide semiconductor) camera coupled
with a Nikon lens with a 105 mm focal length and f/3.8. The optical configuration provided
a spatial resolution of 100 um/pixel. A camera region of interest of 512 x 512 pixels was
selected, and a frame rate of 12,500 frames per second, corresponding to an exposure
time of 80 us, was set to achieve the best match between spatial and temporal resolution,
considering the low luminosity of methane combustion compared to gasoline. The spectral
wavelength range of the camera is 380-700 nm.

UV-visible digital imaging of the combustion process was carried out using an ICCD
(Intensified Charge Coupled Device) camera, PIMAX 3—Princeton Instruments, with a
Nikon /3.8 UV lens with a focal length of 78 mm. In the case of engine operation at
2000 rpm, using the traditional ignition system, an image is acquired every 2° Crank
Angle—°CA (166.6 ps), with an exposure time of 2 °CA (166.6 ps). With the use of the
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pre-chamber, an image is acquired every °CA, corresponding to 83.3 us with an exposure
time of 1 °CA.

Spark plug/

Pressure
Prechamber

transducer

Fastcam Photron SAX2

UV-visible
45° mirror

Figure 3. Experimental apparatus: optical engine and optical setup for investigations in the combus-
tion chamber.

The first time of acquisition also varies depending on the ignition system used. In
the case of a traditional ignition system, the start corresponds to the spark timing (ST):
using the pre-chamber, the acquisition starts after the ST because the combustion inside the
pre-chamber takes about 10 °CA (@2000 rpm) to propagate through the orifices.

During each test, 20 frames are acquired, corresponding to 40 °CA with the traditional
ignition system and to 20 °CA in the case of pre-chamber. To obtain a more accurate
estimation of the combustion process, for each of the 20 frames, the camera acquires five
images corresponding to five different cycles to allow calculating an average image.

A bandpass filter (centered at 310 nm) was coupled to the ICCD camera to measure
the two-dimensional, spatially resolved chemiluminescence of the OH* radical.

The synchronization between the engine crankshaft, the in-cylinder process, and the
optical measurements was obtained through the AVL Crank Angle Encoder signal and the
AVL ETU, used to generate the trigger signals for the injectors (both in the pre-chamber and
in the intake manifold) and the ignition coil. In this way, through two signals generated
by the Encoder, Trigger, and CDM, it was possible to determine the crank angles where
the optical data were acquired. Moreover, during the optical measurements, in-cylinder
pressure, pressure, and temperature of the intake air and the lambda value were acquired
and recorded on the AVL Indimodul, using TTL signals together with the signal acquired
through the crank angle encoder.

The detected images were post-processed using the open software Image]J, which
allows geometric information such as the flame area and radius to be obtained from
the brightness of each average image. The procedure used is shown in Figure 4 and is
characterized by the basic steps described in a previous article [7]. Prior to the acquisition
of all sequences, the background was detected in motored condition. Then, each 16-bit
grayscale image was treated by subtracting the background (original image background).
Then, the intensity and contrast of the images were optimized to obtain an image that is
much sharper and brighter than the original (treated image). Then, a threshold was set,
and the image was binarized (binarized image). The non-zero pixels of the binarized image
were counted to obtain the flame area (in pixels). For both the standard ignition and for
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pre-chamber case, starting from the total flame, which was obtained by summing all flame
areas in the image, the flame radius was calculated as the radius of the equivalent flame
circumference. The corresponding flame speed was calculated from the flame radius.

standard ignition

Original image -

i Binarized image
background Treated image g

-

prechamber

Figure 4. Procedure for image processing.

The fuels used in these activities were methane and European commercial gasoline.
The chemical and physical properties are listed in Table 2.

Table 2. Fuel properties.

Fuel Property Gasoline Methane
Formula C4-C12 CH4
Molecular weight [kg/kg mol] 100-105 16.04
Carbon [mass %] 85-88 75
Hydrogen [mass %] 12-15 25
Oxygen [mass %] 2.7 -
Density [kg/m?] 720-775 0.67
Boiling point [°C] 27-225 —1614
Vapor pressure [kPa at 38 °C] 48-103 -
Specific heat [k] /kg K] 2 2.22
Viscosity [mPa-s at 20 °C] 0.37-0.44 0.011
Lower Heating Value [M]/kg] 42-44 50
Auto ignition temperature [°C] 257 600
Research Octane Number 98 >120
Flammability limit [vol %] 1.4/7.6 5.3/14
Stoichiometric air/fuel 14.7 17.24

3. Results and Discussion

The “results and discussion” section is divided into two parts: in the first part, the effect
of the pre-chamber (active mode) on the combustion phenomenon in the optical research
engine using high-speed imaging, UV visible imaging, and OH* chemiluminescence. In the
second part of the section, the pre-chamber (in passive mode) was used in the commercial
SI engine to evaluate how it affects engine performance and emissions.

In the optical engine, the active configuration was chosen to induce the phenomena
taking place in the pre-chamber in a more controlled way. In the commercial version of the
engine, the passive pre-chamber was used because it is more realistic and useful in terms
of retrofit, as it would be simpler and cheaper without an additional injection system.
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3.1. Pre-Chamber in the Optical Research Engine
3.1.1. Engine Operating Conditions in the Optical SI Research Engine

All experiments were performed at WOT; the intake air temperature was set to 298 K,
and the cooling water temperature to 333 K. Two different injection systems were chosen
for the optical SI engine: (1) methane injection at 8 bar in both the pre-chamber and the
intake manifold; (2) methane injection at 8 bar in the pre-chamber and gasoline in the
intake manifold.

Twelve conditions were tested at 2000 and 4000 rpm, characterized by different equiv-
alence ratios: A = 1.00, A = 1.15, A = 1.30, A = 1.60, with the standard ignition system (SIS)
and with the pre-chamber ignition system (PC).

Finally, in order to optimize exhaust emissions with respect to HC, the end of fuel
injection in the pre-chamber was set at 190 °CA BTDC (firing TDC).

The details of the engine performance at the selected operating conditions are given
in Table 3 in terms of IMEP and CoV of IMEP. The values of CoV of IMEP were similar to
those of the commercial reference engine (see next section), but the IMEP is lower due to
the lower compression ratio of the optically accessible engine (9:1 versus 11.5:1).

Table 3. Details of the selected engine operating conditions.

Speed DOI (PFI) DOI(PC) IMEP  CoVivgp ST

Fuel PFI Ignition System [rpm] A [°CA] [°CA] [bar] [%] [°CA BTDC] Test #
SIS 2000  1.00 125 5.2 0.9 25 1
SIS 2000 115 115 49 14 25 2
_ PC (CHy) 2000  1.00 120 10 45 2.8 20 3
Gasoline PC (CHy) 2000 115 112 10 44 43 22 4
PC (CHy) 2000  1.30 105 10 40 2.7 25 5
PC (CHy) 2000  1.60 88 10 3.7 47 33 6
SIS 2000 1.00 115 5.3 2.9 24 7
SIS 2000  1.30 100 46 74 24 8
PC (CHy) 2000  1.00 110 10 5.1 2.0 20 9
CH, PC (CHy) 2000  1.30 90 10 42 2.9 20 10
SIS 4000  1.00 230 5.9 3.8 30 11
SIS 4000  1.30 190 34 25 30 12
PC (CHy) 4000  1.00 220 10 5.8 1.9 38 13
PC (CH,) (CHy) 4000  1.30 180 10 5.0 2.7 38 14

3.1.2. Indicated Data Analysis

Figures 5 and 6 show the comparison between in-cylinder pressure and Rate of Heat
Release (ROHR) averaged over 500 consecutive cycles for the turbulent ignition (pre-
chamber) system and the standard ignition configuration at 2000 and 4000 rpm—WOT
in stoichiometric and lean modes. The ROHR curves are obtained from the in-cylinder
pressure signal using the first law of thermodynamics. The blue curves are the indicated
data for the standard ignition configuration, and the green curves represent the indicated
data when the pre-chamber is used.

Figure 5 refers to tests #1—+#2, where gasoline is port injected, and to tests #3—#6, where
methane is injected into the pre-chamber and gasoline is injected in PFI mode at 2000 rpm.
Figure 6 refers to tests #7—#8, 11-#12, where the methane is port injected, and to tests #9—#10,
#13—#14, where the methane is injected into both the intake manifold and the pre-chamber,
at 2000 rpm (a) and 4000 rpm (b).
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Figure 5. In-cylinder pressure and ROHR curves for pre-chamber and standard ignition system under
stoichiometric and lean conditions at 2000 rpm with gasoline port injection (tests #1 to #6).
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Figure 6. In-cylinder pressure and ROHR curves for pre-chamber and standard ignition system
(a) under stoichiometric and lean conditions at 2000 rpm (tests #7 to #10), (b) under stoichiometric
and lean conditions at 4000 rpm (tests #11 to #14) with methane port injection.

For all conditions shown in Figures 5 and 6, the in-cylinder pressure and ROHR curves
increase sharply during pre-chamber combustion, indicating faster combustion compared to
the conventional spark plug. The curves in the pre-chamber ignition mode are very narrow
compared to the standard configuration, indicating a shorter combustion duration. Under
all conditions, both stoichiometric and lean combustion, the pre-chamber configuration
exhibits higher cylinder pressure than the standard spark plug configuration, despite the
lower compression ratio. The increase in pressure can be attributed to a sharp reduction in
combustion duration and a resulting better combustion phasing as well as lower thermal
losses. The overall combustion efficiency is improved by the turbulence generated by the
pre-chamber within the main combustion chamber and the faster propagation of the flame
front obtained with the plasma jets outgoing from the pre-chamber.
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For lean mixtures, the combustion is slower and more retarded than in the stoichio-
metric case, as highlighted by the ROHR curves. This is due to the lower flame speed of
lean mixtures. On the other side, using the pre-chamber configuration, the lean combus-
tion evolves closer to TDC than it could happen for the standard ignition system, with a
positive effect on the combustion efficiency. As shown in Table 3, at a fixed lambda value
slight decrease in IMEP for the turbulent ignition system configurations was observed
for 2000 rpm with gasoline and methane PFI. For methane, at 4000 rpm, the benefits of
the turbulent ignition system combustion exceed the disadvantages of the reduction in
compression ratio, and in the stoichiometric condition, the operating points show similar
IMEP. In lean conditions, the turbulent ignition system strongly improves the combustion
stability, as demonstrated by the value of CoV of IMEP (1.9), lower than the commonly
accepted threshold (3% [30]). This causes an increase in IMEP. Moreover, despite the lower
compression ratio with the pre-chamber, the in-cylinder pressure is higher than that of the
traditional spark plug at both stoichiometric and lean modes.

With standard ignition configuration and gasoline, it is possible to reach stable condi-
tions with lambda 1.3. Using methane and standard ignition systems, stable combustion of
leaner mixtures cannot be achieved. The use of pre-chamber allows for overcoming this
limitation allowing to reach the combustion of lean methane mixtures.

3.1.3. Optical Data Analysis

Optical diagnostics were used to understand the effects of the pre-chamber on the
combustion process. High temporal resolution imaging was performed for all selected
engine operating conditions. Figures 7 and 8 show the cycle-resolved evolution of the com-
bustion process under stoichiometric and lean conditions at 4000 rpm for both architectures
when methane was injected in PFI mode and in the pre-chamber (conditions from 11 to
14). Images were taken from the spark timing and the start of combustion until the flame
front reached the optical boundary (3 mm on the radius smaller than the cylinder wall).
For brevity, only the results at 4000 rpm were shown.

In the standard configuration, the first luminosity is due to the spark ignition and is
indicated by a strong brightness near the spark plug. The flame kernel continues to move
in a circular way from this point until it reaches the optical boundary of the combustion
chamber. It can be seen that the flame propagates faster in the stoichiometric SI case than
in the lean SI case. This result is in good agreement with the scientific literature [9]. In
standard combustion, the images show that flame growth is asymmetric, and the shape
of the flame deviates from a “circle”. This behavior is even more pronounced in lean
combustion, where the flame develops slowly, and its propagation is strongly influenced
by the flow dynamics in the chamber and undergoes a greater distortion.
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Figure 7. Cycle-resolved 2D measurements of natural luminosity detected at selected crank angles
for the conventional spark ignition system under stoichiometric and lean conditions at 4000 rpm.
(tests #11-#12).
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Figure 8. Cycle-resolved 2D measurements of natural luminosity detected at selected crank angles
for the pre-chamber ignition system under stoichiometric and lean conditions at 4000 rpm. (tests
#13—#14).

A different behavior is observed for the turbulent ignition system (pre-chamber), both
in stoichiometric and lean conditions, as shown in Figure 8.

In the turbulent jet ignition configuration, no evidence of spark luminosity was ob-
served due to the pre-chamber geometry. The first evidence of flame is a slight luminosity,
indicating the presence of four flames propagating from the pre-chamber with a jet be-
havior: This °CA has been defined as the “start of combustion” (SOC). The four jets are
due to the combustion started in the pre-chamber: A mixture of radicals and products of
partial combustion spreads in the main chamber through the small holes in the head of the
pre-chamber with a velocity close to 100 m/s. These flames reach the wall and increase their
intensity, spreading throughout the volume, changing shape, and resembling a quatrefoil.
They show a luminous, dense core in the center of the flame jet.

These four flames are much brighter than the standard flame front and spread to the
cylinder wall in fewer crank angle degrees than the standard configuration. The combustion
duration is significantly shortened due to the high ignition energy—the energy used to
initiate the combustion process—which results in combustion characterized by a lower
CoV mvep compared to the standard ignition, and furthermore, an even leaner mixture can
be burned, as shown in Table 3.

In high-time resolution imaging, the contribution of luminosity in the UV, mainly due
to the OH*, is very small and undetectable because the CMOS camera used for this activity
has its maximum sensitivity between 380 and 700 nm. To assess whether the contribution
of OH* affects the rate of flame propagation, the evolution of the combustion process was
recorded with an acquired UV-visible ICCD camera.

Figure 9 shows the results at 2000 rpm for the standard ignition configuration and
pre-chamber.

Figure 9a shows combustion in the stoichiometric condition for the standard configu-
ration when gasoline was injected in the PFI mode (test #1). Evidence of spark ignition is
shown by a luminous arc; the flame kernel is easily seen, although its luminosity is much
less than that of the spark. The flame kernel has a circular shape and moves radially from
the spark plug toward the cylinder wall. The intensity of the chemiluminescent emission is
almost uniform within the cloud.

Figure 9b,c show the combustion process at stoichiometric and lean conditions, re-
spectively, for pre-chamber ignition (tests #3 and #5). Gasoline was injected in the PFI
mode, and methane was injected in the pre-chamber. Both combustions show four flames
propagating out of the pre-chamber with a jet-like behavior igniting the mixture of fresh air
and gasoline in the main chamber. The images make it possible to see the start of injection
and follow the flame development in the cylinder. These four flames are much brighter
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than the normal flame front; they spread very quickly in both stoichiometric and lean
conditions and occupy the entire optically accessible area in a few images.
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Figure 9. 2D chemiluminescence at 2000 rpm for (a) standard ignition in stoichiometric condition (test

#1-gasoline in PFI mode); (b) pre-chamber ignition in stoichiometric condition (test #3-gasoline in PFI
mode + methane in the pre-chamber); (c) pre-chamber ignition in lean condition (test #5, gasoline in
PFI mode + methane in the pre-chamber, A = 1.3).

Figure 10 shows the 2D OH* radical chemiluminescence distribution for the standard
ignition configuration and for the pre-chamber at 2000 rpm in the stoichiometric condition.
For the standard configuration (Figure 10a), the gasoline was injected into the intake
manifold; for the pre-chamber configuration, the methane was injected into the pre-chamber,
and the gasoline was injected into the intake manifold (Figure 10b). OH* radical was
detected by coupling the ICCD camera with a bandpass filter centered at 310 nm; this radical
is used as a flame marker and indicates the location of the reaction zone. In Figure 10a, the
distribution of OH* radicals begins near the spark plug during standard ignition and moves
in a radial direction toward the chamber wall as the crank angle increases. In Figure 10b,
the OH* radicals spread along each jet and toward the cylinder wall.

(b)

1 CAD AST 4 CAD AST 8 CAD AST 12 CAD AST 1 CAD ASOC 2 CAD ASOC 3 CAD ASOC 4 CAD ASOC

16 CAD AST 20 CAD AST 24 CAD AST 28 CAD AST 5 CAD ASOC 6 CAD ASOC 7 CAD ASOC 8 CAD ASOC

Figure 10. 2D OH* radical chemiluminescence distribution at 310 nm, detected at typical crank angles
of the combustion process for the standard (gasoline in PFI mode—test #1—(a)) and pre-chamber
(gasoline injected in PFI mode + methane in the pre-chamber—test #3—(b)) ignition at 2000 rpm for
stoichiometric condition.
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Analysis of the UV-visible signal allows stating that the cycle-resolved visualization
can track the combustion process without distortion due to the lack of UV signal detection.

In order to perform a more comprehensive analysis of the impact of ignition configura-
tion and engine operating conditions on the combustion process, the flame radius and flame
propagation speed were measured. The following comparison illustrates the calculated
flame radius and speed for all the conditions investigated based on the CMOS images. From
the previous images, it can be seen that the plasma/flames emerging from the pre-chamber
holes reach the boundaries of the viewing window in a couple of °CA due to the high exit
velocity, but at this point, the flame has not yet spread throughout the chamber, and there
is still unburnt mixture between the adjacent jets. Therefore, the combustion speed cannot
be evaluated from the time evolution of the maximum flame radius; otherwise, it would
be greatly overestimated. For the same reason, in the case of pre-chamber ignition, the
combustion flame speed starts with the first calculated value different from zero, unlike the
case of standard ignition. The plasma/flames in the pre-chamber ignition case leave the
pre-chamber holes with a velocity much higher than zero, while in the standard ignition
case, the flame radius and the flame speed are zero at the start of the spark.

Figure 11a shows the evolution of the flame radius in the standard and pre-chamber
at 2000 rpm when methane and gasoline are used. In the pre-chamber, the flame reaches
the optical boundary and, thus, the combustion chamber wall much earlier than in the
standard combustion under all conditions. In addition, for both configurations, the rise of
the flame radius curve is slower at higher lambda values, but this effect is less pronounced
for combustion with the pre-chamber compared to standard combustion.
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Figure 11. Flame radius (a) and flame front speed (b) evolution for the standard (gasoline in PFI
mode) and pre-chamber (gasoline injected in PFI mode + methane in the pre-chamber) configurations
at 2000 rpm in lean burn and stoichiometric operations. (tests #1—#6).

For the standard configuration, as seen in Figure 11b, the flame propagation speed
shows similar behavior for both lambda values: it increases, reaches a maximum, and then
decreases. The peak of the flame speed corresponds to °CA when the flame boundaries
start to locally exceed the optically accessible region. After the peak, the decrease in flame
speed is due to the growth of the flame area outside the piston window and has only
limited quantitative significance [9].

In turbulent jets ignition, the combustion process begins in the pre-chamber, and when
the plasma jets enter the cylinder (through the orifices of the pre-chamber), they have
remarkable turbulence and speed. Moreover, they are highly reactive due to the presence
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of active radicals. This means that the speed of the flame achieved by visualization starts
with a high value and then decreases. Compared to the standard spark plug, the maximum
value is higher and more advanced in both stoichiometric and lean conditions.

For the standard ignition case, the flame front propagation speed shows similar
behavior for both lambda values and engine speeds; it rises, reaches a maximum, and then
it decreases, as in tests #1 and #2. Instead, for a turbulent ignition system, the flame front
spreads faster from the pre-chamber hole with its maximum speed, so the flame radius
starts with the maximum slope without the first flex present in the flame radius of the
standard ignition system. However, the rate of increase as well as the time to reach the
optical limit, are strongly related to the ignition type and the operating conditions.

In a turbulent ignition system, the flame speed is higher than in the standard spark
plug and shows higher and more advanced maximum values in both stoichiometric
and lean conditions. Interestingly, advanced and accelerated combustion is not influ-
enced by engine speed. This is attributed to the turbulence generated by the plasma jet
from the pre-chamber, which overrides the effects of turbulence caused by engine speed.
Figures 12 and 13 show that in the case of the turbulent ignition system, the flame front
reaches the optical limit wall at almost identical times for both engine speeds. In addition,
the flame velocities are similar, as evidenced by the fact that the flame at 4000 rpm requires
twice as many crank angle degrees (°CA) to travel the same distance as at 2000 rpm. On
the other hand, in the standard configuration at higher engine speed, the combustion speed
increases, and the time taken by the front flame to reach the optical limit wall at 4000 rpm
is almost half compared to the condition at 2000 rpm.

The turbulent ignition system exhibits faster flame front propagation, resulting in a
lower CoV of IMEP compared to the standard spark plug configuration under all conditions.
In the case of standard ignition, when the mixture is leaned, the flame front propagation is
slowed down due to the reduced flammability of methane in lean conditions. Interestingly,
for the turbulent ignition system configuration, the flame propagation is only slightly
affected in lean conditions, although it approaches the minimum flammability limit. This
observation is noteworthy, considering that the turbulent ignition system keeps flame
spread relatively stable even under lean conditions.

Flame Radius [mm]

30
optical limit | optical limit
i 25 — o7
4
’
i / ,
— ! II
€ 20 — ! ’
S ! 4
—_ 1 ’,
(2] 7 1 v
2 l ’
g1 | /!
1 A )/
2000 rpm g 17 K
A=1.00 T 40 ’
_____ A=1.30 L , 4000 rpm
prech. A=1.00 ] A=1.00
————— prech. A=1.30 5 L’ -----A=1.30
] L’ prech. A=1.00
Bl L == prech. A=1.30
U '
T ‘ T ‘ T o T - ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
crank angle ASOC [deg] crank angle ASOC [deg]
(a) (b)

Figure 12. Flame radius evolution with standard and pre-chamber ignition at 2000 rpm (a) and
4000 rpm (b) in lean burn and stoichiometric operations (methane injected in PFI mode + methane in
the pre-chamber—tests #7—#14).



Energies 2023, 16, 5097

16 of 24

Flame Speed [m/s]

100 100
2000 rpm N 4000 rpm
90 A=1.00 %0 | A=1.00
o4l - A=1.30 80~ s A=1.30
prech. A=1.00 . prech. A=1.00
0 T i prech. A=1.30 — 70 — prech. A=1.30
2 i
S
60 —, - 60 —
2 i
50 — | 8 50 —
\ n |
40— | g 40
1 (_U |
1
30— | L 30
1 _
20 I‘ 20 —
1
11 i
10— | SN 10 —| .
- v - - - S~ - | So .
O —\ \" T ‘ T ‘ T ‘ T ‘ T = ‘— =1 ‘ T 0 ‘ \\ ‘ 1
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
crank angle ASOC [deg] crank angle ASOC [deg]
(a) (b)

Figure 13. Flame speed with standard and pre-chamber ignition at 2000 rpm (a) and 4000 rpm

(b) in lean burn and stoichiometric operations (methane injected in PFI mode + methane in the
pre-chamber—tests #7—#14).

3.1.4. Influence of the Conditions in the Cylinder on the Behavior of the Plasma Jet

To investigate the effect of conditions in the cylinder on the characteristics of the
plasma jets, the flame speed of each jet was calculated and plotted against the crank angle.
This analysis was performed for three different lambda values while injecting methane into
the pre-chamber and gasoline into the intake manifold.

Figure 14 on the left shows an image of the combustion chamber captured by a 45°
mirror mounted in the elongated piston. The intake valves (L.v.) and exhaust valves (E.v.)
are highlighted, as well as the position of the pressure transducer and spark plug/pre-
chamber. On the right side of Figure 14, the locations of the plasma jets, strategically
selected for analysis, are indicated within the combustion chamber. Each plasma jet was
assigned a specific number for identification purposes.

Spark plug/
Prechamber

Pressure
transducer

Figure 14. Combustion chamber and analyzed plasma jet positions for flame speed calculation, the
symbols @@ @ in the right side identificate the jets for further discussion.
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The objective of this section is to investigate how the behavior of each plasma jet
is affected by the fuel concentration in the main chamber, represented by the lambda
value. Figure 15 shows the flame speeds of the individual plasma jets plotted against
crank angle for various lambda values. In addition, the dashed black lines depict the
corresponding average flame speed curves. As the lambda values increase, the flame speed
curves progressively deviate further away from the average curves.
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Figure 15. Flame speed of each plasma jet at lambda =1 (test 3) (a), lambda = 1.3 (test 5) (b), lambda
= 1.6 (test 6) (c).

In Figure 15a, when lambda is equal to one, the flame speed curves of each plasma
jet are closely aligned with the average flame speed curve. However, as the lambda
values increase (Figure 15b,c), the flame speed curves increasingly deviate from the average
curves. This indicates that at higher lambda values, the behavior of each plasma jet becomes
increasingly different from the others. The probable reason for this is that in lean conditions,
the flame speed is low, and flame propagation is more influenced by the fluid dynamic
of the combustion chamber. Since the four jets are located at positions characterized by
different flow fields, their distortion is different.

3.2. Pre-Chamber in the Commercial SI Engine
3.2.1. Engine Operating Conditions of Real SI Engine

The commercial engine, like the optical one, was tested in two configurations: Standard
ignition and pre-chamber.

The tests were conducted at engine speeds of 2000, 3000, 4000, and 5000 rpm using
gasoline as fuel. In order to obtain the same cylinder peak pressure in the motored condition
in the two configurations, a WOT condition was used for the pre-chamber, and for the
standard ignition configuration, the tests were performed at part load (PL). The intake air
temperature was set at 298 K, and the cooling water temperature was maintained at 363 K
by an AVL water conditioning unit.

For each engine operating condition, the spark timing (ST) was selected to minimize
the CoV of the IMEP and achieve maximum brake torque. The injection duration (DOI)
was selected to achieve the stoichiometric equivalence ratio and the leanest possible com-
bustion with a reasonable CoV of IMEP (less than 4%). For this reason, the DOI varied
depending on the engine point and configuration. For both ignition configurations, the end
of fuel injection into the manifold (EOI) was set at 230 °CA BTDC. Table 4 lists all engine
parameters and performance at each selected operating condition.
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Table 4. Commercial engine parameters and performance at the selected operating conditions.

" . Throttle Speed ST DOI IMEP CoVimep
Configuration A Valve [rl;m] [°CA BTDC] [us] [bar] [%]
Standard 10 PL 2000 » 4100 7.19 0.82
Standard 14 PL 2000 » 3000 5.59 3.67
Pre-chamber 10  WOT 2000 17 4400 8.35 0.71
Pre-chamber 14 WOT 2000 27 3250 6.49 276
Standard 1.0 PL 3000 28 4650 8.11 1.03
Standard 13 PL 3000 37 3700 6.80 2.19
Pre-chamber 1.0 WOT 3000 20 4600 9.07 0.66
Pre-chamber 13  WOT 3000 " 3500 7.25 2.10
Standard 1.0 PL 4000 27 5000 8.79 1.87
Standard 12 PL 4000 ) 4200 7.87 2.90
Pre-chamber 1.0 WOT 4000 35 4850 9.65 0.76
Pre-chamber 12 WOT 4000 47 4100 8.63 2.60
Standard 1.0 PL 5000 25 5000 9.24 2.63
Standard 11 PL 5000 27 4600 8.81 2.80
Pre-chamber 1.0  WOT 5000 48 5000 9.63 1.86
Pre-chamber 1.1 WOT 5000 40 4450 8.62 2.80

3.2.2. Indicated Data Analysis

To compare combustion with the turbulent ignition system to standard ignition, in-
cylinder pressures and ROHR for all engine speeds, lambda values, and configurations are
shown in Figure 16.
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Figure 16. In-cylinder pressure and ROHR curves for pre-chamber and standard ignition system
under stoichiometric and lean conditions at 2000 (a), 3000 (b), 4000 (c), and 5000 (d) rpm.
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In standard ignition, the part-load condition was used to compensate for the reduction
in compression ratio caused by the pre-chamber. To achieve the same compression ratio,
the motored pressure was equalized for both configurations.

With the pre-chamber configuration, the maximum pressure in the cylinder is higher
than with the conventional spark plug under all conditions, despite the lower compression
ratio. This is due to a combination of two factors: First, the partial load conditions for the
conventional spark, and second, the faster combustion in the pre-chamber and, thus, a
better combustion phasing.

In particular, at A = 1 the ROHR shows a narrow and highest peak, which is probably
due to the early onset of ignition, and a slightly larger peak at A = 1.4. This is due to faster
combustion related to the faster propagation of the flame front, typical of turbulent ignition
systems [31]. The faster propagation leads to a deeper penetration of the flame in the main
combustion chamber and, thus, to significantly faster combustion in the main chamber.

At 2000 rpm, for both stoichiometric and lean modes, the quantity of energy available
in the combustion chamber is similar but slightly higher for the turbulent ignition system
due to the air partialization of the standard spark plug configuration; instead, the engine
efficiency, evaluated as ISFC showed in Figure 17, is much higher in the turbulent ignition
system than in the standard ignition. On the other hand, at the other engine speeds, both at
stoichiometric and lean values, the amount of fuel injected into the combustion chamber
is slightly higher for the standard ignition configuration, and yet the IMEP and efficiency
are always higher with the turbulent ignition system. In all configurations, the fuel was
injected at the same time and with the same pressure; there are no differences in the mixture
formation, and therefore, in the lambda distribution in the combustion chamber at ST
and during flame front propagation, the main difference is observed in the flame front
propagation due to the turbulence generated by the pre-chamber, as shown by the optical
investigation previously reported.
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Figure 17. ISFC measured for both ignition types in stoichiometric and lean configurations at 2000,
3000, 4000, and 5000 rpm.

In Figure 16d, the pressure cycles and the ROHR at 5000 rpm are reported. For the
standard ignition configuration (PL), the combustion is faster and more advanced in the
stoichiometric case, as evidenced by the ROHR curves. With the turbulent ignition system
(WOT), the combustion acceleration results in a higher peak of the ROHR, which has a
greater slope than the standard ignition. Moreover, in the lean condition, the combustion
evolves closer to the TDC in the standard ignition mode because of the advanced spark
timing, as can be seen in Table 4, improving the combustion efficiency and producing
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a higher effective pressure. It is worth noting that despite the increase in IMEP, in the
lean condition, the efficiency is higher for the turbulent ignition system due to the shorter
injection duration compared to the standard ignition one. At 5000 rpm-stoichiometric
condition, the turbulent ignition system strongly improves the stability of the combustion
and consequently causes the increase in the IMEP (averaged on 500 consecutive cycles). A
slight decrease in the IMEP values for the turbulent ignition configuration was observed
only at 5000 rpm lean condition may be due to the worst mixture formation into the
pre-chamber caused by the lower time available. Table 4 presents the values of IMED, its
corresponding coefficient of variation (CoV), and the lambda for the different conditions
studied. Across all conditions, the advantages of the turbulent ignition system combustion
outweigh the drawbacks of the reduced compression ratio. The CoV of IMEP serves as an
indicator of cyclic variability derived from pressure data, and it should ideally be below
3% to signify a highly stable combustion process [31,32]. The CoV of IMEP is lower for the
turbulent ignition system suggesting a more stable combustion: the reduction in CoV can
be ascribed to the increased turbulent flame speed rather than the laminar flame speed,
which depends on the lambda value. Instead, at 5000 rpm-lean conditions, the CoV of
IMERP is higher for the turbulent ignition system, probably because at higher engine speeds,
the pre-chamber scavenging and subsequent filling are worsened. This could determine a
much more difficult and unstable ignition.

The effect of ignition strategy and lambda value on combustion is also well described
by the indicated specific fuel consumption (ISFC). In Figure 17, it can be seen that the ISFC
in the lean condition is lower for both ignition modes, as expected. For pre-chamber, the
ISFC is much lower than for standard ignition, except at 5000 rpm, where pre-chamber
scavenging and mixture formation need to be improved.

3.2.3. Exhaust Gas Emissions

Figure 18 shows CO, CO,, HC, and NOy emissions in g/kWh at different engine
speeds and lambda values. Both CO and CO, concentrations are lower in the turbulent
ignition configuration than in the standard ignition configuration, despite the larger fuel
quantity at some of the tested conditions. This indicates more efficient combustion in the
pre-chamber configuration compared to the standard ignition. The only exception is CO at
high rpm (Figure 18d), where the efficiency of the turbulent ignition system decreases: This
is confirmed by the indicated data analysis at 5000 rpm described above.

The more efficient combustion is also evident in the turbulent ignition configuration,
considering the lower HC concentrations, probably due to faster and more advanced
combustion, leading to a higher temperature in the cylinder, which promotes fuel evapo-
ration. Another factor to take into account is the reduced quenching distance resulting
from accelerated combustion and the subsequent decrease in thermal dispersion. NOx
emissions, which are highly dependent on the in-cylinder temperature, are particularly
affected by these changes. In absolute terms, the turbulent ignition configuration re-
sults in higher NO emissions due to faster and more advanced combustion, leading to
higher cylinder temperatures. However, if they are expressed in g/kWh, they are affected
by the lower fuel consumption measured with pre-chamber combustion so that their
value is comparable and lower than for the standard ignition configuration, except under
stoichiometric conditions.
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Figure 18. CO, CO,, HC, and NOy emissions for all the tested conditions at 2000 (a), 3000 (b), 4000 (c),
and 5000 (d) rpm.

4. Conclusions

The aim of this paper is to investigate the effect on engine stability and efficiency in
stoichiometric and lean-burn operation conditions of a turbulent ignition system suitably
designed for a small spark ignition engine. The pre-chamber was designed to be integrated
into the original engine head, particularly at the unmodified location of the spark plug, and
it is equipped with both a commercial spark plug and an injector, being used in both active
and passive modes.

Optical diagnostics revealed that the turbulent ignition system had faster and more
advanced combustion compared to the standard ignition system, regardless of engine
speed. It overcame lean mixture limitations maintaining flame propagation even near
minimum flammability limits. The pre-chamber improved the lean operating limit for
methane fueling, ensuring stable operation at high excess air. In addition, experiments on a
commercial engine with a passive pre-chamber showed higher in-cylinder pressure and
lower CoV of IMEP, indicating improved combustion stability except at the highest engine
speed. The turbulent ignition system demonstrated lower ISFC and lower specific exhaust
emissions, indicating more efficient combustion, except at 5000 rpm, where pre-chamber
optimization is required due to suboptimal scavenging and mixture formation. Overall,
the turbulent ignition system provided more energy for combustion initiation and faster
flame propagation, which improved lean mixture combustion and overall engine efficiency.
The main advantage of the system is that it extends the flammability limit of the air-fuel
mixture, ensuring consistent, high-quality combustion.
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°CA Crank Angle degree

BTDC  Before Top Dead Center

CcCcv Cycle-to-Cycle Variation

CMOS Complementary Metal-Oxide Semiconductor
CcO Carbon Monoxide

CoV Coefficient of Variation
DOI Duration of injection
ETU Engine Timing Unit
GDI Gasoline Direct Injection
HC Hydrocarbons

ICCD  Intensified Charge Coupled Device
IMEP  Indicated Mean Effective Pressure
ISEFC Indicated Specific Fuel Consumption

PC Pre-Chamber

PFI Port Fuel Injection

PL Partial Load

ROHR Rate of Heat Release

rpm rotation per minute

SI Spark Ignition

SIS Standard Ignition System
SOC Start of Combustion

ST Spark Timing

TDC Top Dead Center

TTL Transistor-Transistor Logic

WOT  Wide Open Throttle
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