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Abstract

The paper reports on the experimental analysis of a multiple spark ignition system, carried out with conventional and
optical non intrusive methods. The system features a plug-top ignition coil with integrated electronics which delivers
high ignition energy and high voltage compared to conventional ignition coils, and is capable of multiple discharges
with reduced dwell time. The ignition system is characterized in terms of electrical parameters to evaluate the spark
power and energy as a function of different hardware configurations and operating conditions. A high speed camera
is used to visualize, at different ambient pressures, the time evolution of the electric arc discharge in order to
highlight its position variability, which could have an impact on combustion kernel development and deflagration
front stability in engines.
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1. Introduction

In 2010 the total amount of vehicles on the road reached more than 1 billion worldwide, and this
number keeps increasing every day. This fact poses important mobility challenges, and pushes toward the
reduction of energy consumption and CO2 emissions. In fact the use of internal combustion engines for
road vehicle propulsion will continue for several years, because it is very unlikely that the entire fleet will
be completely replaced, in the short and medium term, by electric vehicles with energy produced from
renewable sources. Accordingly, research on internal combustion engines is nowadays even more
imperative, in order to reduce their environmental impact and their energy consumption.

The SI engines are the most common for passenger cars and their development is therefore very
important. The main research and development lines of SI ICEs currently concern the engine downsizing,
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turbocharging, GDI injection systems in order to obtain stratified or homogeneous charge in the
combustion chamber, thermal management systems [1, 2], VVA systems [3, 4] to allow pumping work
reduction at part load or internal EGR, advanced ignition systems.

In case of operation in lean or diluted conditions, it is very important to obtain a reliable ignition of the
air-fuel mixture, overcoming the problems that may arise by the occurrence of misfire, or from values of
the coefficient of variance (COV) of the mean effective pressure above of 5%.

Besides the development of stratified charge combustion chambers, also suitable ignition systems can
help the first flame kernel generated after the ignition to develop a stable deflagration front. In this
framework, in recent years different advanced ignition systems, characterized by different types of
electrical discharge, have been studied: multi-spark discharge, continuous discharge, repetitive pulse
discharge, corona effect, discharge, etc. [5, 6, 7, 8].

As mentioned above, one of the main purposes of such ignition systems is to decrease the COV of
IMEP, which strongly depends on the characteristics of the development process of the deflagration front,
mainly in the early combustion stage. Influencing factors are the local air-fuel ratio, the local flow field,
and, last but not least, the energy and location of the electrical discharge produced by the ignition system
[9]. In other words, it is believed that not only the spark energy, but also the spark location may play an
important role in the interaction with mixture composition and charge motion; moreover the spatial
distribution, between the spark electrodes gap, of the energy supplied by the discharge can also play a role
in the development of advanced CFD-3D simulation codes [10, 11].

In this paper a Multi-Spark Discharge (MSD) ignition system provided by Federal Mogul has been
analyzed. Energy and location of the ignition spark have been studied, using conventional electrical
measurement systems and a high-speed camera for the direct observation of discharge phenomena.

2. Experimental Setup and Test Plan

This experimental study was carried out by analyzing the behavior of different configurations and
operating conditions of the MSD system supplied by Federal Mogul. The system is composed of a plug-
top coil and a programmable interface; two types of coils were used, the slow one (MSP2), characterized
by a charge time t,,= 3 ms, and the fast one (MSP3), with t,,= 1.2 ms. By programming the interface, the
number of commanded spark events can be set, up to a maximum of 17.

In the tests presented in this work, the MSP2 coil was operated in single spark mode, and this case was
considered as the reference, and in 4 spark train mode; while the MSP3 coil was programmed to work in
4 spark train and in 9 spark train modes.

In order to analyze the dependency of the system behavior on the ambient pressure, a closed vessel was
designed and set up, with a wide optical access, and capable of operating at pressures up to 10 bar. Square
64x64 pixel images of the spark events have been recorded by means of a Vision Research Phantom V710
high speed camera, working at 130,000 frames per second, with a 7 ps exposure time and a 7.7 pum/pixel
spatial resolution. The spark voltage V; and current Iy were measured at 2 Msample/s rate by a digital
oscilloscope, and recorded in 2 Msamples long traces (1 s total time). A pulse generator was set at 50 Hz
to drive the spark train frequency, corresponding to a 4-stroke engine speed of 6000 rpm.

All the collected data have been post-processed by a suitable code developed by the authors in
Matlab”. The power Wy is determined, as a function of time, from V; and I; values, along with the
corresponding energy E value; the mean value of the energy supplied by the spark trains, the ¢ and the
COV are also calculated. The about 130,000 images collected in each test were used to determine the
spark average position, in terms of its X and Y coordinates, by retaining the points with a brightness level
above a prefixed threshold value. Besides the spark position, also the spark brightness level was
calculated, in order to check the correlation with the instantaneous power level, as a function of time;
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these kind of spatial energy maps could also be used in possible future studies as input data for numerical
simulations of the ignition process.

The tests were performed using commercial spark plugs, with two different electrode gaps (0.85 mm
and 1.00 mm) according to the following Table 1

Table 1. Test plan for gap 0.85 mm and for gap 1.00 mm spark plugs ( overall, 16 operating conditions )

Coil Type Pair, bar No. of sparks in the train
MSP2 3 1 and 4
6 1 and 4
MSP3 3 4and 9
6 4and 9

3. Experimental Tests, Results and Comments

The main parameter wich characterizes a spark is the power Wy developed by the discharge process.
Typical patterns of the power evolution in time of the MSD system analyzed in this work, are presented in
Fig. 1: the typical curves are shown, related to the three main MSD system operating conditions used in
these tests: single spark, four spark and nine sparks trains.

400 s 400 -
z £ =z :
5 g 5 300 2
£ 300 § g §
5 g 5 & ‘1 |
&
£ 200 3 200 \‘ ! H\ ‘ W\
Q time, o time, us c
x x
8 100 ‘%100
(%)
o AN b lk\ W o _M b m‘\ nJM MD‘L__
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
time, us x10° time, us X 10
400
H
2 g
& 300 5
ES :
o £
g H
g o ALTUTART™
= i
©
o
%)

=

SRS e T Ee s oie
) -W\ ﬂmj
0 by

0 1 2 3 4 5 6 7
time, us

Fig. 1. Typical spark power patterns: (a) single spark; (b) four spark tr;il?; (c) nine spark train

Observing the W trends in Figure 1, three typical characteristic times for each operating mode can be
defined: Az, the time between two subsequent power rises; 7oy, the duration of each discharge event; 7.,
the duration of the last discharge event of each train.

As far as the discharge process visualization is concerned, two typical image series are reported in Fig.
2, where each image is taken during one of the nine sparks of a train. It can be noted that in the first train
the spark channel moves from left to right, in opposite direction the second train.

Each of the about 130,000 images collected in each test performed on the bench shown in Fig. 3a, were
post-processed analysing the brightness levels of each pixel. The Matlab code developed in this work was
used to determine the location of the spark average position, by retaining the points with a brightness level
above a prefixed threshold value, and to evaluate the global brightness of the discharge channel, frame by
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frame. An example of the different positions of the spark images average position are reported in Fig. 3b,
superimposed to the image of the spark plug electrodes.

Fig. 2. Typical spark image series (nine spark trains)

(a) (b)

Fig. 3. (a) test bench with the pressurized vessel, (b) example of spark average position sequence

In Fig. 4 an example of the spark brightness trends obtained from the image post-processing is shown: the
comparison with the simultaneously acquired electric power trends shows a strong correspondence. The
good correlation between light and power levels confirms the observations presented in [6], were the use
of spatial energy maps as input data for numerical simulations of the ignition process was proposed.
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Fig. 4. Synchronous signals: (a) spark brightness level, (b) spark power level

3.1. Energy analysis

In order to highlight the influence of the operating parameters on the main characteristics of the spark
energy release process, in the following the detailed results concerning 6 of the examined cases are
discussed (Table 2), where the mean value, the standard deviation and the COV of energy release are also
reported.

The levels of energy released as a function of time for subsequent discharge events in Case 1 operating
conditions are reported in Fig. Sa, obtained by integrating the spark power, also shown in the same figure:
the global level of energy released per each event is about 50 mJ. If the 4 spark mode is set on the same
MSP2 coil (Case 2, Fig.5b), the overall energy level rises to about 68 mJ per train of sparks: it has to be
noted that about 40 mJ are released by the last spark, value that remains almost constant for different events,
while the little differences between train overall values can be ascribed to the first three sparks.
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Table 2. Spark energy release results.

# Case E.mJ] OO 0Om] COV,
1 Gap 0,85 -MSP2 -3 bar—1 50,25 1,96 3,91
2 Gap085-MSP2-3bar—-4 6791 3,11 4,58
3 Gap‘0,85 -MSP2-6bar—4 65,66 3,52 5,36
4 Gap‘0,85 -MSP3—-6bar—4 37,33 1,43 3,82
5 Gap‘0,85 -MSP3—-6bar—9 50,25 1,90 3,78
6 Gap‘l.OO -MSP3—-6bar—9 51,29 2,05 4,00

The increase of the test pressure to 6 bar (Case 3), keeping other parameters unchanged, does not cause
remarkable changes in energy release, while the adoption of the MSP3 fast coil (Case 4, Fig.5¢) produces
variations in energy release trend and maximum value (that drops to about 37 mJ): the reason lies in the
shorter toy time (from 280 ps in Case 2 and 3, to 140 ps in Case 4), while also the shorter At interval
(from 700 ps to 240 ps) between two subsequent spark events of the same train, causes the steps in the
trend to be less noticeable.
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Fig. 5. Spark power and energy release results: (a) Case 1, (b) Case 2, (c) Case 4, (d) Case 5.
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As it could be expected, in Case 5 (Fig.5d) the occurrence of 9 sparks causes a greater energy release
by the train (about 50 mJ) if compared to Case 4, while Case 6 (gap between electrodes rising to 1 mm)
does not produce notable effects.

3.2. Spark position analysis

The main results of the image processing, in terms of average spark position, are shown in Fig.6: X and
Y coordinates are reported as a function of time, in separate plots, in order to highlight movements and/or
distortion phenomena of the discharge channel that could be expected to take place in different ways
along the main directions in the image plane.

As a matter of fact, along the Y (vertical) coordinate, spark movements are present but necessarily limited
between the two physical boundaries represented by the electrodes: as an example, Gy plot for Case 1 reported
in Fig.6a shows that the average vertical position varies during the spark discharge, but remains within few
tenths of millimiter. This behaviour holds true for the different spark events and also for all other cases.

Differently, along the X axis the spark channel has a greater freedom of movement. In Fig.6 the Gx
plots shows a greater variation in time of the average position: during a single discharge event, among the
different sparks of one train, and among different trains ( Fig.6b, Case 2, as an example). In some cases
the position variation in X exceeds 1 mm in a single train, 1.5 mm in sequences of more events
(Fig.6¢, Case 6). Such a level of variability of the spark channel position encourages further insights.
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Fig. 6. Spark channel average positions: (a) Gy in Case 1, (b) Gx in Case 2, (c) Gx in Case 6.
4. Conclusions and Future Work

In this work the experimental analysis of a multiple spark ignition system was presented, determining
the performance in terms of energy release, and evaluating the related coefficient of variance COV: the
values found, between 3.5% and 5% suggests a possible influence on the COV of the IMEP during an
engine operation, which should be further investigated at the engine test bench.

An optical non intrusive analysis was also carried out, observing the discharge phenomenon in
different conditions: it was found a good correspondence between brightness level evolution in time and
synchronous spark power signal. The average position of the discharge channel was also determined,
highlighting, in the zone between the two electrodes, variations along the horizontal direction that could
result in a larger variability of the flame front after the first combustion kernel formation.
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