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Abstract

Numerous studies have shown that spark ignited gas engines
currently play an important role in decentralized energy sup-
ply concepts and will continue to do so in the future. To meet
stringent emission limits while maintaining high engine effi-
ciency, there is a trend towards higher mean effective pressu-
res and ultra-lean highly turbulent combustion concepts. Un-
der these severe ignition conditions, it is increasingly
challenging to limit cycle-to-cycle combustion variability to ac-
ceptable levels. Given the central role of the ignition process,
this publication provides a report on fundamental research on
all aspects of spark ignition as a prerequisite to understanding
the relevant sub-processes of the electronic ignition system,
electric arc and flame kernel development and subsequently
improving engine performance.

The fundamental research on spark ignition is addressed fol-
lowing the LEC Development Methodology (LDM), which
approaches problems using specifically tailored experimental
investigations and simulations of fundamental processes. An
optically accessible arc test rig allows investigation of electric
arc behavior in an inert atmosphere under engine-like pressu-
res and flow velocities at the spark plug using high-speed ima-
ging and sophisticated postprocessing algorithms. A rapid
compression-expansion machine (RCEM) provides the oppor-
tunity to investigate the flame kernel development in the vi-
cinity of the spark plug electrodes under engine-like and re-
active (but nearly quiescent) conditions. In this case, optical
accessibility in combination with high-speed imaging and so-
phisticated postprocessing algorithms also represents the key
diagnostic method. Finally, investigations on a single cylinder
research engine (SCE) equipped with ion current measure-
ment technology are used to analyze the infant flame kernel
development under real engine conditions, completing the
picture of the ignition process and providing the basis for the
validation and improvement of a spark ignition model.

The results illustrate how the results from the specific test rigs
are transferable to the results obtained from the single cylin-
der engine measurements. It can be inferred that the cyc-
le-to-cycle variability introduced by the electric arc behavior
and along with it the variability of the spark energy contribu-
tes to the cycle-to-cycle variability observed in spark ignited
internal combustion engines. Future research will apply the
full range of the diagnostic methods presented here to gain
further insight into the role of energy from spark ignition in
heavy duty and large gas engines under lean conditions.

1. Introduction

Numerous studies have shown that spark ignited gas engines
currently play an important role in decentralized energy sup-
ply concepts and will continue to do so in the future [1], [2].
While the diesel engine will still dominate the transportation
(marine, rail) sector as the main source of propulsion, power
generation applications will rely mainly upon gas engines [3],
[4]. However, low emission gas engines may also be able to
meet the very stringent emission requirements for marine ap-
plications especially in coastal regions [5], [6], [7], [8]. In recent
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Eigure 1: Ultra-lean mixtures and high mean effective pressures narrow down the window for

stable engine operation [12].

years, the electrical efficiencies of gas engines have improved
remarkably. Some have even reached values of over 50% with
the lowest possible emissions, and the potential exists for a
further improvement in efficiency [9]. The trend towards hig-
her mean effective pressures and ultra-lean highly turbulent
combustion concepts will continue. As a direct consequence,
combustion stability has become an issue for robust engine
operation [10], [11]. As the excess air ratio of the mixture and
the mean effective pressures increase, the window for stable
engine operation between misfire and knock becomes smal-
ler, see Figure 1. Under these severe ignition conditions, limi-
ting cycle-to-cycle variation to acceptable levels becomes in-
creasingly challenging.

Optimal performance of the ignition system is critical to sup-
porting the development of the infant flame kernel into a sta-
ble flame front. Although research into alternative ignition con-
cepts is being conducted, electronic ignition systems are the
most widespread in engines worldwide. The development of
high performance electronicignition systems has contributed
to the persistence of electronic ignition systems [13]. There-
fore, it is expected that they will continue to dominate in gas
engine operation.

Alean burn combustion concept requires optimal ignition sys-
tem performance and influences the design and setup of the
electronic ignition system. Figure 2 shows schematically the
interaction of the ignition hardware, spark discharge, infant
flame kernel development and global in-cylinder combustion
associated with direct current electronic ignition technology.
The purpose of the ignition system is to transfer electric ener-
gy stored in an ignition coil (inductive ignition system) or in a
capacitor (capacitive discharge ignition systems) into the com-
bustible mixture. The conversion of electrical to thermal ener-
gy is accomplished by the electric arc formed between the
electrodes of the spark plug after breakdown, which is achie-
ved via a high-voltage pulse. Local flow field and thermody-
namic conditions, e.g., pressure and mixture temperature at
the spark plug, greatly influence the characteristics of the spark
discharge and consequently determine the energy supplied
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Figure 2: Interaction and influencing factors of ignition hardware, electric spark, infant flame kernel development and combustion in spark ignited engines.

by the ignition system that is available to initiate combusti-
on. Strong flow fields have the ability to significantly stretch
the electric arc. Since the electric arc serves as a conductor
in the secondary circuit of the ignition system, in-cylinder
conditions directly influence the discharge characteristics of
the electronic ignition system. Once the supplied energy is
sufficient to initiate the development of an infant flame ker-
nel, the further energy supply helps to overcome heat los-
ses due to turbulent flame quenching and the spark plug
surface. If the process is successful, turbulent, stable flame
propagation can develop. Global in-cylinder flow and tur-
bulence intensities greatly influence and promote the com-
bustion process and are crucial for thorough combustion in
the cylinder.

Since the ignition process plays a key role in the overall com-
bustion cycle and since it takes place under increasingly se-
vere conditions, fundamental research into all aspects of
spark ignition has to be pursued from both an experimen-
tal as well as from a modeling perspective. Optical diagno-
stic methods used to study the initial flame kernel develop-
ment temporally and spatially significantly contribute to a
better understanding of spark ignition. However, these
techniques are difficult to apply in large gas engines due to
the very limited access to the main combustion chamber
and/or the prechamber.

In order to meet the challenges arising from these objecti-
ves, a clearly structured methodology is applied: LEC
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Development Methodology (LDM). LDM is based on the clo-
se interaction between simulation and experiments. In this pu-
blication, the methodology is specially tailored to the speci-
fic tasks — primarily experimental investigations of
fundamental processes on special test rigs as well as a single
cylinder research engine. Different test beds and diagnostic
methods have been developed and used to study spark igni-
tion in large gas engines. Although electrode wear and mea-
sures of mitigation to increase spark plug lifetimes are also im-
portant aspects of robust engine operation, they will not be
addressed in this publication. Figure 3 provides an overview
of the methodology that has been specially tailored to the
tasks at hand.

Step 1 of the methodology involves modeling. A detailed spark
ignition model has been developed and is currently being in-
tegrated into the CFD methodology [14]. This process rests
upon highly sophisticated numerical methods that are applied
to depict the detailed physical relationships. The model con-
sists of several submodels that all require separate validation.
In Step 2, specially tailored fundamental experiments that iso-
late certain aspects of the spark ignition process are conduc-
ted under very controlled experimental conditions. These in-
vestigations provide an extensive database for validating the
submodels as well as valuable insight and fundamental
knowledge into the ignition process. However, the complete
model can only be validated with measurements on a real gas
engine. The final Step 3 thus consists of model validation with
measurements of a single cylinder research engine (SCE). The
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Figure 3: LEC Development Methodology (LDM).



knowledge obtained during model development and funda-
mental experiments provides critical input for the design of
the SCE experiments. At the same time, results of both fun-
damental and SCE experiments are used to validate and to
improve the modeling.

2. Diagnostic Methods

Based on the development methodology described above,
the following test rigs have been designed to explore speci-
fic aspects of spark ignition by using diagnostic methods:

¢ The influence of flow and thermodynamic conditions on
electric arc and the ignition system hardware and their
mutual interaction are studied in the arc test rig descri-
bed in section 2.1 using noncombustible gases. The fo-
cus is on the energy available for flame kernel generati-
on and support which is transferred from the ignition
system to the gas, see Figure 2 a) and b).

e  Theinteraction of the infant flame kernel with spark plugs
is studied in a rapid compression-expansion machine
(RCEM) in section 2.2. This study focuses on heat loss to
the spark plug electrodes, see Figure 2 c). Spark plug elec-
trodes for gas engines exhibit significantly larger quen-
ching surfaces at lower electrode gaps than automotive
spark plugs, thereby meriting a more detailed investiga-
tion [15].

e  The fundamental experiments focus on the surplus ener-
gy resulting from supplied spark energy and heat loss to
electrodes. The scenario that contains all influences oc-
curring in real engine operation, especially the influence
of turbulence, can only be analyzed in a SCE, which is de-
scribed in section 2.3. These measurements, therefore,
focus on the complete functional chain, see Figure 2 a) -
d), and require the development of special diagnostic me-
thods to obtain information on early flame propagation.
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The following subsections present the three diagnostic me-
thods and explain the appropriate post-processing procedu-
re for obtaining the relevant information with each method.

2.1 Arc test rig

The purpose of the arc test rig is to study spark behavior and
its interaction with the ignition hardware under strong cross
flow and turbulence levels at pressures in the range of 1 to 60
bar. This test rig enables detailed investigation of the spark
energy input to the flowing gas as a key parameter for suc-
cessful spark ignition. A non-reacting atmosphere is used th-
roughout these experiments.

Figure 4 gives an overview of the test rig installation (left) and
a detailed cross-sectional view of the test cell (right). The sys-
tem provides controllable, stable and well-defined experimen-
tal conditions that are essential to interpreting the measure-
ment results and generating a database for model validation.

The installation is designed as a closed circuit system that can
be pressurized up to 60 bar. A hermetically sealed blower pro-
vides continuous gas flow, resulting in superficial velocities
(volume-flow averaged velocities) of up to 30 m/s upstream of
the spark plug. The temperature can be controlled by a heat
exchanger. The key element is the test cell, which facilitates
the installation of different spark plug variants and provides
three windows for optical access (two windows opposite each
other on each side, one window at the bottom of the cell). In
addition, the orientation of the spark plug electrode can be
adjusted in relation to the direction of the flow velocity. A mass
flow meter and pressure and temperature sensors monitor sta-
ble operation. Prior to the measurement campaign, the flow
field upstream of the spark plug was measured with CTA (cons-
tant temperature anemometry) so that the defined velocities
at the spark plug were able to be assigned to the measured
gas mass flows. To this end, an in-situ calibration procedure
for high pressures was specifically developed at the LEC. The
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Figure 4: Arc test rig and cross-sectional view of test cell.



Eigure 5: Steps of image processing to obtain the length of the electric arc.

behavior of the electrical arc is captured by a high-speed ca-
mera (Photron FASTCAM SA-X2) and the ignition system pa-
rameters (primary and secondary voltages and currents) are
measured by an oscilloscope (Yokogawa DL850EV ScopeCor-
der Vehicle Edition). The high-speed camera and the oscillos-
cope measurements are synchronized by a trigger signal ge-
nerated by the ignition system.

One important aspect of the diagnosis method is the auto-
mated quantitative evaluation of high-speed images. The
length of the stretched arc is extracted from the high-speed
images. The procedure developed at the LEC for image pro-
cessing of electric arc recordings is shown in Figure 5.

The raw image is transformed into a binary black and white
image using a threshold of 90%, see Figure 5 a) and b). After
binarization is complete, the algorithm checks for disjunct
areas of the white region(s). The threshold value is iteratively
reduced until a continuous region is obtained for the first time,
Figure 5 c). The interior is then removed, leaving behind only
the outer contour of the formerly white region, Figure 5 d).
The arc length is estimated by dividing the circumference of
the outer contour by two. This measure is very good for elong-
ated structures but poor for nearly spherical objects. A final
check is performed to establish the degree of sphericity of the
white region, which represents the electric arc. This algorithm
proved to be more reliable and robust than other methods
[16], which used a skeletization procedure.

2.2 Rapid compression-expansion machi-
ne (RCEM)

The rapid compression-expansion machine serves as test rig
for the fundamental investigation of individual ignition and
combustion processes in an engine-like environment with
excellent optical accessibility and high flexibility in terms of
piston stroke, compression ratio and composition of the gas
mixture. In contrast to the experiments in the arc test rig, which
used a non-reactive atmosphere and only investigated arc be-
havior, the investigations in the RCEM study the interaction of
the infant flame kernel with the spark plug electrodes in de-
tail.

Figure 6 provides a cross-sectional view of the machine with
a hardware setup dedicated to the detailed analysis of spark
ignition and combustion events with premixed gas-air mixtu-
res. Similar to an internal combustion engine, the combusti-
on chamber is surrounded by a cylinder head, cylinder liner
and piston. The cylinder head includes a centrally located spark

plug and several sensors but is otherwise flat (no intake/exhaust
valves). The cylinder liner contains three lateral windows near
the fire deck that provide optical access to the combustion
chamber. The combustion chamber is also charged and drained
through access bores in the liner. The piston (flat piston deck)
is connected to a piston tube. A circular window in the piston
deck in combination with a recess in the piston tube and a 45°
mirror provide an additional optical access to the combusti-
on chamber in the axial direction of the cylinder. A ballistic pis-
ton movement (“shot”) is achieved by applying pressure to
the end face of the piston tube with compressed air. A mass
balancing piston between the compressed air and the piston
tube is connected hydrodynamically to the piston tube and

Combustion Piston Tube

Chamber

Air Piston

Figure 6: Cross-sectional view of the rapid compression-expansion machine.

moves in the opposite direction to compensate for the inerti-
al forces during a shot. The pressurized air volume can be ad-
justed with an air piston and an adjustable external pressure
reservoir (not shown in Figure 6). The bore diameter of the
RCEM is set at 84 mm and the stroke can be adjusted to a ma-
ximum of 250 mm.

The same ignition system and measuring equipment (high-
speed camera and oscilloscope, described above in section
2.1) were used for the measurements at the RCEM. In additi-
on to recording the ignition system parameters, a piezoelec-
tric pressure transducer captures the in-cylinder pressure tra-
ce during one shot. With the high-speed camera, different
measurement techniques can be applied such as the schlie-
ren technique and broadband imaging of light emission du-
ring ignition and combustion. Figure 7 provides an example
of one sequence of images recorded for this study to illustra-
te the possibilities of investigating the flame kernel develop-
ment.
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Figure 7: High-speed schlieren imaging of flame kernel development.

The left-hand side of Figure 7 shows a schematic view of the
RCEM. The dashed rectangle within the combustion chamber
indicates the area of the images visible on the right-hand side
of the figure. The displayed sequence of images (time steps
1 to 7) was recorded through the lateral windows by schlieren
imaging, which allows visualization of the flame front by me-
ans of density gradients in the premixed gas-air mixture [17].
In each image, the ground electrode of the spark plug can be
identified by its dark, J-shaped display. After spark breakdown
in time step number 2 (visible from the distinct light emission),
the propagation of the flame within the gap of the spark plug
can be seen. As time elapses, the flame area expands inside
the gap and then propagates further into the combustion
chamber.

2.3 Single Cylinder Engine (SCE)

The next step of the diagnosis methodology employs a large
high-speed four-stroke single cylinder engine with a displace-
ment of approximately 4 dm3 in order to investigate ignition
and infant flame kernel development under real engine con-
ditions. To ensure reproducible testing conditions, the engi-
ne is supplied with conditioned charge air, burning gas, coo-
ling water and lubricating oil on the test bed. The back
pressure in the exhaust pipe is controlled by a flap to simula-
te the presence of a turbocharger.

For the present study, the engine was fitted with a cylinder
head designed for open chamber combustion of a premixed
gas-air mixture with a centrally located spark plug as the sour-
ce of ignition, see Figure 8. Both the ignition system and the
measurement technology for recording primary and secondary
currents and voltages were the same as on the arc test rig. To
supplement the standard technology for measuring the igni-
tion system parameters and the in-cylinder pressure trace,
eight ion current probes were fitted symmetrically around the
spark plug at a radial distance of 10 mm from the spark plug
thread axis. These probes detect the flame front arrival at their
locations, thereby enabling detailed and robust analysis of

Eigure 8: SCE cylinder head instrumented with ion current probes.
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Eigure 9: Computation of drift velocity and flame front velocity.

flame kernel development in the near vicinity of the spark plug
(18], [19].

The ion current signals are sampled and recorded by the en-
gine indication system. A special algorithm calculates the time
of arrival of the flame front from the measurement signal of
each individual ion current sensor. From the distance between
the sensor and spark plug center and the ignition timing, a
characteristic flame velocity can be computed and a polar dia-
gram of flame velocities can be generated, yielding a two-di-
mensional visualization of the infant flame kernel development
(described in detail in the following section). The definition of



a drift velocity and flame front velocity used as characteristic
values is introduced in Figure 9 and explained below.

Assuming the infant flame kernel is spherical, the drift veloci-
ty denotes the mean velocity at which the center of the flame
sphere is moving (cross flow effects) and the flame front velo-
city denotes the mean velocity at which the radius of the sphe-
rical flame ball increases. The red dot in Figure 9 indicate the
spark plug position, x_i the ion current sensor position, x_M
the position of the center of the flame ball. r denotes the ra-
dius of the flame ball. If the flame is detected at sensor i after
the time At_i has elapsed since the start of ignition, then the
values x_Mi and r_i are known for a given drift and flame front
velocity. Each sensor provides a conditional equation for the
unknowns, drift and flame front velocity. When more than three
jon current sensors are used, this results in an overdetermined
system of equations which is solved by quadratic error mini-
mization.

3. Results and Discussion

The following section interprets the results obtained by ap-
plying the diagnostic methods presented in the previous sec-
tion. The discussion focuses on selected illustrative results ob-
tained with the different diagnostic methods for the arc test
rig (section 2.1) and the SCE (section 2.3). Based on the RCEM
results (section 2.2), it is assumed that the initial flame front
propagation is approximately spherical. These results confirm
the validity of the method for evaluating the SCE test bed re-
sults. The section concludes by describing current investiga-
tions at the LEC that make full use of the research methodo-

logy.
258.3 us ' 200.0 ps ' 141.7 ps '
¢

separate fundamental study, it is not discussed in this publi-
cation.

During each measurement, a sequence of 50 spark events was
recorded at the given boundary conditions. Figure 10 shows
asequence of high speed images of three example arc events
at the same experimental conditions (flow velocity 15 m/s,
pressure 30 bar, temperature 70 °C). Since the flow direction
in Figure 10 is from right to left, the time axis was also aligned
in this direction. An image of the electrodes taken at longer
exposure times was superimposed on each of the images of
the electric arc for better visibility of the electrodes. This ex-
ample used a special spark plug design with an electrode gap
of 0.28 mm; the full measurement campaign included com-
mercially available gas engine spark plugs as well. The three
different spark events in Figure 10 labeled with a), b) and c)
show that the stochastic distribution of breakdown locations
over the electrode surface (visible at 25 ps) yields a markedly
different evolution of the electric arc column. A closer look at
the mechanism reveals three different causes for the obser-
ved variability of arc behavior:

e  Breakdown location and associated differences in the local
flow field seen by the electric arc as shown in Figure 10.

e Turbulentfolding and wrinkling of the arc column as shown
in Figure 10. It was found that wrinkling becomes more
dominant at higher pressures and higher flow velocities.

®  Restrikes or shortening of the arc column. The formation
of a restrike can be observed in Figure 11. If electric arc
segments approach each other, Figure 11 a), — also pro-
moted by turbulent wrinkling — a restrike is possible, Fi-
gure 11 b). A thin conducting channel forms between the
two segments, leading to a shortening of the electric arc
column, Figure 11 ).
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Figure 10: Influence of the location of spark breakdown on spark stretching.

The diagnostic methods applied to the fundamental investi-
gations in the arc test rig provide a basis for discussion of the
cycle-to-cycle variation observed in the electric arc behavior
and the consequences for spark discharge even under very
controlled experimental conditions. The influence of flow con-
ditions and thermodynamic conditions (e.g., pressure) on arc
behavior is equally important, yet since it is the subject of a

The cycle-to-cycle variation of the arc evolution has direct con-
sequences on the spark energy input released by the electro-
nic ignition system. Figure 12 shows the arc lengths and elec-
tric energy dissipated on the secondary side of the ignition
system over time of 50 consecutive cycles. Note that the dis-
sipated energy plotted in Figure 12 includes the energy consu-
med in the electric components as well. The thick solid line
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Figure 12: Temporal evolution of arc length and energy dissipated on the secondary side.

represents the average and the dashed lines the standard de-
viation. The dashed-dotted lines correspond to the three dif-
ferent arc sequences shown in Figure 10. Thus, the cycle-to-cy-
cle variation of the electric arc directly translates into the
cycle-to-cycle variation of the released spark energy.

The transferability of arc test rig results to the SCE measure-
ments is shown in Figure 13. It can be inferred that the cyc-
le-to-cycle variation introduced by the electric arc behavior
and along with it the cycle-to-cycle variation of the spark ener-
gy contribute to the cycle-to-cycle variation observed in spark
ignited internal combustion engines, see also the findings re-
ported in [10]. However, other causes of cycle-to-cycle varia-
tion exist, e.g., the cycle-to-cycle variation of the global in-cylin- Figure 14: Schlieren imaging of early flame propagation.
der flow.

To study the influence of spark discharge characteristics on
combustion performance in gas engines, measurements are
performed on the SCE research engine described in section
2.3. In addition to in-cylinder pressure trace analysis, the ring
of ion current sensors around the spark plug is used to inves-
tigate the infant flame kernel development, see section 2.3.

Prior to the SCE measurements, optical investigations were
carried out on the RCEM to obtain an impression of flame pro-
pagation in the area of the ion-current sensor ring. The shape
of the flame was of particular interest. Figure 14 presents three
schlieren images taken with boundary conditions
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Eigure 15: Post-processing combustion-related information on early flame kernel development in the research engine.

comparable to the SCE near Top Dead Center. Due to the flow
conditions in the combustion chamber and the shape of the
ground electrode of the spark plug, the flame front is not vi-
sible as a perfect sphere. Nevertheless, it can still be assumed
that the flame propagates in a roughly spherical shape until it
reaches the radius of the ion current probe ring. This conclu-
sion is important for the SCE investigations and the computa-
tion of drift velocity and flame front velocity.

The result of the evaluation of the ion current sensor data is
plotted in Figure 15 (left side) as a polar diagram for an ope-
rating point of the research engine running at full load and
close to the lean limit. The light grey circles show the locati-
on of the inlet valves (IV) and exhaust valves (EV) with respect
to the orientation of the unshielded J-gap spark plug used in
the experiments. Also light grey are the 100 cycles recorded
during one measurement, which provide an impression of the
cycle-to-cycle variation, while the blue solid line shows the
average and the dashed blue lines the standard deviation.
One individual cycle depicted by the red dashed-dotted line
in the upper left diagram of Figure 15 was selected as an ex-
ample. The gross heat release (GHR) and the gross heat relea-
se rate (GHRR) as well as the the cylinder pressure of this sing-
le cycle are plotted in detail in the diagrams on the right-hand
side of Figure 15. The ion current signal recorded for one of
the sensors is also provided as an example in the lower dia-
gram. The sudden drop in the ion current signal indicates the
time of the flame front arrival. In addition to pressure sensor
data, the ring of ion current sensors provides further insight
into the spatial flame front development and the drift of the
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Figure 16: Correlation of pressure trace analysis and ion current data (SCE).

flame kernel from the spark plug. The applied methods -
cycle resolved monitoring of the discharge characteristics of
the ignition system and ion current sensing — permit the influ-
ence of the ignition system on flame kernel development to
be studied methodically using different engine loads, com-
bustion concepts (swirl, tumble) or fuel/air ratio and spark
timing.

It is critical to check whether the information from post-pro-
cessing of the ion current sensor signals correlates with the in-
formation extracted from the analysis of the heat release rate
data. To this end, the mean time of flame front arrival obtained
by the ion current measurements was compared to the MFBO1%
(1% mass fraction burned) taken from the heat release data



for different engine operation points; good agreement was
obtained (Figure 16).

4. Summary and Outlook

Thorough knowledge of the processes during ignition and fla-
me kernel development is a key prerequisite to ensuring sta-
ble and efficient ignition in spark-ignited combustion engines
and serves as a basis for model development. This publicati-
on presented a comprehensive methodology of fundamental
investigations which enables the understanding of the inter-
action of the ignition system with the ignition spark and the
infant flame kernel development. The details of the applied
test rigs, the diagnostic methods as well as the post-proces-
sing algorithms were discussed and compared.

High-speed imaging techniques were used to study the inter-
action between the spark behavior and the ignition hardware
under strong cross flow and turbulence levels at inert condi-
tions on a specially designed arc test rig. The stretched arc
length, which turned out to be an important value for model
validation, is evaluated quantitatively from the high-speed
images with a highly sophisticated algorithm. Under reactive
conditions in a rapid compression-expansion machine, the in-
fant flame kernel and its interaction with the spark plug were
optically investigated, leading to the assumption of a spheri-
cal flame front in the initial phase. Finally, ion current measu-
rements in a single cylinder research engine were conducted
to determine the influence of real engine conditions on the
infant flame kernel, focusing on the complete functional chain
and enabling comprehensive model validation.

The transferability of results from the arc test rig to the SCE
measurements was demonstrated. The cycle-to-cycle variabi-
lity of the arc behavior (and thus of the spark energy) contri-
butes to the cycle-to-cycle variations observed in spark igni-
ted internal combustion engines. The ion current signals
correlate very well qualitatively with the MFB01% as shown by
the heat release rate data extracted from the pressure sensor
data.

Future research will apply the full range of diagnostic methods
presented in this publication. By relating cycle-resolved infor-
mation on burning velocities (SCE) to cycle-resolved informa-
tion on spark energy, further insight will be gained into the
role of energy on spark ignition in heavy duty and large gas
engines under lean conditions. This work will be complemen-
ted by investigations in the RCEM of the influence of spark
plug electrodes on the very early phase of spark ignition. Sin-
ce gas engine spark plugs operate at significantly lower elec-
trode gaps and are bulkier than automotive spark plugs, they
merit an independent investigation.
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Nomenclature

CA Crank angle

CFD Computational fluid dynamics
EAR Excess air ratio

EV Exhaust valve

GHRR Gross heat release rate

GHR Gross heat release

v Inlet valve

LDM LEC Development Methodology
LEC Large Engines Competence Cen-
ter

MFBO1% 1% mass fraction burned

NOx Nitrogen oxides

RCEM Rapid compression-expansion ma-
chine

SCE Single cylinder engine

THC Total hydrocarbons
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