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ABSTRACT

The energy transition necessitates finding sustainable and efficient solutions for power generation,
including the development of technologies for efficient energy conversion and storage. The key
element to achieving the ambitious greenhouse gas emission reduction goals that have been
established in many regions around the world is a global transition from a fossil-fuel-based energy
system to a system that is built on renewable energy sources. The fluctuating nature of renewables
makes it necessary to deploy dispatchable power generation capability for grid balancing and peak
shaving. Hydrogen is a promising clean energy source for storing renewable energy and converting it
back into electricity and heat when needed. However, there are challenges to scaling up the hydrogen
economy. The high cost of hydrogen, along with the need for innovation in conversion technologies,
are key obstacles. Internal combustion engines (ICE) are well established energy converters due to
their high power-to-weight ratio, robustness, efficiency and affordability, but the power density of
hydrogen-powered ICEs is not yet on par with natural gas-powered ICEs. Apart from potential
limitations due to excess air ratio and boost pressure demand, a key limiting factor of further load
increases is the occurrence of combustion anomalies, including preignition, backfiring into the intake
manifold and knocking combustion. Exhaust gas recirculation or water injection are potential mitigation
measures that can be applied to avoid combustion anomalies but they do not necessarily eliminate
their root causes. The existing literature indicates that there currently exists no generally accepted
conceptual model that is able to explain the occurrence of all combustion anomalies for hydrogen-
fueled internal combustion engines. This publication is intended to help fill this research gap based on
experimental investigations on a single-cylinder research engine (SCE) in the 5 | displacement per
cylinder class and related 3D-CFD simulation work. To enable in-depth combustion analysis and
particularly to identify the origin and root cause of preignitions, the SCE was instrumented with AVL
List GmbH'’s Visiolution system, an advanced optical instrumentation that relies on fiberoptic sensors
in the combustion chamber. Different types of preignitions including backfires, early and late
preignitions could be provoked during engine operation. Backfires and early preignitions were found to
originate from the piston-liner edge at the bottom of the combustion chamber and tend to occur in
specific areas at the piston circumference where comparatively rich local mixture prevails. Mixture
homogeneity may be key to reduce the risk of backfires and early preignitions to occur. The locations
of origin suggest that various ignition sources emerging from the piston top land crevice such as hot
residual gases or reactive species (e.g., due to reverse blowby) are possible. Late preignitions (i.e.,
shortly before ignition timing) occurred in large numbers with a random spatial distribution in the
combustion chamber and appear to be mostly related to lubricant oil droplet combustion. Future
research must study the impact of mixture homogeneity on preignitions and strive to better understand
the root causes for the underlying processes that provide the required ignition energy.
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1 INTRODUCTION

Global warming is one of the greatest challenges
the world faces in the 215t century. The global car-
bon dioxide concentration is continuously rising by
2-3 ppm each year. In January 2025 the Coperni-
cus Climate Change Service reported that 2024
has been confirmed as the warmest year on record
and the first year with an annual temperature more
than 1.5 °C above the pre-industrial level [1]. Gov-
ernments worldwide have put forward ever more
ambitious greenhouse gas (GHG) emission reduc-
tion targets. The 2030 Climate Target Plan of the
European Commission proposes to reduce GHG
emissions by at least 55% of the 1990 levels by
2030 [2]. In February 2024 the European Commis-
sion recommended a 90% net GHG emission re-
duction by 2040 to reach climate neutrality by 2050
[3], cf. Figure 1.
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Figure 1: EU Commission targets for greenhouse
gas emission reduction. Historic data from [4].

The key element to achieving such ambitious tar-
gets is a global transition from a fossil fuel-based
energy system to a system that is built on renewa-
ble energy sources. Internal combustion engines
are well suited to serve as climate-neutral, zero en-
vironmental impact sources of mechanical energy
if the transition from fossil to renewable fuels can
be achieved [5][6][7][8]. Hydrogen is easily pro-
duced from renewable energy sources via electrol-
ysis during times of an oversupply of electricity and
may be used for propulsion or power generation in
internal combustion engines when electricity de-
mand exceeds the supply [9][10][7]. Today nearly
all major large engine manufacturers are develop-
ing hydrogen-fueled power plant solutions and sev-
eral products are already commercially available.
While some engines in the portfolio are currently
designed for admixing of hydrogen only (mostly lim-
ited to 25 percent by volume) [11], others can oper-
ate on pure hydrogen [9][12][13]. The latter, how-
ever, operate at significantly lower rated power
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than their natural gas-fueled counterparts. One of
the limitations to higher power density is the occur-
rence of combustion anomalies. In [14] it was re-
ported that load limitations due to them could be
eliminated with either exhaust gas recirculation or
liquid water injection. Yet these mitigation
measures greatly increase the system complexity
and do not necessarily eliminate the root cause of
the combustion anomalies.

Combustion anomalies can be differentiated by lo-
cation, time of occurrence and impact on the cylin-
der charge (or even the intake manifold) as well as
by the underlying root cause. The latter, however,
is not always easy to identify. Figure 2 illustrates
basic types and differentiations of combustion
anomalies. Regular combustion exhibits the ex-
pected behavior of cylinder pressure increase and
heat release after the ignition timing. During com-
bustion cycles in which pre-ignition occurs, the heat
release starts during the compression stroke before
the ignition timing, and both cycles exhibit signifi-
cantly higher peak cylinder pressures (PCP) than
the regular combustion cycle, thus posing the risk
of damage to components affected by the pro-
cesses inside the combustion chamber. In [15] it
was found that the knock intensity in cycles experi-
encing pre-ignition was significantly impacted by
the location of the pre-ignition. Backfire occurs ear-
lier in the combustion cycle when the intake valves
are still open so that the intake manifold pressure
increases; thus a risk of severe damage to the in-
take system exists.
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Figure 2: Cylinder and intake manifold pressure
traces and heat release rate curves of characteris-
tic regular and irregular combustion cycles.

Numerous studies—not only of hydrogen but also
of other low-flashpoint fuels such as methane—
have been reported in the literature that are inves-
tigating individual aspects or processes in order to
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gain a deeper understanding of the mechanisms
leading to combustion anomalies. Specific attention
has been paid to the impact of hot spots (such as
exposed surfaces and deposits), residuals from the
previous combustion cycle and lubricants in the
combustion chamber.

Rajasegar et al. [16] investigated hot spot-induced
pre-ignitions with a glow plug as a temperature-
controlled hot surface. In experiments with hydro-
gen direct injection, they found that hot spot-in-
duced pre-ignition required glow plug temperatures
exceeding 1100 K, a value unlikely to be reached
by any engine component. They furthermore found
via chemical kinetics simulations that the ignition
delay of hydrogen sharply increases at elevated
pressures, thereby explaining the observed ten-
dency of the fuel-air mixture to pre-ignite during the
intake stroke or early in the compression stroke.

Residual gas from the previous combustion cycle
that was not scavenged during the exhaust stroke
remains in the combustion chamber and may trig-
ger pre-ignition or backfire at the interface between
the fresh charge and the combustion residuals.
Salvi et al. [17] studied the impact of various engine
design parameters on pre-ignition and backfire and
concluded that high residual gas fractions pro-
moted combustion anomalies in tests with a low
compression ratio of 4.5:1. It is uncertain how this
finding can translate to modern gas engines with
compression ratios above 10:1. In a different study
on an optically accessible engine, the measure-
ment results led to the hypothesis that not only the
residual fraction and/or temperature are impacting
the likelihood of the occurrence of pre-ignition but
that also the pressure difference between the in-
take manifold and the cylinder and therefore the ve-
locity of the fresh charge play a significant role.
High velocities might lead to fast mixing of fresh gas
and residuals and reduce the pre-ignition propen-
sity [18].

The impact of lubricant on pre-ignition was studied
extensively in gasoline and natural gas engines
and in recent years has also been examined in hy-
drogen engines. Kdser et al. [19] experimentally in-
vestigated pre-ignitions in a high-speed gas engine
and developed a conceptual model for the oll
transport mechanism. They were able to correlate
the location of pre-ignitions to the position of the oil
control ring gap. The detected pre-ignitions oc-
curred towards the end of the compression stroke.
A different study [20] focuses on both the correla-
tion and the underlying mechanisms of pre-ignition
in gasoline engines. Its authors concluded that
there was no evidence of droplet induced pre-igni-
tion. Instead, they suggest that the formation of de-
posits from partially oxidized fuel and lubricating oil
over several engine cycles results in highly reactive
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detachments that can surpass the minimum sur-
face temperature required during the compression
stroke. [21] proposed a different mechanism:
Chemical kinetics simulations showed that the
presence of lubricants increased the cylinder
charge reactivity (i.e., reduced the ignition delay
time) due to the introduction of intrinsically more re-
active species as well as the simultaneous enrich-
ment of the charge near an oil droplet.

In summary, the existing literature indicates that
there is no generally accepted conceptual model
that is able to explain the occurrence of all combus-
tion anomalies in hydrogen-fueled internal combus-
tion engines. This publication intends to contribute
to filling this research gap and answering the ques-
tion of how to overcome the limitations imposed by
combustion anomalies. The specific aim of the
study is to obtain a detailed understanding of com-
bustion anomalies occurring in hydrogen-fueled
lean burn operation by investigating the impact of
engine operating parameters on the type, probabil-
ity of occurrence, initial location and root cause of
pre-ignition and by employing multiple standard
and special measurement devices.

2 METHODOLOGY

The methodology applied in this study consists of
experimental investigations on a single-cylinder re-
search engine (SCE) as well as 3D-CFD simulation
work. The latter serves to support the analysis of
the experimental results.

2.1 SCEinvestigations

2.1.1 Engine and test bed setup

SCE investigations were carried out on one of the
LEC's test beds at Graz University of Technology.
The employed high-speed single-cylinder research
engine belongs to the 5-liter displacement per cyl-
inder class and has a rated speed of 1500 min-.
The SCE was configured for the investigations with
a compression ratio of 12.5:1 and a prechamber
spark ignition system. Since the research engine
does not have a turbocharger, the charge air pres-
sure in the intake manifold was generated with a
screw type external compressor and the backpres-
sure in the exhaust pipe was controlled by a flap.
Defined and accurately reproducible engine oper-
ating conditions were ensured by employing com-
prehensive external conditioning systems for cool-
ant, lubricating oil, charge air and ambient air at the
test bed.

Hydrogen was stored in its gaseous form in pres-
surized tanks and supplied to a port fuel injection
(PFI) valve in the cylinder head intake duct via a
gas control system that enabled accurate control of
a constant target differential pressure of 3 bar up-
stream of the PFI valve compared to the intake
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manifold pressure. The fuel mass admitted to the
engine was adjusted via the energizing time of the
PFI valve. Table 1 summarizes the SCE specifica-
tions.

Table 1: SCE technical specifications.

Displacement 5 dm?3/cylinder

class
Rated speed 1500 min-t
Compression ratio 12.5:1

Ignition system Sl with prechamber

Up to 10 bar boost pressure
with external compressor

Port fuel injection in the cyl-
inder head intake duct

Charge air supply

Hydrogen fuel
supply

2.1.2 Measurement technology

The test bed automation system “Tornado” from
Kristl Seibt & Co. GmbH was employed to control
and monitor engine operation and to acquire time-
based measurement parameters at comparatively
low sampling rates in the range of 1-100 samples
per second. Crank angle-based measurements
were obtained with AVL List GmbH’s X-lon system.
This indication system is capable of continuously
recording consecutive combustion cycles for an un-
limited amount of time and capturing any significant
combustion events such as pre-ignitions that occur
sporadically during engine operation. Besides cap-
turing standard parameters such as pressures in
the combustion chamber and the intake and ex-
haust manifolds, the system simultaneously rec-
orded data generated by the special optical instru-
ments outlined below. The crank angle (CA) reso-
lution was about 0.5 °CA with regard to all data ob-
tained from the combustion chamber, with further
refinement of the resolution in the CA range during
which the main combustion takes place.

AVL List GmbH’s “Visiolution” system was em-
ployed at the test bed for in-depth combustion anal-
ysis. It consists of one or more optical sensors in
the combustion chamber, an AVL X-FEM Visio sig-
nal conditioning unit (to convert light signals from
the fiber optic sensors to digital signals) and the
previously described AVL X-lon system for crank-
angle-based data acquisition. The X-FEM and X-
lon systems are controlled with the software AVL
IndiCom [1]. The Visiolution system is capable of
achieving the following key objectives:

o Detecttime and location of flame kernel as well
as spatial and temporal development of flame
propagation in both regular and irregular com-
bustion events.
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e Detect glowing particulates and combustion of
lubricant oil droplets before and after the main
combustion process.

The optical instrumentation detects electromag-
netic radiation emitted by the combustion process.
Each sensor has a group of micro-optical elements
made of sapphire at its tip which serve as an inter-
face to the combustion chamber. Each of these el-
ements is connected to several optical fibers with a
diameter of 200 um which transmit the individual
light signals through the sensor body. Outside the
body, additional optical extension lines connect the
sensor to X-FEM Visio modules which record the
light signals using photodiodes. The photodiodes
emit current signals proportional to the luminous
power that are converted into digital voltage sig-
nals. These signals are then processed digitally
[22]. The spectral content of hydrogen flames,
which ranges from near ultraviolet to near infrared
[23], can be transmitted by the sensor materials
and is covered by the spectral sensitivity of the se-
lected photodiodes [22][24]. The instrumentation is
also capable of detecting broadband soot radiation
[25] arising from phenomena such as diffusion
combustion of lubricant oil droplets.

While optical sensors as described above can be
integrated into spark plugs, this was not considered
useful in the present study due to the spark-ignited
prechamber setup. Thus, two identical “high power
engine” optical sensors [22][24] were fitted in the
cylinder head in specially tailored access bores.
With this setup, a comprehensive optical access to
the main combustion chamber was obtained with-
out any modification of the spark plug design. The
specific optical sensor layout employed in this
study is illustrated in Figure 3. The sensor contains
30 individual optical channels that are aligned in dif-
ferent directions from the sensor tip and whose
fields of view are indicated by cones. The colors re-
fer to three rows of optical channels with the top
and middle rows comprising 12 channels each and
the bottom row comprising 6 channels. Due to sen-
sor design restrictions, some of the fields of view
overlap.

The CAD mock-up in Figure 4 shows the assembly
of the two optical sensors in relation to the parts
surrounding the combustion chamber. The access
bores in the cylinder head (hidden) are arranged so
that the sensor tips protrude slightly into the com-
bustion chamber through the fire deck at opposite
positions near the cylinder liner. Sensor 1 (S1) is
located near the exhaust valves and sensor 2 (S2)
near the intake valves. A relatively high spatial res-
olution of the entire combustion chamber can be
achieved with this sensor layout by combining the
fields of view of both sensors. In the range of
80 °CA before and after bottom dead center, the
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piston surface is outside the region observed by the
optical sensors. The top view of the combustion
chamber in Figure 4 shows the central location of
the spark plug and the prechamber between the
valves in the cylinder head. In addition, the intake
and exhaust flange sides of the cylinder head are
indicated as reference directions concerning the
orientation of the individual optical channels when
results are interpreted.

Sensor tip with micro-
optical elements made

Sensor body
/ with fiber optics

of sapphire Single channel
field of view
Top
- Sensor
rows
Bottom

Figure 3: High power engine optical sensor layout.

Intake
valves

Exhaust
valves

Optical
sensor 1

Optical
sensor 2

“Exhaust flange side”

Combustion chamber top view

“Intake flange side”

Figure 4: Combustion chamber instrumentation lay-
out with two optical sensors.

The optical sensors are designed to withstand high
thermal loads and high absolute peak pressures
(such as those encountered during early pre-igni-
tion at comparatively high engine loads, cf. section
3), but they are prone to damage when knocking
combustion with pressure amplitudes greater than
50 bar occurs.
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Figure 5 presents an example result comprising op-
tical measurement data and standard measure-
ment data from one selected combustion cycle. In
the upper diagram, the light intensity traces of all
60 individual optical channels are plotted in combi-
nation with the cylinder main chamber and pre-
chamber pressure traces. This allows a quick over-
view of any significant events captured by the opti-
cal sensors and illustrates how these events relate
to the combustion chamber pressures. The signals
are displayed in volts, which correspond to the out-
put of the photodiodes. This example result serves
as a reference case for a regular combustion cycle,
in which the onset of combustion in the main cham-
ber is detected several crank angle degrees after
ignition timing and can be found consistently in the
main chamber cylinder pressure trace as well as
the light intensity traces. To obtain a better under-
standing of both the temporal and the spatial as-
pects of the combustion process, the individual op-
tical signals are plotted in the lower graph in Figure
5. A false color scale with a relatively small signal
range from -3 to 40 mV is employed so that the de-
tails around start of combustion can be thoroughly
analyzed. The same signal range is also used in
the illustrations of the same type in section 3.2. The
arrangement of the individual channels is explained
by the designations in Figure 3 and Figure 4, which
show the two sensors S1 and S2 as well as their
channel rows (top, middle, bottom) and orientation
(outermost channels oriented either towards the in-
take or exhaust flange sides).

Since in the example result, the onset of combus-
tion in the main chamber originates from the pre-
chamber, which is located in the center of the fire
deck, the top channel rows of both sensors exhibit
the earliest increase in light intensity signals at ap-
proximately 2.5 °CA, succeeded by the middle and
bottom rows. Within each channel row, the chan-
nels near the center tend to detect an earlier light
intensity increase compared to those in outer posi-
tions (intake and exhaust flange sides). This signal
pattern found in each of the sensor channel row
plots is considered to be characteristic of regular
combustion processes. From the optical signals,
additional parameters such as the optically de-
tected start of combustion (optical SoC) can be de-
rived. The optical SoC is defined as the crank angle
at which at least one optical signal indicates onset
of combustion by exceeding a defined signal
threshold of 20 mV, followed by consistent exceed-
ance of the threshold for a duration of at least
5 °CA. This duration ensures that short optical sig-
nal spikes, e.g., resulting from short-lived lubricant
oil droplet combustion during compression, are not
regarded as the onset of a significant combustion
process.
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SCE measurement data based on a regular com-
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2.13

This study focused on pure hydrogen-fueled, lean
burn engine operation without any additional mix-
ture dilution measures such as exhaust gas recir-
culation or water injection. With the one specific
hardware setup outlined in section 2.1.1, engine
operating parameter variations were undertaken to
investigate their impact on pre-ignition behavior.
The parameters examined included indicated mean
effective pressure (IMEP), excess air ratio (EAR),
charge air temperature, scavenging pressure ratio
and injection timing of the PFI valve.

Engine operating strategy

An increase in IMEP was found to significantly in-
crease the probability of pre-ignition occurrence.
The variations of the other parameters were per-
formed slightly below the “borderline” IMEP level
where it was observed that pre-ignition starts to oc-
cur. With the given hardware setup, the impact of
these parameters on pre-ignition behavior was de-
termined to be small. Thus, pre-ignition was pro-
voked by adjusting an elevated IMEP level beyond
15 bar that had been found to be prone to sporadic
pre-ignition. At this IMEP, the SCE was operated
under steady-state conditions for approximately
two hours to record multiple pre-ignition events,
which allowed not only an individual cycle but also
a statistical analysis of the results.
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2.2 3D-CFD Simulation

3D-CFD simulation work was carried out to support
the analysis of the experimental results. The objec-
tive was to provide information about local mixture
quality at the time and location at which pre-ignition
occurs since this information may not be obtained
with the measurement equipment of the SCE.

For this purpose, the experimentally investigated
SCE operating point was simulated in the 3D-CFD
software AVL FIRE from AVL List GmbH. The sim-
ulation domain included the intake duct (including
the PFI valve tip geometry) and the pre- and the
main combustion chambers. The simulation per-
formed covers the exhaust, intake and compres-
sion strokes, starting at 592 °CA before firing top
dead center (TDC) and ending at ignition timing.
Turbulence was modeled with a Reynolds-aver-
aged Navier-Stokes (RANS) approach (k-C-f
model). Diffusion of gaseous species and wall heat
transfer were modeled with the respective standard
species transport and wall models of AVL FIRE.

The boundary conditions, i.e., mass flow rate at the
intake duct inlet interface and static pressure at the
exhaust duct outlet interface, as well as the initial
pressure conditions in the intake and exhaust ducts
and in the pre- and main combustion chambers
were derived using a “three pressure analysis” of
the experimentally investigated SCE operating
point in the engine cycle simulation software GT-
Power from Gamma Technologies, LLC. Wall tem-
perature boundary conditions were set based on
previous experience with this engine type.

3 RESULTS AND DISCUSSION

To investigate pre-ignition behavior on an individual
cycle basis and on a statistical basis, the SCE was
operated in a steady state for approximately two
hours at defined engine operating conditions. Alt-
hough it was not considered ideal for series appli-
cation, the operating point allowed pre-ignition
events to be provoked while knocking combustion
was avoided. An elevated IMEP level beyond
15 bar (cf. section 2.1.3) was chosen for the engine
load. The EAR was 3.0, the manifold air tempera-
ture was set to 50 °C and the ignition timing was
adjusted to -8 °CA (i.e., before TDC). The PFl valve
was actuated during the intake stroke, with its en-
ergizing duration ranging from -360 to -295 °CA.
Based on these settings, stable engine operation at
a comparatively low engine-out NOx level of ap-
proximately 20 mg/Nm3 (at 5% O2) was achieved.
The mass fraction burned (MFB) 5%, 50% and 90%
points were observed at 2, 14 and 26 °CA, respec-
tively.
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3.1 Overview of pre-ignition events encoun-
tered during SCE operation

During the two hours of SCE operation, different
types of pre-ignition were observed; their number
and approximate crank angle of occurrence are
summarized in Table 2. Figure 6 shows example
pressure traces of individual combustion cycles of
each of the pre-ignition types. The peak cylinder
pressure (PCP) of the regular combustion cycle
serves as a reference value (100%) for all other rel-
ative pressure values plotted in the diagram.

Backfires are characterized by ignition occurring
during the time when the intake valves are still open
so that the intake manifold pressure increases. This
is due to the combustion and the related pressure
increase in the combustion chamber and potentially
combustion in the intake manifold, where the hy-
drogen is admitted through the PFI valve and mixes
with fresh air. In the present study, two main types
of backfire (labelled “A” and “B”) were observed. As
illustrated in Figure 6, backfire type A occurs at
comparatively early crank angles in the region
of -290 °CA. Thus, combustion of the entire fresh
cylinder charge is completed before intake valve

chamber walls during the entire high-pressure cy-
cle and thus to a decrease in cylinder pressure.
Backfire type B occurs closer to IVC at approxi-
mately -250 °CA. Compared to type A, the increase
in cylinder pressure level due to combustion is not
entirely lost through the open intake valves, but re-
sults in an elevated charge pressure at the onset of
the compression stroke and thus in a significantly
higher PCP than in regular combustion cycles.

Similarly, early pre-ignition events, which are de-
fined here as pre-ignition that occurs after IVC at
comparatively early crank angles during the com-
pression stroke, have in common that the heat of
the fresh mixture is released relatively soon during
the high-pressure cycle, which leads to high pres-
sure and temperature levels before the majority of
the compression occurs and thus the highest ob-
served PCPs. These PCP levels pose a significant
risk of damage to the components loaded by the
processes in the combustion chamber.

Table 2: Summary of pre-ignition events encoun-
tered during two hours of SCE operation.

closing (IVC). The resulting high-pressure cycle Type of Number of  Approx. CA
cylinder pressure trace is similar to a motored pres- pre-ignition (PI) events of occurrence
sure trace yet at a slightly lower level. This behavior Backfire “A” 5 -290
may be attrilbuted to a different |r}-cyllnder charge Backfire “B” 2 250
mass than in regular cycles that is caused by the o
combustion before IVC. In addition, the hot burned Early Pl "A 11 -200
gas in the combustion chamber likely results in sig- Early Pl “B” 1 -110
nificantly greater heat transfer to the combustion Late P| ~ 21,000 -10
250 T
—— Regular combustion
— — Motored pressure trace |
| —— Backfire "A" N
200 —— Backfire "B"
—— Early pre-ignition "A"
Early pre-ignition "B" ‘ ; 1
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Figure 6: Types and characteristics of pre-ignition observed during SCE operation.
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Two types of early pre-ignition were found and
once again designated “A” and “B”. Type A, the
most frequent type of early pre-ignition, occurred at
approximately -200 °CA. Type B, which only oc-
curred once, was observed at approximately -
110 °CA. The resulting PCP levels of both types
are similar as shown in Figure 6.

This study considers late pre-ignition as pre-ignition
that occurs close to the regular start of combustion.
Such events were found to take place at crank an-
gles around -10 °CA and are thus characterized by
an earlier combustion phasing and a slightly higher
PCP compared to regular combustion cycles.

In summary, only 7 backfires and 12 early pre-igni-
tion events were observed in approximately 85,000
recorded consecutive cycles, thus in roughly 0.02%
of all cycles. In contrast, a significantly larger num-
ber of approximately 22,000 late pre-ignition events
were recorded, or 24.7% of all cycles. This count
includes late pre-ignition events yielding an optical
SoC between -20 and 0 °CA.

3.2 Detailed analysis of pre-ignition events
based on optical measurement data

To provide the basis for a thorough understanding
of the spatial origin and potential root causes of the
types of pre-ignition events observed, this section
discusses the detailed analysis of the optical meas-
urement data of specific pre-ignition cycles.

Figure 8 shows light intensity and pressure traces
acquired during a backfire type A cycle. As ex-
pected, the optical signals exhibit a significant in-
crease during pre-ignition and the subsequent
combustion process in the range of approximately
-290 to -230 °CA. The pattern of evolution of the in-
dividual optical signals plotted in the bottom dia-
gram differs significantly from that of the reference
case (cf. Figure 5) and is useful for explaining how
the spatial origin of the combustion process caused
by pre-ignition is determined. In general, the loca-
tion of the onset of combustion (or the first location
at which light emitted by the combustion process is
detected by one of the sensors) is determined by
finding the individual optical channels on both sen-
sors with the first light intensity increase and by
identifying the area where the fields of view of these
specific channels intersect. In the example cycle,
the onset of combustion is first detected by a chan-
nel in the center of the bottom row of sensor 1. The
first light intensity signal increase at sensor 2 oc-
curs in the outermost channel (exhaust flange side)
of the bottom row. It is thus concluded that the lo-
cation of pre-ignition origin is at the piston-liner
edge at the three o’clock position (i.e., the angular
position expressed as clock time based on the top
view in Figure 4). While not presented here, all the
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other 18 backfire and early pre-ignition cycles were
evaluated using the same approach.

As a starting point for analyzing the behavior of late
pre-ignition, Figure 7 plots the optical SoC over
MFB05% of all measured cycles within ranges rel-
evant to regular and late pre-ignition combustion
cycles. The scatter plot illustrates that there are two
distinct groups of cycles: In group a), the optical
SoC exhibits a quasi-linear correlation with
MFB05%. In group b), a wide range of optical SoC
is observed in a comparatively narrow range of
MFBO05% around 2 °CA, which represents approxi-
mately the MFB05% scatter range of regular com-
bustion cycles. Thus, there are two categories of
late pre-ignition:

e One in which late pre-ignition (detected by the
optical instrumentation) triggers the onset of
the main combustion of the hydrogen-air mix-
ture, indicated by the corresponding advance
in MFB05%.

e One in which pre-ignition does not (or not im-
mediately) trigger the onset of the main com-
bustion so that the MFB05% remains in a range
characteristic for regular combustion cycles.

-5

Optically detected start of combustion [°CA]

5 10 15

0
MFB05% [°CA]

Figure 7: Correlation of optically detected start of
combustion (optical SoC) and MFBO05% of all
measured cycles.
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chamber, leading to a slightly advanced MFB05%.
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An example of the former category is illustrated in
Figure 9, which presents the detailed results of a
cycle that is subject to pre-ignition originating from
the prechamber. It is characterized by an increase
in prechamber pressure before both ignition timing
and the optical SoC in the main chamber. While the
main combustion onset is advanced (optical SoC -
8.4 °CA, MFB05% -7.3 °CA), its optical signal pat-
tern is very similar to that in Figure 5, which indi-
cates that despite a different ignition source (pre-
ignition vs. spark), combustion inside the precham-
ber and subsequent ignition of the fresh mixture in
the main chamber is very similar compared to reg-
ular combustion cycles. In most of the cycles with
an early start of combustion in group a) in Figure 7
(i.e., cycles with a strong correlation between opti-
cal SoC and MFB05%), pre-ignition originates in
the prechamber. However, the total number of
these cycles is comparatively small.

An example of the latter category is shown in Fig-
ure 10. In this case, the optical signals reveal an
optical SoC at approximately -8.8 °CA, while the
main chamber pressure trace does not indicate on-
set of the main hydrogen combustion until after
TDC, with the related MFBO05% observed at
3.3 °CA and without any sign of prechamber pre-
ignition. As illustrated by the light intensity traces in
Figure 10, the optical SoC is triggered specifically
by the channels of sensor 1, indicating that a phe-
nomenon restricted to a limited local area occurs
near this sensor, which is not covered and thus un-
detected by the channels of sensor 2.

Figure 11 presents another example combustion
cycle with an optical SoC of -4.8°CA and a
MFB05% of 0.5 °CA. Again, the observed event
originally has a limited local extent, yet in this case,
the pre-ignition appears to affect and thus advance
the onset of the main hydrogen combustion pro-
cess. In addition, short signal spikes on two individ-
ual optical channels before optical SoC are visible
in Figure 11, indicating that short-lived combustion
of small lubricant oil droplets takes place in specific
small areas of the main combustion chamber. In
general, if pre-ignition originates inside the main
chamber, such “lubricant oil spikes” are often found
in late pre-ignition cycles before or at the optical
SoC. It therefore appears that despite its frequent
occurrence, this type of lubricant oil combustion
does not necessarily (immediately) trigger the on-
set of the main combustion. There are also “regu-
lar” combustion cycles in which minor lubricant oil
combustion before TDC is visible, which does not
fulfill the criterion to trigger and thus advance the
optical SoC.

Given the large total of late pre-ignition events, a
representative sample of 25 cycles was analyzed
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in detail with regard to pre-ignition origin and com-
bustion behavior; it will be the subject of further dis-
cussion below.

3.3 Discussion of the overall results and
corresponding key findings

The results of the detailed analysis of the optical
and standard measurement data from all consid-
ered pre-ignition cycles are condensed in Figure
12a), which illustrates the local occurrence and re-
lated number of different types of pre-ignition
events. For backfire and early pre-ignition events in
which there is a comparatively large distance be-
tween the piston and the cylinder head, the loca-
tions were all found to be at or in the vicinity of the
piston surface, indicating that these events origi-
nate at the piston-liner edge and thus the “bottom”
of the combustion chamber. Figure 12a) further-
more illustrates that backfire and early pre-ignition
events tend to occur in an anti-clockwise direction.
Expressed in clock times, the locations at the cir-
cumference of the piston surface range from ap-
proximately three o’clock (backfire type A) to ten
o'clock (early pre-ignition type B), following the
crank angle chronology of these pre-ignition types.

3D-CFD simulation of the mixture formation of the
experimentally investigated SCE operating point
was carried out to investigate whether there is a
correlation between the location of origin of these
pre-ignition events and local mixture quality; the re-
sults are presented in Figure 12b). The individual
images plot the local equivalence ratio (reciprocal
value of the EAR) on cutting planes perpendicular
to the cylinder axis and in the vicinity of the piston
surface at the crank angles associated with the oc-
currence of pre-ignition. The simulation results
show that the pre-ignition events tend to occur
where the local equivalence ratio in the area near
the liner is high, i.e., where a comparatively rich hy-
drogen-air mixture is present. This behavior may be
related to the fact that a decrease in EAR from lean
to stoichiometric mixture leads to a decrease in the
minimum energy required for ignition (minimum ig-
nition energy, MIE) [26]. Presuming that ignition
sources (of whichever type) providing a compara-
tively small amount of ignition energy originate
along the entire piston-liner edge, it is possible that
pre-ignition events can only occur at angular posi-
tions where these ignition sources meet a relatively
rich mixture with a low MIE. Correspondingly, fur-
ther research is required to investigate if backfire
and early pre-ignition can be eliminated by feeding
the cylinder with a homogeneous hydrogen-air mix-
ture, e.g., relying on a central mixture formation
system at a relatively large distance upstream of
the cylinder head.
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Figure 12: Temporal and local occurrence and
number of experimentally observed pre-ignition
events (a) and related equivalence ratio distribu-
tions from 3D-CFD simulation (b).
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At the same time, the risk of damage to the engine
intake system is drastically increased since back-
fires may ignite the entire premixed hydrogen-air
mixture contained in the intake pipe.

The actual root cause of backfire and early pre-ig-
nition cannot be clearly determined based on the
optical measurement data presented in this study.
The fact that these pre-ignition events originate at
the piston-liner edge, however, suggests that vari-
ous ignition sources emerging from the piston top
land crevice such as hot residual gases or reactive
species (e.g., due to reverse blowby) are possible.
Given the lubrication of the piston-liner interface,
lubricant oil may also play a role, but in-cylinder
conditions at crank angles associated with backfire
and early pre-ignition appear unlikely to promote
autoignition and subsequent diffusion combustion
of lubricant oil droplets. As outlined in the introduc-
tion based on the existing literature, however, the
presence of lubricants may also increase cylinder
charge reactivity due to the introduction of intrinsi-
cally more reactive species as well as the simulta-
neous enrichment of the charge near oil droplets.

In contrast to the trends observed for backfire and
early pre-ignition, the locations of origin of the 25
late pre-ignition cycles analyzed and illustrated in
Figure 12a) are randomly distributed throughout
the combustion chamber. One event (as discussed
based on Figure 9) was found to occur in the pre-
chamber; no optical measurement data for further
detailed analysis of the origin of the pre-ignition is
available. Events occurring in the main combustion
chamber have their location of origin near or at the
piston surface, but in general, the axial extent of the
combustion chamber near TDC is comparatively
small and the axial location of pre-ignition origin
cannot be determined precisely with the employed
optical measurement system. The corresponding
3D-CFD simulation result in Figure 12b) indicates
that at -10 °CA, the hydrogen-air mixture is already
well homogenized. This may support the preven-
tion of grouping of the locations of origin of late pre-
ignition in specific regions in the combustion cham-
ber as a result of differences in local mixture qual-

ity.

As for the root cause of late pre-ignition, lubricant
oil combustion appears to play a significant role,
specifically in pre-ignition events that originate in
the main combustion chamber. With a compara-
tively weak correlation between optical SoC and
MFB05%, most of these late pre-ignition cycles are
characterized by distinct lubricant oil combustion
which may or may not (immediately) trigger the on-
set of the main hydrogen combustion process. Fur-
ther discussion is required of the potential root
causes in cycles without distinct “lubricant oil
spikes” in the optical signals. Hot spots and local
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accumulation of hot residual gases appear unlikely
given the random spatial distribution of the pre-ig-
nition locations of origin, e.g., the significantly dif-
ferent component temperatures of the intake and
exhaust valves do not seem to have a significant
impact on the location of pre-ignition. Glowing par-
ticles could be identified by the optical measure-
ment system from a distinctive trace in the optical
data [22]. Based on a procedure of exclusion, reac-
tive lubricant oil and reactive deposits on compo-
nent surfaces could play a key role in providing the
ignition energy required for pre-ignition. Late pre-
ignition originating in the prechamber might arise
because of hot spots on the spark plug, which
would explain the very similar ignition pattern com-
pared to regular combustion cycles. In general, fur-
ther research into late pre-ignition is required to un-
derstand if this phenomenon still occurs frequently
if an earlier ignition timing is set than the compara-
tively late one used in this study.

4 SUMMARY AND OUTLOOK

One of the limitations to high power density in pure
hydrogen-fueled large engines is the occurrence of
pre-ignition. Mitigation measures such as exhaust
gas recirculation and liquid water injection greatly
increase engine system complexity and do not nec-
essarily eliminate the root cause of these combus-
tion anomalies. Thus, this study aimed to obtain de-
tailed understanding of pre-ignition occurring in
pure hydrogen-fueled lean burn operation by exam-
ining standard and optical measurement data and
investigating the impact of engine operating param-
eters on the type, probability of occurrence, initial
location and root cause of pre-ignition.

Engine tests on a large high-speed SCE of the 5-
liter displacement per cylinder class revealed that
IMEP has the most significant impact of all the in-
vestigated operating parameters on pre-ignition oc-
currence. Consequently, pre-ignition events were
provoked by adjusting an elevated IMEP level that
had been found to be prone to sporadic pre-igni-
tion. At this IMEP, the SCE was operated in a
steady-state for approximately two hours in order to
record multiple pre-ignition events that should
serve as the basis for further detailed analysis. In-
depth information about the origin and potential
root causes of pre-ignition was obtained from opti-
cal measurement data from the combustion cham-
ber acquired with AVL List GmbH’s Visiolution sys-
tem. 3D-CFD simulation work was carried out to
support the analysis of the experimental results by
providing information about local mixture quality at
the time and the location where pre-ignition occurs.

Of the approximately 85,000 consecutive combus-
tion cycles recorded, only 7 backfire and 12 early
pre-ignition events occurred, while approximately
21,000 late pre-ignition events were observed.
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Backfire and early pre-ignition were found to origi-
nate near the piston-liner edge at the “bottom” of
the combustion chamber and tended to occur in
specific areas around the piston circumference
where a comparatively rich local mixture prevails.
This may be related to the fact that a decrease in
EAR from a lean to a stoichiometric mixture results
in a decrease in the minimum energy required for
ignition. This behavior indicates that mixture homo-
geneity may be the key to reducing the risk of back-
fire and early pre-ignition. The actual root cause of
these pre-ignition events could not be clearly deter-
mined. The locations of origin, however, suggest
that various ignition sources emerging from the pis-
ton top land crevice such as hot residual gases or
reactive species (e.g., due to reverse blowby) are
possible. Given the lubrication of the piston-liner in-
terface, lubricant oil may also play a role, but in-
cylinder conditions at the crank angles associated
with backfire and early pre-ignition appear unlikely
to promote autoignition and subsequent diffusion
combustion of lubricant oil droplets.

The locations of origin of a representative sample
of 25 late pre-ignition events are randomly distrib-
uted throughout the combustion chamber, poten-
tially supported by the relatively well homogenized
hydrogen-air mixture as the piston approaches
TDC. Distinct lubricant oil droplet combustion can
be found before the onset of the main combustion
process in many late pre-ignition cycles but is not
clearly prevalent in others. Hot spots and local ac-
cumulation of hot residual gases appear unlikely
given the random spatial distribution of the pre-ig-
nition locations of origin. Glowing particles would
have been identified by the optical measurement
system. Based on a procedure of exclusion, reac-
tive lubricant oil and reactive deposits on compo-
nent surfaces could play a key role in providing the
ignition energy required for pre-ignition. A small
number of late pre-ignition events originating in the
prechamber may be caused by hot spots on the
spark plug.

Based on these key findings, additional effort is re-
quired to completely answer the question of how
the limitations imposed by combustion anomalies
can be overcome. On the one hand, future re-
search must study the impact of mixture homoge-
neity on the occurrence of backfire and early pre-
ignition. On the other hand, further investigations
must strive to understand the root cause for the un-
derlying processes that provide the required igni-
tion energy. Oil quality variations are one possible
measure to determine the role of the lubricant oil
versus that of e.g., hot residual gas or reactive re-
verse blowby. Hardware variations (e.g., piston ring
pack) could serve to investigate the impact of
change in the quantity of lubricant oil introduced
into the combustion chamber. Additional optical
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measurement technology such as combustion
chamber endoscopy could provide valuable infor-
mation about the emergence of pre-ignition events.
The roles of lubricant oil, reactive deposits on com-
ponents and hot spots (the last specifically in the
prechamber) in late pre-ignition must be investi-
gated in more detail. In general, further research is
required to understand if late pre-ignition still oc-
curs frequently if an earlier ignition timing is set than
the comparatively late one used in this study.

5 DEFINITIONS, ACRONYMS,

ABBREVIATIONS
3D-CFD: 3D computational fluid dynamics
CA: Crank angle
CAD: Computer aided design
EAR: Excess air ratio
GHG: Greenhouse gas
ICE: Internal combustion engine
IVC: Intake valve closing
IMEP: Indicated mean effective pressure
LEC: Large Engines Competence Center
MFB: Mass fraction burned
MIE: Minimum ignition energy
NOx: Nitrogen oxides
O2: Oxygen
PCP: Peak cylinder pressure
PFI: Port fuel injection

PI: Pre-ignition

RANS: Reynolds-averaged Navier Stokes
SCE: Single-cylinder research engine
Sl Spark ignition

SoC: Start of combustion

TDC: Top dead center
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