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Abstract

During the work on this thesis alternative ignition systems for internal combustion
engines are compared with an up-to-date Spark Plug Ignition System. Their
capability of igniting a lean methane-air mixture is regarded. The aim is to
achieve higher fuel efficiency simultaneously accompanied by reduced pollutant
emissions. Static ignition experiments in a combustion chamber at 110 ◦C are
carried out. Initial pressure (10-50 bar) and the air-methane ratio of the mixture
are varied.
The ECCOS Corona Ignition system generates high voltage electrostatic fields
resulting in Corona discharges. These are highly branched and activate a high
initial volume, leading to ignition. It applies energies of 2,5 to 22 J in 3 to 4 ms.
The Laser system is based on passive Q-switched Nd:YAG producing short but
highly intense laser pulses of about 20 mJ and pulse durations of several nanosec-
onds. These are focused in the center of the combustion chamber and yield a
plasma which initiates combustion.
The MORIS Spark Plug system initiates a spark discharge between its electrodes,
igniting the methane-air mixture. The system is able to evade misfires by rapidly
re-establishing the spark in the case of premature extinction. Energies of 120 to
170 mJ are applied in 0,5 to 1 ms. A spark plug air gap of 1 mm is used.
The results for static experiments clearly show an advantage of the Corona system
over the Laser system. The Laser on the other hand outruns the Spark Plug
system. The Corona is able to fully ignite mixtures of air-fuel ratio λ = 1,76 to
1,84 and to initiate partial combustion up to λ = 2,16 to 2,33. Laser Ignition
provides inflammability limits of λ = 1,70 to 1,74 for full and λ = 1,93 to 2,06
for partial ignition. MORIS achieves a lean limit of λ = 1,64 to 1,67 for full and
λ = 1,78 to 1,87 for partial ignition. These values vary depending on the initial
filling pressure. For real life engine applications mainly the full ignition limits
are crucial.
The practicability of implementing the Corona system in a real dynamic engine
while preserving the extent of its advantages is regarded with skepticism. Es-
pecially the issues of influence of turbulence on the inflammability and the high
voltage need accompanied by insulation problems will have to be treated.
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Kurzfassung

In dieser Diplomarbeit werden alternative Zündsysteme für Verbrennungskraft-
maschinen mit einem modernen Zündkerzensystem verglichen. Ihre Fähigkeit
magere Methan-Luft-Gemische zu entzünden wird untersucht. Das langfristige
Ziel ist eine höhere Effizienz der Treibstoffumsetzung bei gleichzeitig sinkender
Schadstoffemission zu erreichen. Statische Zündexperimente werden in einer Ver-
brennungskammer bei 110 ◦C durchgeführt. Fülldruck (10-50 bar) und Gemisch-
zusammensetzung werden variiert.
Das ECCOS Corona Zündsystem erzeugt ein starkes elektrisches Feld durch das
Anlegen hoher Spannungen und produziert so Corona Entladungen. Diese sind
stark verzweigt und in der Lage ein großes Volumen zu aktivieren und schließlich
zu zünden. Energien von 2,5 bis 22 J werden in 3 bis 4 ms angewandt.
Das Lasersystem verwendet einen passiv gütegeschalteten Nd:YAG Laser um
kurze aber hochenergetische Laserpulse zu erzeugen. Die Pulse haben Energien
von cirka 20 mJ und Pulsdauern von einigen Nanosekunden. Die Laserpulse wer-
den im Zentrum der Verbrennungskammer fokussiert und bilden ein Plasma, das
das Gasgemisch entzündet.
Das MORIS Zündkerzensystem verwendet Funkenentladungen zwischen den Elek-
troden der Zündkerze um das verwendete Methan-Luft Gemisch zu entzünden.
Das System vermeidet Fehlzündungen indem es Funken die vorzeitig erlöschen
schnell wieder ausbilden kann. Energien von 120 bis 170 mJ werden in 0,5 bis 1
ms angewandt. Ein Elektrodenabstand von 1 mm wird verwendet.
Die Ergebnisse im statischen Experiment sprechen klar für die Coronazündung.
Sie übertrifft die Laserzündung, die wiederum der Zündkerze überlegen ist. Das
Coronasystem ist in der Lage vollständige Verbrennungen bei Luftzahlen λ = 1,76
bis 1,84 und teilweise Verbrennung bei λ = 2,16 bis 2,33 auszulösen. Der Laser
hat Zündgrenzen von λ = 1,70 bis 1,74 für vollständige und λ = 1,93 bis 2,06
für teilweise Verbrennung. Das MORIS Zündkerzensystem erreicht vollständige
Zündungen bei Mischungen bis zu λ = 1,64 bis 1,67 und teilweise bei λ = 1,78 bis
1,87. Diese Werte hängen vom ursprünglichen Fülldruck ab. Für die praktische
Umsetzung in Verbrennungskraftmaschinen sind hauptsächlich die Vollzündungs-
grenzen von Bedeutung.
Inwieweit die Vorteile der Coronazündung bei einem Einsatz unter dynamisch-
en Bedingungen ihre Vorteile behaupten kann, muss noch in einem Motortest
abgeklärt werden. Die Erwartungshaltung dazu ist aber skeptisch. Besonders
der Einfluss von Turbulenzen und der Bedarf an Hochspannung bzw. Hochspan-
nungsisolation könnten Probleme darstellen.
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1 INTRODUCTION 1

1 Introduction

Internal combustion engines are widely spread in our civilization. They are used
in energy production and industry and play a major role in transportation. At
the moment most of them are ignited by spark plugs which are the dominating
technology. They provide the advantages of already being on a highly advanced
development level and the possibility of low cost mass production. Nevertheless
this advanced development significantly restricts the potential for considerable
further improvements. Therefore the major objective for new types of ignition
systems is to provide development perspectives especially regarding the reduction
of fuel and energy consumption and the reduction of exhaust emissions. An in-
crease in efficiency and a simultaneously decreasing level of emissions are needed.
A possibility to achieve both is closely connected with the inflammability limits
of the ignition systems. If a system is able to ignite leaner gas-air mixtures, the
combustion takes place at a lower temperature. This results in reduced NOx

output. Additionally the ignition of leaner gas-air mixtures increases the fuel
efficiency of the combustion process.
The two most promising new types of ignition systems are the Laser ignition
and the Corona ignition. Both ideas are already known for several decades.
Nevertheless neither of them is in industrial use at the moment. Our group at
the Photonics Institute at the Technical University of Vienna has already done
research on the Laser ignition in close cooperation with GE Jenbacher for more
than 8 years. GE Jenbacher is one of the leading gas engine producers. As
a consequence most of our experiments are connected with the combustion of
gases. For test purposes the ignition of methane-air mixtures is studied during
this thesis.
The basic principle of the Laser ignition is the creation of a laser plasma inside a
combustion chamber. A laser pulse is focused in the combustion chamber through
a small window. This pulse generates plasma at the focal point and is able to
ignite lean methane-air mixtures. The main advantages are the possibilities to
ignite leaner mixtures, to use higher middle pressures and to freely choose the
position of the igniting plasma. These effects lead to less NOx emission, increase
efficiency, avoid quenching effects by electrodes, reduce wear and consequently
increase the lifetime of the device. [1, 2, 3, 4]
Concerning Corona Ignition, Paul Freen from the U.S. invented an ignition sys-
tem called ECCOS exploiting Corona discharges. It uses an alternating high
voltage, low current electrostatic field. This field is able to ionize the available
gas molecules and forms highly unstable radicals. As a result several exothermic
reactions start which are initiating ignition. The Corona is expected to be able
to ignite at even leaner mixtures than the Laser ignition system, implying fur-
ther increase in efficiency and reduction of NOx. Moreover electrode wear should
be minimal since there is no ground electrode and no high temperature plasma
arcs are generated. Nevertheless the Corona applies a considerable higher energy
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amount and is alight for longer time. [5, 6, 7, 8]
The main objective of this thesis is to quantitatively compare Laser
and Corona ignition. The comparison is carried out in relation to the
characteristics of the state-of-the-art spark plug system Moris. Empha-
sis is put on determination of the respective limits of inflammability. The gained
results are used by GE Jenbacher to support the decision on which ignition system
to concentrate further investigations and investments.
During this thesis numerous ignition experiments are carried out in a combustion
chamber in static conditions. The air-fuel ratio λ and the initial filling pressure
of the combustion chamber are varied. The temporal evolution of the excess
pressure is recorded and used to determine the maximum excess pressure pmax

and the time τ to reach pmax. The measurements are carried out for all three
ignition systems under as uniform conditions as possible. Chapter 2 deals with
the basics of the Laser, Corona and Spark Plug ignition. The Experimental Setup
is described in chapter 3. In chapter 4 the results are presented and discussed.
Finally chapter 5 summarizes the thesis and draws further conclusions from the
results.
All figures which are not referring to their source were generated by our research
team at the Photonics Institute. Some of the external figures were translated or
slightly altered.
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2 Basics of Spark Plug, Laser and Corona Igni-

tion

2.1 Combustion and Air-Fuel Ratio λ

2.1.1 Combustion

Combustion is one of the oldest technologies of mankind and is still of major
importance to meet human energy needs and to drive motors and engines. Com-
bustion is an exothermic chemical reaction where solid, fluid or gaseous fuel
becomes oxidized. This process is triggered by molecular collisions at high tem-
peratures. The chemical reaction for the combustion of methane CH4 is shown
in equation 1.

CH4 + 2 O2 −→ CO2 + 2 H2O (1)

The detailed combustion of methane is a complex sequence of numerous interme-
diates and consists of several reaction chains. Nevertheless equation 1 summarizes
the process and displays the number of educts and products. This enables us to
determine the mol fractions for stoichiometric combustion. [1, 4, 9]

2.1.2 Air-fuel ratio λ

To describe the characteristics of a combustion the air-fuel ratio λ and the equiv-
alence ratio Φ are used. They are connected via the reciprocal value.

λ =
1

Φ
(2)

In a stoichiometric mixture the amount of oxygen equals exactly the amount
needed for combustion. For a methane-air mixture the number ν of O2 molecules
which is necessary per CH4 molecule is ν = 2. Therefore we can specify the
proportion of methane to produce a stoichiometric O2-CH4 mixture as a mol
fraction, displayed in equation 3 and 4.

χ′
CH4

=
1

1 + ν
(3)

Fresh air consists only of 20,9 % oxygen. The rest is 78,1 % nitrogen and 1 %
noble gases. Consequently ν has to be scaled and the methane mol fraction for
air-methane mixtures reads

χCH4 =
1

1 + ν
0,209

= 0, 0946. (4)

The respective air portion is χair = 1−χCH4 = 0, 9054. The factor
(

χair

χCH4

)
stoich

is

used to normalize λ to equal 1 for stoichiometric combustion. Equation 5 shows
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the definition of the air-fuel ratio λ using the mol fractions.

λ =

χair

χCH4(
χair

χCH4

)
stoich

(5)

All mixtures can be classified into three different mixture types, corresponding
to respective λ values:

rich mixture Φ > 1 , λ < 1
stoichiometric mixture Φ = 1 , λ = 1
lean mixture Φ < 1 , λ > 1

If one wants to produce mixtures of specific λ, the mol fraction needed can be
derived as

χCH4 =
1

1 + λ
(

χair

χCH4

)
stoich

. (6)

For an ideal gas the amounts of the components correspond to the partial filling
pressures. Therefore the methane partial pressure for a air-methane mixture with
fixed λ is

pCH4 =
ptot

1 + λ
(

χair

χCH4

)
stoich

. (7)

To facilitate the production of specific methane-air mixtures, equation 7 can be
used together with a manometer.
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2.2 Spark Plug Ignition

2.2.1 Basic principle

The spark plug is the most commonly used device to ignite fuel-air mixtures in
internal combustion engines. It uses the high voltage created in an ignition coil
to start combustion. The high voltage is conveyed to the electrodes of the spark
plug near the wall of the combustion chamber and leads to an arc discharge. The
resulting spark creates plasma on its way from one electrode to the other and heats
a small part of the fuel-air mixture up to its ignition temperature. Combustion
starts and entails a fast increase in pressure and temperature creating a flame
front which spreads through the combustion chamber. Thereby the rest of the
fuel-air mixture is ignited. Depending on the combustion, it consumes all or a
part of the present fuel and air. The energy needed to ignite a stoichiometric
fuel-air mixture is about 0,2 mJ. Leaner or richer mixtures can even require more
than 3 mJ. Long spark duration and easy accessibility of the gas to the electrodes
improve ignitability. Furthermore an increase of the spatial extension of the spark
respectively a bigger electrode distance is additionally beneficial. [10]

Figure 1: Time evolution of the electrode volt-
age. t states the spark duration.1

In figure 1 the time evolution of the voltage between the electrodes is displayed.
At ignition the voltage between the electrodes abruptly increases until the break-
through voltage is reached and a spark kindles. Thereupon the voltage drops
again sharply and stays at a level maintained during spark duration. Afterwards
the voltage dies down following attenuated oscillations.

1Source for figures 1 to 5: [10]
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2.2.2 Structure of spark plug ignition systems

Spark plugs have to withstand the extraordinary conditions inside the combustion
chamber. They have to resist considerable oscillating pressure of up to 100 bar as
well as thermal shocks in the sequence of hot exhaust gases and the cold intake
mixture. Additionally they are subject to aggressive chemical reactions inside the
combustion chamber and to chemical deposits generated during the combustion
process. All these adversities increase wear as well as service and reparation costs.
Furthermore they require high-quality components in the fabrication process of
the spark plug, especially regarding heat conductivity of insulation materials and
electrodes and fatigue resistance in continuous operation. Insulation capability
at high temperatures of about 900 ◦C has also to be guaranteed.

Figure 2: Structure of a spark plug.

A spark plug’s structure is shown in figure 2. Its main components are the termi-
nal stud, a glass seal, the housing, an insulator and the electrodes. The terminal
stud (1) is usually made of steel and conducts the voltage from the plug wire
over the glass seal to the center electrode. The glass seal (5) provides mechanical
anchorage between the stud and the electrode as well as obturating of the de-
vice against the gas pressure during combustion. These parts are insulated from
the housing by an insulator (2) made of aluminum oxide ceramics (Al2O3). The
housing (3+4) fulfills the purpose to attach the spark plug to the cylinder head
and is usually surface-treated against corrosion. The electrodes (7+8) form the
gap for the spark to flash over and are usually made of nickel alloy to withstand
the high thermal strain. [10]
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An indispensable part for spark plug ignition is the ignition coil which serves si-
multaneously as ignition energy storage and as transformer. It transforms the low
voltage of the battery into the high voltage needed to ignite the fuel-air mixture.
The primary circuit’s resistance and inductance determine the amount of energy
stored. The secondary circuit determines the high voltage, the spark current and
the spark duration. Figure 3 provides the circuit diagram of common ignition
coils. Mono spark, single spark and dual spark ignition coils are distinguished.
Mono spark ignition coils supply all spark plugs with voltage through a rotating
voltage distribution. Single spark ignition coils are fitted directly to the spark
plugs. Every spark plug has its own coil. High voltage diodes prevent unwanted
ignitions when the primary circuit is closed. Dual spark ignition coils are able
to supply two spark plugs at a time and are widely used for economical reasons.
They demand an even number of spark plugs and cylinders.

Figure 3: Circuit diagram of common ignition coils.
(a) mono spark, (b) single spark, (c) dual spark ignition coil.

If the contact breaker in the primary circuit is closed, the coil picks up energy
from the supplying battery and stores it in its magnetic field. When ignition shall
be initiated, the primary circuit is interrupted and the magnetic field collapses.
The field induces a short high voltage impulse in the secondary circuit, which is
conveyed to the spark plug and into the combustion chamber inside the cylinder.
The impulse has about 25 to 30 kV and 60 to 120 mJ. [11]
There are several kinds of spark plug ignition systems differing in the method of
inducing ignition, distributing the voltage and controlling the time of ignition.
The four most common types are the conventional coil ignition (CI), the tran-
sistorized ignition (TCI), the electronic (ESA) and the distributorless ignition
system (DLI). The CI system (figure 4) is all mechanically controlled. It initiates
ignition mechanically, mechanically controls the time of ignition and distributes
the voltages mechanically. TCI systems on the other hand use electrical trigger
to induce ignition. ESA and DLI try to optimize the coordination of time of igni-
tion, power demand and revolution rate. There is an ignition delay of about 2 ms
between the ignition and the combustion of the fuel-air mixture. To balance the
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Figure 4: Coil ignition system, (1) battery, (2) con-
tact breaker, (3) ignition coil, (4) voltage distributor,
(5) spark plugs.

time when combustion starts with the time when combustion is needed, the sys-
tems mentioned bring forward or postpone the time of ignition, taking account of
the ignition delay. DLI systems even distribute the ignition spark electronically.

Figure 5: Combustion chamber pressure in dependence
on the advance angle αZ . TDC stands for top dead cen-
ter.

Figure 5 shows the pressure in the combustion chamber in dependence on the
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advance angle. The top dead center (TDC) refers to the moment during the
compression stroke, where the piston reaches its highest point and the fuel-air
mixture is compressed the most.
The advance angle is a measure, indicating how long ignition is advanced or
postponed with respect to the top dead center. The higher the advance angle the
earlier ignition takes place. The graph shows three cases, namely ignition before
(Zb), at (Za) and after (Zc) the optimal time of ignition. Late ignition leads to
decreasing power output and to growing fuel consumption. Early ignition raises
the power output, but increases the production of NOx and hydrocarbons con-
taining exhaust gases. Furthermore it increases the risk of engine damage and
pinging if taken to far. The lower the power demand of the engine the earlier
the fuel-air mixture ignition must be initiated, because of a slower combustion
process. The major advantages of coordinating the ignition time are maximal en-
gine power output, a reduction in fuel consumption and less ecologically harmful
exhaust gases.

2.2.3 Paschen law

The most crucial part of the spark plug ignition is the formation of an electri-
cal breakthrough. Besides on the applied voltage, it depends on several other
quantities. The most important ones are the distance between and the geome-
try of the electrodes, temperature and pressure inside the combustion chamber,
air-fuel ratio of the fuel-air mixture, turbulences and non-homogeneities of the
gas. An ample electrode distance leads to the activation of a large gas volume
and to more stable combustion. Nevertheless it requires a higher breakthrough
voltage to kindle a spark. This results in a reduced life span and an increased
service requirement. This correlation was quantified by F. Paschen in 1889. He
formulated the Paschen law, expressing that the breakthrough voltage in gases
is only dependent on the product of the gas pressure p and electrode distance d
(equ. 8). [12, 13]

V = f(p, d) =
a

(b + ln(p · d))
(8)

The constants a and b are determined experimentally. Figure 6 shows the break-
down voltage in dependence of the product p · d. The breakthrough voltage rises
for values over as well as under a minimal value, influenced by the free length
of path. For distances which are distinctly longer, the function (equ. 8) can be
approximated linearly, which is in accordance to the experimental relationship
found by Paschen:

U = 30, 39 · pd + 1, 35 (9)

The pressure p is measured in bar, the electrode distance d in mm and the
breakthrough voltage in kV. [12, 13, 14, 15]
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Figure 6: Paschen curve.2

2.2.4 Advantages and drawbacks

In conclusion ignition with a spark plug ignition system is accompanied by several
advantages:

• Spark plugs are an industrial standard. They have been improved for more
than a century and hence have reached a highly advanced development
level.

• They can be produced comparably cheap due to large quantities.

Nevertheless they bring some disadvantages with them:

• Spark plugs possess only considerably reduced potential for substantial im-
provements, especially in the reduction of fuel and energy consumption and
the reduction of NOx emission.

• The electrodes are exposed to wear. Especially in high pressure media, a
large high breakthrough voltage in accordance to Paschen’s Law is required.
This results in increased maintenance and replacement costs.

• The position of the ignition is determined by the spark plug geometry and
is located near the wall. This imposes the risk of extinguishing the flame
kernel due to heat dissipation at the wall, which is called quenching effect.

• Spark plugs are rather suited for ignition of richer fuel-air mixtures and
require more ignition energy than alternative methods.

2Source for figure 6: [14]
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2.3 Laser Ignition

2.3.1 Types of laser ignition

Laser technology can be used to start a combustion process. Several different
types of laser ignition can be distinguished. [2, 3]

Thermal ignition

The usual gaseous target is irradiated directly by a quasi-continuous laser. The
gas absorbs the laser photons and takes up their energy. Thus the gas molecules
and atoms are excited and via non-radiative recombination processes eventually
the affected volume is heated up. This process results in the dissociation of the
molecules. The remaining fragments start the chemical combustion process.
Thermal ignition normally has a long ignition delay and needs a powerful laser
for operation. The latter should emit light of a specific sharp wavelength λ
corresponding to molecular absorption. Furthermore the laser energy is imparted
along the whole beam path, decreasing exponentially.

Photochemical ignition

UV light with highly energetic photons is used to dissociate the gas molecules.
No electrical breakdown is generated. But the gas molecule dissociate when
absorbing the photons. This process results in the formation of highly reactive
radicals like OH− in a CH4/O2 mixture. If the production rate exceeds the
recombination, they start the chemical combustion process.

Resonant breakdown

Electrons are excited by resonant absorption of adequate photons of the laser.
The electrons are excited further and multiplied by electron cascade growth,
resulting in the ionization of the molecules.

Non-resonant breakdown

This type of laser ignition is used during the experiments of this thesis. The laser
beam is focused and generates a strong electric field. Free electrons originating
from impurities, aerosols or from multiphoton ionization are accelerated and gain
high energies. During collisions with gas molecules the energy is released and
ionizes the gas, generating secondary free electrons. These are accelerated again
by the electrical field leading to an avalanche process. Plasma forms in the
focal point, being a free floating brightly visible spot. The plasma creates heat
and chemically active radicals which form a flame kernel. If sufficient energy is
available, the flame kernel produces more heat than the amount which is lost and
starts to ignite the whole gas volume.
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For conventional electrical sparks the required electric field strength and energy
increase with the prevailing pressure (Paschen’s Law, see equ. 9). On the con-
trary, the minimum energy needed for ignition (MPE) for laser-induced spark
generation decreases exponentially with the pressure. This relation is shown in
figure 7.

Figure 7: Minimum Pulse Energy for
plasma generation (MPE) in dependence
on the pressure.3

For ignition the laser generating the plasma should reach an intensity of 1011 W/cm2.
This high intensity can be realized by a Q-switched laser emitting typically ns
duration and MW power pulses. [2, 3, 16, 17]

2.3.2 MPE, MIE, minimum plasma energy

MPE, MIE and the minimum plasma energy are important parameters for the
Laser Ignition.
The minimum plasma energy corresponds to the minimum energy per pulse
needed to achieve sufficient electric field in order to generate plasma. The mini-
mum plasma energy is a function of the pressure.(f(p))
The minimum ignition energy (MIE) refers to the minimum energy which is
required for ignition. If the laser pulse energy is below this threshold, combustion
can not be triggered. MIE is dependent on the air-fuel ratio λ of the mixture,
the temperature T and the pressure p. (MIE = f(λ,p,T ))
The minimum pulse energy (MPE) is usually higher than MIE. It corresponds to
the total energy needed to generate ignition. Not all laser energy is used in the
plasma. A part of the laser pulse is transmitted before plasma formation or is
incompletely absorbed by the plasma and hence travels further on. This energy
not used in the plasma as well as reflection and other losses are included in the
minimum pulse energy (MPE).

3Source for figure 7: [3]
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2.3.3 Continuous wave solid-state laser

A standard solid-state laser uses a solid gain medium. This can be a crystal
or glass which is doped with rare-earth ions like Nd3+ or transition metal ions
like Cr3+ or Ti3+. This material amplifies or absorbs the laser light on its way
through the medium, depending on the excitation state of its electrons. The gain
material is surrounded by two dielectric mirrors at its ends, forming a resonator.
One of the mirrors has a reflectivity of almost 100 %. The second possesses a
lower reflectivity of <100 %. Consequently the laser beam is reflected and passes
through the gain medium several times before leaving the resonator.
The energy is provided by a pump source which couples its light into the res-
onator by appropriate optics. Independent of the resonator, the excited laser
ions emit spontaneous radiation which also provides the starting mechanism for
laser oscillation. Possible pump light sources are lamps, flash lamps or laser
diodes. The preceding description corresponds to a continuous wave (cw) laser
which is producing a continuous laser beam. Its scheme is presented in figure 8.
[16, 17, 18]

Figure 8: Scheme of a cw-laser.

2.3.4 Excitation and emission

Photons and the gain material interact by absorption, spontaneous and stimu-
lated emission. If the material absorbs a photon with adequate energy, an elec-
tron can be transferred to an excited state. From there spontaneous or stimulated
transition accompanied by photon emission can occur. The transition rate can
be calculated with Fermi’s Golden Rule. Its dependencies are shown in equation
10.

P|2>→|1> ∝ w3
λ |~π < 1| e0~r |2 > |2 (ni + 1) (10)

ω represents the angular frequency of the photons, ni the photon population num-
ber, < 1| e0~r |2 > a matrix element of the dipole operator and ~π the polarization.
The 1 in equation 10 corresponds to spontaneous emission. Spontaneous emission
does not require an already present electromagnetic field, but occurs randomly.
It empties higher energy levels and is accompanied by the emission of photons
of random direction and phase. Their energy is determined by the energy level
difference which is overcome.
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The factor ni in equation 10 introduces stimulated emission. This type of emission
depends on the intensity of the already present light. A photon whose energy
equals the energy difference between two states is required. If such a photon
collides with an electron in the excited state, transition is triggered. The electron
moves to the lower energy level and emits an additional photon with the same
direction, frequency, phase and polarity as the incident one. This effect leads to
an amplification of the laser signal in the gain medium.
For this amplification the availability of sufficient electrons in the excited state is
essential. This is achieved by sufficient pump light power generating population
inversion. This is a state where the higher energy level is more populated with
electrons than the lower one. [2, 3, 16, 17, 18, 19]

2.3.5 Three and four level gain materials

In the preceding section 2.3.4 the transition between two states is described. In
this way no inversion can be achieved due to the same probability of absorption
and stimulated emission. However in several gain materials more than two exci-
tation states can be employed. Additionally these states are not perfectly sharp
but have a certain spectral bandwidth. In the following, these materials can be
described as three- or four-level systems.

Three-level system

The pump light excites electrons to the level |2 >. There a fast non-radiative
transition occurs to level |1>. The excess energy is carried off by phonons. The
transition from |1> to |0> can occur spontaneously as well as stimulated. The
latter can lead to the emission of laser light. Nearly all photons originating from
spontaneous emission are regarded as losses because of their random direction and
phase. Stimulated emission amplifies the existing intensity in the gain medium,
if population inversion is prevailing. If gain can overcome the losses, the laser
oscillation will start.
Three-level systems have their final state in the laser transition at the ground

Figure 9: Three-level, four-level and quasi three-level system.
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state |0 >. Consequently the material absorbs laser light and moves electrons
back to the |1 > state. This reduces the laser efficiency via an increase in the
number of spontaneous emissions. Furthermore three-level systems require a
higher pumping power to generate a laser output.
An example for a three-level system gain material is ruby (Cr3+ :Al2O3).

Four-level system

The four-level system evades the disadvantage of laser transition to the ground
state |0>. Consequently the medium does not absorb the laser light. Electrons
are pumped to state |3 > and move to |2 > by non-radiative transition. The
laser transition ends at |1 > which is considerably above the ground state. The
|1 > state must be emptied sufficiently fast and should have almost no thermal
population density.
A commonly used four-level system gain medium is Nd:YAG, neodymium doped
yttrium aluminum garnet. Its emission wavelength is 1064 nm which is in the
infrared region. A Nd:YAG laser is used during the experiments of this thesis.
[16, 17, 18, 19]

Quasi three-level system

If the difference between the ground state and the final laser transition state
(|1 >) is too small, |1 > has a thermal population. Consequently a four-level
system to some extent behaves similar to a three-level system. The medium
absorbs parts of the emitted laser light. This system is therefore called quasi
three-level system. Yb:YAG, ytterbium doped yttrium aluminum garnet is an
example for this system.

2.3.6 Q-switched lasers

Q-switching is a technique to generate short high intensity pulses. Typical times
and pulse energies are nanoseconds and several millijoules. The basic principle
uses a variation in the quality factor (Q-factor) of the resonator. In laser physics
this Q-factor is represented by the ratio of the resonance frequency ω0 to the
linewidth ∆ω of the output signal.

Q =
ω0

∆ω
(11)

The Q-factor is a measure for the attenuation of the oscillating laser signal in the
resonator.
At the start of the pulse generation process the Q-factor is kept at a low value,
resulting in high losses in the resonator. This prevents the conservation of signif-
icant laser intensities. Consequently only a small amount of stimulated emissions
occurs and the electrons in the upper energy level are almost exclusively exposed
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to spontaneous emission. The pump energy increases the extent of the population
inversion and is stored in the gain medium. The laser amplification capability of
the laser material increases. Because of the impediment to stimulated emission,
the amount of the stored energy surpasses the threshold required for laser light
emission and amounts to a multiple of this threshold. The maximum value is
mainly limited by spontaneous emission and the pumping power.
To trigger a laser pulse the Q-factor is suddenly increased and the losses of the
resonator are considerably reduced. A high extent of population inversion still
prevails. Because of the low losses the laser intensity does not diminish in the
resonator but triggers stimulated emission. Consequently more and more laser
photons are created and the laser intensity increases sharply. This high laser
intensity can only be maintained as long the population inversion is not depleted.
The pump light is only able to refill the upper energy level slowly. Consequently
a short but intense laser pulse is emitted.
Depending on the trigger of the laser pulse, one distinguishes active and passive
Q-switches. Active systems need a control element to time the quality factor
variations. Passive Q-switches are controlled by the laser intensity itself. The
first three of the following systems are actively controlled.

Mechanical Q-switch

Rotating or movable mirrors or other optical components reduce the portion of
the laser intensity kept inside the resonator. To increase the Q-factor the motion
is stopped. This system is simple and robust but suffers from high maintenance
costs and slow switching times.

Acousto-optic Q-switch

An ultrasonic wave in an optically transparent material acts as a phase grating
and generates diffraction. Consequently the quality factor increases if the acoustic
wave is turned off.

Electro-optic Q-switch

If a higher switching speed than in acousto-optic Q-switches is required, electro-
optic systems are used. A crystalline material becomes birefringent if an external
electric field is applied. The refractive index varies in dependence on the electric
field strength. This allows a modulation of the Q-factor.

Passive Q-switch

This kind of Q-switch is used during the experiments of this thesis. A saturable
absorber is attached to the gain material (see fig. 10) and causes considerable
losses. Nevertheless the losses are low enough to allow some lasing activity.
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Laser intensity is building up slowly. With further increasing laser intensity the
absorber approaches its saturation intensity. When it is is reached, the Q-factor
suddenly increases. Laser intensity rises sharply until the stored energy in the
gain medium is depleted. [3, 16, 18]

At Photonics Institute of TU Vienna a Nd:YAG laser very well suited for Laser

Figure 10: Basic setup of a passive Q-switched Nd:YAG
laser. Cr:YAG is used as Q-switch absorber material.

Ignition of internal combustion engines was developed by my predecessors Hannes
Tauer and Heinrich Kofler. It uses a passive Q-switch with Cr:YAG as an ab-
sorber. Pulse intensities up to 12 mJ at pulse durations of 1,2 ns are attainable.
Total efficiency of up to 14% is reached. The laser system is about 30 mm long
and has got a diameter of 12 mm. Its dimensions are therefore comparable with
the dimensions of a conventional spark plug housing.

2.3.7 Advantages of Laser Ignition

• Laser ignition is able to ignite leaner mixtures than Spark Plug Ignition.
⇒ less NOx production
⇒ higher fuel efficiency

• The igniting plasma can be freely positioned in the combustion chamber.
Quenching effects can be evaded.

• Ignition at higher initial filling pressures is possible.

• There are no electrodes which could erode. Maintenance costs are conse-
quently reduced and the life time of the system is increased.
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2.4 Corona Discharges

2.4.1 Mysterious glow

We are looking at a setup consisting of a thin polished wire and a small plain
metal plate. The wire is positioned perpendicular to the plate and its tip is put
at a distance of few centimeters. Its diameter amounts to about 1 millimeter.
The setup is surrounded by air at atmospheric pressure and a room temperature
of about 20 ◦C prevails. A voltage is applied between wire and metal plate and
is gradually increased. At first nothing happens. The voltage needed to form a
spark discharge would be about 5 kV/cm. But at a voltage not yet in reach of this
value a mysterious glow starts to form around the tip of the wire. This area near
the tip emits faint light, whose brightness increases with the voltage applied. The
light appearance looks like a coating made of glittering gems covering the tip of
the wire. The area covered increases with the applied voltage. This phenomenon
is called Electrical Corona.

Figure 11: Electrical Corona.4

Figure 11 gives a visual impression of the Electrical Corona. No light is seen on
the metal plate. If the voltage is further increased, little flashes start to form.
They generate a crackling noise and look similar to shining roots, branching out
in several directions from the wire tip. An ampere meter connected to the supply
line of the tip would measure an increasing current from a moment short before
the forming of the glow onwards. [20, 21]

2.4.2 Etymological origin

The word Corona derives itself from Latin and originally meant crown, garland
or wreath. It refers to anything curved or surrounding. One original use of the
word was the highest decoration for a victorious Roman military commander. He
was crowned with a laurel wreath. Corona may also refer to an auditorium or
the glowing halo surrounding our sun.
Another origin of the word Corona is the Ancient Greek χoρώνη (korónè). It
refers again to anything curved like rings, wreaths, crowns, the bent end of a bow
or even to a crow, because of its curved beak. Because of the reference to the
crown Corona’s meaning was widened to coins, bearing the imprint of a royal
crown. The meaning pertinent to the physical phenomenon in this thesis is an
electrical discharge caused by ionization of the surrounding gas. [22]

4Source for figure 11: [23]
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2.4.3 Classification of gas discharges

Different types of gas discharges occur between two electrodes separated by a
gas. Figure 12 shows the characteristic curve of a discharge in a gas like air. The
respective gas discharge type is indicated.

Figure 12: V-I characteristic of a discharge in a gas-filled tube.
Artificial units. Vb refers to the breakdown voltage. 5

One distinguishes the following discharge types:

Non-self-sustained discharge This type of discharge requires an external ion
source like thermionic emission, cosmic radiation or photoionization. The
generated charge carriers are accelerated towards the respective electrodes.
Some of them reach the electrodes, others recombine on their way. The por-
tion reaching the electrodes increases with the applied voltage. Therefore
the characteristic curve shows an almost linear behavior. As the voltage
further increases, saturation occurs. Nearly all charge carriers reach the op-
posite electrode. Consequently current can only be increased by enhancing
the external ion production.

Dark discharge If the voltage is sufficiently high to make impact ionization
possible, electrons start to ionize gas molecules. During this process new
electrons are set free. These are accelerated again by the electric field and
ionize new gas molecules, producing even more electrons. Consequently an
electron avalanche forms, if the number of electrons ionizing molecules out-
weighs that being absorbed in recombination. At the breakdown voltage
Vb the ionization process eventually prevails, an electron avalanche forms

5Source for figure 12: http:www.braeg.de/e s/2theory/2 2image002.gif
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and the discharge becomes self-sustained. This process is described by the
multiplication factor µ, specified in equation 12. In addition to impact
ionization of electrons with gas molecules two other processes support the
ionization of the gas. Firstly positive ions are accelerated towards the cath-
odes and knock out further electrons. Secondly electrons not always ionize
but sometimes only excite gas molecules. Some of them, especially N2 if
the gas is air, emit photons able to ionize other gas molecules.

µ =
n2

n1

= γ
(
e

∫ d
0 α dx − 1

)
≥ 1 (12)

α and γ are the first and second Townsend coefficients. α specifies the
number of new electrons formed per unit length by each initial electron.
γ determines the fraction of charge carriers producing secondary electrons
(by cathode impact or photoionization). The multiplication factor µ cor-
responds to the ratio between final and initial electron numbers. If µ is
greater or equal 1, the discharge process is self-sustained.

Corona At highly inhomogeneous electric fields, for instance caused by a pointed
electrode, and sufficient voltages a discharge type called Corona occurs.
In the vicinity of the electrode the high electric field rapidly accelerates
the electrons to ionize gas molecules and to start an avalanche process.
This results in a glowing coverage surrounding the electrodes tip. At some
distance from the electrode the electric field strongly decreases and is not
able to further ionize the gas. Here self-sustained dark discharge prevails
once more.

Glow discharge As the current further increases, dark discharge continuously
transforms into a glow discharge. The electrodes set free by the cathode are
accelerated until they have gained sufficient energy to excite gas molecules
to emit light. At a sharp distance x1 an electrically negative intense glowing
region called cathode layer begins. Further away to the cathode the elec-
trons have reached enough energy to ionize the gas molecules and create
electrons and positive ions. The latter are considerably heavier than the
electrons and drift slower. As a result this area has a positive space charge.
The space charge increases the electric field between the cathode and x1,
but decreases the field between x2 and the anode. After x2 the electrons are
less accelerated and the ionization and recombination process are almost in
equilibrium. This region is called positive column and emits faint diffuse
light. Finally the anode layer separates the positive column and the anode.

Arc discharge If the voltage is sufficient to cause a complete breakdown, a dis-
charge channel with high conductivity forms. The current further increases
while the voltage between the electrodes slumps. If the power source is able
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to sustain this discharge longer, one speaks of an arc discharge. If not, the
process is called spark discharge. [12, 15, 20, 24, 25, 26, 27]

2.4.4 Nature of Corona discharges

A Corona discharge is a high voltage low current discharge caused by the ioniza-
tion of the gas filling the gap between the electrodes. The gas molecules are not
ionized by heat like in plasma, but mainly by a strong and highly inhomogeneous
electrical field or by photoexcitation. The high field is generated by field enhance-
ment at sharp or highly curved electrodes and accelerates electrons, giving them
enough energy to ionize the gas molecules. Coronas only form a small ionization
region and do not channel through to the opposite electrode. The charge trans-
port is carried out by ions, whose majority shares its polarity with the electrode
generating a higher electric field.
Corona discharges are self-sustaining, i. e. able to maintain the discharge without
an external ion source. This can be realized on the condition that every charge
carrier generates its own replacement during the process. Applied to the Corona
process this means that every electron has to generate on average at least one
new electron before being absorbed by an ion or molecule. Otherwise the process
would cease.

Ionization process in air

Air at atmospheric pressure is the most common insulator on earth. Therefore we
examine the ionization and absorption process of electrons in an electronegative
gas like air. The most common absorption reactions are shown in equation 13
and 14. [12, 14, 20, 21, 28]

1. The free electron reacts with an oxygen molecule of the gas. The electron
requires at least 3,6 eV to overcome the dissociation threshold of the O2

molecule, considering the energy released by the e− attachment.

e− + O2 → O− + O (13)

2. The free electron reacts with an oxygen molecule and a third particle. The
energy released during the e− attachment is absorbed by the third particle
X.

e− + O2 + X → O−
2 + X (14)

Gas molecules are mainly ionized by collisions with electrons (equ. 15) and by
absorption of suitable photons (equ. 16).

1. Fast free electrons collide with molecules and impart a portion of their
kinetic energy. If the energy suffices, a second electron is set free.

e− + X + Ekin → 2 e− + X+ (15)
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2. Excitation processes resulting in photon emission also play a role in the
ionization process. Air consists of 78 % nitrogen and the N2 molecule
possesses a state corresponding energetically to the ionization energy of
O2.

e− + N2 + Ekin → e− + N2 + γ (16)

Field thresholds in air

The major requirement for the formation of Corona discharges is a sufficiently
steep electric field gradient. The field has to be considerably stronger near one of
the electrodes and has got to diminish rapidly afterwards. Otherwise a spark dis-
charge would form in the gap instead of the Corona. The field near the electrode
has to be sufficiently strong to rapidly accelerate the electrons and to enable them
to ionize the gas molecules. This high field is reached by high voltages of several
hundred kV for a gap dimension of centimeters. Additionally a pointed electrode
which is considerably smaller than the distance between the electrodes is used.
This enhances the electrical field around the electrode and consequently reduces
the voltage need. Furthermore the pointed electrode provides the inhomogeneous
field demanded.
The following equations 17 and 18 provide exemplary field distributions for simple
and exactly solvable cases. The electric field between two coaxial cylinders reads:

E =
V

x ln
(

R
r

) , Emax =
V

r ln
(

R
r

) (17)

The maximum field reachable in the area between the two cylinders is Emax. V
represents the applied voltage between the cylinders. R is the outer, r the inner
radius. x represents the distance from the axis.
A commonly used experimental setup is the use of a tip and a metal plate. This
case is modeled with a parabolic tip and a plane perpendicular to it. The electric
field between the two electrodes is shown in equation 18.

E =
2V

(r + 2x) ln
(

2d
r

+ 1
) , Emax ≈

2V

r ln
(

2d
r

) (18)

d represents the distance between the parabolic tip and the plane. r is the cur-
vature radius of the tip. x is the distance from the tip along the axis. The field
reaches it maximum at the parabolic tip x = 0. The simplification uses the ap-
proximation d

r
>> 1. This approximation is satisfied because the gap d has to

be considerably larger than the electrode radius to create a Corona discharge.
To enable the formation of a Corona discharge, the field must reach a certain
lower limit Ep. The threshold voltage Vp can be deduced using the respective field
equation, e.g. equation 17 or 18. In 1929 Peek succeeded in providing an empirical
formula, which allows to determine to lower limit Ep. The value is dependent on
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the ratio δ = p
p0

of prevailing air density to atmospheric pressure (p0 = 1013 mbar,

T = 20 ◦C) and on the radius r of the electrode. The formula assumes a smoothly
polished electrode surface. Peek’s formula is shown in equation 19. [12, 21, 28]

Ep = 31 δ

(
1 +

0, 308√
δr

)
kV/cm (19)

If we consider a setup with a wire of r = 1 mm at atmospheric pressure δ = 1,
Peek’s formula yields a minimum field strength of Ep = 61 kV/cm.

Discharge process

A setup consisting of a pointed tip and a metallic plate is considered again. At
low voltages the field is not able to ionize the gas molecules, which therefore
operate as an insulator. Nevertheless cosmic radiation, natural radioactivity and
ultraviolet light affect the gas molecules. A very small fraction, namely about
10 molecules in 1 cm3 per second, are ionized and yield a small current of about
10−14 A. The electrons set free are accelerated by the electric field. Some of them
gain enough speed to ionize further molecules. Nevertheless each electron ionizes
on average far less than one electron. Consequently the number of free electrons
decreases again and remains almost stable at the amount caused by the cosmic
radiation. Most electrons recombine and form ions, which are mainly responsible
for the charge transfer. This discharge type is called dark discharge.
If the applied voltage is further increased, the electrons gain more and more
energy. The higher the voltage the more likely the electrons are to ionize gas
molecules. If the voltage threshold Vp is reached, the electrons are capable of
replacing its losses by recombination and the discharge becomes self-sustaining.
The discharge current increases to 10−6 A. Electron avalanches start to develop
in regions with sufficient electric field. In our setup the only region is located
around the tip electrode. There the gas in vicinity to the tip becomes ionized
and forms a glowing coverage, the Corona. The volume and the brightness of the
ionized gas grow with increasing voltage.
The ionized region does not extend all way to the second electrode. Between
them there is the outer region. There the electric field is not strong enough to
sustain the electric avalanches. The electrons do not receive sufficient energy and
the ionization ceases. Charge transport is once more mainly carried out by ions
and the region does not glow. A characteristic of unipolar Coronas is that the
majority of the present ions in the outer region share the same polarity as the tip
electrode. For instance a setup surrounded by air with a cathode as tip electrode
results in negatively charged O− and O−

2 ions being present in the outer region.
They are generated by the processes described in equation 13 and 14. The ions
floating to the other electrode build up a space charge of the same polarity as
the tip. This reduces the strength of the electric field between the two electrodes
and reduces the growth of the glow region. Ion current is weak and results in
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almost no voltage reduction across the gap. Therefore the outer region makes
up for the most part of the gap’s resistance. It determines the current strength
mainly on its own and further limits the glow region’s growth. This relation is
the reason for the Corona being a high voltage but low current discharge. Further
parameters determining the current flow are the applied voltage and on the form
of the electrode which heavily influences the field enhancement near the tip. The
gas properties enter this relationship by their influence on the already mentioned
resistance in the outer region.
The conditions inside the outer region are similar to those of a dark discharge.
These inside the Corona region resemble a glow discharge. Consequently Corona
discharges can be interpreted as a series connection of a glow and a dark discharge.
[21, 28, 29, 30]

Current approximation in the outer region

The Corona current is limited by the space charge, built up by the ions drifting
to the second electrode. This drift of ions, respectively the corresponding current
shall be approximated. As a simplification the gap between two coaxial cylinders
is considered. The current per cylinder length across the surface of a third coaxial
cylinder with radius x is shown in shown in equation 20.

I = 2πx j = 2πx en v = const

I = 2πx enµE (20)

I represents the current, µ the charge carrier mobility, E the electrical field and n
the charge carrier density. Equation 17 on page 22 provides an approximation for
the electric field between the two cylinders. Inserting this expression in equation
20 yields

n =
I

2π enµ xE
=

I ln
(

R
r

)
2πenµV

= const . (21)

Both equation 17 and 21 are entered into the Poissons equation div E = 4πen
in cylindrical coordinates

(
1
x

d
dx

(xE) = 4πen
)
. Integrating this expression and

approximating the integration constant to agree with equation 17 yields

E =
2I ln

(
R
r

)
µV

x2 − r2

2x
+

Vc

x ln
(

R
r

) . (22)

Now equation 22 is integrated with respect to x
(∫ R

r
E dx = V

)
. A prerequisite

for the formation of a Corona is the inhomogeneity of the electric field, assured
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by the pointed electrode. Therefore we introduce the approximation x2 >> r2.∫ R

r

E dx = V =
I ln

(
R
r

)
µV

∫ R

r

x2 − r2

x
dx + Vc

≈
I ln

(
R
r

)
µV

x2

2

∣∣∣∣R
r

+ Vc ≈
I ln

(
R
r

)
2µV

R2 + Vc (23)

Transforming equation 23 yields the desired approximation for the current (equa-
tion 24).

⇒ I =
2µV

R2 ln
(

R
r

) V (V − Vc) ∝ V (V − Vc) (24)

Ultracorona

Further increase in the applied voltage between electrodes in a gap where a
Corona discharge prevails can result in different phenomena. If the tip electrode
consists of a very thin thoroughly polished wire, a phenomenon called ultracorona
takes place. Under these conditions a voltage increase does not alter the basic
appearance of the discharge. Nevertheless the current in the discharge gap in-
creases and causes the Corona to glow considerably brighter. The current grows
in dependence on V 2. Remarkably it is possible to increase the voltage even to
values corresponding to 10 to 20 times the voltage necessary for the formation of
a Corona. It is possible to reach average gap fields of 20-22 kV/cm. At higher
voltages the Corona directly changes into an arc discharge. If the voltage does
not exceed the breakthrough value, Coronas and ultracoronas can last for hours.
[21, 28]

Figure 13: Corona ramifications.6

6Source for figure 13: [31]
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Streamer Corona

It was already mentioned that the phenomena resulting from voltage increase
in a Corona discharge vary with the conditions. Besides the ultracorona a phe-
nomenon called streamer Corona is very common. With increasing voltage the
Corona region starts to alter. It forms separate filaments, called streamers, reach-
ing into the outer region. They are branched and radiate cold bluish bright light.
The discharge looks similar to the roots of a tree or bush. The individual stream-
ers turn up statistically distributed and their pulse currents last only for a fraction
of a microsecond. Therefore streamers appear and disappear within microsec-
onds. On a microscopic scale the Corona streamers form an outline resembling
to a fractal pattern. The streamers split up in an uncountable number of finer
and finer ramifications. This pattern repeats itself as smaller and smaller orders
of magnitude are regarded. The branch structure is not stationary but reforms
itself rapidly with the disappearance and reforming of the streamer branches.
Statistically every part of the volume surrounding the electrode up to a certain
distance is covered repeatedly by the streamer Corona. The maximum distance
is influenced by the electric field strength and form, the characteristics of the
surrounding gas and in the case of a pulsed Corona by the pulse waveform.
As long as the streamers do not reach the other electrode, ions are still exclusively
responsible for the charge transport. The temperature inside the streamers is
about 250 ◦C, which is comparably lower than the approximately 16.000 ◦C which
are found in plasma arcs. In laboratory experiments it is even possible to generate
streamers which are several meters long.

Figure 14: Temporal evolution of Corona current
and voltage of a streamer Corona.7

7Source for figure 14: [32]
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Figure 14 shows the typical temporal evolution of Corona current and voltage
of a streamer Corona. The measurements were taken during a Corona discharge
sustained for nearly 3 milliseconds. The current evolution consists of numerous
single current peaks superimposing each another to form a curve similar to a
brush. Each peak in the diagram represents the discharge of a more ore less
powerful Corona streamer.
In figure 14.a snap shots of the streamers corresponding to the indicated peaks are
presented. The more powerful the Corona streamer, the higher is the respective
current peak. The voltage is controlled by a system preventing arc discharges.
During the Corona the applied voltage is increased gradually during the time
alight. The voltage evolution shows minor fluctuations which make up only a
marginal fraction of the applied voltage. These fluctuations are caused by the
streamer Corona and indicate that even the total current of all streamers is unable
to considerably decrease the voltage between the two electrodes. In conformity
with this fact the current peaks of the single streamers do not exceed the order of
magnitude of mA. Consequently streamers are able to cross considerable parts
of the gap and to even reach the second electrode without causing a breakdown.
The streamers just do not contain enough charge carriers. However if we consider
a spark discharge, considerably different conditions are found. The temporal
current evolution only shows one single but major current peak reaching a current
strength of some tens of amperes. This current is sufficient to cause a voltage
decrease in the gap and to trigger a breakdown. [12, 21, 28, 32, 33]

Figure 15: Corona discharge.

Lightning

The Corona streamer phenomenon already described resembles a lot to flashes of
lightning during a thunderstorm. To complete the resemblance Corona streamer
even generate thunder, registered as a more or less quiet crackling. However there
is an important difference between Corona discharges and flashes of lightning.
The latter are large scale spark discharges causing a breakdown between the
electrodes. Corona does not considerably reduce the potential difference between
two electrodes. Furthermore flashes of lightning do not have as many branches as
a Corona. They have got only one main discharge channel and only minor side
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arms. Flashes of lightning create very hot plasma of some 10.000 ◦C, whereas
Corona streamers only heat up the air around them to a few hundred degrees.
Flashes of lightning develop between a cloud and the ground or between two
clouds. They form a discharge channel of about 10 to 20 cm which can be
several km long. Estimated voltages amount to 109 V , simultaneously having
a current strength of about 200 kA. Flashes of lightning last for about 1 ms,
move a charge of approximately 20 C and release about 2 · 1011 J . This energy
amount corresponds to approximately 50.000 kWh. This enormous energy is
mainly converted to heat. As a result the gas surrounding the discharge channel
expands in a shock wave, forming thunder. [14, 15, 21, 26]

Leaders, discharge channels

During a Corona discharge a similar process as the forming of a spark discharge
occurs. Besides the streamers a discharge channel is partially generated. This
discharge channel is called leader. Applying again the comparison to roots, a
streamer forms not in the outer ramifications but in the stem of the discharge.
It is powered and heated by the total current from all streamers. Plasma forms
and increases the conductivity dramatically. Further streamers outburst from
the leader’s head, i.e. the tip of the discharge channel. Streamers propagate a
hundred times faster then leaders. The velocities amount to 107 m/s, respectively
105 m/s. The leader possesses a certain electrical conductivity and capacity and
consequently absorbs a part of the electrodes charge. This is one of the main
differences towards a streamer, which is not carrying considerable charges. It is
therefore not capable of carrying sufficient current to cause a voltage drop.

Figure 16: Photograph of a Corona dis-
charge.

Figure 17: Bright leader and fainter
streamers.

The streamers continue to power the formation of the discharge channel. If the
applied voltage suffices, the leader can propagate until it reaches the opposite
electrode. If this happens, both electrodes are connected via a highly conducting
discharge channel. The current dramatically increases and makes its way through
the channel, providing the least resistance. This channel gets more and more
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prominent, heats up and shines brighter. Eventually it transforms into an arc
discharge and causes a breakdown. Figure 16 and 17 show photographs of Corona
discharges. It is possible to distinguish the leader, which is shining brighter, and
the fainter streamers. [12, 14, 20, 21, 28]

Arc discharge

If the applied voltage during a Corona discharge is further increased, the current
strength of the Corona and the extent of the ionization area grow. From a crit-
ical voltage onwards the Corona transforms into an arc discharges. The electric
field, the form and constitution of the electrodes and the properties of the gas
influence the transition process. A too homogeneous field for instance results into
a direct transition form a dark discharge to an arc discharge. In the case of an
ultracorona the stage in which the streamer and leaders are built is omitted. The
Corona directly results in an arc discharge. No matter which case, the building
of an arc requires the extinction of the outer Corona region. It has already been
mentioned that this region limits the growth and the current of the ionization
region. Together with its extinction the current rises sharply and heats up the
future discharge channel. Plasma is created and the resistance in the ionization
region plunges. An arc forms and the breakdown takes place. [14, 20, 24, 25, 34]

Corona wind

A Corona discharge creates movement of air called Corona or electric wind. In
the vicinity of the electrode surrounded by a high electric field the gas molecules
are as already mentioned ionized. The ions having the opposite polarity as the
tip of the electrode are repelled and pushed off. During their movement they
carry along air molecules and consequently generate a movement of air which is
directed away from the electrode. [14, 28]

Existence of Coronas in daily life

The Corona phenomenon is not restricted to the laboratory. It is observed in
nature as well as in our daily lives. For instance the characteristic crackling in
transistor radios is produced by Corona discharges. Nevertheless one of the most
impressive occurrences of Coronas is the St. Elmo’s fire.
St. Elmo’s fire develops, if charged clouds introduce a sufficiently electrical field
near the ground. At tips and pointed objects the field strength is enhanced and
creates optical phenomena looking like a small thunderstorm. They are streamer
Coronas. They occur at lightning rods, church spires, ridges of roofs and ship
masts. In high mountain regions St. Elmo’s fire sometimes even can be observed
at the bare finger tips.
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Corona discharges also have negative side effects. They are responsible for power
losses and insulation problems in electric engineering. Especially in high-voltage
transmission lines their effects have to be considered.
In the case of two parallel wires with adequate distances and electric field to create
Corona discharges, both wires produce a Corona. The setup is called bipolar
Corona and consists of two inversely charged unipolar Coronas. We speak of an
unipolar Corona of certain polarity, if the electric field is only at one electrode
sufficiently high and inhomogeneous to create a Corona discharge. A negative
Corona ionizes the gas around the cathode and positive around the anode. The
current in the outer region of an unipolar Corona is mainly conducted by ions
of the same polarity as the generating electrode. In accordance to this behavior
the setup of two parallel wires creates two oppositely charged unipolar Coronas
and the outer region in the middle is filled with ions of both polarities. They
partly neutralize each other and reduce the space charge considerably. As already
mentioned this space charge limits the current and growth in the ionization region.
Consequently the current and energy losses in a bipolar Corona are considerably
higher than in a unipolar one. Peek’s empiric formula (equ. 19, p. 23) was
adapted to a setup of two parallel wires:

Ec = 24, 5 δ
(
1 + 0, 65 (δr)−0,38) kV/cm (25)

r represents the wire radius and δ the pressure ratio p
p0

. If we assume a voltage-
current characteristic of the same type as in equation 24, the power losses in
high-voltage transmission lines show the behavior

P = I V ∝ V 2 (V − Vc) . (26)

They increase with the third power of the voltage. In rainy weather or in winter
water droplets and ice crystals enhance the electric field and reduce the required
Corona ignition voltage. Consequently the power losses increase even further.
[12, 14, 35, 36]

2.4.5 Corona applications

Corona discharges are used for several purposes. The one most important for
this thesis is the Corona ignition, discussed in section 2.4.6. Nevertheless Corona
discharges are also used for fusing plastics, igniting flammable materials in general
or are used in chemistry. They are able to support chemical reactions like the
generation of ozone O3.
Furthermore Corona discharges are examined for their capability of reducing
NOx emissions from diesel engine exhausts (see [37, 38]). The basic principle is
based on chemically active radicals being produced by the Corona discharge in
the ionized gaseous media. These interact with pollutant molecules and convert
them to non-hazardous substances.
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There are patents (see [33]) claiming Coronas to be able to remediate fluidborne
hydrocarbon wastes in wastewater. The respective apparatus initiates and sus-
tains radio-frequency Corona discharges which are expected to activate chemical
reactions that break pollutants down. Namely emitted electrons hit H2O water
molecules and form OH− ions. These OH− ions are likely to react with an H
or an C molecule within an CxHy hydrocarbon. In the first case they produce
water and withdraw the H from the hydrocarbon. In the second they reduce
the hydrocarbon by withdrawing a C and forming CO carbon monoxide. In a
second reaction this CO eventually is transformed to CO2 carbon dioxide. This
technique could be used for the purification and sterilization of water.

2.4.6 Corona ignition, key features

Corona discharges can be used to ignite lean fuel-air mixtures. The electric field
directly ionizes the mixture and causes ignition without undergoing the complete
dielectric breakdown as in a spark plug. Consequently no arc discharge is pro-
duced. Temperature and current remain low, although the voltage reaches kilo-
volts. Additionally the Corona discharge consists of numerous filaments reaching
out into the combustion chamber. They fluctuate, appearing and disappearing
within microseconds, and statistically activate the whole volume in the vicinity
of the electrode up to a certain distance. This distance is influenced by the elec-
tric field, the pulse waveform of the pulsed Corona, turbulence and by the gas
properties. The key features of Corona ignition are:

• Corona ignition is able to initially ignite a considerably larger volume.

• It develops several flame fronts.

• It applies comparably very high energies.

⇒ Corona ignition is expected to be able to ignite leaner mixtures than Laser
and Spark Plug systems (see section 4 and p. 71). This would result in higher
fuel economy and a reduction in NOx emissions.

• Corona does not create high temperature arc discharges. Consequently wear
and maintenance costs should be lower than for the Spark Plug system.
However the Corona discharge highly depends on the electrode’s pointed
form. Slight deformations might have considerably consequences.

• Corona discharges are high voltage discharges and require respective insu-
lation.
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3 Experimental Setup

Within the scope of this thesis the ignition capability of the MORIS Spark Plug,
the Laser and the ECCOS Corona Ignition system are compared. About 1000
ignition experiments are carried out in the static conditions of a combustion
chamber. This combustion chamber is filled with a methane-air mixture and is
equipped with a pressure sensor for recording the temporal pressure evolution
curves. Quantitative composition of the methane-air mixture and the initial
filling pressure of the combustion chamber are varied. The respective pressure
curves are transmitted from the pressure sensor to an oscilloscope and further
transferred to a personal computer. In the following subsections the individual
parts of the experimental setup are presented.

3.1 Combustion Chamber

The ignition experiments are carried out in a combustion chamber which was
constructed by M. Tesch during a previous diploma thesis at Photonics Institute.
It is designed to resist pressures up to 200 bar at an operation temperature of up
to 400 ◦C. It is 162 mm long, has got a diameter of 68 mm and its volume amounts
to 0,6 dm3. The combustion chamber is made of stainless steel. It contains four
sapphire (Al2O3) windows, two with an aperture of 22 mm are at the front and
the back of the chamber. Two others with an aperture of 13 mm are situated
at its sides. The combustion chamber provides three gas connections which are
used for air, methane and the exhaust gas after each ignition experiment. Ad-
ditionally connections for a thermal and a pressure sensor are available. The
pressure sensor (Kistler ThermoCOMP Quartz Pressure Sensor 7061 B) is used
to record the temporal pressure evolution during the combustion process. Two
additional openings exist and are used to install the ECCOS Corona Ignition or
the MORIS Spark Plug Ignition system. Figure 18 shows a schematic drawing of
the combustion chamber. Figure 19 shows a photograph.
The combustion experiments are carried out at 110 ◦C. A heating device (Ihne
& Tesch, MCT-1-E), using a thermal sensor to reach a predefined temperature,
is utilized.

Sealing

The connections are sealed by three respective packing rings per opening. Two
of them are made out of graphite and surround a third one made of copper (see
Figure 20). The copper rings are annealed to increase their plastic deformability
and fitting capability. After the first assembly of the seals, the combustions
chamber is heated up to almost 400 ◦C and the threaded joints are tightened
once more. Finally a leak test using soap solution is carried out.
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Figure 18: Schematic plan of the combustion chamber.

Figure 19: Combustion chamber.
Figure 20: Packing rings made of
graphite and copper.
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3.2 Gas Mixture Preparation and Inflation Process

The combustion chamber is inflated with a methane-air mixture. The supply
tubes can be interrupted by several ball valves (Hoke Gyrolok 7115G6YMM)
and handwheels (Hoke Gyrolock 3752G6Y/MM). The high pressure gas cylinders
are protected from gas backflow and flame propagation by holding valves. A
schematic plan of the gas inflation system is shown in figure 21.

Figure 21: Schematic plan of the gas tube system.

The details of the inflation process influence the final composition. To ensure
reproducibility, the individual steps of the inflation process are listed in detail.
The required methane and air partial pressures are calculated with a personal
computer. The valves mentioned are indicated in red in figure 21.

1. Exhaust valve open.
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2. Opening of the CH4 valve and adjusting the zero value of the methane
manometer. Closing of the valve.

3. Flooding of the combustion chamber with air. Two to three impulsive air
blows of 1 to 3 bar pressure. Air valve left open.

4. Adjusting the zero value of the air manometer. Closing all valves.

5. Inflation of methane in single gas blows of 100 to 200 mbar. Creating
turbulence to mix the gases more thoroughly. Closing the CH4 valve.

6. Inflating of air in single gas blows of 1 to 4 bar. Creating further turbulence
to mix the gases more thoroughly. Closing of the air valve.

7. One minute pause to improve homogeneity.

8. Ignition. Pressure curve recorded.

9. Exhaust of combustion remainders. Exhaust valve left open.
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3.3 MORIS - Spark Plug Ignition System

MORIS is an advanced Spark Plug Ignition system which is provided to us by
GE Jenbacher. A benchmark test between the MORIS Spark Plug, the Laser
and the ECCOS Corona ignition system is carried out. Figure 22 displays the
experimental setup for the ignition experiments with the MORIS system.

Figure 22: Experimental setup for MORIS spark plug ignition.

The spark plug is introduced in the combustion chamber via an adequately pre-
pared opening. It is powered via an adapter connected to its end. This adapter
again is powered and its current output is regulated by a control unit.
MORIS is a modulated high voltage capacitor ignition system which is adapted
to high efficiency internal combustion engines which show a high level of turbu-
lences. These turbulences are able to expand the spatial extent, reduce the energy
density and result in premature extinction of the spark discharge. Consequently
misfires occur during the engine operation. The MORIS system evades misfires
by rapidly re-establishing the spark in the case of extinction and therefore enables
the ignition process to continue. The applied energy is controlled by the system
in dependence of the current state of the spark discharge. The user is able to
specify the time alight, the current and the temporal evolution of the spark. The
time alight can be varied in steps of 50 µs up to a maximum value of 1,2 ms.
The maximum current amounts to 500 mA and the maximum voltage can reach
40 kV.
In the course of the ignition experiments, energy amounts of 120 to 170 mJ are
applied during times of 0,5 to 1 ms. The output voltage and current values
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observed during the experiments are 0,3 A and 750 V. A spark plug air gap of 1
mm is used. Figure 23 shows a typical spark plug. The air gap is clearly visible.

Figure 23: Typical spark plug.
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3.4 Laser Ignition System

A Quantel Brilliant Q-switched Nd:YAG Laser with a principal wavelength of
1064 nm is used (figure 26) to create focused laser pulses. These pulses are
deflected twice by Coherent mirrors (type 45-6228, 99,5 % reflectivity) and lead
into the combustion chamber. A purpose-made adapter is installed and seals the
combustion chamber. Simultaneously the focusing lens, included in the adapter,
with a focal length of 16 mm leads the pulse into the combustion chamber. Plasma
is generated at the focal point and ignites the methane-air mixture. Figure 24
shows the experimental setup. The blue line only visualizes the ray trajectory.
The laser beam with its principal wavelength of 1064 nm is invisible.

Figure 24: Experimental setup for Laser ignition.

The pulse energy of the laser is set at 21 mJ. Some measurements are additionally
carried out with 100 mJ. The energy amount per pulse is determined with a
Coherent MP-10i pyroelectric sensor. Figure 25 displays the plasma which is
generated inside the combustion chamber. Its position is determined by the focal
point of the focusing lens and is set in the center of the chamber.

Figure 25: Plasma generated by
a laser pulse.

Figure 26: Quantel Brilliant Q-
switched Nd:YAG laser.
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3.5 ECCOS - Corona Ignition System

ECCOS is an ignition system exploiting Corona discharges to initiate combustion.
Its abbreviation stands for Electrically Controlled Combustion Optimization Sys-
tem and was invented by Paul D. Freen. On behalf of GE Jenbacher his system
is tested at the Photonics Institute within the scope of this thesis.

Figure 27: Photograph of the Eccos Corona ignition system mounted on
the combustion chamber.

The ECCOS system is mounted on the combustion chamber via an adequate
opening. To enable this, the workshop of the Photonic Institute adapted the
combustion chamber appropriately. Figure 27 shows the finished arrangement
which is used during the experiments. The ECCOS system and its control unit
are indicated as well as the combustion chamber. Energies of 2,5 to 22 J are
applied during times alight of 3 to 4 milliseconds. The current output amounts
to 20 to 50 A and the voltage output value is in the order of magnitude of 100
kV. A DICAM Pro high-speed camera is used as imaging system.

Manner of operation

ECCOS applies a radio frequency electrostatic field (30 to 3.000 kHz) to power
the ionization of gas molecules in the combustion chamber by impact ionization
between electrons and molecules and by photoionization. Electron avalanches
form and produce highly unstable radicals which set off exothermic reactions.
These eventually result in ignition of the methane-air mixture. The electric field
generates numerous discharge filaments, streamers, which reach outwards into
the combustion chamber and allow the initial activation of a larger combustion
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volume. One electrode is provided by the ECCOS system, whereas the combus-
tion chamber walls serve as the opposite one. The ECCOS electrode is split up
in several tips to generate multiple flame fronts at a time. Figures 28 and 29
show a five pin electrode in operation and in close-up view. During the actual
experiments a four pin electrode is used.

Figure 28: Electrode in operation. Figure 29: 5 pin ECCOS electrode.

A key feature of the ECCOS system is the voltage and current control. A high
radio frequency AC voltage potential is applied to the electrode. If the field and
consequently voltage and current get too high, the corona would transform into
a spark discharge. Consequently the activated volume would be considerably
reduced and electrode wear would increase due to the high current, high temper-
ature environment of the spark plasma. This process is visualized in figure 30.
It displays the input characteristics of the ECCOS system. Initially the current
strength grows slowly with increasing voltage. At higher voltage the growth rate
considerably increases. As the voltage increases even further, the discharge ap-
proaches a dielectric breakdown occurring at point C. To prevent breakdown and
spark discharge an impedance setpoint IS is chosen. The control unit’s task is to
preserve the current-voltage conditions at this point. ECCOS starts with a high
initial voltage to initiate the Corona discharge. This voltage level is gradually
decreased for the following pulses. Its amplitude is increased again, if IS is not
reached and decreased if IS is exceeded. Because of the limited field duration due
to the pulsed power supply, streamers are cut off before they transform into arc
discharges. [5, 6]

8Source for figure 30: [6]
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Figure 30: Input characteristics of the ECCOS
system.8
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4 Results and Discussion

4.1 Data Acquisition and Processing

In order to determine the limits of inflammability of the examined ignition sys-
tems, several ignition experiments are carried out. Filling pressure and air-fuel
ratio λ are varied and the respective pressure temporal evolution is recorded.
The filling pressure is incremented from 10 to 50 bar, using steps of 10 bar. The
air-fuel ratio λ is varied by 0,01 to 0,05 depending on the actual value. Nearby
transition regions, the number of data points is considerably increased. Addi-
tionally the count of misfires is recorded. In total about 1000 temporal evolution
curves are collected to guarantee sufficient experimental validity.
From the collected pressure evolution curves, maximum excess pressure (p) and
the time to reach the former (τ) are determined. Outliers are not considered
and mostly remeasured. They are mainly caused by non-homogeneities of the
methane-air mixture. So the inflating process is adapted with respect to im-
proving homogeneity. The inflating method has a reproducible influence on the
measured values and causes a λ-shift. Therefore the used method is recorded
together with the value and identical series of measurements are carried out to
quantify the shift. Its value is about 0, 03. The corrected data proves itself to
be consistent. The comparison of ignition probability, maximum excess pressure
and time to reach the former allows to determine the limits of inflammability
with higher precision than by just considering one of them.

Figure 31: Typical excess pressure temporal evolution
during a combustion process. Filling pressure 20 bar,
λfull = 1, 65, λpartial = 1, 80.

Concerning the combustion process, we have to distinguish full and partial ig-
nition. In the case of full ignition all available methane is consumed, causing
a comparably high excess pressure. The excess pressure evolution shows a fast
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growth of pressure and a sharp maximum. After the maximum, the excess pres-
sure drops fast again, before slowing down and gradually decreasing until zero.
In the case of partial ignition only a part of the methane can be consumed be-
fore the flame extinguishes itself. This phenomenon results in considerably lower
excess pressures. Consequently the pressure evolution is lower and the maximum
is less distinct. Figure 31 shows the typical excess pressure evolution during a
combustion process. The upper curve represents full, the lower partial ignition.
Table 1 lists the measured or known specifications of the ignition systems used
during the ignition experiments. The initial temperature in the combustion cham-
ber is set to 110 ◦C.

MORIS9 Laser Corona

applied energy [mJ] 120− 170 21 2.500 - 22.000
time alight [ms] 0, 5− 1 5 ns 3 - 4

current output [A] 0, 3 20 - 50
voltage input [V ] 50 - 100

voltage output [kV ] 0, 75 ∼ 100
spark plug air gap 1 mm

Table 1: Settings of used ignition systems.

9MORIS spark plug ignition system
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4.2 Ignition Probability

During each ignition experiment the number of misfires before initiating com-
bustion is recorded. In addition the number of full and partial ignitions is put
down. These data is analyzed statistically. The frequency of misfires and partial
ignitions is converted into an ignition probability. Here we distinguish again be-
tween full and partial ignition probability. Full ignition probability describes the
transition from full ignition to partial ignition. This enables us to draw conclu-
sions about the inflammability limits in which full ignition can be realized. The
partial ignition probability determines the limits in whom it is possible to ignite
the methane-air mixture at all. It pictures the transition from partial ignition to
misfire.
The data shows a sigmoid behavior in dependence on the air-fuel ratio λ. At low λ
the ignition probability is 1. Ignition is certain. It remains certain until λ reaches
the transition region. There the probability starts to gradually drop, before it
decreases sharply to a very low value. It soon reaches the ignition probability of
zero. No further ignition takes place. The measured values are fitted with the
following sigmoid function (equ. 27).

y(λ) =
1

1 + e−k(λ−λc)
(27)

y(λ) is the probability in dependence on the air-fuel ratio λ. k and λc are constants.
λc determines the position of the probability drop. It equals the λ-value, where
the probability amounts to 0, 5.

y(λc) = 0, 5 (28)

k influences the width of the transition region between 0 and 1. It therefore
controls how sharply the ignition probability decreases. Both parameters k and
λc are defined to minimize the sum of the quadratic deviations, determined by
the function values and the respective data points.

n∑
i=1

(
y(λi) − yi

)2 −→ minimal

The quantitative evaluation of k and λc is made with a personal computer using
a Least-Square Algorithm.
In the following figures (Fig. 32 to 45) the measured ignition probability values
are plotted together with the fitted functions. The green left curve corresponds
to the full ignition probability. The black right curve displays the drop of the
partial ignition probability. The data for the spark plug system MORIS, for
the Laser ignition system and the Corona system is shown for different filling
pressures. An advantage of the Corona ignition over the Laser ignition and an
advantage of the Laser ignition over the MORIS spark plug ignition is visible.
Quantitative statements are derived from the comparison of ignition probability,
excess pressure curve and time until maximum excess pressure on page 71.
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4.2.1 Spark plug ignition, MORIS
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Figure 32: MORIS, filling pressure
10 bar.

Figure 33: MORIS, 20 bar.
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Figure 34: MORIS, 30 bar. Figure 35: MORIS, 40 bar.

With MORIS neither full
nor partial ignition is
possible at 50 bar filling
pressure.
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4.2.2 Laser ignition
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Figure 36: Laser, filling pressure
10 bar.

Figure 37: Laser, 20 bar.
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Figure 38: Laser, 30 bar. Figure 39: Laser, 40 bar.
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Figure 40: Laser, 50 bar.
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4.2.3 Corona ignition
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Figure 41: Corona, filling pressure
10 bar.

Figure 42: Corona, 20 bar.
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Figure 43: Corona, 30 bar. Figure 44: Corona, 40 bar.
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Figure 45: Corona, 50 bar.
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4.3 Maximum Excess Pressure

The maximum excess pressure pmax is extracted from each temporal pressure
evolution curve and set in relation with the corresponding air-fuel ratio λ. The
resulting graphs are plotted in figure 48 to 63. Excess pressures up to 140 bar are
measured during the experiments. The excess pressure curves are compared with
each other in figure 47, 52 and 58. Finally the comparison between the excess
pressure curves of the different ignition systems is presented in figure 64 to 68.
The excess pressure in dependence on the air-fuel ratio λ shows a combination
of a sigmoid and a linear behavior. At low λ the linear behavior prevails. The
excess pressure decreases almost linearly with λ. This decline continues until
the beginning of a transition region between full and partial ignition. There
full ignition is more and more replaced by partial ignition, perceptible through
the considerably lower excess pressures of partial ignition. Consequently the
excess pressure dramatically drops and finally amounts only to about a quarter
of its value before the transition region. From now on no more full ignitions
take place. The excess pressure of the partial ignitions decreases again linearly
with increasing λ. At even leaner mixtures, more and more misfires take place.
The percentage of misfires increases until the partial limit of inflammability is
exceeded. No ignition at all takes place after this limit. Figure 46 shows the
typical behavior of an excess pressure curve in dependence on λ. The data points
in the transition region are plotted in violet.
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Figure 46: Typical excess pressure curve. Filling
pressure 20 bar.

The region between full and partial ignition and the (partial) limit of inflamma-
bility are of particular interest. Therefore the number of measurement points
is increased considerably near these two areas. The analysis of the excess pres-
sure presents the same trends as the analysis of the ignition probability. Corona
ignition outruns Laser ignition and the Laser system outruns MORIS.
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4.3.1 Spark plug ignition, MORIS
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Figure 47: Comparison of MORIS maximum excess pressure
curves.
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Figure 48: MORIS, filling pressure
10 bar.

Figure 49: MORIS, 20 bar.
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Figure 50: MORIS, 30 bar. Figure 51: MORIS, 40 bar.

With MORIS neither full
nor partial ignition is
possible at 50 bar filling
pressure.

4.3.2 Laser ignition
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Figure 52: Comparison of Laser maximum excess pressure curves.
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Figure 53: Laser, filling pressure
10 bar.

Figure 54: Laser, 20 bar.
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Figure 55: Laser, 30 bar. Figure 56: Laser, 40 bar.
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Figure 57: Laser, 50 bar.
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4.3.3 Corona ignition
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Figure 58: Comparison of Corona maximum excess pressure
curves.
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Figure 59: Corona, filling pressure
10 bar. Figure 60: Corona, 20 bar.
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Figure 61: Corona, 30 bar. Figure 62: Corona, 40 bar.
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Figure 63: Corona, 50 bar.
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4.3.4 Maximum excess pressure comparison between ignition systems
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Figure 64: Filling pressure 10 bar. Figure 65: 20 bar.
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Figure 66: 30 bar. Figure 67: 40 bar.
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Figure 68: 50 bar.
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4.4 Time until Maximum Excess Pressure, τ

The time τ until reaching the maximum excess pressure for each data point is
obtained from the respective excess pressure temporal evolution curves. The
time is measured from the time of the ignition impulse to the time of reaching
the maximum pressure value. Figures 71 to 86 plot the time τ in dependence
on the air-fuel ratio λ. The τ curves with filling pressures of 10 to 50 bar are
compared with each other in figure 70, 75 and 81. The data of the different
ignition systems is compared in figure 87 to 91.
An example for the typical form of the dependency of the time until maximum
excess pressure τ on the air-fuel ratio λ is shown in figure 69. It plots the ex-
perimental results of laser ignition experiments at 20 bar filling pressure. The
time τ starts at about 250 to 500 ms at low λ. This corresponds to a temporal
very sharp maximum that is reached almost instantly and decreases consider-
ably slower. At increasing λ the time τ increases as well and reaches values of
500 to 1000 ms. The curve displays almost exponential behavior and reaches a
distinctive maximum of about 2000 to 30000 ms. The respective air-fuel ratio λ
corresponds to the transition region of the excess pressure curve. The data points
in these region are plotted violet in figure 69. After the maximum a drastic drop
of τ occurs. The τ -values now amount to about 1000 ms. With increasing λ
they remain almost constant or show a slight linear decrease. Near the partial
inflammability limit τ falls more strongly.
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Figure 69: Typical τ curve. Laser ignition, filling
pressure 20 bar.

The analysis of the time τ until maximum excess pressure confirms the trends
measured in the probability and excess pressure analysis. The Corona system
surpasses the inflammability limits of the Laser system and the Laser surpasses
MORIS in the same way.
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4.4.1 Spark plug ignition, MORIS

1,2 1,3 1,4 1,5 1,6 1,7 1,8 1,9 2,0
0

500

1000

1500

2000

2500

3000

3500
 10 bar
 20 bar
 30 bar
 40 bar

Ti
m

e 
un

til
 m

ax
 e

xc
es

s 
pr

es
su

re
 [s

]

λ
Figure 70: Comparison of MORIS time until max excess pressure
curves.
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Figure 71: MORIS, filling pressure
10 bar.

Figure 72: MORIS, 20 bar.
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Figure 73: MORIS, 30 bar. Figure 74: MORIS, 40 bar.

With MORIS neither full
nor partial ignition is
possible at 50 bar filling
pressure.

4.4.2 Laser ignition
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Figure 75: Comparison of Laser time until max excess pressure
curves.
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Figure 76: Laser, filling pressure 10
bar.

Figure 77: Laser, 20 bar.
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Figure 78: Laser, 30 bar. Figure 79: Laser, 40 bar.
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Figure 80: Laser, 50 bar.
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4.4.3 Corona ignition
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Figure 81: Comparison of Corona time until max excess pressure
curves.
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Figure 82: Corona, filling pressure
10 bar.

Figure 83: Corona, 20 bar.
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Figure 84: Corona, 30 bar. Figure 85: Corona, 40 bar.
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Figure 86: Corona, 50 bar.
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4.5 τ Comparison between Ignition Systems
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Figure 87: Filling pressure 10 bar. Figure 88: 20 bar.
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Figure 89: 30 bar. Figure 90: 40 bar.
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Figure 91: 50 bar.
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4.6 p and τ correlation

The position of the transition region between full and partial ignition of the
excess pressure curve is correlated to the behavior of the time τ until maximum
excess pressure. Shortly before τ reaches its maximum value, the excess pressure
is starting to drop. Therefore maximum τ and the transition region occur at
the same air-fuel ratio λ. This behavior is particularly visible in figure 92 and
figure 93. The red data points represent the maximum excess pressure values,
the ones in black the time τ until maximum excess pressure values. Both are
plotted in dependence on the air-fuel ratio λ. The left diagram is gained during
Laser ignition experiments, the right one with the MORIS ignition system.
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Figure 92: P and τ correlation, Laser
at 20 bar filling pressure.

Figure 93: P and τ correlation, MORIS
at 20 bar filling pressure.

In addition to this correlation, the information derived from the probability anal-
ysis is used to determine the limits of inflammability. The comparison of these
three data sources provides a considerable advantage. It enables us to increase
the accuracy of the measured limits. Furthermore it allows to compensate for
one of these three data sources not providing sufficient information.

4.7 Ignition and Combustion Process

In the preceding sections 4.2, 4.3, and 4.4 several aspects of the ignition and
the combustion process were described. In this section these processes shall be
examined in more detail. To illustrate the following remarks, the figures 31, 55
and 78 are replotted as typical example graphs.
The start of the combustion process is the firing pulse applied by the respective
ignition system. The MORIS spark plug ignition system uses an arc discharge
to create a plasma which ignites the methane-air mixture. The Laser ignition
system uses a focused pulsed Laser impulse to create the plasma. The Corona
ignition system uses a corona discharge as firing pulse. The duration of the pulses
is only a small fraction of the whole combustion time. Concerning the MORIS
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and the Corona system the time alight amounts to a few milliseconds. The Laser
duration is even shorter and lasts only some nanoseconds. In comparison the
whole combustion process typically takes about 5 seconds. After that time the
measurable excess pressure is negligible.
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Figure 31: Excess pressure tem-
poral evolution.

Figure 55: p vs. λ.

At rich methane-air mixtures, corresponding to low air-fuel ratios λ, all available
methane is ignited and full combustion takes place. The excess pressure temporal
evolution reaches its maximum value very fast and forms a sharp and distinctive
peak. Hence the time τ until the maximum excess pressure is very short and
amounts to about 400 to 600 ms at a λ = 1,4. The maximum excess pressure
pmax is not only dependent on the air-fuel ratio λ, but as well on the initial filling
pressure. The more gas with a certain λ is inflated in the combustion chamber,
the more methane per volume is available for combustion. Consequently the
maximum excess pressure increases together with the filling pressure. At an air-
fuel ratio of 1,4 the maximum excess pressure at 10 bar filling pressure amounts
to 35 bar. At 30 bar filling pressure pmax already reaches 110 bar. At even
higher filling pressures pmax exceeds 140 bar. The highest excess pressure value
measured during the experiments is 140 bar and results in leakages of the used
combustion chamber.
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Figure 78: τ vs. λ.

With increasing λ, pmax declines linearly and τ increases approximately exponen-
tially. The reason for this behavior is the reduced amount of available methane.
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Firstly less fuel reduces the extent of the combustion process, including reduced
pmax. Secondly less methane results in a slower flame propagation and therefore
increases τ . The combustion can be seen as a set of smaller explosions super-
imposing each other. Slower flame propagation therefore broadens the temporal
spread of the single explosions. This leads to a broadening of the maximum in
the excess pressure temporal evolution and additionally reduces pmax at the same
time.
One of the most significant phenomena of the combustion process is the transition
region between full and partial ignition. There the probability for full ignition
dramatically drops and together with it the maximum excess pressure plunges.
At the same time the time τ until maximum excess pressure is about to reach its
peak. Typical maximal τ values are about 2 to 3 seconds. If the air-fuel ration λ
increases further, full ignition ceases to occur and only partial ignition prevails.
The maximum excess pressure only amounts to a quarter of its value before the
transition region.
The described behavior can be deduced from the following considerations. The
behavior indicates that the flame front is at its limit to ignite further methane
in its surroundings. Additionally we consider combustion again as consisting of
several minor combustions, superimposing each another. If the methane density
in the combustion chamber is only a little lower in an area near the flame front,
the flame might not be able to propagate in this direction. Nevertheless it is
able to propagate in other directions and causes several minor combustions. It is
possible that the flame reaches the formerly not ignited area later by an indirect
route through the chamber. The respective combustion would then be consid-
erably delayed. This increases the temporal spread of the minor combustions
and therefore the combustion time and τ . Additionally the flame propagation is
slower and τ therefore longer, if less methane is available.
Concerning the excess pressure drop, the more areas of the combustion chamber
are not ignited, the less pressure is generated. The resulting combustion is a
mixture between full and partial ignition with one of them prevailing. The limit
between these different mixtures is very narrow, so only few data points show
excess pressures between the typical levels of full and partial combustion. The
majority is before or after the resulting relatively sharp transition region.

At the end of the transition region τ sharply drops to a value of 1 second. It
remains almost constant or slightly decreases, if λ is increased. At the same
time the low excess pressure, generated by exclusively partial ignition, further
decreases. This is due a smaller and smaller portion of the available methane
being ignited. If the methane density gets too low, more and more misfires oc-
cur. Their frequency increases with increasing λ, until the partial inflammability
limit is reached. Here τ slightly drops. After that limit the ignition system
is not anymore able to ignite a sufficient amount of gas to start and maintain
combustion.
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4.8 Inflammability Limits

The data gained from the ignition probability, maximum excess pressure and the
time until maximum excess pressure analysis are merged together and fitted with
a sigmoid curved surface σ(p,λ). The surface provides a function for the ignition
probability and is dependent on the filling pressure of the combustion chamber
and on the air-fuel ratio λ. An example for the gained ignition probability surface
is shown in figure 94.
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Figure 94: Sigmoid curved probability surface σ(p,λ).

Ignition probability surfaces σ
f/p
m/l/c are calculated for full and partial ignition

and for the MORIS, Laser and Corona ignition system. They clearly show the
drop of ignition probability at the limits of inflammability. The following con-
tour plots, figure 96 to 110, show a two-dimensional representation of σ(p,λ) to
facilitate reading. The third dimension is represented by a change in colour. The
colour allocation is indicated in the single contour plot legend, figure 95. Ignition
probability is stated in percent.

Figure 95:
single contour
plot legend.
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4.8.1 Single contour plots, MORIS

Figure 96: MORIS, limits of inflammability for partial ignition.

Figure 97: MORIS, limits of inflammability for full ignition.
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4.8.2 Single contour plots, Laser
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Figure 98: Laser, limits of inflammability for partial ignition.
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Figure 99: Laser, limits of inflammability for full ignition.
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4.8.3 Single contour plots, Corona
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Figure 100: Corona, limits of inflammability for partial ignition.
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Figure 101: Corona, limits of inflammability for full ignition.
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4.8.4 Combined contour plots

The following contour plots, figure 102 to 105, are combinations of the ignition
probability surfaces for full and partial ignition. The color allocation is respecified
in the respective legends, figure 103. The full ignition probability is shown in
the color scheme from red to green, the partial one from green to blue. Green
corresponds as well to 0 % full ignitability as well as to 100 % partial ignitability.
The plots are intended to facilitate comparisons between the different ignition
systems by bundling the necessary information.

Figure 102: MORIS, limits of inflammability.

full ignition

Figure 103: The ignition probability is stated in per-
cent. The color allocation for the combined con-
tour plots is specified in the legends to the left and
right.

partial ignition
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Figure 104: Laser, limits of inflammability.
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Figure 105: Corona, limits of inflammability.
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4.8.5 Results and discussion

The ignition probability surfaces allow to determine the limits of inflammation
quantitatively. The full and partial limit of inflammability are not sharp distinct
limits, but transition regions. Therefore they have a certain width on the λ-scale.
The measured values for these transition regions are shown in table 2 to 4. The
borders of the shown λ-regions correspond to ignition probabilities of 95% and
5%.

Corona full partial

10 bar 1,75-1,78 2,15-2,18
20 bar 1,71-1,80 2,21-2,25
30 bar 1,79-1,82 2,17-2,26
40 bar 1,79-1,84 2,15-2,19
50 bar 1,81-1,87 2,31-2,36

Table 2: Corona, limits of in-
flammability.

Laser full partial

10 bar 1,71-1,76 1,90-1,96
20 bar 1,71-1,77 1,89-1,97
30 bar 1,67-1,73 1,95-2,02
40 bar 1,69-1,72 1,98-2,02
50 bar 1,67-1,73 2,04-2,08

Table 3: Laser, limits of in-
flammability.

MORIS full partial

10 bar 1,64-1,73 1,75-1,82
20 bar 1,65-1,68 1,77-1,82
30 bar 1,62-1,67 1,76-1,84
40 bar 1,65-1,69 1,85-1,89

Table 4: MORIS, limits of in-
flammability.

In the following remarks, the λ-values named correspond to 50% ignition proba-
bility.
Corona ignition clearly provides the highest inflammability limits. This is true for
full as well for partial ignition. The ignition limits depend on the filling pressure
and follow a behavior of linear growth. The Corona full ignition limit varies from
λ = 1,76 to 1,84, increasing with the filling pressure. It surpasses the Laser
system by λ of about 0,02 to 0,14. The higher the filling pressure, the higher is
the advantage of the Corona. One has to mention, that the applied energy of the
Laser amounts only to a marginal fraction (about 0,01 to 0,1 %) of the Corona’s.
The applied energy of the Corona system increases by a factor 10 considering an
increase in filling pressure from 10 to 50 bar. In comparison the Laser’s energy
remains constant regarding an increase in filling pressure.
Concerning partial ignition, the advantage of the Corona is even higher. The par-
tial limit varies from λ = 2,16 to 2,33, again growing with pressure. It surpasses
the Laser by λ of 0,13 to 0,27. Nevertheless the Corona is expected to have severe
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problems at igniting at higher filling pressure. During the Corona experiments,
Paul Freen, the inventor of the used Corona ignition system, is already very un-
easy with filling pressures of 50 bar. No higher pressures are examined because
of the possibility of damaging the system. Additionally the used combustion
chamber would have met its sealing limits.
The Laser limits of inflammability amount to λ = 1,7 to 1,74 for full and to 1,93
to 2,06 for partial ignition. Experiments with more applied energy than 21 mJ are
as well carried out. The higher energy amount has practically no effect on the full
inflammability limit. The partial inflammability limit is increased by λ of 0,05 at
an applied energy of 100 mJ. However this is still far from the Corona’s applied
energy and inflammability limit. The Laser is almost independent towards vari-
ations in the filling pressure. Therefore ignition at higher filling pressure than 50
bar would be possible, but is not carried out during the experiments.
The Laser on the other side surpasses the MORIS spark plug system clearly. Its
full inflammability limit is λ = 0,03 to 0,08 behind. The partial inflammability
limit is exceeded by λ = 0,13 to 0,18. The MORIS system is not able to ignite at
pressures higher than 50 bar. The Corona system just arrives to do so by using
a large amount of energy. The Laser system ignites problem-free at 50 bar. This
is due to the needed high breakthrough voltage in the spark plug. The Paschen
Law states that the breakthrough voltages increases with the pressure. Therefore
the MORIS spark plug system needs the more voltage and consequently the more
energy for the breakthrough, the higher the filling pressure is. As a result the
system is not able to ensure ignition at high pressures. Corona uses as well an
electrostatic breakthrough, but has got only one electrode. The Laser is pressure
independent with its laser induced plasma and is therefore not restricted by this.
The limits of inflammability for the MORIS system are λ = 1,64 to 1,67 for full
and to 1,78 to 1,87 for partial ignition. Figure 106 and 107 show the 50 % ignition
probability lines of the different ignition systems in comparison. Figure 108 to
110 provide direct comparisons of two of the three ignition systems at a time.
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4.8.6 Comparison of inflammability limits at 50 % ignition probability
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Figure 106: Comparison of partial inflammability limits (50 %).
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Figure 107: Comparison of full inflammability limits (50 %).
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4.8.7 Direct comparison between ignition systems at 50 % ignition
probability
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Figure 108: Comparison of full and partial limits of inflammability be-
tween the Laser and MORIS system.
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Figure 109: Comparison of full and partial limits of inflammability be-
tween the Corona and MORIS system.
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Figure 110: Comparison of full and partial limits of inflammability be-
tween the Corona and Laser system.

4.8.8 Transition width

The full and partial limits of inflammability are not an absolutely sharp limit,
but transition regions. These region have a certain width on the λ-scale. The
differences in λ amount to 0.02 to 0.09. To visualize the transition region width,
the air-fuel ratio values λ corresponding to 5%, 50% and 95% ignition probability
are plotted in figure 111 to 113.
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Figure 111: MORIS, limits of inflammability for 5%, 50% and 95% igni-
tion probability.
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Figure 112: Laser, limits of inflammability for 5%, 50% and 95% ignition
probability.
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Figure 113: Corona, limits of inflammability for 5%, 50% and 95% igni-
tion probability.
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5 Conclusion and Outlook

Numerous ignition experiments in a combustion chamber under static conditions
are carried out. The temporal evolution of the excess pressure is recorded and
used to extract the respective maximum excess pressure pmax, the time τ to reach
pmax and the ignition probability values. The probability to observe a partial
rather than a full ignition is influenced by small inhomogeneities. These occur
even in spite of utmost thoroughness during the gas mixing process and are able
to considerably influence flame propagation and the combustion process.
Eventually these three data sources are used to determine the inflammability
limits of the Corona, the Laser and the MORIS Spark Plug Ignition system
depending on the filling pressure of the combustion chamber. Considering values
of 95 % inflammation probability, the Corona system offers inflammability limits
for full ignition of λ = 1,75 to 1,81, increasing with the filling pressure. The
other system’s limits amount to λ = 1,69 to 1,71 for the Laser and to λ = 1,64
to 1,65 for the MORIS system. The partial inflammability limits for Corona,
Laser and MORIS read as λ = 2,15 to 2,31, λ = 1,90 to 2,04 and λ = 1,75 to
1,85. Consequently the Corona system prevails for both full and partial ignition.
The main advantages of this system are deemed to be the large initial combustion
volume due to multiple flame fronts and the high applied energy. Both should
promote stable and more complete combustion.
Several other aspects besides the inflammability limits should be taken into ac-
count. Firstly the applied energy of 20 J, applied in an engine with 24 cylinders
running at 12,5 Hz which initiates ignition every second cycle, amounts to a
power demand of about 20 · 12, 5 · 1

2
· 24 = 3 kW . The respective power demand

of the Laser system amounts to only 60 W. Nevertheless even the power need of
the Corona makes up only about 0,1 % of the engines generated power of 1 to 3
MW. Secondly the required time for the Corona Ignition process, 3-4 ms, is four
to six times longer than for Spark Plug Ignition, and several orders of magnitude
longer than the respective Laser value. Considering again the 12,5 Hz engine, the
maximum available time per cycle is 160 ms. Therefore neither power nor time
need should pose a problem. Thirdly ignition timing with a precision of about
0,5 ms is indispensable for efficient engine operation. The MORIS spark plug
system applies its energy within 0.5 to 1 ms and the Laser pulses are only 5 ns
long. Consequently both fulfill the precision need. The Corona system on the
other side uses times alight of 3 to 4 ms and could have severe problems regarding
the required ignition timing accuracy.
Unfortunately it is not possible to carry out engine tests during this diploma
thesis. It is expected to observe a similar behavior as realized in the stationary
experiments during an engine test. However the quantitative differences between
the ignition systems are likely to change and to be accompanied by adverse side
effects. The following aspects are to be taken into account as well, if the results
shall be transferred from the stationary experiment to the performance in an
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engine test.
For real life engine applications mainly the full ignition is crucial. Partial ignition
is not likely to provide sufficient excess pressure for stable and continuous engine
operation. However an engine test might give more quantitative information
on the real extent of partial ignition’s influence. The advantage of the Corona
concerning the full ignition limit is considerably smaller than for partial ignition.
The stationary ignition experiments are carried out at a combustion chamber
temperature of 110 ◦C. In contrast the temperatures in an engine amount to
about 400 ◦C. This difference in temperature is expected to affect the influence
of the applied ignition energy on the inflammability. The influence of higher
applied energy is one main advantage of the Corona system. Furthermore high
temperatures are likely to cause surface ignition at the tips of the Corona’s elec-
trodes, leading to premature ignition and problems in timing the correct advance
angle in an engine.
During a Corona discharge air circulation is generated by the corona wind. The
turbulence created by the wind was identified by Bellenoue et al. as a factor
promoting faster and more efficient ignition. During engine operation intense
turbulent flow is created even without the corona wind and predominates the
influence of the former. Consequently this advantage of the Corona ignition will
be lost in an engine test. [32]
Corona discharges are high voltage discharges and require respective insulation.
This certainly poses several problems during engine operation and is possibly
Corona’s biggest disadvantage.
Corona ignition does not create as high temperatures as a spark discharge. There-
fore electrode erosion should be reduced compared to spark plugs. Nevertheless
the subtle electrodes are exposed to the high pressures and temperatures during
the combustion. This poses the risk of critical electrode deformation and will
increase the maintenance costs. The electric field causing the Corona discharge
is highly sensitive to changes of the electrode’s pointed form and deformation is
likely to have considerably consequences on the ignition capability.
Furthermore high filling pressures inside the combustion chamber influence the
Corona’s properties to propagate and to form discharges. As a result the Corona
ignition system is not expected to be able to operate in filling pressures as high
as it is possible with the Laser system. However this upper limit is not examined
during this work. Finally the Corona system is exposed to quenching effects, in
analogy to the spark plug.
Laser ignition is inferior to the Corona regarding the lean limit of ignition. On
the other side it reacts less sensitive to changes of conditions in the combustion
chamber. It should be capable of igniting at higher filling pressures than any
other observed ignition system, resulting in further increased fuel efficiency. The
laser plasma initiating ignition can be freely positioned, allowing avoidance of
quenching effects. Wear and maintenance costs are considerably reduced by using
plasma instead of the electrodes.
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The Corona and the Laser system both offer perspectives for further development.
Corona discharges can be used in the treatment of liquid and gaseous wastes and
in the reduction of NOx exhausts in diesel engines as well (see section 2.4.5).
Possibly a combined use of the Corona discharge to ignite lean mixtures as well as
simultaneously further decreasing NOx exhausts might be practicable. [33, 37, 38]
The most restricting factor in Laser ignition are the costs. Currently the possi-
bility to use a variation of a multiplexer to deliver laser pulses from one source
to several cylinders. This would cut costs dramatically in a gas engine with 24
cylinders since the Laser apparatus generating the pulses makes up the majority
of the total cost. One major advantage of the Corona is the extensive initial
ignition volume. By improving multi point ignition, the Laser might be able to
reduce this lead.

In conclusion the Corona ignition system provides clearly higher limits of in-
flammability than the Laser ignition in stationary combustion chamber exper-
iments. This would allow leaner, more efficient and less pollutant combustion.
However the practicability of implementing this system in a real dynamic engine,
while keeping the extent of its advantages, is regarded with skepticism. An engine
test will have to prove how profound or dwindling the lead in front of the Laser
ignition remains at dynamic conditions.
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A Images of Corona Discharge Experiments

The following figures show images taken during the Corona Ignition Experiments.
The typical branching structure of Corona discharges is visible.
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