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CFD
CN
Ccv
FAU
IDT
LLNL
MN
NIST
NTC
PCFC
RCEM
RCM
ST
TDC
uv

MZ
VB
ZNZ

Computational fluid dynamics

Cetane number

Combustion vessel
Friedrich-Alexander-Universitdt Erlangen-Niirnberg
Ignition delay time

Lawrence Livermore National Laboratory
Methane number

National Institute of Standards and Technology
Negative temperature coefficient

Physico chemical fundamentals of combustion
Rapid compression expansion machine

Rapid compression machine

Shock tube

Top dead center

Ultraviolet

Methanzahl
Verbrennungsbombe

Ziindverzugszeit

Pre-exponential factor

Temperature exponent

Standard state molar heat capacity at constant pressure of the kt species

Activation energy

Fuel-air equivalence ratio

Standard state molar enthalpy of the kt species
Reaction rate coefficient

Pressure

Universal gas constant

Standard state molar entropy of the kt species

Temperature
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Abstract

The limitation of anthropogenic global warming will most likely prove to be one of the greatest
challenges in human history. In the 2015 Paris Climate Agreement, nations agreed to take measures
to limit worldwide warming to 2°C. A significant reduction in greenhouse gases is required to
achieve this target. While the electrification of different modes of transport can play an important
role in achieving this goal, the optimization of existing and development of new, more efficient
conventional combustion technologies can also provide an important contribution. In the transport
sector, for example, the use of dual fuel engines instead of pure diesel engines offers potential for
emission savings. In the dual fuel combustion process, a mixture of air and fuel gas is compressed
and ignited by the injection of a reactive liquid fuel pilot, such as diesel.

In the development of modern combustion engines, the use of simulations has become
indispensable. One prerequisite for simulating the engine process is the availability of a reaction
mechanism for calculating the chemical reactions taking place during ignition and combustion. The
dual fuel combustion process, in which two different fuel types interact, is very complex and not yet
understood in detail.

This thesis aims to analyze the dual fuel combustion process in detail and develop a reaction
mechanism for the simulation of this process. The ignition delay times (IDTs) of homogeneous
mixtures of methane, propane and n-heptane, determined with a rapid compression machine (RCM)
and a shock tube (ST), were used to verify the simulation results. The tests were performed at
pressures of 60 to 100 bar, temperatures of 671 to 1284 K and a fuel-air equivalence ratio between
0.526 and 0.816. With IDTs between 0.06 and 92 ms, nearly three orders of magnitude were spanned.
The experimental investigation on inhomogeneous mixtures was performed with a rapid
compression expansion machine (RCEM) and a combustion vessel (CV) by injecting a diesel jet into
air (RCEM and CV tests) or a natural gas-air mixture (RCEM tests). In the CV, the pressure was 60 bar
at a temperature between 823 and 973 K. The chamber pressure at the start of diesel injection in the
RCEM measured over 60 bar.

The Complete San Diego mechanism with a heptane extension served as the basis for the
mechanism development. Despite its compactness, it delivered the most promising results of all
potential mechanisms examined over the entire parameter range.

Sensitivity and flow analyses were performed to identify the reactions that could be used for the
optimization of the reaction mechanism. The mechanism was adapted by adjusting the
corresponding Arrhenius parameters and the associated change in reaction rate coefficients.

The TU Wien dual fuel mechanism optimized for RCEM and CV-CFD simulations, which
consists of 301 reactions and considers 64 species, can reproduce the IDTs determined in the RCEM
both in pure diesel operation and in dual fuel operation. Comparisons with the values measured in
the CV show a partly significant improvement of the simulated ITDs in the sense of an approximation
to the experimental values in the considered temperature range from 823 to 973 K. The ignition
characteristic of gas mixtures of methane and propane can be reproduced correctly in a methane
number (MN) range from 70 to 100.

During the further development of the reaction mechanism, intended to discover a greater range
of applications, the purely kinetic-controlled ignition process was investigated in homogeneous
mixtures. A major advantage of dual fuel operation over pure diesel operation is the significantly
reduced emission of nitrogen oxides (NOx). To calculate the formation of NOx during combustion,
the reaction mechanism was extended to include 344 reactions and consider 75 species. One goal of
the ongoing development process of the mechanism was to improve the calculation of the ignition
properties of methane-propane mixtures. Thus, the MN range with satisfactory IDT calculation could
be extended from 70 to 100 to the entire examined range of 50 to 100.

This thesis also examined the simulation of flame propagation in the background gas of the
combustion chamber. Experimentally determined flame speeds from the literature at pressures of
about 10 to 20 bar, temperatures between 300 and 400 K and a fuel-air equivalence ratio of 0.7 to 1.4
of methane-air mixtures were used to evaluate the simulated data. Through sensitivity analyses,
influential reactions were identified and used to optimize the mechanism. The mechanism
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adjustment allows the flame speed to be reproduced well over the mentioned parameter range. In
addition to the optimized calculation of the ignition properties of methane-propane mixtures, the
TU Wien dual fuel mechanism 2.0 shows an improved reproduction of the measured IDT values of
the methane-n-heptane and methane-propane-n-heptane mixtures investigated and thus exceeds the
results from all other mechanisms previously considered. The developed reaction mechanisms offer
the scientific community new possibilities for more in-depth research in the field of dual fuel
combustion.
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Kurzfassung

Eine der wohl grofiten Herausforderungen in der Menschheitsgeschichte stellt die Begrenzung
der vom Mensch verursachten globalen Erwédrmung dar. Im Pariser Klimaabkommen wurde
festgehalten, dass Mafsnahmen getroffen werden miissen, um die Erwarmung auf 2°C einzugrenzen.
Um dies zu erreichen, ist eine deutliche Reduktion der Treibhausgase erforderlich. Die
Elektrifizierung im Mobilitdtssektor spielt eine wichtige Rolle bei der Erreichung dieses Ziels, aber
auch im Bereich der konventionellen Verbrennungstechnik kénnen die Optimierung bestehender
und die Entwicklung neuer hocheffizienter Technologien einen wichtigen Beitrag leisten. Im
Verkehrssektor bietet beispielsweise der Einsatz von Dual Fuel-Motoren anstelle von reinen
Dieselmotoren das Potenzial fiir Emissionseinsparungen. Beim Dual Fuel-Verbrennungsprozess
wird ein Gemisch aus Luft und Brenngas verdichtet und durch die Einspritzung eines reaktiven
fliissigen Treibstoff-Piloten, wie beispielsweise Diesel, geziindet.

Bei der Entwicklung von modernen Verbrennungsmotoren ist der Einsatz von Simulationen zu
einem mittlerweile unverzichtbaren Instrument geworden. Um den Motorprozess simulieren zu
konnen, ist eine Voraussetzung die Verfiigbarkeit eines Reaktionsmechanismus zur Berechnung der
bei der Ziindung und Verbrennung ablaufenden chemischen Reaktionen. Der Dual Fuel
Verbrennungsprozess, in dem zwei verschiedenen Kraftstoffarten interagieren, ist sehr komplex und
noch nicht im Detail verstanden.

Ziel dieser Arbeit war es den Dual Fuel Verbrennungsprozess genauer zu analysieren und einen
Reaktionsmechanismus fiir die Simulation dieses Prozesses zu entwickeln. Zur Verifizierung der
Simulationsergebnisse dienten die mit einer Rapid Compression Maschine (RCM) und einer Shock
Tube (ST) ermittelten Ziindverzugszeiten (ZVZs) homogener Gemische aus Methan, Propan und
n-Heptan, welche bei Driicken von 60 bis 100 bar, Temperaturen von 671 bis 1284 K und einem
Brennstoff-Luft-Aquivalenzverhéltnissen zwischen 0,526 und 0,816 durchgefiihrt wurden. Mit ZVZs
von 0,06 bis 92 ms wurden dabei knapp drei Gréflenordnungen iiberspannt. Die experimentelle
Untersuchung inhomogener Gemische erfolgte mit einer Rapid Compression Expansion Machine
(RCEM) und einer Verbrennungsbombe (VB) durch Einspritzung eines Dieselstrahls in Luft bzw. ein
Erdgas-Luft-Gemisch. In der VB lag der Druck bei 60 bar im Temperaturbereich 823 bis 973 K. Der
Kammerdruck bei Einspritzungsbeginn von Diesel in der RCEM lag bei iiber 60 bar.

Als Basis der Mechanismusentwicklung diente der Complete San Diego Mechanismus mit
Heptan-Erweiterung, der trotz seiner Kompaktheit {iber den gesamten untersuchten
Parameterbereich betrachtet die vielversprechendsten Ergebnisse von allen untersuchten
Mechanismen lieferte.

Zur ldentifizierung jener Reaktionen, die fiir die Optimierung des Reaktionsmechanismus
herangezogen werden konnten, wurden Sensitivitdts- und Flussanalysen durchgefiihrt. Die
Adjustierung des Mechanismus erfolgte durch Anpassung der entsprechenden Arrheniusparameter
und der damit verbundenen Verdanderung der Reaktionsratenkoeffizienten.

Der fiir die RCEM- und VB-CFD-Simulationen optimierte TU Wien Dual Fuel-
Reaktionsmechanismus, bestehend aus 301 Reaktionen unter Beriicksichtigung von 64 Spezies, ist in
der Lage, die in der RCEM ermittelten ZVZs sowohl im reinen Dieselbetrieb als auch im Dual Fuel-
Betrieb zu reproduzieren. Vergleiche mit Messwerten in der VB zeigen eine zum Teil signifikante
Verbesserung der simulierten ZVZs im betrachteten Temperaturbereich von 823 bis 973 K im Sinne
einer Anndherung an die experimentellen Werte. Die Ziindcharakteristik von Gasgemischen aus
Methan und Propan kann in einem Methanzahl (MZ)-Bereich von 70 bis 100 korrekt wiedergegeben
werden.

Bei der Weiterentwicklung des Reaktionsmechanismus mit der Absicht ein breiteres
Anwendungsspektrum zu erhalten, wurde der rein Kinetik-kontrollierte Ziindvorgang durch die
Untersuchung homogener Gemische betrachtet. Ein wesentlicher Vorteil des Dual Fuel-Betriebs
gegeniiber dem reinen Dieselbetrieb ist die deutlich reduzierte Emission von Stickoxiden (NOx). Um
die Bildung von NOx bei der Verbrennung berechnen zu konnen, wurde der Reaktionsmechanismus
erweitert und umfasste fortan 344 Reaktionen unter Beriicksichtigung von 75 Spezies. Ein Ziel im
Entwicklungsprozess des Mechanismus war es, die Berechnung der Ziindeigenschaften von Methan-
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Propan-Gemischen zu verbessern. So konnte der MZ-Bereich mit zufriedenstellender ZVZ-
Berechnung von 70 bis 100 auf den gesamten experimentell untersuchten Bereich von 50 bis 100
erweitert werden.

Ein weiteres Thema war die Simulation der Flammenausbreitung im Hintergrundgas der
Brennkammer. Zur Bewertung der simulierten Daten dienten experimentell ermittelte
Flammengeschwindigkeiten aus der Literatur bei Driicken von etwa 10 bis 20 bar, Temperaturen
zwischen 300 und 400 K und einem Brennstoff—Luft—Aquivalentverhéltnis von 0,7 bis 1,4 von Methan-
Luft-Gemischen. Mit Hilfe von Sensitivitdtsanalysen wurden einflussreiche Reaktionen identifiziert
und fiir die Optimierung des Mechanismus herangezogen. Durch Anpassung des Mechanismus ist
es moglich, die Flammengeschwindigkeit iiber den genannten Parameterbereich gut zu
reproduzieren. Neben der optimierten Berechnung der Ziindeigenschaften von Methan-Propan-
Gemischen zeigt der TU Wien Dual Fuel Mechanismus 2.0 eine verbesserte Reproduktion der
Messwerte der untersuchten Methan-n-Heptan- und Methan-Propan-n-Heptan-Gemische und
tbertrifft damit die Ergebnisse aller zuvor betrachteten Mechanismen. Die entwickelten
Reaktionsmechanismen bieten der wissenschaftlichen Gemeinschaft neue Mdglichkeiten zur
detaillierten Erforschung des Dual Fuel Verbrennungsprozesses.
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1 Research Issues

The dual fuel engine possesses a long history. In 1901, Rudolf Diesel received the first patent
application for a dual fuel engine [1]. This engine type’s name is derived from its use of two different
fuels for operation. The basic mode of operation as described over 100 years ago remains relevant
today. The combustion chamber is first filled with a mixture of fuel gas and air, which is then
compressed by the upward movement of the engine piston. The temperature and pressure achieved
in this process are not sufficient to cause auto ignition of the fuel gas-air mixture. Rather, only an
injection of a second fuel component with a higher reactivity and lower ignition threshold can induce
the ignition and combustion of the fuel components. Figure 1 demonstrates a schematic
representation of the steps in this process.

Injection of
diesel pilot

Filling with fuel gas-

e Ignition
air mixture g

Compression

Figure 1. Schematic representation of the dual fuel combustion process from filling the combustion
chamber with a fuel gas-air mixture to ignition.

Specifically, an engine in this operating mode is designated as a premixed dual fuel engine.
Later, more dual fuel engine types were developed, such as high-pressure direct injection gaseous-
fueled dual fuel engines [1], which embeds natural gas under high pressure shortly before or after
the injection of the fuel component with higher reactivity. However, the following chapters use the
term dual fuel engine as a reference to the premixed dual fuel engine.

Historically, dual fuel engine were increasingly used for stationary operation after the end of the
Second World War when large quantities of crude oil began to be extracted. In order to ensure the
usage of the natural gas resulting from this increased production, the gas was added to the supply
air of diesel engines and co-combusted [2]. However, unlike pure diesel engines, the dual fuel engine
did not flourish, as it requires a more complex fuel supply and control system. Thus, due to the low
oil prices and the associated low diesel price until the end of the 1960s and in the 1990s [3], no
economic incentive to change to dual fuel engines existed. The rise in 0il prices in the last two decades
and the simultaneous availability of cheap natural gas changed this situation and increased the
relative cost-effectiveness of using dual fuel engines.

Stricter laws on exhaust gas emissions have introduced an even more important reason for the
growing interest in dual fuel engines. The Paris Climate Change Convention required its signatories
to drastically reduce their greenhouse gas emissions to keep global warming below 2°C [4]. In
addition to carbon dioxide (CO2) emissions, the high concentration of nitrogen oxides (NOx) in the
exhaust gas of diesel engines also represents a major environmental and health problem. As an
example, the large diesel engines used in shipping account for about 15 % of total global NOx
emissions [5]. The stricter regulations in the shipping sector are intended to greatly reduce NOx
emissions due to their irritating and damaging effect on respiratory organs [6]. While a maximum
NOx emission of 17 g/kWh was permitted until 2010 for ship engines with a speed of less than 130
revolutions per minute by IMO Tier I standards, this limit was reduced to 3.4 g/lkWh [7] on 1 January
2016 (IMO Tier III). The regulations have become stricter not only in shipping, but also in freight
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transport. The limit on NOx emissions from heavy commercial vehicles was lowered from 15.8 g/kWh
(Euro 0) to 0.4 g/kWh (Euro VI) [8].

To comply with these emission limits with diesel engines, more technical innovation is
necessary. The changeover or conversion from diesel engines to dual fuel engines thus represents an
attractive option. Compared to diesel engines, dual fuel engines offer the possibility of a significant
reduction in CO2 and especially NOx emissions [2,9]. To achieve this, as much diesel as possible must
be replaced by natural gas.

Seen in this context, the use of pure gas engines could appear preferable at first sight. However,
this conclusion fails to consider the numerous advantages that the dual fuel engine offers over the
natural gas engine. For example, dual fuel engines can use gases of different quality and origin and
tend to knock less. Because dual fuel engines are designed similarly to the robustly constructed diesel
engines, they show a high durability and resistance. In addition, the engine can operate over a larger
fuel-air equivalence ratio. Nevertheless, the high compression ratios and torque development of the
diesel engine can be maintained. Furthermore, due to the presence of two fuel systems, the dual fuel
engine offers the possibility of switching to diesel operation in exceptional cases of gaseous fuel
shortages, thus avoiding the loss of range. [1]

Today, dual fuel engines are offered by various manufacturers. However, although the dual fuel
concept successfully provides significant advantages in terms of exhaust emissions over pure diesel
engines, thorough knowledge of the system is required to optimize the engine components and
control and thus obtain maximum performance with minimum system emissions.

The dual fuel combustion process itself is extremely complex and not yet fully understood.
When diesel is injected into the compressed natural gas-air mixture, the fuel components are
inhomogeneously distributed in the combustion chamber. The evaporation of the diesel fuel and the
associated cooling can trigger large local temperature gradients. The onset of ignition thus depends
on a number of components, such as the pressure and temperature in the different areas of the
combustion chamber, the mixing of the natural gas-air mixture with diesel within the diesel spray
and the resulting fuel-air equivalence ratio, as well as the mutual interactions and influence of the
fuel components on ignition. Depending on the location of ignition, a specific spread of the flame
front results, propagating into the natural gas-air background mixture and finally inducing the
combustion of all the fuel in the combustion chamber. Since methane may greatly contribute to global
warming [10], the entire fuel must be converted during dual fuel combustion for environmental and
cost reasons, since a costly exhaust gas treatment is necessary for unburnt components.

Extensive tests on engine test benches are essential to achieve the optimum design of all engine
components and the most efficient setting of the engine management system. Due to the high
operating costs of such test benches, they contribute a great deal to the overall development costs of
the engine. The implementation of parts of this optimization process through simulation, which
presupposes the availability of an appropriate reaction mechanism, could result in a reduction of the
required engine test bench time.
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2 Objective and Structure of the Thesis

The dual fuel combustion process is highly complex. To reconstruct this process by simulation,
appropriate theoretical tools are required. This thesis therefore aimed to investigate dual fuel
combustion in detail using simulations and to optimize the calculation of the chemical processes that
occur during ignition and combustion. To reproduce the working process in the dual fuel engine in
detail, the use of computational fluid dynamics (CFD) simulations is essential. As this type of
simulation is very computationally intensive, the reaction mechanism used must overcome the
following challenges: on one hand, the mechanism simulation must be detailed enough to correctly
reflect the necessary aspects of combustion. On the other hand, to keep the computational effort
manageable, the mechanism should be kept as small as possible. The thesis thus targeted the
development of a mechanism as compact as possible but still capable of reproducing the ignition and
combustion process satisfactorily.

As diesel and natural gas consist of a variety of species, simpler substitutes had to be defined to
allow feasible simulations in a reasonable time frame. In this thesis, n-heptane was used as a diesel
surrogate, natural gas was substituted by a mixture of methane and propane.

As part of this thesis, three journal publications were prepared and published. The first paper
(hereafter defined as Paper I) discusses experimental measurements of the ignition properties of
homogeneous methane-propane-n-heptane mixtures using a rapid compression machine (RCM) and
a shock tube (ST). The operating conditions of a 1-cylinder dual fuel test engine were considered in
choosing the composition and test conditions of the homogeneous mixtures to be investigated.
Various n-heptane reaction mechanisms studied in the literature were examined to determine to what
extent they could reproduce the measured ignition delay times.

The second paper (Paper II) extends the investigation of the n-heptane mechanisms. By
comparing measured and calculated ignition delay times, the Complete San Diego mechanism with
n-heptane extension [11] was found to show the highest potential. The paper aimed to use the
mechanism for CFD simulations to reproduce measurement data from a rapid compression
expansion machine (RCEM) and a combustion vessel (CV). Through flow and sensitivity analyses,
the mechanism was evaluated and optimized to such an extent that the experimental results could be
reproduced satisfactorily, resulting in a mechanism with a specific field of application.

The mechanism was extended to allow the calculation of the formation of nitrogen oxides during
combustion as well as the acquisition of a mechanism that could be used for a wider parameter range.
The optimization process focused on the kinetically controlled ignition processes, especially in
homogeneous mixtures, to exclude influences on the ignition due to inhomogeneities in the fuel-air
mixture caused by diesel spray injection. Furthermore, the propagation of the flame front after
ignition was investigated by laminar flame speed simulations. With the help of sensitivity analyses
and a further adjustment of the mechanism, the reproduction of the experimental values could be
improved. All these investigations and results are discussed in the third paper (Paper III).
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3  Materials and Methods

As mentioned in the introduction, the dual fuel combustion process is very complex, due to the
disparate physical and chemical properties of both fuels used as well as the different ways in which
they are introduced and subsequently distributed within the combustion chamber. Diesel and natural
gas comprise the two fuels considered in this thesis.

3.1 Fuels and Surrogates

Diesel is a mixture of hydrocarbons with a carbon number between six and 28, which consists of
about 73 % alkanes and 27 % aromatic hydrocarbons [12]. Due to the broad spectrum of species, diesel
does not have a defined boiling point but a boiling range that extends from 180 to 360°C [13].

The cetane number (CN) was introduced to specify the ignitability of a diesel fuel. A higher CN
indicates a more ignitable fuel. A test engine, which is operated with a mixture consisting of
o-methylnaphthalene, whose CN is 0, and n-hexadecane, whose CN is 100, aids in the experimental
determination of the CN. To do so, the mixture ratio of a-methylnaphthalene and n-hexadecane is
adjusted so that the test engine shows the same operation characteristics as when operated with the
fuel under consideration [13].

The second fuel, natural gas, consists of a mixture of light hydrocarbons such as methane,
ethane, propane and others, as well as non-combustible gases like carbon dioxide and nitrogen. The
exact composition depends on the region in which the natural gas is extracted. The amount of
methane, the main component of natural gas, can differ considerably. For example, CIS-H natural gas
consist of 98 % methane [14], whereas Khuff gas consists of only 69 % methane [15]. Similar to the
CN, a characteristic number for gas mixtures, the methane number (MN), also exists. The MN
indicates the knock resistance of the gas or gas mixture and is determined using an experimental
engine. The reference gases used are methane with a high knock resistance and a defined MN of 100,
and hydrogen, whose MN is defined as 0 [16]. Due to the different compositions of natural gas in
different extraction regions [14,15,17,18], the respective MNs also differ. An overview of the MN’s of
natural gas from different extraction areas calculated with the Westport Fuel Quality Calculator [19]
can be seen in Figure 2.
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Figure 2. Methane numbers of various natural gases from different extraction areas. [20]

Due to the high number of species in the aforementioned fuels, a simulation of the ignition and
combustion process is extremely complex, with unmanageable calculation times. To overcome this
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problem, combustion simulations commonly use surrogate fuels [21], which consist of a greatly
reduced number of species. This simplification inevitably leads to restrictions on the application of
the substitutes. In this respect, when choosing the surrogate fuel, researchers should consider which
physical and chemical properties of the original fuel are most important to ensure that the surrogate
fuel properly reflects the required characteristics of the fuel substituted for.

n-Heptane, a frequently used substitute in dual fuel investigations [22-24], was chosen as a one-
component surrogate for diesel in the investigation of the ignition process. Diesel and n-heptane’s
similarity in ignitability becomes apparent when comparing their CNs. n-Heptane possesses a CN of
56 [25]. According to the DIN EN590 standard of October 2009, diesel must have a minimum CN of
51 [26]. The experimental measurement of the ignition delay time at pressures of 60 to 90 bar and a
temperature between 550 and 700°C with a combustion vessel from the Friedrich-Alexander-
Universitdt Erlangen-Niirnberg (FAU) [27], confirms the similar ignition properties of diesel (with a
verified CN of 52.4) and n-heptane as shown in Figure 3, thus legitimizing the use of n-heptane as a
diesel substitute.
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Figure 3. Comparison of measured ignition delay times of diesel and n-heptane at a pressure of 60 bar
and a variation of the temperature between 550 and 700°C (left) as well as at a temperature of 650°C
and a pressure variation between 60 and 90 bar (right).

Like diesel, a surrogate for natural gas must also be found to perform simulations within a
reasonable timeframe. Since methane is the main component of natural gas, it is often used as the
only substitute fuel [22,24]. By definition, methane possesses an MN of 100 and shows a much higher
knock resistance than most natural gases. To better mimic the knock resistance of natural gas, this
study used a mixture of methane and propane. Methane and propane comprised 95 mol% and
5 mol% respectively for most of the mixtures. This mixture resulted in a MN of 79.2, slightly higher
than the mean value of the MN of the natural gases shown in Figure 2.

3.2 Oxidation of Hydrocarbons

In an ideal combustion of hydrocarbons, meaning sufficient oxygen supply and no formation of
pollutants such as NOx, the combustion process induces the formation of CO2 and water (H20). This
process takes place exothermically, releasing heat. The resulting products thus demonstrate a more
stable and lower total energy balance level than the educts. This statement also holds true for a variety
of combustible materials like wood and coal. However, a wooden house obviously does not
immediately burst into flames upon contact with the oxygen in the air inducing a more energetically
favorable state. This does not occur because energy must first be expended to initiate the combustion
process, i.e., an energy barrier must be overcome. Once the reaction has begun, more energy is
released than required to overcome the energy barrier; thus, the combustion process maintains itself.
The combustion of n-heptane (n-C7His) serves as a good example of the combustion of hydrocarbons.

6


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

n-C7His is a linear hydrocarbon composed of seven carbon atoms, connected to each other by single
bonds, and 16 hydrogen atoms. To oxidize one mole of n-C7His to COz and H20, 11 moles of molecular
oxygen (Oz2) are needed, as can be seen in the reaction equation (1) and the graphic illustration in
Figure 4, whose graphical representations of the molecular structures were taken from PubChem [28].

n-C,H,s + 11 0, - 7 CO, + 8 H,0, (1)

@
el X o  peo 2
‘JQ%'ﬁ

0" o ° %’ '
Figure 4. Educts and products during the oxidation of n-heptane to carbon dioxide and water. [28]

Although the reaction equation (1) correctly reflects the ratio of educts and products during the
oxidation of n-C7His, a detailed analysis of the combustion process shows that, in addition to the four
species n-C7His, Oz, CO2 and H20, a large number of other species such as smaller alkanes, aldehydes,
radicals and many more are also involved in the combustion process. The addition of these other
species cannot be explained by the reaction equation (1) and therefore indicates that this equation
does not reflect the real course of the reaction. In fact, several reactions occur, inducing the formation
of the final products H20 and CO:..

As previously mentioned, hydrocarbons remain largely stable under ambient conditions and
while in contact with oxygen. To start the reaction, an external energy supply is necessary, like an
external heat source. The associated rise in temperature follows the increased molecular movement
of the molecules involved. The stronger this movement is, the more likely internal molecular bonds
are broken and result in the formation of smaller fragments and radicals. Another possibility of
energy coupling is the irradiation with intensive electromagnetic radiation. Radicals are atoms or
molecules that have at least one unpaired valence electron like atomic hydrogen (H), atomic oxygen
(O) and the hydroxyl radical (OH), which play an important role in the combustion chemistry.
Because of this unpaired valence electron, radicals usually show a high reactivity.

Through a closer examination of the chain of reactions that occur during combustion, four
different types of chain reactions can be distinguished. If the reaction of two non-radical species
induces the formation of at least one radical, this reaction is called chain-initiating. A chain
propagation occurs when a radical is consumed by the reaction and a new radical is generated as a
product. If the reaction generates more radicals than it consumes, this is referred to as chain
branching. A chain termination occurs when a reaction consumes radicals but does not generate new
ones. [29]

The oxidation process of hydrocarbons, schematically shown in Figure 5, can be divided into the
following basic process steps. The process starts with the formation of hydroperoxides (ROOH),
which are generated through events like reacting with the oxygen in the combustion air.
Hydroperoxides consist of an organyl group (R) and a functional OOH group. In the next step, the
dehydrogenation, a decomposition into smaller hydrocarbons, and the formation of radicals occurs,
steps that are essential for the reaction chain to progress. The reactions of the radicals with the smaller
hydrocarbons trigger the formation of small alkenes and alkadienes, followed by the formation of
aldehydes and then the formation of carbon monoxide (CO), H2O and molecular hydrogen (Hz). The
reaction steps described thus far contribute approximately 40 % to the total heat release. Therefore,
most of the heat is released in the last step of the process, when CO and H: react to COz and HzO. [13]
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Figure 5. Oxidation scheme of hydrocarbons. [13,28]

3.3 Auto Ignition Limits

If the conditions for chain initiation, chain propagation and chain branching occur in a
hydrocarbon-air mixture, and chain-branching reactions dominate the reactions leading to chain
termination, ignition and combustion of the fuel-air mixture occurs. In case of self-ignition, i.e.,
without the presence of an external ignition source, the onset of ignition depends on various
parameters such as pressure, temperature, mixing ratio and boundary conditions in the reactor. The
left side of Figure 6 shows the schematic diagram of ignition limits as a function of pressure and
temperature of a stoichiometric hydrogen-oxygen mixture, while the right side demonstrates the
more complex diagram for hydrocarbons.
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Figure 6. Schematic p-T-explosion diagram for hydrogen (left) and hydrocarbons (right). [29]

Ignition limits differ due to the temperature and pressure dependent transport properties in the
gas, as well as the disparate favoring of the sequence of chain branching and chain termination
reactions depending on the ambient conditions. The first ignition limit in the hydrogen-oxygen
mixture results from too low pressure, which increases the probability that radicals will diffuse to the
reactor wall and deactivate there. Only when the pressure is increased and the diffusion rate
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decreased do the conditions for successful chain propagation and chain branching occur and trigger
spontaneous ignition. The second ignition limit results from the competitive situation between chain
branching and chain terminating reactions. By shifting the balance of forces, reactions that lead to
chain termination become dominant and the mixture no longer ignites. Competition between heat
production by chemical reactions and heat loss through the reactor wall results in the third limit. If
this limit is exceeded, the mixture heats up continuously until thermal ignition occurs. [29]

In contrast to the oxidation of hydrogen, an area with cold flames is evident in the case of
hydrocarbons as shown on the right side of Figure 6. Using the oxidation of the hydrocarbon methane
(CHa4) as an example, this behavior is explained by the interaction of the following three reactions (2),
(3) and (4).

CH; + 0, 2 CH50,, @)
CH,0, + CH, — CH;00H + CH,, 3)
CH,00H - CH;0 + OH, (4)

If the equilibrium position of reaction (2) is on the right side, equations (2), (3) and (4) represent
a chain branching, since more radicals are produced than consumed. With increasing temperature,
however, the equilibrium position in reaction (2) shifts to the left, which directly affects the course of
reaction (3) and (4) and finally leads to chain termination. [13]

3.4 Ignition Delay Time

Through the examination of a mixture of hydrocarbons and air under ignition conditions,
ignition can be determined to occur only after a certain time period, the so-called ignition delay time
(IDT), rather than immediately. For descriptive purposes, a stoichiometric methane-air mixture at
920 K and 60 bar is considered. Under these conditions, the mixture ignites, but as shown by the
pressure and temperature curve in Figure 7, the mixture ignites after 17.7 ms (indicated by a sharp
rise in pressure and temperature) rather than immediately. This behavior is characteristic of radical
chain explosions. During the IDT, reactions occur that induce chain branching and thus increase
radical concentration, required for the continuation of the ignition process. Because only a relatively
small amount of heat is released during these processes, as illustrated by the pie chart in Figure 5, no
major change in the temperature can be determined. Finally, the oxidation of CO to CO: and Hz to
H20O releases the most heat, leading to a significant increase in temperature. [29]
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Figure 7. Simulated temperature and pressure curve during ignition of a stoichiometric methane-air
mixture (left) and a stoichiometric n-heptane-air mixture (right) at 920 K and 60 bar.


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

A similar course of pressure and temperature can be seen in the ignition process of an n-heptane-
air mixture, as the right side of Figure 7 shows. A detailed examination reveals an initial temperature
rise at 0.1 ms, before the mixture actually ignites at approximately 0.2 ms after the start. This
phenomenon, which dominates more as the size of the hydrocarbons increases, is known as two-
stage ignition and results from the temperature-dependent shift in the equilibrium position of
reaction (5):

R+ 0, & RO,, 6)
RO, < ROOH, (6)

If the equilibrium position of reaction (5) is on the right side, the subsequent reaction (6) initiates
the chain reaction shown in Figure 5. With increasing temperature, the equilibrium position of
reaction (5) shifts, leading to an interruption of the chain branching. Instead, reactions become
dominant, which lead to the formation of alkenes and hydroperoxyl radicals (HO:z). HO: radicals
further react to the initially relatively stable hydrogen peroxide (H20:2). Only when the temperature
reaches a value of about 1000 K after a steady increase in temperature does H202 decompose into OH
radicals and initiate the ignition of the entire mixture. [30]

3.4.1 Temperature Dependency of the Ignition Delay Time

The IDT varies reciprocally and exponentially with the value of the temperature [29]. A graphical
representation of the IDT therefore commonly plots the reciprocal of the temperature on the
horizontal axis and selects a logarithmic scale for the IDT, shown on the vertical axis. As an example,
Figure 8 shows the temperature dependent simulated IDTs of a stoichiometric methane-air, propane-
air and n-heptane-air mixture at a pressure value of 60 bar using a linear as well as a logarithmic
scaling of the vertical axis.
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Figure 8. Simulated temperature-dependent ignition delay time of a stoichiometric methane-air,
propane-air and n-heptane-air mixture at a pressure of 60 bar plotted with a linear (left) and
logarithmic (right) scaling of the vertical axis.

The comparison of the two types of presentations shows the advantage of a logarithmic scale.
An increase in IDT is evident despite an increasing temperature when examining the n-heptane-air
mixture in the temperature range 850 to 1000 K. This range is also called a zone with a negative
temperature coefficient (NTC). The NTC zone is caused by the occurrence of two-stage ignition, as
previously described. A change in the temperature dependency of the IDT in propane mixtures can
also be seen in this temperature range. In contrast to n-heptane, however, the slope of the IDT as a
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function of the reciprocal value of the temperature always remains positive, failing to reveal any NTC
zone. Smaller hydrocarbons result in a less pronounced two-stage ignition and the formation of an
NTC zone; thus, almost no deviation from the approximate exponential dependence on the reciprocal
value of the temperature is apparent in methane.

3.4.2 Experimental Investigation of the Ignition Delay Time

Although the IDT represents a reduction of the complex sequence of the ignition process to a
single number, this parameter serves as a relevant characteristic of a fuel-air mixture as a function of
equivalence ratio, pressure and temperature and is therefore frequently used in ignition
characterization. For example, the IDT represents an important factor in fast-running processes such
as the ignition of the fuel-air mixture in a combustion engine. If the mixture ignites too early,
knocking occurs and the engine is heavily loaded. If ignition occurs too late, the fuel is no longer
burned under optimal conditions; parts of the fuel may therefore remain unburned, increasing
pollutant emissions and decreasing the overall efficiency of the engine. In this respect, the ignition
behavior and the associated IDT of various fuels as a function of the ambient conditions inspires great
interest. Due to this need, different experimental methods have been developed to determine the
IDTs of different fuels-air mixtures. For the investigation of homogeneous mixtures, the use of rapid
compression machines (RCMs) and shock tubes (STs) has been established. Test facilities like rapid
compression expansion machines (RCEMSs) and combustion vessels (CVs) can be used to investigate
the ignition properties of fuels with inhomogeneous distribution in the combustion chamber (for
example due to fuel introduction via injector).

Rapid Compression Machine

When examining the ignitability of a fuel-air mixture with the aid of an RCM, the mixture to be
investigated is first composed and afterwards introduced into the combustion chamber as a
homogeneous mixture. In order to determine the IDT, the mixture must be abruptly exposed to
conditions that cause self-ignition. These conditions are ensured by the RCM piston, which quickly
compresses the mixture, before being anchored at the end position. The compression causes a rapid
increase in pressure and temperature in the combustion chamber. If this action achieves the
conditions for ignition of the mixture, the ignition and combustion occur after the expiry of the IDT.
The temperature and pressure values reached after the mixture compression depend on the
compression ratio, the temperature and pressure before the start of compression and the exact
composition of the mixture. The measured RCM-IDT values used in this thesis were determined with
an RCM from the research group PCFC (Physico Chemical Fundamentals of Combustion) at the
RWTH Aachen University [31,32]. This system uses a pressure sensor to determine the pressure
development in the combustion chamber. By establishing the exact composition of the fuel-air
mixture, the temperature curve was derived from the pressure data. A typical curve of the pressure
in the combustion chamber is shown in Figure 9. In addition, the individual process steps of the RCM
measurement are shown schematically.
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Figure 9. Typical pressure profile of an RCM measurement with successful ignition of the mixture,
including a schematic representation of the individual RCM process steps.

The pressure increase from the piston compression does not correspond to a step function but
instead shows a certain temporal extension due to the finite speed of the piston. This thesis defined
the IDT in the RCM measurements as the time difference between reaching the end position of the
piston (end of compression) and the maximum pressure increase due to the ignition of the mixture
as indicated in Figure 9. However, this does not represent the only way to define the IDT. For RCMs
with optical access, the signal strength of the light emission of excited OH radicals or a tangent line
applied to the pressure signal that intersects with a selected horizontal line can also be used to define
the IDT. Knowing the exact definition of the IDT is therefore integral to avoid misinterpreting the
measured data. Furthermore, the so-called facility effects must be considered when interpreting RCM
measurement data. These effects occur, i.a., from the previous formation of radicals in the
compression phase; the reaction has thus already begun before the piston reaches its end position.
Assuming an undisturbed mixture composition at the end of compression would therefore inevitably
result in incorrect findings when comparing these measurements with simulations that did not
consider this radical formation. Due to the cold walls of the reaction chamber compared to the
compressed hot mixture, the mixture cools down near the wall, thus decreasing the pressure in the
combustion chamber. This cooling down is generally coupled with a reduction in the reaction speed
and thus an increase in the IDT. To consider the effects in the compression phase as well as the phase
between the compression ending and the beginning of ignition in theoretical considerations, a second
non-reactive measurement is executed for each RCM measurement by exchanging the oxygen with
an inert gas. The resulting pressure curve, indicated as blue dotted line in Figure 9, is used as an input
parameter for the simulation. The minimum measurable IDT with an RCM is limited by the time
required to compress the mixture. In the case of very short IDTs, ignition may have already occurred
in the compression phase, thus preventing evaluation. In this case, a test system that allows even
faster compression of the mixture is required, which is possible in an ST.

Shock Tube

In an ST, a shock wave instead of a piston (in contrast to the RCM) compresses the fuel-air
mixture under investigation. The ST is divided into a high-pressure and a low-pressure section. The
latter section is filled with the fuel-air mixture to be investigated. In the ST of the research group
PCFC, which was utilized to determine the IDTs used in this thesis, the two sections are separated
from each other by an arrangement of two diaphragms. The pressure between the diaphragms is
selected in the test preparation to allow them to withstand the respective pressure differences
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between the adjacent sections. The ST measurement is started by abruptly reducing the pressure
between the diaphragms, causing them to rupture. A shock wave is generated and propagates
through the low-pressure area. After the reflection at the end of the ST, the shock wave propagates
in the opposite direction and, due to the pressure superposition, leaves this area with increased
pressure and temperature. If pressure and temperature are sufficient for self-ignition to occur, the
mixture is ignited after exceeding the IDT. A typical pressure curve for an ST measurement with
successful ignition is shown in Figure 10.

1 1 1 1 1 1 1 1
200
g ]
E 150 IDT .
= ) 1 1 .
7] ]
@ 100 I
o 1 : :
50 J % - H
0 :4.‘ | : T T T T T T g
i -0.2 0:0 0.2 0.4 0.6 0.8 1.0 1.2 14
il e  Time ms]
’
: = g = g = e
Shock tube filled with . Shock wave propagates to .
fuel-air mixture, shock Reflection of shock wave  ,q joft: pressure increase Ignition
wave propagates from left due to superposition effect

to right

Figure 10. Typical course of an ST pressure profile with successful ignition of the mixture, including
a schematic representation of the individual ST process steps.

As can be seen from the pressure curve, the pressure in the ST remains relatively constant after
passage of the reflected shock wave, apart from a system-specific slight pressure increase. This
pressure increase results from boundary layers and a non-ideal opening of the diaphragms [33,34]
and is on average about 8 %/ms in the ST used [31].

Rapid Compression Expansion Machine

In a rapid compression expansion machine (RCEM), the piston is not fixed at maximum
compression (in contrast to the RCM), but can move in the opposite direction after compression. The
compression ratio obtained depends on the piston position in which a balance is achieved between
the force generated by the driving pressure and the counterforce generated by the increase in pressure
in the combustion chamber. This setup results in a piston kinematic that is comparable to a normal
crank drive around top dead center (TDC) [35]. The measurement results used in this thesis were
derived from an RCEM from FAU [35,36]. Measurements were performed by using inhomogeneous
mixtures of natural gas, diesel and air. For this purpose, the RCEM combustion chamber was first
filled with air or a mixture of natural gas and air. The mixture was compressed by the pneumatically
operated piston and a diesel pilot was injected shortly before reaching the TDC. A characteristic
pressure curve for an RCEM measurement with successful ignition is shown in Figure 11. To enable
a statistical evaluation, the test is performed several times under constant conditions. The deviations
of the individual pressure curves are shown in Figure 11 as a red marked fluctuation range.

13


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

Average pressure gradient
Fluctuation range
100
Start of diesel injection|
'g 80
=
o
=)
@
73
o
o
60
___________________ 16 &
12
©
J 8 =
40 | + 3
P 0 8
=
2 1 0 1 2 =

Time aTDC [ms]

Figure 11. Typical course of an RCEM pressure profile with successful ignition of the mixture. [35]

Combustion Vessel

A combustion vessel was used for the detailed investigation of diesel spray propagation and
ignition. The data sets used in this thesis originate from measurements with the CV from FAU [27,36].
To be able to determine the development of the spray and the location of ignition, Mie-scattering was
used to identify the liquid phase in the spray plume. To measure the vapor phase, Schlieren-imaging
was applied. To detect the area of ignition and analyze the spread of the flame, the electromagnetic
radiation was identified in the visible range as well as in the ultraviolet (UV) radiation emitted by
OH radicals due to the transition from an excited state to a lower energy level. [35]

Figure 12 demonstrates examples of graphical evaluations of Mie-scattering measurements,
Schlieren images and optical recordings in the visible range and the UV emission of OH radicals.

B0, — 60 &
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- 40"
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Figure 12. Examples for graphical evaluations of Mie-scattering measurements (first from left),
Schlieren images (second from left) as well as optical recordings in the visible range (third from left)
and the UV emission of OH radicals (right). [27,35]

3.5 Reaction Mechanism

Detailed knowledge of the exact reaction sequence is necessary to reproduce the ignition process
and the subsequent combustion by means of simulations. Such detail requires the knowledge of all
important reactions and species involved in the process. Furthermore, information is required on the
speed of the respective reactions, the influence of the ambient conditions on the reaction speed, the
transport properties necessary to be considered for the individual species or the amount of heat
released in the respective reactions. All this information must be defined in the data set contained in
the reaction mechanism.

A reaction mechanism usually comprises three parts. The first part contains the gas-phase
chemical reactions. The second part includes information about the thermodynamic properties of the
involved species and the third part specifies the transport properties of the species.

14


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

3.5.1 Reactions

A reaction equation has the general form (7):
Ve A+vgB+v:.C+ - ZI;EQ vo D+ vg E+vp F+ -, (7)

A,B,C, ... represent the different species involved in the reaction, v, vy, v,, ... are the respective
stoichiometric coefficients, and k) and k™ are the speed coefficients of the forward and reverse
reaction. When the reaction proceeds in a forward direction, the change in concentration of species
A over time can be represented with equation (8):

d[4] -
Tz—k(f) [4]2 [B]® [CI° ... (8)

where a,b,c, ... are the reaction orders with respect to the species 4,B,C,.... Assuming that the
concentration of species B,C, ... change only imperceptibly, perhaps because they are present in
abundance, k7 [B]? [C]°... can be combined to the new reaction rate coefficient k, leading to
equation (9):

d[A] B a
- —k [A]%, )

Depending on the reaction order, a specific time-dependent concentration course results. Plots for
the first, second and third order reactions are shown schematically in Figure 13 with the reaction rate
coefficients k; > k, > ks. [13]

ul 1t order reaction L 2nd order reaction : 3rd order reaction
1 ’) St ..
"(lAlo ) [

k3

k4
1

t t t

Figure 13. Decay profiles for first, second and third order reactions.

The higher the reaction rate coefficient, the faster the reaction proceeds and the faster the
corresponding species concentration decreases. The reaction rate coefficient k; of species k shows
a strong, non-linear temperature dependency, which can be described by the extended Arrhenius
approach (10):

E
ki = A, TPk e BT, (10)

with the pre-exponential factor A, the temperature exponent S, the activation energy Ej,, the
temperature T and the universal gas constant R. The activation energy represents the energy
required to break bonds to allow the reaction to proceed. The simultaneous formation of new bonds
allows a corresponding decrease in the activation energy. The pre-exponential factor possesses a
different meaning depending on the type of reaction. In uni-molecular reactions, i.e., only one
reactant molecule participates in the reaction, the reciprocal value of the pre-exponential factor
corresponds to the average lifetime of the reactant. In the case of a reaction between two reactants
(bimolecular reaction), the pre-exponential factor corresponds to the collision factor, which indicates
the number of collisions between the reacting molecules per time unit. [29]
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Reactions are divided into net and elementary reactions. In the case of elementary reactions, the
reaction proceeds exactly as indicated by the reaction equation, i.e., the reaction order corresponds
to the reaction molecularity. In this case, the reaction orders given in equation (8) correspond to the
stoichiometric coefficients in equation (7). For net reactions, the situation is much more complex, so
that the reaction order can be non-integer and even negative. [29]

As an example, the reaction of hydrogen and oxygen to water is examined in more detail.
Although the reaction equation (11)

2H, + 0, > 2 H,0, (11)

correctly characterizes the required quantities of the educts and products, it cannot describe the
occurrence of O or OH radicals, for example, which are detectable in measurements. It therefore
represents a net rather than elementary reaction. In fact, a total of 37 elementary reactions occur in
the reaction of hydrogen and oxygen to water [13]. Three of these elementary reactions, which were
copied from a reaction mechanism in Chemkin format, are specified in Figure 14.

Reaction Alcm3stmoltKP] B[-] E,[cal mol?]
H2+0<=>OH+H 5.060e+04 2.670  6290.63
H2+OH<=>H20+H 1.170e+09 1.300 3635.28
H20+0<=>2 OH 7.000e+05 2.330 14548.28

Figure 14. Example of elementary reactions and the corresponding Arrhenius parameters definition
extracted from a mechanism in Chemkin format.

For each reaction in the reaction mechanism, the corresponding Arrhenius parameters are
defined for the calculation of the temperature-dependent reaction rate coefficients using equation
(10).

3.5.2 Thermodynamic Data

To calculate the thermodynamic behavior of the fuel-air mixture in the simulation of the
combustion process, thermodynamic information corresponding to each species involved must be
included. The standard state molar heat capacity at constant pressure as well as the standard state
molar enthalpy and standard state molar entropy are provided for the simulation. With the help of
these data, further quantities such as heat capacity at constant volume, internal energy, Gibbs free
energy and Helmholtz free energy can be calculated [37]. As an example, Figure 15 shows an excerpt
of the thermodynamic definition of the OH radical. It includes the definition of the species, the
number of elements contained in the species, the state of aggregation, temperature values for the
definition of the upper and lower temperature interval and 14 numerical values. These values are
required for the calculation of thermodynamic properties using the NASA chemical equilibrium code
[37] (equation (12) to (14)). To calculate the thermodynamic properties in the lower temperature
interval, the coefficients a1 to ar in the polynomials (12) to (14) correspond to the first seven numbers
in the thermodynamics file, which are highlighted in green in Figure 15. The coefficients marked in
red are used to calculate the thermodynamic properties in the upper temperature interval.
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Figure 15. Mechanism extract of the thermodynamics definition of the OH radical.
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3.5.3 Transport Data

In the mixture of atoms and molecules in the combustion chamber, interactions between the
species result in the transport of various physical quantities. In a simplified model of interactions at
the atomic level, the concept of temperature represents the disordered movement of atoms and
molecules, which gains strength as temperature increases. Binding forces between the particles cause
the transfer and subsequent propagation of this movement to areas with a lower level of movement,
i.e., lower temperature. The speed of the process of transferring energy in the form of heat is
measured by thermal conductivity. In the case of an ordered movement in a preferred direction in
the gas, i.e., a gas flow, the interaction of atoms and molecules results in the transfer of momentum
to regions of the gas with a relatively lower velocity. The strength of this momentum transfer is
measured by the gas’s viscosity. Due to the tendency of a closed system to assume the state of
maximum entropy, differences in concentration within the gas cause mass shifts to achieve an even
distribution of all species in the available space. This process is quantified by the gas’s level of
diffusion.

Thus, to properly assess the transport processes occurring in the gas, its thermal conductivity,
viscosity and diffusivity must be known. Accordingly, the transport data file includes all data
necessary to calculate the three mentioned properties of each species contained in the mixture. These
data consist of the Lennard-Jones potential well depth, Lennard-Jones collision diameter, dipole
moment, polarizability, and the rotational relaxation collision number at 298 K [37]. Figure 16 shows
a mechanism excerpt of the transport parameters for calculating the transport processes for the OH
radical.

2 Lennard-Jones potential ; ; rotational relaxation
Species 4 Dipole moment in D i
E well depth in K collision number
OH 1 80.000 2750 0.000 0.000 0.000

0...single atom T_‘

. Lennard-Jones collision L
1...linear molecule : ; Polarizability in A3
: diameter in A
2...non-linear molecule

Figure 16. Mechanism extract of the transport characteristic definition of the OH radical.
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3.5.4 Mechanism Size

As previously mentioned, 37 elementary reactions are needed to describe the combustion of the
simply structured species H2 and Oz to H20. An increase in the complexity of the species involved
and/or the number of educts involved in the combustion process expands the number of elementary
reactions required to correctly reproduce the combustion process. Reaction mechanisms for
hydrocarbons thus partly consist of several thousand elementary reactions [29].

However, an increase in the number of elementary reactions and thus the size of the mechanism
requires a simulation of the combustion process that is more computational and time-intensive. The
size of the mechanism used for the calculation of the reaction sequences therefore represents a critical
parameter, especially for the time- and space-resolved computationally intensive CFD simulation. Of
all elementary reactions, only a few determine the speed of the reaction process. Furthermore, when
considering which and to what extent reactions are involved in the combustion process, the removal
of several reactions from the reaction mechanism causes a barely visible influence on the simulation
result. However, this statement cannot be generalized but depends on the parameter range under
consideration. A common method to reduce the computational effort involves decreasing the size of
the reaction mechanism by removing reactions that play a subordinate role in the description of the
combustion process or combining several successive reactions into one lumped reaction. The
progressive reduction in the size of the reaction mechanism results in an increasing deterioration in
the reproduction of the combustion process or a restriction in the parameter range in which the
reaction mechanism can be used.

3.6 Analysis of Reaction Mechanisms

Reaction mechanisms consist of several hundred to thousands of reactions. To adapt the
characteristics of a mechanism, researchers must understand which reactions decisively drive the
behavior of the mechanism. In this thesis, two analysis methods were used to investigate reaction
mechanisms in detail. With the help of sensitivity analyses, rate-determining reactions were
identified. In order to determine characteristic reaction paths, flow analyses were performed.

3.6.1 Sensitivity Analysis

The sensitivity analysis provides insight into the influence of reactions and species on the overall
behavior of the reaction mechanism. A larger absolute value of sensitivity indicates a stronger
influence of a reaction or species on the reaction process. The time-dependent change of the
concentration ¢ of species i of a mechanism consisting of R reactions and considering S species
can generally be represented by Equation (15) [29,38]:

dc;
d_t'l: Fi(cl,...,CS; Kl""'KR)' (15)

where K represents the parameters of the system. All equations defined by (15) for the S species
form a system of ordinary differential equations. The solution of the system depends on both the
initial conditions, i.e., the starting concentrations, and the parameters k of the system. In general,
the sensitivity S;, describes how the solution c; of the equation system depends on the parameter
Kk, and is mathematically written as the partial derivative (16) [29]:

aCi
Sir = ox,’
"

(16)

All sensitivity analyses in this thesis were performed with LOGEresearch [39], which also
considered species flow [40]. Sensitivity analysis targets in LOGEresearch are all species occurring in
the mechanism as well as the temperature. To determine the influence of the reactions of the
mechanism on the IDT, the CH radical as well as the temperature were used as analysis targets. As
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described in detail in Paper II, the CH radical is significantly concentrated in the gas only shortly
before ignition, decreasing by several orders of magnitude afterwards. This result indicated that
reactions with a large influence on the concentration change of the CH radicals subsequently strongly
influence the ignition process itself. Ji et al. [41] found a strong correlation between the IDT sensitivity
and the sensitivity towards temperature. This parameter was used for the sensitivity analysis
performed in Paper IIL

The sensitivity value shows a time dependency; a strong increase is observed near ignition. Since
this thesis’s investigations focused mainly on the ignition process, the sensitivity values afterwards
were not taken into account. Thus, the analysis considered the course of sensitivity until ignition,
searching for the maximum sensitivity value (positive or negative) in this time interval. As an
example, Figure 17 shows the sensitivity towards temperature of the reaction
n-C7His + OH © H20 + n-C7His as well as the pressure curve and the first derivative of the pressure
curve, which was simulated with a mixture consisting of methane, propane and n-heptane. Ignition
is defined as the point at which the pressure increase is at its maximum; that is, the first derivative of
the pressure increase is at its maximum value. The area marked in blue indicates the time interval in
which the maximum sensitivity value was searched for.
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Figure 17. Simulated time-dependent sensitivity towards temperature of the reaction
n-CzHis+ OH © H20 + n-C7His as well as the pressure profile in the area of ignition. [42]

This analysis was performed for each reaction considered by the mechanism. Depending on the
given problem, the analysis was performed at different temperatures and fuel-air equivalence ratios
to analyze the course of sensitivity as a function of temperature and fuel-air equivalence ratio
respectively. As an example, Figure 18 shows the temperature-dependent sensitivity curve of the
most sensitive reactions when examining a methane-propane-n-heptane mixture.
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Figure 18. Reaction sensitivity towards temperature simulated with a methane-propane-n-heptane
mixture. [42]

3.6.2 Flow Analysis

A flow analysis is used to determine which species are consumed and formed by the reactions
of the mechanism and to gain insight into the respective consumption and formation rates. With this
information, it is possible to map reaction flows, i.e., to determine the typical sequences of species
and the reactions involved. In combination with the results of a sensitivity analysis, the influence of
a reaction on the overall behavior of the mechanism can thus be better assessed. If a reaction shows
a high sensitivity, but plays a subordinate role in the flow analysis, its influence must be evaluated
differently than if this reaction is involved in large species flows. An example for the execution of a
flow analysis with LOGEresearch is shown in Figure 19, which was performed with a methane-air
mixture at 1000 K, 100 bar and a fuel-air equivalence ratio of 0.526. The calculated IDT is 3.532 ms.
The flow chart indicates the flows occurred during the time interval of 3.528 to 3.564 ms. In this
example, the net flows are given in percent. The pie chart in Figure 19 shows the species that form or
react further with CHs. The bottom right diagram demonstrates the reactions involved in the
consumption and formation of CHs and CHs as well as the species fluxes as a function of time.
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Figure 19. Reaction flow analysis performed with LOGEresearch for combustion of a methane-air

mixture in the area of the ignition point. Additionally, those reactions that consume CH4 and form

CHs: or vice versa are given as examples. The pie charts show the proportion of the species which are

consumed or formed during the formation or consumption of the species CHs.

3.7 Laminar Flame Speed

In the dual fuel engine, as previously explained, ignition is achieved by injecting a diesel pilot

into the compressed natural gas-air mixture. Once ignition has occurred, the flame front spreads
throughout the entire combustion chamber. Apart from the turbulent flows present in the combustion
chamber, the speed of the flame front propagation depends on the laminar flame speed achieved.
The oxidation of large aliphatic hydrocarbons is initiated by O, H and OH attacking C-H bonds and
forming a radical residual molecule, which further induces formation of alkene and a smaller radical
through thermal decay. Regardless of the size of the aliphatic hydrocarbon at the beginning, the
oxidation process generally triggers the formation of methyl (CHs) and ethyl (C2Hs) radicals. Since
they possess a relatively high stability, the oxidation of CHs and C2Hs is the rate-determining factor,

thus justifying the similarity of the combustion of all alkanes and alkenes. The hydrocarbon oxidation

is characterized by a hierarchic structure, as can be seen in Figure 20. [29]
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Figure 20. Hierarchical structure of the oxidation of aliphatic hydrocarbons. [29]

Since natural gas and air are already mixed in the dual fuel engine when the combustion
chamber is filled, the laminar flame speed of a premixed flame must be considered when examining
the flame front propagating into the background gas of the combustion chamber. Essentially, the
movement of the flame front is based on chemical, diffusive and convective effects. The flame is
composed of three zones: the preheating zone, the reaction zone and the oxidation zone. Reaction
rates are slow in the preheating zone due to its low temperatures. These rates accelerate in the
adjacent and very thin reaction zone. In the oxidation zone, the final oxidation of CO and H- takes
place. As shown in Figure 5, the most heat is released in this zone. [43]

Figure 21 shows the spatially resolved mole fraction of the species CHs, Oz, Hz, CO, CO:2 and
H20; it also demonstrates the temperature profile and the local flow velocity as a result of a laminar
flame speed simulation with LOGEresearch using a methane-air mixture at 10 bar, 400 K and a fuel-
air equivalence ratio of 1. The calculated laminar flame speed is 23.17 cm/s, which thus corresponds
to the speed with which the unburned gas flows from the left side in Figure 21 to the right towards
the flame front. The results of the flame speed simulation with a methane-air mixture and an
extended parameter range by the variation of temperature and fuel-air equivalence ratio are shown
in a 3D-plot in Figure 22.
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Figure 21. Calculated species, velocity and temperature profile of a flame speed simulation performed
with LOGEresearch using a methane-air mixture at 10 bar, 400 K and a fuel-air equivalence ratio of 1.
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Figure 22. Simulated laminar flame speed of a methane-air mixture at 10 bar as a function of

temperature and fuel-air equivalence ratio ¢ using LOGEresearch.
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4 Results and Discussions

To evaluate the accuracy of a combustion simulation, experimentally determined values are
required for comparison purposes. Within the framework of the investigations of ignition properties,
both homogeneous and inhomogeneous mixtures were examined experimentally using an RCM, ST,
RCEM and CV and were compared with the results of 0D simulations as well as 3D CFD simulations.
1D simulations were performed and compared with experimental data from the literature when
studying laminar flame speeds.

4.1 Investigation of Homogeneus Mixtures

During an investigation of the dual fuel combustion process, the ignition behavior of
homogeneous fuel mixtures was measured with the aid of an RCM and ST by the research group
PCFC of RWTH Aachen University. As discussed in chapter 3.1, substitute fuels had to be defined to
perform simulations with species-rich fuels. In this study, n-heptane was used as a diesel substitute
and a mixture of methane and propane as a substitute for natural gas. The operating conditions of a
1-cylinder dual fuel test engine [44] were considered when selecting the composition and test
conditions of the homogeneous mixtures to be investigated with the RCM and ST. An overview of
the experimentally examined mixtures is listed in Table 1. In addition, the experimental data were
supplemented with measured IDTs from a previous study [32], in which methane-propane mixtures
were investigated with the same test facilities.

Table 1. Overview of the homogeneous mixtures investigated theoretically and experimentally with
an RCM and ST, including the respective proportion of methane, propane and n-heptane in the
mixture, each in mol%, the fuel-air equivalence ratio ¢, the pressure p in bar, and the temperature T

in K. [42]
Test — Fuel g)gposmon — ; p T Ref.
facilit . 4 sHs 7H1e
actitty MiX pol%]  [mol%]  [mol% -] ba] K]
1 100 0 0 0.526 100 906 — 941 [32]
2 95 5 0 0.526 100 888 - 916 [32]
3 90 10 0 0.526 100 803 - 898 [31]
Rapid _
) 4 70 30 0 0.526 100 826 - 865 [32]
compression
. 5 92.68 4.88 2.44 0.594 60 701 - 877 [31]
machine
6 90.48 4.76 4.76 0.661 60 671 - 781 [31]
7 92.68 4.88 2.44 0.594 100 709 - 817 [31]
8 97.56 0 2.44 0.599 60 720 -869  [31]
9 86.36 4.55 9.09 0.796 60 748 - 1187 1
Shock tube [31]
10 90.91 0 9.09 0.816 60 785 — 1284 [31]

4.1.1 Comparison of Reaction Mechanisms

Based on the definition of n-heptane as a diesel substitute, mechanisms available in the literature
for the simulation of the IDT were selected and evaluated using the software LOGEresearch. Notably,
the available mechanisms differ, in part considerably, in the number of reactions and species
included. As part of the investigations published in Paper I, the four n-heptane mechanisms of Huang
et al. [45], Cai et al. [46], Mehl et al. (Lawrence Livermore National Laboratory (LLNL) n-heptane
mechanism v3.1) [47] and Zhang et al. [48] were examined in detail. Additionally, the mechanisms
AramcoMech 1.3 [49], 2.0 [50] and 3.0 [51] were used for simulation purposes in methane-propane
mixtures (mixes 1 to 4 in Table 1). The number of reactions and species considered in each mechanism
is compared in Figure 23.
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Figure 23. Number of species and reactions of the reaction mechanisms investigated in Paper I.

Due to the choice of the investigated mixture compositions and ambient conditions, Paper I
focused its analyses on the following three topics: influence of propane, influence of n-heptane and
influence of pressure on the IDT.

When considering methane-propane mixtures (mixes 1 to 4 in Table 1), the simulation results
with the mechanisms AramcoMech 1.3 and 3.0 showed the smallest deviations from the experimental
values. From the n-heptane mechanisms investigated, the mechanism of Zhang et al. and the LLNL
n-heptane mechanism v3.1 could best reproduce the experimental values as shown in Figure 24 and
Figure 25.
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Figure 24. Experimental data (symbols) versus model prediction (lines) using the mechanism LLNL
n-heptane v3.1. [20]
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Figure 25. Experimental data (symbols) versus model prediction (lines) using the mechanism of
Zhang et al. [20]

However, none of the mechanisms tested were capable of adequately reproducing the measured
IDTs under all conditions considered. The search for appropriate mechanisms was therefore
extended. Promising results were obtained using the Complete San Diego mechanism with n-heptane
extension. Figure 26 compares the difference between measured and calculated IDTs in Zhang et. al’s
mechanisms as well as the LLNL n-heptane v3.1 and San Diego mechanism. The exact procedure for
calculating the difference is described in Paper IL
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Figure 26. Percentage deviation between measured and calculated IDTs using the mechanism LLNL
n-heptane v3.1 (left), Complete San Diego mechanism with n-heptane extension (middle) and the
mechanism of Zhang et al. (right). [20]

The Complete San Diego mechanism with n-heptane extension is very compact, comprising
about 300 reactions. In comparison, the LLNL n-heptane mechanism v3.1 considers almost 3000
reactions, while Zhang’s mechanism contains more than 5000 reactions. Due to its success in
reproducing the experimental values as well as its compactness, an important characteristic in CFD
simulations, the Complete San Diego mechanism with n-heptane extension was selected for further
investigations.
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4.2 Investigation of Inhomogeneus Mixtures

The investigation of inhomogeneous mixtures was performed with the help of CFD simulations.
The CFD simulations themselves were implemented at the Institute for Powertrains and Automotive
Technology of the TU Wien. To validate the simulation results, the RCEM and CV measurement data
previously determined at FAU were used [27,35]. The comparison between the CFD simulations and
the experimentally determined values as well as the conclusions drawn from this motivated the
optimization of the basic mechanism. The optimization process is described in detail in Paper II.

4.2.1 Deviations between Measurements and Simulations

The comparison between simulation and CV-experiment at a chamber pressure of 60 bar, at
which diesel was injected into air, showed that at low temperatures (550°C) the simulation
underestimated the IDT, whereas an overestimation occurred at higher temperature (700°C) as
shown in Figure 27. Figure 28 presents a comparison of the RCEM simulations and experiments,
which indicates that the injection of diesel into compressed air resulted in a good reproduction of the
IDT under the given conditions, but the injection into a methane-air mixture caused the simulation
to strongly overestimate the IDT.
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0.4 : T ¥ T :' T —
850 900 950
TIK]

Figure 27. Measured and simulated IDT of pilot fuel in air as a function of temperature. [20]
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Figure 28. Pressure traces from the CFD simulation and measured values from a RCEM for diesel and
dual fuel combustion with 20 % energetic diesel share. The diagram in the top left corner shows the
corresponding simulated temperature traces. [20]
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4.2.2 Mechanism Analysis

The deviations detected motivated the adaptation of the reaction mechanism, which focused on
the adjustment of the n-heptane sub-mechanism and the methane chemistry. To determine which
reactions in the respective temperature range can strongly influence the IDT, sensitivity analyses

were performed on the species CH with an n-heptane-air mixture and n-heptane-methane-air

mixtures with different methane contents. The analyses were performed with LOGEresearch at fuel-

lean, stoichiometric and fuel-rich conditions to assess the influence of the fuel-air equivalence ratio
on the sensitivity. The results are shown in Figure 29 and Figure 30. Through the additional use of a
flow analysis, the most suitable reactions for mechanism optimization were selected. In total, eight

reactions have been chosen to optimize the reaction mechanism.
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Figure 29. Temperature-dependent sensitivity towards CH of the most sensitive reactions using an
n-heptane-air mixture at 60 bar and a fuel-air equivalence ratio of 0.5, 1.0 and 2.0 for the simulation

process. [20]
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Figure 30. Sensitivity towards CH for methane-n-heptane-air mixtures with a methane content

between 50 and 95 mol% in the temperature range of 800 to 1000 K, pressure of 60 bar and a fuel-air
equivalence ratio of 0.5, 1.0 and 2.0. [20]

4.2.3 Mechanism Adaption

The characteristics of a reaction mechanism can be changed by adjusting the:
Arrhenius parameters of the corresponding reactions

Third body collision coefficients
LOW and TROE parameters [37]
Transport data
Thermodynamic data

The optimization process performed in this thesis focused on adapting the Arrhenius
parameters, resulting in a change in the reaction rate coefficients of the associated reactions. To assess

the extent to which a change in the reaction rate coefficient can be justified by data from the literature,
relevant data sets from the National Institute of Standards and Technology (NIST) chemical kinetics
database [52], where available, were employed. Using this data as a reference, the reaction rate
coefficients were calculated for each data set in the specified temperature interval with a temperature
resolution of 1 K. With these data points, a nonlinear fitting based on the extended Arrhenius
approach (10) was performed, including the 95 % confidence band and the 95 % prediction band of
the fit function. As an example, Figure 31 shows the comparison of the reaction rate coefficient of
reaction CHs+ OH © H20 + CHs before and after the adaption, as well as the fit function and the
corresponding confidence and prediction band.
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Figure 31. Comparison of the reaction rate coefficient of reaction CHs + OH © H20 + CHs before and

after adaption as well as the fitted rate coefficient using reference data from the NIST database. [20]

The performed mechanism adjustment in Paper II mainly aimed to minimize the difference
between the measured RCEM and CV values and the corresponding CFD simulation results. The
parameter changes carried out for this purpose and the resulting changes in the reaction rate
constants appeared quite large for some temperature ranges, as can be seen in Figure 31, resulting in
a specific field of application for the mechanism. In addition to using the IDT as a reference
parameter, the comparison between the measured ignition zone position at the edge of the spray and
the spread of the flame with CFD simulation results was also employed to determine the direction of
development of the mechanism. The adjustments then made allowed the reduction of the deviations
between the experimental values and CFD simulation, at some points significantly, as shown in

Figure 32 and Figure 33.
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Figure 32. Comparison of measurements and CFD-simulation results using the mechanism before

and after the optimization process. [20]
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Figure 33. Pressure traces from the CFD simulation and measured values from a RCEM for diesel and
dual fuel combustion with 20 % energetic diesel share using the mechanism before and after the
optimization process. [20]

4.3 Optimization of Kinetically Controlled Ignition Process

To minimize the deviations between the experimental and CFD simulation values, the
mechanism was adjusted to the RCEM and CV measurements, which resulted in a specific field of
application for the mechanism. The mechanism was developed further to increase its applicability in
a wider parameter range. Furthermore, the mechanism was not yet able to simulate the formation of
nitrogen oxides (NOx) during combustion, so a corresponding sub-mechanism was added. This
advanced development process and mechanism adaptation is discussed in Paper III.

4.3.1 Re-Evaluation of Arrhenius Parameter Adjustments

To match the CFD simulation results to the experimentally determined values, reaction rate
coefficients were changed, some greatly, lessening the potential applicability of the mechanism, as
previously described. To obtain a larger application range, the further mechanism development
investigated the kinetic-controlled ignition process. Therefore, the homogenous mixtures shown in
Table 1 were studied to avoid a superposition of the actual ignition properties of the mixture and the
influences of the inhomogeneous mixture preparation. With this objective in mind, the Arrhenius
parameter changes made were reassessed and revised. Prior to this, the underlying San Diego base
mechanism was updated, since a slightly changed mechanism version was released by the
combustion research group at University of California San Diego that showed an increase in the
number of reactions from 301 to 303. To calculate the NOx formation during combustion, the San
Diego nitrogen sub-mechanism was added. When revising the Arrhenius parameter adjustment, care
was taken to ensure that the resulting reaction rate coefficient fell within the range of data collected
from the literature in the NIST database.

4.3.2 Investigating the Influence of Propane Addition

The comparison between experiment and simulation of methane-propane mixtures (mixes 1 to
4 in Table 1) showed that the mechanism overestimated the IDT-reducing effect of propane, as can
be seen on the right side of Figure 34. To determine which reactions could be used to reduce the
overestimating behavior, a sensitivity analysis towards temperature was performed with mix 4 in
Table 1. The temperature dependent course of the 10 most sensitive reactions can be seen on the left
side of Figure 34.
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Figure 34. Sensitivity towards temperature simulated with mix 4 (left); measured IDTs (symbols) and
simulated values (lines) for different methane-propane mixtures (right). The content of methane and
propane is given in mol% and corresponds to mixes 1 to 4 in Table 1. [42]

In total, five reactions were used for the mechanism adjustment. An extract of the propane
oxidation scheme derived from the mechanism is shown in Figure 35, with the reactions used for
adaptation marked in red.

R245 R244

R247 (+0O,

R248

CH,CHO+CH,0+0H

Figure 35. Extract from the propane oxidation scheme derived from the mechanism. Reactions with

modified Arrhenius parameters to improve the calculation of the propane influence on the IDT are
labeled in red. [42]

4.3.3 Laminar Flame Speed Calculation

To correctly reproduce the flame propagation after ignition in the combustion chamber of the
dual fuel engine, the mechanism must allow the appropriate calculation of the laminar flame speed.
To verify this, the simulated laminar flame speeds were compared with experimental values from
the literature [53]. Since the background gas in the combustion chamber comprises a mixture of
natural gas, which mostly consists of methane, and air, the laminar flame speed of methane-air
mixtures was investigated. Flame speeds at 300 to 400 K, about 10 to 20 bar and fuel-air equivalence
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ratios of 0.7 to 1.4 were studied. The comparison showed that the simulation underestimated the
flame speed when the fuel-air equivalence ratio rose above 0.9. With the help of a sensitivity analysis,
reactions with a high influence on the flame speed were identified. By adjusting the corresponding
Arrhenius parameters, the deviation between simulation and experiment could be significantly
reduced. As with all the adjustments made, reference data from the NIST database was used to justify
the changes made.

4.3.4 Results of Mechanism Optimization

In total, 12 reactions were used to optimize the reaction mechanism regarding the reproduction
of IDTs of homogenous mixtures and the laminar flame speed calculation. Table 2 provides an
overview of the reactions used and each one’s purpose in the adjustment of the corresponding
Arrhenius parameters.

Table 2. Overview of the reactions used for the mechanism adaption and the purpose of the
adaptation. [42]

Reaction number Reaction equation Purpose

42 CHas+ OH © H20 + CHs Update of

44 CHz:+ O2 © CH3 + HO2 .

45 CHu + HO: & CHs + H202 mechanism
302 1-C-OQOOH © OH + CH:0 + CO + C:H + n-CsHy adjustments
235 CsHs + OH © n-CsH7 + H20
238 CsHs + HO2 © n-CsHz + H202 Correcting propane
244 n-CsHz + O2 © C3Hs + HO2 .

247 CsHsOOH + Oz © OCsHsOOH + OH influence on IDT
248 OCsH500H © CH2CHO + CH20 + OH

! H+O: ¢ OH+O Correcting flame

25 CO+0OH e CO2+H .

56 CHs + H (+M) © CHi (+M) speed calculation

The final parameter adjustment implemented, which led to the TU Wien dual fuel mechanism
2.0, was the adaptation of reactions 1, 25 and 56 in Table 2 to correct the laminar flame speed
calculation. A comparison of the measured and calculated flame speed before and after the
adjustment of the three reactions is presented in Figure 36.

Figure 37 shows a comparison of the experimentally determined IDTs and the simulation results
using the mechanism based on the updated San Diego mechanism, including the parameter changes
that were performed to reduce the deviations between the CFD simulations and experiments as
described in section 4.2. Figure 37 includes this mechanism under the name of TU Wien dual fuel
mechanism A. Furthermore, the simulation results using the mechanism that was optimized for the
kinetically controlled ignition process (TU Wien dual fuel mechanism 2.0) are also shown for
comparison.
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Figure 36. Measured laminar flame speeds of methane-air mixtures as function of the fuel-air
equivalence ratio ¢ in comparison with simulated values before (dashed lines) and after the Arrhenius
parameter adaption of reactions 1, 25, and 56 (solid lines). [42]
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Figure 37. Experimental data (symbols) versus model prediction (lines) using the TU Wien dual fuel
mechanism A (dashed lines) and the final TU Wien dual fuel mechanism 2.0 (solid lines). The diagram
in the upper left corner highlights the difference between measured and calculated IDTs of methane-
propane mixtures. The respective content of methane, propane, and n-heptane is given in mol% and
corresponds to the values in Table 1. [42]

The TU Wien dual-fuel mechanism 2.0 was developed by modifying the 12 reactions listed in
Table 2, which can successfully reproduce the IDT of the investigated homogeneous methane,
methane-propane, methane-n-heptane, and methane-propane-n-heptane mixtures in the pressure
range 60 to 100 bar. With measured values between 0.06 and 92 ms, IDTs over about three orders of
magnitude are covered. Furthermore, the mechanism provides improved calculations of the laminar
flame speed of methane-air mixtures.
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5  Scientific Contribution of the Thesis

Nowadays, the use of simulations has proven indispensable in the development of modern
combustion engines. To perform a temporally and spatially resolved computational fluid dynamics
(CFD) engine simulation, precise knowledge of the internal processes in the engine is necessary.
Detailed information on the chemical reactions occurring, the amounts of energy released in the
processes and the correct calculation of the pressure as well as the temperature and velocity fields in
the combustion chamber are all required to successfully reproduce fuel combustion by simulation. In
the dual fuel combustion engine, two different fuels interact, which increases the complexity of the
combustion process.

This thesis mainly aimed to analyze the dual fuel combustion process in detail and to develop a
reaction mechanism to successfully simulate this process. Diesel and natural gas, as well as the diesel
substitute n-heptane and the natural-gas substitute methane-propane mixture, were considered as
fuels. In the investigations, various reaction mechanisms available in the literature were found to fail
to accurately reproduce experimentally determined ignition properties. The mechanism that
provided the most promising results was used as a basis for the new reaction mechanism to be
developed. Sensitivity and flow analyses served to gain a detailed insight into the mechanism and to
identify possibilities for the mechanism optimization. Ignition data of a rapid compression machine
(RCM), shock tube (ST), rapid compression expansion machine (RCEM) and combustion vessel (CV)
were used to evaluate the simulated ignition delay times (IDTs) of homogeneous and inhomogeneous
mixtures. The homogeneous mixtures were investigated at very high pressure values of 60 to 100 bar,
a fuel-air equivalence ratio between 0.526 and 0.816 and a temperature between 671 and 1284 K.
Overall, experimentally determined ITDs that ranged almost three orders of magnitude, from 0.06 to
92 ms, were considered. In the study of inhomogeneous mixtures, the ignition processes of diesel
injected in air (RCEM and CV tests) and a natural gas-air mixture (RCEM tests) were examined. The
chamber pressure at the start of diesel injection in the RCEM was above 60 bar. Tests in the CV at a
pressure of 60 bar were considered.

The TU Wien dual fuel reaction mechanism optimized for the RCEM- and CV-CFD simulations,
consisting of 301 reactions and considering 64 species, successfully reproduced the IDTs measured
in the RCEM, both in pure diesel operation and in dual fuel operation. Comparisons with measured
values in the CV show a significant approximation of the simulated ITDs to the measured values in
the temperature range between 923 and 973 K. The ignition characteristics of methane-propane
mixtures can be correctly reproduced in a methane number (MN) range of 70 to 100.

When the reaction mechanism was further developed to yield a wider range of applications, the
purely kinetic-controlled ignition process was considered by examining homogeneous mixtures. One
major advantage of dual fuel operation over pure diesel operation lies in the significantly reduced
nitrogen oxides (NOx) emissions. To calculate the formation of NOx during combustion, the reaction
mechanism was extended to include 344 reactions and consider 75 species. The ongoing development
process of the mechanism aimed to improve the calculation of methane-propane mixture ignition
properties. The MN range with satisfactory IDT calculation from 70 to 100 could be extended to the
entire experimentally investigated MN range of 50 to 100. This thesis also examined the simulation
of flame propagation in the background gas of the combustion chamber. Experimentally determined
flame speeds, drawn from the literature, at pressures of about 10 to 20 bar, temperatures between 300
and 400 K and a fuel-air equivalence ratio of 0.7 to 1.4 of methane-air mixtures allowed the evaluation
of the simulated values. By means of sensitivity analyses, influential reactions were identified and
used to optimize the mechanism. By adapting the mechanism, the flame speed could be reproduced
well over the mentioned parameter range. In addition to the amended calculation of the methane-
propane mixture ignition properties, the TU Wien dual fuel mechanism 2.0 showed an improved
reproduction of the measured values from the investigated methane-n-heptane and methane-
propane-n-heptane mixtures, thus surpassing all previous results of the mechanisms from various
literature sources investigated within the scope of the thesis.

The developed reaction mechanisms offer the scientific community new possibilities for more
detailed research in the field of dual fuel combustion.
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