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Kurzfassung

Die Welt steht vor einer umfassenden Umstellung ihrer durch die Industrialisierung geprigten
Energieinfrastruktur. Von der Verbrennung fossiler Energietriger muss ein Wechsel hin zu nachhaltigeren
Alternativen vollzogen werden, um den Klimawandel zu stoppen und die Energieversorgung in der Zukunft zu
gewihrleisten. Um dies zu erreichen, ist die Erforschung von Ubergangstechnologien, die die Umwandlung
fossiler Brennstoffe mit hoher Effizienz ermdglichen und sich gleichzeitig flexibel an die Nachfrage anpassen,
besonders wichtig. Diese Technologien miissen in der Lage sein, die starken Schwankungen in der Bereitstellung
der Sonnen- und Windenergie zu bewiltigen, die durch die vorhandenen Speicherkapazititen nicht ausgeglichen
werden konnen. Durch die Flexibilisierung der fossilen Energieumwandlung kann der Ausbau der nachhaltigen
Energiequellen weiter vorangetrieben werden, ohne die Netzstabilitit zu gefdhrden.

Eine Moglichkeit die Effizienz von Energiewandlungsprozessen zu erhdhen ist die sogenannte Polygeneration.
Dabei wird die Wandlung von Primédrenergietrdgern zu mechanischer Energie oder Strom, Warme und die
stoffliche Umsetzung, z.B. zu Nutzchemikalien, in einem Prozess gekoppelt. Bei dem in dieser Arbeit untersuchten
Konzept wird ein brennstoffreich betriebener Verbrennungsmotor als Reaktor eingesetzt, um durch die partielle
Oxidation von Methan bzw. Erdgas gleichzeitig Strom, Wéarme und Nutzchemikalien zu erzeugen. Durch diese
Art von Prozess wird ein flexibles Wechseln zwischen maximaler Stromerzeugung (konventioneller Motorbetrieb)
und reduzierter Leistungs- und Wérmeabgabe bei gleichzeitiger Nutzchemikalienproduktion (brennstoffreicher
Betrieb) ermdglicht.

In dieser Arbeit wird der Einfluss unterschiedlicher Betriebsstrategien auf den brennstoffreichen Betrieb des
Verbrennungsmotors untersucht. Dafiir dient ein modifizierter BASF-Oktanzahlpriifmotor als Versuchstréger.
Dieser wird entweder homogen selbstziindend (HCCI) unter Nutzung der ziindbeschleunigenden Additive n-
Heptan, Dimethylether, Diethylether und Ozon, oder durch Nutzung von reinem Sauerstoff als Oxidator
fremdgeziindet betrieben. Neben unterschiedlichen Additivgehalten und Aquivalenzverhiltnissen (® = 0,5 bis 12)
werden auBlerdem das Verdichtungsverhaltnis (€ = 4,5 bis 20) und die Einlasstemperatur (Ti, = 50°C bis 190°C)
variiert. Eine Zugabe von CO; im Bereich von 0 bis 33 mol-% des Einlassgemischs wird ebenfalls untersucht. Der
Einfluss auf Leistungs- und Warmeabgabe, Betriebsstabilitdt, Produktgaszusammensetzung, RuBlbildung und den
Verbrennungsverlauf wird fiir den noch wenig erforschten brennstoffreichen Motorbetrieb untersucht.

Die Ergebnisse zeigen, dass der HCCI-Betrieb generell mit verschiedenen Additiven und Betriebsparametern
realisiert werden kann. Gegeniiber dem mageren HCCI-Betrieb ist der brennstoffreiche Betrieb deutlich weniger
anfallig fiir hohe Druckanstiegsraten und Klopfen, da der hohe Brennstoffanteil als thermischer Puffer wirkt. Der
Additivanteil, die Vorwdrmtemperatur und das Verdichtungsverhéltnis kdnnen effektiv genutzt werden, um die
Lage der Verbrennung zu beeinflussen und einen stabilen Motorbetrieb einzustellen. Bei der Wahl von Additiven
spielen in erster Linie die Reaktivitdt und die Warmekapazitét eine wichtige Rolle. Als sehr wirksam zeigt sich
die Zugabe von kleinen Mengen Ozon als Additiv. Durch nur 75 ppm Ozon im Gesamtgemisch kann der fiir den
stabilen Betrieb bendtigte DME-Anteil im Experiment von 11% auf 5.3% des Gesamtkraftstoffs gesenkt werden.
Hohe Verdichtungsverhiltnisse fiihren im HCCI-Betrieb insgesamt zu deutlich reduzierten Additivanteilen und
konnen sogar den HCCI-Betrieb ohne Additiv bei ansonsten konstanten Parametern ermoglichen. Wahrend sich
bei der Verwendung von Luft als Oxidator der HCCI-Betrieb als zuverlédssiges Mittel fiir stabilen Motorbetrieb
bei Aquivalenzverhiltnissen im Bereich von @ > 1,5 erweist, wird fiir einige Untersuchungen mit der Zugabe von
CO; zum Edukt der fremdgeziindete Betrieb mit reinem Sauerstoff als Oxidator genutzt. Der hohe Sauerstoffanteil
ermdglicht durch die Erhhung der Flammengeschwindigkeit im Fremdgeziindeten Betrieb einen stabilen Betrieb
auch bei hohen Aquivalenzverhiltnissen im Bereich 1,9 < ® < 2,5. Bei dieser Art von Betrieb werden in einigen
Betriebspunkten bis zu 40% des zugegebenen CO, umgesetzt. Aulerdem kann bei dieser Betriebsart bei einem
niedrigen Verdichtungsverhiltnis von € =4,5 bei ® = 2,3 die mit 62% hochste Wasserstoffausbeute erreicht
werden.
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Abstract

The world is facing a major transformation of its energy infrastructure shaped by industrialization. A shift from
burning fossil fuels to more sustainable alternatives is now needed to stop climate change and ensure energy supply
in the future. To achieve this, research into transition technologies that can convert fossil fuels with high efficiency
while flexibly adapting to demand is particularly important. These technologies must be able to cope with the large
fluctuations in the supply of solar and wind energy that cannot be compensated by existing storage capacities. By
making fossil fuel energy conversion more flexible, the expansion of sustainable energy sources can continue
without jeopardizing grid stability.

One way of increasing the efficiency of energy conversion processes is polygeneration. In such a process, the
conversion of primary energy sources to mechanical energy or electricity, heat and the material conversion, e.g.,
to useful chemicals, are coupled in one process. In the concept investigated in this work, a fuel-rich internal
combustion engine is used as a reactor to simultaneously generate electricity, heat and useful chemicals through
the partial oxidation of methane or natural gas. This type of process allows flexible switching between maximum
power generation (conventional engine operation) and reduced power and heat output with simultaneous chemical
production (fuel-rich operation).

In this work, the influence of different operating strategies on the fuel-rich operation of an internal combustion
engine is investigated. A modified BASF octane test engine is used as the test carrier. It is operated either in HCCI
mode using the ignition-accelerating additives n-heptane, dimethyl ether, diethyl ether and ozone, or in spark
ignition mode using pure oxygen as oxidizer. In addition to varying additive fractions and equivalence ratios (® =
0.5 to 12), the compression ratio (¢ = 4.5 to 20) and inlet temperature (Tin = 50°C to 190°C) are also varied.
Addition of CO; ranging from 0 to 33 mol% of the inlet mixture is also investigated. The influence on power and
heat release, operating stability, product gas composition, soot formation and the combustion process will be
investigated. The aim is to identify framework conditions and useful operating parameters for fuel-rich engine
operation, which is still little researched.

The results show that HCCI operation can generally be realized with different additives and operating parameters.
Compared to lean HCCI operation, fuel-rich operation is much less susceptible to high pressure rise rates and
knocking because the high fuel content acts as a thermal buffer. It is shown that additive fraction, intake
temperature, and compression ratio can be effectively used to shift the combustion phasing and induce stable
engine operation. Reactivity and heat capacity are the primary factors in the choice of additives. The addition of
small amounts of ozone as an additive is shown to be very effective. By adding only 75 ppm ozone to the total
mixture, the DME content required for stable operation can be reduced in the experiment from 11% to 5.3% of the
total fuel. High compression ratios result in significantly reduced additive fractions overall in HCCI operation and
can even allow HCCI operation without additive while maintaining otherwise constant parameters. While HCCI
operation is shown to be a reliable way for stable engine operation at equivalence ratios in the range of ® > 1.5
when air is used as the oxidizer, for some studies with the addition of CO; to the feedstock, spark ignited operation
with pure oxygen as the oxidizer is used. The high oxygen content enables stable operation even at high
equivalence ratios in the range 1.9 < ® < 2.5 by increasing the flame speed in the spark ignited mode. In this type
of operation, up to 40% of the added CO; is converted at some operating points. Moreover, with this type of
operation, the highest hydrogen yield of 62% can be achieved at a low compression ratio of ¢ =4.5 at ¢ = 2.3.
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Introduction

1 Introduction

The world is facing a major transformation of its energy infrastructure, and this brings many challenges. To ensure
energy supply in the future and halt climate change, research into technologies that convert fossil fuels with high
efficiency, adapt flexibly to demand, and cope with large fluctuations in the supply of solar and wind energy is
necessary. High-efficiency storage using batteries or pumped hydro storage is limited by cost and potential. As
more renewable energy sources are used, it becomes increasingly important to make the remaining share of fossil
energy conversion as flexible as possible to meet demand at any time.

An important fossil fuel that will continue to be used is methane, or natural gas. It will most likely remain an
important energy source for at least some decades. When methane is converted to electricity, in conventional
piston engines and gas turbine processes often only around 35% thermodynamic efficiency is reached while in
combined cycles efficiencies over 60% can be achieved. Traditional combined-cycle power plants do not lend
themselves to load-flexible operation. There are processes that achieve higher exergetic efficiencies by using waste
heat or other otherwise unused waste gas streams [1,2]. In these cases, however, the processes are usually statically
linked, with each individual process having fixed, optimized operating parameters. Instead, implementing a single,
flexible process and thus being able to adapt production to demand would be of great advantage. Such a process
could entail high exergetic efficiencies on the one hand, and on the other hand could be shifted towards the current
demand, which would be beneficial for both economy and the environment.

Such a process could be implemented e.g., in gas turbines [3], or in piston engines. Piston engines offer the
advantage that the possible size of the process is very well scalable, and both very small and large processes can
be realized. Engines are attractive as chemical reactors because they cannot only achieve good turnovers as high-
temperature and high-pressure reactors due to high possible speeds but also can stop the reaction quickly due to
the rapid expansion of the mixture and the associated drop in temperature. This may allow freezing of certain
reactions that could otherwise lead to the degradation of possibly desirable reaction products when equilibrium is
reached.

Traditionally, piston engines are used to provide kinetic or electrical energy, i.e., for propulsion or for electric
power generation. It is important that engines emit as few pollutants as possible. For this reason, they are usually
operated stoichiometrically or lean, because in these cases mostly the complete reaction products CO, and H,O
are formed. A large part of engine research in recent decades has focused on optimizing engines and their operation
so that as little as possible of the substances harmful to humans and the environment, such as carbon monoxide,
unburned hydrocarbons, nitrogen oxides or soot, are emitted. If, on the other hand, an engine is used as a
polygeneration reactor, it is operated very fuel-rich and the substances resulting from incomplete combustion, such
as carbon dioxide, hydrogen or hydrocarbons, are instead viewed as a product of the process. The main product is
a mixture of CO and H: (also called synthesis gas or syngas) which can be further utilized in downstream processes
such as Fischer-Tropsch synthesis, methanol synthesis or ammonia synthesis. Additionally, depending on the
operating conditions, smaller amounts of hydrocarbons such as ethylene are produced, which could potentially be
separated from the product stream. While stoichiometric and lean-burn operation of reciprocating engines are now
very well studied, there is comparatively very little research on fuel-rich engine operation.

In 1957, Szeszich was the first to demonstrate syngas production using a spark-ignition (SI) engine with partial
oxidation of methane/oxygen mixtures [4]. McMillian and Lawson subsequently investigated the combustion of
fuel-rich natural-gas mixtures in SI engines through a combination of experiments and simulations [5]. Lim et al.
further developed this research by preheating the intake mixture [6]. Karim et al. investigated partial oxidation in
a Diesel engine by igniting fuel-rich mixtures of methane and oxygen-enriched air through a very short diesel fuel
injection [7]. The state of the art will be reviewed in more detail in chapters 5 to 8.

From 2013 to 2023 the German Research Foundation DFG funded the Research Unit FOR 1993, “Multifunctional
Material and Energy Conversion" that investigated the use of internal combustion engines for polygeneration, the
simultaneous production of mechanical work, heat, and basic chemicals from methane. This research unit includes
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various subprojects that cover theoretical and experimental aspects of the topic, including creation and reduction
of reaction mechanisms for chemical kinetics, simulations and experiments in reactors, shock wave tubes, rapid
compression machine and engines. This thesis work was funded by the project MM2 with the topic “chemical
conversion in combustion engines under unusual operating conditions”, the most application-oriented project
within FOR 1993.

The focus here is on experimental investigation of fuel-rich engine operation and identification of suitable
operating ranges and parameters for polygeneration mostly using homogeneous charge compression ignition
(HCCI) operation, which has been identified as advantageous for stable fuel-rich combustion in previous
investigations by Wiemann [8]. It is important to understand what effects the different operating strategies might
have on important process parameters like work, heat and chemical outputs. The effects of fuel composition,
preheating, and compression ratio on parameters such as indicated mean effective pressure, combustion phasing,
heat production, efficiency, conversions, yields, and soot production will be studied in order to establish a basis
for possible process control strategies in fuel-rich HCCI operation, which is a challenging issue with very limited
existing studies or strategies.

To explore possible process control strategies, the first step was to develop an operating stability scan and establish
limits for CoV (Coefficient of Variation) and maximum rate of pressure rise, which determine an acceptable
operating range. This scan serves as a reference for setting comparable operating points. The initial investigations
utilized the experimental setup from a previous work by Wiemann [9]. A comparison is made between traditional
spark ignition operation and HCCI operation in the fuel-rich regime, focusing on the overall impact of equivalence
ratio ranging from 0.5 to 12 on syngas yield, methane conversion, work, and efficiencies. Furthermore, the
influence of compression ratio on syngas production is examined. To increase the compression ratio, the engine
was modified and metal inserts were placed in the combustion chamber which reduce the compressed volume and
hence allow the compression ratio to be set from € = 4.5 to 20 instead of € = 4 to 12 as before. The inserts make
the combustion chamber geometry slightly more cylindrical to minimize heat losses. These investigations are
presented and discussed in chapter 4.

In a further step, using DME as an additive, the equivalence ratio and intake temperature are varied to understand
how changing these parameters affect operating stability, combustion characteristics, syngas production, and soot
formation. In addition, collaborators in FOR 1993 performed simulations for selected operating points that provide
insight into the chemical conversion to understand the mechanisms in more detail. This investigation is discussed
in Chapter 5.

Another objective of this work is to determine a basis for the selection of additives for fuel-rich HCCI operation.
Since it is not possible to investigate all possible additives with reasonable effort, the approach is instead to
investigate a few different additives and to understand exactly how they work, so that conclusions can also be
drawn about the suitability of other additives. To compare the additives n-heptane, diethyl ether and dimethyl
ether, a small fuel injector was installed so that liquid additives could be accurately dosed in small quantities. A
heat release analysis was adapted for fuel-rich operation in addition to the investigations already described. The
results of the heat release analysis of the experiments are compared with simulations performed by collaborators
and the results of the simulations are used to draw conclusions about the chemical kinetics during auto-ignition
with different additives. These investigations are shown in Chapter 6.

Since for lean HCCI operation ozone is a very potent ignition-promoting additive [10,11], experiments are
discussed in Chapter 7 in which DME was gradually replaced with ozone as an additive in order to determine its
effectiveness in fuel-rich operation as well. The goal here is to use ozone to significantly reduce the amount of
hydrocarbon additives or even to replace them completely, as this could be a great advantage from an economic
point of view, since hydrocarbon additives are significantly more expensive than methane. For this purpose, the
experimental setup was extended to include an ozone generator, which enriches a stream of pure oxygen with
ozone. A reaction path analysis performed by collaborators provides information on the mode of action during
auto-ignition with ozone.
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The utilization of CO, from carbon capture processes in downstream processes is increasingly sought after, due to
the high cost and difficulty of storing CO.. One attractive possibility is converting it to syngas via dry reforming
with methane. Studies were carried out to investigate whether and how such a process can be carried out in an
engine. However, due to the significant increase in the heat capacity of the mixture caused by the addition of CO»,
which makes auto-ignition more challenging, spark ignited operation using pure oxygen was chosen as the
operating strategy instead of HCCI operation. In addition to converting CO,, this strategy offers the benefit of
producing a product that is not diluted with atmospheric nitrogen, unlike HCCI operation with air. These studies
are discussed in Chapter 8.
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2 Theoretical background

2.1 Production of syngas

Synthesis gas or syngas is a term commonly used for a mixture of hydrogen and carbon monoxide. Usually it also
contains methane, carbon dioxide, nitrogen, and traces of other gases. Syngas is an important base chemical that
is used for the synthesis of ammonia, methanol, DME, ethanol and a many other hydrocarbons. Also, most of the
worldwide available hydrogen is produced by separation from syngas. There are many ways to produce syngas
from various gaseous or liquid educts like natural gas, alcohols, and hydrocarbons. Syngas is also made by
gasification of solid carbon sources like coal with steam. The composition of the syngas depends on the production
process.

The most-used industrial process for syngas production is the steam reforming of natural gas also called steam
methane reforming (SMR). Further common practices are partial oxidation (POX) and autothermal reforming
(ATR). Dry reforming (DR) of methane with CO- as a reforming agent is also gaining interest.

2.1.1 Steam reforming

Reforming methane with steam is usually carried out on a nickel or cobalt catalyst at temperatures in the range of
500 to 1100°C. Since natural gas contains sulfur in small amounts a desulfurization is a necessary pretreatment to
avoid poisoning and deactivation of the catalyst. Eq. (1) describes the reaction of SMR. The reaction is highly
endothermic and requires heat supply.

kJ

CH4 + H20 d CO + 3H2, AHOZQB = 206@ (1)
kj
CO+H,0 & Hy +C0;,  AHp05 = —41-— )

While the reaction suggests a stoichiometric steam to carbon (S/C) ratio of 1, in real processes typically ratios of
2.5-3 are applied since lower ratios result in coking and thus in the deactivation of the catalyst by carbon deposition
[12].

If the desired product of the process is not just syngas but only hydrogen a water gas shift (WGS) reaction is
carried out after the SMR process to convert the CO with H,O to further hydrogen and to CO: (eq. (2)).

2.1.2 Partial oxidation

POX of methane is an alternative route to syngas. It can be done with and without a catalyst. Without catalyst the
temperatures need to be high enough to avoid excessive soot formation. A special burner design is used to control
the temperature levels. When using a catalyst, the process is also called catalytic partial oxidation (CPO). In CPO
a premixed methane/oxygen mixture is fed to a catalytic reactor without using a burner [13]. POX provides H»/CO
ratios of ~2 (with NG as an educt) that are favorable for Fischer-Tropsch (FT) and methanol synthesis [14]. Eq.
(3) shows the chemical reaction of POX.

kJ

CH4 + 0.502 o COo + 2H2, AHOZQS = _71ﬁ (3)

It is exothermic and does not require heat supply like SMR or DR.
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2.1.3 Dry reforming
The reformation of methane with CO; as a reforming agent (eq. (4)) is also called dry reforming.

k
CH, + CO, & 2C0 + 2H,, AH®,04 = 260m—{)l )

Since CO; gained increased focus as a greenhouse-active gas in the last years it also became more interesting as
input for the production of syngas. The reaction is highly endothermic and yields a syngas with a H,/CO ratio of
1. It is often used in secondary reforming processes to reduce the Ho/CO ratio of a steam reforming process [15].
However, the reaction of CH4 and CO; is very susceptible to carbon deposition. Therefore, the choice of operating
parameters and catalysts is limited.

2.1.4 Autothermal reforming

ATR is a combination of methane reforming with POX. It combines the two processes to avoid the need for an
additional heat supply to the reactor since the exothermicity of the POX reaction is used to supply the heat that is
needed for the endothermic reforming reaction. The most common form of ATR is the combination of steam
reforming with partial oxidation. Far less common is the combination of dry reforming with POX. Since for ATR
there is no need for large heat transfer surfaces, ATR reactors can be more compact than SMR reactors. This
reduces the investment costs and in addition, the lower H,/CO ratio compared to SMR makes the process more
suitable for FT synthesis.

2.2 Internal combustion engine

The technology of combustion engines has been developed for over a century. Internal combustion engines are
machines that can convert fuel to mechanical work with a high power density. This compactness makes them ideal
for use in mobile applications. For this reason, most engines worldwide are used for transportation. But there are
also stationary applications such as combined heat and power plants (CHP). Internal combustion engines have a
very good scalability and can be as tiny as a power supply of a remote-controlled toy car and as big as needed for
propulsion of a huge ship.

There are different types of internal combustion engines that can be distinguished by the type of combustion
strategy, the way pressure is converted into rotational movement of the crank shaft, the kind of fuel they use, the
strategy they use to exchange the charge, configuration of the cylinders and by other characteristics. Regarding
the conversion of pressure into rotational movement by far the most important type of engine is the reciprocating
piston engine. There are other less common topologies like for example the rotary piston engine.

The most significant strategy for exchange of the cylinder charge is four-stroke engine operation. Figure 1 shows
a p-V-diagram of a four-stroke SI engine.
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Figure 1: p-V-diagram for a four-stroke SI engine, adapted from [16].

In a four-stroke engine the increase in cylinder volume by the moving piston and the resulting decreasing pressure
draws in the fresh charge. Then the intake valve closes (IVC) and the piston compresses the mixture. The mixture
is ignited near TDC and during the expansion stroke work is transferred to the piston. The exhaust valve opens
(EVO) and the exhaust is pushed out by the piston. Before TDC the intake valve opens (IVO) and briefly after
TDC the exhaust valve closes (EVC). This “positive valve overlap” helps to flush the combustion chamber. The
next cycle then starts.

2.2.1 Basic combustion strategies

There are two types of combustion processes that are widely used for internal combustion engines. The first type
is spark ignition operation, which is used in a type of engine referred to as Otto engine. It is using a spark plug to
ignite a mixture of air and relatively auto-ignition resistant fuels like gasoline. The second type is compression
ignition (CI), which is used in Diesel engines. This strategy uses more reactive fuels that auto-ignite when injected
into compressed air. In the following those two strategies and additionally one newer strategy that is recently
investigated, homogeneous charge compression ignition (HCCI) will be explained.

2.2.1.1  Spark ignition

In SI operation a premixed stoichiometric or somewhat lean charge of air and fuel is ignited by a spark plug.
Traditionally the fuel is mixed with the air by using a carburetor but today most applications use fuel injectors in
the intake manifold or even direct injection into the combustion chamber. Figure 2 shows a schematic of the
combustion chamber in a spark ignition engine.
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Figure 2:  Schematic of a spark ignition engine with flame propagation.

From the spark igniting the mixture, a turbulent flame propagates through the combustion chamber until it is
quenched near the walls. The speed of the flame propagation depends on equivalence ratio, the fuel, and on the
motion of the cylinder charge. Turbulence drastically increases the speed of the flame propagation, which is the
reason why higher engine speeds do not lead to early flame quenching at a constant ignition timing. From the spark
plug, the flame spreads until it is quenched near the cylinder walls. Due to this fact, the combustion chambers of
spark-ignited engines are usually designed with an angled combustion chamber roof to promote uniform flame
spread in all directions. Most SI engines use stoichiometric combustion because in this case a three-way catalyst
can be used to drastically reduce pollutant emissions and also because the highest power density can be reached.
In other engines, especially in heavy-duty gas engines however, lean mixtures are used. The overall lower
combustion temperatures reduce NOyx formation and lean mixtures offer a higher thermal efficiency.

The most common way of load control in an SI engine is a quantitative approach by controlling the charge mass.
The fuel and air are mixed in the intake and the amount of mixture aspirated to the cylinder is subsequently
controlled by a throttle that induces a pressure drop on the cylinder side during intake. By opening or closing the
throttle the engine’s load can be increased or decreased. In direct injection engines the power can also be controlled
qualitatively by varying the amount of injected fuel.

When an SI engine operates at the auto-ignition limit, it means that the air-fuel mixture is on the verge of
spontaneously igniting due to high temperatures and pressures in the combustion chamber. At this operating
condition, the pressure increase caused by the initial ignition at the spark plug can lead to auto-ignition at other
hotspots within the cylinder before the flame front has reached them. This can lead to two opposing flame fronts
that cause oscillating cylinder pressures and very high pressure rise rates. This phenomenon is known as knocking
and can cause severe damage to an engine. For this reason, an important criterion for a fuel used in an SI engine
is a high octane number. The octane number characterizes a fuels resistance to auto ignition. It is defined as the
volume fraction of iso-octane in a mixture of iso-octane and n-heptane that has the same knock resistance as the
tested fuel at constant, predefined operating conditions. Higher octane numbers allow for elevated compression
ratios or early spark timings and can help to improve overall performance.

The operating limits when varying the equivalence ratio in spark ignition operation depend on factors like charge
temperature, the kind of spark plug, compression ratio, spark timing and charge motion among others. The limits
for lean and rich operation both result from decreasing flame speeds leading to quenching of the flame and misfires.

2.2.1.2  Compression ignition

In a compression ignition engine, the charge is compressed to temperatures high enough to ignite the fuel-air
mixture. The most representative form of CI engine is the Diesel engine. In a Diesel engine the fuel ignites
continuously during the injection into compressed air and forms a jet with zones of different composition and
temperatures. Since the fuel is mixing with the surrounding air during injection, a traditional CI engine is always
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operated globally lean to ensure complete combustion. Nevertheless, in the simultaneous mixing and combustion
locally fuel rich zones are formed in which soot is produced. Soot formation is one of the key problems and
limitations of CI combustion. Figure 3 shows a schematic of a stabilized diesel jet.
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.

Rich Mixture
(’::O": Fuel-to-Air
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Figure 3: Schematic of a combustion jet in a diesel engine [17]

The jet travels a short distance while it heats up, evaporates, and mixes with air. At first a fuel-rich zone is formed,
and a fuel-rich premixed combustion occurs which leads to initial formation of soot. The jet moves further into
the combustion chamber and mixes with more air which initially causes it to form more products of incomplete
combustion. The equivalence ratios are lowest at the outer edges of the jet. There (green zone) the mixture is
leanest, and most NOx is formed. A diffusion flame (orange) surrounds the spray and oxidizes part of the soot and
other products of incomplete combustion. Since it takes high temperatures and oxygen to oxidize a higher fraction
of the soot more NOy is formed if more soot is oxidized. This is a common trade-off in CI combustion since the
emission of both pollutants is undesirable.

An advantage of CI engines over SI engines is that elevating the compression ratio is not limited by the fuel
characteristics. The most important limitation for compression ratio in CI engines is heat loss, which increases
with higher surface to volume ratios in the top dead center (TDC) at higher compression ratios. Typical values for
compression ratios in CI engines are in the range of 12 to 24. Another advantage of CI engines is their qualitative
load control. The engine load is controlled by the amount of fuel injected into the cylinder. In general CI engines
have higher efficiencies because of these two advantages. However, since they must withstand higher pressures,
they need to be designed mechanically stronger which increases the manufacturing costs.

In CI engines the fuel is injected at high pressures > 1000 bar. Higher pressure leads to better atomization of the
spray and thus it improves combustion. The pressure is elevated by a pump, and in modern CI engines it is
distributed from a rail to all injectors. In CI combustion it is important for a fuel to have a high tendency to auto
ignite. The measure used for this characteristic is the cetane number. Similar to the octane number it is the fraction
of cetane in a cetane and 1-methylnaphthalin mixture that has the same ignition characteristics as the fuel that is
tested. Generally, a higher cetane number reduces pollutant emissions since the fuel ignites early and there is
sufficient time to oxidize a major part of the pollutants before the reaction is quenched due to decompression. In
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the end the cetane number that can be used is depending on the type of engine. A wide variety of fuels can be used
in CI engines ranging from heated heavy fuel oil that is used in marine applications to gaseous fuels like
dimethylether (DME). However, in most applications light fuel oils are used.

2.2.1.3 Homogeneous Charge Compression Ignition

Of several alternative combustion process concepts, homogenous charge compression ignition (HCCI) is most
relevant here. HCCI combines advantages of SI- and CI combustion. In HCCI a premixed charge is ignited by
temperature increase due to compression. This makes it possible to operate on very lean mixtures and mixtures
diluted by exhaust gas recirculation that would normally not allow for stable operation in SI mode. In HCCI
operation the mixture ignites (theoretically) homogeneously and does not form a high temperature flame region.
Lean burn, exhaust gas recirculation and low flame temperatures all reduce the emission of NO.. There is no soot
particulate formation like in CI operation since the combustion is premixed and no locally fuel rich zones can
form. No throttling is needed because the engine is mostly controlled by dilution of the charge. Combining those
features results in high thermal efficiencies with low emissions which may be an attractive alternative to
conventional engine combustion. However, the kinetically controlled nature of the auto-ignition makes
combustion control very difficult in HCCI. Ignition is almost exclusively depending on fuel reactivity and
temperature. Other effects like stratification and turbulence have shown minor influence on HCCI combustion
[18,19]. Changes or stratification in temperature or fuel-composition or small changes in the residual gas content
can change the combustion phasing drastically. This is particularly noticeable at full load or in transient operation.
Due to these difficulties, the HCCI process is not widely used in series production engines to this day. For
stationary applications however these difficulties are not too challenging because there is almost no transient and
only limited part load operation.

Figure 4 shows the soot and NOx formation for traditional diesel and spark ignition operation and HCCI operation
depending on in cylinder temperature and equivalence ratio.
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Figure 4: Operating regimes of traditional spark-ignited (SI) engine, diesel engine and HCCI combustion engine [20].

The advantage of HCCI combustion and general low temperature combustion (LTC) above traditional SI and CI
operation in terms of pollutant emission can be seen. For CI operation (yellow line) there is always a conflict
between soot and NOx formation because if one is avoided more of the other is emitted. For Spark ignition
operation there is always NOy formation because of high temperatures in the flame front. HCCI operation enables
the simultaneous avoidance of both pollutants. However, the disadvantage of low combustion temperatures is that
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oxidation of the part of the mixture that is pushed into crevices near TDC is much less complete than for higher
temperatures. This leads to increased emissions of CO and unburned hydrocarbons.

There are several strategies that can be used to control the combustion phasing in HCCI operation indirectly. The
most common approach is to vary the amount of residual gas in the cylinder. One way to achieve this is by varying
the valve timings so part of the residual gas is recompressed or rebreathed to the cylinder, depending on the
strategy. The amount of hot residual gas is used to control in cylinder temperatures and associated reactivity of the
charge. This becomes problematic in low-load regions where the residual gas temperatures are not sufficient to
ensure auto-ignition. Another approach is to vary the intake temperature by preheating the mixture. This is not
very practical in mobile applications but for stationary engines this can be convenient. Dual-fuel operation is
another strategy that can be used. It uses two fuels of different auto-ignition behavior and controls combustion
phasing by changing the mixture. If the fraction of the more reactive fuel is increased combustion phasing will
advance and vice versa. However, this approach requires a second fuel tank and an additional injection system.
Also, an engine with variable compression ratio can be used to control the combustion phasing via compression.
The problem with this approach is that variable compression ratios are very difficult to implement. [21]

2.2.2 Pressure based metrics

This section describes some basic measures for the characterization of the combustion process in internal
combustion engines that were used for processing of the results presented later in this work. The measures are
based on in-cylinder pressure traces and thermodynamic calculations.

2.2.2.1 Indicated mean effective pressure

The work transferred to the piston can be calculated as
W = 3€ pdV %)

with the in-cylinder pressure p and the actual cylinder volume V which is a function of the crank angle. By dividing
the work by the displacement volume, the indicated mean effective pressure (IMEP) can be calculated.

w
IMEP = — 6)
Vp

It is a volume specific work and can, for example, be used to evaluate operating conditions or to compare engines
of different sizes.

2.2.2.2  Cycle-to-cycle variability

Engine combustion is subject to cycle-to-cycle variability. These variations can be attributed to the stochastic
behavior of turbulent flows and combustion itself. The cylinder pressure of 10 consecutive cycles in SI operation
is shown in Figure 5.
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Figure 5:  Variability in cylinder pressure from cycle to cycle. Pressure traces from ten consecutive cycles of a four-stroke Otto engine.
[22]

A significant difference in cylinder pressure traces for ten consecutive cycles can be seen. This has a distinct
influence on IMEP and other combustion characteristics. If those variations in cylinder pressure are too large,
engine operation may become unstable.

A widely used metric for this is the coefficient of variation (CoV) of the IMEP, which is the standard deviation ¢
of the IMEP of many consecutive cycles divided by their arithmetic mean IMEP.

o
CoV = JIMEP
IME

(7

]

If the CoV exceeds about 10% in mobile applications it results in drivability problems [23] (p. 417). In modern
engines the CoV is usually much lower (< 2%). In stationary applications, however, higher CoV might be
acceptable since there is no high requirement for smooth running.

2.2.2.3 Heat release analysis

Heat release analysis (HRA) uses measured pressure traces and thermodynamic calculations to draw conclusions
about the reaction in the combustion chamber.

The reaction for the complete combustion of methane as a fuel is:

k
CH4 + 2 02 < COZ + 2 H20, AH0298 = _802m_£l (8)

with all components in gaseous form. When one mole of methane is converted with two moles of Oa the released
reaction enthalpy at ambient temperature is 802 kJ. This reaction enthalpy is also called the lower heating value
(LHV). There are several reasons why this energy is not completely converted into mechanical work. Those are
incomplete combustion, thermodynamic limitations of the process, heat losses and mechanical losses due to
friction.

In production engines a combustion efficiency neom» 0f > 98% is typical. If the combustion efficiency is then
multiplied with the reaction enthalpy and the fuel mass mrthis yields the theoretically released heat by chemical
reaction Qch.

The first law of thermodynamics for an open system for the combustion chamber can be written as

11



Theoretical background

80, = AU, + W + 8Qp, + Z h; dmy ©

while dU; ist the change in sensible energy, W is the piston work, and dQy is the heat loss to the cylinder walls
[23] (p.386). The term h;dm; represents the mass losses due to crevices. Since they are usually small, they are
neglected in the following. If eq. (9) is represented as a function of the crank angle and combined with the ideal
gas law this yields eq. (10) with the crank angle 6 and the heat capacity ratio y of the mixture.

dQcp v AV 1 dp  dQpu
a0 y—1Paety-1"a6 "t a0 (19)

The heat capacity ratio vy is a function of the composition and the temperature in the combustion chamber. Both
change during combustion. There are several ways to calculate y. A comparison of different methods can be
found in [24]. A method that can be used for traditional combustion engines is a simple approach that calculates
v as a linear function of the cylinder temperature (eq. (11)) [25].

V(xz.T)=E—p=a—b*T(9) (11)

v

In this case a and b are values that are tabulated for different engine types, fuel types and equivalence ratios.

Figure 6 shows a typical cumulative heat release trace for engine combustion.
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Figure 6: Results of heat-release analysis showing the effects of heat transfer, crevices, and combustion inefficiency [23] (p. 388).

The heat that would be theoretically released by complete combustion miQruv can be seen at the top. Because of
combustion inefficiency Qe is lower. The trace of Qe versus crank angle shows the typical S shape for heat release.
The crevice losses and the losses due to heat transfer are so small before and at the beginning of combustion that
they cannot be seen. When combustion increases pressure and temperature these losses also increase. Mass is
pushed into crevices due to high pressure and the high temperatures increase heat loss. After subtraction of the
losses the lowest trace of the net heat release Q, remains. This is the actual heat release that can be seen from the
pressure trace without compensating for the other losses.

It is especially useful to look at the actual heat release rates since they give insight about how fast reaction occurs
depending on the crank angle. Figure 7 shows as an example some heat release rates of different operating points
in an HCCI engine operated on lean n-heptane mixtures with ozone addition.
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Figure 7: Heat release rates of n-heptane HCCI operation with different amounts of ozone [10].

The heat release rates show the two-stage auto-ignition of the n-heptane with a lower early low temperature
combustion peak followed by a short negative temperature coefficient (NTC) region and the higher second main
combustion peak. With increasing ozone fraction the whole combustion shifts to early crank angles. Also, a slight
increase in the low temperature combustion peak can be seen for increasing ozone fractions. This example shows
how HRA can find even slight changes in combustion.

2.3 Combined heat and power production

The conversion of heat to mechanical work in heat engines is limited so usually there is a significant amount of
residual thermal energy from heat engines. Cogeneration or also combined heat and power (CHP) production is
an approach to use this energy for other purposes instead of separately producing it in a second process. This
increases overall efficiency and reduces resource costs. There are different options to realize such a process. Using
combustion engines is one of them. Figure 8 shows a simple schematic of the energy flow for an ICE with
generator.

electricity

exhaust

radiation losses cooling water

alternator losses

Figure 8: Simple Sankey diagram of an ICE with generator.
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While about 43% of the fuel energy can be converted to electricity, about the same amount of energy is distributed
to exhaust gas and cooling water heat. The cooling water usually has a temperature of around 80°C, which is quite
sufficient for building heating, which often requires a temperature level of at least 60°C. The exhaust heat has
temperatures above 400°C and can be used for purposes that require heat at a higher temperature level than that of
the cooling water, although in many cases it is also used for building heating. Often, the heat from both sources is
transferred to a single circuit.

Typical areas of application for CHP units are places with a high demand for heat in addition to a demand for
electricity. Those can for example be hospitals or large swimming pools. A schematic of an ICE based CHP unit
is shown in Figure 9.

Exhaust Exhaust heat
silencer exchanger Natural gas
input
'T Generator
Heat exchanger Oil heat exchanger

Coolant pump

Figure 9:  Schematic of a CHP unit [9]

The natural gas operated engine powers a generator to produce electricity. After the hot cooling water exits the
engine, it passes the exhaust heat exchanger to also capture part of the higher temperature exhaust heat. Afterwards
the hot water enters another heat exchanger where the heat is transferred to an external water circuit and can be
used for other purposes.

CHP systems benefit from decentralized applications since power and heat can be provided without necessity of
expensive infrastructure for distribution. Next to conventional power plants and combustion engines also micro
turbines or solid oxide fuel cells (SOFC) are popular for use in cogeneration systems. Such systems can be realized
in sizes that fit the demand of residential buildings.

2.4 Polygeneration

The idea of cogeneration systems can be extended by not only using the energy outputs of the system but also the
material outputs. Such processes are called polygeneration processes. Polygeneration is the combined production
of several useful outputs in one system with the goal to achieve maximum thermodynamic efficiency. Combining
the output of several products in a single process aims to reduce the overall residues. Polygeneration processes can
provide multiple energy vectors and other products at the same time.
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One of the advantages of polygeneration processes is their capability to combine fossil and renewable energy
sources. Possible energy sources are e.g., coal, fossil fuels or natural gas but also solar, wind or geothermal. Figure
10 shows possible pathways of polygeneration processes.

Geothermal

Figure 10: Possible pathways of polygeneration processes [26]

The number of combinations is rather unlimited. Combinations include, for example, the simultaneous generation
of power, heat and drinking water from renewable energy sources, which is especially interesting for smaller
islands. Other approaches combine for example a steel plant with the production of methanol as byproduct [27].
Common products next to power, heat and cooling can be potable water and syngas, which is further converted to
hydrogen, methanol, ethanol, or other fuels.

Polygeneration systems often have many variables and need to be adjusted and optimized carefully. Therefore,
different techniques and tools are used to analyze and optimize such systems. Those incorporate energy analysis
to estimate energy savings the system can provide compared to a conventional one, pinch analysis to make
optimum use of the different heat flows in the system, exergy analysis to quantify irreversibilities in the system,
and economic analyses to evaluate the costs. If a system is optimized for efficiency and costs the processes are
usually coupled in a fixed way afterwards so every process can run at its optimum. However, as stated before, high
efficiency is not the most important factor if there is no demand for the outputs. For this reason, the economy of
many polygeneration systems struggles with fluctuation in demand.

Subsequently an example for a polygeneration process that uses an ICE is shown. Figure 11 shows the
polygeneration concept which was proposed by Schroder et al. [28].
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Figure 11: Polygeneration process concept with an HCCI engine as a prime mover. [28]

It uses an ICE operated on fuel-rich mixtures to produce power, heat, and syngas at the same time. The syngas is
further converted and separated to yield hydrogen. A fuel rich mixture of methane or natural gas and air is
preheated using exhaust gas recuperation (II). It is mixed with a part of the exhaust gas (III) and fed to the engine
(2). The hot exhaust is used to increase the temperature of the mixture and thus it’s reactivity to allow for auto-
ignition of the methane-based cylinder charge. In the engine (IV) power, heat, and syngas are produced via partial
oxidation of methane. The exhaust is cooled 723 K (7) and mixed with steam in preparation for the water-gas shift
reaction (VIII) that converts most of the CO in the stream with steam to H, and CO,. The hydrogen is separated
by a membrane (IX) and compressed for storage (14).

Besides the relatively inexpensive reactor a concept, using an ICE as reactor has the potential advantage of
flexibility. In times of power demand an engine can be operated conventionally to produce maximum power output
while in times of power excess it can be operated fuel-rich to generate syngas at reduced power output. Such a
process could provide a great solution to overcome the problems polygeneration processes face with fluctuating
demand.
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3 Materials and methods

This chapter describes the devices and procedures that were used to conduct the experiments in detail. Some of
the aspects covered in this chapter will be repeated in condensed form in later chapters for the respective
experiments. However, here a more comprehensive overview shall be given.

3.1 Lab environment

The experiment’s infrastructure includes external cooling water supply, air ventilation, a chimney exclusively for
the exhaust, compressed air, and nitrogen. Figure 12 shows the lab environment.

;’ ';‘bs«l\.( O 7y

Figure 12: Lab environment

It consists of the engine with electrical control panel (1), two computers (2) for control of the indication system
and the MFC’s, the exhaust gas analyzer (3), the afterburner (4), a liquid injection system (5) and the plenum with
compressor and MFM (6) to supply and control the air for the intake mixture.

The control panel of the engine is used to start and stop the motoring of the engine. Originally it was also used to
switch the spark plug on and off, to switch between different modes of engine operation and to monitor the engine.
A program in the software “LabVIEW” that runs on one of the computers controls the MFC’s and monitors
temperatures and pressures. The software for the indication system “Combi” runs on the second computer.

Figure 13 shows a simplified flow diagram of the experiment.

17



Materials and methods

GOl >
MFC v
JX N
/l\ Injector Ozone
DEE generator
n-heptane
L ——E0
v Pey!
MFC
DME T, (E? To
Preheater
) R )
S ffi——f " 2
CHs v MFC y :U » Engine ¥ After burner
v 300 L

Exhaust gas
analyzer

CcO, plenum

Air

MFM

Figure 13: Simplified flow diagram of the experiment

The air is supplied to the plenum by a compressor. It passes the mass flow meter (MFM) before entering the
compressor. The compressor is just used to compensate for the pressure loss in the intake manifold. The pressure
is held within 0-10 mbar above ambient pressure by adjusting the compressor power manually. The plenum has
about 300 Liters volume and is big enough to compensate pressure fluctuations in the intake that might affect
accuracy of the MFM or MFC’s. While nitrogen is supplied by a house internal pipe DME, CHy, O, and CO; are
supplied from gas cylinders. The pressure of all gases is adjusted by valves to the specified inlet pressure of the
respective MFC, and the gas flow is controlled by the MFC. The oxygen passes the ozone generator which can be
activated on demand to enrich the oxygen with ozone. Liquid fuel additives DEE and n-heptane are stored in a
pressurized fuel tank and supplied via an injector with 4 bars pressure. All materials are mixed prior to the
preheater. The mixture is preheated to temperatures in the range of Tin= 50 to 190°C depending on the experiment.
The engine has an evaporation cooler which is cooled with a house internal cooling system. The temperatures of
the internal and external cooling water circuits are monitored. After leaving the exhaust valve the temperature of
the exhaust is measured and a small part of the exhaust is bypassed to the exhaust gas analyzer while most of the
exhaust is burned in the afterburner.

Some important experimental parameters are summarized in Table 1.

Table 1: Engine parameters
Cylinders 1
Displacement 332 cm?
Bore / stroke 65 mm / 100 mm
Engine speed 600 min’!
Intake conditions p=1bar, T=50-190°C
Compression ratio 4-20
Fuels CHa, CO,, Additives (DME, DEE, n-heptane, O3)
Mixture formation Liquid/gaseous port fuel injection
Inlet valve timings -335°CA aTDC until -135°CA aTDC
Exhaust valve timings 150°CA aTDC until 360°CA aTDC
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3.2 Engine

3.2.1 Basic engine configuration

The engine used in this work is a BASF Octane number research engine that was manufactured in 1957 by the
company ‘“Hermann RUF Mannheim”. It was designed specifically to conduct octane number measurements with
the “research octane number” (RON) method and the “Motor octane number” (MON) method. These and similar
engines are still used today because the standard for octane number testing is unchanged. Figure 14 shows a CAD
model of the engine’s cylinder head.

combustion  pre chamber spark plug
chamber valve head gasket

Figure 14: CAD model of the cylinder head. Left side cross section, right side view from below.

The engine has a single cylinder with 332 cm?® displacement and two valves. Characteristic is the so-called “L-
head” design which is named after the combustion chamber geometry that has a pre chamber in which the spark
plug is mounted. The combustion starts at the spark plug in the pre chamber and propagates into the main part of
the combustion chamber. This increases the knock tendency of the engine which is desired in this specific case. A
knock sensor is integrated into the cylinder head to enable knock detection. The piston is flat as it also is in most
modern SI engines. Another characteristic feature is the adjustable compression ratio of the engine. By turning a
crank, the compression ratio is adjusted via a worm drive which raises or lowers the cylinder head and liner relative
to the piston. A schematic of this mechanic is shown in Figure 15.
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Figure 15: Worm drive for adjusting compression ratio of the BASF engine [29]

This way the engine’s compression ratio can be varied between 4 and 10. The valve lift is held constant. The
engine is cooled via evaporation cooling. Distilled water is evaporated at 100°C in the engine and then condensed
in an external heat exchanger. An external motor drives the engine at either 600 min"' when RON is the selected
method or 900 min' when MON is selected. In the engine’s original form, a special carburetor is used to mix the
fuels. A preheater heats the mixture up to 165°C.

Ignition is achieved by means of a breaker contact. A rotating cam breaks a circuit which causes the spark coil to
send a spark through the spark plug. The breaker contact can also be used to mechanically adjust the ignition
timing.

3.2.2 Modification of the engine

The engine was modified to run on gaseous fuels in addition to liquid ones. The carburetor was replaced by a port
fuel injector (PFI) and gas nozzles. Figure 16 shows an image of the periphery directly in front of the engine’s
intake.
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Figure 16: PFI, gas injection, and preheater upstream of the engine intake.

The port fuel injector is mounted in an aluminum block upstream of the preheater. Downstream of the aluminum
block follows an intermediate piece in which 6 gas nozzles are mounted. Four of the nozzles inject methane into
the air flow. The other nozzles are used to supply optional gases (DME, oxygen, ozone, nitrogen, and/or CO,. The
gases mix in the preheater and reach the engine’s intake.

For some experiments the engines maximum compression ratio was increased by adding metal inserts into the
combustion chamber. The modifications to the combustion chamber are shown in Figure 17.

a) b)

fire deck plate

adapted head gasket

ring with triangular cross plug holder
section
pre chamber plug Copper gasket

Figure 17: CAD model of the modified cylinder head. Metal inserts in auburn color. a) cross section, b) bottom view.

The knock sensor was removed and replaced by an adapter in which the spark plug was mounted. The pre chamber
in which the spark plug was mounted in the engine’s original state was filled with a plug held by a pin mounted in
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the original spark plug slot. Another metal insert that was added is the fire deck plate. It brings the level of the fire
deck to that of the valves which extend into the combustion chamber in the original state. Additionally, it reduces
the diameter of the combustion chamber and brings it closer to the piston’s diameter. For the section below the
head gasket the same purpose is fulfilled by a ring with a triangular cross section which eliminates the chamfer at
the top of the piston liner. The addition of those metal inserts increases the adjustable range of the engine’s
compression ratio from &€ =4 — 10 (12 if turning the crank beyond where the scale is labeled and extrapolating the
value for €) in the original state to € = 4.5 — 21 in the modified form.

The original ignition system was replaced by a modern spark coil (Type Bosch 0 221 604 006). It is controlled via
a TTL signal from the indication system. This allows more convenient variation of the ignition timing with better
accuracy and in a wider range than with the original ignition system.

3.3 Product analysis

3.3.1 Gases

For detection of the exhaust gas composition an online measurement exhaust gas analyzer of the company ABB
type “Advance Optima 2020” was used. It uses various sensor modules to detect CHs, CoH4, CO, CO,, H; and O,.

The sampled gas is passed through a 5 um filter mesh to remove most soot particles. Subsequently it is fed to the
analyzer through a tube which is heated to 160 °C to prevent condensation of water. Then the flow passes a glass
fiber filter and is cooled to 3°C so that most of the water is condensed and removed. Then the flow passes a
membrane to ensure that it is water free, and it passes a piston pump and is fed to the sensor modules. Table 2
shows an overview of the analyzer modules.

Table 2: Exhaust measurement technology, range, and accuracy. NDIR: Nondispersive infrared absorption. TC: Thermal

conductivity.

Species Sensor module Technology Calibrated range / %
CH,4 Uras26 NDIR 0-20
C,Hy Uras26 NDIR 0-5
Cco Uras26 NDIR 0-30
CO, Uras26 NDIR 0-30
H, Caldos27 TC 0-50
0, Magnos206 Paramagnetic 0-25

For the detection of the carbon-containing species CH4, C2H4, CO, and CO; infrared photometer modules of the
type “Uras26” are used. They use nondispersive infrared absorption at wavelengths in the range of A = 2.5 to 8
um. The linearity deviation is specified as < 1% and the repeatability as < 0.5% of the measurement span.

Hydrogen is detected via a thermal conductivity detector of the type “Caldos27”. It is setup to detect the
concentration of hydrogen in nitrogen as carrier gas. This is convenient for conventional engine exhaust gas.
However, it might lead to increasing errors if a major part of the carrier gas has very different heat conductivity
compared to nitrogen. The linearity deviation is specified as <2% and the repeatability as <1% of the
measurement span.
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A magneto-mechanical analyzer of the type “Magnos206” detects oxygen. The linearity deviation is specified
as < 0.5% and the repeatability as < 50 ppm Os.

To measure the uncertainty of the exhaust gas analyzer, experimental results were compared to results of a gas
chromatograph. It was found that the exhaust gas analyzer overpredicts the CO fraction while the CO, fraction is
underpredicted. This comparison is shown in appendix A.

3.3.2 Soot

For the detection of soot in the exhaust gas the “smoke meter” type 415S by AVL is used. A reflectometer measures
the blackening of a filter paper that is loaded with a defined volume of exhaust. The blackening of the paper
depends mainly on the volume of exhaust and on the soot concentration. For measurement of the Filter Smoke
Number (FSN) the volume is defined by ISO DP 10054 to have an effective length (the effective length excludes
dead and leakage volume of the sample) of 405 mm and a diameter of 32 mm of the filter paper (330 cm?). For
this effective sampling length, the FSN equals the blackening value of the filter paper (PB). The blackening value
is defined as

B - 100 — Ry 12)
10
with the relative brightness of the sample Rr
Rp
Rp = 7 - 100% (13)

F

and the reflectometer value of the sample Rp and the reflectometer value of the unblackened paper RE.

3.4 Liquid injection system

Liquid additives are injected into the intake via a port fuel injector. The injection system consists of two stainless
steel tanks with 400 ccm volume that can be pressurized with compressed air. The pressure was set to 4 bars for
all experiments. It is possible to switch between two tanks with different additives. The tanks are connected to a
port fuel injector of the type BOSCH 0280156025 via a PTFE tube. The injector is triggered by a TTL-signal from
the indication system. By adjusting the pulse duration of the TTL signal, the amount of injected additive can be
varied. Figure 18 shows the basic principle of the injection system.
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A custom driver converts the 5 V TTL signal from the indication system to a 12 V signal that drives the injector.
To determine the injected amount of additive the volume that was injected in a defined time was measured.
Additive was injected into the engine intake with different pulse durations. Afterwards the amount of additive that
was needed to refill the tank to its maximum was measured. This process was repeated one time for each pulse
duration and the results were averaged. Then a regression line was fitted to the data. This function was then used
to predict the injected amount of additive depending on the pulse duration. Figure 19 shows the regression line for
the injected mass of DEE versus the pulse duration.

Rz =0.9994

Figure 19: Injected amount of DEE versus pulse duration of the TTL signal.
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4 The piston engine as a polygeneration reactor

This chapter introduces a method for determining a stable operating range in engines operating in HCCI mode on
fuel-rich mixtures. Traditional spark ignition operation is compared to HCCI operation in the fuel-rich regime and
the general effect of equivalence ratio in the range of 0.5 to 12 on syngas yield, methane conversion, work and
efficiencies is discussed. Furthermore, the effect of compression ratio on syngas production is investigated.

This chapter is a slightly modified part of [30]:

B. Atakan, S.A. Kaiser, J. Herzler, S. Porras, K. Banke, O. Deutschmann, T. Kasper, M. Fikri, R. SchieBl,
D. Schréder, C. Rudolph, D. Kaczmarek, H. Gossler, S. Drost, V. Bykov, U. Maas, C. Schulz, Flexible
energy conversion and storage via high-temperature gas-phase reactions: The piston engine as a
polygeneration  reactor, Renewable Sustainable Energy Rev, 133  (2020) 110264,
doi:10.1016/j.rser.2020.110264.

Most members of the FOR 1993 contributed to this paper summarizing some of the main aspects and results of
the Research Unit. My contribution includes the engine experiments and the writing of the corresponding parts of
the manuscript presented in this work.

4.1 Methods

The experiments were conducted in a single-cylinder engine that was originally designed for octane number testing
of liquid fuels at compressions ratios between 4 and 10. It has 337 cm® displacement volume and was run here at
a speed of 600 rpm. The engine was modified to operate also with gaseous fuels and to reach compression ratios
of up to 20. Gaseous and liquid fuels were metered into the (also metered) intake air and the mixture was preheated
before it enters the intake. The crank-angle resolved cylinder pressure was recorded, and in the product-gas stream
the mole fractions of O,, CHs, C;Hs, CO, and H, were measured by gas analyzers (ABB) in continuous on-line
sampling. The soot content was measured as a filter smoke number by an AVL smoke meter and converted to a
mass fraction. The product gases are poisonous and combustible, and since in the laboratory context there is no
downstream processing, they were burned. More experimental details can be found in ([8,31]).

4.2 Results

4.2.1 Operating stability

Given the unusual intake compositions targeted here, the first concern was how HCCI operation could be achieved.
Among other considerations, “good” engine operation requires that ignition occurs in every cycle, and that
combustion is timed appropriately with respect to the kinematics of compression and expansion — if it is too early,
the cylinder pressure increases very quickly, which can damage the engine, and if it is too late, the high-
temperature chemistry is frozen before the desired chemical conversion can take place.

As expected, due to the low reactivity of methane, at compression ratios typical for spark-ignition engines (about
9 to 14), autoignition did not occur for any equivalence ratio. Adding a few percent ethane or propane to the
methane — to yield a surrogate more representative of pipeline natural gas — did not change this situation. However,
as discussed above, with more reactive additives like DME or DEE, HCCI operation is possible within a certain
window of additive content in the fuel.
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The basic procedure applied here for determining this operating window is a scan, in which the additive flow is
systematically increased for a constant methane flow [31]. Two criteria for acceptable operation were chosen. The
first criterion is a low coefficient of variation (CoV), a metric of cycle repeatability.

o(IMEP,
_ oUMEP,.) .
IMEP, o,
where IMEP, is the net indicated mean effective pressure defined as
IMEP, o, = IMEP — IMEP,,,, (15)

That is, at each operating point the indicated mean effective pressure (IMEP) was calculated from the pressure
traces of 140 cycles, the IMEPm. from a motored cycle was then subtracted from each, and the standard deviation
o was also estimated from that the resulting IMEPxe:.

The IMEDP is directly linked to the indicated work W per cycle and the swept volume AV:

W = IMEP x AV (16)

A CoV value of 10% was chosen as an upper limit for stable operation. The second criterion is the maximum
pressure-rise rate (PRRmax), @ metric for mechanical stress on piston, cylinder, and related components. It was
measured with the in-cylinder pressure transducer and an upper limit of 10 bar/°CA was deemed acceptable.

Figure 20 shows a scan for a constant methane flow with the DME flow varied. Across the scan, the overall
equivalence ratio slightly changes, from ¢ = 2.0 at the lowest to 2.2 at the highest DME fraction. In addition to the
CoV and PRRmax, IMEP and CAS50 are plotted. CAS50 is the crank angle at which 50% of the heat release has taken
place, a metric of combustion phasing, that is, how the chemical reactions are timed with respect to the kinematics
of the engine cycle.

26



The piston engine as a polygeneration reactor

$=2.2
100 -25 10
@)
PRR =
ma @®©
80 -} CA50 x F20 ¢ 8
/ 9
60 153 F6
< 51 3
3 40 1 F10 ¢ F4 0
o
=
201 s Sto2
________ ___ LN \g_
m&
0 0 o -0
7 o
T T T T T -
8 9 10 11 12 13 14
Xome / %0

Figure 20: CoV, PRRmax, CAS50, and IMEP for HCCI operation with increasing DME fraction at a constant methane flow, starting from
operation without ignition. The white region marks acceptable engine operation. The intake temperature was Tin =423 K and

the compression ratio € = 10.

At low DME mole fractions, the mixture does not ignite, resulting in negative IMEP values. Adding more DME
first leads to irregular firing and consequently to a high CoV. With increasing additive concentration, more cycles
fire, and the CoV decreases while IMEP and PRRuax increase. The non-monotonic behavior in these metrics at
xpMme = 10 to 10.4% is associated with alternating firing and misfiring cycles due to the residual gas transferring
unreacted or reacted mixture, respectively, from one cycle to the next. Increasing the intake additive fraction
further induces stable engine operation at 10.5% DME. With more additive, CA50 shifts early. This results in
increasing PRRyax because the heat is released at a smaller cylinder volume. The maximum IMEP is reached for
the latest CAS50 with stable engine operation, 16°CA after TDC. In modern engines with a more compact shape of
the combustion chamber than this octane-number testing engine, the specific heat losses are lower and (for
stoichiometric operation) typical CA50 at maximum IMEP are 3—8°CA after TDC. At 11.3% DME the PRRyax
reaches the 10 bar/°CA limit. Once the operating window was established, further experiments were performed
with the lowest amount of additive that yielded stable operation — here, 10.5% DME.

4.2.2  Outputs and efficiencies

Figure 21 shows the species and energetic outputs from the engine as well as efficiencies over a wide range of
equivalence ratios, from 0.5 to 12. The figure contains three groups of data points: spark ignition (SI) at lean,
stoichiometric, and rich equivalence ratios, rich HCCI (with DME as an additive), and ultra-rich HCCI (with DEE).
For 0.5 < ¢ < 2.1 the engine was operated in SI mode without any additive. Figure 21 includes some SI operating
points with a CoV exceeding the 10% limit. In HCCI mode, DME was used as additive for 1.5 <¢$ < 2.5, but DEE
for higher equivalence ratios, because the mass flow controller for (gaseous) DME did not allow sufficient flow
rates, while the liquid DEE could be injected in higher quantities by a commercial port fuel injector.

As Figure 21 a) shows, the highest methane conversions Xcns are achieved with SI for lean to stoichiometric
equivalence ratios. For very lean equivalence ratios, operation is unstable and conversion decreases because of
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increasing numbers of misfires. The yield Y of syngas is nearly zero. This is the conventional regime of engine
operation. For ¢ > 1, the methane conversion is lower, and a significant amount of syngas is produced, with the

maximum in yield in SI mode at ¢ = 1.5. For higher equivalence ratios, the yield is lower because of frequent
misfires.

SI HCCI (DME) HCCI (DEE)
1.0+ a) E/D‘D'D-EIEIDD " Yo
z 0.8- A Peeg O Xgp, {10000 —
><“ O 6 i D\ .’..>< E X soot . 1000 %)
(72} - E
%04- .D\x/ &x\ {0 £
>_t/) . ./..lll..D/ ¢ ] 10 ‘.6
4 N O— (@]
0.2 s Ty .\_EW | -
| n ~Sm— g
°0Tp) " ' - . 0.1
© OO0, + IMEP
S0
5 12; ¢ %‘Q & Q/AV| {30
; <>\ h % CoV c’\o
5 8 RKooboo {20 3
" 009, 3
i 41 \ﬁ/”" e 0 op  COVimit l4 ©
’ g A
= / AN 9\0~.\.;Q_<§
0 Y g PR At e Ye—fr—¥¢ 0
c) . . o
0.8' .. '.... . |
..’.-. Nth
oy @
© 0.61 o® i
S °
3 o-o"'.
S 0.4- _
LI AEBAN
- JAN AA i
- “4itaca
0.0 T . . A—NA-\— =
05 1 2 2 g 12

¢

Figure 21: a) Methane conversion (Xcn4), syngas yield (Ysyngas), and product-gas soot concentration (note the logarithmic scale), b)
displacement-specific work (IMEP) and heat (—Q/AV) output of the engine as well as the coefficient of variation of the net
IMEP (CoV), c) exergetic (1ex) and thermal efficiencies (1), all as a function of equivalence ratio at € = 10. Spark-ignition
experiments with Tin =323 K, HCCI experiments with Tin =423 K. Data were not recorded for 2.5 < ¢ <4 to avoid excessive
soot in the instruments. For ¢ > 5, the methane fraction in the product exceeded the sensor range and therefore Q, nex, Ysyn, and
Xcna could not be determined. For very high CoV some of the performance metrics cannot be evaluated reliably and the
corresponding data points have been suppressed.
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Operating the engine in HCCI mode with additives allowed for stable operation at all equivalence ratios greater
than 1.5 (see CoV in Figure 21 b)). Towards stoichiometric conditions, operation is limited by high PRRyax. The
methane conversion is again decreasing with increasing equivalence ratio, but in this case mostly due to a lack of
oxygen. For ¢ > 1.5 it is significantly higher than in SI mode because misfires do not occur with HCCI. In the
latter mode, the maximum syngas yield is at about ¢ = 2.1. Increasing the equivalence ratio further decreases the
syngas yield, even though the partial oxidation of methane to syngas is stoichiometric at more fuel-rich conditions
(¢ =4 with respect to complete combustion). Like in SI mode (not shown here), the soot concentration in the
product gas is very low (< 10 mg/m?) for equivalence ratios below ¢ = 2 but increases strongly for richer mixtures.
In the range of 2.4 < ¢ < 4 no experiments were carried out to prevent damage to the instruments, and generally
operation was limited to ¢ < 2.1. As the equivalence ratio increases beyond ¢ > 4, decreasing soot concentrations
were measured, and beyond ¢ = 7 soot formation becomes again insignificant. This is likely because due the high
heat capacity of these ultra-rich mixtures and the low heat release, the in-cylinder temperatures are too low for
soot formation. The ultra-rich regime with ¢ > 4 is not interesting for syngas production, because the yield is low,
but at ¢ = 7 the product gas contains about 1.5 vol.% ethylene.

Figure 21 b) shows heat and work production of the process. The maximum work and heat outputs are, as expected,
at ¢ = 1. As with the syngas yield (Figure 21 a)), HCCI yields better results at ¢ > 1.5 than SI because misfiring is
avoided. The work output is positive at all investigated equivalence ratios. At ¢ = 11.5, with 2 bar IMEP it is still
about 30% of the maximum at stoichiometric.

In Figure 21 c), the thermal and exergetic efficiencies are shown. The two metrics were calculated as

_ w (17)
e 2imy X hy;
E; .
Mex = 1= 5o er With Bu = Tour X Sirr (18)
L L 13

where hy ; is the (specific) lower heating value and e; is the specific chemical exergy of each hydrocarbon species
i at the engine inlet. The exergy loss E; is the product of the surrounding temperature Tg,,,- and the irreversible
entropy generation Sj,-. The latter is determined from a first law and second law analysis as described in [8].

While the thermal efficiency counts only work as a useful output, the exergetic efficiency considers all outputs, in
this case work, heat, and product gas. With 29%, the thermal efficiency has its maximum at ¢ = 0.8 and decreases
with increasing equivalence ratio. In contrast, the exergetic efficiency has its minimum value of 40% at lean
equivalence ratios and increases to over 70% at ¢ > 1.5. However, when the methane conversion is low, as it is for
unstable SI operation with frequent misfires and ultra-rich HCCI, the value of the exergetic efficiency as a figure
of merit of the process is limited.

Overall, if syngas is the target chemical output, a good operating strategy would be HCCI at ¢ = 1.9. The syngas
yield would be higher in slightly richer operation, but this is just lean enough to keep engine-out soot
concentrations low. The engine runs very stably, the (indicated) work that could be used by other machinery in the
plant is still half of its maximum, and the exergetic efficiency is 75%. To put the latter number in context, [2] gives
the exergetic efficiency of the commonly used methane steam reforming as 63%. Polygeneration based on solar
collectors, providing electricity, heat, cooling, and desalinated water yields exergetic efficiencies up to 32% [32].
Other systems combining power cycles with methanol production or desalinization reach efficiencies up to 60%
[33].
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4.2.3 Elevated compression ratios

For a compression ratio of € = 10, relatively large quantities of additive (over 20 mass-%) are needed for stable
fuel-rich HCCI operation. Higher temperatures towards the end of compression are one way of increasing the
mixture reactivity with less additive. This could be achieved by increasing the compression ratio or the intake
temperature, but the latter also increases heat losses and potentially the hardware costs, e.g., because more
temperature-resistant materials are needed in the engine design. Figure 22 shows the DME mole fraction required
for stable engine operation (i.¢., at the CoV-limit) for compression ratios from € = 10 to 19 at intake temperatures
of 423 and 323 K and equivalence ratios from ¢ = 1.2 to 2.

T,=423K T,=323K
& =10 e=14 e=16 <] =19
10 - ® e=12 @ e=16]| * &=18
) . L 3 L 2 ® * L 2
8_
RN 61
\LIJ
x
> ]
2ﬁ
PAAS
01 . L 4 :
1.2 1.4 1.6 1.8 2.0

Figure 22: DME mole fraction required for stable HCCI engine operation as a function of equivalence ratio for a range of compression

ratios € and two different intake temperatures Tin.

Towards high equivalence ratios, excessive sooting above ¢ = 2 limits useful operation at all compression ratios,
while high pressure-rise rates determine the limits towards lower equivalence ratios. For higher compression ratios
this limit shifts to higher equivalence ratios because the cylinder volume during the reaction is smaller. There is
only a weak dependency of the required DME mole fraction on equivalence ratio, but a strong one on compression
ratio. For an intake temperature of 423 K, the required DME fraction decreases to less than 2 vol.% at e = 14. At
€ =16 just 0.5% DME are needed, but only at ¢ = 1.9 stable, low-sooting operation without excessive pressure-
rise rates could be established. Lowering the intake temperature to 323 K increases the additive demand but
broadens the operating envelope in terms of ¢. Increasing the compression ratio to 18 and 19 enables acceptable
operation without any DME addition at ¢ = 1.42 and 1.64, respectively. However, without additive, the remaining
control parameters are intake temperature and equivalence ratio. Adjusting the former is slow, and the latter has
little authority — both are known issues in “classic” lean HCCI. It may therefore be desirable to retain combustion
control via a small fraction of an effective additive. For this purpose, ozone may be a promising candidate, as work
on lean HCCI [10,11,34,35] has shown.
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5 Partial oxidation of fuel-rich methane/DME mixtures

In this chapter we explore a particular concept of polygeneration using an internal combustion engine as a reactor
for partial oxidation to generate synthesis gas in variable combinations with mechanical work and heat.
Experiments were performed in a single-cylinder engine operated in homogeneous-charge compression-ignition
(HCCI) mode on a mixture of methane and air with dimethyl ether (DME) as a reactivity-enhancing additive. For
intake temperature from 100 to 190°C, the range of stable, non-sooting operation with acceptable pressure-rise
rates was determined in terms of equivalence ratio and DME mole fraction in the fuel. At 150°C intake
temperature, 8.7 to 9.5% DME were needed to stabilize operation at equivalence ratios between about 1.3 and 2.7.
Experimental results from fuel-rich conditions with equivalence ratios ranging from 1.65 to 2.34 were compared
to simulations with a homogeneous, single-zone engine model. The concept of exergy was used to investigate the
thermodynamic performance of the polygeneration engine. The effect of the equivalence ratio on work and heat
output, thermal and exergetic efficiency, and selectivity towards useful product species was investigated. In the
experiments a work output of up to 160 J (¢ = 1.65) per cycle (IMEP = 4.82 bar) and exergetic efficiencies of up
to 81.5% (¢ =2.34) were achieved. The simultaneous generation of synthesis gas had a selectivity of up to 72%
for hydrogen and 79% for carbon monoxide (both at ¢ = 2.34).

This chapter is slightly modified from [31]:

K. Banke, R. Hegner, D. Schroder, C. Schulz, B. Atakan, S.A. Kaiser, Power and syngas production from
partial oxidation of fuel-rich methane/DME mixtures in an HCCI engine, Fuel (2019) 97-103,
doi:10.1016/.fuel.2019.01.076.

My own contribution includes setting up and performing the experiments, processing, analyzing, and interpreting
data, visualizing experimental results, and writing the introduction, experimental parts and conclusion of the
manuscript. Robert Hegner and Dominik Schréder conducted the simulations and wrote the modelling and
simulation parts of the manuscript. Sebastian Kaiser and Burak Atakan were involved in the conceptual design of
the study and writing the manuscript. Christof Schulz contributed through revision of the manuscript.

5.1 Introduction

In initial studies on synthesis-gas generation in engines, Karim et al. [36] used Diesel-fuel pilot injection to achieve
ignition. They demonstrated syngas (sum of H» and CO) production with dry-gas mole fractions of up to 80% at
¢ =2.4. Yang et al. operated an HCCI engine at 3.1 < ¢ < 9.1 and achieved syngas mole fractions of ~27%, while
Szezich investigated spark ignition (SI) of CHy resulting in up to 90% syngas [4,37]. While these experiments
demonstrated the feasibility of syngas generation in engines, some relied on highly (up to 90%) O»-enriched air to
prevent misfires. High pressure-rise rates limited the range of operating conditions and none of the studies
discussed how the additional oxygen could be provided. Experiments with air were conducted by McMillian and
Lawson, who investigated a fuel-rich natural-gas SI process, but also modeled an HCCI process [5]. With SI, they
successfully produced syngas (up to 21% at ¢ =1.62). In investigations with the more conventional goal of
reducing emissions from vehicle engines, it was shown that in SI multi-cylinder engines operating one engine
cylinder fuel-rich and transferring the generated syngas to the other, stoichiometrically operated cylinders can
improve combustion characteristics [38]. A recent review discusses a broad range of in-cylinder fuel-reforming
processes [39]. A review of polygeneration in piston engines was given by Atakan et al. [30].

In previous work, we theoretically investigated HCCI engine operation over a wide range of equivalence ratios
(0.5 < ¢ < 10), supported by experiments in a rapid compression machine (RCM) [40] with 10 mol% DME as a
reactivity-enhancing additive. Besides synthesis gas, up to 1% C;Hs was formed at ¢ =7. A polygeneration
concept was developed based on fuel-rich HCCI combustion, including product-gas treatment [41]. This process
provides flexible amounts of power and H» by varying the amount of recirculated product (exhaust) gas. In
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experiment and simulation, Wiemann et al. compared fuel-rich SI and HCCI operation to fuel-lean combustion
[8]. To achieve autoignition of methane, 5 mol% n-heptane was used as additive. An exergetic efficiency of 45%
was achieved at ¢ =0.72 and 81% at ¢ =2.42. While SI led to misfires at ¢ > 1.5, HCCI enabled operation up to
¢ = 2.42, where soot formation became the limiting factor. Because of the potential for stable and efficient fuel-
rich operation, we focus on HCCI in the current work. As a reactive additive, DME is used here, representing a
class of fuel compounds that can be derived from biomass [42,43]. Expanding on our previous work, we determine
the limits of stable HCCI operation with a systematic variation of the additive concentration and intake
temperature. Within the stable operating range, we evaluate product yields and exergetic efficiencies of the engine
process. Experimental results are compared to those from simulations using a single-zone engine model in terms
of work and heat output, thermal and exergetic efficiency, and selectivity towards useful product species.

5.2 Methods

5.2.1 Engine instrumentation and operation

The experiment is similar to that in Ref. [8]. Thus, only a brief summary is given here (Figure 23). A single-
cylinder BASF-type octane-number test engine was modified to run on gaseous fuels. The in-cylinder pressure
was recorded as a function of the crank angle (°CA). Except for water, which is condensed at 3°C and removed
before analysis, and N, the major product-stream species (H,, CO, CHs, CO,, O,, C,H4) were detected with an
exhaust-gas analyzer (ABB, Type Advance Optima 2020). Soot was monitored with a filter smoke meter (AVL
4158S).

intake spark plug with ~  product
heating  pressure transducer analysis

N =P

fuel gas intake exhaust
supply temperature temperature

Figure 23: Instrumentation and fuel supply of the single-cylinder engine adapted from [8].

Gaseous CH4 and DME were metered by mass-flow controllers (MFC), electrically heated from 100 to 190°C,
and continuously injected into the intake manifold. The overall equivalence ratio @ is calculated from eq. (19)
with all volume flows at standard conditions.

® =021 Vair,in/(z VCH4,in +3 VDME,in) (19)

The engine was operated at 1.2<$<2.8 under the conditions listed in Table 3. DME was added to the methane fuel
at 5.9-11.2 mol%.
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Table 3: Engine properties and operating conditions.

Engine type 4-stroke 2-valve
single cylinder

Fuel CH,4 + CH30CH3
Displacement 332 cm?
Bore / stroke 65 /100 mm
Con. rod length 200 mm
Comp. ratio 10
Engine speed 600 min™!
Intake temperature 100-190°C
Intake pressure 1 bar

Coolant temperature  100°C

Before recording data, the engine was run in SI mode on CHs until the coolant reached 100°C. HCCI was then
initiated by adding DME to the mixture. Data recording was started once the measured product-gas composition
was stable. For each experiment, the intake flow rates, product-gas mole fractions, temperatures, and 140 cycles
of pressure data were recorded. The indicated mean effective pressure (IMEP) and the maximum pressure-rise rate
(PRRmax) were calculated for each cycle and averaged over all cycles. The coefficient of variation (CoV) is usually
calculated as the standard deviation of IMEP divided by its mean over a series of cycles. Here, instead of using
IMEP, the difference of IMEP of a single cycle and IMEP of a motored cycle was used. This yields a metric that
is more closely correlated with combustion instability. The apparent heat release rate was calculated from the
averaged pressure trace without taking into account heat losses. From this, the center of combustion (CA50) was
determined, i.e., the crank angle at which the cumulative heat release reaches 50% of its eventual total.

5.2.2 Engine model

The in-cylinder processes were simulated with spatially-homogeneous time-dependent chemical kinetics
considering the compression and expansion strokes, starting at bottom dead center with closed valves. The reactor
model in Cantera within Python [44] was used for modeling with a detailed reaction mechanism from Yasunaga
et al. (214 species, 1216 reactions) [45,46]. For this mechanism, experiments in shock tubes, RCMs, and flow
reactors showed good agreement between simulation and experiment in terms of ignition delay time and product
gas species (CH4, DME, H,, H,O, CO,, CO) for DME/CH4 mixtures at ¢ = 2 [47-50]. The engine model developed
here, described in more detail in [8], is based on solving the time-dependent differential equations for conservation
of species and energy. It includes wall heat-transfer and residual-gas content and is comparable to the single-zone
model by Caton and Zheng [51]. Engine parameters and intake conditions were taken from the experiment.

Heat transfer was estimated using Woschni’s formulae (eq. (20) and eq. (21)) for the convective heat transfer
coefficient a [52] as a function of temperature 7" and pressure p in the combustion chamber.

a=C d_0'2p0'8 WO.B T—r (20)

The values of the constants used here are listed in Table 4. In eq. (20), d is the diameter of the cylinder and w is a
corrected velocity accounting for turbulence during combustion, calculated as

- Vb Ty
W= Gt 62 (p — pa) e
Do Vo
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where Vp is the cylinder displacement, Ty, V, pg are the temperature, volume (in SI base units), and pressure at
the beginning of compression, py is the motored pressure (both in bar) and # is the mean piston speed. The factor
C, was adjusted to match the total heat transfer derived from the energy balance of the experiment at ¢ = 1.65.
This set of constants was then used for all other simulations. Even though in general the Woschni model is known
to be inaccurate for predicting heat transfer for HCCI modeling [53-55], here, it yielded total heat losses matching
the experimentally determined ones, possibly because a does not vary much across our experiments.

Table 4: Parameters for the heat-transfer estimate according to Woschni [52].
Woschni-Parameter Value
C 127.9
r 0.53
C 2.557
C, 0.4354

The mass of residual gas remaining in the cylinder mg, was estimated as that of the product gas (temperature,
pressure, and composition at bottom-dead center of the expansion stroke) filling the clearance volume of the
cylinder (i.e., the volume at top-dead center). This mass is then subsequently adiabatically mixed with the
experimentally determined fresh-gas mass mgg with the intake temperature T, This simple “empty-and-fill”
model is considered sufficient here since the engine does not have valve overlap and the exhaust valve closes near
top-dead center. By this estimate, about 10% (by mass) of gas from the previous cycle remain in the cylinder and
mix with the fresh charge of the next cycle. In other words, multiple cycles were simulated transferring 10% of
the product gas to the next cycle. For each cycle, the initial temperature for the simulation was the adiabatic mixing
temperature of fresh charge and residual gas. The product-gas composition, work and heat output, and exergetic
and thermal efficiencies were then averaged over 20 simulated cycles. The total heat transferred to the coolant was
calculated by summing over the incremental heat transfer estimated via Woschni’s approach at each step of the
simulation.

5.2.3 Exergy balance and selectivity

Conventionally, the exhaust gas of ICEs mainly contains the products of complete combustion. The product gas
in polygeneration in contrast contains useful species and thus remaining chemical and internal energy that is
evaluated by calculating the exergy flows entering and leaving the system. Unlike energy, exergy can be destroyed.
The corresponding exergy losses, caused by irreversibilities, were used to evaluate how well the fuel exergy is
converted to work or conserved in the product gas. The losses in exergy Ei are calculated based on the Gouy-
Stodola theorem (E} = TgyrSirr) [56] from the ambient temperature Ty, (298 K) and the entropy generation Sir
over the engine cycle. The corresponding exergetic efficiency nex is determined by eq. (22) under the assumption
that exergetically valuable outputs (work, heat, product gas) are used outside the engine and not lost to the
environment. The exhaust enthalpy is included among the useful outputs assuming that in the envisioned stationary
applications the product gas also provides process heat. The specific chemical exergies of methane
ecn, = 52.3 MJ/kg and DME epyg = 30.9 MJ/kg were taken from [57].

Nex = 1 — E;/(mcn, ecu, + MDME €DME) (22)
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The experimental data were used to calculate the work output, the heat transferred to the cooling water, and the
exergetic efficiency using the thermodynamic data available through the Cantera modules together with the first
and second laws of thermodynamics, as detailed in [8].

Selectivity is a useful metric to compare chemical conversion in simulation and experiment. However, the present
gas analysis cannot determine the fractions of water, nitrogen, and higher hydrocarbons (other than ethylene) in
the product gas, thus, the molar product flow " cannot be calculated. Some assumptions were made to calculate
conversions and selectivities. The first assumption is that the additive’s conversion is equal to the methane
conversion. Combustion quenching near walls and in particular in crevices results in low temperatures that stop
both the conversion of methane and DME. This assumption is supported by preliminary gas chromatography
measurements in the product gas that in fact show similar methane and DME conversion. These measurements
also showed that at @ = 1.9 the mole fraction of higher hydrocarbons (except for DME and C,H4) in the product
gas was negligible, which we then assumed to be true for all of the current data evaluation. This may lead to
increasing uncertainties for @ > 2, because soot production increases, which also implies increased formation of
acetylene, benzene, and other soot precursors.

The remaining unknown mole fractions in the product stream are that of nitrogen, xy," , and water, xy,o". These
were calculated based on the species balance for hydrogen, eq. (23), and condition that all product mole fractions
add to unity eq. (24). Only the hydrogen balance is used here because the oxygen measurement has lower accuracy.

ﬁ,(szH4, + 3xDME’) = ﬁ"(szH4" + 3xDME" + 2xC2H4" + xHZOH) (23)

_ in.. i e, e, oo, k0" + o, K0 + Koms” o
i

The outgoing molar flow 7" can be calculated from the known mass flow m through the engine and the mean
molar mass of the product flow M,,,.,,", Which is again a function of the mole fractions x;".

1" =M/ Mpean" (25)

For convenience, this system of equations was solved numerically.

Then n" is used to determine conversions X;, yields Y;, and selectivities S; as defined in equations (26), (27), and
(28) with v; being the number of molecules of species i formed by theoretical total conversion of the fuel towards
this species and the incoming and outgoing molar flow of species i,7; " and n; ", respectively.

_n -1
Xi= —/———— (26)
n;
A"
V= 27
n; * (xfuel *Vi)
Y:
S;=— (28)
Xfuel
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This procedure results in conversions, yields, and selectivities that include the error of the hydrogen measurement.

5.3 Results and discussion

5.3.1 Operating envelope and mixture reactivity

Since HCCI combustion is controlled kinetically, engine operation mainly depends on equivalence ratio, fuel
composition, and the temperature-pressure history. With CHy4 as the base fuel, some DME is needed for
autoignition, but too much of it may over-advance combustion phasing, leading to excessive pressure-rise rates
that potentially damage the engine. For determining DME concentrations for “acceptable” engine operation, two
criteria were set: CoV<5%, and PRRnx<10 bar/°CA. The dependence of the engine operation on the DME mole
fraction was evaluated in an experiment with 8.17 standard liters per minute (slm) CHs. The DME flow was
increased stepwise from 0.5-1.0 slm in 0.05-slm increments, corresponding to 5.9-11.2 mol% DME in the fuel.
This also led to a change of ¢ from 1.66 to 1.84, however, as we will see, ¢ has much less influence on the engine
operation than the DME concentration. The results for IMEP, CoV, and PRR.x are shown in Figure 24 a) as a
function of DME mole fraction while Figure 24 b) shows the combustion phasing as CAS50 in °CA after top dead
center. For negative IMEP, CA50 was not considered meaningful and is suppressed in the plot.
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Figure 24: a) IMEP, CoV, and PRRmax, and b) CA50, all for varying xpme at a constant methane flow of 8.17 slm and an intake temperature
of 150°C. The white region in the graph marks acceptable engine operation, dashed lines mark the limits for acceptable CoV

and PRRmax.
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Error bars are calculated from the specification of the MFCs, the pressure sensor, and the air-flow meter. At low
DME concentrations, no ignition occurs, resulting in a negative IMEP. Increasing xpme to ~7% leads to
sporadically firing cycles and high CoV. Further increase in xpmg results in a higher number of firing cycles and
increasing IMEP. The xpme at the exact operating limits was determined by interpolation. The lower limit
(CoV =5%) is reached at xpme = 8.6%. At xpme = 9.1%, the first data point within the limits for acceptable engine
operation was recorded. Increasing xpme even further leads to higher pressure-rise rates, because ignition shifts to
earlier crank angles. At about xpme = 9.8%, the pressure-rise rate exceeds the limit of 10 bar/°CA. As expected,
adding more DME advances the combustion phasing, with stable operation concurring with a CA50 around
15°CA.

For further investigation, this operability scan was abbreviated and performed for different CH4 flows just until a
CoV < 5% could be established before recording was started. Using higher xpme was not beneficial, because it led
to lower IMEP and higher PRR .« This results in the choice of the lowest xpme (in this example 9.1%) within the
operating limits. This scan in the DME mole fraction was performed for methane flows from 6.17 to 11.67 slm in
0.5 slm increments and four intake temperatures (100, 130, 150, and 190°C, see Figure 25).
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Figure 25: a) DME mole fraction xpme required for stable engine operation at different intake temperatures as a function of equivalence
ratio ¢. b) Soot concentration in the product stream for 150°C intake temperature.

The lower limit of the investigated equivalence ratios is given by excessive PRR. At this limit, adding sufficient
amounts of additive to fulfil the CoV criterion resulted in exceeding the PRR limit. The upper limit is given by
excessive soot formation at high equivalence ratios. The required amount of DME is highest for the lowest intake
temperature, 100°C, which is expected because the mixture reactivity is lowest here. At higher temperatures, no
systematic correlation between required xpme and intake temperature was found. Considering error bars, for intake
temperatures higher than 100°C and at equivalence ratios around 2, the required DME mole fraction does not
significantly depend on temperature. At all temperatures, less DME is needed both at low and at high ¢. The
decrease for low ¢ is steep and results from the increasing sensitivity of the PRR to xpme and increasing energy
content closer to stoichiometric conditions. Somewhat counter-intuitive is the decrease of the required xpme for
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increasing ¢ above 2, discussed in more detail below. Finally, since for an intake temperature of 150°C the required
xpme 18 nearly constant at ~9.3% in the range of ¢ = 1.6 to 2.3, this range and intake temperature were selected for
further analysis. A slightly higher xpme of 9.5% was chosen to ensure operation within the stability limits.

Figure 26 a) shows experimental traces of the cylinder pressure for operation at three different equivalence ratios.
Dashed lines represent experimental data and solid lines the simulation results. Additionally, the simulated
conversion of CHs and DME as a function of the crank angle is shown. Figure 26 b) shows the temperature from
the simulation.
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Figure 26: a) Pressure traces from experiment and simulation as well as simulated CHs and DME conversion. b) Temperature traces from
the simulation. All at 150°C intake temperature, xpme of 9.5%, and for three equivalence ratios.

The most noticeable feature is the early-shift in combustion phasing with increasing ¢, in experiment and
simulation. One might expect the contrary, because ¢ > 1 generally suggests lower mixture reactivity. A possible
explanation is that the overall equivalence ratio is indeed further from ¢ = 1, but the equivalence ratio ®pme based
on the additive DME alone is closer to stoichiometric. The simulation results in Figure 26 a) show that significant
CH,4 conversion starts when already about half of the DME is converted. If CHy is considered inert at the start of
combustion, which is a reasonable approximation compared to DME [58], ®pwe is very lean for all cases, as the
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values in the legend show. Increasing this equivalence ratio enhances reactivity. This explanation is supported by
the simulations showing that the DME conversion shifts towards earlier crank angles with increasing ¢ (Figure 26
a)), suggesting an increased reactivity. In the experiments, the lower heat-release rate of richer mixtures is
compensated by the heat release taking place at smaller cylinder volumes, leading to increased peak pressures. In
the simulations, ignition takes place closer to TDC, where the change in volume per degree CA is small and cannot
compensate the reduced heat release rate, resulting in decreasing peak pressures for richer mixtures. As expected,
the maximum temperatures (Figure 26 b)) decrease with increasing equivalence ratio due to lower heat release. At
¢ = 2.34, the peak temperature is 2050 K, and Figure 25 b) shows increased soot formation. This is consistent with
previous findings that soot formation is especially strong at temperatures between 1500 and 2000 K and
equivalence ratios above ¢ = 2 [59].

Another unexpected result is that the pressure traces obtained from the simulation predict much earlier ignition
than the experimental data (in addition to the overly fast combustion that is due to the single-zone model not
capturing thermal stratification [60]). This may be due to differences between the initial conditions in experiment
and simulation. In the simulation, the temperature of the fresh charge in the cylinder (to which the residual gas is
then added) is assumed to be the same as the intake temperature. The actual temperature in the experiment is likely
to be lower due to heat loss to the walls before the intake valve closes, reducing both the fresh-gas and residual
product-gas temperatures. Temporally inaccurate modeling of heat transfer may also induce differences in the
pressure traces between simulation and experiment. Since HCCI ignition is highly sensitive to temperature, higher
temperatures in the simulation would lead to earlier ignition. To evaluate the impact of this uncertainty, the mixing
temperature (the temperature at the start of compression) and the residual gas content were varied in the simulation.
As shown in Figure 27, at ¢ = 1.65, reducing the mixing temperature by AT = 8 and 15 K delays ignition by 4°
and 11° crank angle, respectively. The pressure traces at these two reduced temperatures roughly bracket the
experimental trace. Similar results are found for other equivalence ratios.
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Figure 27: Pressure traces from experiment and simulation with a variation of the initial temperature Tmix at the start of compression.

At ¢ = 1.65, increasing the residual gas content in the simulation by 50% advances the peak pressure by only
2°CA, while there is no significant change for ¢ = 2.34. This low sensitivity may be due to the fact that intake and
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product-gas temperatures are similar, differing only by 141 K and 56 K for ¢ = 1.65 and 2.34, respectively. From
this sensitivity study we conclude that the systematic difference in combustion phasing between experiment and
simulation is likely due to inaccuracies in the simulation’s starting temperature that are well within the uncertainty
of estimating that temperature and could be accounted for by an adjustment of about 10 K.

Increasing the residual gas mass by 50% in the simulation changes the synthesis gas mole fractions insignificantly,
but the CH4 conversion decreases. For example, at ¢ = 2.34 the H, and CO mole fractions decrease by 2.6% and
1.7% respectively while the CHj slip increases by 61%.

5.3.2  Fuel conversion and product-gas composition

Simulated and measured CH4 conversion is compared in Figure 28. The experimental uncertainties for the
conversion and selectivities were calculated from the specifications of the gas analyzer.
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Figure 28: Methane conversion and maximum (simulated) temperatures as a function of equivalence ratio. Symbols: experiment, lines:
simulation.

The methane conversion decreases with increasing ¢ in both experiment and simulation. This effect can be
attributed to the lower maximum temperatures and lower oxygen content at fuel-rich conditions, both impeding
fuel conversion. Maximum simulated temperatures at ¢ = 1.65 are about 2430 K, but at ¢ =2.34 only 2080 K. It
is a well-known problem that HCCI single-zone models tend to over-estimate the fuel conversion [8,60,61], in this
case by about 9 percent points at ¢ = 1.65 and increasing with ¢, because in the engine, the lower temperatures
near the cylinder walls and higher temperatures in the core gas lead to reduced fuel conversion in the wall-near
regions. Single-zone models however, consist of only one zone of comparably hot gas, where most of the fuel is
converted.

We discuss the selectivity in this work since we can qualitatively compare results from experiment and model
despite the difference in fuel conversion. The results for the product species H,, CO, CO,, and C,Hs are shown in
Figure 29.
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Figure 29: Selectivities of product-gas species. Symbols: experiment, lines: simulation.

Generally, the selectivity of the potentially valuable species H,, CO, and C,Hj4 is increasing with increasing ¢.
While the selectivities of CO, CO», and CoHs add up to 100% in the simulation, a sum of 117 — 122% was obtained
from the measurement. This indicates that the experimentally-obtained carbon balance is inaccurate, probably due
to uncertainties in the product-gas analysis and mass-flow controllers. Here, we account for the carbon excess of
about 17 — 22% by dividing the selectivities of the carbon-containing species by their corresponding sum at each
equivalence ratio. Experimentally, as ¢ increases from 1.65 to 2.34, H» selectivity increases from 50 to 72%, CO
from 71 to 79%, and ethylene from 1.5 to 4%, while the CO- selectivity decreases from 27 to 16%. The decreasing
O: content and the consequently lower maximum temperature can explain these trends. The formation of H,O and
CO; from H; and CO at high ¢ is limited by the low O, concentration, thus a significant fraction of CO and H is
not converted and remains in the product gas. The H/C ratio in the product gas varies between 1.1 and 1.4.
Experiment and simulation are in good agreement with a mean deviation of 10% for CO, H», and CO», which is
within the experimental uncertainty. The C;H4 selectivity shows the highest deviation between simulation and
experiment, with almost no C;H, formed in the simulation. A possible explanation is that C;Hs mostly forms in
colder regions of the cylinder, like crevices and boundary layers that are not included in single-zone models. Again,
the use of a multi-zone model could improve the agreement between model and experiment with respect to
hydrocarbon species [61,062]. The selectivity seems to be an appropriate means to compare experimental and
modeling results with deviating fuel conversion.

5.3.3 Work and heat output

Polygeneration processes are designed to not only provide base chemicals but also work and heat. The latter two
outputs are shown in Figure 30 as a function of ¢. As expected, these outputs decrease with increasing equivalence
ratios, ranging between 314 and 245 J per cycle for heat and 160 and 135 J for work. The decrease is a result of
the decreasing maximum temperatures with increasing ¢, which reduces heat transfer to the coolant, but also fuel
conversion and reaction enthalpies (less CO2 and H>O formed). This consequently reduces the work output of the
engine in favor of the generation of valuable product species. Simulation and experiment are in very good
agreement for the heat output, while the work output of the engine is slightly over-predicted. The deviation can be
explained by the higher fuel conversion and the fact that the gas exchange strokes are not included in the model.
Experimental data suggest that the gas exchange strokes reduce the work output by about 11 J.
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Figure 30: Work and heat output per cycle and exergetic and thermal efficiencies. Symbols: experiment, lines: simulation.

5.3.4 Efficiencies

In order to assess polygeneration in the engine on a thermodynamic basis, at least two efficiency metrics are
available: thermal and exergetic efficiency. Both are shown in Figure 30. The thermal efficiency is comparably
low and decreases from 13 to 8% in the range of investigated equivalence ratios. However, the thermal efficiency
alone is not a suitable parameter to assess polygeneration processes, since the heat output and energy content of
the chemical products are neglected. The exergetic efficiency, which includes all three forms of available energy,
increases from 71 to 82% as ¢ increases from 1.65 to 2.34, exceeding those for common syngas-production
processes like methane steam reforming, which has an exergetic efficiency of ~63% [2]. In addition, the resulting
efficiencies are also exceeding those for other polygeneration processes: Polygeneration based on solar collectors,
providing electricity, heat, cooling, and desalinated water yield exergetic efficiencies up to 32% [32]. Other
systems combining power cycles with methanol production or desalinization reach efficiencies up to 60% [33,63].
For both metrics (thermal and exergetic efficiencies), simulation and experiments are in very good agreement.
Compared to our previous work with n-heptane as additive [8], the exergetic efficiency slightly increases with
DME, by about 1 percent point. This is consistent with the fact that heat losses with DME as an additive are about
8% lower than with n-heptane, while the work output is only 3% higher. This may be due to differences in
combustion phasing with the two additives. Nearly the same mass fractions of both n-heptane and DME are needed
for HCCI.

5.4 Conclusions

An IC engine operating in HCCI mode at fuel-rich equivalence ratios with methane/DME as reactants was
considered as a device for a polygeneration process that simultaneously produces synthesis gas, work, and heat.
Experiments were compared with simulations based on a homogeneous engine model. Work, heat, selectivities,
and thermal as well as exergetic efficiencies were evaluated.

A method to experimentally identify stable operating points was introduced. For an intake temperature of 150°C,
the mole fraction of DME that was needed for stable operation was mostly constant at 9.3% in a range from
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® = 1.6 to 2.3, however, significant soot production starts at ® = 2. Below this limit the soot concentration in the
product gas was less than 10 mg/m?®. Within the envelope of stable engine operation increasing the equivalence
ratio shifted the combustion phasing towards earlier crank angles. Results from the simulation suggest that this is
because during ignition, initially methane is almost inert and the equivalence ratio of DME alone shifts closer to
stoichiometric conditions for increasing overall ®.

The trends observed in the experiments were well reproduced by the simulations. However, the combustion
phasing differs, probably because of the high sensitivity to uncertainty in the experimental temperature at the start
of compression. Adjusting the starting temperature by about 10 K brings the simulated phasing in line with the
experiments. In the experiment, C,Hs is measured with selectivities up to 5%, while the single-zone model predicts
almost no output of that species, likely because in the experiment it is formed at low temperatures in crevices and
near the wall. The thermal efficiency, work, and heat output were decreasing with increasing equivalence ratios,
while selectivities towards CO and CO; as well as the exergetic efficiency were increasing.

The results show that the engine can be used for polygeneration in a flexible manner. When less work (likely to
be converted to electricity) is required, the work output can be reduced by 20% by increasing the equivalence ratio,
while the exergetic efficiency increases from 71 to 82%, exceeding efficiencies of other polygeneration processes.
Simultaneously, the fuel is converted to synthesis gas by partial oxidation, with selectivities of up to 72% for H,
and 79% for CO. The resulting H/C ratios range from 1.1 to 1.4 and could be increased to the desired value, which
is usually 2, by the water-gas shift reaction [41]. A complete shift from the production of chemicals to that of
power would be possible by operating the engine on a stoichiometric mixture.

In conclusion, polygeneration in internal combustion engines may provide an advantage in terms of exergetic
efficiency and flexibility, and DME is a promising additive for methane. Since the amount of DME needed is not
negligible, further autoignition-supporting additives should be evaluated. Based on the results presented here,
future work will also include the development of a multi-zone model to further improve the simulations, and
improvements in the product-gas analysis to close the carbon balance more accurately. Also, we expect an increase
of the ethylene yields by increasing the equivalence ratios to even higher values, beyond the upper sooting limit.
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6 Evaluation of additives for fuel-rich HCCI operation: DME, DEE and
n-heptane

In the work reported in this chapter, the effects of methoxymethane (dimethyl ether, DME), ethoxyethane (diethyl
ether, DEE), and n-heptane as additives in compression-ignition of fuel-rich methane/air mixtures were
investigated in experiment and simulation. The experiments were performed in a single-cylinder octane-number
test engine at a compression ratio of 10. Engine operating stability, auto-ignition behavior, and syngas production
were examined. The simulations used a single zone model with detailed chemical kinetics. The method for pressure
trace analysis was adapted to the very fuel-rich conditions examined in this study. The choice of additive does not
significantly influence syngas production, but a distinct influence on auto-ignition was found. The most effective
additive in terms of mass fraction was DEE which produced stable operation at around 20% by weight. While the
use of DME and n-heptane resulted in similar heat release traces, DEE yielded more early heat release and less of
a negative temperature coefficient (NTC) behavior. The widest stable operating range in terms of additive fraction
was found for DME. A reaction path analysis showed that the effect on ignition is similar for all three additives:
they react early in the compression stroke and lead to H-abstraction from CH4. Comparing heat release rates and
calculated cylinder temperatures indicated that not only the additive’s reactivity but also its heat capacity
contributes to auto-ignition behavior.

This chapter is slightly modified from [64]:

K. Banke, D. Freund, B. Atakan, S.A. Kaiser, Evaluation of fuel additives for HCCI engines operated on
fuel-rich methane/air mixtures: DME, DEE, and n-heptane, Applications in Energy and Combustion
Science, 13 (2023) 100112, doi:10.1016/j.jaecs.2023.100112.

My contributions included planning, setting up and performing the experiments, the processing, analysis,
interpretation, and visualization of the experimental data, and writing the introduction, data processing and
experimental parts of the manuscript. Dominik Freund conducted the simulations, reaction kinetic calculations and
wrote the corresponding parts of the manuscript. Burak Atakan and Sebastian Kaiser were involved in the
conceptual design, in developing the adapted heat release analysis and in writing and revising the manuscript.

6.1 Introduction

In our previous work we showed that fuel-rich engine operation can be extended to higher equivalence ratios by
using HCCI instead of spark ignition [8]. Methane is relatively inert and requires high temperatures for auto-
ignition. These can be achieved by high compression ratios or intake flow preheating, but the increase in overall
process temperatures also increases heat losses and costs for more temperature-materials. Thus, it may be
advantageous to decrease the required auto-ignition temperatures by adding small fractions of ethers or n-heptane.

Another, related aspect is that HCCI operation is controlled kinetically, making process control one of the main
challenges. Therefore, it is important to investigate possible control parameters. This has extensively been done
for lean mixtures (i.e., for “conventional” power-oriented HCCI) [65], but investigations for fuel-rich mixtures are
lacking. There are several approaches to control combustion phasing in HCCI engines, e.g., via internal or external
exhaust gas recirculation (EGR), the intake temperature, the compression ratio, fuel additives, and fuel reforming.
A detailed summary of common approaches is given in a review on reactivity controlled compression ignition
(RCCI) by Reitz [66]. The current work investigates HCCI process control for fuel-rich operation on CHs via fuel
additives that are injected in the intake.

The additives investigated in this work are dimethyl ether (DME), diethyl ether (DEE), and n-heptane. Some of
their relevant properties, and those of methane, are listed in Table 5.
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Table 5: Selected properties of fuel and additives at 1 bar and 25°C.

Isobaric heat capacity /
Fuel Formula | Molar mass / g/mol | Cetane number J/(mol*K)
Methane CH4 16.043 - 35.6
Dimethyl ether CH30CH; 46.069 55 167:68] 65.71
Diethyl ether C,Hs0C,Hs 74.123 140 1) 115.89
n-heptane C7Hie 100.21 53 70 166.89

n-Heptane, the primary reference fuel (PRF) with octane number zero, is often used as a “chemical” diesel
surrogate, because it has ignition characteristics similar to diesel fuel. DME is considered as an alternative. A
difference between it and the other two additives is that it is gaseous at ambient conditions. It has good auto-
ignition characteristics (cetane number 55) [67]. It is especially interesting as a fuel for HCCI engines because it
shows strong low-temperature ignition reactions [71]. DEE has the very high cetane number of 140 [69], indicating
that it is very reactive in the high-temperature high-pressure environment that the cetane-number test employs. It
also reacts fast at relatively low temperatures [72]. Shock-tube experiments showed that DEE is more reactive
than DME in lean and stoichiometric mixtures, consistent with its higher cetane number [73], while in batch reactor
simulations, DME was found to be more reactive than n-heptane [74]. Both DME and DEE can be produced from
biomass which make them potentially renewable fuels.

For lean HCCI combustion, DME addition to natural gas was investigated in CFD simulations with detailed
chemical kinetics (86 species and 360 reactions) by Kong [58]. He found that the ignition is mainly controlled by
DME oxidation and that a major part of the DME reacts prior to methane conversion. This is consistent with our
own findings for fuel-rich conditions [31].

The conversion of fuel-rich methane/air mixtures with 10 mol% DME as an additive in HCCI conditions was
investigated by Hegner et al. in simulations and experiments in a rapid compression machine (RCM) [40].
Equivalence ratios of up to ® = 10 where investigated. The simulations implemented a single-zone engine model
and predicted maximum H; mole fractions of 25% in the product gas at ® = 4, while the RCM experiments showed
maximum H> mole fractions of 20% at ® = 6. It was also shown that DME considerably reduces the intake
temperature required for auto-ignition. The influence of DME and n-heptane on CH4 conversion was investigated
in shock tubes and flow reactors by Sen et al. [47]. The results were compared to simulations using different
reaction mechanisms. They found that both additives reduce the required reaction temperatures and generally any
additive can be used for this purpose if it produces additional OH radicals.

Syngas production from natural gas via fuel-rich HCCI operation was also investigated in simulations by Morsy
[75]. He performed parameter studies in initial temperature, engine speed, equivalence ratio, oxygen enrichment,
and initial pressure using a single zone model and the GRI-3 mechanism. He suggests an engine speed of 500 rpm,
1 atm initial pressure, and an oxygen / nitrogen ratio of 0.3 /0.7 at ® =3 as optimum operating conditions for
maximum syngas fractions, resulting in about 45% H> in the product.

All of the additives used in this work have a distinct negative temperature coefficient (NTC) behavior [76-78],
i.e., there is a temperature range in which reactivity decreases with increasing temperature. Deng et al. investigated
non-premixed DME/air flames experimentally and confirmed the importance of the NTC behavior of DME for
low-temperature combustion processes [76]. Tran et al. investigated the low-temperature DEE combustion in a
jet-stirred reactor and found that DEE starts to react at 425 K and has not one, but two NTC ranges [77]. They
observed that this dual-NTC range manifests itself in the CO and formaldehyde (CH,O) mole fraction plotted as a
function of temperature. Gauthier et al. investigated the auto-ignition characteristics of n-heptane using shock tube
experiments and confirmed a strong NTC behavior for HCCl-relevant conditions (®=2, p= 15— 25 bar,
T=2850- 1280 K) [79].
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The aim of this work is to investigate and compare the effects of three additives on fuel-rich auto-ignition in HCCI.
The most suitable additive is determined by comparing the additives in terms of mole, mass, and energy fraction
in the fuel-air-mixture, the timing and intensity of the heat release, and the operating stability.

6.2 Methods

6.2.1 Experiment

The hardware used for the experiments is mostly that used in our previous experiments [8,31]. A schematic of
flows and instrumentation is shown in Figure 31.
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Figure 31: Schematic of the instrumentation.

The methane and DME flows were controlled with mass flow controllers (MFC), while the flow of air was
measured using a mass flow meter (MFM). The liquid additives DEE and n-heptane were injected by a commercial
port-fuel injector. The mixture was preheated up to 150°C. The crank-angle resolved in-cylinder pressure was
measured with a piezoelectric pressure transducer integrated into the spark plug. Except for H,O, which was
condensed at 3°C and removed before analysis, and N, the major product gas species (Ha, CO, CO,, CHs, CoHa,
0.) were detected using a commercial exhaust gas analyzer (ABB, Type optima advance 2020). Table 6 lists key
parameters of the experiment.
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Table 6: Engine properties and operation conditions.
Description Symbol Value Unit
Rotational speed rpm 595 1/min
Compression ratio £ 10 -
Bore d 65 mm
Stroke s 100 mm
Displacement D 332 cm?
Fuel/air equivalence ratio @ 1.6-2.4 -
Intake temperature Tin 150 °C
Intake pressure Din 1 bar
Coolant temperature Tc 100 °C

A BASF octane number research engine was used for the experiments. The engine was operated in SI-mode at
stochiometric conditions with a compression ratio of € = 10 until a coolant temperature of 100°C was reached.
Then the spark plug was switched off and additive was added to achieve ignition. Engine operation was considered
“stable” when the coefficient of variation (CoV) of the indicated mean effective pressure (IMEP) was below 10%,
and “acceptable” when at the same time the maximum pressure rise rate (PRRmax) was below 10 bar/°CA. A CoV
of less than 5% is typically targeted for mobile applications, but a higher value seems acceptable for stationary
applications where noise is less of an issue. Lim et al. even suggest 20% for a similar application [6]. At each
operating point 140 consecutive cycles were recorded. The IMEP was calculated for each cycle individually and
afterwards averaged over the 140 consecutive cycles. The CoV is usually calculated by dividing the standard
deviation of the IMEP over the recorded cycles by their mean IMEP. Here, instead of the IMEP, the difference of
fired and motored IMEP was used. This is a more convenient metric that is also correlated more closely with
combustion instability. Equivalence ratios from 1.6 to 2.4 where investigated here, because previous experiments
already had shown that this range includes the maximum syngas yield for DME as an additive, as well as the soot
limit at approximately ® =2 [31].

6.2.2 Yields and conversion

The equivalence ratio @ is defined as the ratio of the fuel mass myy¢; (the sum of methane and additive masses)
to the mass of air mg;,- divided by the ratio of the fuel mass to the mass of air that would be needed for
stoichiometric conversion of the fuel to CO; and water, as given in eq.(1). The equivalence ratio of just methane
(®cna) or just the additive (®add, here, Pome, Poee, or Dernie) are defined correspondingly by replacing mg, o with
the methane or additive mass in the numerator and using the stoichiometric air demand of that species in the
denominator.

® = mfuel/mair

B (mfuel/mair)st (29)

The mass fractions yaqq are defined as the mass of additive divided by the mass of all fuel species (methane and
additive). The mole fractions Xaqq are defined as the number of additive molecules divided by the number of fuel
molecules. To calculate the product yields, the outgoing molar flow rate 1n,,,; needs to be known. Since our gas
analysis cannot detect all species in the product gas, some assumptions had to be made to calculate 1,,,,[31].
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Essentially, the fraction of water in the product gas was calculated from the hydrogen balance and then the N
fraction was calculated from the condition that all product species mole fractions add to unity. The mean molar
mass of the product and the known mass flow rate m through the engine were used to calculate n,,,;. With 1., ,
the yields Yi can be calculated via eq. (30). Here, v; is the stoichiometric coefficient of species i, calculated for the
conversion of one mole of fuel.

fli,aut

Vy=7"7F7—""— 30
' Nin (xfuel,in Vi) ( )

Conversions are calculated with eq. (31).

Xi — 7;li, in fli,aut (31)

N, in

6.2.3 Heat release analysis

The heat release analysis was performed according to Heywood [23] (p.509-514). Eq. (32) can be derived from
the first law of thermodynamics for a closed system using the ideal-gas law. Blowby and crevice losses are
neglected.

dQcn ¥ d_V+ 1 d_P dQnt
a6 y—1Pae Ty -1 a6 " ds

(32)

Q.n is the energy released by chemical reaction, y is the specific heat capacity ratio, Qnis the heat transferred from

the cylinder charge to the walls, and 8 is the crank angle of the engine. The expression % is also referred to as

heat release rate (HRR). In the case of stoichiometric or lean combustion, Qcn is often simply calculated as the
mass of fuel multiplied with magnitude of the specific enthalpy change in complete stochiometric combustion
(“lower heating value”, LHV) and the “combustion efficiency” (1comb), Which is then often estimated to be between
about 96 and 98% (eq. (33)).

Qch = Myyel,in * LHV * Ncomp (33)

However, for very fuel-rich mixtures combustion is far from complete and reference to the case of complete
combustion is not useful. Instead, LHV and combustion efficiency were replaced by the difference in internal
energy Au,, between the supplied fuel/additive/air mixture and the internal energy of that mixture in chemical

equilibrium at the initial temperature and pressure, which is the maximum chemical energy that can be transferred
as heat (eq. (34)).

Aupq = w(Tin, Pindleq — U(Tin Pind lin 34)

This leads to a modified expression for the heat release Q. (eq. (35)).

Qch = Meyel,in * Aueq (35)
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Eq. (34) was evaluated in Python with the module Cantera [80]. First, the fuel-additive-air mixture was equilibrated
at intake conditions (150°C and 1 bar). Then, the elevated temperature and pressure of the reacted mixture were
reset to intake conditions. Au,, is the difference in internal energy in the two states, and this difference is far from
the LHV for very rich mixtures. For instance, at an equivalence ratio of 1.88 and DME as the additive (with
Dcps = 1.6 and @pp = 0.23), Aug, is 50.5% lower than the LHV.

The specific heat capacity ratio y in eq. (32) is often calculated as a function of temperature using parameter fitting,
e.g. the linear approach suggested by Cheung and Heywood [25]. Since fitting parameters for very fuel-rich
operating conditions cannot be found in the literature, y was instead calculated using a two-zone model with a
reacted and an unreacted zone, as for example in [34]. The experimentally measured intake and exhaust
compositions and the spatially averaged in-cylinder temperature were used to calculate the crank-angle dependent
heat capacities of each zone. The in-cylinder temperature was calculated via the ideal-gas law from the trapped
charge mass and the pressure trace. In a first step, only ¥,,,,,-(8) of the unreacted zone (with intake composition)
was used to calculate the cumulative heat release. In a second step, the normalized cumulative heat release (the
so-called mass burn function, MBF) was used to calculate y as a weighted average of the values in the unreacted
and the reacted zone (with exhaust composition) (eq. (36)).

Y(0) = Yunr(6) (1 - MBF(Q)) + Yreac(6) - MBF (6) (36)

The heat transfer to the cylinder walls was estimated using the semi-empirical correlation from Woschni [52]. The
result was then scaled to match the difference between the integrated net heat release rate and Qcn [81]. The
pressure traces used for heat release analysis were averaged over 140 cycles. The resulting heat release rates were
first smoothed with a third-order Butterworth low-pass filter with a cutoff frequency of 0.03 times the Nyquist
frequency of the data acquisition (fuyq = 18 kHz) and then with locally weighted scatterplot smoothing (LOWESS)
with a normalized distance of d = 0.05.

6.2.4 Simulation of the engine

To gain insight into the auto-ignition characteristics of each additive at fuel-rich conditions the engine was
simulated with a zero-dimensional single-zone model. Cantera was used in the framework of python for describing
the thermodynamics and reaction kinetics [80]. The model includes an inlet and an outlet valve and describes four
strokes. The cylinder volume ¥ is given by the piston movement according to Heywood [23] (p. 45).

Consistent with the experiments, the heat transfer coefficient of the inner wall was calculated via the Woschni
correlation [52], which is a reasonable approach for HCCI engines when some of the parameters are adjusted to
match the experimental results [55]. A description of the implementation of the Woschni equations in our engine
model can be found in [8]. Metrics like syngas fractions, combustion stability, and work output are influenced
significantly by combustion phasing, as will be shown in the results section. For this reason, the combustion
phasing in the simulation was matched to the experimental one. CA5S0 — the crank angle at which 50% of the
overall heat has been released — was taken as the metric for combustion phasing. In contrast to the experiment in

the engine model the heat release rate can be calculated explicitly by evaluating the volumetric molar net
m dQcn

production rate «, of each species i (in km;;l) at each timestep. Subsequently, the heat release rate 1o Vas
determined according to eq. (37).

dq 0 :

RO CTACMIEIO) G7)
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In this expression du}’_i denotes the standard internal energy of formation of each species i at the reference

temperature Trr. The volumetric net production rate was calculated by Cantera using a reaction mechanism that
includes a set of species with their properties, and elementary reactions. The reaction mechanisms used here are
PolyMech 2.0 for DME [82], the mechanism of Serinyel et al. for DEE [83], and that of Stagni et al. for n-heptane
[84]. Fitting the simulation to the experiment was done in two steps: first, adjusting the compression ratio in the
model to best match the pressure trace of the experiment (in which the uncertainty of mechanically setting the
compression ratio is +£0.5), and second, adjusting the Woschni parameters for the DME case so that CA50 of
simulation and experiment agree within +£1 °CA.

6.3 Results and discussion

This section starts with the method used to determine the stable engine operating range. Stable operation is
important not only in itself, but also because only then does analysis of product gas composition and heat release
rates yield useful results. Next, syngas production (yields and conversions) is investigated to evaluate the chemical
output of the process. Furthermore, heat release analysis was conducted to investigate auto-ignition. The crank
angle resolved species traces from the single zone model serve to gain a more detailed understanding of the effects
and reactions during auto-ignition and to possibly explain the different behavior of the additives that was found in
the heat release analysis.

6.3.1 Operating stability limits

The basic experiment for determining operating stability performed here is a scan, in which for a constant methane
flow the additive flow is systematically increased, as described in chapter 4.2.1.

To investigate the operating limits for the additives for different equivalence ratios, operability scans were
performed for methane equivalence ratios from ®cus = 1.2 to about 1.8 (6 to 9 slm methane). With DME the
additive flow increment was 0.006 in ®.q4, with DEE about 0.004, and with n-heptane about 0.005. Figure 32
shows the mass fraction y, ;4 of each additive, CA50, and the energy fraction e.q4 versus the methane equivalence
ratio ®cps at the CoV limit and at the PRRmax limit. The energy fraction of the additive is calculated according to
eq. (38) with the mass fractions y and the lower heating value LHV.

Yada * LHVgqq
Yaaa * LHVaqa + Yen, - LHVcy,

(38)

€add =

Values for yaa, CAS50, and e.qq at the limits were calculated via linear interpolation between the nearest two
experimentally recorded operating points.
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Figure 32: Characteristics of the lower (given by the CoV) and upper (given by PRRmax) operating limits as a function of the methane
equivalence ratio. A) Mole fractions of additive in the fuel, b) mass fractions of additive in the fuel, ¢) energy fraction of the
additive, d) combustion phasing, and e) additive equivalence ratio.

As Figure 32 b) shows, in terms of mass fraction, the additive demand of the engine at both the upper and the
lower operating limit is mostly independent of ®@cwa. Results for n-heptane and DME are very similar. The needed
mass fraction of DEE is about 5%-points lower and the range between CoV limit and PRR . limit is narrower
than for the other additives. In terms of mole fractions, shown in Figure 32a), the demand for DEE and n-heptane
is very similar. About twice as much DME is needed for stable operation. One might assume that the two ethers
yield similar results since they are both partially oxygenated molecules and chemically closer to each other than
they are to n-heptane. It seems likely that more DME is needed in terms of mole fractions because it provides less
reaction enthalpy and it has fewer atoms, providing fewer potential radicals per mole. However, concerning the
added reaction enthalpy, Figure 32 c) shows the energy fraction of the additives at the operating limits. It is
markedly higher with n-heptane than with DME or DEE. This suggests that the contribution of the additive to the
overall heat release is not solely important for auto-ignition.

All else equal, the combustion phasing shown in Figure 32 d) can be interpreted as a measure of overall mixture
reactivity. With all additives, at both lower and upper operating limit, CA50 shifts to earlier crank angles with
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increasing methane equivalence ratio. This is counter-intuitive, because in combustible mixtures, the reactivity is
generally maximum near stoichiometric conditions and decreases as the mixture becomes richer. We already found
this effect for DME in our previous work [31]. If methane is considered inert at the start of combustion, which is
a reasonable assumption when compared to the reactive additives, the equivalence ratio of the additive seems to
be more important for auto-ignition than the overall equivalence ratio. It is shifting closer to stoichiometric with
increasing overall ® increasing the mixtures reactivity. The current results indicate that this conclusion is not
limited to DME but is more general.

The fact that the additive fraction is mostly constant over the equivalence ratio, as seen in Figure 32 a) and b) is
then somewhat coincidental. A higher additive equivalence ratio is needed for increasing methane equivalence
ratio to compensate the increase of mixture heat capacity. With increasing heat capacity, the same heat release
increases the cylinder pressure less. More additive needs to be added to compensate for this thermodynamic effect.

Comparing the different additives, the CoV-limit for DME is at much later CA50 than for the other ones. DME
seems to enable very late stable combustion. This also means that the operating range is widest with this additive.
A caveat is that this may also partly stem from mixture inhomogeneity (“stratification”), since DME is supplied
gaseous while the other additives are injected as liquids.

6.3.2 Heat release rates

Figure 33 shows the experimental heat release rates at crank angles from -50° to 10° aTDC for increasing additive
fractions at constant methane equivalence ratio. The heat release at these early crank angles is associated with the
ignition process and may give insight into the ignition characteristics in the different cases.
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Figure 33: Heat release rates during ignition for variations of the additive flow at constant methane flows (i.e., almost constant ®cna). A)
For DME as additive, b) DEE, and c) n-heptane. A lower methane equivalence ratio was chosen for n-heptane to not exceed the
soot limit at about ® = 2 and to limit the differences in heat capacity between experiments. In each case, the lowest additive
equivalence ratios shown here were the closest within the CoV-limit.

For all additives, as expected, higher ®.q4 increases the early heat release and accelerates the main combustion.
The traces with DME and n-heptane show a very distinct low temperature heat release (LTHR) followed by an
NTC region near -10°CA. With increasing temperature, the heat release rate first decreases before it increases
again with further temperature increase. This is qualitatively similar to results for lean HCCI operation on
DME/methane mixtures [85]. DEE however does not show a such strong NTC behavior. Instead, there is more
heat release at very early crank angles around -40°CA compared to the other additives and no peak in the LTHR.
To explain this, the cylinder pressures during ignition must be considered. At -30°CA a pressure of about 10 bar
is reached. At TDC the pressure is around 20 bar. Burke et al. [86] showed that 80/20 CH4/DME-mixtures at ® =
2 maintain their temperature-dependent NTC behavior up to at least 25 bar. For n-heptane Gauthier et al. [79]
observed NTC behavior up to 45 bar. However, for DEE Werler et al. [87] showed that the NTC behavior of DEE
starts to decrease with increasing pressure significantly at about 5.5 bar. Since the pressure in the cylinder during
LTHR and ignition is between about 6 to 20 bar, less NTC behavior is expected for DEE than for the other
additives.
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From among the cases in Figure 33, Figure 34 a) shows the experimental heat release for cases with similar CA50
of around 15°CA (solid lines) compared to those from the simulation with the corresponding CAS50 (£1°CA)
(dashed lines). Figure 34 b) shows the resulting in-cylinder temperature in the experiment and simulation, as well
as simulated motored temperatures — that is, with the chemistry “switched off”, the temperature increase then being
solely due to compression. The temperatures in the experiment are calculated from charge mass, cylinder pressure,
and the gas composition via the ideal-gas law. The gas composition is calculated using a MBF-weighted two-zone

model equivalent to the one used for y in eq. (36).

16 :
—ExP{ | Gowe =0275 | [
141------ SIM Ppee  =0.253 ¥
< 12 a) O = 0.454 :
O 10- " C/Hig ¢ {
5 : 5
~ i
> A
4 n
T '
;
1250 4
1000 -
X
l_
750+
500

.50 -40 -30 20 -10 0 10
°CA

Figure 34: a) Heat release rates in experiment and simulation for those experimental conditions in Figure 33 that have the most similar
CAS0 (17°CA,11°CA, and 17°CA). b) Temperature traces in experiment and simulation at the CoV limit. The motored

temperatures are simulated.

The heat release rates show distinct similarities and differences between experiment and simulation. The heat
release rate in the experiment increases gradually from about -50°CA whereas in the simulation only short time
intervals with high heat release rates occur. The steep peaks in heat release rates in the simulation are a well-known
feature of single-zone models of HCCI combustion, which in experimental reality is not homogeneous in mixture
reactivity, in particular due to spatial inhomogeneity in temperature induced by wall heat transfer [88,89]. Apart
from their thus exaggerated shape, the timings of the peaks in the simulation coincide with those in the experiment
quite accurately for DME and n-heptane. In the experiment, DEE does not yield a clear LTHR peak, but in
agreement with the experiment the simulation clearly predicts more heat release at earlier crank angles compared

to DME and n-heptane.
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The DME and n-heptane traces are qualitatively similar, but n-heptane releases more heat in experiment and
simulation. This is expected because the energy fraction of n-heptane is higher as discussed above. The overall
heat release of DEE before TDC seems to be less concentrated than that of the other additives. This may be the
explanation for the early stability limit of DEE shown in Figure 32 d). While the NTC behavior creates a time
delay before the main combustion in the DME and n-heptane cases, this effect is less pronounced for DEE. It
reacts earlier, and the simulation confirms this. However, the simulation predicts a stronger NTC behavior which
indicates that the in-cylinder temperatures in the experiment might be higher, which is supported by Figure 34 b),
showing generally higher calculated experimental temperatures.

In Figure 34 b) the n-heptane case shows lower compression-induced (motored) temperature increase because of
this mixture’s higher heat capacity. However, because of the greater heat release in the reactive cases, the
temperature increases to similar the levels as those of the DME and DEE traces before ignition. This suggests that
for n-heptane the higher energy fraction is needed to compensate for this additive’s higher heat capacity. We
conclude that heat capacity is not negligible in the choice of the additive, with high values being a disadvantage.

For DEE the motored temperature is very similar to the DME case. DEE’s heat capacity is higher but in this
specific case the overall equivalence ratio is lower with ® = 1.8 for the DEE experiment and ® = 1.9 for the DME
experiment, and thus the molar heat capacities of the two mixtures are nearly identical. The simulated temperature
in the DEE traces increases early. In the experiment this is less distinct, but still visible at crank angles from -20
to 0°CA. This temperature increase corresponds to the increased heat release rate at about -30°CA seen in Figure
34 for DEE and seems to accelerate the ignition process such that stable operation can be achieved at lower additive
energy fraction. The simulated temperature traces show the same trends, but the overall temperature levels are
lower and — as discussed above — gradients are locally steeper.

6.3.3 Syngas production

The most important chemical output of the engine with this set of operating parameters, especially the equivalence
ratio, is syngas (H»/CO), mostly produced by the partial oxidation of methane. In our previous work, syngas
production with n-heptane and DME was investigated [8,31]. There, we first investigated operating points with a
constant n-heptane mole fraction of 5% [8]. The combustion phasing (CA50) was then very early and the PRRax
exceeded the limit of 10 bar/°CA set in the present work. Later, the additive fraction was used as parameter to
control combustion phasing which was adjusted to meet the CoV limit [31]. To better compare syngas production
with the different additives, the influence of the combustion phasing needs to be clarified first.

In a first experiment CAS50 was varied by increasing xpme from the CoV limit at 10.7% to 12% (®pme = 0.279 and
0.317 respectively) while simultaneously decreasing the methane flow to keep the overall equivalence ratio ®
constant. The results in terms of syngas production are shown in Figure 35.
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Figure 35: Hz and CO mole fractions in the product gas for a variation of CA50 at constant ® = 1.9. The white region marks acceptable
engine operation.

The pressure rise rate exceeds the limit if CAS0 is reached at crank angles before 11° after TDC. The corresponding
area in the graph is marked gray. The lowest H, and CO mole fractions are observed for the lowest DME fraction
(i.e., at the stability limit) with CA50 = 22°CA. With earlier conversion, both H> and CO fractions increase nearly
monotonically to maxima that are 1 and 0.5%-points, respectively, higher than the minima.

To exclude this influence of combustion phasing on the syngas fraction in the product gas we investigated the
additive dependence of the syngas production at a constant CA50 of 15°CA. Figure 36 shows the methane
conversion and the yields of H,, CO, and CO,.
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Figure 36: Methane conversion, H2, CO, and COz yields for different additives at constant CAS0 = 15°CA. Symbols: experiment, lines:
simulation.

Overall, we find that the choice of additive does not significantly influence any of the investigated conversion
metrics. Generally, methane conversion decreases with increasing equivalence ratio, which can be attributed to
the increasing lack of oxygen. The single-zone model does not capture effects like wall and crevice quenching.
Thus, the methane conversion in the simulation is nearly complete for most conditions, while it is always less than
90% in the experiment. At equivalence ratios below 2 the simulated conversion is complete, slightly decreasing to
96% at ® = 2.3. In the experiment the maximum H yield is found at around ® = 1.9 and the maximum CO yield
at around @ = 2.1. At higher equivalence ratios the yields decrease, because of the decreasing methane conversion,
which is probably because of lower process temperatures, while at lower equivalence ratios the complete
combustion towards CO, and H>O becomes more important. The simulation most accurately captures the
experimental trends when the methane conversion is high, at ® < 2. In addition to H,, CO, and CO,, traces of other
species such as C,Hy are also produced, but these are only present in very small fractions (< 0.2 mol-% C;Hs) in
the investigated parameter range. In the current work that focusses on syngas production they are not relevant.

6.3.4 Temporal evolution of species concentrations

In HCCI combustion, the low temperature chemistry is very important, because it influences the auto-ignition
characteristics. The heat release rates shown in Figure 34 indicated significant conversion at early crank angles,
prior to ignition. To analyze the corresponding reactions, Figure 37 shows the mole fractions of fuel, additive, and
some selected intermediate species for the three investigated additives.
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Figure 37: Species mole fractions as a function of crank angle for a) DME (16.9 mol%), ®pme = 0.659, b) DEE (7.7 mol%, ®pee = 0.36),
and c) n-heptane (11 mol%, ®c7ni6 = 0.774). The conditions in the simulations are the same as for Figure 34.

The first reactions occur when the additives are partially converted. DEE reacts early at -40°CA at a temperature
of 648 K and a pressure of 5.7 bar. In comparison, DME and n-heptane need higher temperatures and pressures of
781 K and 13.3 bar and 768 K and 13.1 bar, respectively, and thus react later at -16°CA. These reactions are mainly
H abstraction from the additives which then lead to additional OH radicals, seen as peaks in Figure 37. These
peaks coincide with the LTHR peaks from Figure 34. The H abstraction of DME yields CH;OCH; and water, and
the subsequent dissociation of CH3OCH; provides further OH radicals and significant amounts of formaldehyde
(CH:0), as described by Kaczmarek et al. [82]. For DEE the most important reactions at low temperatures are

C,H;0C,Hs + OH = C,H;0C,H,s + H,0 (39)

C,H;0C,Hs + OH = C,H;0C,H,p + H,0 (40)

which is in accordance with the findings of Tang et al [90]. The most important reaction of n-heptane is the H
abstraction reaction

TL—C7H16+ OH = Tl—C7H15 + H20. (41)
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The dissociation of n-C;H;s leads to additional OH radicals. With further compression and thus increasing
temperature the reaction speed decreases due to the NTC behavior of each additive as discussed in Section 1.2.
For DEE, a second, minor NTC region is visible in the OH trace showing a local minimum at 9°CA, shortly before
ignition.

In general, the oxidation of methane, initiated mainly by the OH radicals formed by the additives, leads to an
increase in CH>O, H»O,, and CH30OH concentrations. When the temperature and intermediate concentrations are
high enough the ignition is induced by the dissociation of H>O. The intermediate formation is similar for each
additive since it is mainly dependent on methane oxidation kinetics. The only significant difference is the higher
CH,O0 and lower methanol (CH3OH) mole fractions when DME is used. The higher CH>O mole fractions can be
explained by the DME low-temperature oxidation kinetics as discussed above. In the DME case methanol is mainly
formed by

CH,0 + CH,0CH; = CH,0H + CH;0CH,. (42)

This pathway competes with the H abstraction of DME that yields CH;OCH: as well. The methanol-forming
pathway is less favored. Similar competing pathways do not occur for DEE or n-heptane. For DEE, methanol is
formed by interactions with CH3;O and DEE, hydrogen, or formaldehyde:

CHs0 + CH,0 = CH;OH + HCO

(43)
CH,0 + H, = CH;OH + H (44)
CHs0 + C,H,0C,H; = C,H;OC,H, s/p + CH;OH (45)

The n-heptane oxidation shows a behavior analogous to DEE, except that interactions of CHsO with formaldehyde
are not significant. The important reactions yielding methanol are eq. (44) and:

CH30 + n_C7H16 = CH30 +n-— C7H15 (46)

To conclude, all three additives initiate methane oxidation by OH radical formation and subsequent H abstraction
of methane. Although there are differences in the amount of intermediate species that are formed before ignition,
the most important pathways are similar and dominated by the methane kinetics.
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6.4 Conclusions

The influence of DME, DEE and n-heptane as additives in fuel-rich HCCI combustion of methane was investigated
in engine experiments and single-zone modeling. The additive fractions were varied for methane equivalence ratios
between 1.2 and 1.9 to determine the stable operating ranges. The widest operating range in ®uqq and X.aa Was
achieved with DME as the additive. The choice of additive does not significantly influence the product
composition, but it has a distinct influence on auto-ignition. In the engine context, not only the low temperature
chemistry but also the additive’s heat capacity determines the ignition-promoting effect and the stable operating
range. In terms of mass and energy fraction, significantly more n-heptane than DME needs to be added to achieve
similar results, because n-heptane’s heat capacity is higher, lowering the temperature at the end of compression.
At comparable mixture heat capacities, lower amounts of DEE than of DME lead to stable operation. Analysis of
the heat release rates showed that DME and n-heptane behave similar before ignition. DEE, however, shows
considerably less NTC behavior and more early heat release which may be the reason for its early PRRmax-limit.

A comparison of the reaction pathways and intermediate species formation for the three additives revealed
important similarities and some minor differences. DME, DEE, and n-heptane have in common that they react
early in the compression stroke and thereby lead to OH radical formation that initiates methane conversion by H-
abstraction. The main intermediate species — CH,O, H,O,, CH30H — are the same, and besides the earlier reaction
of DEE, the only significant difference are the two times higher CH,O and lower CH3OH concentrations when
DME is used.

With respect to additive demand DEE is the most favorable additive. DEE needs to be used with the lowest additive
mole fraction, mass fraction, and energy fraction. Compared to DME and n-heptane, DEE also leads to the earliest
heat release, it has the second-lowest heat capacity after DME, and a weak NTC behavior. If the operating range
is more important, DME may be preferred because with it the engine operates acceptably over a wider range of
CA50.
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7 Ozone as an ignition-promoter for fuel-rich HCCI operation

As shown in previous chapters, fuel-rich combustion of methane in a homogeneous charge compression ignition
(HCCI) engine can be used as a polygeneration process producing work, heat, and useful chemicals like syngas.
Due to the inertness of methane, additives like dimethyl ether (DME) are needed to achieve ignition at moderate
inlet temperatures and to control combustion phasing. Because significant concentrations of DME are needed at
150 °C a considerable part of the fuel energy comes from DME, but this may be reduced with an additive like
ozone. Here, a combined experimental and modelling study on the ignition of fuel-rich partial oxidation at ® = 1.9
of methane/air mixtures with ozone and DME as additives in an HCCI engine is conducted. Experimental results
show that ozone is a suitable additive for fuel-rich HCCI reducing the amount of DME needed from 11.0% to
5.3% by adding only 75 ppm ozone. Since ozone does not survive until the end of the compression stroke, the
reaction paths are analyzed in a single-zone model. The modelling shows that different ignition precursors or
buffer molecules are formed, depending on the additives. If only DME is added, hydrogen peroxide (H20:) and
formaldehyde (CH,0) are the most important intermediates, leading to OH formation and ignition around top dead
center. With ozone addition, methyl hydroperoxide (CH;OOH) becomes very important earlier in the compression
stroke under these fuel-rich conditions. It is then later converted to CH>O and H,O». Thus, ozone is a very effective
additive not only for fuel-lean, but also for fuel-rich combustion. However, the mechanism differs between both
regimes. Due to the reduction of expensive additives, ozone could help improving the economics of a
polygeneration process with fuel-rich operated HCCI engines.

This chapter is slightly modified from [91]:

D. Schroder, K. Banke, S.A. Kaiser, B. Atakan, The kinetics of methane ignition in fuel-rich HCCI
engines: DME replacement by ozone, Proc Combust Inst, 38 (2020) 5567-5574,
doi:10.1016/j.proci.2020.05.046.

The first author of this publication is Dominik Schroder. He performed simulations and reaction path analysis and
the corresponding analysis and visualization of the data. He wrote the chapters “Buffer intermediates and reaction-
path analysis” and “Simulation”, the conclusions and part of the introduction. My contributions include planning,
setting up and performing the experiments, the processing, analysis, interpretation, and visualization of the
experimental data, and writing the first paragraph of the introduction, the chapters “Experiment” and “Effect of
ozone on combustion phasing”. Burak Atakan and Sebastian Kaiser were involved in the conceptual design and
in writing and revising the manuscript.

7.1 Introduction

In the previous chapters it was shown that the partial oxidation of methane in an ICE can reach exergetic
efficiencies of 81.5% if operated in homogeneous-charge compression-ignition (HCCI) mode. Since methane is
relatively difficult to ignite, more reactive additives like n-heptane [8] or dimethylether (DME) [31] were used to
achieve and control ignition at moderate compression ratios. However, it was found that for these experimental
conditions a relatively high fraction of the fuel energy (about 15-20%) was then provided by the valuable additives.
This runs counter the idea of using methane, i.e., natural gas, as an inexpensive and easily available base fuel,
motivating the search for a more suitable additive. On-site produced ozone could be a possible solution. In /ean
HCCI combustion, following the pioneering work of Flynn [92], several researchers investigated ozone as an
ignition-promoting additive [11,34,35,93-98]. Work at the University of Orleans (France) investigated various
aspects of ozone addition in lean HCCI combustion. It was found that only 50 ppm of ozone in n-heptane HCCI
combustion at ® = 0.3 shifted combustion phasing by 10°CA [10]. Enhanced reactivity was also found for ozone
addition to other fuels, like iso-octane [35] and several alcohols [11]. Given these encouraging results in lean HCCI
it seemed obvious to ask whether ozone may also promote ignition in fuel-rich methane HCCI. Thus, we conducted
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experiments with different ozone fractions in fuel-rich methane/DME/air mixtures at @ = 1.9 (Some DME was
needed because the experiments were performed at the rather low compression ratio of 10 [31]).

It is well known from literature on the oxidation in fuel-lean mixtures that ozone decomposes already at
temperatures below 300°C to O, and O radicals. That means that in an engine’s compression stroke, ozone itself
probably does not survive long enough to still be present when the auto-ignition temperatures of methane are
reached. Masurier et al. [99] showed that typical intermediate species in fuel-lean methane/propane/air mixtures
are formaldehyde (CH»0), hydrogen peroxide (H»0O-), hydroperoxyl radicals (HO-), and hydroxyl radicals (OH),
and that those species are formed earlier when 10 ppm of ozone were added. Basevich et al. [100] investigated the
auto-ignition of fuel-lean methane/air mixtures and the occurrence of a blue-luminescent preflame zone in which
partial oxidation takes place before ignition. According to their work methyl hydroperoxide (CH;OOH) and H»O:
are formed simultaneously. Subsequently they decompose and yield OH that accelerates the oxidation. In a plug-
flow reactor, Kaczmarek et al. [101] showed that for methane/n-heptane/air/argon mixtures the reaction of methane
with OH radicals is the most important reaction for methane consumption in fuel-rich mixtures (¢ = 2 — 20). They
also demonstrated for that methane/air mixtures at ® = 8 OH is formed along different paths depending on
temperature: below 800 K this occurs mainly by the decomposition of CH;OOH, while above 800 K H,O: is the
main precursor. Wang et al. [102] investigated the reforming of an iso-octane/n-heptane mixture in an HCCI engine
at ® = 1.4 via simulations. They found that CH;OOH, H,0O,, and 1-hydroperoxyl propionaldehyde (C3HsO3) were
formed at temperatures below 740 K and were therefore regarded as important intermediates in low-temperature
reactions. They subsequently used these species individually as additives in their engine model and found that
each of them decreases the ignition delay time.

To summarize the relevant previous work, it is established that ozone strongly accelerates lean HCCI auto-ignition,
but there appears to be a number of important intermediate species in the oxidation of alkanes that may be directly
or indirectly influenced by the interaction of ozone and the various fuels. The objective of this work is to establish
if ozone is an effective ignition promoter also in fuel-rich HCCI of methane, and — since we found that this is the
case — to understand the ignition kinetics and the importance of different intermediate species.

7.2 Methods

7.2.1 Experiment

The experiments are performed in a four-stroke single-cylinder octane-number test engine modified to also operate
with gaseous fuels. The experimental setup is basically identical to that used in our previous work [31] and
therefore mainly the parts associated with ozone addition are described here. Ozone is produced via corona
discharge in two different ozone generators (Innotec OGuA 5000 for fractions up to 250 ppm, Ozone Solutions
TG-40 for up to 1700 ppm). The generators are fed with 2 slm pure oxygen. In addition, 7.6 slm N; are fed to the
engine’s intake to keep the O,/N; ratio of air. The gases are mixed and then preheated to 150 °C just upstream of
the intake. The cylinder pressure traces for each operating point were recorded and then averaged over 140
consecutive cycles. Table 7 shows the engine properties and operation conditions and Figure 38 illustrates a
schematic of the instrumentation.
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Table 7: Engine properties and operation conditions.
Description Symbeol Value Unit
Rotational speed rpm 595  1/min
Compression ratio £ 10 -

Bore d 65 mm
Stroke S 100 mm
Displacement D 332 om?
Fuel/air equivalence @ 1.9 -
ratio
Intake temperature Tin 150 °C
Intake pressure Pin 1 bar
Coolant temperature T, 100 °C

intake spark plug with product

heating pressure t\ransducer analysis

oy lll, ) =

gas intake exhaust
supply temperature| temperature

Figure 38: Schematic of the instrumentation (see also [31]).

7.2.2 Simulation

The model consists of a zero-dimensional single-zone reactor representing the reaction volume inside the cylinder
including one inlet and one outlet valve for gas exchange. The engine is modeled in Python using the library
Cantera [80] for describing the thermodynamics and reaction kinetics. We chose the engine parameters according
to those of the engine experiments as shown in Table 7 with the piston movement given by the piston velocity
equation of Heywood [23]. The crank angle convention in this paper assigns 0 °CA to compression TDC, i.e.,
crank angles before compression TDC are negative.

For the thermodynamics and reaction kinetics two reaction mechanisms are combined: the mechanism of Burke
et al. [86] that includes 116 species and 710 reactions for methane/DME mixtures is expanded with the ozone
mechanism of Zhao et al. [103]. For each timestep of 0.2 °CA, with the reactor volume changing due to the piston
movement, Cantera solves the species and energy conservation equations. The heat transfer through the walls is
modeled by the Woschni correlation [52] as in our previous work [31]. Since the gas-exchange strokes are now
included, these strokes lead to an additional heat transfer through the walls during gas-exchange. The Woschni
parameters were adjusted to reflect this. The residual gas leads to small changes in the simulation results for each
work cycle. In stable operating conditions the results converge within three work cycles. For the analysis we
simulate 10 cycles after convergence and average the results.
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Since the aim of this work is to investigate ignition, the start of combustion in the experiment should be matched
by the model. Here, CA20 (the crank angle at which 20% of the heat release has taken place) was chosen as a
metric for ignition timing. Eq. (47) defines the heat release rate (HRR) in the engine model, which is then
accumulated and peak-normalized to calculate CA20.

dh.
HRR(t) =V(t)-R-T(t) Z <R—7f(‘t) : a),) (47)

The HRR is dependent on the volume V and temperature T of the mixture, the ideal gas constant R, and the net
production rates of each species &, and their corresponding standard enthalpies of formation dhg ;. The model is

adjusted to match the experiment in two steps. First, we adjust the model compression ratio to 10.35, which is
within the experimental uncertainty, such that the motored pressure trace from the model matches the experimental
one. Then, for a DME/ozone mixture with 5.3 mol% DME and 75 ppm ozone we adjust the Woschni parameters
and the initial temperature at the inlet such that CA20 matches that in the experiment. Figure 39 shows the
sensitivity of the model’s CA20 and temperature at TDC on the initial temperature.

730
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Figure 39: Change of CA20 (dCA20) and temperature at top dead center (TDC) as a function of the change in initial temperature (dT),
illustrating the sensitivity of the combustion phasing on the initial temperature.

Temperature changes of £10 K result in CA20 changes of -2.1 and 5.3 °CA, while the temperature at TDC changes
by +37 K and -24 K, respectively. The in-cylinder temperature after intake valve closing cannot be measured and
the model is not suitable to accurately account for the temperature change during the intake stroke, so there is a
small initial temperature uncertainty. Reflecting these uncertainties, we thus adjusted the main parameters
affecting the TDC temperature to match CA20 in experiment and simulation.

7.3 Results and discussion

7.3.1 Effect of ozone on combustion phasing

Figure 40 compares the cylinder pressure traces in experiment and simulation for three different ozone fractions
(34, 47,75 ppm) in the intake mixture at a constant DME fraction of 5.3% of the fuel and a constant @ = 1.9.
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Figure 40: Cylinder pressure (bar) as a function of °CA for a constant DME mole fraction of 5.3% (in methane/DME) and changing ozone
mole fractions of 75, 47 and 37 ppm (in methane/DME/air). Solid lines show experimental results, dashed lines show model
results. Labels mark CA20 (not for unstable operation with 34 ppm).

In the model the Woschni parameters and the intake temperature were adjusted to match experimental and
simulated CA20 for 75 ppm ozone to within 1°CA. For 47 ppm CA20 matched when the intake temperature was
further increased by 2 K. We conclude that the model predicts the net effect of ozone addition on combustion
phasing sufficiently well. With 34 ppm ozone, combustion becomes unstable in both experiment and simulation;
in the experiment the coefficient of variation of the indicated mean effective pressure is 73%. The averaged
experimental pressure trace shown in Figure 40 contains many misfires, while for the model two different cycles
are shown, also demonstrating the strong cycle-to-cycle variations influenced by the residual gas from each
previous cycle.

The more ozone is added, the earlier ignition occurs, resulting in higher maximum pressure and temperature in the
cylinder. This can be seen in experiment and model. The model results show higher maximum pressures at earlier
crank angles and higher pressure rise rates, typical for single-zone models [104]. Our previous work showed that
this results in slight overprediction of the engine’s work output, but has no significant influence on the product-
gas composition [31]. This indicates that the model is suitable for analyzing the ignition and reaction kinetics in
HCCI engines. The main result here is that in both experiment and model small amounts of ozone influence the
ignition also for fuel-rich HCCI, as already known for lean HCCI [11-21]. The combustion can thus be controlled
by adjusting the ozone content.

The efficacy of DME substitution by ozone was quantified systematically at ® =1.9. DME was substituted by
ozone while keeping CA50 at about 15 °CA. Without ozone, 11% DME in methane were needed for stable ignition.
The DME-content of the fuel needed for stable operation in experiment and simulation could be systematically
reduced by ozone addition. The results are shown in Figure 41.
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Figure 41: Ozone mole fraction in ppm (of methane/DME/air mixture) as a function of DME mole fraction (in mol% of methane/DME
mixture) needed for a constant CA50. Blue triangles show experimental results, grey squares show model results.

The trends in experiment and simulation agree well: small amounts of ozone substitute large amounts of DME,
but the effect exponentially decreases with increasing Os fraction. The simulation predicts a stronger effect of
ozone addition in that more DME may be substituted by smaller amounts of ozone in the model compared to the
experiment while holding the combustion phasing constant. The fuel energy (lower heating value) provided by
DME to the overall fuel energy (CH4 + DME) is 17% for the case with 11% DME without Os. By adding just 64
ppm O3, the energy contribution of DME is reduced to 12%, while the ozone generator needs less than 1% of this
energy.

7.3.2 Buffer intermediates and reaction-path analysis

To understand the mechanism of this DME substitution by ozone, we first investigate the mole fractions of the
major intermediates before ignition, then reaction-path analyses at certain important crank angles are carried out
to gain further mechanistic insight. For this we start with pure ozone addition to methane, which was not studied
experimentally, because at the relatively low compression ratio (10) of the current study the necessary ozone
concentrations exceeded the capacity of our ozone generator. Then, further cases both with only DME addition
and with both additives will be compared.

Figure 42 shows the mole fractions for 2380 ppm Os as single additive (corresponding to the simulated 0% DME
case in Figure 41).
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Figure 42: (a) Temperature and (b) mole fractions of the most important intermediates, OH radicals and methane as a function of crank
angle.

Significant decomposition of ozone into oxygen molecules and oxygen radicals starts at -100°CA and a
temperature of 220°C. At -60°CA around 30% of the initial ozone amount is consumed. At this time the formation
of reactive intermediates begins, but larger amounts are not present. At -40°CA ozone is completely decomposed
and thus it is not a reactant at ignition. The mole fractions of the intermediates O and OH at that CA are negligibly
small. The effect of ozone on ignition must therefore be an indirect effect of the oxygen radicals generated from
ozone decomposition. The main intermediate species that are formed and subsequently consumed again between
the start of the ozone decomposition and the ignition of the mixture are in decreasing order of their maximum mole
fractions: formaldehyde (CH.O), hydrogen peroxide (H,O), methyl hydroperoxide (CH3O0OH), formic acid
(HOCHO), and methanol (CH3OH). CH30OO0H is the only intermediate species that is formed in larger quantities
and does not remain in the mixture until ignition. The CH>O and H»O, mole fractions increase in three distinct
steps until the temperature is high enough for ignition (about 1050 K in this case). The three steps are at -50°CA,
-30°CA, and -11°CA as labeled in Figure 42. Reaction-path analyses were carried out for these crank angles. They
are illustrated in Figure 43.
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Figure 43: Reaction paths for the most important species containing H-atoms. Red arrows illustrate the highest mole flows (kmol/m?s).
The mole flows are divided by the highest mole flow (indicated by 1) and the ratio is illustrated by the line thickness. a) step 1
(-50°CA, T =390 °C, p = 5.1 bar); b) step 2 (-30°CA, T =515 °C, p = 10.3 bar); c) step 3 (-11°CA, T =643 °C, p = 19.4 bar)

Step 1: ozone decomposition

Figure 43 a) illustrates the most important reaction pathways for H-atoms at -50°CA. Oxygen radicals abstract
hydrogen from methane and thus CHz and OH radicals are formed. CH3 and its oxidation products undergo several
reactions with molecular and atomic oxygen, which end in the formation of CH,O, HO,, and CH;OOH. CH,0 and
CH300H do not react further in this temperature range, and HO, forms H»O,, then CH;OOH, and then OH
radicals. The OH radicals also abstract hydrogen from methane and lead to the formation of water. These reactions
take place as long as ozone is present and provides oxygen radicals. This explains the first strong increase in CH>O,
H,0,, and CH30OH concentrations. As the concentration of ozone in the mixture is low, methane conversion and
temperature increase due to exothermal reactions are but both very small at this time.

Step 2: methyl hydroperoxide decomposition

Figure 43 b) shows the most important reaction pathways for H-atoms at -30 °CA and thus the importance of the
CH300H decomposition. Due to ongoing compression and the heat release of the reaction, the temperature of the
mixture is increasing. At approximately 440°C and -40°CA a threshold is reached at which CH;OOH decomposes
to CH30 and OH radicals. Consistent with the findings of Kaczmarek et al. [101] this is the main source for OH
radicals under such conditions. Molecular oxygen reacts with CH3O and forms HO, (and then H>O,) and CH,O.
Additionally, OH radicals abstract hydrogen from methane and this also leads to the formation of CH>O and H20>
via CH300H. The latter is therefore a key species for the ongoing conversion of methane and the formation of
CH;0 and H,0,. The increase of CH,O and H,O, formation is thus higher if CH;OOH is present, which explains
the second step in the species profiles.

Step 3: reaction of formaldehyde and hydrogen peroxide

The most important reaction pathways for H-atoms at -11°CA are shown in Figure 43 c). The conversion of H>O,
starts earlier than the conversion of CH,O, as can be seen in Figure 42. With the additional OH radicals the
hydrogen abstraction from methane, comparable to step 2, is accelerated further leading then to more CH;OOH
that decomposes as well. The additional CHs radicals increase the conversion of CH,O via HO; to H,O» and then
lead to more OH radicals.

With increasing temperature, CH>O is increasingly converted with H radicals to HCO and H» or with OH radicals
to H,O and HCO. HCO increases the formation of HO, via HO, and then OH radicals as well. At 5°CA a
temperature of 780 °C is reached and H,O, decomposes to OH radicals. This finally leads to conditions in which
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the OH concentration is high enough to convert a considerable amount of methane whereby the temperature
quickly rises and ignition occurs.

The ozone decomposition indirectly accelerates the formation of OH radicals and thus increases the temperature
during the late compression stroke. The effectiveness as an additive for ignition depends on a chain of buffer
molecules, CH;OOH, CH,O, and H,O, all with different thermal stability. In the model, also other “virtual
additives” were tested: If instead of ozone the intermediate species CH,O, H,O,, and CH3OO0H are added
separately with initial mole fractions according to their maximum mole fractions before ignition in the case with
2380 ppm ozone, ignition does not occur. The reason is that although CH;OOH decomposes and OH radicals are
present, the temperature increase in the first step (ozone decomposition and CH3OOH formation) is missing. The
temperature necessary for the decomposition of CH;OOH is reached much later, at -12°CA instead of -40°CA,
and this leads to a temperature at TDC that is about 100 K lower — too low for ignition. When more (1775 ppm)
of CH300H are used, the same CA20 as for the case with 2380 ppm ozone is observed and the pressure and
temperature traces are nearly identical, showing the great importance of CH;OOH as a buffer molecule or
precursor for ignition in the partial oxidation of methane/air/ozone mixtures. Additional CH,O or H»O, are not
necessary in this case; these intermediates are formed from CH3;OOH as described above.

Figure 44 illustrates the mole fractions as a function of crank angle after TDC for two cases, a) 12.2 mol% DME
and b) the experimentally investigated mixture of 5.3 mol% DME and 75 ppm ozone.
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Figure 44: Mole fractions and temperature as a function of crank angle. a)12.2 mol% DME, b) the experimentally investigated mixture of
5.3 mol% DME and 75 ppm ozone.

In case (a) with 12.2% DME as the only additive the maximum mole fractions of CH,O and H»>O, are much higher
than with ozone as a single additive and their formation is delayed. About 59% of the initial DME is still present
at TDC in case (a). With DME as the only additive, the role of CH3OOH is minor, because it is not a product of
the low temperature DME chemistry. Now mainly CH>O (and H>O; from CH>0) and OH radicals are formed.
Additionally, DME decomposes at higher temperatures than ozone. A second effect hindering an earlier ignition
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with DME is the higher molar heat capacity. With 12.2 mol% of DME in the methane/DME mixture the molar
heat capacity increases by 4.4% compared to neat methane which reduces the temperature increase during
compression. For ignition, much more DME is thus needed than it would have been the case without this increase
of molar heat capacity.

If small amounts of ozone, e.g. 75 ppm are added to the DME, as is shown as case b), CH;OOH is formed at earlier
crank angles; also formaldehyde is formed earlier. Again, the CH;OOH decomposition leads to H,O» formation
and both provide the OH radicals needed for ignition. The amount of ozone is not high enough to convert DME
completely, but a multi-step reaction appears again.

7.4 Conclusions

Ozone is also in the fuel-rich regime an effective ignition-promoting additive in HCCI engines. This was shown
experimentally for the first time here for methane/DME fuel mixtures. At the given compression ratio of our HCCI
engine, it could not replace DME totally, but reduce the needed DME amount considerably. With this, the energy
provided by DME to the fuel mixture can be reduced considerably as well. The modelling provided some insight
to the mechanism of this process. From the general kinetics of ozone decomposition it was clear that ozone does
not survive the compression process. A more detailed analysis showed that reactions of the decomposition products
of ozone with methane lead to the formation of two buffer molecules early in the compression stroke. Under the
fuel-rich conditions explored here, these are CH3OOH and CH»O. The former is converted prior to ignition into
H>0; and more CH»O, which are also the main intermediates from ozone in fuel-lean HCCI. Without such buffer
molecules that survive to relatively high temperatures and then form reactive radicals, ozone would not affect the
ignition process. In future work, higher compression ratios will be investigated to reduce the amount of additives
needed for ignition further. The use of ozone as a single additive at high compression ratios appears feasible.
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8 Autothermal reforming in a piston engine

This chapter investigates the fuel-rich combustion of CH4+/CO»/O, mixtures in a piston engine. The focus of the
experiments is to determine suitable operating parameters in terms of stable engine operation, syngas production,
CO: conversion, and avoiding soot emissions. In particular, the spark timing, CO; intake mole fraction,
equivalence ratio, and compression ratio were varied. Results show stable spark-ignition operation over a wide
range of the investigated parameters at a compression ratio of 10. Acceptable operation could be achieved within
the spark timing limits of -38° to 10 °CA after top dead center, 7 to 27% CO; in the inlet and equivalence ratios
from 2 to 2.5. A maximum H; yield of 62% could be achieved at an equivalence ratio of 1.9 and a CO» intake mole
fraction of 4% at a compression ratio of 4.5. Spark time advancing from -10 to -38°CA enhanced the dry reforming
reaction and increased the hydrogen yield per methane from 38 to 45%. A significant influence of compression
ratio on the amount of soot in the product gas was observed, showing that higher compression ratios increase soot
formation.

This chapter is slightly modified from [105]:

K. Banke, S.A. Kaiser, Syngas production from biogas in a polygeneration process: Simultaneous partial
oxidation and dry reforming in a piston engine, Proc. Combust. Inst., 39 (2023) 5011-5020,
doi:10.1016/j.proci.2022.08.132.

My contributions include planning, setting up and performing the experiments, the processing, analysis,
interpretation, and visualization of the experimental data, and writing the first draft of the manuscript. Sebastian
Kaiser was involved in the conceptual design of the study and in reviewing and writing the manuscript.

8.1 Introduction

With increasing use of renewables that are not available on demand, a growing concern in energy conversion is
the need for flexibility. Usually, power production and chemical conversion are separate, steady-state processes,
running at fixed, optimized conditions. Combining the production of several, useful outputs in one single process
— “polygeneration”— could provide high exergetic efficiencies and flexibility at the same time. Established
polygeneration couples processes for power production and material conversion, each optimized separately and
then linked without much flexibility, e.g. in steel production plants [27]. For some applications, more flexibility
may be achieved by conducting such a polygeneration process in a piston engine and switching between increased
power or syngas production [30].

Methane reforming is the most used industrial process for the production of hydrogen and syngas (hydrogen and
carbon monoxide) [106]. In most cases steam is used as reforming agent. The net reaction of such “steam
reforming” (SR) is given by eq. (48). It yields syngas with high H,/CO ratios (often around 3 or 4). “Dry reforming”
(DR, eq. (49)) uses CO; as the reforming agent. The use of CO; as an educt is increasingly seen as an attractive
feature of this process. DR is especially interesting for applications that require syngas with a low H»/CO ratio like
Fischer-Tropsch or methanol synthesis [107,108]. Both, the SR and the DR processes are highly endothermic, and
generally catalysts are used to decrease the temperatures needed for conversion. For DR expensive noble metal
catalysts like palladium can be used, but usually less expensive ones like nickel or cobalt are favored although
they have a greater tendency for deactivation by coking or oxidation [109-111].

k
CH, + H,0 < CO + 3H,,AH = 206m—(])l (48)
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k
CH, + CO, & 2CO + 2H,,AH = 260—] (49)
mol
kJ
CH, + 0.50, & CO + 2H,,AH = 71— (50)

Another method of producing syngas is the partial oxidation (POX) of methane, as given by eq. (50). It uses less
complex reactors and does not need a catalyst [112]. In this process a fuel-rich mixture reacts exothermically to
produce hydrogen and carbon monoxide. Since oxygen is present, complete oxidation to the products H,O and
CO, will also occur to a certain extent. The hydrogen yield per methane is much lower for partial oxidation than
for steam reforming. Often, partial oxidation is combined with SR or DR. In this case the partial oxidation can
provide the enthalpy needed for the reforming reaction. This is also called “autothermal reforming” (ATR). ATR
is not as widely used as SR. It yields lower H»/CO ratio syngas and is limited by soot formation [14,113]. However,
ATR could potentially decrease the cost of syngas production in a Fischer-Tropsch process [114].

Several approaches for syngas production in piston engines have been investigated. They are based on the
combustion of very fuel-rich methane-based mixtures, which tend to have low reactivity. A challenge with those
mixtures is stable engine operation, since it can be hard to reach sufficient conversion with low-reactivity mixtures.
Szeszich et al. used spark ignition with a compression ratio of € = 4.5 and an intake mixture of methane and
undiluted oxygen at equivalence ratios in the range of ® = 2.5 to 2.8 [4]. The resulting exhaust gas contained up
to 95% syngas after drying. The soot limit was between @ = 2.5 and 2.6. Karim et al. investigated fuel-rich
compression-ignition with pilot-fuel injection [7,36]. The intake air was enriched with variable amounts of oxygen
to ensure stable operation. They reported syngas fractions of up to 80% in the dry exhaust. McMillian and Lawson
investigated the partial oxidation of natural gas / air mixtures with equivalence ratios up to @ = 1.6 in spark ignition
mode at a compression ratio of € = 13.3 [5]. They found the operating stability limit at about a maximum ® = 1.6
with about 11% H> in the dry exhaust. Lim et al. worked to extend the operating range in spark-ignition mode to
equivalence ratios useful for syngas production by strong preheating, spark time advancing, and hydrogen
enrichment of the feedstock [6]. With intake temperatures of 480°C and early spark timings between 45-30° CA
before top dead center (bTDC) they achieved cycle-to-cycle variability of under 20% at equivalence ratios of
® = 2. Yang et al. conducted partial oxidation in HCCI mode in a modified diesel engine with compression ratio
18 at equivalence ratios between ® = 3.1 and 9.1 [37]. They also varied the O, and CO; fraction in the mixture and
achieved maximum syngas fractions of ~ 41%. Another approach that was studied by Alger et al. is the fue-rich
in-cylinder reforming in a dedicated cylinder with exhaust gas recirculation (D-EGR) to the remaining cylinders
of a spark ignition engine [115,116]. They found an increase in efficiency and a decrease in pollutant formation
by using this approach. The same approach was investigated by Zhu et al. in a natural gas engine [38,117,118]
where it lead to accelerated combustion, increased efficiency and decreased pollutant emissions. Simulations of
in-cylinder reforming in a HCCI engine were carried out by Zhou et al. [119] who found a retarding effect of the
reformate on the HCCIl-combustion, providing a possible control parameter. A comprehensive review on
reforming in internal combustion engines was given recently by Tartakovsky and Sheintuch [39].

In our own work we demonstrated the partial oxidation of fuel-rich methane-based mixtures with homogeneous
charge compression-ignition (HCCI) at compression ratios of € =10 and with intake temperatures of 150°C or
less, using DME, n-heptane, and ozone as reactive fuel additives to control combustion phasing [8,31,91]. The
HCCI mode extended the operating range to ® > 2.8, which is more favorable for syngas production. However,
the soot limit was around ® = 2.0.

Generally, the nitrogen in the air dilutes the chemically active part of the charge. This limits the maximum in-
cylinder pressure, temperature, and especially the pressure rise rates. However, fuel-rich methane mixtures have
high heat capacity and low laminar flame speeds [120]. Diluting the mixture with CO> (for example as found in
biogas) exacerbates these issues. This then makes oxygen enrichment reasonable, because the heat release rate is
limited anyway in fuel-rich combustion, and increasing the oxygen fraction increases the mixture reactivity. Since
the enthalpy needed for the dry reforming is provided by partial oxidation, this may be regarded as ATR in a piston
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engine. Such a process was already investigated in experiments in a rapid compression machine (RCM) by Gossler
et al. [121]. Using simulations and optimization methods, they found operating points with CO, conversions of
over 50% and confirmed the results in experiments.

Here, we extend that previous work to a reciprocating engine. To that end, our experiments investigate the
operating stability, syngas production, soot production, and fuel conversion in an internal combustion engine
operated on fuel-rich CH4+/CO»/O, mixtures.

8.2 Methods

8.2.1 Engine and instrumentation

The experiments were conducted the modified single-cylinder BASF-type octane-number research engine
described in more detail in chapter 3. The intake temperature was Ti, = 48°C, and the intake pressure was ambient
pressure (pin = 1 bar). Figure 45 shows a schematic of the engine instrumentation.

product
CHas O2 spark plug with ~ analysis
pressure transducer
\ /
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intake
temperature||

product
temperature

Figure 45: Schematic of the engine instrumentation. Distances in the flow direction are not to scale.

The intake flows were controlled by mass flow controllers (MFC). The CO; stream was led through a 300 L
plenum to balance the pressure fluctuations in the engine intake, and CHs and oxygen were then added about 50
cm upstream of the intake port. The product gas composition (H,, CH4, CO, CO») was detected by a commercial
exhaust gas analyzer (ABB Advance Optima 2020), while the filter smoke number (FSN) was measured by an
AVL smoke meter. To measure the exhaust composition the engine was run in one operating point until the
composition was stable.

The pressure data were collected with 0.1°CA resolution by a spark-plug integrated pressure transducer. Based on
140 recorded consecutive cycles, the average indicated mean effective pressure (IMEP), its coefficient of variation
(CoV), and the mean of the maximum pressure rise rate (PRRmax) were calculated. As criterion for stable engine
operation a CoV limit of 10% was set. To limit the mechanical stress to the engine a limit for acceptable operation
was set at a PRRyax of 10 bar/°CA.

8.2.2 Experiments

For most experiments, the compression ratio was € = 10. A spark timing of -10°CA after top dead center (aTDC),
an intake CO; fraction Xcoz, in = 20%, and an equivalence ratio ® = 2.3 are taken as the reference condition here.
Each of these three parameters was varied systematically, keeping the other two constant at their reference value.
The spark timing was advanced from -10°CA to -38°CA in 5° increments (apart from the last step), and then
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retarded in 5°CA increments from -10°CA to 15°CA. The volume flow of CO, was varied in increments of 4
standard liter per minute (slm), resulting in 6-7%-points increments in Xcoz, in Within a span of 0 - 33%. The
equivalence ratio was varied from ® = 1.9 to about 2.5. In addition to these three systematic variations, some
experiments were done with different compression ratios, but since the other parameters could then not always be
kept constant while maintaining stable operation, a systematic variation of this parameter is not included.
Nevertheless, these single operating points yielded some interesting results that are included here. Table 8 shows
the varied parameter range and reference parameters.

Table 8: Range of parameter variation and reference parameters. Spark timing (ST), CO2 intake mole fraction Xcoz2, in,
equivalence ratio ® and compression ratio &.
ST XC02, in ) €
Varied -38— 0-33 1.9- 4.5 -
range  +15°CA % 25 13.5
Ref. -10°CA 20% 23 10

8.3 Results and discussion

8.3.1 Cylinder pressure and operating stability

An important issue in operating a piston engine is how the cylinder pressure behaves, because excessive maximum
pressures or pressure rise rates are mechanically harmful for the engine, while low values cycle-to-cycle variations
and low thermodynamic efficiency. Figure 46 shows the pressure traces for the three major parameter variations.
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Figure 46: In-cylinder pressure traces for variation in a) spark timing, b) intake mole fraction of CO2, and c) equivalence ratio. The black
line represents a motored pressure trace with the reference intake composition (® = 2.3, xcoz, in = 20%).

In Figure 46 a) the pressure traces for a variation in spark timing show an increase in peak pressure from around
40 bar in the reference case (-10°CA) to about 70 bar maximum pressure for -35°CA spark timing. Even with this
spark timing knocking does not occur. Advancing the spark timing further to -38°CA leads to decreasing peak
pressure because the increase in heat losses cannot be compensated anymore by the increase in heat release before
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TDC. Retarding the spark timing beyond 5°CA decreases the peak pressures to values below the motored TDC
pressure, but combustion still occurs. Varying Xcoz, in results in similar changes of the maximum cylinder pressure,
as can be seen in Figure 46 b). For the COs-free case of Xcoz,in = 0% the peak pressure is around 75 bar.
Combustion is stable up to CO; intake mole fractions of 27%. The differences in the pressure trace here originate
from those in laminar flame speed and heat capacity of the mixture. Similar results can be seen in Figure 46 c) for
varying the equivalence ratio. Again, this shift in combustion phasing is caused by changes in laminar flame speed
and heat capacity.

Figure 47 shows the locally averaged cylinder temperature T.,i and the specific heat capacity ratio y over the crank
angle for the same experiments as in Figure 46.
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Figure 47: Locally averaged cylinder temperature Tey1 and specific heat capacity ratio y over crank angle for variation in spark timing (ST),

COz inlet mole fraction xcoz, in, and equivalence ratio ®.

The heat capacity ratio y was calculated using a two-zone model. Two different y, one for the intake composition
and one for the exhaust composition were calculated crank angle (temperature and pressure) dependent using the
chemical toolbox “Cantera” for python. Then a combined gamma was calculated by weighting the two using the
mass burn function (MBF). Such an approach is described in detail in [24]. The temperature T.yi was calculated
using the ideal gas law with the measured averaged pressure traces from Figure 46, the heat capacity ratio of the
mixture and the cylinder volume calculated from the engine kinematics.

While in Figure 47 a) a shift in spark timing from -35 to 5°CA reduces the maximum Ty by around 1000 K a
much more drastic effect of the temperature can be seen for the CO; variation in Figure 47 b). In this case the
temperature maximum of 4000 K is reduced to below 2000 K when 33% CO: is added. The strong reduction can
be explained by the higher heat capacity of CO, as can be seen in Figure 47 ) and also by dilution of the more
reactive part of the mixture through the CO,. The temperature decrease for increasing equivalence ratios in Figure
47 ¢) is similar to the Xcoo, in variation but less pronounced. The main reason for this is the smaller difference in
heat capacity of the different mixtures which can be seen in Figure 47 f).
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Figure 48 shows the pressure-based metrics IMEP, CoV and PRRumax. For the variation of spark timing shown in
Figure 48 a) the engine operation is stable with CoV < 10% for all operating points but the most retarded one,
15°CA aTDC. This point shows high cyclic variation with 50% CoV. With early ignition PRR . increases up to
7 bar/°CA. The pressure increases faster with early spark timing because the same heat is released at lower cylinder
volume. PRRmax does not exceed the limit of 10 bar/°CA in any of the operating points.
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Figure 48: Engine operating parameters for variation in a) spark timing, b) mole fraction of CO: in the intake mixture and c) equivalence
ratio. Dashed lines represent the limits for acceptable operation with less than 10 bar / °CA in PRRmax and 10% in the CoV.

This suggests that the mixture’s heat capacity is high enough to sufficiently attenuate the pressure rise even for
very early combustion. The maximum IMEP of about 8 bar is (by coincidence) at the reference timing of -10°CA.
For early spark timings IMEP decreases because of the increasing heat losses, which are unusually large in this
knock-testing engine that was never designed for power generation and good efficiency. For later spark timing the
IMEP decreases because of heat release at lower maximum pressures and the resulting lower thermal efficiency,
and additionally for the latest spark timing because of misfires.

Varying Xco, in (Figure 48 b)), the CoV shows stable operation for compositions except for Xcoz, in = 33%. In this
case the flame speed of the mixture is too slow to ensure sufficient combustion before the expanding volume
quenches the reaction. The IMEP is at its maximum at 7 and 14% CO in the intake and decreases with less CO,
because of the increased heat losses with early combustion. For higher CO; intake fractions, it decreases due to
the decreasing efficiency and the decreased overall chemical energy in the cylinder. For Xcoz, in = 0%, PRRmax
exceeds the limit of 10 bar/°CA. It reaches a value of 16 bar/°CA in this case because of the combined faster
combustion and lower heat capacity.

Figure 48 b) shows an additional data point at Xcoz, in = 4% for the compression ratio of € = 4.5. This data point
shows that stable operation is also possible at this very low compression ratio but with a significantly lower
pressure rise rate of 4 bar/°CA instead of over 7 bar/°CA for € = 10. At first surprisingly, the IMEP is similar to
that at € = 10. This is because of the unusually high heat losses in this engine. These heat losses increase with
compression ratio, which counteracts the thermodynamic increase in efficiency.

The effects of variation in equivalence ratio are shown in Figure 48 c). Operation is stable for all points. PRRmax
exceeds the limit only for the lowest investigated equivalence ratio of ® = 1.9, i.¢., the one closest to stoichiometric
conditions. IMEP decreases slightly with increasing equivalence ratio, from 8 to about 7 bar, because of the lower
oxygen fraction in the mixture, which is the limiting factor for heat release in the fuel-rich regime. Additional data
points for compression ratios € = 8 and 6 are shown in Figure 48 ¢). For operation at ® = 1.9, decreasing the
compression ratio yields a significant reduction in the pressure rise rate. For ® = 2.3 however, operation at € = 6
is unstable with a CoV of almost 90%.
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8.3.2 Yields, conversions, and efficiencies

Some important metrics for the usefulness of a chemical process are yields, conversions, and efficiency. The
hydrogen yield Yu is calculated via eq. (52) with the outgoing molar flow of hydrogen 7y, ¢, the overall molar
flow rate into the system 7;,,, and the fraction of methane in the intake Xx¢p4 j,,. The conversions X of CO, and CHa4
are calculated via eq. (53) with the molar flows 1; ;,, and n; o+ of each species 7 going into and out of the system,
respectively. The calculation of the exergy loss E; is based on the Gouy-Stodola theorem (E; = TampSirr) With the
ambient temperature Tamy = 298 K and the entropy production Si of the engine cycle as described in our previous
work [8]. The exergetic efficiency 1. is then calculated via eq. (51)

E
(E a— (51
with the specific chemical exergy of methane ecus = 52.281 MJ/kg.
e = 7(1;1;; “2) G2
X, = M~ Miout (53)

N in

The hydrogen yield, the conversions of CO; and CH4 and the exergetic efficiency are plotted in Figure 49.
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Figure 49: Hydrogen yield, conversions of CO: and methane, and the exergetic efficiency for variations in a) spark timing, b) intake mole
fraction of COz2, and c¢) equivalence ratio. Negative CO2 conversions are not shown.

For the spark timing variation in Figure 49 a) the minimum H; yield is at -10°CA. Advancing the spark timing
increases the hydrogen yield from 38 to 45% while the CO, conversion increases from 34 to 38%. The methane
conversion is mostly independent from spark timing at values of about 90%. We think that the higher temperatures
reached by earlier combustion phasing promote the endothermal dry reforming reaction. The exergetic efficiency
is constant at about 78% for spark timings before -10°CA, decreasing slightly for later timings. This is probably
caused by the reduction in work output because of the late combustion.
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Figure 49 b) shows the effects of varying the CO, intake mole fraction. The maximum H> yield is at Xcoz, in = 20%.
It decreases for lower Xco2, in because less dry reforming takes place. This can also be seen in the CO, conversion,
which decreases drastically with decreasing Xcoz, in. For low Xcoz, in more CO; is in the product than in the educt.
COs conversions is not shown in this case because conversion is not a reasonable metric if the CO» output is
significantly higher than the input. Increasing Xcoz, in from 20 to 27% leads to decreasing H» yield. Probably at this
point the peak temperatures are so low that they significantly slow down hydrogen formation. The exergetic
efficiency increases with increasing CO, fractions to a maximum of nex = 78% at Xco2, in = 20%. For 27% CO it
is decreasing again. Methane conversion has its minimum of 88% at Xcoo, in = 20%, while its maximum is 94% in
the CO,-free case. The results for a lower compression ratio of € = 4.5 show a significantly higher hydrogen yield
of 62% compared to less than 40% at € = 10. This suggests that at lower pressures significantly more methane is
converted to hydrogen instead of water. This is consistent with lower pressures promoting volume-increasing
reactions.

For the equivalence ratio variation shown in Figure 49 ¢) the maximum hydrogen yield is at the lowest investigated
equivalence ratio of ® = 1.9. This is counter-intuitive because if all other process parameters were held constant
one may expect the hydrogen yield to increase with increasing @, because the stoichiometric equivalence ratio of
partial oxidation (eq. (50)) is at ® =4 with ® based on complete oxidation. Unfortunately, in an engine not
everything can be held constant. Since the equivalence ratio is varied and the spark timing is constant, the
combustion phasing and the temperature-pressure history the cylinder charge experiences is changing drastically,
as seen in Figure 46 c). As already shown in Figure 49 a), the hydrogen yield increases with earlier combustion,
because of the promoting effect of the higher temperature on dry reforming. This results also in a higher hydrogen
yield for the lower equivalence ratios because the promoting effect of early combustion seems to be predominant
over the increase of hydrogen yield with increasing equivalence ratio. The CO, conversion is increasing with
equivalence ratio. This is consistent with the findings of Gossler et al. who found the optimum conditions for CO,
conversion at about Xcoz, in = 20% for ® = 2.8 [121]. The methane conversion in Figure 49 c) is decreasing with
increasing equivalence ratio because of the increasing lack of oxygen. Exergetic efficiency is increasing for higher
equivalence ratios. For the lower equivalence ratios of € = 8 and 6 two significant features can be seen. For ¢ = 8
at @ =2.3 a higher hydrogen yield can be found than at € = 10 despite the lower CO- conversion. This is consistent
with the result for € = 4.5 from Figure 49 b). But for the two points for € = 8 and 6 at an equivalence ratio of
® = 1.9 the hydrogen yields are lower than for € = 10. This suggests that the promotion of hydrogen formation by
lower compression ratio is stronger with higher equivalence ratio.

8.3.3 Soot in the product

Soot formation is a common problem at fuel-rich conditions. In polygeneration, downstream processing is likely
to require a soot-free product stream from the engine, and the less soot needs to be filtered out, the better. For this
reason, soot in the product gas was investigated. The FSN is shown in Figure 50.
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Figure 50: Soot in the product gas for variations in a) spark timing, b) intake mole fraction of CO,, and ¢) equivalence ratio. The error bar represents the
standard deviation of 17 datapoints recorded during 13 different engine runs at reference conditions. The data point at reference conditions is

the arithmetic mean of this data. Other data points are the average between 2 FSN measurements conducted at the same engine run.

The most notable feature is the high variance that can be seen in Figure 50 a), b) and c) at reference conditions (-
10°CA spark timing, Xcoz,in = 20% and @ = 2.3), where multiple measurements were performed. Especially for
small FSN < 1 it is usually suggested to increase the volume of the gas sample that is fed through the filter paper
to increase accuracy of the measurement. However, in our case the standard volume of 1000 ccm exhaust used in
the smoke meter 415S was held constant. For this reason, we limit the analysis of the data to qualitative
conclusions. Also, to accurately capture trends more data over the whole parameter span would be necessary. A
few features can be seen anyway. For the variation of spark timing in Figure 50 a) there may be a slight increase
of the FSN with earlier timings. The variation in CO; fraction in Figure 50 b) yields no significant trend. The
equivalence ratio in Figure 50 ¢) however, shows a distinct influence on soot output. Starting at ® = 2.3, increasing
@ leads to increased soot output with FSN = 5.6 at ® =2.47. This is expected. But decreasing the equivalence
ratio from @ = 2.3 to 1.9 also increases soot production. This is counter-intuitive because from a chemical point
of view, bringing the equivalence ratio closer to stoichiometric should decrease soot formation. However, varying
the equivalence ratio also changes the pressure-temperature history. Reducing the equivalence ratio leads to early
combustion and increased pressures and temperatures, as shown in Figure 46 c), and as already seen in Figure 50
a) an early shift in combustion may increase soot formation. In terms of soot, ® = 2.3 is the optimum here. Varying
the compression ratio yields another notable result. The lowest soot concentration is found for a compression ratio
of € =4.5 at Xco2,in = 10%. The higher compression ratio of € = 13.5 yields slightly increased soot, and the lower
compression ratios of € = 8 and 6 in Figure 50 c) less soot than € = 10. Overall, the results in Figure 50 b) and c)
indicate that a lower compression ratio significantly decreases soot in the product gas.

8.4 Conclusions

The combustion of fuel-rich mixtures of CH4+/CO/O; in a reciprocating piston engine was investigated. Mainly,
spark timing, CO, intake mole fraction, and equivalence ratio were varied at a compression ratio of ¢ = 10. A few
data points for different compression ratios were also recorded. Stable operation of the engine was possible over
a wide range in the investigated parameters. For ® = 2.3 and Xco2, in = 20% operation was stable for spark timings
from -38°CA to 10 °CA. At a spark timing of -10°CA operation was stable for Xco2,in = 0 — 27%. For 0%, however,
the maximum pressure rise rate exceeded the 10 bar/°CA pressure rise rate limit. The equivalence ratio could be
varied from ® = 1.9 to 2.5 with stable operation, with only the ® = 1.9 case exceeding the pressure rise rate limit.
Early spark timings had positive influence on the H, yield and CO, conversion. The variation of Xco2, in showed a
maximum H» yield of Y = 43% for Xcoz, in = 20%. With Yu, = 62%, the overall highest H» yield was found for
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the very low compression ratio of € =4.5. Soot in the product gas increased slightly with early combustion. A
significant influence of Xcoz, in 0n soot could not be found. The minimum fraction of soot for € = 10 was found at
an equivalence ratio of ® = 2.3. Lower equivalence ratios produced more soot. The compression ratio showed a
significant influence on soot in the product gas, with lower compression ratios drastically decreasing soot output.

The results show that the proposed concept could be suitable for syngas production from CO,-enriched methane.
The process yields work, heat, and syngas at the same time, the ratio of which can be adjusted to demand. The use
of pure oxygen as the oxidant enables stable fuel-rich operation even at high equivalence ratios and CO; contents.
This makes it possible to use biogas or natural gas with CO; addition from upstream processes as feed and convert
a significant part of the CO, while still producing power output.
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9 Conclusions and Outlook

9.1 Conclusions

The aim of this work was to investigate strategies for fuel-rich operation of piston engines for polygeneration, i.e.,
the simultaneous production of mechanical work, heat, and useful chemicals. One important part of these
investigations was the fuel rich HCCI operation of engines. It was shown by Wiemann et. al that for operation
with air as the oxidizer HCCI operation can extend stable operation to much higher equivalence ratios than SI
operation [8]. Hence different ways to enable HCCI operation for very fuel-rich methane-based mixtures and their
respective limits were investigated. Also, the conversion of carbon dioxide via dry reforming reaction in the engine
was investigated since the use of CO; as an educt has gained increasing importance. The exothermal reaction of
the partial oxidation of methane can be used to drive the endothermal dry reforming reaction — yielding “auto-
thermal reforming”. CO, addition to the fuel-rich mixtures further increases auto-ignition resistance because of
the high heat capacity of CO». For this reason, a different operating strategy was chosen. Using pure oxygen as an
oxidizer enables fuel-rich operation even in SI mode [4]. Furthermore, it eliminates the nitrogen dilution of the
product which occurs when using air. For those reasons the investigation of SI operation with pure oxygen and
CO; addition was also part of this work.

For the experiments in this work a BASF octane number research engine was modified and operated in HCCI and
SI mode. The modifications include an injection system for different gases and liquids since several additives with
very different properties were used. Other modifications include increasing the compression ratio and redesigning
the combustion chamber geometry. Due to the high auto-ignition resistance of the investigated mixtures higher
compression ratios were introduced to limit the amount of additive needed for stable engine operation. This was
achieved by implementing metal inserts into the combustion chamber and reducing the compressed volume in this
way while simultaneously converting the non-ideal “L”-form of the combustion chamber to a more cylindrical
one. A modern ignition system was installed for precise variation of the ignition timing, as the outdated mechanics
of the engine for setting the ignition timing did not allow this.

Temperature and composition of the intake mixture have a significant influence on auto-ignition. Thus, the
influence of these parameters was investigated first. DME was used as additive for these experiments because it
is very reactive compared to methane and it can be derived from biomass. A method to determine an acceptable
operating range for the engine was introduced. For this purpose, the pressure-based metrics CoV and pressure rise
rate were calculated and limits were set for them. The DME fraction was then varied and the influence on CoV
and PRRm.x was investigated. For an intake temperature of 150°C and in the range of ® =1.66 to 1.84 the
acceptable operating range was found to be at xpme = 8.6 t0 9.8%. The equivalence ratio was varied from
® =1.6to 2.3. A distinct soot limit was found around ® = 2. Below that limit, the concentration of soot was below
10 mg/m?, while above it increased significantly. For most of the operating points higher intake temperatures
decreased the amount of additive needed for stable operation, as expected. Simulations performed by collaborators
could capture the trend from the experiments in combustion phasing when the temperature at start of compression
was adjusted by about 10 K, which is within the experimental uncertainty. Also, the flexible use of polygeneration
in an engine could be demonstrated. By increasing the equivalence ratio, the work output could be reduced by 20%
while simultaneously increasing the exergetic efficiency from 71 to 82%. Maximum selectivities of up to 72% for
H; and 79% for CO were found.

It was shown that polygeneration in ICE is possible when operating in HCCI mode with DME as the additive. In
a next step it was investigated which additive would be most suitable. The additives DME, DEE and n-heptane
were compared in terms of mole, mass, and energy fraction in the additive-fuel-mixture, the timing and intensity
of the heat release, and the operating stability. These additives were chosen because all of them have very high
auto-ignition tendency. In terms of operating ranges, the narrowest range was found for n-heptane and the widest
for DME. The latter allowed for late, stable combustion. In terms of additive mole, mass, and energy fractions, the
lowest fractions needed for stable operation were achieved with DEE. It is the most reactive of the three tested and
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proved to be also the most potent ignition enhancer. In terms of mass and energy fraction significantly more n-
heptane was needed than DME and DEE. The heat release analysis, which was specifically adjusted to fuel-rich
operation for this work showed very similar early heat release behavior for DME and n-heptane, while DEE had
significantly less NTC behavior and more heat release at very early crank angles. Additionally, the in-cylinder
temperatures and the heat release analysis suggest that the heat capacity of the additive itself has significant
influence on the auto-ignition behavior and the amount of additive needed for acceptable operation. For a better
comparison of syngas production with the different additives, the dependency of syngas fraction on combustion
phasing was investigated. It was found that a shift of combustion phasing within the operating limits could change
the Ha-fraction in the product by about 1%-point. For a comparison of the influence of the different additives on
the syngas fraction in the product the experiments were conducted at a constant CA50 of 15° aTDC. It was found
that the choice of additive has no significant influence on the syngas production. The temporal species evolution
showed that all three additives basically follow similar reaction pathways and initiate ignition by OH radical
formation and H abstraction. However, DEE forms significant amounts of OH much earlier than the other
additives. The overall results from this set of experiments suggest that a good additive has high reactivity and
releases OH radicals as early as possible while it has a low heat capacity which means high temperature at the end
of compression.

The previous experiments showed that even in the case of DEE still over 15% of the heating value of the additive-
fuel-mixture came from the additive. This is not desirable since the basic idea is to use methane as an inexpensive
base fuel, and the price of the additives is significantly higher. An alternative ignition promoter is ozone. It had
been successfully used in lean HCCI [10]. Therefore, it was investigated whether it is similarly effective in fuel-
rich HCCI and what the kinetics behind its auto-ignition promoting effect are.

First, DME was consecutively substituted by ozone at a constant CA50. At a compression ratio of € =10 and
150°C intake temperature around 5%-points of DME could be replaced with just around 50 ppm of ozone. In this
systematic substitution, ozone showed a strong effect when added in small amounts but an exponentially
decreasing efficacy with increasing ozone fractions. For the given conditions ozone could not replace the DME
completely but the additive energy fraction could be reduced significantly. The modelling by colaborators showed
that the ozone decomposes quickly during compression and forms CH;OOH and CH,O as buffer molecules that
survive to higher temperatures. CH;OOH further decomposes to H.O, and CH,O during compression. The
investigations suggest that ozone is a very potent ignition promoter in small quantities and could be especially
useful at higher compression ratios where not much additive is needed.

Second, the compression ratio of the engine was increased systematically. Metal inserts in the combustion chamber
increased the range of adjustable compression ratios in the engine from € =4 to 10 in its original state to € =4.5
to 20 in the modified form. The engine was operated with CH4+/DME mixtures in HCCI mode, and the compression
ratio was increased in steps of € = 2 and at the same time the DME fraction in the intake was reduced to maintain
stable operation at the acceptable CoV limit. It was found that increasing the compression ratio from € = 10 to 16
leads to a reduction of the critical DME mole fraction xpme from 9% to below 1%. When the mixture preheating
was reduced from 150°C to 50°C, about 2% DME were needed. It was also possible to operate the engine
completely without additive with a compression ratio of ¢ = 18 at ® = 1.4 and with a compression ratio of ¢ =19
at ® = 1.65. However, then the DME fraction in the intake is lost as a potential control parameter.

It has been shown in RCM experiments and simulations by Gossler et al. that significant amounts of CO; in the
feedstock can be converted via dry reforming reaction in fuel-rich engine operation [121]. As part of this work a
process with a fuel-rich mixture and different fractions of CO: in the intake was investigated to test such an
application in a real engine. CO; has a high heat capacity and further increases the auto-ignition resistance of the
fuel-rich methane-based mixture, which is already difficult to ignite. HCCI operation in this case would be difficult
to achieve and would require much reactive additives or excessive preheating. For this reason, for the engine
experiments SI operation was chosen. To operate the engine stably in SI mode, however, instead of air pure oxygen
was used as the oxidant. This strategy also reduces the effort for downstream gas separation of the products since
mostly undiluted syngas is produced. The investigations included parameter variations of the equivalence ratio in
the range of 1.9 <® < 2.5, of the CO, mole fraction in the intake in the range of Xxcoz,in = 0 to 33%, and of the
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spark timing in the range of -38°CA to 10°CA after top dead center. While these parameter variations were
conducted at compression ratios of &€ = 10, for some points also different compression ratios were investigated.
The results showed stable operation for almost all investigated conditions. Xco2, in 0f 33% led to unstable behavior
while operation without CO; and at @ < 2 resulted in exceeding the maximum pressure rise rate limit. The
maximum CO; conversion was found to be about 40% at Xcoz, in= 20%. Hydrogen yields of up to 50% were found
at early spark timings for € = 10. At the very low compression ratio of € = 4.5, even 62% hydrogen yield could be
achieved. It was also found that significantly less soot was produced at low compression ratios.

Overall, it can be concluded that syngas production by fuel-rich engine operation works over a wide range of
different operating conditions. The high thermal buffer capacity of fuel-rich methane-based mixtures reduces the
pressure rise rates and thus the tendency of HCCI operation to knock or ring and make it a viable operating strategy
for syngas production in piston engines since it enables stable operation in the very fuel-rich regime. Compression
ratios near the mixtures auto-ignition limit are favorable to reduce the additive demand. For equivalence ratios
near the soot-limit, which produce the most syngas without producing excessive soot (at about ® = 2), without
mixture preheating, those would be around € = 18. In this case only small amounts of additive are needed, and
ozone would be a good choice since it is highly effective when added in small amounts. When operation with pure
oxygen as oxidizer is employed, SI operation is recommended. The high oxygen content increases the flame speed
such that the engine can be spark-operated at very rich equivalence ratios. In this case low compression ratios are
favored since they reduce soot formation and increase hydrogen production.

9.2 Outlook

The investigations in this work focused on experiments supported by simulations of the chemical kinetics in the
engine, the latter performed by collaborators. A next step would be to find an array of possible applications for a
flexible polygeneration engine that produces syngas, to narrow down the most promising concept and to simulate
and evaluate the entire process concept. The exergetic efficiencies presented in this work are comparably high, but
they do not include upstream or downstream processing which have to be taken into account in order to determine
the usefulness of the technology. In a next step the efficiencies of an entire process should be evaluated. Also, an
economic analysis would be useful to evaluate and show the potential of the technology. Such an analysis should
include varying costs for energy and potential storage systems to ensure that the full potential of the flexible
polygeneration system can be exploited. Preliminary investigates, not reported here, showed that a wastewater
treatment plant could be a good target application. In most wastewater treatment plants biogas produced by the
digestion tower is supplied to CHP units to produce power and heat that is needed to run the plant. However,
especially in the summer at high temperatures the heat demand of the plant decreases drastically and at some point,
the CHP unit needs to be switched off. In this case biogas is flared and energy is wasted. Instead of switching the
CHP unit off it could be modified to produce syngas instead decreasing heat and power output and instead
producing a useful chemical. The syngas could be used as feedstock for a methanol synthesis yielding an easily
storable liquid. In addition, some of the methanol can be used to feed the bacteria of the biological stage of the
wastewater treatment plant.

Places where natural gas is flared that otherwise cannot be used are also possibly suitable, as the process concept
is also easily scalable to small sizes and can be adopted to mobile applications as for example suggested by Lim
et al. [6] who proposed a mobile gas to liquid system using an engine to produce syngas. In addition, plants with
varying heat or power requirements may be suitable because they could make use of the process’s flexibility. Once
a possible process concept is evaluated, the next step is to choose an engine and modify it to run with an operating
strategy suitable for polygeneration e.g., as suggested in 9.1. Operating parameters should be optimized to adjust
the process to the desired hardware, specifications, and to maximize efficiency.

Investigating aspects of chemical kinetics during the auto-ignition phase in HCCI operation could give better
insight in which effects influence ignition and early combustion and how to achieve better control of it.
Experiments in an optically accessible engine using UV absorption spectroscopy may elucidate the formation and
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conversion of intermediate species like H2O» or CH»O during ignition and early combustion and help gain a better
understanding in the effects of different additives on auto-ignition of fuel-rich methane-based mixtures. This could
help to identify groups of optimal additives.
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Appendix

A Uncertainties

To estimate uncertainties of the exhaust gas analysis (EGA), a gas chromatograph (GC) with a mass spectrometer
(MS) and a thermal conductivity detector was used. An experiment with @ = 1.9 in HCCI mode was repeated 10
times and samples of the exhaust were taken. The GC measurements were compared to measurements with the
exhaust gas analyzer (EGA) used throughout this thesis work. The results for H,, CO, and CO, are shown in Figure
A 1. The error bars represent the standard deviation over the 10 measurements. The data points are the average of
the 10 measurements.

16 4 . o
¢ EGA

1 [
14 ¥ .

9, [Vol.%]
Qo

0 T T I
H, co Cco,
species

Figure A 1: Comparison of GC and EGA results for H2, CO and CO2

The deviation between GC results and EGA results for H; is less than 1%-point and within the standard deviation.
The deviation for the CO however is above 2-% points and shows that the EGA seems to overpredict the CO
fraction. The CO; fraction measured with the GC is with almost 8 Vol-% much larger than the fraction measured
with the EGA.

Figure A 2 shows the results for CHy, O,, and C,Ha.
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Figure A 2: Comparison of GC and EGA results for CH4, O2 and C2H4

The difference in the CHs measurements is less than 0.1 %-points and within the standard deviation. The GC
measurements predict significantly more O, than the EGA. This may indicate a contamination of the GC sample
with air. While the EGA predicts a small fraction of C;Hs, no C,Ha4 can be detected by the GC. This could be due
to a cross sensitivity of one of the EGA’s NDIR sensors.
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