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Kurzfassung 

Das zukünftige Energiesystem erfordert eine drastische Reduzierung der Treibhausgasemissio-
nen, einerseits durch den Ausbau des erneuerbaren Energiesektors, andererseits durch die Ent-
wicklung CO2-neutraler Energieversorgungsketten. Langfristig bedeutet dies den Verzicht auf 
die Verbrennung fossiler Brennstoffe, die im Wesentlichen für den Klimawandel verantwort-
lich gemacht wird. Trotz des stark forcierten Ausbaus der erneuerbaren Energien ist mittelfristig 
nicht mit ihrer ausschließlichen Nutzung zu rechnen, so dass fossile Brennstoffe auch in den 
kommenden Jahrzehnten noch eine wichtige Rolle spielen werden. Dabei rückt Erdgas immer 
weiter in den Fokus, da es reichlich vorhanden und vielseitig einsetzbar ist und bei der Ver-
brennung von Erdgas deutlich weniger CO2 freigesetzt wird als bei anderen fossilen Brennstof-
fen. Eine weitere Herausforderung, die mit dem Ausbau erneuerbarer Energien verbunden ist, 
ist die schwankende Verfügbarkeit der zugrunde liegenden Energiequellen wie Sonne und 
Wind. Flexible Energieumwandlungssysteme werden daher zunehmend wichtiger.  
Eine vielversprechende Technologie ist die Polygeneration in mit Erdgas betriebenen Motoren 
nach dem Konzept der homogenen Kompressionszündung (engl. Homogeneous Charge Com-
pression Ignition, kurz: HCCI). Dabei bedeutet Polygeneration die bedarfsorientierte Bereit-
stellung verschiedener Energieformen wie Arbeit, Wärme und Grundchemikalien. HCCI-Mo-
toren sind im Vergleich zu konventionellen Verbrennungsmotoren effizienter und flexibler be-
züglich des verwendeten Kraftstoffs. Darüber hinaus sind Verbrennungsmotoren im Allgemei-
nen industriell erprobt, leicht skalierbar und relativ kostengünstig. Die größte Herausforderung 
bei HCCI-Motoren ist die Kontrolle des Zündzeitpunktes, der hauptsächlich durch die Reakti-
onskinetik bestimmt wird. Wird Erdgas oder dessen Hauptkomponente Methan als Brennstoff 
eingesetzt, sind hohe Eingangstemperaturen oder hohe Kompressionsverhältnisse erforderlich, 
um die Zündung einzuleiten. Alternativ können dem Gasgemisch kleine Mengen reaktiver Ad-
ditive wie Dimethylether oder n-Heptan zugegeben werden, um die Reaktivität des Gemischs 
zu erhöhen. 
In dieser Arbeit wird der Einfluss von Ethan/Propan/Wasserstoff, n-Heptan und Dimethylether 
auf die partielle Oxidation von Methan bei einem Druck von 6 bar und Temperaturen zwischen 
473 und 973 K systematisch untersucht. Dabei kommt ein Strömungsreaktor in Kombination 
mit einem Molekularstrahl-Flugzeitmassenspektrometer bzw. einem Gaschromatographen zum 
Einsatz. Der experimentelle Aufbau wurde aus früheren Studien adaptiert und verbessert, um 
zum Beispiel die Untersuchung von Flüssigkeiten und höheren Kohlenwasserstoffen sowie den 
Betrieb bei höheren Drücken und Temperaturen zu ermöglichen. Die Untersuchungen werden 

unter brennstoffreichen Bedingungen (2 ≤  ≤ 20) durchgeführt, um die Produktion von Grund-
chemikalien wie Synthesegas anstelle der typischen Oxidationsprodukte wie CO2 und H2O un-
ter nahezu stöchiometrischen Bedingungen zu begünstigen. Zusätzlich dazu werden Experi-
mente mit reinem Methan bei Drücken bis zu 20 bar durchgeführt. Die experimentellen 
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Ergebnisse werden mit Simulationsergebnissen unter Verwendung verschiedener Reaktions-
mechanismen aus der Literatur verglichen und mit Hilfe von Reaktionsfluss- und Sensitivitäts-
analysen im Detail analysiert. Die Daten werden weiterhin verwendet, um einen in der For-
schungsgruppe FOR 1993 entwickelten Reaktionsmechanismus zu validieren und zu modifi-
zieren. 
Die Ergebnisse zeigen, dass sowohl n-Heptan als auch Dimethylether dazu beitragen können, 
den Methanumsatz, im Vergleich zu Experimenten mit reinem Methan, bei bis zu 250 K nied-
rigeren Temperaturen einzuleiten und den Methanumsatz bei hohen Äquivalenzverhältnissen 
und hohen Temperaturen signifikant zu erhöhen. Die Zugabe von Ethan/Propan/Wasserstoff 
führt zu keiner Reduzierung der Reaktionsstarttemperatur, erhöht jedoch den Methanumsatz 
bei höheren Temperaturen in größerem Maße als die beiden anderen Additive. Die Hauptgründe 
für diese Beobachtung sind der bevorzugte und schnelle Verbrauch von Sauerstoff und Radi-
kalen durch n-Heptan und Dimethylether sowie Reaktionswege, die zu einer Methanbildung 
führen. Zusätzlich zu dem Beginn des Brennstoffumsatzes beeinflussen die Additive auch die 
Produktzusammensetzung am Ausgang des Reaktors. Insbesondere werden erhöhte Ausbeuten 
an Synthesegas, oxigenierten Spezies wie Methanol und ungesättigten Kohlenwasserstoffen 
wie Ethen und Propen beobachtet. Reaktionsflussanalysen zeigen, dass sowohl die Einleitung 
des Methanumsatzes durch von dem Additiv freigesetzte Radikale als auch Wechselwirkungen 
zwischen den bei dem Umsatz von Methan und den Additiven gebildeten Intermediaten für die 
veränderte Produktzusammensetzung verantwortlich sind. 
Auch höhere Drücke verlagern den Beginn des Methanumsatzes zu niedrigeren Temperaturen 
und erhöhen die Ausbeuten an nützlichen Chemikalien, wenn auch in geringerem Maße als die 
Zugabe von n-Heptan oder Dimethylether. Werden hohe Drücke mit brennstoffreichen Bedin-
gungen kombiniert, kann jedoch ein Phänomen beobachtet werden, das bisher nur wenig Be-
achtung fand, nämlich der Bereich des negativen Temperaturkoeffizienten von Methan. Dieses 
Verhalten wird bei verschiedenen Drücken und Äquivalenzverhältnissen systematisch unter-
sucht. Dabei zeigt sich, dass die Konkurrenz zwischen Oxidation- und Rekombinationspfaden 
hauptsächlich für dieses Verhalten verantwortlich ist. 
Die Aufklärung des Einflusses von Additiven auf den Brennstoffumsatz und die Interpretation 
der gewonnenen Daten im Sinne eines modifizierten Reaktionsmechanismus sind wichtige 
Schritte zur zukünftigen Gestaltung und Steuerung eines Polygenerationsprozesses in HCCI-
Motoren.  
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Abstract 

The future energy system requires an enormous reduction in greenhouse gas emissions by in-
creasing the share of renewable energies and developing CO2-neutral energy supply chains. In 
the long term, this will mean abandoning the combustion of fossil fuels, which is essentially 
held responsible for climate change. Despite the ambitious expansion of renewable energies, 
their exclusive use is not likely to be achieved in the medium term so that fossil fuels will 
remain important in the coming decades. In this context, natural gas is attracting increasing 
attention because it is abundant and versatile and produces significantly less CO2 per energy 
unit than other fossil fuels. A second major challenge is the fluctuating nature of renewable 
energy sources which requires flexible energy conversion technologies. 
A promising technology is the polygeneration in homogeneous charge compression ignition 
(HCCI) engines fueled with natural gas. Polygeneration means the demand-oriented provision 
of different forms of energy such as work, heat, and base chemicals. Compared to conventional 
internal combustion (IC) engines, HCCI engines are more efficient and fuel-flexible. In addi-
tion, IC engines are industrially proven, easily scalable, and relatively cheap. The main chal-
lenge of HCCI engines is the control of the moment of autoignition, which is mainly governed 
by chemical kinetics. Given the low reactivity of natural gas or its main component methane, 
high intake temperatures or high compression ratios are required for ignition. Alternatively, 
small amounts of reactive additives such as dimethyl ether or n-heptane can be introduced into 
the premixed gas mixture to increase the reactivity of the mixture.  
In this study, the influence of ethane/propane/hydrogen, n-heptane, and dimethyl ether on the 
partial oxidation of methane is investigated systematically at a pressure of 6 bar and tempera-
tures between 473 and 973 K using a flow reactor in combination with molecular-beam time-
of-flight mass spectrometry and gas chromatography. The experimental setup was adapted from 
previous studies and improved to allow the investigation of liquids and higher hydrocarbons 
and operation at higher pressures and temperatures, for example. Fuel-rich conditions ranging 

from 2 ≤  ≤ 20 are selected to favor the production of base chemicals instead of typical oxida-
tion products such as CO2 and H2O at near stoichiometric conditions. Neat methane experiments 
at pressures up to 20 bar are additionally conducted. The experimental results are compared to 
predictions of several reaction mechanisms from the literature and analyzed in detail by reaction 
path and sensitivity analyses. The data are also used to validate and modify a reaction mecha-
nism developed in the research unit FOR 1993. 
The results show that both n-heptane and dimethyl ether can help to initiate methane conversion 
at up to 250 K lower temperatures compared to the experiment with neat methane and signifi-
cantly increase methane conversion at high equivalence ratios and high temperatures. The ad-
dition of ethane/propane/hydrogen does not change the conversion onset temperature of 
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methane but increases methane conversion at higher temperatures to a larger extent than the 
other two additives. The rapid consumption of oxygen and radicals by n-heptane and DME as 
well as methane producing pathways have been revealed as the main reasons for this observa-
tion.  
Besides the reaction onset, the additives also influence the product composition at the reactor 
outlet. In particular, increased yields of synthesis gas, oxygenated species such as methanol, 
and unsaturated species like ethylene and propene are observed. Reaction path analyses show 
that both the initiation of methane conversion by released radicals from the additives and inter-
actions of the intermediates formed during the conversion of methane and the additives are 
responsible for the change in product composition. 
Higher pressures also shift the reaction onset of methane to lower temperatures and positively 
influence yields of useful chemicals although to a lesser extent than the addition of n-heptane 
or dimethyl ether. However, the combination of fuel-rich conditions and high pressures leads 
to a phenomenon that has received little attention so far, i.e., the negative temperature coeffi-
cient region of methane. This behavior is systematically investigated at different pressures and 
equivalence ratios. It is found that the competition between oxidation and recombination path-
ways is mainly responsible for this behavior. 
Elucidating the influence of additives on the conversion process and interpreting the obtained 
data in terms of a modified reaction mechanism are important steps towards the design and 
control of a polygeneration process in HCCI engines. 
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1 Introduction 

The Paris Agreement, adopted in December 2015, defines the world’s global framework to 
counteract climate change and its consequences. Its goal to limit the global temperature increase 
to 1.5 °C requires an enormous reduction in greenhouse gas emissions, in particular, from fossil 
fuels. In the long term, burning fossil fuels must be totally stopped. Effective measures for the 
transition away from fossil fuels are increasing the share of renewable energy sources and de-
veloping CO2-neutral energy supply chains. In many sectors, the transition has already success-
fully been started; examples include the rising share of electricity-driven heat pumps in resi-
dential heating or the growing share of electric vehicles [1]. However, there are many sectors 
where the energy transition leads to several challenges because of the demand for energy carri-
ers with high energy density. Typical examples are the aviation sector and heavy-duty traffic 
[2,3]. Nevertheless, sustainable transition pathways are also achievable for these sectors. The 
replacement of fossil fuels by electricity-based synthetic fuels is the most promising approach. 
The associated processes are known by the synonyms Power-to-Liquid or Power-to-Gas, and 
are widely discussed in science and the industry [4,5]. 
Electricity-based synthetic fuels can replace conventional petrol, diesel, or natural gas with 
similar substances, such as methanol, biodiesel, or synthetic methane. Synthetic fuels can sig-
nificantly reduce greenhouse gas emissions if electricity from renewable energy sources is used 
in combination with carbon capture utilization (CCU) methods to use the atmosphere as the 
carbon source [6,7]. Liquid fuels are usually preferred since they are easier to transport and 
store than gaseous fuels. They are also less dangerous due to their low vapor pressure. Still, 
liquid fuels have a higher energy density, which will remain important in aviation and shipping 
for the coming decades. This insight is also reflected in the World Energy Outlook 2019 [8], 
indicating crude oil to probably have the highest share in the global primary energy demand 
until 2040.  
Although synthetic fuels produced by renewable energies and CCU are promising in terms of 
greenhouse gas reduction [6], their exclusive use is not to be expected in the medium term. The 
main reason is the associated high demand for renewable energy, which cannot be satisfied with 
the currently installed capacity. In this context, natural gas, both in gaseous and liquefied form, 
represents a suitable interim solution. Natural gas produces much less CO2 per energy unit than 
crude oil or coal and is expected to show the highest growth rate among all fossil fuels [8,9]. It 
can be utilized in many applications such as heat and electricity generation in residential and 
industrial sectors, utilization as fuel in the automotive sector, and conversion into base chemi-
cals in the chemical sector. 
Today, fuel conversion routes mainly proceed via synthesis gas production from natural gas or 
methane, as it is still more competitive than the combination of water electrolysis and carbon-
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capture processes using only renewable energies [10,11]. The most common method is steam-
methane reforming, an energy-intensive endothermal process that is only economically reason-
able on a large-scale. Other methods to produce synthesis gas are the partial oxidation of natural 
gas or its dry reforming with CO2 [12], separated from the air by carbon capture methods in the 
best case. Synthesis gas is a typical feedstock chemical and can be converted to various other 
chemicals such as methanol or dimethyl ether or transportation fuels such as petrol or diesel in 
a downstream synthesis. Each process is limited in its application purpose and cannot react 
flexibly to supply and demand in terms of different types of energy. By contrast, most studies 
agree that a successful energy transition requires highly flexible energy systems that enable 
smart reactions to the changes in demand and supply. 
In terms of flexibility, the most promising are polygeneration processes providing work, heat, 
and chemicals. A special feature of a polygeneration process is the flexible switch between the 
provision of work, heat, and chemicals, enabling a demand-oriented supply. Such a process can 
be realized, for example, by internal combustion (IC) engines driven at special conditions. 
A polygeneration process in IC engines using methane or natural gas as feedstock can be a more 
efficient and flexible alternative to the conventional technologies that are specifically designed 
and optimized for a single process. For example, the engine could be used to provide electricity 
and heat if there is not enough solar and wind energy available, or, if there is a sufficient supply 
of renewable energy, to produce higher-value chemicals. IC engines are expected to be partic-
ularly appropriate for polygeneration processes since IC engines are industrially proven, rela-
tively cheap, and easily scalable. They are also flexible in terms of fuel and operating condi-
tions. 
Regarding fuel conversion processes, fuel-rich mixtures are required to avoid the complete ox-
idation of the fuel to CO2 and H2O. Because spark-ignition (SI) engines are flame-speed con-
trolled, fuel-rich mixtures are hard to ignite [13]. In compression ignition (CI) engines, on the 
other hand, extremely fuel-rich regions in the cylinder due to spray combustion can cause ex-
cessive soot formation. An alternative engine concept that is increasingly attracting attention is 
the homogeneous charge compression ignition (HCCI) engine. In an HCCI engine, the fuel/air 
mixture is premixed, and the homogeneous mixture auto-ignites at the end of the compression 
stroke due to the high temperature and pressure. Fuel-rich zones, such as in a CI engine, are 
avoided because of the simultaneous ignition of the fuel/air mixture in multiple spots. Conse-
quently, less soot or particulate matter is produced while the efficiency of the CI engine is 
maintained [14]. Also, less nitric oxides are emitted as a result of the lower maximum temper-
atures.  
The main challenge in the design and operation of HCCI engines is to control the time of au-
toignition, which is mainly governed by chemical kinetics. In addition, natural gas or neat me-
thane, which is the main component of natural gas, is relatively stable, so high temperatures 
and pressures are required for its conversion. Adding small amounts of more reactive additives 
to the mixture can significantly lower the reaction onset temperature and, at the same time, be 
used for controlling the moment of autoignition [15,16]. To gain flexibility in terms of different 
output quantities and for the control and regulation of the process, quantities like work and heat 
as well as the exhaust gas composition must be known for various fuels and operating condi-
tions. These quantities can be determined by experiments or simulations. Experiments are time-
consuming and expensive, while simulations allow fast and cost-effective predictions of 
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thermodynamic quantities and product gas compositions. Detailed reaction mechanisms are re-
quired for simulations to accurately predict the chemical reactions and the associated exother-
mal heat release in the cylinder. But, reaction mechanisms from literature are usually not vali-
dated for fuel-rich methane/additive mixtures. This gap is addressed here.  

1.1 Task and objective 

The present work was conducted in the framework of the DFG research unit FOR 1993 (multi-
functional conversion of chemical species and energy). The research unit investigates whether 
internal combustion engines, especially HCCI engines, can be used for flexible generation of 
heat, work, and base chemicals in a polygeneration process. The produced chemicals can either 
be used in the chemical industry or for energy storage, provided that they are energetically more 
valuable. To better assess such a process in its entirety, the research unit consists of seven sub-
groups, covering both theory and experimental verification. In the theoretical groups, a detailed 
chemical kinetic model is developed, thermodynamic analyses based on an exergo-economic 
strategy are performed, and mathematical optimization methods are used to determine promis-
ing engine operating conditions. For both thermodynamic analysis and optimization, a detailed 
kinetic model is required to obtain reliable results. The kinetic model is validated by various 
experiments performed in shock tubes, flow reactors, and a rapid compression expansion ma-
chine. The latter, already representing a first step towards the engine, is complemented by ex-
periments in a single-cylinder research engine. Because natural gas mainly consists of methane 
and is expected to play a significant role in the coming decades, it is used as the primary fuel 
in all studies. The work of the entire research unit, including work that was performed as part 
of this thesis, was recently presented in [16] and can be found in chapter eleven. 
This thesis concentrates on elucidating the underlying reaction mechanisms of the fuel-rich 
conversion of methane-based fuels by performing experiments and mechanism optimization. 
Small amounts of reactive additives are introduced to the mixtures to increase their reactivity. 
The aim is to understand the influence of different additives on the fuel conversion process. 
Since not every possible additive can be investigated experimentally, the thesis intends to un-
ravel the general working principles of additives to enable their transfer to other additives. The 
question is, to what extent the additives can influence the product composition. For this purpose, 
fuel conversion experiments are performed in a flow reactor coupled with a time-of-flight mass 
spectrometer. The experimental setup adapted from [17,18] only allowed operation at pressures 
up to 6 bar and required a long stabilization time after any change in reactor condition during a 
conversion experiment. Also, only gaseous fuels could be investigated with the setup. This leads 
to the second aim of the thesis that is to improve the experimental setup to enable less time-
consuming experiments at engine-relevant conditions using both gaseous and liquid fuels and 
increase reproducibility. The main challenges are to extend the operation limits of the reactor 
to higher pressures and temperatures, to extend the experimental setup by a liquid supply system 
and evaporator, and to shorten the response time of the reactor. To achieve these goals, addi-
tional GC diagnostics will be implemented to enable the investigation of the oxidation of higher 
hydrocarbons without the problems of fragmentation associated with mass spectrometry. 
The final setup is used to investigate the partial oxidation of several methane/additive mixtures 
at temperatures between 473 and 973 K, pressures of 5 – 20 bar, equivalence ratios of 
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 = 2 – 20, and residence times of several seconds. Long residence times are required to initiate 
fuel conversion in the investigated temperature range.  
Both diagnostic techniques are used to analyze the product gas composition at the reactor outlet. 
The experimental methodology is described in detail in chapter four. The additives were chosen 
based on an extended literature research for suitable components and the requirements of the 
engine processes. 
The obtained data are used for the validation of reaction mechanisms from the literature and the 
development of the PolyMech [19] reaction mechanism of the research unit. On the other hand, 
the PolyMech and additional reaction mechanisms from the literature are used in simulations 
to analyze the interaction between reactive additives and methane. The result is a qualitative 
and quantitative understanding of the reaction processes. The onset of fuel conversion and the 
formation of valuable products are identified as key targets for the studies. Five different me-
thane/additive mixtures are examined, which are briefly introduced in the following. 
In chapter six, the partial oxidation of neat methane is investigated to create a basis for com-
parison to methane/additive mixtures. Ethane and propane are present in typical natural gas in 
addition to methane, while hydrogen is likely to be increasingly fed into existing gas pipelines. 
Thus, the influence of hydrogen on reforming processes based on natural gas is of particular 
interest. Consequently, the influence of ethane, propane, and hydrogen on the reaction onset 
temperature and product formation is also investigated 
For the third mixture presented in chapter seven, n-heptane is selected as an additive because it 
is a diesel surrogate and expected to be much more reactive than methane. It is also known to 
have good auto-ignition properties, so it fits into the framework of the research unit. Single fuel 
experiments are performed to better assess the change in product composition due to the inter-
action of the two fuels.  
Dimethyl ether is expected to be as reactive as n-heptane but it has a beneficial lower sooting 
tendency at high equivalence ratios. Consequently, it is selected as a well-suited additive for 
methane-fueled HCCI engines. Complementary results from all experimentally oriented sub-
projects of the research unit are used to develop a new reaction mechanism optimized for 
polygeneration-relevant conditions. The results are presented in chapter eight. 
The ability of the developed reaction mechanism to predict species profiles with respect to a 
more complex mixture is assessed by methane/ethane/propane/dimethyl ether mixtures in chap-
ter nine. In this context, the experimental results of two subprojects are used to optimize the 
previously developed reaction mechanism. The modified mechanism is used for the analysis of 
the interaction between the reactants at interesting conditions. Special focus is given on unsatu-
rated and oxygenated species. 
Chapter ten discusses the influence of pressure on a phenomenon observed in previous neat 
methane experiments, i.e., the negative temperature coefficient (NTC) behavior of methane. 
Several reaction mechanisms from literature are evaluated for their ability to predict this be-
havior, while the most appropriate reaction mechanism is used for analysis.  
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2 Theoretical background 

This chapter deals with the theoretical foundations relevant to this work. First, the basic princi-
ples of a mass spectrometer and a gas chromatograph are outlined, followed by a more detailed 
description of the specific characteristics of the instruments used in this study.  

2.1 Mass spectrometry 

Mass spectrometry is a versatile tool for the identification and quantification of species in a gas 
mixture, based on ionization of the species and the subsequent separation of the generated ions 
according to their mass-to-charge ratio (m/z ratio). In general, a mass spectrometer consists of 
an ionization chamber with a specific ionization method, a mass analyzer, in which the ions are 
separated and a detector to detect the ions. An additional gas inlet is used to introduce the gas 
sample into the mass spectrometer prior to the analysis. Molecular-beam sampling is used in 
this study and is briefly described. Subsequently, the electron ionization (EI) process and the 
time-of-flight (TOF), as well as the quadrupole mass analyzer, are outlined in detail, followed 
by a short description of the detector. 
For information on other ionization techniques, such as electrospray or photoionization, or mass 
analyzers such as Orbitraps or sector field mass spectrometer, refer to the relevant literature 
[20,21]. 

2.1.1 Molecular-beam sampling 

A molecular beam is a collimated beam of matter consisting of molecules. A very detailed 
overview of molecular beams is given in [22,23]. Here, only the supersonic beam, which is 
found under all experimental conditions using molecular-beam mass spectrometry (MBMS), is 
explained in more detail. 
A supersonic beam is formed when gas at high pressure expands through a nozzle into a vacuum 
and the mean free path length of the molecules in front of the nozzle is smaller than the diameter 
of the nozzle opening [24]. During supersonic expansion, molecular collisions still occur even 
after passing through the nozzle, so that a hydrodynamic continuum flow is formed that can be 
approximated as isentropic and adiabatic. A part of the enthalpy h is converted into directed 
kinetic energy so that the velocity v of the gas increases. As the enthalpy decreases, the temper-
ature T also decreases, because the enthalpy only depends on temperature for a perfect gas as 
shown by equation (2-1) using the first law of thermodynamics and the definition of the isobaric 
heat capacity cp. The indices 0 and 1 represent the states in front of and behind the nozzle, 
respectively. 
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∙  (2-1)

 
The gas flow can reach sonic speed c and therefore a Mach number Ma = 1 (Ma = v/c) at the 
nozzle exit if the pressure ratio p0/p1 exceeds the critical value given by 
 

1
2

 (2-2)

 
where G is lower than 2.1 for all gases [24]. In equation (2-2), κ represents the isentropic expo-
nent that is the ratio between the isobaric and isochoric heat capacity (cp/cv). In cases of pressure 
ratios higher than G, the pressure pa of the gas in the molecular beam at the nozzle exit is inde-
pendent of the background pressure pB within the first expansion chamber. This is attributed to 
the fact that information about the boundary conditions propagates at the speed of sound, 
whereas the gas moves faster (Ma > 1). The pressure pa (at Ma = 1), calculated as pa = p0/G, is 
higher than the background pressure pB [24]. Consequently, the gas is underexpanded and ex-
pands further along radially divergent streamlines to adapt to the boundary condition given by 
the background pressure pB. The Mach number increases beyond one and the flow overexpands. 
The increasing Mach number is mainly caused by a decreasing speed of sound, which for an 
ideal gas only depends on temperature (equation (2-3)).  
 

	  (2-3)

 
Here, R represents the universal gas constant and M the molar mass of the gas. The centerline 
Mach number as a function of the distance from the nozzle exit can be described by equation 
(2-4) for a two-dimensional, axial-symmetric flow. It has been calculated numerically by solv-
ing the partial differential equations for mass and momentum using the method of characteris-
tics [25,26]. 
 

1
2

1
1  (2-4)

 
The constants A and x0 only depend on κ. Values for A and the minimal distance from the nozzle 
exit in nozzle diameters (x0/D) are listed in the literature [24,26]. But, the Mach number does 
not increase continuously because the rapid expansion of the gas leads to a decreasing proba-
bility of molecular collisions. As a result, a collisionless (shock-free) free-molecular flow is 
formed in the so-called zone of silence. The transition region where the continuum flow be-
comes a free-molecular flow is called quitting or “freezing” surface, since kinetic processes, 
such as the cooling of the inner degrees of freedom of molecules, gradually come to a standstill. 
The freezing surface is located only a few nozzle diameters behind the nozzle exit. Here, the 
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Mach number approaches its maximum value, called the terminal Mach number, and is given 
by 
 

 (2-5)

 
in which G denotes a constant dependent on κ, D the diameter of the nozzle opening, λ0 the 
mean free path length, and ε a collisional effectiveness parameter. ε represents the fractional 
change in the mean random velocity of a molecule if a collision occurs [26] and G is listed in 
[26] as a function of κ. 
The overexpanded flow within the shock-free region must be recompressed and is limited by 
different shock regions, where the density of the expanding gas reaches the density of the back-
ground gas and the Mach number decreases. In these regions, the gas adjusts to the boundary 
conditions of the expansion chamber. The compression shocks are thin non-isentropic regions 
that show large density, velocity, and temperature gradients. While the shock regions parallel 
to the direction of the accelerating jet are called barrel shocks, the vertical shock region, located 
at a distance xM from the nozzle exit is called a Mach disk. At the Mach disk, an immediate 
transformation from supersonic to subsonic flow takes place. The distance xM between the noz-
zle exit and the Mach disk can be estimated according to equation (2-6) [26].  
 

0.67  (2-6)

 
Figure 2-1 shows the different regions of a supersonic beam. 

 

 
Figure 2-1: The different regions of a supersonic beam. Inspired by Figure 2.1 in [24]. 
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To design a molecular beam interface, the mass flow of the gas through the nozzle must be 
known as it determines the required pump capacity for the expansion chamber. For an isentropic 
expansion, the mass flow  can be calculated by equation (2-7) [24]. 
 

1
4

2
1

 (2-7)

 
For MBMS experiments, the pressure in the first expansion chamber is typically in the range of 
10-3 – 10-4 mbar. At such low background pressures, the shock regions expand in the axial di-
rection [27] and become more diffuse [28]. At the same time, the pressure is too high for the 
ionization chamber of a mass spectrometer. Thus, a second nozzle, also called a skimmer, is 
used to extract the core of the molecular beam and direct it into the ionization chamber. The 
skimmer opening should be placed within the zone of silence, outside of the shock regions. The 
advantage of a second nozzle is the additional collimation of the beam and the extension of the 
free molecular flow region. 

2.1.2 Electron ionization 

In electron ionization, the molecules entering the ionization chamber are bombarded by ener-
getic electrons. These electrons are generated by a hot cathode, called a filament, which is a 
thin wire often made of rhenium or tungsten [21]. The emitted electrons are accelerated to the 
opposite anode and, if an electron and neutral molecule collide, lead to an ejection of an electron 
from the neutral molecule. As a result, a positive ion is formed (see equation (2-8)). This is due 
to the transfer of the kinetic energy from the electron to the neutral molecule. But the energy 
transferred must be higher than the ionization energy (IE) of the respective species, which rep-
resents the minimum amount of energy needed for the mentioned ejection of an electron. In 
addition, the probability for a successful ionization, described by the electron ionization cross 
section (EICS), is very low at the IE, but rapidly increases with rising energies, reaching a flat 
maximum near 70 eV. However, energies, which are much higher than the IE of the molecule 
or atom to be ionized can lead to fragmentation of the species or doubly and even triply charged 
ions. These events in turn make data analysis more difficult since the signals belonging to the 
molecular ions can overlap with the signals of the fragments and higher charged ions. So, de-
pending on the application, a compromise between signal strength, averaging time, and degree 
of fragmentation must be found. In some cases, for example, gas chromatography/mass spec-
trometry (GC/MS), an ionization at 70 eV can also be advantageous, because the species in the 
sample to be analyzed are already separated before entering the mass spectrometer (see section 
2.2.2). The fragmentation pattern obtained by ionization can then be compared to literature data, 
usually recorded at 70 eV, enabling the identification of the species. 
 

M e → M 2e  (2-8)
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2.1.3 Time-of-flight mass spectrometer 

The basic principle of a linear time-of-flight mass spectrometer (TOF-MS) is shown in Figure 
2-2.  
 

 
Figure 2-2: Principle of a linear time-of-flight mass spectrometer. 

 
Once ionized, the molecules are accelerated towards the detector by an electric field between 
two electrodes, an energized repulsion electrode called the repeller, and a grounded counter 
electrode. Assuming all ions have the same starting position between the electrodes and no 
velocity component in any direction, they uptake the same potential energy, which only depends 
on the charge q of the ion and the potential difference U. The charge of an ion can be described 
by the product of the number of charges z and the elementary charge e (equation (2-9)). 
 

∙ ∙ ∙  (2-9)
 
The potential energy is then transferred to kinetic energy when the ions enter the field-free drift 
region as shown in equation (2-10). The kinetic energy is the same for all ions. 
 

∙ ∙
1
2
∙ ∙  (2-10)

 
But, the velocity v of the ions depends on their mass (equation (2-11)), so that ions of lower 
weight are faster than heavier ions and will reach the detector faster. 
 

2 ∙ ∙ ∙
 (2-11)
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The time t representing the time required for the ions to pass through the field-free drift region 
is obtained by the substitution of v by s/t and the subsequent changing to t. Here, s represents 
the length of the field-free drift region.  
 

√2 ∙ ∙
∙  (2-12)

 
Equation (2-12) shows that the time is proportional to the square root of m/z which means that 
the ∆t between two detected ions for a given ∆m/z and a constant drift region s becomes smaller 
at higher masses. To determine the time accurately, the data acquisition must be adequately 
fast. In addition, the ion generation or extraction process must be pulsed to avoid overlapping 
signals from ions with different m/z ratios. 
If different initial positions of the ions in the ionization chamber and different initial velocities 
or directions of movement are taken into account, it becomes clear that ions with a specific m/z 
ratio do not arrive at the detector at the same time, but within a certain time span. Ions with the 
same m/z ratio generated near the repeller will have a slightly higher kinetic energy or velocity 
at the end of acceleration than ions generated near the grounded counter electrode, although 
having the same m/z ratio. The point at which the ions with a higher velocity overtake ions with 
a lower velocity is called space focus (see Figure 2-2). In a linear TOF-MS with a single-stage 
extraction, this focus point is located near the counter electrode at the beginning of the drift 
region and only depends on the distance between the electrodes and the applied voltage. The 
renewed spatial expansion of the ion package behind the space focus due to different velocities 
of ions leads to broad signals in the mass spectrum. This in turn can lead to overlapping of 
adjacent signals. Mass resolution R (see equation (2-13)) is used to evaluate a mass spectrom-
eter’s ability to separate adjacent signals.  
 

∆

⁄

∆ ⁄ 2 ∙ ∆
 (2-13)

 
While m represents the mass of the ion, ∆m represents the signal width at a specific signal 
height. Typically, the full width at half maximum definition (FWHM) is used to calculate the 
resolution of a TOF-MS. Another definition that is more practical in assessing the ability to 
separate adjacent ions is the 10 % valley definition (R10%). According to this definition, adjacent 
signals are assumed to be sufficiently separated if the signals do not overlap more than 10 % of 
their respective heights [21]. For Gaussian-shaped signals, the ratio between R10% and RFWHM 
is 1.8. Due to the relationship between m/z and the flight time t, the resolution can also be 
derived for t (see equation (2-13)). 
Linear TOF-MS typically achieve maximum resolutions of only RFWHM = 500 [21]. A two-stage 
ion extraction, proposed by Wiley and McLaren in 1955 [29], can be utilized to increase the 
resolution. In contrast to a single-stage extraction, an additional extraction plate is placed be-
tween the repeller and the grounded counter electrode, whereas the electric field between both 
plates can be varied. Thus, the potential gradient between the repeller and the extraction plate 
differs from that between the extraction plate and the counter electrode, creating two different 
acceleration regions. Ions that are formed near the repeller will experience a higher fraction of 
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the extraction voltage in the first extraction stage compared to those formed near the extraction 
plate and gain a higher kinetic energy or velocity. In the second stage, the potential gradient is 
the same for all ions. The faster ions will experience a smaller fraction of the extraction voltage 
in the second extraction stage compared to the slower ones. With optimized extraction voltages, 
the electric fields in the two stages can be specifically influenced so that the space focus can be 
shifted further in the direction of the detector. The two-stage extraction approach minimizes the 
temporal distribution of ions with the same m/z ratio, originating from different starting posi-
tions. Wiley and McLaren also attempted to compensate for the initial energy distribution of 
ions with the same m/z ratio by combining pulsed ion generation with a delayed and pulsed ion 
extraction. This procedure is called time-lag focusing. It transforms the energy distribution of 
the ions into a spatial distribution, which is then corrected by the space-focusing process dis-
cussed above.  
A more effective method of energy focusing is a reflectron, invented by Mamyrin in 1966 [30]. 
A reflectron consists of a single- or multi-stage electric field in which ions are decelerated after 
the field-free drift region and then reflected towards the detector, usually at a small angle. Ions 
with a higher kinetic energy dive deeper into the reflectron than slower ions with the same m/z 
ratio and stay longer in the reflectron. If the dimensions of the reflectron and the voltages ap-
plied to the electrode grids or ring electrodes are properly chosen, ions with the same m/z ratio 
but different initial kinetic energies reach the detector at the same time. Figure 2-3 shows a two-
stage reflectron. Modern reflectron mass spectrometers easily achieve resolutions RFWHM of up 
to 10000-20000. 
 

 
Figure 2-3: Two-stage reflectron time-of-flight mass spectrometer with two-stage ion extraction 

and instrument-specific elements described in section 4.2. 
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2.1.4 Quadrupole mass spectrometer 

Inlet and ionizer principles are the same for all types of mass analyzers [21]. Similar to the 
TOF-MS, the ionized species are accelerated by an extraction plate towards the quadrupole 
mass analyzer. The analyzer consists of four hyperbolic or cylindrical rod electrodes arranged 
in a square. The minimal distance between the center and the rod surface corresponds to the 
radius r0 of the rods. The respective opposite rods are at the same potential Φ, which according 
to equation (2-14) is composed of a DC voltage U and a radio-frequency AC voltage V [21,31]. 
 

 (2-14)
 
Here, ω represents the angular frequency and t the time. The periodic voltage causes ions to be 
alternately attracted and repelled by the rods. With a certain combination of U, V, and ω, the 
total movement of the ions with a specific m/z ratio or within a specific m/z ratio range can take 
place on a stable path through the analyzer. This means that the amplitude of the oscillating ion 
trajectories will never exceed r0. Ions with other m/z ratios will move on an unstable path and 
are eliminated by collisions with the rods. This is schematically shown in Figure 2-4. The der-
ivation of the differential equations of ion motion within the electric field is found in [31]. 
 

 
Figure 2-4: Principle of a quadrupole mass spectrometer. Adapted from [32]. 

 
To obtain a complete mass spectrum within milliseconds, the parameters of the electric field 
are changed very quickly so that ions with increasing m/z ratios will hit the detector one after 
the other. This is done by increasing U and V at a constant U/V ratio. Unit resolution is ob-
tained by adjusting the electric field so that only ions of a certain m/z ratio ± 0.5 can pass the 
analyzer at each U/V combination [21]. 
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2.1.5 Detector 

After separation, the ions must be detected. The most common detectors are secondary electron 
multiplier detectors (SEM) [21]. These make use of the fact that electrons are emitted from a 
metal or semiconductor surface when it is hit by a charged particle or ion. There are different 
versions of SEMs, for example with discrete dynodes or as continuous dynodes in channeltrons 
or microchannel plates (MCP). The detection of the ions in the TOF-MS and quadrupole mass 
spectrometer (QMS) used in this study is carried out by a bent channeltron (QMS) and an MCP 
(TOF-MS). An MCP is typically made of glass and consists of many linear channeltrons, i.e., 
very thin electron multiplier tubes, coated with a high-resistance semiconducting material. If an 
ion enters a channel and hits its surface, a secondary electron is emitted and accelerated towards 
the back of the plate due to an applied potential difference. The channels are angled with respect 
to the surface of the plates to ensure that the ions do not fly through and released secondary 
electrons trigger further secondary electrons by wall collisions as they pass through the chan-
nels. Because the number of emitted electrons also depends on the energy of the colliding par-
ticles, the ions are often accelerated again in front of the detector. This mitigates the lower 
sensitivity of the MCP to slower ions, i.e., ions with higher m/z ratios.  
Stacking two MCPs, the so-called chevron plate, leads to gains of 106 – 107 [21]. The current 
of the huge number of exiting electrons can be measured and converted into a voltage. The 
voltage is then converted into a digital signal by an analog-digital converter. In the TOF-MS 
instrument used in this study, a threshold-digital converter is used. The data acquisition card 
allows the setting of a threshold voltage to reduce the detected ions per mass spectrum to one 
ion. Ion counting increases the dynamic range of the measurements by decreasing the noise 
level but requires larger averaging times. 

2.2 Gas chromatography 

In gas chromatography, a gas mixture or liquid that can evaporate without decomposition is 
introduced into a mobile carrier gas which flows through a packed or coated column. The sep-
aration of the gas mixture is based on differently pronounced interactions of the individual spe-
cies within the mixture with the packing or coating of the column. In general, a gas chromato-
graph consists of an injector, one or more separating columns placed in an oven, and one or 
more detectors. In the following, the different components are described in more detail. 

2.2.1 Sample introduction 

The liquid or gaseous sample is usually introduced into an injector with a syringe. In the injec-
tor, the sample – if not already gaseous – is vaporized in an inlet liner, mixed with the carrier 
gas, and transferred to the packed or capillary column. The most common injector in combina-
tion with capillary columns is the split/splitless injector shown in Figure 2-5. It is also used in 
this study. 
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Figure 2-5: Split/Splitless injector. 

 
After the sample is vaporized in the inert glass liner, it is diluted with the carrier gas to control 
the amount of sample that is introduced into the connected column. Dilution is required because 
of the limited sample capacity of the column. The dilution given as a split ratio (sample to 
carrier gas) can be adjusted depending on the injected sample volume and the column capacity. 
Typical values are 1:10 – 1:100 or more [33]. Only a small amount of the sample is introduced 
into the column, while the major part leaves the injector via the split outlet. Another advantage 
of the splitting technique, besides the minimized amount of sample, is the fast vaporization of 
liquid samples and the increased velocity of the carrier gas. The faster sample transfer to the 
column and the resulting narrower signals in the chromatogram lead to a higher chromato-
graphic resolution.  
The injector is sealed by a septum made of silicon rubber. The physical interaction with the 
syringe and the high temperatures of the injector can lead to the release of particles and volatiles 
from the septum, respectively. While released particles could clog the column, volatiles lead to 
“ghost signals” in the chromatogram. This is counteracted by a small flow of carrier gas that 
purges the septum and leaves the injector via the septum purge outlet. In the case of splitless 
injection, e.g., for trace analysis, the split valve is closed, and the sample is introduced undiluted 
into the column. 
To achieve a low standard deviation of the measurement results, an automated injection via an 
auto-sampler is preferred to a manual injection. 

2.2.2 Species separation 

After vaporization, the carrier gas, also called the mobile phase, guides the sample into a sepa-
rating column. A distinction is made between capillary and packed columns. Packed columns 
are filled with an adsorbent or support material, also called the stationary phase, while in capil-
lary columns the stationary phase is applied to the inner wall in liquid or solid form. Because 
only capillary columns are used in this study, these are explained in more detail.  
Capillary columns usually consist of fused silica that is coated with a polyimide layer for greater 
flexibility and stability. Capillary columns have an inner diameter of 0.1 – 0.53 mm and a length 
of 10 – 100 m [34]. The stationary phase on the inside of the column can be solid (gas-solid 
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chromatography, GSC) or liquid (gas-liquid chromatography, GLC). In the case of a solid sta-
tionary phase, the column is called a porous layer open tubular (PLOT) column, whereas it is 
called a wall-coated open tubular (WCOT) column for a liquid stationary phase. In addition, 
support-coated open tubular (SCOT) columns exist, where the liquid stationary phase is coated 
on a thin layer of support material, e.g., diatomaceous earth, attached to the inside of the col-
umn. In this study, only solid stationary phases are used so that only GSC will be described. 
Details regarding WCOT and SCOT columns can be found in [34,35]. In GSC, the dominant 
physical process with respect to the separation of the gas mixture is adsorption and desorption. 
During adsorption, gases or dissolved substances are reversibly deposited on the surface of a 
solid. For non-polar stationary phases, only dispersion interactions, e.g., Van-der-Waals inter-
actions, occur. In contrast, polar stationary phases can also involve polar interactions like hy-
drogen bonds or dipole-dipole interactions [34,36]. The binding energy resulting from these 
forces is called adsorption energy Ead. Adsorption occurs when a molecule can release its kinetic 
energy and the adsorption energy Ead [37]. This is an exothermal process. To desorb the mole-
cule, activation energy equal to the adsorption energy Ead is required. This energy can be pro-
vided either by the moving mobile phase or by heat. Adsorption can be regarded as a kind of 
equilibrium reaction whose position depends on the properties of the surface and the substance 
to be adsorbed as well as on pressure and temperature.  
A special type of PLOT columns are molecular sieves. Molecular sieves are artificially prepared 
alkali metal aluminosilicates with a well-defined porous structure whose dimensions are similar 
to those of small molecules [38]. Molecules smaller than the pore size diffuse into them and 
undergo several adsorption/desorption processes on the large surface area. Thus, there is a sec-
ond retention mechanism on molecular sieves based on molecular size. Molecular sieves can 
only be used for molecules that are smaller than the pore size. CO2 and water are strongly 
adsorbed and, in some cases, can no longer be removed from the column, which greatly shortens 
its lifetime [39]. In the case of the most common molecular sieve with a pore size of 0.5 nm 
this also applies to high boiling species from C2 upwards [38]. Molecular sieves with a larger 
pore size exist to enable the separation of paraffins and naphthalenes. Molecular sieves are the 
best choice for the separation of the permanent gases H2, O2, N2, Ar, CO, and CH4 [38]. 
Because the columns are placed within an oven, the repetitive adsorption/desorption process 
can be controlled so that in the best case all species in the sample are retained for different 
lengths of time in the stationary phase as schematically shown in Figure 2-6.  
 

 
Figure 2-6: Principle of adsorption in gas-solid chromatography. 
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The duration after which a specific species leaves or elutes from the column and is detected is 
called retention time tR. The retention time can be used to identify the respective species. 
The chromatographic resolution or the possibility of a baseline separation of two subsequently 
eluting species depends on the column dimensions, the extent of the interaction between the 
species and the stationary phase, and the type of carrier gas and its velocity. The model of 
theoretical plates is often used to assess the efficiency of a column. In this model, the column 
of length L is divided into theoretical plates N of a plate height H (equation (2-15)). The plate 
height corresponds to the theoretical height, where an equilibrium between the concentration 
of molecules in the mobile phase and the mean concentration of molecules in the stationary 
phase is established once [34,40]. The higher the theoretical plates N the higher the efficiency 
of the column.  
 

 (2-15)

 
Considering the properties of Gaussian-shaped signals, equation (2-16) can be derived, in which 
tR is the retention time and W is the signal width at the baseline, determined as the distance 
between the points of intersections of the inflection tangents of the Gaussian-shaped signal.  
 

16  (2-16)

 
The complete derivation of equation (2-16) can be found in [35]. As shown in equation (2-16), 
an efficient column, indicated by a high number of theoretical plates, results in sharp signals 
and long retention times. Both H and N are given by column manufacturers. To compare dif-
ferent columns with respect to their efficiency the values should be determined using the same 
substance. 
The effect of different carrier gases and the gas velocity on the efficiency of a column can be 
visualized by the van-Deemter equation [36]: 
 

∙  (2-17)

 
In equation (2-17) u is the linear velocity of the carrier gas and A, B, C are constants for a given 
combination of column and carrier gas. The constants describe the extent of a contribution to 
signal broadening due to eddy-diffusion (A), longitudinal diffusion (B), and mass transport ef-
fects (C) [36]. The eddy-diffusion term describes the effect that molecules of the same type can 
pass through a layer of adsorbent particles on different pathways. This effect only occurs for 
packed columns and can be neglected for capillary columns (A = 0). B represents the effect of 
the diffusion of molecules from the high-concentration region of the initially introduced nar-
row-banded gas mixture to regions of a lower concentration in front of and behind it. Due to 
different binary diffusion coefficients for different combinations of analyte and carrier gas and 
a velocity-dependent residence time of the analyte in the column, B depends both on the type 
and the velocity of the carrier gas. Lastly, the mass transport effect, indicated by C, is attributed 
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to the time required by the analyte to reach equilibrium between the stationary and mobile 
phase. It depends on the column dimensions, the thickness of the stationary phase, and the dif-
fusion coefficients of the analyte in both the stationary and mobile phase. 
Figure 2-7 shows the van-Deemter curves for different carrier gases and a given column. 
 

 
Figure 2-7: Van-Deemter curves for different carrier gases. Adapted from [36]. 

 
It is seen that the lowest plate height H, i.e., highest column efficiency, is similar for the carrier 
gases N2, He, and H2, but is reached at different average velocities. Compared to He and H2, 
which show a very broad minimum at higher average velocities, N2 exhibits a narrow minimum 
at low average velocities. He and H2 are preferred as carrier gases because they allow lower 
analysis times and a higher resolution for a broader range of carrier gas velocities. Although 
the shortest analysis time can be achieved with H2, He is mainly used as a carrier gas, because 
of its non-flammability in contrast to H2. In addition, H2 cannot be used if it is also a target 
species in the gas mixture to be separated, because its presence as a carrier gas would obscure 
its detection in the gas sample. 
A resolution of 1.5 is required for a baseline separation of two consecutively eluting species A 
and B [36]. The resolution is expressed as the ratio of the difference in retention times (tR)A and 
(tR)B of species A and B and the sum of half the signal widths WA/2 and WB/2 at the baseline, 
as shown in equation (2-18).  
 

2 2

 (2-18)

 
Combining equations (2-16) and (2-18) the resolution can also be expressed as a function of the 
theoretical plates N. The resulting equation (2-19) shows that the resolution is proportional to 

√ , so that a high number of theoretical plates or a small plate height H (equation (2-15)) is 
desired. This effect can be achieved for example by longer and thinner columns, a thicker and 
more effective stationary phase, an optimal carrier gas velocity according to the van-Deemter 
equation, and a temperature program tailored to the specific application. 
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2.2.3 Detector 

In gas chromatography, many different types of detectors are used for different types of appli-
cations. In this study, a QMS and a thermal conductivity detector (TCD) are used for the detec-
tion of the separated species. Because the QMS is described in section 2.1.4, only the TCD and 
the benefits from using a QMS in combination with a GC are briefly outlined here. Details of 
other common detectors such as the flame ionization detector or the electron capture detector 
are given in [35,36]. 
A TCD is a non-selective concentration-dependent detector, based on the different thermal con-
ductivities of the gas eluting from the column compared to the thermal conductivity of the pure 
carrier gas. In a TCD, the eluting gas mixture is guided through a small cell that contains a 
heated filament. The filament is heated either to a constant temperature or by a constant heating 
current or voltage. The analytes cause a change in thermal conductivity of the gas that leads to 
a temperature change of the filament due to different heat losses to the surrounding block or 
change in required power to keep the temperature of the filament constant [36,41]. The changed 
resistance of the filament due to the temperature change or the change in required power is 
measured and translated into a signal intensity.  
In early TCDs, the two gas streams (carrier gas + analyte and pure carrier gas) were passed 
through two different cells (reference and measuring cell) with the filaments incorporated in a 
Wheatstone bridge circuit. If the thermal conductivities of the two flows differ, the difference 
in filament resistance leads to an unbalanced bridge and a voltage can be measured. To increase 
sensitivity and stability, four cells, i.e., two reference and two measuring cells, can be used. 
Today, usually only one cell with alternating (5 – 10 Hz) flow of reference and measurement 
gas is used [35]. The amplitude of the electrical output signal depends on the difference in 
thermal conductivities of the two flows. The reference flow minimizes the effect of variations 
in flow rate, pressure, temperature, and applied power on the obtained signal. 
The most commonly used carrier gases in combination with TCDs are H2 and He as they pro-
vide the highest detector sensitivity due to much higher thermal conductivities compared to 
other gases. 
In contrast to the TCD, the QMS can also be used to identify eluting species. For this purpose, 
the obtained fragmentation pattern of the eluting species is compared with fragmentation pat-
terns from the literature, e.g., from the mass spectral library of the National Institute of Stand-
ards and Technology (NIST) [42]. 
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3 Modeling 

In this study, the experimental results are compared with simulation results using a one-dimen-
sional plug-flow approach. In addition, to verify the pug-flow assumption, two-dimensional 
simulations are performed for selected conditions using the cylindrical shear-flow approach of 
Chemkin Pro 19.0 [43]. The plug-flow assumptions and a method for their validation are out-
lined in detail and the underlying conservation equations are presented. The shear-flow model 
including its conservation equations is briefly outlined. Subsequently, the fundamentals of the 
reaction kinetics of homogeneous gas-phase reactions are given. In this section, the approaches 
of calculating thermodynamic and transport properties used in the simulation software, i.e., 
Chemical Workbench 4.1 [44] and Chemkin Pro 19.0 [43], are briefly described. 

3.1 Plug flow 

Plug flow is an ideal flow pattern in tubular flow reactors in which the fluid is perfectly mixed 
in the radial direction, i.e., there are no radial gradients in velocity, temperature, or concentra-
tion. Also, there is no mixing in the axial direction so that each plug or each volume element 
has the same residence time in the reactor. Axial concentration and temperature gradients occur 
only due to chemical reactions and non-isothermal conditions, respectively [45]. 
A plug-flow pattern reduces the mathematical problem of the flow simulation from a two-di-
mensional to a one-dimensional one, which greatly simplifies modeling and is computationally 
efficient. 
In a real flow reactor, a distinction is made between laminar and turbulent flow, characterized 
by the Reynolds number Re: 
 

 (3-1)

 
The Reynolds number shows the ratio of inertia to viscous forces. In equation (3-1), ρ is the 
density of the fluid, u the fluid velocity, dR the diameter of the tube, and η the dynamic viscosity. 
The dynamic viscosity of a gas mixture ηmix is given by equation (3-2), in which ηi is the dy-
namic viscosity of species i, xi and xj the mole fractions of the species i and j, and Φij a dimen-
sionless factor given by equation (3-3) [46]. Here, Mi and Mj represent the molar masses of the 
species i and j, respectively. 
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The dynamic viscosities of each component in the gas mixture at a given temperature can be 
calculated by the polynomial shown in (3-4) [47]. 
 

Pas K K K K
 (3-4)

 
The coefficients A-E are listed in the literature for different gases [47]. The influence of pressure 
on viscosity can be neglected at temperatures above 1.5 times the critical temperature of a gas 
and pressures below half the critical pressure [48].  
For Re < 2300, the pipe flow can be considered laminar and for higher values, the transition to 
turbulent flow occurs [49]. The laminar flow is characterized by a parabolic velocity distribu-
tion with the highest velocity in the middle of the tube and the lowest velocity at the walls due 
to friction. The fluid acts in layers and no radial mixing occurs. In contrast, the turbulent flow 
is characterized by a flow swirled in space and time that leads to a continuous mixing of the 
fluid. Because of the mixing process, the velocity distribution of a turbulent flow is flatter and 
more uniform compared to the laminar flow [49] so that a turbulent flow can be regarded as a 
flow with small deviations from plug flow. The same applies to laminar flows in long tubes, 
where the molecular diffusion in radial direction has enough time to smooth or eliminate the 
radial concentration gradients [50]. 
A useful model to check whether a flow can be regarded as plug flow is the dispersion model 
of Levenspiel [51]. Dispersion means the broadening of a fluid element due to velocity gradi-
ents and molecular diffusion. It is characterized by the dimensionless expression shown in equa-
tion (3-5) and called vessel dispersion number, in which DDisp represents the dispersion coeffi-
cient, u the fluid velocity, and L the tube length. 
 

 (3-5)

 
For DDisp/uL = 0, the flow can be regarded as ideal plug flow and for values lower than 0.01 
only small deviations from plug flow exist. The dispersion coefficient can be determined from 
the residence time distribution E(θ) of a tracer injected at the tube inlet using equation (3-6). In 
this equation, θ indicates the dimensionless average residence time (θ = τ/τavg). The equation 
was derived for open tubes and DDisp/uL > 0.01 so that it also covers flows with larger deviations 
from plug flow. In this case, the residence time distribution curves become nonsymmetrical due 
to the broadening of the injected tracer. But, for values of DDisp/uL < 0.01, the resulting curves 
are close to symmetrical and a small deviation from plug flow can be assumed.  
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(3-6)

 
Fast data acquisition is required to experimentally determine the time-dependent concentration 
of the tracer at the reactor outlet under the specific operating conditions. Alternatively, a corre-
lation (equation (3-7)) derived from Taylor [52,53] and Aris [54] can be used to calculate DDisp 
from the binary diffusion coefficient DAB, the fluid velocity u, and the diameter dR of the tube. 
 

192
 (3-7)

 
While dispersion is promoted by molecular diffusion at low velocity, it is promoted by axial 
convection and radial diffusion at higher velocities. As a result, an optimum is found for a 
specific combination of u, dR, and DAB. If the dispersion number (equation (3-5)) is correlated 
with the Peclet number Pe (equation (3-8)), a curve is formed showing a minimum for low axial 
dispersion in laminar pipe flow. This minimum corresponds to the conditions at which the flow 
can best be regarded as plug flow. The Peclet number Pe is the product of Reynolds Re and 
Schmidt number Sc and expresses the ratio between the mass transfer by convection and diffu-
sion. Because the characteristic length dR is used instead of L, L is also replaced by dR in the 
dispersion number. Consequently, the dispersion intensity is independent of the geometry factor 
L/d so that the resulting diagram only applies to pipe flows with L >> dR [51]. 
 

 (3-8)

 
According to Hirschfelder et al. [55], the binary diffusion coefficient DAB [cm²/s] can be calcu-
lated using equation (3-9). Here, p indicates the pressure in atm, MA and MB the molecular 

weights of the species A and B, σ12 a reduced collision diameter in Angstroms, and ΩAB
(1,1) the 

collision integral.  
 

1.86 ∙ 10 1 1

,  (3-9)

 
The collision integral is a function of the reduced temperature T* given in equation (3-10). In 
this equation, εAB indicates the characteristic energy of the intermolecular forces between the 
molecules A and B and kB the Boltzmann constant (kB = 1.38066 × 10-23 J K-1). 
 

∗  (3-10)
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Usually, the Lennard-Jones (12-6) potential ψ is used to describe the intermolecular forces be-
tween two non-polar spherical particles, e.g., atoms or molecules, at a distance r [56,57]. 
 

4  (3-11)

 
The Lennard-Jones (12-6) potential parameters ε and σ in equation (3-11) correspond to the 
characteristic Lennard-Jones energy that quantifies the depth of the potential well and the dis-
tance at which the potential approaches zero, respectively. The parameters are listed in [58] for 
some common species. To relate the Lennard-Jones (12-6) potential parameters between two 
species A and B to the parameters of the individual species, equations (3-12) and (3-13) are 
used [59], as data are only available for a few gas pairs in the literature. 
 

 (3-12)
1
2

 (3-13)

 

The collision integral ΩAB
(1,1) is tabulated as a function of T* for the Lennard-Jones (12-6) poten-

tial in [60]. Kim and Monroe [61] derived empirical equations from high-accuracy calculations 
of 16 collision integrals for the Lennard-Jones (12-6) potential. Equation (3-14) presents the 

equation for the collision integral ΩAB
(1,1) that is required for equation (3-9). 
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The coefficients for equation (3-14) are listed in [61]. The authors indicate that the collision 
integrals can be predicted within 0.007 % in the range of 0.3 ≤ T* ≤ 400. 
With equations (3-7) – (3-14), the plug flow approximation can be validated for given operating 
conditions. 

3.1.1 Conservation equations 

The general equations for the conservation of mass, energy, and momentum for pipe flows are 
described in [62]. Here, only the simplified versions with respect to steady-state plug flow are 
presented. This includes the assumptions that there are no gradients in the radial direction and 
that diffusion in the axial direction can be neglected. In addition, the cross-sectional area A is 
assumed to be constant and surface reactions are not considered. Consequently, only variations 
of fluid properties, e.g., velocity and temperature, in the flow direction x are considered. 
Taking these assumptions into account, the mass conservation equation, also known as the con-
tinuity equation, is described by equation (3-15) 
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0 (3-15)

 
where ρ and u represent the density and axial velocity, respectively. The density is calculated 
via the ideal gas equation of state as shown in equation (3-16). 
 

 (3-16)

 
Here, p denotes the pressure,  the mean molar mass, R the universal gas constant 
(R = 8.3145 J/molK), and T the temperature. 
Although the total mass is constant, the mass fractions of species in a gas mixture can change 
due to chemical reactions. The species conversation equation is presented in equation (3-17).  
 

 (3-17)

 
In this equation, Yi and Mi indicate the mass fraction and the molar mass of species i, respec-
tively and i the chemical production rate of species i due to gas-phase reactions. The produc-
tion rate i is described in detail in section 3.3.1. 
There is no need to solve the momentum equation if the pressure can be assumed to be constant 
and friction can be neglected. The same applies to the energy equation for systems with con-
strained temperature. For an adiabatic reactor, the energy equation is as follows: 
 

 (3-18)

 
where Nsp represents the number of species, hi the specific enthalpy of species i, and  the 

mean specific heat capacity at constant pressure per unit mass of gas. The calculation of hi and 
 is described in section 3.3.3. 

Because the residence time τ is often a quantity of interest, equation (3-19) can additionally be 
solved. 
 

1
 (3-19)

3.2 Boundary-layer flow 

In boundary-layer or shear flow, it is assumed that axial diffusion can be neglected compared 
to radial diffusion and axial convective transport. Gravitational influences are also neglected 
[63,64]. This simplifies the required system of equations considerably, e.g., by eliminating the 
momentum in the radial direction and the angle dependence which reduces the problem to two 
dimensions. Consequently, the boundary-layer flow model allows the calculation of two-
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dimensional concentration, velocity, and temperature fields by coupling hydrodynamics with 

gas-phase chemistry. It can be applied if ≫ 1 [65].  

3.2.1 Conservation equations 

The required system of equations is shown below (equations (3-20)-(3-23)) [64]. 
Compared to plug flow, the mass conservation equation is extended by the mass transfer in the 
radial direction as shown in equation (3-20). 
 

1
0 (3-20)

 
Here, u and v represent the velocity components in axial (x) and radial (r) directions, respec-
tively. Regarding the conservation of species, radial diffusion must be considered along with 
the convective mass transfer of a specific species in the radial direction. The species conserva-
tion equation can be written as 
 

1 ,
 (3-21)

 
where Vi,r indicates the multicomponent diffusion velocity in the radial direction. Because in 
boundary-layer flow the development of a parabolic velocity profile is considered, viscous 
forces directed in the radial direction lead to convective acceleration or deceleration of the fluid. 
This is shown by the momentum conservation equation in axial direction: 
 

1
 (3-22)

 
where η describes the dynamic viscosity of the gas mixture. Equation (3-23) presents the energy 
conservation equation. Compared to the energy equation (3-18) for plug flow, it is extended by 
the radial components of the convective energy transfer as well as thermal conduction and dif-
fusion in the radial direction. 
 

1
, ,  (3-23)

 
In equation (3-23) λ represents the thermal conductivity of the gas mixture. 
As can be seen from the equations, transport properties are required whose calculation is de-
scribed in section 3.3.4.  
A more detailed description of the boundary-layer flow model is found in [63,64]. 
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3.3 Reaction kinetics 

To solve the conservation equations for plug flow, the rate of production of chemical species  
and the thermodynamic properties, e.g., the specific heat capacity cp, enthalpy h, and entropy s 
must be calculated. For the boundary-layer flow, transport properties like thermal conductivity, 
diffusion, and viscosity must also be known.  
With the help of thermodynamics, only equilibrium states of chemical reactions can be de-
scribed. No information about the reaction path and the reaction rate can be given. The reaction 
kinetics, on the other hand, describe chemical reactions qualitatively and quantitively, including 
the pathways of species formed or consumed and the time scales of the reactions. 
The fundamentals of kinetic modeling including the calculation of thermodynamic and 
transport data are described in this chapter. First, chemical reaction rates are introduced, fol-
lowed by the treatment of pressure-dependent reactions. Subsequently, the approach for calcu-
lating thermodynamic and transport data in kinetic modeling is outlined. Reaction path and 
sensitivity analysis are introduced in the last section. 

3.3.1 Chemical reaction rates 

Reaction mechanisms used in kinetic modeling consist of hundreds to thousands of reactions. 
Usually, these reactions are reversible elementary reactions, i.e., reactions that occur at the mo-
lecular level exactly as they are formulated. An elementary reaction j can be expressed as 
 

⇌  (3-24)

 

where Ai represents the species i and νij
'  and νij

''  the stoichiometric coefficients of the species in 

the forward (‘) and reverse (‘‘) direction, respectively. The number of species is denoted by Nsp. 
The molar rate of production of a chemical species is equal to the temporal change of its molar 
concentration ci as shown in equation (3-25). 
 

 (3-25)

 
On the right-hand side of equation (3-25) qj is the net rate of reaction, also called the rate of 
progress and NR denotes the number of reactions in which species i is involved. The net rate of 
reaction is calculated by the difference of the forward and reverse rates as follows: 
 

 (3-26)
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Here, kj
'  and kj

'' are the so-called rate coefficients of the forward and reverse reaction, respec-

tively. Equation (3-26) shows that the unit of the rate coefficient of an elementary reaction j 
depends on the order of reaction given by the sum of the stoichiometric coefficients of all reac-
tants involved in the reaction.  
The most common types of reactions are unimolecular and bimolecular reactions, i.e., reactions 
involving only one and two reactants, respectively. The reaction rate of a unimolecular reaction 
is of first order and only depends on the concentration of one reactant. Typical examples of 
unimolecular reactions are decomposition or isomerization reactions. Bimolecular reactions are 
of second order so that their reaction rates are proportional to the product of the concentrations 
of two reactants or the squared concentration of one reactant. Examples are hydrogenation or 
dimerization reactions. Termolecular reactions, which are of third order, are rare because they 
require the simultaneous collision of three reactants. 
For some reactions, a “third body”, usually denoted as M, is required for the reaction to occur. 
These reactions are typically decomposition or recombination reactions, i.e., reactions with a 
single reactant or product. For a recombination reaction, the collision of the involved reactants 
leads to a huge amount of energy transferred to the product due to the conservation of momen-
tum. This excess energy must be transferred to the third body by collision to stabilize the prod-
uct. In this process, some species act more efficiently than others so that a collision efficiency 
aji must be considered in relation to these species. For reactions involving a third body the rate 
of progress changes to:  
 

 (3-27)

 
If all species contribute equally as a third body, aji is 1 for all species. In the case of more 
efficient collisions, aji can be higher than one. This results in an effective concentration of the 
third body that is higher than its real concentration. Third-body reactions are of third order. 
The reaction rate coefficient of the forward reaction is usually expressed by a modified Arrhe-
nius form equation: 
 

exp  (3-28)

 
with the pre-exponential factor A, the activation energy EA, the universal gas constant R, and 
the temperature exponent n. The pre-exponential factor A is related to the frequency of colli-
sions and the probability that these collisions lead to a chemical reaction. Its temperature de-
pendence is expressed by the temperature exponent n. The activation energy EA is the energy 
barrier that must be overcome for the reaction to proceed. The fraction of particles (atoms or 
molecules) with an energy of at least EA is represented by the exponential expression in equa-
tion (3-28). 
The reaction rate coefficient of the reverse reaction can either be expressed in the same way or 
calculated from the forward reaction rate using thermodynamic relationships. When a reversible 
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reaction is in equilibrium, the rate of progress approaches zero because the forward and reverse 
reaction rates are equal. This gives equation (3-29): 
 

 (3-29)

 
The relation between the forward and reverse reaction rates is described by the equilibrium 
constant Kc,j based on concentrations, as shown in equation (3-30). 
 

,  (3-30)

 
The equilibrium constant can also be expressed based on pressure using the partial pressures of 
species i and the standard pressure p0 (p0 = 1 atm). The equilibrium constant based on pressure 
is indicated by Kp,j and calculated from equation (3-31). 
 

,  (3-31)

 
Using the ideal gas law (c = n/V = p/RT), equation (3-30) can be expressed as a function of 
pressure: 
 

,  (3-32)

 
Comparing equations (3-31) and (3-32) leads to equation (3-33):  
 

, , ,  (3-33)

 
with vnet representing the net change in the number of gas-phase species in the reaction j.  
Kp,j can also be expressed as: 
 

,
∆

 (3-34)

 

with the molar Gibbs free energy ∆  at standard pressure, calculated from the specific reac-

tion enthalpy ∆  and entropy ∆ ̃  as outlined in equation (3-35). 
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∆ ∆ ∆ ̃  (3-35)

 
Substituting equations (3-34) and (3-35) in equation (3-33) results in the final expression of 
Kc,j. 
 

,
∆ ̃ ∆

 (3-36)

 
Equations (3-30) and (3-36) show that the reaction rate coefficient of the reverse reaction can 
be calculated from thermodynamic data. The calculation of the required quantities like enthalpy 
and entropy is described in section 3.3.3. 

3.3.2 Pressure-dependent reaction rates 

Under certain conditions, a reaction rate can show pressure-dependent behavior in addition to 
temperature dependence. This effect is mostly found for unimolecular/recombination reactions. 
Lindemann [66] proposed that unimolecular decomposition only occurs when the decomposing 
reactant is in an activated state due to a non-reactive collision with another molecule M. The 
activated species can be deactivated by another collision or decompose to form the products. 
This formulation also applies to recombination reactions, e.g., the recombination of methyl 
(CH3) radicals shown below: 
 

CH3 + CH3 ⇌ C2H6 (R 3-1)
 
At a specific high-pressure limit, no additional collision partner is required, and the recombi-
nation occurs according to reaction (R 3-1). In contrast, at a low-pressure limit a third body (see 
section 3.3.1) is required so that the reaction can be expressed as: 
 

CH3 + CH3 + M ⇌ C2H6 + M (R 3-2)
 
The reaction rate coefficients for the high-pressure and low-pressure limit, denoted by the sub-
scripts 0 and ∞, respectively, can still be expressed in their respective Arrhenius form and are 
independent of pressure: 
 

,  (3-37)

,  (3-38)

 
But in the transition region, the so-called fall-off region, a more complex, pressure-dependent 
reaction rate coefficient is necessary. In this case, the third body is usually enclosed in paren-
theses in the reaction equation. The rate coefficient at any given pressure is then calculated by 
equation (3-39): 
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1
 (3-39)

 
where F is the broadening factor and Pr the reduced pressure, defined as follows: 
 

 (3-40)

 
Here, cM is the total concentration of the gas mixture in mole per unit volume, including possi-
bly enhanced third-body efficiencies (see section 3.3.1). The concentration of the mixture fi-
nally depends on pressure. 
For the Lindemann expression [66] the broadening factor F equals one, however, a comparison 
of experiments and theory showed large disagreements in the fall-off region [67]. The reason 
for this is that Lindemann assumed that the required activation energy would be provided by a 
simple collision. Lindemann did not consider that the internal degrees of freedom of the reactant 
can also contribute to the provision of the required energy. 
A more complex expression of the broadening factor is given by Troe [68] and Gilbert et al. 
[69]: 
 

1  (3-41)

 
in which the parameters c, n, and d are defined as: 
 

0.4 0.67  (3-42)
0.75 1.27  (3-43)

0.14 (3-44)
 
The parameter Fcent depends on temperature and the reaction-specific constants α, T*, T**, and 
T*** that must be specified in the reaction mechanism. It is calculated according to equation 
(3-45). 
 

1 ∗∗∗ exp ∗

∗∗

 (3-45)

 
A similar approach to that of Troe and Gilbert was proposed by Stewart et al. [70], who used a 
different broadening factor F given by equation (3-46). 
 

 (3-46)

 
with 
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1
1

 (3-47)

 
The method is called the SRI method. The parameters a, b, and c in the F expression must be 
supplied in the reaction mechanism. Both the Troe and SRI methods can accurately predict the 
fall-off behavior of single-well reactions, but they do not adequately predict multi-well and 
multi-product reactions [71]. A method capable of accurately predicting the temperature and 
pressure dependence of these types of reactions is the Chebyshev method proposed by Ven-
katesh et al. [71]. The Chebyshev method is much more complex than the previous methods 
and needs much more parameters to be specified in the reaction mechanism. Because this 
method was not used in any of the reaction mechanisms used in this study, it is not described 
here. Refer to the literature [71] for more information. 
Another common method to describe pressure-dependent reaction rate coefficients is the PLOG 
fit [72]. This method is based on logarithmic interpolation between two rate coefficients given 
for discrete pressures pi and pi+1 below and above the current pressure p. 
 

ln ln ln	 ln
ln ln
ln ln

 (3-48)

 
The reaction rate coefficients for each pressure are described in terms of the standard modified 
Arrhenius form equation (see equation (3-28)). At pressures lower or higher than any of those 
provided in the reaction mechanism, the rate coefficient for the lowest or highest pressure is 
used.  

3.3.3 Thermodynamic data 

To solve the energy equations (3-18) and (3-23), the values of hi
0, cp,i

0 , and cp must be known 

for every temperature. In addition, the specific molar reaction enthalpy ∆rhj
0
 and entropy ∆rs̃j

0 

are required to calculate the equilibrium constant Kc and the reverse rate coefficient for any 
reaction (see section 3.3.1). Note that the superscript 0 denotes the standard state of 1 atm pres-
sure. 
In general, the species-specific specific molar enthalpy and entropy at a given temperature for 
an ideal gas are calculated by equations (3-49) and (3-50), respectively. 
 

, ̃ ,  (3-49)

̃ ̃ , ̃ ,  (3-50)

 
Here, the subscript “ref” denotes the standard conditions of usually 298 K of temperature so 
that the reference values represent the enthalpy and entropy of formation. Usually, the heat 
capacity is given as a polynomial, with the most common polynomials being the NASA 
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polynomials [73]. Based on these polynomials, the specific molar heat capacity is calculated by 
equation (3-51). 
 

̃ ,
, , , , ,  (3-51)

 
Substituting equation (3-51) into equations (3-49) and (3-50), equations (3-52) and (3-53) are 
obtained to calculate the specific molar enthalpy and entropy at a given temperature, respec-
tively. 
 

,
,

2
,

3
,

4
,

5
,  (3-52)

̃
, ln	 ,

,

2
,

3
,

4 ,  (3-53)

 
The constants a6,i × R and a7,i × R represent the enthalpy and entropy of formation of species i, 
respectively. As can be seen from the equations, seven coefficients (a1-a7) are required for each 
species. The NASA polynomials consist of two sets of coefficients, i.e., a total of 14 coeffi-
cients, with one set covering the low- (300 – 1000 K) and one set covering the high-temperature 
range (1000 – 5000 K). 
The specific reaction enthalpy and entropy are then calculated according to equations (3-54) 
and (3-55), respectively.  
 

∆  (3-54)

∆ ̃ ̃  (3-55)

 
To convert the molar enthalpy and heat capacity to the values per unit mass required for the 
conversation equations, the values must be divided by the molar mass. The mean specific heat 
capacity for a mixture of ideal gases is calculated by equation (3-56). 
 

,  (3-56)

3.3.4 Transport data 

In addition to thermodynamic properties, transport properties like dynamic viscosity, thermal 
conductivity, and diffusion coefficients must be calculated to solve the conservation equations 
related to the boundary-layer flow model.  
The dynamic viscosity η of the mixture is calculated according to equation (3-2) with the spe-
cies-specific dynamic viscosity given as [55]: 
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5
16 ,  (3-57)

 
where σi is the Lennard-Jones collision diameter (see section 3.1) and Ω(2,2) a collision integral 

that depends on the reduced temperature (equation (3-10)) and the reduced dipole moment δi
*. 

The dipole moment is given by: 
 

1
2

 (3-58)

 
with μi and εi representing the dipole moment and the Lennard-Jones potential well depth (see 
section 3.1), respectively. The values of ε as ε/kB, σi, and μi must be specified in the transport 
file of the respective reaction mechanism. The collision integral Ω(2,2) is determined by interpo-
lation of the tabulated values based on the Stockmayer potential given by Monchick and Mason 
[74].  
The multicomponent diffusion velocity in the radial direction for species i and the thermal con-
ductivity of the mixture are calculated by equations (3-59) [64] and (3-60) [75], respectively. 
 

,
1 1

 (3-59)

1
2

1

∑
 (3-60)

 

Here,  is the mean molar mass, Dij the binary diffusion coefficient, Di
T the thermal diffusion 

coefficient, and λi the thermal conductivity of species i. The mean molar mass can be calculated 
similarly to the mean specific heat capacity (see equation (3-56)), whereby the mole fraction 
must be used instead of the mass fraction. The diffusion coefficients are calculated from the 
solution of a system of equations defined by the so-called L matrix, whose components are 
given by Dixon-Lewis [76]. All required quantities such as the Lennard-Jones potential well 
depth and collision diameter or the dipole moment must be specified in the transport file of the 
reaction mechanism.  
The thermal conductivities of pure species are calculated by the approach given by Warnatz 
[77] taking translational, rotational, and vibrational contributions into account. 

3.3.5 Reaction pathway and sensitivity analysis 

Reaction mechanisms can be used in combination with numerical models to perform reaction 
pathway and sensitivity analyses. Reaction pathway analyses are performed to unravel the for-
mation and consumption pathways of products or reactants, respectively. In addition, compar-
ative reaction pathway analyses with different reaction mechanisms can contribute to their 
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improvement, e.g., by adapting reactions of a mechanism that shows a better agreement with 
the experiments. Regarding the reaction pathway analysis, a distinction is made between inte-
gral (over the entire reactor length) and local analysis (at a specific position in the reactor). For 
a local analysis, the relative rates of production (ROP) and consumption (ROC) are calculated 
by equations (3-61) and (3-62), respectively. 
 

max , 0

∑ max , 0
 (3-61)

min , 0

∑ min , 0
 (3-62)

 
The relative rates of production and consumption indicate the relative contribution of a reaction 
j to the net formation or consumption of a target species i, respectively. When studying the 
combustion or partial oxidation of hydrocarbons, usually only the pathway of carbon is consid-
ered in a reaction path analysis, e.g., along which reaction path a carbon atom of the fuel arrives 
in the products CO or CO2. 
For an integrated reaction path analysis, the absolute rates of production or consumption are 
integrated over the total residence time in the reactor and divided by the integrated rates of 
production or consumption for all reactions in which the species of interest is involved (see 
equations (3-63) and (3-64)). 
 

max , 0

∑ max , 0
 (3-63)

min , 0

∑ min , 0
 (3-64)

 
Consequently, the integral reaction path analysis considers the total formation and depletion of 
a species i during the reaction process. When comparing reaction mechanisms, local reaction 
path analyses are often preferred because they can be performed for a specific position in the 
reactor where, for example, the same fuel conversion is found. 
A sensitivity analysis with respect to the reaction rate coefficients is performed to identify im-
portant, rate-limiting reactions within the reaction mechanism regarding a global parameter like 
ignition delay time or the formation or consumption of a target species. The latter is done by 
separately varying the A-factor of each reaction in the mechanism and evaluating its effect on 
the mole fraction of the respective species. The relative sensitivity is calculated by equation 
(3-65) 
 

 (3-65)

 
with xi and kj representing the mole fraction and rate coefficient of the specific species and 
reaction, respectively. A high positive sensitivity Sij indicates a reaction that is important for 



3 Modeling 

34 

the formation of the species, whereas a high negative sensitivity indicates a reaction that is 
important for its consumption. The sensitivity coefficients can be integrated in time to obtain 
coefficients for a specific position in the reactor. This is done to identify reactions that have a 
direct influence on the mole fraction of a target species at this position. 
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4 Experimental methodology 

In this chapter, the experimental setup and the methods for evaluating the experimental results 
are presented. First, the flow reactor and its periphery used in this study are described, followed 
by an analytical and numerical validation of the plug-flow assumption. Second, the specifica-
tions of the analytical instruments, i.e., TOF-MS and GC/MS, are outlined. In this context, the 
quantification methods for each instrument are described. Finally, an uncertainty analysis of 
the experimental results is presented. 

4.1 Flow reactor 

Figure 4-1 shows a schematic diagram of the flow reactor and its periphery. Note that this dia-
gram represents the most recent version of the experimental setup. The setup was modified 
continuously and the status at the time of the respective study is mentioned in the corresponding 
chapter. 
The flow reactor consists of a 65 cm long quartz tube (8 × 1 mm) that is embedded in a silicon-
coated Inconel tube (12 × 1 mm). Quartz was chosen as the reactor material because of its 
chemical inertness and Inconel as the pressure shell because of its high mechanical stability and 
oxidation resistance. The gap between both tubes is sealed with Teflon tape at both ends to 
guide the gas through the quartz tube. The silicon coating ensures that no catalytic reactions 
take place between the Inconel wall and gas entering the gap. The Inconel tube is enclosed by 
a 50 cm long copper shell (32 × 8 mm) for uniform heating, while the heat is provided by two 
6 m long heating tapes wrapped around the copper shell. The temperature is controlled by two 
type-K thermocouples placed in 5 mm deep drill holes in the copper shell and temperature con-
trollers. An isothermal zone of 40 cm length is established (see section 4.1.2). Heat losses are 
minimized by insulation with high-temperature-resistant fabric tape and fleece. For reactor op-
eration at temperatures above 1000 K, the copper shells can be removed and an oven can be 
used for heating. This design allows temperatures of up to 1400 K.  
Gases are metered by Coriolis mass flow controllers pressurized from the feed gas cylinders. 
Liquid reactants are introduced to a home-made evaporator by a calibrated high-performance 
liquid chromatography (HPLC) or syringe pump. In the most recent setup, the liquid feeding 
system was modified to overcome the pulsing nature of both pumps and to allow lower amounts 
of liquids to be introduced to the evaporator. This is done by a stainless-steel syringe filled with 
the liquid and pressurized from an argon gas cylinder. A Coriolis mass flow controller down-
stream of the syringe is used to meter the liquid up to very low mass flows of 0.1 g/h, which 
corresponds to a volume flow rate of less than 0.5 sccm in the example of n-heptane.  
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The evaporator consists of a 1 m long bent stainless-steel tube placed in a temperature-con-
trolled oil bath. The vapor is entrained in the diluent gas used in the respective study and mixed 
with oxygen and other remaining reactants downstream of the evaporator and well before en-
tering the reactor. The reactor pressure is controlled by a needle valve downstream of the reactor 
and then reduced to the sampling pressure of the instrument used for product analysis (see sec-
tions 4.2 and 4.3). Pressure fluctuations were always lower than 0.5 %. All lines made of stain-
less steel downstream of the reactor are heated to at least 373 K to prevent condensation of 
products. If liquid reactants are used, also the lines between the evaporator and the reactor are 
heated. This is indicated by the sinusoidal curves in the schematic diagram. In case of an unex-
pected pressure increase, the reactor is equipped with a safety valve that opens at a pre-defined 
pressure and releases the gas to the exhaust. 
The final setup is designed for reactor operation at temperatures of up to 1000 K (copper shells) 
or 1400 K (oven) and pressures from 0.1 to 40 bar. 
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Figure 4-1: Schematic diagram of the experimental setup. MFC: mass flow controller, V: Valve, 

T: Temperature sensor, p: pressure sensor, P: pump. 
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4.1.1 Flow conditions 

All experiments are performed at a constant volume flow rate of 280 sccm (standard conditions: 
p = 1 atm, T = 273.15 K) to approximate plug flow. This approximation was validated by the 
dispersion model described in section 3.1 and by two-dimensional simulations using the bound-
ary-layer flow model described in section 3.2. The results of both approaches are presented 
here. 
First, the flow regime in the reactor is characterized by calculating the Reynolds number using 
equations (3-1) – (3-4). The axial velocity is calculated by dividing the reactor volume by the 
volume flow rate at the investigated conditions. The ideal gas law is used to convert the volume 
flow rate at standard conditions to the volume flow rate at the investigated conditions and to 
calculate the density of the gas mixture. The dynamic viscosity is calculated for a mixture of 
methane, oxygen, and argon or nitrogen with mole fractions of 0.05, 0.05, and 0.9, respectively. 
This mixture is representative of all mixtures investigated in this study, except for the me-
thane/n-heptane mixtures, where a lower dilution was used (see Table 7-1). To cover these 
mixtures, Reynolds numbers for the two mixtures that deviated the most are additionally calcu-
lated. The very small fractions of additives used in the studies are neglected as they do not 
significantly influence the results. Table 4-1 shows the Reynolds numbers calculated for the 
mixtures at temperatures of 373 and 973 K. 
 
Table 4-1: Reynolds numbers. 

Mixture / mol%  Re  Re  

Ar N2 CH4 O2 (373 K) (973 K) 
90 0 5 5 65.51 32.49 
0 90 5 5 58.76 30.56 
0 78 10 12 58.94 30.54 
0 64 32 4 59.60 30.04 

 
As seen in Table 4-1, the Reynolds numbers are well below the critical value of 2300 so that 
the flow is laminar at all conditions.  
To check whether the dispersion model can be used, the residence time distribution (RTD) of 
an injected tracer was determined experimentally. A small amount of propane was injected via 
a syringe 25 cm upstream of the reactor. The propane was entrained in an argon flow of 
280 sccm at a reactor temperature of 293 K. The TOF-MS was used to measure the propane 
signal at the reactor outlet. Because the data acquisition of the used TOF-MS is not fast enough 
to record several mass spectra in the short time period of the outflowing propane, only one mass 
spectrum with a long averaging time was taken. The increasing signal of propane was recorded 
by a camera with 60 frames per second and the signal height was noted for every frame until 
the signal stopped increasing. The RTD was then obtained by plotting the signal height increase 
over the reduced residence time (see section 3.1). The obtained distribution was in good agree-
ment with a Gaussian shape so that the variance was determined and used in equation (4-1) [51] 
to calculate DDisp/uL. 
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2 8  (4-1)

 
The result of DDisp/uL=0.0031 shows that the plug-flow assumption is justified. Figure 4-2 
shows the RTD corresponding to the value of DDisp/uL=0.0031 (red line) and the measured 
values (symbols) scaled to the curve using a constant factor for all values. A very good agree-
ment between the measurements and the calculated RTD is seen so that the dispersion model is 
applicable. It is interesting to note that the calculated RTD for a propane/argon mixture at 293 K 
(red, dashed line) is broader than the experimental curve. This effect could be caused by exper-
imental uncertainties or the calculation of binary diffusion coefficients without considering its 
dependence on mixture composition. But, because the calculated RTD is broader, it can be 
assumed that the plug-flow assumption is valid if the calculations indicate this. To cover all 
investigation parameters, RTDs for different values of DDisp/uL were calculated for mixtures of 
Ar/O2, Ar/CH4, N2/O2, and N2/CH4, temperatures between 373 K and 973 K, and a volume flow 
rate of 280 sccm using equations (3-6) – (3-14). Because the RTDs of the nitrogen and the argon 
mixtures are very similar only the RTDs for the argon mixtures with the highest values of 
DDisp/uL are shown in Figure 4-2 (blue lines). While the solid line represents the RTD for an 
Ar/O2 mixture at 373 K, the dashed line represents the RTD for the same mixture at 973 K. 
RTDs for DDisp/uL = 0.01 and 0.1 are also plotted to show the limit at which the plug-flow 
approximation is acceptable and the broadening of the RTDs at lower values, respectively. 
 

 
Figure 4-2: Residence time distributions (RTD) according to the dispersion model. Red symbols 

and line represent experimental values and the associated RTD calculated with the 
value of DDisp/uL obtained from the experiment, respectively. Blue lines indicate RTDs 
for calculated values of DDisp/uL and black lines RTDs for DDisp/uL ≤ 0.01 where they 
become nonsymmetrical. 

 
Figure 4-2 shows that the RTD becomes narrower at higher temperatures. The much larger 
binary diffusion coefficient at 973 K compared to 373 K nearly compensates for the higher 
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velocity at this temperature so that the dispersion coefficient increases only slightly compared 
to the velocity. This compensation results in a lower value of DDisp/uL.  
In addition to the RTDs, calculated values of DDisp/udR are correlated with the Peclet number 
(see section 3.1) in Figure 4-3 considering the Ar/O2 and N2/O2 mixtures and three different 
volume flow rates (50, 280, 1000 sccm). 
 

 
Figure 4-3: Axial dispersion (DDisp/udR) correlated with the Peclet number Pe for selected mix-

tures and volume flow rates. The minimum (Pe = 13.8, DDisp/udR = 0.144) represents 
the point at which the plug-flow assumption is best fulfilled. Inspired by Levenspiel 
[51,78]. 

 
Figure 4-3 shows that the calculated values with respect to the volume flow rate of 280 sccm 
are very close to the minimum, especially at higher temperatures. At higher flow rates the values 
are shifted to the right so that the deviation from plug flow increases. In contrast, at lower flow 
rates (here 50 sccm) the points are shifted to the left and the deviation from plug flow is as small 
as for 280 sccm. But, the lower the flow rate, the higher the residence time of the gases in the 
reactor. This would in turn lead to an increased stabilization time after a change of reactor 
conditions and would also require a reactor length of less than 65 cm because the reactions 
would only occur in the first cm of the reactor. A shorter reactor would again raise the question 
to what extent the plug-flow assumption is justified. Also, it becomes increasingly difficult to 
meter the required gas volumes, as the total flow rate decreases. In summary, the volume flow 
rate of 280 sccm is a very good compromise between residence time and practicability, while 
providing a good approximation to plug flow. 
The plug-flow approximation was further validated by boundary-layer flow simulations de-
scribed in section 3.2. Schwarz et al. [79] showed that the results of these simulations are in 
excellent agreement with the results of CFD calculations considering the complete set of steady-
state, laminar Navier-Stokes equations, especially regarding the mole fractions at the reactor 
outlet.  
For the boundary-layer flow model, the inlet velocity profile must be given as input. After en-
tering a tube, a certain distance is required for the fluid to build up to a fully developed parabolic 
flow. This distance can be calculated by equation (4-2) [58]. 
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0.035  (4-2)
 
Le is 1.38 cm for the highest Reynolds number shown in Table 4-1. Because the transfer line to 
the reactor after the mixing section of the reactants is much longer, a fully developed parabolic 
flow is chosen in the simulations. Figure 4-4 shows the calculated velocity, temperature, and 

CO mole fraction distribution using the example of a CH4/O2 mixture at 873 K, 6 bar, and  = 2. 
The recently published reaction mechanism of Kaczmarek et al. [80] was used for the simula-
tions. The measured temperature profile for the set temperature of 873 K (see section 4.1.2) 
was used for the wall temperature of the reactor and the inlet temperature was set to 293 K.  
 

 

 

 
Figure 4-4: Velocity, Temperature, and CO mole fraction distribution as a function of radial and 

axial distance for a CH4/O2 mixture at  = 2, p = 6 bar, and T = 873 K. 

 
Figure 4-4 clearly shows the parabolic velocity profile with the highest velocity in the center of 
the tube. But, the temperature and the CO mole fraction exhibit much smaller radial gradients. 
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That means that the heat transfer and diffusion in the radial direction are fast enough to over-
come the velocity gradients so that the flow can be regarded as plug flow. A comparison be-
tween the mole fractions at the reactor outlet of boundary-layer flow and plug-flow simulations 
also showed no significant difference. Because the two-dimensional simulations need much 
more computational time (factor 10 – 100), only plug-flow simulations were performed in most 
cases. 

4.1.2 Temperature profiles 

The temperature profiles are required to assign the set temperature of the temperature controller 
to a gas temperature inside the reactor. In addition, they are required as input for the simulations. 
Figure 4-5 shows an example of temperature sets, measured inside of the reactor at a pressure 
of 1 bar and an argon flow of 280 sccm. The temperatures were measured by a type-K thermo-
couple, starting at 15 cm upstream of the reactor and ending at the needle valve. In this case, 
the lines downstream of the reactor were heated to 373 K. As can be seen from the figure, there 
is a steep rise and fall in temperature before and after the heating zone, which has an isothermal 
zone (± 5 K) of at least 40 cm. The reactor (quartz tube embedded in the silicon-coated Inconel 
tube) was positioned in such a way that the temperature in front of and behind the reactor always 
remains below 500 K to avoid catalytic reactions with the stainless-steel tubes. The influence 
of pressure on the temperature profile was examined up to a pressure of 5 bar and was found 
negligible. It is assumed that this also applies to pressures up to 20 bar. 
 

 
Figure 4-5: Set of temperature profiles measured in the center of the reactor at an argon flow of 

280 sccm and a pressure of 1 bar for the given set temperatures. 

 
Using nitrogen instead of argon for the temperature measurements only resulted in slightly dif-
ferent heating and cooling zones. This did not affect the simulation results significantly. 
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Additionally, it was found that computational time can be saved by using reduced temperature 
profiles without considering the post-heating zone as well as the first 15 cm upstream of the 
reactor without influencing the simulation results. In contrast, neglecting the steep increase and 
decrease of the temperature led to slightly different predictions, especially for mixtures that 
contained reactants with low-temperature chemistry. 

4.2 Time-of-flight mass spectrometer (TOF-MS) 

A time-of-flight mass spectrometer with a two-stage ion extraction and a two-stage reflectron 
from Kaesdorf was used for the detection of species during the partial oxidation of several fuels. 
The basic principle of a TOF-MS is outlined in section 2.1.3. Here, only the specifications of 
the used instrument including the sampling process are shown. 
The product species are transferred to the ionization chamber of the TOF-MS by a two-stage 
molecular-beam extraction described in section 2.1.1. For this purpose, the reactor pressure is 
throttled down to ~ 200 – 500 mbar (depending on the exact nozzle diameter) and the product 
mixture is transferred to the intermediate chamber via a nozzle with an opening of 60 μm. The 
pressure in the intermediate chamber is typically in the range of 10-4 mbar. A second nozzle, 
called a skimmer, extracts the isentropic core of the molecular beam into the ionization cham-
ber, kept at ~ 10-7 mbar, where the product gas is ionized by electron ionization. A kinetic 
energy of the electrons of 17 eV was used to ionize all products including argon and minimize 
fragmentation as much as possible. But fragmentation could not be avoided completely as the 
energy of 17 eV is much higher than the ionization energies of most species so it had to be 
considered in the data reduction (see section 4.2.1). The electron beam is guided by a magnetic 
field generated by two permanent magnets. Both the ionization and the following extraction are 
pulsed to avoid the detection of ions with the same m/z ratio at different times. The extraction 
is done in two stages to compensate for the different starting positions of the ions. To ensure 
that the drift region is field-free, it is shielded by the liner against the housing of the mass 
spectrometer as shown in Figure 2-3. The liner potential equals the potential of the grounded 
counter electrode and the initial grid of the reflectron. A deflection unit is located between the 
counter electrode and the initial grid to compensate for uniform transverse velocities of the ions. 
In addition, an electrostatic Einzel lens is used to compensate for the diverging ion beam due 
to fragmentation and space charge effects. Entering the reflectron, consisting of the initial, mid-
dle, and end grid, the ions are decelerated by an increasing potential and reflected at a small 
angle towards the detector. A post-acceleration zone between the reflectron and detector en-
sures that even very heavy ions can be detected. A chevron plate was used as a detector in 
conjunction with a pre-amplifier to amplify the voltage signal which is then registered by a 
multichannel analyzer (FAST P7887) with a time resolution of 250 ps. For data acquisition, a 
threshold can be defined from which voltage pulses are counted as signals. If the threshold is 
correctly adjusted, only one ion per mass spectrum arrives at the detector. 
The voltages can be adjusted manually with potentiometers on the control unit of the spectrom-
eter. They are transferred to a computer via an A/D converter and displayed in the software 
TOF5.0. In this software, the heating current of the filament, the pulsation and delay times of 
ionization and extraction, the kinetic energy of the electrons, and the threshold for data acqui-
sition can be set. In addition, the repetition rate (number of spectra per time) and the averaging 
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time or number of summed up spectra for a measurement can be adjusted. In this study, a rep-
etition rate of 20 kHz was used in combination with 5 to 10 million sweeps to achieve a good 
signal-to-noise ratio. 

4.2.1 Quantification of TOF-MS data 

To assign a species to a signal, the time-of-flight spectra must be transformed into mass spectra. 
This is done by equation (4-3): 
 

/  (4-3)
 
The coefficients a, b, and c can be determined by assigning at least three signals to their corre-
sponding m/z ratio. The more signals are known and used, the more accurate the fitting be-
comes. For the highest accuracy, the signals used for the fitting should cover the whole mass 
range of the spectrum if possible. The signal of each species is proportional to its mole fraction 
in the gas mixture. Consequently, the signals must be integrated prior to quantification. If all 
voltages of the TOF-MS are set correctly, the signals can be approximated by a Gaussian dis-
tribution. In this study, both OriginPro 2019b and Flammen-Fit4.4 were used for the integration 
of the Gaussian-shaped signals. Flammen-Fit4.4 was developed by Vietmeyer [81] within his 
diploma thesis at Bielefeld University. The software allows the integration of overlapped sig-
nals by fitting the Gaussian curves to the raw signal so that the sum curve of all Gaussian curves 
corresponds to the raw signal. To achieve the most accurate deconvolution of the signals, the 
mass resolution of the mass spectrometer defined by the user is considered. After importing a 
species list that contains all species of interest with their respective molecular mass and input 
of the coefficients for the mass calibration, Flammen-Fit4.4 automatically integrates all signals. 
Adjustments can be made by individual specifications of the mass resolution or tolerance of the 
signal position. The peak analyzer tool of OriginPro 2019b was used when integration with 
Flammen-Fit4.4 was not possible, e.g., due to a very large overlap of adjacent signals.  
To convert the measured signal intensities of product species to mole fractions, the relationship 
between the two quantities must be known. In general, the signal intensity S of a species i in 
the mass spectrum at given kinetic energy of the electrons is described by the convolution of 
the electron-ionization cross section (EICS) σi and the energy distribution function f(E) of the 
ionizing electrons. This is shown in equation (4-4) [82] 
 

∙ ∙ ∙ ∙ ∙ ∙ ∙  (4-4)

 
where xi represents the mole fraction of species i, A an energy-specific instrument factor, SW 
the number of summed up spectra, Φ the number of electrons, FKT a temperature-dependent 
sampling function, and Di a mass discrimination factor that depends on the molecular mass of 
the species. The mass discrimination factor considers the detection efficiency of ions of differ-
ent masses, for example, because of the enrichment of heavy ions in the ionization chamber or 
the dependency of the detector sensitivity to slow and fast ions. The equation is simplified by 
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referring the signal of species i to the signal of a reference species “ref” as all quantities related 
to the sampling process or the used instrument are equal for both signals. 
 

 (4-5)

 
Because of the post-acceleration region before the detector and the relatively narrow range of 
molecular masses of the species relevant in this study, the mass discrimination factors can also 
be neglected. The remaining unknown quantities can be determined either by direct or indirect 
calibrations. 
For direct calibration, all unknown quantities on the right-hand side of equation (4-5) except 
the mole fractions are combined to a species-specific calibration factor ki. This simplifies the 
equation to: 
 

 (4-6)

 
The calibration factor ki can be determined by measurements with cold gas mixtures of known 
composition using the same instrument settings as for the experiments. Usually, only one spe-
cies to be calibrated is mixed with the dilution gas to prevent fragments of other species to 
contribute to the signal. The mixtures can either be prepared manually using mass flow control-
lers or bought from a gas supplier. Three to five measurements are typically performed for each 
binary gas mixture. The ratios of the signal intensities are then plotted over the mole fraction 
ratios in a diagram. The calibration factor ki corresponds to the slope of the regression line that 
runs through the plotted points. Once calculated, ki can be used to calculate the unknown mole 
fraction of the species i detected in the product gas mixture. To apply this method, the mole 
fraction of the reference gas must be known. Here, argon is used as the reference, because it is 
used as a dilution gas in large excess and its mole fraction is expected to remain constant during 
the experiment. Argon was used as a dilution gas in all experiments involving the TOF-MS 
because its signal does not overlap with signals of interest.  
The calibration measurements are also used to determine the fragmentation patterns and the 
ratios of each fragment signal and the signal of the molecular ion for all calibrated species. This 
allows the signals in the product gas measurements to be corrected for the contribution of the 
fragments. 
Not all species can be calibrated directly, e.g., because they are radicals, extremely poisonous 
species, or species that cannot be easily transferred to the gas phase. In this case, only indirect 
calibrations can be done using the EICS of the species at a given energy. Usually, EICS at 
some low electron energy are only available for a few species in the literature [83] so that the 
“Relative Ionization Cross Section” (RICS) method developed by Biordi [84] must be used. 
Here, it is assumed that the EICS of a stable reference species S shows a similar dependence 
on the ionization energy as a chemically and structurally similar reactive species R. In that 
case the ratio of the EICS of the two species at an electron energy differing from their respec-
tive ionization energies by the same amount is equal to the ratio of the EICS at 70 eV (equa-
tion (4-7)). 
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70
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 (4-7)

 
Using equation (4-7), the EICS for a reactive species at a given electron energy E can be derived 
from the EICS of the reactive and stable species at 70 eV and the trend of the EICS of the stable 
species. The latter can be determined from an energy scan of the stable species, where the elec-
tron energy is increased stepwise from a value below the ionization energy of the species up to 
a much higher electron energy. The resulting curve (signal intensity plotted over electron en-
ergy) is called the ionization efficiency curve. EICS at 70 eV are known from measurements or 
can be calculated by an empirically-derived addition theorem for organic molecules proposed 
by Fitch and Sauter [85]. The EICS or the calibration factor k of the indirect calibrated species 
can then be derived from the ionization efficiency curve of the stable species and equations 
(4-5)-(4-7). The required energy distribution function can be approximated by a Gaussian dis-
tribution: 
 

1

√2 2
 (4-8)

 
In equation (4-8) σ represents the standard deviation and μ the expectation of the distribution. 
The standard deviation can also be expressed by the width at half maximum of the energy dis-

tribution, which is approximately 2.4 (exact: 2√2ln2) times σ. The expectation μ corresponds 
to the position of the maximum of the energy distribution.  
It must be noted that total ionization cross sections are required for the RICS method, which 
are the sum of the ionization cross sections of the molecular ion and its fragments. Therefore, 
the calibration factors of the respective reference species, which are typically only determined 
for the molecular ion, must be corrected by the proportion of their fragments. 
In this study, nearly all species of interest are calibrated directly. The binary mixtures are pre-
pared with the mass flow controllers or the HPLC pump in case of liquid species.  

4.3 Gaschromatrograph/Mass spectrometer (GC/MS) 

In addition to the TOF-MS, a GC/MS system was used to analyze the reaction products during 
the partial oxidation of several mixtures. The system consists of a 7890 Agilent gas chromato-
graph coupled to a 5977 Agilent quadrupole mass spectrometer. For sample introduction, the 
GC is equipped with a GERSTEL auto-sampler. Figure 4-6 schematically shows the GC/MS 
system and the reactor sampling interface. In early studies, a heated sampling container was 
used so that the product gas had to be extracted manually from the reactor. In the current con-
figuration, the product gas can be taken directly from the reactor via the auto-sampler. For this 
purpose, a T-piece is installed downstream of the needle valve, which is closed with a septum 
to allow the auto-sampler syringe to extract the product gas and introduce it to the split/spitless 
injector. A split ratio of 1:3 – 1:15 was used depending on the dilution of the mixture in the 
reactor. Both the lines downstream of the reactor and the syringe are heated to avoid condensa-
tion of low-volatility components.  
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Figure 4-6: GC/MS system and reactor sampling interface. 

 
The product gas mixture is separated by two different sequential columns. The first column that 
is connected to the injector is a Rt-Q-Bond PLOT column. Divinylbenzene is used as the sta-
tionary phase which makes the column suitable for the separation of C1 to C3 hydrocarbons as 
well as isomers and alkanes up to C10. It is also used for the separation of carbon dioxide and 
water. Permanent gases (Ar, N2, O2, H2, CO, CH4) are not separated and they would elute to-
gether at the end of the column leading to a broad signal in the chromatogram. This coelution 
is counteracted by a switching valve which directs the permanent gases into the second column, 
a molecular sieve 5A, where they are separated. Both columns are 30 m long and have an inner 
diameter of 0.32 mm. The permanent gases are detected by a single-cell TCD (see section 
2.2.3), while the remaining products are detected by a QMS (see section 2.1.4). To increase the 
detector sensitivity for ions with higher mass or lower kinetic energy, the QMS is equipped 
with a high-energy dynode (HED) located in front of the detector (see Figure 2-4). A very high 
negative potential is applied to the HED to attract the positive ions with great force. When the 
ions hit the HED, a huge number of secondary electrons are emitted and attracted to the more 
positive channeltron. This detector design significantly increases the signals of the ions being 
detected. 
A mixture of 12.5 % H2 and 87.5 % He is used as a carrier gas to allow the detection of hydro-
gen. Using pure He as carrier gas would result in a signal inversion and nonlinear dependence 
of the H2 signal on the amount of H2 in the mixture. This is caused by a decrease of the thermal 
conductivity of a He/H2 mixture with an increasing amount of H2 up to a local minimum at ~ 
6.5 % H2 before it increases again up to the thermal conductivity of pure H2 [86,87] as shown 
in Figure 4-7. The carrier gas mixture ensures that the H2 concentration is always higher than 
that at the minimum of the curve in Figure 4-7. A quadratic relationship between the H2 signal 
and the H2 amount in the mixture is observed while maintaining the same sensitivity to other 
species.  
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Figure 4-7: Trend of the thermal conductivity of He/H2 mixtures (adapted from [86]). 

 
The GC was operated in a constant volume flow mode. The volume flow was chosen so that 
the average carrier gas velocity was close to the minimum of the van-Deemter curve (see section 
2.2.2.). 

4.3.1 Quantification of GC/MS data 

Similar to the quantification procedure of TOF-MS data, the signals in the chromatogram must 
first be assigned to the corresponding species. The retention times of the permanent gases were 
determined by separate injections of the respective species. The remaining species, all detected 
by the QMS, can be identified by comparing their fragmentation patterns to fragmentation pat-
terns from a NIST library implemented in the Agilent Qualitative Analysis 6.0 software. This 
software was also used for numerical integration of the signals in the chromatogram. Only for 
signals that could not be completely separated, OriginPro 2019b’s peak analyzer tool was used 
for integration, assuming Gaussian-shaped signals. 
The calibration procedure is based on the procedures mentioned in section 4.2.1. But, in contrast 
to the procedure used for TOF-MS measurements, most species were calibrated using certified 
calibration mixtures containing the species of interest. This is possible because most species 
are completely separated and fragmentation of one eluting species has no effect on another. 
Three to five measurements with different dilutions of the gas mixtures were performed to ob-
tain the species calibration factors according to equation (4-6). At low split ratios, the high 
dilution used in the experiments led to “peak tailing” with respect to the dilution gas, indicating 
column oversaturation. In that case, the method of the external standard was additionally used 
for the direct calibration of the product species. The calibration factor is then calculated accord-
ing to equation (4-9). 
 

 (4-9)
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Using this method, the calibration measurements must be performed under the same conditions 
as the measurements of the product gases, since pressure and temperature deviations are not 
compensated by a reference species. 
For species whose calibration standard is not available or stable, indirect calibrations need to 
be done to obtain a calibration factor. The species detected by the QMS can be calibrated using 
the RICS method described in section 4.2.1. Because the QMS is typically operated at 70 eV 
and the signals of every species contain the contributions from fragments, no corrections are 
required for the calibration factors of the reference species calibrated directly. In addition, the 
influence of the energy distribution on the signal of a species can be neglected as the trend of 
the EICS in the region near 70 eV is similar for all species and the deviation of the energy 
relative to 70 eV is small. The calibration factor of a species can then be determined from the 
calibration factor of the reference species and the EICS at 70 eV as follows: 
 

 (4-10)

 
This approach was tested for direct calibrated species like ethane and ethylene and found to be 
accurate within 20 %. 
For species detected by the TCD, mole fractions can be calculated from thermal response fac-
tors from the literature. These response factors correlate the signal intensity with the amount of 
the species in the mixture. If no internal standard is used, the mole fractions can be calculated 
according to equation (4-11) 
 

∙

∑ ∙
∙ 1  (4-11)

 
with TRi indicating the thermal response of species i. As shown by equation (4-11) the mole 
fraction of a species i can be obtained by normalizing the response value of a species i, given 
by the product of signal intensity and thermal response, by the sum of the response values of 
all species. The normalization has the same effect as an internal standard since pressure and 
temperature changes are assumed to affect the signals of all species equally. Because in this 
study only a few species are detected with the TCD and the rest with the MSD, the mole frac-
tions of species detected with the TCD can only add up to 1 if no species are detected with the 
MSD. If this is not the case, the mole fractions obtained by the left part of the equation (4-11) 
must be multiplied by the maximum possible sum of mole fractions. This factor is obtained by 
subtracting the sum of the mole fractions of all species detected by the MSD (Nsp(MSD)) from 
one. Thermal response factors for many species can be found in [88]. Dietz [88] notes that the 
thermal response factors are independent of the used detector, carrier gas, temperature, and flow 
rate. Gislason and Wharry [89] determined response factors of several species using six differ-
ent TCDs and compared the results to the values given by Dietz [88]. They showed that the 
response factors differ between −19 % to +29 % from the reported values, which clearly 
showed the dependence of the response factors on the instrument.  
In this study, direct calibrations are always done for all permanent gases. 
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4.4 Uncertainties 

The content of this chapter is based on the supplementary material of the paper presented in 
chapter 10 of this study [90]. 

4.4.1 Direct calibration 

General uncertainties are estimated using the error propagation law, considering the uncertain-
ties of all used instruments. 
Some errors such as slight pressure fluctuations in the reactor can be observed during the meas-
urements. Other measurement uncertainties can be determined by repeated measurements. Er-
ror sources are mass flow controller (MFC), time-of-flight mass spectrometer, gas chromato-
graph, and HPLC or syringe pump. The errors that emanate from the slight temperature fluctu-
ations of the evaporator can be neglected due to insignificance. The MFCs from MKS and 
Bronkhorst are factory-provided with tolerances. This causes measurement uncertainties, which 
are quantified by the manufacturer with a total of 1 % and 0.5 % of the mass flow rate for the 
MKS and Bronkhorst MFCs, respectively. Unlike the MFCs, there is no quoted measurement 
uncertainty for the used HPLC and syringe pump. One reason for this is that components such 
as capillaries or syringes can be individually exchanged or adapted. Calibration measurements 
were made to keep the error between the set and the delivered flow rate as small as possible. 
Since the calibration is also accompanied by uncertainties, it was checked for reproducibility. 
This procedure resulted in a mean deviation of the calibrations of 0.3 %. 
Pressure fluctuations were less than 0.5 % during the experiments. 
Reproducibility measurements have been made for the TOF-MS and GC/MS. These gave a 
standard deviation of ≤ 5 %. This value considers the uncertainties of the instruments and the 
integration of the signals. 
When calculating a total uncertainty, the influence of the HPLC or syringe pump and pressure 
fluctuations are neglected. Only the measurement uncertainties of the TOF-MS or GC/MS and 
the MFCs are included in the calculation. The Gaussian error propagation law (see equation 
(4-12)) is used to determine an overall uncertainty in the calculated mole fractions. 
 

∆ ∆ ∆ ∆ ⋯ (4-12)

 
Here, z represents a function of measured mole fractions and ∆z the absolute uncertainty in 
these mole fractions. The single uncertainties are described with Δa, Δb, and Δc and can repre-
sent estimated values, calculated uncertainties, or manufacturer information. 
To determine the total uncertainty, the absolute uncertainty for the mole fractions used in the 
calibration measurements is first calculated. Since all calibration measurements are carried out 
using two mass flow controllers, the corresponding uncertainties of 1 % or 0.5 % (see above) 
each must be considered. The resulting absolute uncertainties in the mole fractions of the spe-
cies i to be calibrated and the dilution or reference gas have an influence on the determined 
calibration factor of the species i. Since the respective samples are analyzed with the GC/MS 
or TOF-MS, their measurement uncertainty of 5 % must be included. Each calibration curve 
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consists of several measurement points, so the calculations must be performed for each point. 
Subsequently, the mean value of the absolute uncertainties of the calibration measurements is 
determined. Using this average value, the relative uncertainty of the species calibration factor 
is calculated.  
To calculate the absolute uncertainty in the final mole fraction of a reactant, the uncertainty in 
the mole fraction of the dilution gas must first be determined, considering all MFCs used in the 
experiment. The absolute uncertainty in the mole fraction of the reactant can then be calculated 
by equations (4-6) and (4-12). Usually, the relative uncertainties in the mole fractions of the 
reactants are in the range of 5 – 8 % so that a general uncertainty of 10 % is estimated for reac-
tants and products. For some species like liquids or species showing a low signal-to-noise ratio, 
higher uncertainties are assumed. This is mentioned in the respective study. 

4.4.2 Indirect calibration 

Species that were not available for direct calibration are quantified according to a relative ion-
ization cross section method described by Biordi [84] along with calculated electron-ionization 
cross sections from empirically-derived addition theorems described by Fitch and Sauter [85] 
(see section 4.2.1). The resulting uncertainties are estimated to be of a factor of 2 – 4 [82,91]. 

4.5 Novelty of the experiment 

The modification of the experimental setup was a central part of the present work and the most 
recent setup was described in the previous sections. The setup consists of the flow reactor and 
its periphery and the two analytical devices used in this study, i.e., TOF-MS and GC/MS.  
The flow reactor was designed to approximate plug flow to simplify its modeling and allow a 
better interpretation of the kinetic results. The plug-flow assumption was validated by the dis-
persion model developed by Levenspiel [51] both experimentally and analytically, and by two-
dimensional simulations. The detailed characterizations substantially extend the knowledge and 
reliable reactor operation compared to previous work [17,18]. 
The reactor is made of quartz and embedded in an Inconel housing that enables operation at 
temperatures of up to 1000 K or 1400 K depending on the heating method (see section 4.1). 
The operating pressure ranges from sub-atmospheric pressures up to 40 bar. Compared to the 
older reactor designs [17,18] much higher pressures can be reached. In the literature, only a few 
high-pressure flow reactors exist [92]. In addition, the product analysis at the reactor outlet is 
usually limited to stable species. Here, molecular-beam TOF-MS can be used for product anal-
ysis allowing the detection of unstable species such as hydroperoxides, which can be crucial 
for understanding reaction pathways. Also, product analysis is much faster compared to GC/MS 
enabling rapid screening of interesting conditions by real online detection. High-pressure flow 
reactor experiments with directly coupled TOF-MS are rare in the literature.  
In contrast, the GC/MS provides quantitative results with lower uncertainties and allows the 
separation of isomers. Consequently, the complementary use of both techniques can signifi-
cantly improve the analysis of reaction pathways during partial oxidation processes. 
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5 Introduction to the conversion experiments 

The experimental setup presented in the previous chapter is used to investigate the partial oxi-
dation of several methane/additive mixtures. The obtained data is used to validate reaction 
mechanisms from the literature and, in particular, to optimize the PolyMech reaction mecha-
nism developed in the research unit FOR 1993. The research unit is investigating the question 
to what extent engines can be used for polygeneration of work, heat, and chemicals and how 
efficient or economical such a process is compared to conventional processes. For this purpose 
and to find interesting conditions by using optimization methods, a detailed reaction mecha-
nism, which is as compact as possible, is required. Thus, providing validation data with respect 
to polygeneration-relevant conditions is of great importance. The scientific connections within 
the FOR 1993 and how they contributed to the investigation of polygeneration processes have 
recently been summarized by Atakan et al. [16]. 
Methane, the main component of natural gas, is selected as the primary fuel because natural gas 
has a better CO2-balance than other fossil fuels and is expected to play a significant role in the 
energy system in the coming decades. Because methane requires high temperatures to be con-
verted, small amounts of reactive additives are added to the gas mixture to initiate conversion 
at lower temperatures. In this study, five different methane/additive mixtures are investigated 
systematically and the interaction between methane and the additives is analyzed with the help 
of simulations. Reaction path and sensitivity analyses with respect to interesting products are 
performed using reaction mechanisms that can reasonably predict the experimental data. All 
experiments are performed under the same conditions to allow the comparison of the different 
mixtures.  
First, the partial oxidation of neat methane is investigated to create a basis for comparison, 
followed by methane/ethane/propane and methane/ethane/propane/hydrogen mixtures. Ethane 
and propane are selected as the first additives as they are found in natural gas in significant 
amounts. The natural gas surrogate used here consists of 90 % methane, 9 % ethane, and 1 % 
propane, representing a typical natural gas composition without further contamination by nitro-
gen, carbon dioxide, or hydrogen sulfide, for example. Electricity-based hydrogen is expected 
to be increasingly fed into existing natural gas pipelines with an allowed percentage between 
1 – 10 %. Here, 2 % of the fuel is replaced by hydrogen to investigate its influence on the partial 
oxidation of natural gas mixtures, which can be of interest for reforming processes. 
Crude oil is also expected to play a major role in the transition period to a sustainable energy 
system, because the transport sector, in particular aviation, shipping, and heavy trucks, relies 
on energy-dense fuels and will struggle with electrification in the near future. One interesting 
additive that can be obtained from the distillation of crude oil is n-heptane. Due to its good 
auto-ignition properties, n-heptane serves as a diesel surrogate and was shown to be a suitable 
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additive by other authors, e.g. [17,93]. Its influence on the partial oxidation of methane is in-
vestigated in chapter seven. Special emphasis is placed on the interaction between n-heptane 
and methane to reveal the contribution of methane to the formation of interesting products. 
A similar reactive additive, which can additionally be produced from biomass, is dimethyl ether 
(DME). Methane/DME and natural gas/DME mixtures are investigated in chapters eight and 
nine, respectively, focusing on the development and improvement of the PolyMech reaction 
mechanism. This is done in cooperation with several subgroups of the research unit, providing 
a huge set of validation data. The challenge was to develop a compact reaction mechanism that 
could still provide accurate predictions of potential products. At very high equivalence ratios 
there is a risk of soot formation in the engine so that the reaction mechanism was extended by 
a benzene and PAH sub-mechanism (chapter nine) allowing the prediction of important soot 
precursors. The modified reaction mechanism is then used to analyze the interaction of DME 
and the natural gas surrogate with respect to fuel conversion and product formation. 
In several experiments, a distinct change in the reactivity of methane was observed in a specific 
temperature range which is usually only seen for higher alkanes. Such a behavior can be im-
portant for fuel conversion processes operated at conditions where this behavior is observed. 
Chapter ten deals with this so-called negative temperature coefficient behavior of methane. In 
addition, the influence of pressure and equivalence ratio on this behavior is systematically an-
alyzed. 
Chapter eleven presents a review of the systematic approach to polygeneration in piston engines 
that the research unit FOR 1993 is pursuing. 
Following the detailed presentations of the studies in chapters 6 – 11, the results will be sum-
marized and common features will be discussed in chapter 12. 
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6 Partial oxidation of natural gas/H2 mixtures 

The content of this chapter was published in Combustion Science and Technology: 
D. Kaczmarek, B. Atakan, T. Kasper, Plug-Flow Reactor Study of the Partial Oxidation 
of Methane and Natural Gas at Ultra-Rich Conditions, Combustion Science and Tech-
nology 191, pp. 1571-1584 (2019). 
© 2019 Taylor & Francis Group, LLC. Reprinted with permission. 

My own contribution included setting up the experiment, performing the experiments, analyz-
ing and visualizing the results, and writing the manuscript. Burak Atakan and Tina Kasper sup-
ported me in the conceptual design of the study and contributed to the interpretation of the 
results and the manuscript. 
 
Abstract 
The homogeneous partial oxidation of fuel-rich CH4/O2, CH4/C2H6/C3H8/O2 as well as 
CH4/C2H6/C3H8/H2/O2 mixtures is investigated in a plug-flow reactor at intermediate tempera-
tures (473 ≤ T ≤ 973 K) and a pressure of 6 bar. Experiments are carried out at equivalence 

ratios () of 2, 10, and 20. Product species are analyzed using time-of-flight molecular-beam 
mass spectrometry. The experimental results are further compared with kinetic simulations. It 
was found that under the investigated conditions, the onset temperature for CH4 oxidation is 
above 773 K. The highest methane conversion at equivalence ratios of 10 and 20 was between 
0 – 3 % for neat methane as fuel and 10 – 13 % for natural gas as fuel. The conversions yield 
useful chemicals like synthesis gas (H2/CO), C2H4, C2H6, or C3H6. Higher CH4 conversion in 
the natural gas mixtures results in much higher yields of all products. The natural gas compo-
nents ethane and propane do not influence the reaction onset temperature. 

6.1 Introduction 

Homogeneous partial oxidation in internal combustion engines could be an exergetically viable 
alternative to normal combustion, because useful chemicals, work, and heat can be provided at 
the same time. This process can be considered a polygeneration process. A well-suited fuel 
could be methane (CH4), a major component of natural gas (NG), or NG itself, since it will 
continue to play a major role in the energy sector in the near future and will also be sufficiently 
available. In addition, the growth of renewable energies requires an expansion of the power grid 
and new options for storing fluctuating electricity from renewable sources. Power-to-gas, i.e., 
the storage of renewable electrical energy as chemical energy in hydrogen (H2) and the direct 
seasonal storage capacity and distribution in existing natural gas infrastructure, can make an 
important contribution to the transformation of the energy system. Atakan [94] showed that gas 
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turbines are suitable for the polygeneration of synthesis gas (H2, CO) and mechanical power 
and that the combined generation had excellent exergetic efficiency. Hegner et al. and Wiemann 
et al. [93,95,96] presented the possibility to use a homogeneous charge compression ignition 
(HCCI) engine as a polygenerator to provide heat, work, and useful chemicals simultaneously. 
Gossler et al. [97] showed that a HCCI engine could theoretically be used to produce H2 with 
yields of up to 90 %. In all of these studies, CH4 or NG was used as the fuel at very fuel-rich 
conditions. For the HCCI of methane high initial temperatures or compression ratios are needed, 
because methane is relatively inert. Other small alkanes present in natural gas have higher re-
activity. They can reduce the initial temperature or the compression ratio required. To analyze 
the governing reaction paths during the partial oxidation process, kinetic simulations using el-
ementary reaction mechanisms have to be performed. At these uncommon reaction conditions 
reaction mechanisms for CH4 and NG are rarely validated. The homogeneous partial oxidation 
of CH4 has already been extensively studied by different groups in high-pressure flow reactors 
[98–104] and jet-stirred reactors [105], covering pressures from 1 – 100 bar, temperatures from 
600 – 1800 K and equivalence ratios from 0.06 to 100. With respect to natural gas mixtures 
fewer studies have been published. One of the most comprehensive studies has been performed 
by Healy et al. [106], presenting ignition delay times for a wide range of parameters  

(1 ≤ p ≤ 50 atm, 0.5 ≤  ≤ 2 and 770 ≤ T ≤ 1580 K) measured in a rapid compression machine 
and high-pressure shock tube. In this study, an improved chemical kinetic mechanism was also 
developed, which predicted the experimental data well. But, Zhou et al. [107] selected a subset 
of the experimental data obtained by Healy et al. [106] and compared the results with simula-
tions, conducted with three different reaction mechanisms from the literature. They concluded 
that no mechanism is able to predict the experimental results for all temperatures and pressures, 
which corroborate the need for better kinetic models, even for well-studied fuels like CH4 or 
NG. El Bakali et al. [108] investigated the oxidation of natural gas in a premixed flame at low 
pressure and a jet-stirred reactor at 1 atm, equivalence ratios between 0.75 and 1.5, and temper-
atures between 1100 and 1500 K, and also proposed a detailed reaction mechanism. Further 
modeling studies, together with experiments in shock tubes [109,110] and jet-stirred reactors 
[111] revealed that higher hydrocarbons in the NG mixtures like ethane (C2H6) or propane 
(C3H8) react before CH4. They initiate CH4 conversion at lower temperatures, compared to a 
neat CH4 case. According to Tan et al. [111] this is due to an enhanced formation of OH, H and 
O radicals in case of NG mixtures. The shock-tube experiments were performed at 

1 ≤ p ≤ 31 atm, 0.5 ≤  ≤ 3 and 1042 ≤ T ≤ 2248 K, whereas the reactor experiments were done 

at 1 ≤ p ≤ 10 atm, 0.1 ≤  ≤ 1.5 and 800 ≤ T ≤ 1240 K. 
For H2 addition to NG mixtures, only a few studies have been reported in the literature. They 
have mainly investigated the effect of H2 addition on the flame speed of NG mixtures [112–
114]. It is reported that the flame speed increases with increasing H2 amount. NG/H2 mixtures 
were investigated by Dagaut et al. [115,116], using a jet-stirred reactor. The investigated pa-
rameter range covers pressures of 1 and 10 atm, equivalence ratios between 0.3 and 2 and tem-
peratures between 900 and 1450 K. In both studies it was shown that the formation of hydrop-
eroxyl radicals (HO2) is boosted if H2 is added to the mixtures and that the reaction  
H + HO2 = OH + OH becomes more important. As a result of these kinetic processes, the reac-
tivity of the investigated mixtures is increased. Finally, there is a lack of data for NG and NG/H2 

mixtures at high equivalence ratios ( > 2) which are interesting for partial oxidation processes 
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in the chemical industry. No studies of the partial oxidation of these mixtures in flow reactors 
have been published to our knowledge. This gap will be addressed in the work presented here. 
To extend the experimental dataset of NG oxidation and to investigate the impact of H2 addition 

to NG, fuel-rich (2 ≤  ≤ 20) diluted CH4/O2 as well as CH4/C2H6/C3H8 and CH4/C2H6/C3H8/H2 
mixtures are investigated at 6 bar and temperatures between 573 and 973 K in a plug-flow 
reactor. Product species are analyzed by time-of-flight molecular-beam mass spectrometry. The 
data are compared to model results with the intention to assess the performance of the reaction 
mechanism of Burke et al. [117], a well-cited and prominently used reaction mechanism, for 
such uncommon reaction conditions with future application potential. 

6.2 Experimental setup 

The investigated flow conditions are shown in Table 1. A low volume flow of 280 sccm (stand-
ard conditions: 273.15 K, 1 atm) is used to ensure compliance with a plug-flow assumption and 
a high dilution is used to avoid or reduce temperature changes due to exothermal reactions. 
Details of the experimental setup can be found in [17]. 
 
Table 6-1: Flow conditions. 

CH4  O2 C2H6 C3H8 H2 Ar  

[mol%] [-]

5.00 5.00 0 0 0 90 2 
4.32 5.20 0.43 0.048 0 90 2 
4.27 5.16 0.43 0.047 0.095 90 2 
8.33 1.67 0 0 0 90 10
7.40 1.78 0.74 0.082 0 90 10
7.27  1.76 0.73 0.081 0.162 90 10
9.09 0.91 0 0 0 90 20
8.12 0.98 0.81 0.090 0 90 20
7.97 0.96 0.80 0.089 0.177 90 20

 
Important features of the current setup and deviations from the previous experiments are sum-
marized in Figure 6-1. 
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Figure 6-1: Plug-flow reactor and time-of-flight mass spectrometer. 

 
The flow reactor is made of quartz and has an inner diameter of 6 mm. Quartz was used, because 
of its inertness and high temperature stability. Although stainless steel would be the better 
choice for high pressure applications, earlier studies showed that a stainless-steel tube leads to 
the total oxidation of the intermediates [118,119]. The quartz tube is embedded in a stainless-
steel tube, which acts as a pressure shell. To prevent catalytic reactions with the stainless steel, 
the gap between the quartz and the stainless-steel tube is sealed with teflon tape at both ends. 
The gases and the tube are heated by two temperature-regulated heating tapes, wrapped around 
two copper shells, which in turn enclose the stainless-steel tube. This structure produces a ho-
mogeneous temperature profile with deviations below ∆T = ±5 K, and an isothermal reaction 
zone of 45 cm at an overall reactor length of 65 cm. The temperature profiles were determined 
along the center axis of the reactor tube by a moving type-K thermocouple in an inert gas flow 
of argon. The temperature profiles can be found in the electronic supplementary material 
(ESM). Gas flows are metered by calibrated mass flow controllers. The reactor pressure is reg-
ulated manually with a heated needle valve at the reactor outlet. The reactor is coupled to a 
time-of-flight mass spectrometer (TOF-MS) for online measurements. In contrast to our previ-
ous work [17], the gas samples are now extracted in the form of a molecular beam in a differ-
entially pumped three-stage extraction. The TOF-MS has a mass resolution of m/∆m = 2000. 
The pressure in the ionization chamber is near 10-7 mbar. The gases are ionized by electron 
ionization at 18 eV kinetic energy to avoid excessive fragmentation. Uncertainties in the mole 
fractions of the detected species have been calculated by means of the Gaussian error propaga-
tion law, taking all main error sources into account. They are estimated to be around 10 % for 
all major species. 
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6.3 Modeling 

The reaction mechanism of Burke et al. [117], developed at the combustion chemistry centre at 
NUI Galway, is used for simulations in the Chemical Workbench Ver. 4.1 [44]. It covers H2 as 
well as C1 – C3 chemistry, including oxygenated species like methanol, acetaldehyde or dime-
thyl ether. The mechanism has also been validated against a huge dataset of experiments, in-
cluding shock tubes, rapid compression machines, flames, jet-stirred and plug-flow reactors and 
is well-suited for the simulation of the mixtures investigated in this study. For the reactor sim-
ulations, the plug-flow model of the Chemical Workbench software is used with the measured 
temperature profiles as input. The mole fractions of all species at the end of the reactor are 
evaluated and compared to the experimental results. 
An equilibrium model with constant pressure and temperature is used for additional equilibrium 
calculations. 

6.4 Results and discussion 

Mole fractions of all detected species and the corresponding simulation results, can be found in 
the ESM. The most interesting product species profiles are shown and discussed here, namely 
CO, H2, ethylene (C2H4) and propene (C3H6). In addition, the conversions of all reactants are 
presented. Because the flow reactor is relatively long and the residence times of the reacting 
mixture vary between 6 and 15 seconds, the mixture may reach their equilibrium composition. 
To verify that the kinetics are investigated in these experiments, equilibrium calculations are 
presented first and compared to kinetic simulations and experimental results. Subsequently the 
experimental yields are compared to kinetic simulations to determine how well the reaction 
mechanism can predict the experimental data. 

6.4.1 Main species – kinetics and equilibrium 

Figure 6-2 shows the experimentally determined mole fractions of CH4 and CO (symbols) in 
comparison to the mole fractions, obtained from equilibrium calculations (dashed lines) and 
kinetic simulations (solid lines), all for the same initial composition. For the conversion of neat 

CH4 at  = 2, it can be noticed that the mole fractions of CH4 are much lower in equilibrium 
compared to the experimental results and the kinetic simulations and that they are nearly equal 

for the neat CH4 and NG mixture. At higher  the same behavior can be found for the neat CH4 
mixtures. For the NG mixtures, however, the predicted equilibrium mole fraction of CH4 even 
becomes slightly higher than the initial experimental mole fraction of CH4 at temperatures be-
low 750 K. This is due to methane producing pathways from reactions of C2H6, dominating at 
infinitely long reaction times. Only at higher temperatures, a positive conversion of CH4 is 
observed for the NG mixtures. In contrast, the kinetic simulations predict the trend of the CH4 
mole fractions well in all cases. Comparing the equilibria with the observed mole fractions, it 
can be concluded that the product composition is far from reaching the equilibrium composi-
tion. This deviation from equilibrium is even more pronounced for the CO mole fractions; at 

least for  ≥ 10 the calculated mole fractions are much higher than the experimental ones and 
the mole fractions obtained from kinetic simulations. 
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Figure 6-2: Mole fractions of CH4 and CO as a function of temperature and equivalence ratio (Sym-

bols: TOF-MS experiment, solid lines: kinetic simulations based on the reaction mech-
anism of Burke et al. [117], dashed lines: equilibrium calculations, NG: natural gas). 

6.4.2 Major products 

In order to compare different results, yields were used instead of mole fractions. Yields are 
easier to compare because they take into account differences in initial mixture and stoichiome-
try, which result in different mole fractions. The following figures show the conversion of the 
hydrocarbons within the mixture (Figure 6-3), yields of CO and H2 (Figure 6-5) as well as C2H4 
and C3H6 (Figure 6-7) as a function of temperature and equivalence ratio. Symbols represent 
experimental data and lines simulation results. The different mixtures are marked by different 
colors. Yields (Y) are calculated according to equation (6-1), using the number of C atoms for 
all hydrocarbons and the number of H atoms for water (H2O) and H2. 
 

	
	 ∙ number	of	C/H atoms in product species

∑ ∙ number of C/H atoms in reactant species
 (6-1)

 
From Figure 6-3 it is obvious that the fuel conversion starts around 750 K for all mixtures. But, 

if  is increased from 2 to 20 the conversion of CH4 decreases rapidly from 50 % to nearly 0 % 

in case of the CH4 mixture. At  = 10 the conversion is very low (< 4 %).  
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Figure 6-3: Conversion of alkanes as a function of temperature and equivalence ratio for all inves-

tigated mixtures (Symbols: TOF-MS experiment, lines: kinetic simulations based on the 
reaction mechanism of Burke et al. [117], NG: natural gas). 

 
Methane conversion in the experiments fueled by NG is higher than in the experiments with 

neat CH4 fuel. So even at  = 20, 10 % CH4 is converted at temperatures above 873 K in natural 
gas mixtures, while the conversion of C2H6 reaches more than 80 % and C3H8 conversion more 
than 90 % at the highest investigated temperature of 973 K. This was expected due to the higher 
reactivity of these molecules, compared to CH4.  

For C3H8 conversion a NTC (negative temperature coefficient) region is predicted by the model 

in the expected temperature range between 800 and 900 K [120,121]. At  = 2 this behavior is 
much less pronounced and barely visible at slightly higher temperatures (850 – 950 K) in the 
model. In the experiments, a slightly decreasing conversion of C3H8 is also observed at 923 K, 
compared to 873 K, followed by an increasing conversion at 973 K. This could be interpreted 
as experimental evidence for the NTC region in this temperature range, but the two points, 
which seem to show NTC behavior, are within the error bars of the neighboring points. To proof 
such a NTC behavior, the temperature resolution of the experiment would have to be increased 
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and the uncertainty reduced. A possible explanation, why this behavior is missed in the exper-

iments at  ≥ 10 could be that not sufficient temperature steps are taken to resolve the narrow 
predicted NTC temperature range of around 100 K. Additionally, the investigated mixtures are 
highly diluted in argon and the mole fraction of C3H8 is very low, which makes it more difficult 
to notice the NTC region [122]. As described in [123] the NTC phenomenon is attributed to the 
competition of peroxide chemistry and reactions leading to less reactive products like olefins. 
Unfortunately, the reaction mechanism used in this study does not contain C3 peroxides and 
hydroperoxides so that a kinetic analysis at these conditions would not be conclusive. To ensure 
that the simulation results are not unique to this mechanism, some simulations were repeated 
with the reaction mechanism Aramco 3.0 [124]. This mechanism also contains higher hydro-
carbons and the before mentioned peroxides and hydroperoxides. No significant differences 
between the results of the two sets of simulations were observed. As the analysis of the NTC 
phenomenon of propane is not the primary aim of this study and the simulations using the Ar-
amco 3.0 mechanism require much more CPU time, the use of the mechanism of Burke et al. 
[117] seems to be justified. 

The general trends are predicted well by the model. The CH4 conversion is slightly overesti-

mated for all mixtures at  = 2 and 10 in the temperature range between 773 K and 923 K and 

underestimated at  = 20 at temperatures higher than 873 K. Also, the C2H6 conversion at  ≥ 10 
is overestimated by the model. To identify the reason for the higher CH4 conversion in natural 
gas mixtures, the global reaction flow was analyzed for specific mixtures. As an example, the 

main reaction pathway of the NG mixture for  = 2 at T = 873 K is shown in Figure 6-4. The 
darker the lines are, the higher is the carbon flux along an indicated path. On the left side of the 
figure, the reaction pathway of CH4 can be seen, which is now connected to the oxidation path-
ways of the higher alkanes. It is observed that CH4 is also produced from C2H6 oxidation and 
that CH3 radicals are also formed in the oxidation of C3H8. Regarding C2H6 and C3H8 oxidation, 
nearly direct pathways to the unsaturated hydrocarbons C2H4 and C3H6 are important, so that 
considerable yields of these species are expected in the product gas. The main oxidation path-
way of each fuel is fuel + OH forming the corresponding alkyl radical and H2O. The OH radicals 
are needed to induce significant fuel conversion, so it is important to know where the OH rad-
icals come from. According to the reaction mechanism of Burke et al. [117] the initiation reac-
tion in case of the NG mixtures is the reaction of C2H6 with O2 forming an ethyl radical (C2H5) 
and a hydroperoxyl radical (HO2). HO2 reacts with CH4, C2H6 and C3H8 forming the respective 
alkyl radical and hydrogen peroxide (H2O2). H2O2 finally decomposes into two OH radicals. 
The most important reaction with respect to CH4 conversion is the H-abstraction by OH radicals 
to yield methyl radicals (CH3) and water (H2O), as shown above in Figure 6-4 and by Dagaut 
et al. [105]. Consequently, higher OH concentrations enhance the consumption of CH4. 
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Figure 6-4: Reaction pathway for the NG mixture at  = 2 and 823 K. The numbers in the diagram 
show which percentage of carbon flows between educt and product species and the grey 
scale shows the percentage of carbon flux, related to the highest carbon flux within the 
reaction path, which is found between CH4 and CH3. 

 
With respect to the H2 addition into the NG mixtures no significant influence onto the oxidation 
process is detected. 

Two of the main products of all conversion experiments are CO and H2, both presented in Fig-

ure 6-5. In this figure, the CO yield was multiplied by a factor of 4 and 9 for the  = 10 and 20 
cases, respectively. 
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Figure 6-5: Yields of synthesis gas as a function of temperature and equivalence ratio (Symbols: 
TOF-MS experiment, lines: kinetic simulations based on the reaction mechanism of 
Burke et al. [117], NG: natural gas). 

 
Figure 6-5 shows that for all mixtures the yields of CO and H2 increases with temperature and 

that the highest CO yield is found for  = 2. For H2, yields of 4 – 5 % can be observed at 973 K 

for all NG mixtures as well as the CH4 mixture at  = 2. Since less CH4 is converted at  = 10 

and 20, compared to  = 2, and more than 80 % of ethane and propane are converted at 973 K, 
it can be presumed that most H2 is formed by C2H6 and C3H8 oxidation. To check this assump-
tion, the production rate contributions of important reactions for H2 formation were calculated 
at T = 973 K and all equivalence ratios and are presented in Figure 6-6. In contrast to the initial 
assumption, CH4 plays an important role in H2 formation. The reaction of CH4 with hydrogen 

atoms contributes up to 19 % of the hydrogen at  = 20. In addition, this reaction becomes more 
important at higher equivalence ratios, while the contributions of reactions involving C2H6 and 
C3H8 increase only slightly. The most important pathway towards H2 is via the reaction of for-
maldehyde (CH2O) with H atoms to HCO and H2. CH2O, in turn, mainly arises from CH4 oxi-
dation (Figure 6-4), so it can be concluded that the contribution of CH4 to H2 formation is very 
high. 
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Figure 6-6: Production rate contribution of important reactions with respect to H2 formation. 

 
All H2 containing NG mixtures show the same behavior as neat NG mixtures with the difference 
that the H2 yields start at 1 %, which is the initial H2 amount in the mixture. At temperatures 
above 773 K, the H2 yields are similar, independent of the initial H2 content in the mixture. The 
experimental data for most other species do not differ significantly for mixtures with and with-
out hydrogen addition to the fuel so that it can be concluded that the oxidation pathways are not 
influenced significantly by the presence of H2. 
The predicted yields of CO and H2 exceed experimental yields indicating that the model over-
predicts the reactivity for the investigated conditions. 

C2H4 and C3H6 are produced in all NG experiments mainly at high  (see Figure 6-7). 
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Figure 6-7: Yields of unsaturated hydrocarbons as a function of temperature and equivalence ratio 

(Symbols: TOF-MS experiment, lines: kinetic simulations based on the reaction mech-
anism of Burke et al. [117], NG: natural gas). 

 

Using neat methane as fuel, C2H4 is only formed at  = 2, because of the negligible conversion 

of CH4 at higher . For the conversions at  = 10 and 20, maximum yields of C2H4 of up to 
12 % are observed at the highest investigated temperature (973 K). C2H4 must be produced 
from C2H6 and C3H8 because of the CH4 conversion at these conditions (see Figure 6-4). At 

 = 2 the maximum ethylene yields are about 7 and 6 % for the NG and CH4 mixtures, respec-
tively. For the NG mixture, the maximum is found at 773 K with slightly decreasing yields at 
higher temperatures, whereas in the neat CH4 case, a linear increase of the yield with tempera-
ture can be noticed from 773 K to 973 K. The reason for the higher yields at lower temperatures 
is the direct route towards C2H4 in the reaction network of the NG mixtures. As shown before, 
the initiation reaction in the NG mixtures forms C2H5. This radical reacts with O2, finally form-
ing C2H4 and HO2. In the CH4 mixture, first of all C2H6 is formed by the recombination of two 
CH3 radicals. C2H5 is then formed by H-abstraction from C2H6 by CH3, OH or HO2 radicals. 
Finally, C2H4 is formed by the same reaction as in the NG mixture. The number of additional 
steps needed to produce C2H4 from neat CH4 explains the higher yields in the NG experiments. 
The decrease in the C2H4 yields at temperatures above 773 K is due to the reaction of C2H4 with 
OH radicals forming an ethenyl radical (C2H3) and H2O. With respect to the reaction flow anal-

ysis, this reaction becomes more important at higher temperatures at  = 2. Multiple reaction 
steps are needed to form C3H6 from methane, while only two steps are needed in the NG mix-
tures. In the mixtures investigated here, the most important reaction sequence forming C3H6 is 
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by H-abstraction from C3H8 by different radicals forming propyl radicals (C3H7), which decom-
pose to C3H6 (see Figure 6-4). The maximum yield of C3H6 is around 1 % for all mixtures. The 

maximum slightly shifts towards higher temperatures with rising . The small yields of C2H4 
and C3H6 are caused by the small initial concentrations of C2H6 and C3H8. Assuming that 100 % 
of both unsaturated hydrocarbons are formed due to the oxidation of the related saturated hy-

drocarbon C2H6 and C3H8, yields would nearly reach 80 % for C2H4 and 50 % for C3H6 at  = 10 
and 973 K and 873 K, respectively. This observation emphasizes again the small amount of the 
methane conversion. Both the trends and the yields are in good agreement with the model pre-

dictions, except for the yield of C3H6 at  = 2 in the NG mixtures. In this case, the model un-
derpredicts the yield by a factor of 2. As the enthalpies of formation of unsaturated hydrocar-
bons are much higher than the enthalpies of their related saturated hydrocarbons, such a partial 
oxidation process could be used in order to store excess energy, coming from volatile energy 
sources like wind or solar power plants. 
Other common products like carbon dioxide (CO2) and H2O, but also oxygenated species like 
methanol (CH3OH) and formaldehyde (CH2O) as well as hydrocarbons up to C4- and C5-species 
are also formed and detected experimentally. The C4- and C5-species are not included in the 
evaluation, because their mole fractions are negligibly small. For the purpose of comparison, 
the maximum yields of the major products of the NG mixtures are shown in Figure 6-8. The 

highest CH3OH yields of around 0.3 % are found at  = 2 and a temperature of 823 K. For 

CH2O, yields of up to 2 % ( = 2) are observed, whereas the maximum of the oxygenated spe-
cies is located at intermediate temperatures around 823 K. 
 

 
Figure 6-8: Maximum experimental yields of all major products in case of the NG mixtures for all 

equivalence ratios. 
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6.5 Conclusion 

The homogeneous partial oxidation of CH4 and NG mixtures, as well as H2 doped NG mixtures, 
was investigated in a plug-flow reactor at temperatures between 473 and 973 K and a pressure 
of 6 bar. It is observed that the CH4 conversion can be significantly enhanced if reactive species 
like C2H6 and C3H8 are present in the mixture. At very high equivalence ratios (10 and 20), CH4 
conversion was negligibly small in neat CH4 experiments but increased to more than 10 % in 
experiments using NG mixtures. Because of that, much higher product yields of synthesis gas, 
C2H4, C3H6, or CH3OH for example, can be obtained with NG at these equivalence ratios, com-
pared to neat CH4. The addition of small amounts of H2 into the NG mixture, as it may be 
practiced in the future from regenerative sources, did not alter the product composition in any 
case. The initiation reactions, as well as the reaction pathway towards the major products have 
been analyzed by performing global reaction flow analyses with the reaction mechanism of 
Burke et al. [117]. It is found that CH4 plays an important role in H2 formation and that unsatu-
rated hydrocarbons like C2H4 and C3H6 are mainly formed from C2H6 and C3H8, respectively. 
In general, simulations, conducted with this mechanism, showed reasonable quantitative agree-
ments with the experimental yields. Some discrepancies could be observed as well, which cor-
roborate the need for experimental data that can help to improve models for these uncommon 
reaction conditions. 
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7 Partial oxidation of methane/n-heptane mixtures 

The content of this chapter was published in Combustion and Flame: 
D. Kaczmarek, B. Atakan, T. Kasper, Investigation of the partial oxidation of me-
thane/n-heptane mixtures and the interaction of methane and n-heptane under ultra-rich 
conditions, Combustion and Flame 205, pp. 348-357 (2019). 
© 2019 The Combustion Institute. Published by Elsevier. Reprinted with permission. 

My own contribution included setting up the experiment, performing the experiments, analyz-
ing and visualizing the results, and writing the manuscript. Burak Atakan and Tina Kasper sup-
ported me in the conceptual design of the study and contributed to the interpretation of the 
results and the manuscript.  
 
Abstract 
The homogeneous partial oxidation of methane is an interesting approach to obtain useful 
chemicals like synthesis gas, higher hydrocarbons, aldehydes or alcohols. Because of the low 
reactivity of methane, the homogeneous conversion needs high temperatures to proceed at rea-
sonable reaction rates. Additives like n-heptane form reactive intermediates at comparatively 
low temperatures and initiate the conversion. To study the kinetics of doped conversion reac-

tions, fuel-rich diluted methane/n-heptane/oxygen/argon-mixtures (2 ≤  ≤ 20) were investi-
gated in a plug-flow reactor at a pressure of 6 bar, at intermediate temperatures between 
423 and 973 K and at relatively long residence times (7 ≤ τ ≤ 14 s). The product composition at 
the reactor outlet is analyzed by gas chromatography and mass spectrometry. Species profiles 
as a function of equivalence ratio and temperature are compared with simulations, and serve as 
validation data for different reaction mechanisms. Rates of production and reaction paths are 
analyzed to investigate the interaction of methane and n-heptane during the oxidation process. 
They show that the chemical interaction of the oxidation products of both fuels has a promoting 
effect on the formation of different useful products like carbon monoxide, methanol or ethane. 
To prove this observation, mole fraction profiles as a function of temperature were compared 

between experiments with an equivalence ratio of  = 8 using neat methane, neat n-heptane and 
methane/n-heptane mixtures as fuels. The results show that the yields of these species are much 
higher in case of the methane/n-heptane mixture compared to the yields obtained in the neat 
methane and neat n-heptane conversions or the sum of both. 

7.1 Introduction 

To reduce carbon dioxide emissions, major efforts are undertaken to increase the use of renew-
able energy. Fluctuating electricity generation, particularly by wind and solar power plants, 
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leads to a discrepancy between supply and demand and drives the development of processes 
that can store excess energy. Fossil fuels, mostly natural gas, are used to cover the energy re-
quirements at all times. High transportation costs to the places of use can be reduced if the 
natural gas is converted into liquid fuels.  
A conceivable way to overcome some of these challenges could be a polygeneration process 
with the ability to provide work, heat and useful chemicals simultaneously depending on the 
respective demand. 
For example, Atakan [94] showed by thermodynamic calculations that a fuel-rich gas turbine 
process is suitable for the polygeneration of work as well as hydrogen (H2) and carbon monox-
ide (CO), using methane (CH4) as fuel. In this study, the separation of the product gases and 
the utilization of the turbine exhaust stream were not considered, but Hegner and Atakan [95] 
conducted a modeling study of such a process in a homogeneous charge compression ignition 
(HCCI) engine and considered the separation of H2 from the product gases and the utilization 
of the process heat. The polygeneration process was found to be much more efficient than the 
“separated production of power, heat and hydrogen”. Another modeling study of a fuel-rich 
operated HCCI engine can be found in [97]. Besides optimal engine conditions for high H2 
yields, the authors identified some promising hydrocarbon H2 precursors. Polygeneration pro-
cesses in ignition compression engines are advantageous because engines are much cheaper, 
easily scalable, and can be operated on shorter time scales than gas turbines. 
In order to obtain syngas (H2, CO), methanol (CH3OH) or higher hydrocarbons using CH4 as 
fuel, CH4 has to be oxidized partially in fuel-rich mixtures, at moderate temperatures and high 
pressures. Reaction mechanisms are rarely validated experimentally in the required regime. The 
kinetics of the homogeneous partial oxidation of CH4 have been studied before, e.g. by Glarborg 
et al. and Rytz et al. in tubular high-pressure flow reactors [98–102,125] and by Dagaut et al. 
in jet-stirred reactors [105]. It was observed that the higher the CH4 conversion is, the smaller 
is the selectivity and yield of partially oxidized products; e.g. Rytz and Baiker [98] found that 
the CH3OH yield decreases at high CH4 conversion. 
High initial temperatures are needed to obtain autoignition of methane after compression. The 
initial temperature may be reduced with the help of additives with a higher reactivity than me-
thane [17,100,125,126]. Concerning HCCI engines, especially dimethyl ether (DME) and n-
heptane (n-C7H16) promote the ignition of CH4 [93,96,127]. A high pressure shock-tube study 
of CH4 ignition [128] showed that n-C7H16 is even more effective than DME. Both 
DME/CH4/O2 and n-C7H16/CH4/O2-mixtures were investigated in [17] at an equivalence ratio 
of 2, using a shock-tube and a flow reactor. The oxidation of n-C7H16 has also been extensively 
studied in jet-stirred reactors [129–136] covering pressures from 1 to 40 atm, temperatures from 
490 to 1200 K and equivalence ratios from 0.25 to 4. High-pressure flow reactor studies [137–
139] cover equivalence ratios from 0.5 to 2.22. Several pyrolysis studies have also been per-
formed [138,140,141]. More recently, Li et al. [142] investigated the effect of CH4 substitution 
on the ignition of n-heptane/air mixtures at engine relevant conditions. They concluded that 
CH4 substitution leads to a prolonged ignition delay and a slower conversion of n-C7H16 com-
pared to n-C7H16 conversion in the neat n-heptane mixture. Liang et al. [143] also determined 
ignition delay times of CH4/n-C7H16 mixtures with different CH4 contents and found that even 
small amounts of n-C7H16 within the CH4/n-C7H16 mixture can help to decrease the ignition 
delay significantly. This result is in agreement with the work of Li. These studies document 
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that n-heptane is a promising additive to increase the conversion of methane at lower tempera-
tures, but, to our knowledge, no studies of the partial oxidation of neat CH4, n-C7H16, or their 
mixtures at equivalence ratios between 4 and 20 have been published. The present work pro-
vides experimental flow reactor data for n-C7H16 doped CH4/O2-mixtures at ultra-rich condi-

tions (2 ≤  ≤ 20) to provide validation data for reaction mechanisms, used for simulations at 
conditions which are relevant for polygeneration systems. Mole fraction profiles of all detected 
species are determined as a function of temperature and equivalence ratio to identify suitable 
products during the partial oxidation process. Suitable products must be produced with accepta-
ble yields and can be oxygenated compounds such as ethers, aldehydes, ketones, or alcohols or 
hydrocarbons formed by C-C-coupling reactions from methane, e.g., ethane, ethylene, acety-
lene. The preferred formation of these species under fuel-rich conditions justifies the studied 
range of equivalence ratios. In addition, the reaction onset temperature of CH4/n-C7H16 mix-
tures is compared with the reaction onset temperature of a neat CH4 mixture to assess the change 
in reactivity due to the presence of n-C7H16. As all mixtures are highly diluted in argon or 
nitrogen a transfer of the results of this study to engine conditions is only possible with the help 
of models and suitable reaction mechanisms. The results presented here can serve as validation 
data for the optimization of such reaction mechanisms. But, the comparison of experimental 
and modeling results, using literature reaction mechanisms, in combination with an integrated 

reaction flow analysis at  = 8, also helps to understand the reasons for the activation of the 
reactions, which in turn can help to find other suitable additives.  

7.2 Experimental methods 

The investigated flow conditions are shown in Table 7-1. A neat CH4 and a neat n-C7H16 con-

version at an equivalence ratio of  = 8 as well as conversion of CH4/n-C7H16 mixtures in the 

ratio 19 to 1 with  = 2 – 20 have been investigated in detail. All experiments were performed 
at a pressure of 6 bar, covering a temperature range of 473 – 973 K. Because of a constant 
volume flow, the residence times vary between 7 and 14 s, depending on the temperature. Be-
cause of technical limitations of the HPLC pump, the n-C7H16 flow could not be reduced suffi-

ciently for the mixtures at  = 2 and 4 and the oxygen flow had to be increased to keep the 
CH4/n-C7H16 ratio as well as the total volume flow constant. For the (neat) single fuel experi-

ments with an equivalence ratio of  = 8, the mole fractions of each fuel were the same as in 
the CH4/n-heptane mixture, and oxygen (O2) and the buffer gas were adjusted to obtain the 
equivalence ratio. As an unavoidable consequence the C/O and C/H ratio is slightly lower for 
the neat CH4 mixture and it is higher for the neat n-C7H16 mixture, than in the CH4/n-heptane 
mixture. The benefit of these conditions is that the sum of the initial mole fractions in the inlet 
flow leads to the same amount of oxygen and of each fuel as for the n-heptane/methane mixture. 
In this way it is possible to identify effects related to fuel interaction by comparing product 
mole fractions in the doped mixture to the sum of the product mole fractions of each individual 
conversion reaction. The low flow velocity ensures compliance with a plug-flow assumption 
according to the dispersion model as outlined by Levenspiel [51]. The high dilution with inert 
gas renders the heat release from exothermal reactions negligible in comparison with the exter-
nal heating. 
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Table 7-1: Flow conditions of the reactants. 

CH4  O2 n-C7H16 Ar/ N2  
[mol%] [-] 

9.41 12 0.47 78.12 2 
9.41 6 0.47 84.12 4 
9.41 4 0.47 86.12 6 
12.55 4 0.63 82.82 8 
12.55 3.13 0 84.31 8 

0 0.86 0.63 98.51 8 
15.68 4 0.78 79.53 10 
18.82 4 0.94 76.24 12 
21.96 4 1.1 72.94 14 
25.1 4 1.25 69.65 16 
28.24 4 1.41 66.35 18 
31.37 4 1.57 63.06 20 

 
Details of the experimental setup (see Figure 7-1) are given in [17,18].  
 

 
Figure 7-1: Experimental setup: The experimental setup consists of the heated plug-flow reactor, 

the molecular-beam sampling system made from two differentially pumped stages sep-
arated by nozzles and a reflectron time-of-flight mass analyzer with electron ionization. 

 
Compared to our previous work [17], the pressure control and product analysis were improved. 
Important features of the current setup are summarized below. The flow reactor consists of an 
inert quartz tube with an inner diameter of 6 mm. It is surrounded by a stainless-steel tube for 
safety reasons. The reactor is heated by temperature controlled heating tape. A homogeneous 
temperature profile with deviations below ∆T= ±5 K, and an isothermal reaction zone of 45 cm 
at an overall reactor length of 65 cm with similar gas flows is confirmed prior to the experiments 
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as a function of the set temperature of the heating tape (see Figure 7-2). These profiles were 
measured with type-K thermocouples. 
 

 
Figure 7-2: Temperature profiles from thermocouple measurements show that typically isothermal 

zone reaches the set temperature given in the label for each profile. The profiles were 
measured with an air flow of 280 sccm. 

 
Gases are metered by calibrated mass flow controllers. n-Heptane was introduced with a cali-
brated HPLC pump and mixed with nitrogen or argon at the inlet of a home-made vaporizer. 
Right in front of the reactor inlet the Ar/n-C7H16 or N2/n-C7H16-mixture is mixed with CH4 and 
O2. The total flow rate is 280 sccm in all experiments. The reactor is coupled to a time-of-flight 
mass spectrometer (TOF-MS) for online measurements and to a sample valve for offline gas 
chromatographic measurements. For the online measurements, a pressure controller regulates 
the mass flow of the gas into the TOF-MS so that a pressure of 500 mbar is established in the 
first expansion chamber, while the rest of the gases are exhausted by a rotary pump. The gases 
in the first expansion stage are sampled by a nozzle with an orifice diameter of 40 μm into a 
vaccum chamber kept at 10-5 mbar. A skimmer with a diameter of 1 mm extracts the core of the 
molecular beam formed in the nozzle expansion and directs it into the ion optics of the TOF-
MS with a mass resolution of m/∆m=2000. The gases are ionized with electrons at 17 eV kinetic 
energy to avoid excessive fragmentation. To transfer gas from the reactor to the gas chromato-
graph (GC), samples are extracted into a heated sampling platform (373 K); this avoids con-
densation of low-volatility components. In the GC, the gas mixture is separated by two different 
columns. For permanent gases, a Rt-Msieve 5A column and a thermal conductivity detector are 
used, whereas hydrocarbons are separated within a Rt-Q-Bond PLOT column and detected by 
a mass-selective detector. A mixture of 8.5 % H2 and 91.5 % helium (He) was used as carrier 
gas for GC analyses. The reason for this is that the thermal conductivity of a H2/He mixture is 
not a simple monotonically increasing function of the H2 concentration. Instead, the thermal 
conductivity passes through a local minimum at low H2 concentrations before rising up to the 
value of pure H2 [86,87]. The minimum is located at approximately 6 % H2 and 94 % He. 
Utilizing pure He as carrier gas would provide an ambiguous, non-linear response between the 
H2 signal and the amount of H2 in the mixture. The mixture, mentioned above, however, leads 
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to a simple quadratic response between the signal and the amount of H2 and allows the quanti-
fication of hydrogen. Quantification is done by comparing the resulting signals with calibration 
measurements, done with self-mixed binary cold gas mixtures. Generally, mole fraction uncer-
tainties with respect to both analytical techniques are estimated using the error propagation law, 
considering uncertainties of all instruments, resulting in around 10 % for species, calibrated by 
the cold gas mixtures. For H2 mole fraction measurements by GC/MS, higher uncertainties of 
around 50 % are estimated due to very small signals at small mole fractions (< 0.5 mol%). In 
addition, signals of species which could not be calibrated directly, are quantified according to 
a relative ionization cross section method described by Biordi et al. [84] along with calculated 
electron-ionization cross sections from empirically-derived addition theorems described by 
Fitch and Sauter [85]. The resulting uncertainties are estimated to be of a factor of 2 – 4 [82,91]. 
Mole fractions are used to calculate yields of all species, which allows a better comparison 
between the investigated mixtures. The yields are calculated according to equation (7-1). C 
atoms were used as reference for all hydrocarbons and H atoms are the reference for H2O and 
H2. 
 

	
∙ 	number	of C/H atoms in product species

∑ ∙ number of C/H atoms in reactant species	
 (7-1)

 
While N2 was used as a diluent for GC/MS measurements, Ar was used for TOF-MS measure-
ments to avoid convolutions of signals in both cases. To ensure that the different heat capacities 
of the diluents do not influence the results, some temperature profiles were remeasured with an 
argon flow of 280 sccm. The profiles deviate in the heating and cooling zone, but do not change 
the temperature or length of the isothermal zone (see supplementary material). Simulations of 
the mole fractions at the reactor outlet with both profiles do not differ significantly. 

7.3 Simulations 

In order to validate reaction mechanisms for the atypical reaction conditions of polygeneration 
processes, the experimental results are compared with simulations. A plug flow reactor model 
is used with a fixed temperature profile, including the temperature rise and drop at the reactor 
in- and outlet, and constant pressure for simulations in the Chemical Workbench Ver. 4.1 [44]. 
Reaction mechanisms of Zhang et al. [135] and Ranzi et al. [144] are used for the simulations 
with which the experiments are compared. Zhang et al. [135] developed a reaction mechanism 
for n-C7H16, based on sub-mechanisms for C0-C4 fuels, pentane isomers and n-hexane. The sub-
mechanism for C0 – C4 was taken from AramcoMech 2.0 [145] which has been widely validated 
for several fuels. The sub-mechanism for n-C7H16 has been validated against shock-tube and 
jet-stirred reactor experiments, covering pressures from 1 to 38 bar, temperatures from 
500 to 1412 K and equivalence ratios from 0.25 to 4. The reaction mechanism of Ranzi et al. 
[144] has been developed for pyrolysis, partial oxidation and combustion of hydrocarbon and 
oxygenated fuels up to C16 and validated against a huge set of experimental data. Using these 
mechanisms, the product composition at the reactor outlet is evaluated and compared to the 
experimental results. For several reaction conditions an integrated reaction flow analysis was 
performed [146]. In addition to the mentioned reaction mechanisms, also the reaction 
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mechanisms of Hakka et al. [134], Seidel et al. [147] and Cai and Pitsch [148] are used for 
further simulations to assess their ability to predict the product spectra of the investigated mix-
tures. As these mechanisms turned out to perform worse, compared to the mechanisms of Ranzi 
and Zhang et al. the results are included in the supplementary material. Selected reactions, 
which are mentioned in the text, are listed in Table 7-2. 

7.4 Results and discussion 

Here, only some products (H2, CO, CO2, C2H4, C2H6, C3H6, CH3OH) are discussed in detail, 
because they were considered to be most interesting and they were formed in considerable 

amounts. At an equivalence ratio of  = 8 the interaction of n-C7H16 with CH4 is analyzed with 
respect to the reactants and selected products. The mole fraction profiles of the reactants and 
the yields of all experimentally detected intermediates can be found in the electronic supple-
mentary material (ESM). Intermediates include H2 and C1 – C6 species, covering alkanes, al-
kenes, CH3OH, benzene (C6H6), aldehydes and ketones. To summarize the general findings: 

Synthesis gas is mainly formed at low , whereas alkanes, alkenes and C6H6 are preferentially 

produced at higher  and high temperatures. Aldehydes and ketones are formed at all , but the 

temperature range of their formation is extended at higher . Although ketones are also inter-
esting products and formed in considerable amounts according to the experiments, the uncer-
tainties with respect to these species are much higher than the uncertainties of the species men-
tioned above. For this reason, the yields of ketones are not compared to simulations in this 
study, but are available in the electronic supplementary material. Figure 7-3 shows the main 
areas of formation of detected species within the investigated parameter range to give an over-
view of the formed species and their obtainable yields (see equation (7-1)). The maximum 
yields of the specific products within the marked parameter ranges are given in brackets in the 
legend. 
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Figure 7-3: Main areas of formation of detected species at 6 bar in the investigated methane/heptane 

mixtures. The maximum yields of the respective species within the marked parameter 
range are given in brackets in the legend. 

 
To check the justification of using a plug-flow model for the simulations, some simulations 
were also carried out using the cylindrical shear flow model of ChemKin Pro 19.0 [43] before 
interpreting the results. The simulations enable a rotation symmetric 2D simulation of the reac-
tor, including heat transfer from the wall to the gas as well as the heat release due to exothermal 
reactions. For these simulations, the Zhang et al. [135] mechanism was used and the experi-
mental temperature profile of the wall was fixed as boundary condition. The results show heat 
release due to the rapid conversion of n-heptane in a small area of the reactor as can be seen in 
Figure 7-4, which shows the temperature as a function of axial and radial distance of the reactor. 
The simulations were performed for ϕ = 20 and T = 623 K as nominal value in the isothermal 
region. Consequently, the temperature increases by less than ∆T = 100 K above the temperature 
within the isothermal zone of the reactor. The largest temperature increase was found for the 
example shown in Figure 7-4. Even at these conditions, the trends of the mole fractions as a 
function of temperature do not differ significantly from the results obtained with the plug-flow 
model with predefined temperature profile. Typically the mole fractions at the reactor outlet, 
where the sampling takes place in the experiment, differ by less than 10 %. For CO the differ-
ence is typically less than 5 %. As the CPU time needed for these simulations is more than 10 
times higher than for the simulations mentioned in the modeling section, and the results do not 
change the conclusions drawn in this paper, plug-flow simulations are considered adequate and 
accurate enough. Simulations, performed with the shear flow model are included in the ESM 
for ϕ = 2, 4, 8 and 20. 
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Figure 7-4: Simulated temperature profile for the reactive mixture at  = 20 and T = 623 K. 0 on the 

y-axis corresponds to the centerline of the reactor. 

 
The carbon balance for every methane/heptane sample was within ±10 % of the expected value. 
One exception occurs at 573 K where ketones and aldehydes are formed and up to 25 % more 
carbon is found than expected. The most probable reason for this observation is the higher un-
certainty in the mole fractions of ketones and aldehydes, resulting from the calibration proce-

dure used for these species. In addition, the carbon balance at  = 2 is slightly worse at high 
temperatures. 

7.4.1 Reaction onset 

Figure 7-5 shows the mole fractions of O2 (a), CH4 (b) and n-C7H16 (c) as a function of temper-
ature for ϕ = 8 for the CH4/n-C7H16-mixture and the neat CH4- and n-C7H16-mixtures, respec-
tively. Symbols represent experimental data, obtained with the TOF-MS, and lines simulations 
using the reaction mechanism of Zhang et al. [135], as it showed the best performance in com-
parison to the experiments. The progress of the overall oxidation is visualized by the decrease 
in the O2 mole fraction, because oxygen is the limiting reactant under such rich conditions. The 
differences in the initial O2 mole fractions are caused by the different dilution of the mixtures. 
The conversion of oxygen can be detected starting at a temperature of 823 K for neat CH4 and 
at 573 K for n-C7H16 containing mixtures. CH4 starts to react at 573 K in the mixture with n-
C7H16 whereas in the experiments with neat CH4 the conversion begins between 773 and 823 K, 
indicating that the initiation temperature was lowered by 200 – 250 K due to the additive. The 
experimentally observed mole fractions are predicted quite well by the model. 
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Figure 7-5: Mole fractions of O2 (a), CH4 (b) and n-C7H16 (c) for  = 8 and different mixtures. Sym-

bols: TOF-MS experiment, solid lines: simulations based on the reaction mechanism of 
Zhang et al. [135]. 

 
Since not only the oxygen conversion but also the methane conversion is influenced by n-hep-
tane addition to methane, the question arises how the intermediates of these two fuels interact. 
In order to analyze this interaction, a reaction path analysis was performed for all reactants and 
specific products using the reaction mechanism of Zhang et al. [135]. The most important re-
action for CH4 conversion is the H-abstraction by hydroxyl radicals (OH) yielding methyl rad-
icals (CH3) and water (H2O) (see reaction R2 and Figure 7-6) as also reported in [105]. 
 

 
Figure 7-6: Reaction flow analysis of the neat CH4 mixture: Important reactions for CH4 consump-

tion and formation at  = 8. 

 
In the absence of n-C7H16 the OH radicals are mainly formed by the dissociations of either 
methylhydroperoxide (CH3O2H) below 800 K or hydrogen peroxide (H2O2) at higher tempera-
tures. CH3O2H is formed by H-abstraction from CH4 by methyl peroxy radicals (CH3O2), which 
in turn are formed by the addition of O2 to CH3 (see Figure 7-7). 
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Table 7-2: Selected reactions from the reaction mechanism of Zhang et al. [135]. 

Nr. Reaction 
R1 CH4 + O2 ⇌ CH3 + HO2 
R2 CH4 + OH ⇌ CH3 + H2O 
R3 C2H6 + CH3 ⇌ C2H5 + CH4 
R4 CH3 + O2 ⇌ CH3O2 
R5 C2H5 + O2 ⇌ C2H4 + HO2 
R6 2 HO2 ⇌ H2O2 + O2 
R7 HCO + M = H + CO + M 
R8 CH3CO (+M) ⇌ CH3 + CO (+M) 
R9 C2H5O ⇌ CH3 + CH2O 
R10 CH3O + HO2 ⇌ CH3OH + O2 
R11 CH3 + CH3 (+M) ⇌	C2H6 

 
CH3 finally arises from the initiation reaction (R1). In contrast, H2O2 is produced in a bimolec-
ular reaction of two hydroperoxyl radicals (HO2) (reaction R6). In the presence of n-C7H16 the 
most important route of OH formation is the intramolecular isomerization of C7H15O2 to 
C7H14OOH, subsequent O2 addition (C7H14OOH + O2 ⇌ C7H14OOH-O2) and the formation of 
ketohydroperoxides (C7H14OOH-O2 ⇌ C7H14O3 + OH), also shown by the black route of the n-
C7H16 pathway, presented in Figure 7-7. Both the formation of ketohydroperoxides and their 
decomposition produces OH radicals. The importance of these reactions was also pointed out 
by Li et al. [142]. In addition, two further pathways towards OH can be found in Figure 7-7, 
which are comparable to the pathways, described for CH4 oxidation. But, it must be noted that 
four isomeric heptyl radicals (C7H15) can be formed due to hydrogen abstraction from n-C7H16 
by O2, leading to many more pathways towards OH, compared to neat CH4 oxidation. The 
reaction path from n-C7H16 towards OH via heptyl hydroperoxides (C7H15OOH) is also de-
scribed by Dagaut et al. [132]. 
 

 
Figure 7-7: General formation of OH radicals with respect to CH4 (left) and n-C7H16 oxidation 

(right). In the mixture both routes are active. (Black: Most important pathway, Red: 
High temperature pathway, Blue: Less important pathway). 
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To summarize the findings, the conversion of n-C7H16 at relatively low temperatures leads to 
an increased formation of OH radicals, reacting with CH4 and lowering the temperature of re-
action onset, compared to neat CH4. 
In the oxidation of neat n-C7H16, CH4 is detected at temperatures above 673 K as one of the 
main intermediates. The formation of CH4 from larger hydrocarbon intermediates is a possible 
reason for the decreased conversion of CH4 (14.4 % vs. 17.9 %) observed in CH4/n-C7H16-ex-
periments at 973 K (see Figure 7-5b). The negative temperature coefficient region of n-C7H16 
is clearly present in the expected temperature range for n-C7H16 containing mixtures [132], as 
seen by the increase in n-C7H16 mole fractions from 600 to 800 K. The resulting s-shape is more 
pronounced in the model prediction in case of the neat n-C7H16-mixture. For neat CH4, a similar 
behavior between 800 and 1000 K is observed, both, in the experiments and the model predic-
tion in the O2 and CH4 profiles. Although the different CH4 mole fractions are within the error 
limits of the experiment, the apparent NTC behavior was reproducible, as checked several times 
by repeated measurements and simulations with different mechanisms. The results always in-
dicate a negative temperature coefficient around 850 – 950 K. A reaction flow analysis indicates 
that less CH4 is consumed by OH at 923 K compared to 873 and 973 K (see Figure 7-6). The 
reaction (R2) is the most important reaction for CH4 consumption. In addition, H-abstraction 
from C2H6 by CH3 radicals leads to an enhanced formation of CH4 (reaction R3) with increasing 
temperatures, resulting in a lower consumption of O2 by CH3 to methyl peroxide (reaction R4) 
at 923 K (see Figure 7-8). At 973 K, O2 consumption is accelerated again due to the reaction 
with ethyl radicals (C2H5) to C2H4 and HO2 (reaction R5), and the reaction (R6) towards O2 
becomes less important at higher temperatures.  
 

 
Figure 7-8: Reaction flow analysis of the neat CH4 mixture: Important reactions for O2 consumption 

and formation at  = 8. 

 
Apart from the mentioned discrepancies, the experimental results are in good agreement with 
model predictions and show that n-C7H16 is a suitable additive to activate CH4 conversion. 
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7.4.2 Influence of equivalence ratio and interaction of n-C7H16 with 
CH4 

Experiments at  = 2 – 20 were carried out to investigate how the additive influences the mole 
fractions of different products, and to test the model predictions further. The discussion, em-
phasizing the interaction of n-C7H16 with CH4 focuses on three representative major products: 
CO, C2H6 and CH3OH. In addition, trends of the yields of H2, CO2, C2H4 and C3H6 are also 
presented and described. 
Oxygen is the compound limiting the conversion in the fuel-rich regime; Figure 7-9 shows its 
conversion, whereas Figure 7-10, Figure 7-13 and Figure 7-15 show the yields (see equation 
(7-1)) of CO, C2H6 and CH3OH as a function of temperature and equivalence ratio in false color 
diagrams. CO represents a main product under fuel-rich conditions, whereas C2H6 represents a 
C-C-coupling and CH3OH an oxygenated product. The experimental results (left), all obtained 
by GC/MS, are compared to kinetic simulations, using the reaction mechanisms of Zhang et al. 
[135] (middle) and Ranzi et al. [144] (right). The results of simulations with the reaction mech-
anism of Ranzi et al. [144] were included in the comparison because it has been validated 
against many experimental measurements and is suitable for different reaction conditions. 
From Figure 7-9 it is evident that at all equivalence ratios more than 50 % of O2 is converted 
below 600 K. 
 

 
Figure 7-9: O2 consumption for all investigated methane/heptane mixtures (Experiment: left (GC 

results), Simulations: middle [135] and right [144]). 

 
The low CH4 conversion at these temperatures (Figure 7-5b) leads to the conclusion that O2 is 
mainly consumed by the additive. This observation agrees with the complete conversion of n-
C7H16 at all equivalence ratios at high temperatures (as shown in the ESM). The general trends 
in the consumption of reactants predicted in the simulations are in good agreement with the 

experimental data, even though both models underpredict the CH4 conversion at  ≥ 6 slightly 
(see Figure 7-5b and ESM). In addition, the model of Ranzi et al. [144] overestimates the NTC 
behavior of n-heptane so that less O2 is consumed by n-heptane at 673 K, compared to the 
experimental results and the results, obtained with the model of Zhang et al. [135]. 
One of the main products in all experiments is CO (Figure 7-10). 
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Figure 7-10: Yield of CO for all investigated methane/heptane mixtures (Experiment: left (GC re-

sults), Simulations: middle [135] and right [144]). 

 
The formation of CO starts at 573 K at all equivalence ratios and increases rapidly with rising 

temperature. The maximum CO yield of 55.1 % is observed at 973 K and  = 2, which is the 
condition with the highest CH4 conversion. Above 823 K, the CO yield rises only slightly with 
increasing temperature. The simulations, with the reaction mechanism of Zhang et al. [135], are 
in good agreement with the experimental data, regarding general trends and yields. Simulations 
with the reaction mechanism of Ranzi et al. [144] underestimate the maximum CO yield by 
around 30 %. An interesting observation is the following: Nearly no CO is formed in the neat 
CH4-experiment and only 0.4 % CO in the neat n-C7H16-experiment, in contrast to 2.8 % in the 
n-C7H16/CH4-experiments, indicating some interaction between the species pools resulting 
from n-heptane and methane conversion. This is shown by the TOF-MS results, presented in 
Figure 7-11a. 
 

 
Figure 7-11: Mole fractions of CO (a), C2H6 (b) and CH3OH (c) for different mixtures at  = 8. Sym-

bols: TOF-MS experiment, solid lines: simulations based on the reaction mechanism of 
Zhang et al. [135]. The gray lines and symbols are always the sum of the results for the 
two neat fuel experiments or simulations, respectively. 

 
Here, mole fractions are presented instead of yields to determine a possible interaction between 
methane and heptane oxidation pathways. An interaction is assumed if the sum of mole frac-
tions of specific products (shown in gray) observed in the single fuel experiments differs from 
those obtained by the methane/heptane mixture. Using yields, such a comparison would not be 
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possible since the amount of carbon and hydrogen atoms in the reactants differs for the three 
cases. If the CO and CH3OH mole fractions are compared for the mixture and the sum of the 
two neat fuel experiments, it is obvious that their formation is strongly increased at moderate 
temperatures around 650 K by the interaction of the two fuels in the mixture. The effect of the 
slightly higher dilution for both single-fuel conversions is expected to be small and neglected 
here.  

To unravel this issue, the reaction flows were analyzed at  = 8 and 773 K. In case of CH4 
oxidation the reaction path towards CO starts with the formation of CH3 and leads via CH3O2 
and CH3O2H formation to methoxy radicals (CH3O) (see Figure 7-12). 
 

 
Figure 7-12: Integrated reaction path towards CO and C2H6 for the CH4/n-C7H16-mixture at  = 8 and 

773 K. 

 
CH3O mainly decomposes to H radicals and formaldehyde (CH2O), where the latter reacts with 
H, OH, HO2 or CH3O2 amongst other species to the formyl radical (HCO). HCO is the final 
precursor for CO formation, because it is found that the most important reaction for CO pro-
duction is R7. A similar reaction path can be found for neat n-C7H16 oxidation proceeding from 
CH3O2, which is mainly formed by CH3 and O2. While CH3 is formed by H-abstraction in the 
CH4-experiment (R2 and R3), the most important reactions in the n-C7H16 oxidation are (R8) 
and (R9). CH3CO is formed via reaction of acetaldehyde with HO2 or OH, while C2H5O is 
formed via reaction of C2H5 with HO2. C2H5 is formed by the decomposition of 4-heptene. All 
these mentioned routes are also active in the mixture. Additionally, most of the OH radicals are 
formed by n-C7H16 oxidation (see Figure 7-7) and promote CH4 oxidation so that subsequently 
more CO is formed in the n-C7H16/CH4-experiments, compared to the neat CH4-experiments. 
C2H6 is formed in all experiments, mainly at higher equivalence ratios (Figure 7-13). 
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Figure 7-13: Yield of C2H6 for all investigated methane/heptane mixtures (Experiment: left (GC re-

sults), Simulations: middle [135] and right [144]). 

 

The maximum yield of C2H6 is observed at the highest investigated equivalence ratio ( = 20) 
and temperature (T = 973 K). At equivalence ratios below 16, C2H6 decomposes to C2H4 and 
H2 and the ethane yield decreases at temperatures above 923 K. Experiments are in good quan-

titative agreement with the simulations for ethane up to  = 8 and all investigated temperatures 

as well as for higher  and temperatures up to 773 K. But, the agreement with the simulations 
performed with the reaction mechanism of Zhang et al. [135] is slightly better than those per-
formed with the mechanism of Ranzi et al. [144]. For equivalence ratios above 8 and tempera-
tures higher than 773 K, both models predict a decreasing yield, contrary to a slightly increasing 
yield in the experiments. Only the reaction mechanism of Cai et al. [148] is able to predict the 
C2H6 yields within the uncertainty limits. Using this mechanism, a very good agreement with 
respect to the C2H6 yields at temperatures higher than 773 K is found. The yields at lower 
temperatures are overpredicted by the model (see ESM). At temperatures lower than 773 K, a 
reaction flow analysis reveals that most of the C2H6 is formed by n-heptane oxidation. Based 
on these observations, it can be concluded that the n-heptane sub-scheme within the mechanism 
of Zhang et al. [135] performs better than the n-heptane sub-scheme of the Cai and Pitsch mech-
anism [148]. However, the rate constants for reactions, which are responsible for C2H6 for-
mation at higher temperatures seem to be more suitable in case of the mechanism of Cai and 
Pitsch [148]. A reaction path analysis explains the increase in C2H6 yields in the doped mix-
tures. The recombination of two CH3 radicals to C2H6 (R11) is by far the most important reac-
tion for C2H6 formation with CH4 as a fuel. For n-C7H16 this reaction is less important, since C2 
compounds are formed in the oxidation of heptane, and the governing pathway to produce C2H6 
is the reaction of C2H5 and H2O2 to C2H6 and HO2 (see Figure 7-12). C2H5 is formed in several 
reaction steps directly from n-C7H16. Again, in the n-C7H16/CH4-mixture both routes are active, 
but the recombination of CH3 is the dominant reaction, since CH3 formation is enhanced by n-
C7H16 oxidation (see Figure 7-14). In addition, a new reaction appears in the reaction network 
forming C2H6 by reaction of C2H5 with CH4. These observations explain the increased C2H6 

production in the n-C7H16/CH4-mixture in Figure 7-11b for  = 8. For a better quantitative 
agreement between the predictions by Zhang et al. [135] and the experimental data, the rate 
constants of the Cai and Pitsch [148] mechanism with respect to reaction R11 should be con-
sidered. 
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Figure 7-14: Important reactions for C2H6 consumption and formation at  = 8 and 773 K (CH4/n-

C7H16). The reaction flow analysis was performed with the reaction mechanism of 
Zhang et al. [135]. 

 

CH3OH is mainly formed at intermediate temperatures between 523 and 823 K at all  (Figure 
7-15) in all investigated methane/heptane mixtures. 
 

 
Figure 7-15: Yield of CH3OH for all investigated methane/heptane mixtures (Experiment: left (GC 

results), Simulations: middle [135] and right [144]). 

 

The CH3OH yield reaches its maximum at 623 K (4 ≤  ≤ 20) and at 723 K ( = 2), respec-

tively. The overall maximum yield of 2.9 % is located between 6 ≤  ≤ 8. With rising , the 
formation of CH3OH occurs in a wider temperature range. Similar trends are observed in the 
simulations. Generally, the model predictions, obtained with the reaction mechanism of Zhang 
et al. [135] are in better agreement with the experimental results than the ones with the reaction 
mechanism of Ranzi et al. [144]. While the latter predicts 1.5 – 4 times higher yields of CH3OH, 
compared to the experimental results, the mechanism of Zhang et al. [135] predicts yields which 

are close to the experimental uncertainty limits up to  = 8. Independent yield measurements at 
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 = 8, obtained with the directly coupled time-of-flight mass spectrometer, also agree with 
model predictions by the mechanism of Zhang et al. [135] within the error limits, as shown in 

Figure 7-11c. At  ≥ 10, the predicted CH3OH yields are two to three times larger than the 

experimental results. The overall maximum yield at 623 K also extends between 6 ≤  ≤ 14 
with respect to the simulations. In summary, the predicted consumption of methanol due to 
reactions towards formaldehyde and finally CO is too high under these conditions. Accordingly, 
further validation data are needed to improve reaction kinetics schemes for ultra-rich condi-
tions. The reaction flow was analyzed at 623 K, since maximum CH3OH yields were observed 
at this temperature for both n-C7H16 containing mixtures. CH3OH was not detected in the neat 
CH4-mixture. The most important reaction for CH3OH formation is (R10), in which CH3O is 
produced from CH3 via peroxide intermediates. Consequently, CH3 is the key component for 
CH3OH formation. In agreement with the observation at 773 K, the CH3 production is enhanced 
significantly at 623 K if CH4 and n-C7H16 are both present, because the oxidation of the latter 
provides the OH radicals that are needed for the H-abstraction from CH4. As a result, the 
CH3OH yields are much higher in case of the n-C7H16/CH4-mixture compared to both neat fuels. 
Another interesting feature of the mixtures is that the production of CH3OH occurs in the com-
plete investigated temperature range, compared to the very limited temperature range observed 
for the neat fuels (see Figure 7-11c).  
Figure 7-16-Figure 7-19 show the yields of H2, CO2, C2H4 and C3H6 as a function of equiva-
lence ratio and temperature in false color diagrams. Except for CO2, which represents a fully 
oxidized product, these species could be interesting in terms of applications in chemical indus-
try or even energy storage. The yields are calculated as mentioned before (see equation (7-1)). 
Again the experimental results (left) are compared to kinetic simulations, using the reaction 
mechanisms of Zhang et al. [135] and Ranzi et al. [144]. 
 

 
Figure 7-16: Yield of H2 for all investigated methane/heptane mixtures (Experiment: left (GC re-

sults), Simulations: middle [135] and right [144]). 

 

The highest H2 yields of up to 6 % are observed at 873 K and 973 K at  = 2 (Figure 7-16). At 
higher equivalence ratio, the maximum yield is always found at the highest investigated tem-

perature of 973 K and it decreases with increasing . The experimental yields are up to 80 % 

lower than the yields predicted by both models at  ≥ 4 for temperatures above 800 K, but at 

 = 2 the experimental yields are 60 and 30 % higher at 873 K and 973 K, respectively. The 
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predictions using the Zhang et al. [135] mechanism also show two local maxima at these tem-
peratures. In contrast, the predictions using the mechanism of Ranzi et al. [144] show a contin-

uously increasing H2 yield with rising temperature. Also, the maximum H2 yield at  = 4 pre-
dicted by the mechanism of Ranzi, slightly differs from the experimental results and model 
predictions using the mechanism of Zhang et al. [135], where the global maximum can be found 

at  = 2. One possible reason for the large deviations between experimental results and model 
predictions may be caused by higher uncertainties in the H2 mole fraction, resulting from the 
detection procedure mentioned above. This suggestion is confirmed by the fact that the TOF-

MS data for H2 at  = 8 are in better agreement with the simulation results, compared to the GC 
data. GC/MS and TOF-MS measurements for other species are in good agreement with each 
other. If only the general trends of the predicted and experimental H2 yields are compared rea-
sonable agreement is observed. 
For the CO2 yields (see Figure 7-17), the trends are comparable to the trends of the CO yields 
(see Figure 7-10), as CO2 is mainly formed by CO and HO2 or OH. The highest yield of nearly 

40 % can be found at 873 K at  = 2. In general, the qualitative agreement between experimental 
results and model predictions is very good, but the yields, obtained in the experiments, are much 
higher than the yields, predicted by both reaction mechanisms. This becomes obvious by the 
fact that the predicted yields are multiplied by 1.5 and 2 for the mechanisms of Zhang et al. 
[135] and Ranzi et al. [144], respectively. 
 

 
Figure 7-17: Yield of CO2 for all investigated methane/heptane mixtures (Experiment: left (GC re-

sults), Simulations: middle [135] and right [144]). 

 
The formation of C2H4 starts at 623 K at all investigated equivalence ratios (see Figure 7-18). 
However, the yield only reaches 0.6 % on average at this temperature. Because the CH4 con-
version is less than 3 % (see ESM) at these conditions, it can be concluded that C2H4 is mainly 
formed from n-C7H16. 
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Figure 7-18: Yield of C2H4 for all investigated methane/heptane mixtures (Experiment: left (GC re-

sults), Simulations: middle [135] and right [144]). 

 
According to the reaction path analysis, performed with the mechanism of Zhang et al. [135] at 

 = 8 and 623 K, the most important reaction for C2H4 formation is the decomposition of an 
ethyl peroxy radical (C2H5O2), which in turn is formed by O2 addition to C2H5. Ethyl is formed 
by the decomposition of the propionyl radical (C2H5CO), originating from the reaction of pro-
panal (C2H5CHO) and different radicals, or the reaction of acetaldehyde and OH. Both 
CH3CHO and C2H5CHO are typical products of n-C7H16 oxidation [132,134,135] and have also 
been detected by gas chromatography in this study (see ESM) at this temperature. At tempera-
tures higher than 723 K, where CH4 conversion starts to increase significantly, the C2H4 yield 
also increases rapidly. In this temperature range the most important reaction for C2H4 formation 
is the H-abstraction from C2H5 by O2, forming C2H4 and HO2, where C2H5 is produced by the 
reaction of C2H6 and CH3. As shown before, C2H6 originates by the recombination of two CH3 
radicals. Finally, it can be concluded that most C2H4 is formed in the oxidation of methane at 
temperatures above 723 K. With increasing equivalence ratio, the C2H4 yield also increases, 

reaching around 9 % at  = 20 and 973 K. As for C2H6, experiments are in good agreement with 
the simulations, performed with the reaction mechanism of Zhang et al. [135]. Only at temper-

atures higher than 823 K and  > 10 the predicted yields are 20 ( = 10) – 60 % ( = 20) lower 
as expected because of the lower predicted C2H6 yields. As the deviations rise with increasing 

, the model has to be optimized mainly for these conditions in order to improve the model 
predictions. With respect to the model by Ranzi et al. [144], the predicted yields are much 
higher in the low temperature regime (573 K ≤ T ≤ 723 K) and slightly lower at higher temper-
atures. Comparing the model predictions by Cai et al. [148] with the experimental results, a 
better agreement is observed due to the better prediction of the C2H6 yields (see ESM). 
Propene (C3H6) is preferentially formed at high temperatures and high equivalence ratios (see 
Figure 7-19). 
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Figure 7-19: Yield of C3H6 for all investigated methane/heptane mixtures (Experiment: left (GC re-

sults), Simulations: middle [135] and right [144]). 

 

Similar to C2H4 the formation starts at 623 K, and the yield increases rapidly at temperatures 
higher than 723 K with a maximum of 4.3 % at 923 K and ϕ = 20. Based on this observation, 
the same conclusion is drawn as before: at low temperature C3H6 is formed by n-C7H16 oxida-
tion, while the combined formation of C3H6 from CH4 and n-C7H16 oxidation gets important at 
higher temperatures. Comparing experimental results to the simulations, generally good agree-
ment is found, especially regarding the trends of the yields. But, the models of Zhang et al. 
[135] and Ranzi et al. [144] predict lower maximum yields of 3 % and 2 % within the investi-
gated parameter range, respectively. In addition, higher yields of C3H6 are predicted in the tem-
perature range between 623 K and 773 K at ϕ < 6 by both models, compared to the experimental 

results. With respect to the reaction path towards C3H6 at  = 20 and 923 K, one key species is 
C3H8, formed from CH3 and C2H5. The contribution of CH4 to the production rate of CH3 and 
C2H5 is ≈ 71 and ≈ 14 %, respectively. C3H8 can react with different radicals to the isopropyl 
radical (iC3H7), which finally undergoes an O2 addition, so that the isopropyl peroxy radical 
(iC3H7O2) is formed. iC3H7O2 will finally decompose to propene and HO2. The last reaction is 
the most important reaction with respect to C3H6 formation with a production rate contribution 
of ≈ 30 %. 

7.5 Conclusions 

The homogeneous partial oxidation of n-C7H16/CH4/O2-mixtures was investigated in a plug-
flow reactor in a wide parameter range. The product gases were analyzed by gas chromatog-

raphy and mass spectrometry. An additional set of experiments was performed at  = 8, con-
sisting of neat n-C7H16, neat CH4 and n-C7H16/CH4-mixtures to analyze the influence of n-C7H16 
and its decomposition products on the partial oxidation of CH4. Reaction path analyses were 
carried out after modeling the experiments, using the elementary reaction mechanisms of Zhang 
et al. [135] and Ranzi et al. [144]. In general, the model predictions are in reasonable agreement 
with the experimental data, but the model of Zhang et al. [135], which has been developed for 
fuel-rich n-C7H16 oxidation, in general shows a better performance. Larger deviations in the 
predicted amounts of some species, e.g. CH3OH, compared to experimental data are observed 
and indicate the need for model improvement at fuel-rich conditions.  
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The addition of heptane to methane shifted also the reaction onset of CH4 by 200 – 250 K to-
wards lower temperatures due to the enhanced production of OH radicals, which in turn initiate 
CH4 conversion. In addition to the main products like CO, CO2, H2O and H2, also oxygenated 
species like CH3OH and useful hydrocarbons up to C6 were detected. For CH3OH, maximum 

yields of almost 3 % can be found at temperatures between 523 K and 823 K at 4 ≤  ≤ 8 under 
these dilute conditions. According to the reaction flow analysis, CH3OH formation is enhanced 
significantly in the presence of n-C7H16 due to an enhanced formation of CH3 and CH3O radi-
cals, which are precursors of CH3OH. So the high reactivity of n-heptane has a positive effect 
on the consumption of methane at low temperatures and favors the reaction pathways from 

methane to methanol. CO was formed in high amounts of up to 55 % at  = 2 and T ≥ 923 K. 
Comparing experiments with the mixture of both fuels with neat CH4 and n-C7H16 as fuels, it 
is observed that the CO and C2H6 production was also enhanced in the mixture, due to the 
increased formation of CH3 radicals. Also for the unsaturated hydrocarbons, e.g. C2H4 and 
C3H6, a reaction path analyses revealed that CH4 plays an important role in their formation 
during the oxidation of CH4/n-C7H16 mixtures. These routes could be interesting in the matter 
of storing excess energy, coming from renewables, as the enthalpies of formation of these spe-
cies are much higher than the enthalpy of formation of methane. In general, hydrocarbons, like 

C2H4, C2H6, C3H6, C3H8 and C6H6 are preferentially formed at higher . Referring to polygen-
eration processes this means that high equivalence ratios are the most interesting conditions for 
the formation of useful chemicals. Because of the reduced fuel conversion and lower heat re-
lease due to less exothermal reactions the maximum temperature in the engine would decrease. 
So, even species, preferentially formed at temperatures below 1000 K, could probably be 
formed in an engine. But, first of all it has to be tested, which equivalence ratio represents a 
reasonable limit with respect to the simultaneous supply of chemicals, work and heat by per-
forming experiments in a real piston engine. 
The results show that the addition of small amounts of n-C7H16 into CH4/O2-mixtures can ini-
tiate CH4 conversion at much lower temperatures and increase mole fractions of specific species 
significantly. The comparison between experimental and modeling results and the observed 
differences corroborate the need for better kinetics models for these uncommon reaction con-

ditions. Especially at  ≥ 10 larger deviations between experimental data and model predictions 
are observed. It could also be demonstrated that the comparison of experimental results and 
model predictions of different reactions mechanisms can help to identify reaction rates that 
require reassessment and optimization for better quantitative agreement, as it was shown for 
C2H6.  
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8 Partial oxidation of methane/DME mixtures 
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Abstract 
Chemical reactions in stoichiometric to fuel-rich methane /dimethyl ether /air mixtures (fuel air 

equivalence ratio  = 1 – 20) were investigated by experiment and simulation with the focus on 
the conversion of methane to chemically more valuable species through partial oxidation. Ex-
perimental data from different facilities were measured and collected to provide a large database 
for developing and validating a reaction mechanism for extended equivalence ratio ranges. 
Rapid Compression Machine ignition delay times and species profiles were collected in the 

temperature range between 660 and 1052 K at 10 bar and equivalence ratios of  = 1 – 15. 
Ignition delay times and product compositions were measured in a shock tube at temperatures 

of 630 to 1500 K, pressures of 20 – 30 bar and equivalence ratios of  = 2 and 10. Additionally, 
species concentration profiles were measured in a flow reactor at temperatures between 473 

and 973 K, a pressure of 6 bar and equivalence ratios of  = 2, 10, and 20. The extended equiv-
alence ratio range towards extremely fuel-rich mixtures as well as the reaction-enhancing effect 
of dimethyl ether were studied because of their usefulness for the conversion of methane into 
chemically valuable species through partial oxidation at these conditions. Since existing reac-

tion models focus only on equivalence ratios in the range of  = 0.3 – 2.5, an extended chemical 
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kinetics mechanism was developed that also covers extremely fuel-rich conditions of me-
thane/dimethyl ether mixtures. The measured ignition delay times and species concentration 
profiles were compared with the predictions of the new mechanism, which is shown to predict 
well the ignition delay time and species concentration evolution measurements presented in this 
work. Sensitivity and reaction pathway analyses were used to identify the key reactions gov-
erning the ignition and oxidation kinetics at extremely fuel-rich conditions.  

8.1 Introduction 

Recently, interest in co-generation and polygeneration processes for flexible conversion be-
tween different forms of energy and coupled production of valuable chemical species like syn-
gas, acetylene (C2H2), and ethylene (C2H4) from cheap substances (especially methane) has 
increased [94,95,97,149]. The production of such chemicals is usually most efficient at very 

high equivalence ratios (typically exceeding  = 6), which are not used in conventional com-
bustion processes. There is a lack of studies providing empirical data and validated chemical 
kinetics models for the ultra-rich regime. 
The reaction kinetics of methane (CH4), a suitable resource for polygeneration processes, have 
been extensively investigated in the last few decades by several authors. Hughes et al [150] 
developed a comprehensive chemical mechanism to describe the oxidation of methane. The 
mechanism also accounts for the oxidation kinetics of other species as hydrogen, carbon mon-
oxide, ethane, and ethene in flames as well as the autoignition problem in homogeneous mix-
tures. Petersen et al [151], on the other hand, conducted an analytical study of CH4/O2 mixtures 
over a large range of conditions. A reaction mechanism was developed to supplement the high-
pressure shock tube experiments on autoignition delay times [151]. Ignition delay times of sim-
ilar mixtures have been reported by Brett et al [152] and Gersen [153] using a RCM and by 
Shukov et al [154], who measured IDTs behind reflected shock waves at elevated pressures 
between 3 and 450 bar and high initial temperatures. Measurements of species profiles describ-
ing the homogeneous partial oxidation of CH4 have also been studied by different groups in 
high pressure flow reactors [101,102,104,155] and jet-stirred reactors [156], for a large range 
of reaction conditions covering pressures from 1 – 100 bar and temperatures between 600 and 
1800 K. Most of the studies on methane combustion and oxidation have been focused on stoi-
chiometric to slightly fuel-rich mixtures [106,150,151,156]. The thermodynamics and kinetics 
underlying methane pyrolysis at high temperatures have also been a point of interest for many 
research groups [157,158]. Some of them also studied the possibility of increasing the fuel con-
version [159] or the yield of desired products [160,161] by investigating methane pyrolysis at 
temperatures higher than 1300K.  
Because the reactivity at ultra-rich conditions is generally lower compared to that of stoichio-
metric fuel/air mixtures, reaction enhancers are often used to initiate the reaction under practi-
cally accessible pressures and temperatures [155]. DME (dimethyl ether, CH3OCH3) having a 
high cetane number, low sooting tendency, and good availability is a suitable ignition enhancer 
[162–165]. DME is also used in gas turbines as an additive or alternative to natural gas 
[166,167]. Several experimental [163–165,168–174] and theoretical [175–177] studies have 
described the reaction of pure DME under a wide range of conditions: Curran et al. investigated 
the pyrolysis and oxidation of DME experimentally under highly diluted conditions for 
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equivalence ratios between 0.7 and 4.2 [23, 27]. Zhao et al. [178] performed a theoretical and 
experimental analysis of the unimolecular decomposition of DME applying a hierarchical meth-
odology to develop a high-temperature model describing pyrolysis and oxidation of DME at 

 ≤ 2.5. Dagaut et al. [163,169] studied the oxidation of DME by measuring concentration pro-

files of reactants, intermediates, and products in a jet-stirred reactor at 10 atm, 0.2 ≤  ≤ 1 and 
in a temperature range of 550 – 1100 K as well as ignition delay times in a shock tube at 1200 

to 1600K, 3.5 atm of pressure and equivalence ratios between  = 0.5 – 2. They also proposed 
a reaction mechanism. Shock tube measurements have also been performed to study the self-
ignition of DME/air mixtures under engine relevant conditions [171] as well as its thermal dis-
sociation [179] and pyrolysis [180]. Zheng et al. [172] determined experimentally the ignition 
temperature of DME/N2 mixtures in counterflow diffusion flames; experiments were carried 
out varying the DME concentration from 5.9 to 30 % in a pressure range of 1.5 – 3 atm. Other 
experiments including measurements of DME flame speeds have been published by de Vries et 
al. [181] and Daly et al. [173]. On the other hand, Amano et al. [104] studied the ignition en-
hancing effect of DME in CH4/air-mixtures by adding small amounts of DME to the gas mix-
ture. They found that a small amount of DME had a stimulating effect on autoignition of 
CH4/air-mixtures [104]. Similar conclusions were made by Chen et al. [182] and Tang et al. 
[183], who measured the effect of DME on methane mixtures at high temperatures [182] and 
mole fractions of DME in the mixture from 1 to 50 % [183]. The effect of adding dimethyl ether 
to methane with respect to the laminar flame speed was studied experimentally and numerically 
by Lowry et al [184] over a range of initial pressures from 1 to 10 atm, different fuel blends 
ranging from 60 % CH4/40 % DME to 80 % CH4/20% DME in volume. The influence of DME 
in the formation of soot and polycyclic aromatic hydrocarbons (PAH) on methane fuel mixtures 
was also a topic studied by Yoon et al. [185]. They found, that the formation of soot and PAH 
significantly decreases for the mixtures of DME with methane, ethane and propane, while a 
higher presence of these compounds was observed in DME/ethylene mixtures compared to 
mixtures of the fuel without additive [185]. 
Detailed and validated chemical kinetics models describing CH4/DME mixtures are readily 
available for stoichiometric or near-stoichiometric conditions. It is unclear whether they are 
also suitable as predictive tools in the ultra-rich regime. Burke et al. [117] developed a reaction 
mechanism for methane, DME, and their mixtures which has been validated for mixtures in a 

wide range of temperatures and pressures at  = 0.3 – 2.5. Hashemi et al. [186], on the other 
hand, presented a chemical kinetic model to describe the pyrolysis and oxidation of DME and 
its mixtures with methane at high pressures (50 – 100 bar), intermediate temperatures 

(450 – 900 K) and equivalence ratios of  = 0.06, 1 and 20 studied in a laminar flow reactor. 
Other mechanisms, like the DME mechanisms of Zhao et al. [178] or Fischer et al. [164] were 
not developed to describe methane oxidation.  
To provide a reaction mechanism tailored for polygeneration-relevant conditions, a new de-
tailed kinetics mechanism including CH4/DME was developed based on existing mechanisms 
for methane pyrolysis [187] and oxidation [188], and the DME mechanism of Zhao et al. [178]. 
Hidaka et al [180] developed a chemical kinetic model able to predict accurately the pyrolysis 
and oxidation of methane at elevated temperatures, which are needed to initiate the reaction of 
methane without aditivation at lower presence of oxygen in the initial mixtures. On the other 
hand, Heghes [188] presented a C1 – C4 elementary reaction mechanism, which accurately 



8 Partial oxidation of methane/DME mixtures 

94 

describes stoichiometric to slightly fuel-rich mixtures ( < 2) of CH4 and air. The combination 
of these should be able to describe the oxidation of methane at extremely fuel-rich conditions 
without missing any significant reaction pathway. The DME sub-mechanism of Zhao et al. 
[178] was included, as DME is used as reaction enhancer in this study in order to perform 
experiments at engine relevant conditions.  
Experimental results of the oxidation of CH4/DME mixtures were carried out in a rapid com-
pression machine, a high-pressure shock tube and in a flow reactor. The three experimental 
setups present different timescales and operational characteristics providing valuable experi-
mental data in a large range of initial conditions, namely temperature and pressure, that com-
plements each other. The information about the reactivity of the mixtures through ignition delay 
times and species profiles is of great importance for mechanism validation and a comprehensive 
study of the kinetics taking place at low and high temperatures.  
In the following, experimental results of the oxidation of CH4/DME mixtures are described. 
Then, the development of the new kinetics model is outlined. Finally, comparisons of experi-
mental data with model predictions based on the new reaction mechanism are presented.  

8.2 Experiments 

8.2.1 Rapid compression machine 

Measurements of ignition delay times and species concentration profiles were carried out in a 
Rapid Compression Machine (RCM) and in a Rapid Compression-Expansion Machine 
(RCEM), respectively. The RCM facility has been described previously by Werler et al. [189]. 
It consists of a temperature-controlled cylinder-piston device in which the piston compresses 
the cylinder load, before being locked at top dead center (TDC). A creviced piston was used 
which can swallow the boundary layer peeling off the cylinder wall [189], providing more ho-
mogeneous in-cylinder thermal conditions compared to a standard piston. Pre-compression 
pressures were measured using a capacitance manometer (MKS Baratron 121A). This, com-
bined with a pressure transducer (Kistler 6061 B) attached to the cylinder head, enables the 
determination of time-resolved absolute pressure traces. Pre-compression temperatures were 
measured with a type-K thermocouple. The cylinder head was equipped with an optical access 
via a quartz glass fiber. A photomultiplier (Hamamatsu H10722-210) equipped with a short 
pass filter (450 nm) was used for time-resolved chemiluminescence detection. During the meas-
urement, a potentiometric position sensor (Burster type 7812) recorded the piston position. A 
mixing vessel was connected to the RCM, in which a homogeneous mixture of the test gas was 
created and stored. A scheme of the RCM is shown in Figure 8-1.  
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Figure 8-1: Rapid compression machine setup. 

 
In RCM ignition delay time measurements, the time span between the moment where the piston 
reaches TDC and the inflection point of the pressure trace (point at which the pressure gradient 
reaches a maximum) due to first-stage ignition as well as main (second-stage) ignition were 
defined as the first and main ignition delay time, respectively. Values of temperature and pres-
sure immediately after compression were assigned to the measured IDT. The post-compression 
pressure pc was measured and the corresponding temperature Tc was calculated from pc and pre-
compression values p0 and T0 using the isentropic-core assumption [190,191].  
To obtain a desired combination of temperature and pressure at TDC in an RCM experiment, 
the initial temperature, compression ratio, and composition of the inert gas in the mixture were 
varied. The accumulated uncertainties of the measurement equipment caused maximum uncer-
tainties of ±1.4 % and ±0.71 % in the determination of Tc and pc, respectively  
The RCEM is an extension of the RCM, which adds a controlled expansion phase to the con-
ventional RCM process [190,192,193]. The driving system of the experimental setup is shown 
in Figure 8-2. After compression, the gas mixture is held in an isochoric state for a controllable 
hold time τhold. After this, the piston is retracted, resulting in a rapid expansion of the trapped 
gas. The quick decrease of temperature and pressure during expansion largely freezes the on-
going chemical reactions, allowing convenient subsequent sampling and ex situ analysis of the 
expanded gas, without requiring high-speed measurement devices. The species measurement 
system attached to the facility features a micro gas chromatograph (Agilent 490 Micro GC) 
with three chromatography columns, namely MS5A, PPU, and a CP-Sil 5CB, with their respec-
tive thermal conductivity detector, allowing the analysis of permanent gases as well as many 
hydrocarbons up to C10 species. The compression-expansion cycle comprised in the RCEM, 
combined with the adjustable hold time and post-compression probe sampling capability, al-
lows monitoring the evolution of species concentrations during reaction as a function of hold 
time. 
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Figure 8-2: RCEM driving system. (a) Illustration of RCEM operation (b) Experimental pressure 

traces during ignition and for different τhold. The initial mixture in the reaction chamber 
(1) is compressed and held in an isochoric state (2) for a controlled hold time, at which 
the piston is pulled back, expanding the in-cylinder gas (3). The hold time can be varied 
for obtaining information about the product composition after variable reaction times. 

 
Figure 8-2 highlights the RCEM operation; in particular, Figure 8-2b depicts some pressure 
profiles which were taken from subsequent experiments with identical initial conditions, but 
with different hold times.  
In these measurements, uncertainties related to species profiles are caused mainly by the GC 
calibration gas and the measurement equipment, obtaining relative uncertainties of 3.8–9.3 % 
for the inlet fuel and main products (e.g., CO, H2) and between 14.3 – 15.5 % for the C2-prod-
ucts [194]. 

8.2.2 Shock tube 

Measurements of ignition delay times and end products were carried out in a high-pressure 
shock-tube with a constant inner diameter of 90 mm and lengths of the driver and driven sec-
tions of 6.4 and 6.1 m, respectively. Allowable post-ignition peak pressures are 500 bar and the 
maximum test time is extended up to 12 – 15 ms by driver-gas tailoring. Helium was used as 
the main driver gas component and argon was added to match the acoustic impedance of the 
driver gas with the one of the test gas. The driver gas was mixed in situ by using two high-
pressure mass flow controllers. The driver gas composition depends on the test gas mixture 
composition and the Mach number was calculated prior to the experiment. For the calculation, 
formulas by Oertel [195] and Palmer and Knox [196] were used. 
Test gas mixtures were prepared manometrically in a mixing vessel and stirred for one hour to 
ensure homogeneity. DME was purified before use by freezing with liquid nitrogen and remov-
ing remaining gases (e.g., N2) by pumping. 
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Figure 8-3: Temporal variation of pressure (black) and CH* emission (red) measured in the shock 

tube with a CH4/DME/air mixture ( = 10) at 28.5 bar and 735 K. 

 
The temperature and pressure behind the reflected shock waves were computed from the inci-
dent shock velocity using a one-dimensional shock model with an estimated temperature un-
certainty of T < 15 K. The shock velocity was measured over two intervals using three piezoe-
lectric pressure transducers at different distances from the end flange. Band pass-filtered 
(413±5 nm) emission from CH* chemiluminescence was monitored through a window in the 
sidewall 15 mm from the end flange with Hamamatsu 1P28 photomultiplier tubes. The pressure 
was recorded at the same position using a piezoelectric pressure transducer. Ignition delay times 
were defined as the interval between the rise in pressure due to the arrival of the reflected shock 
wave at the measurement port and the extrapolation of the steepest increase in CH* emission 
to its zero level on the time axis (Figure 8-3). 
Gas samples were taken with a fast opening valve integrated in the end wall (Parker Hannifin 
Pulse Valve Series 9) connected to a 50 ml vessel. The valve was operated with a Parker Han-
nifin Iota One driver. The valve was opened 10 ms after the arrival of the reflected shock wave 
for 10 ms. The samples were analyzed with gas chromatography and mass spectrometric anal-
ysis (GC/MS, Agilent Technologies GC System 7890 A, MSD 5975C with a J&W HP-PLOT 
Q column). Each mixture used in the experiments contained 2 % Ne as internal concentration 
standard and all concentrations were determined relative to the internal standard. Mixtures of 
the expected products and the internal standard were prepared manometrically in a mixing ves-
sel and used for calibration of the GC/MS system. 

8.2.3 Flow reactor 

Species concentration profiles were measured in a plug-flow reactor displayed in Figure 8-4.  
It consists of a 65 cm quartz tube embedded in a stainless-steel tube. The stainless-steel tube, 
which in turn is surrounded by two copper shells for improving temperature homogeneity, acts 
as a pressure shell. The gap between the quartz and the stainless-steel tube is sealed with teflon 
tape to prevent reactants from entering the gap. Heating tapes are wrapped around the copper 
shells and used to provide the heat that is necessary to initiate the reaction. Due to this arrange-
ments, the temperature profile along the reactor consists of a 45 cm long isothermal zone and 
very steep temperature increases and decreases at the inlet and the outlet of the reactor. To 
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ensure that no condensation of product species takes place at the reactor outlet, the path behind 
the reactor is also heated by heating tapes to 393 K. Individual reactant flows are regulated by 
mass flow controllers (MKS) and mixed before entering the reactor. For the analysis of the 
species at the outlet, the reactor is coupled with a molecular-beam time-of-flight mass spec-
trometer (TOF-MS) via a heated needle valve and three pressure stages. The mass resolution of 
the TOF-MS is m/∆m = 2000. After entering the ionization chamber of the TOF-MS, the prod-
uct gas is ionized by electron ionization (17 eV kinetic energy) to avoid excessive fragmenta-
tion. 
 

 
Figure 8-4: Experimental setup of the plug-flow reactor with TOF-MS. 

 
Species mole fractions in the reacting argon-diluted CH4/DME/O2 mixture were measured at 
the exit of the plug-flow reactor at various temperatures and equivalence ratios. Prior to the 
experiments, calibration measurements using self-mixed binary cold gas mixtures were carried 
out. The resulting relative uncertainties in calculated mole fractions of calibrated and detected 
species are 10 %. The uncertainties were evaluated based on a Gaussian error propagation law 
taking all relevant sources of error into account. A detailed description of the experimental 
setup can be found in [17,197]. 

8.2.4 Investigated experimental conditions 

All investigated mixtures in this study are listed in Table 8-1. IDTs of CH4/DME/air mixtures 

were measured in the RCM at equivalence ratios of  = 1, 2, 6, 7, 10, and 15, for 
Tc = 600 – 1050 K and pc = 10 bar using DME as additive with a concentration of 10 mol% in 
the fuel. The equivalence ratio was defined treating CH4 and DME as fuels and O2 as oxidizer, 
i.e., assigning the O-atom in DME to the fuel, not to the oxidizer. For investigations in the 

 = 6 – 15 range, two sets of IDT measurements were conducted for: (i) mixtures with air: 79:21 
Ar/O2, and (ii) mixtures with high Ar dilution: 95:5 Ar/O2 to reach high post-compression tem-
peratures corresponding to mixtures 3 – 6 and 7 – 10 in Table 8-1, respectively.  

IDTs were also measured in a shock tube for CH4/DME/air mixtures at  = 2 and 10 at 20 bar 
(mixtures 11 – 12 in Table 8-1) and 30 bar (mixture 11 and 13) and temperatures between 630 
and 1500 K (mixtures 11 – 13). The DME concentration was varied from 5 to 20 mol% with 

respect to the fuel. End products were determined only for mixture 13 ( = 10) at 30 bar. For 
this case, 2 mol% neon was added to the mixture as indicated in the section above. 
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Product species concentrations after variable reaction times were measured in the RCEM for 

the mixtures 14, 15, and 16 (Table 8-1). These mixtures represent the equivalence ratios  = 2, 
6, and 10, respectively; mixture 15 and 16 feature identical amounts of fuel and oxygen as 
mixtures 3 and 5 with the difference that 10 % of argon was replaced by nitrogen. This provided 
a GC-detectable inert gas, thus the reaction-induced change of moles in the mixture could be 
monitored for further comparison with simulations. No significant chemical conversion could 

be observed in our experiments at  = 15 so that the data for these conditions are not presented 
here. 
 
Table 8-1: Investigated mixture compositions (mol%). 

 No. %CH4  %DME  %O2  %Ar %N2 %Ne ϕ 

RCM  

 

1 8.18 0.91 19.09 0 71.82 0 1.0 

2 15.00 1.67 17.50 0 65.83 0 2.0 

3 33.75 3.75 13.13 49.38 0 0 6.0 

4 37.06 4.12 12.35 46.47 0 0 7.0 

5 45.00 5.00 10.50 39.50 0 0 10.0

6 54.00 6.00 8.40 31.60 0 0 15.0

7 13.54 1.52 5.30 79.55 0 0 6.0 

8 13.43 1.49 4.47 80.60 0 0 7.0 

9 14.90 1.66 3.48 79.97 0 0 10.0

10 16.85 1.87 2.62 78.65 0 0 15.0

Shock tube  11  15.83 0.83 17.08 0 66.25 0 2.0 

12 12.57 3.14 17.28 0 67.01 0 2.0 

13 44.40 4.94 10.38 0 38.23 2.00 10.0

RCEM 14 15.00 1.67 17.50 0 65.83 0 2.0 

15 33.75 3.75 13.13 44.44 4.94 0 6.0 

16 45.00 5.00 10.50 35.55 3.95 0 10.0

Flow reactor 17 4.69 0.25 5.06 90.00 0 0 2.0 

18 4.39 0.49 5.12 90.00 0 0 2.0 

19 7.89 0.41 1.70 90.00 0 0 10.0

20 7.44 0.83 1.74 90.00 0 0 10.0

21 8.62 0.45 0.93 90.00 0 0 20.0

22 8.14 0.90 0.95 90.00 0 0 20.0

 
In the plug-flow reactor, species mole fractions as function of temperature in the isothermal 

zone were measured for the reacting CH4/DME/O2 mixtures at  = 2, 10, and 20 for 473 – 973 K 
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and 6 bar. A high dilution of argon (90 %) in the mixtures was needed to minimize the temper-
ature increase due to exothermal reactions. Simulations of the system using the shear flow 
model of ChemKin Pro 19.2 to include heat transfer from the wall to the gas as well as the heat 
release due to exothermal reactions show that typically the temperature increase by reactions is 
a very localized phenomenon and limited to less than 60 K, if the dilution is ≥ 90 %. Therefore, 
the effect on the mole fractions at the outlet of the reactor can be neglected. The amount of 
DME was varied between 5 mol% (mixtures 17, 19, and 21) and 10 mol% (mixtures 18, 20, 
and 22) related to the fuel for each equivalence ratio. 

8.3 Modeling of experimental data 

8.3.1 Simulation of RCM and RCEM data 

Simulations of IDTs were performed using a homogeneous reactor model based on an adia-
batic-core hypothesis for all mixtures [190]. A volume trace describing the compression and 
expansion of the core gas was used as an input for the simulations to account for the compres-
sion phase and the heat loss. For each mixture, this volume trace was derived from the pressure 
trace of RCM experiments without reaction, as described in Mittal et al. [190]. For these non-
reacting measurements, O2 was replaced by the same molar amount of N2, yielding an inert 
mixture with similar isentropic exponents and thermal diffusivities as the corresponding react-
ing mixture [198].  
The adiabatic-core model is suitable for the reproduction of IDTs since it can describe the re-
actions taking place in the core of the reaction chamber between compression and ignition, 
typically a time span in the range of a few to 100 ms. The reaction core represents a small 
portion of the total reaction volume only. It can reach temperatures that are significantly higher 
than in the rest of the reaction chamber. In the course of reaction, this thermal inhomogeneity 
causes a compositional inhomogeneity through the strongly temperature-dependent reaction 
rates.  
A realistic description of the temporal evolution of the product species requires consideration 
of the entire reaction volume as well as the heat transfer from the core to the rest of the reaction 
chamber [198]. A multi-zone model was used to account for this effect. This model assumes 
that the reaction chamber consists of multiple zones that are arranged in an onion-like fashion. 
Within every zone, all scalar fields are assumed to be spatially uniform but may differ from 
zone to zone. The zones have the same instantaneous (but temporally variable) pressure and 
can exchange heat and expansion work, but not mass. A scheme of the model is shown in Figure 
8-5. 
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Figure 8-5: Schematics of the multi-zone model. 

 
The heat exchanged between adjacent zones or the outermost zone and the wall is calculated 
from their temporally varying contact surface, the temperature difference between adjacent 
zones, and two heat-transfer coefficients. The heat-transfer coefficients between the zones are 
assumed to be equal while a second one is calculated for the heat flow taking place between the 
outermost zone and the wall. These values are calibrated by pressure traces measured in non-
reactive RCEM experiments. The multi-zone model can then treat transient cylinder volume 
traces and therefore also the compression-expansion phases of the RCEM, allowing the zones 
to develop different chemical progress according to the thermodynamic conditions in each zone. 
The measured overall composition in the RCEM is modeled by the mass-averaged composition 
over all zones. 
The number of zones required for a realistic description of the heat transfer was determined by 
comparing experiment and simulation: Pressure profiles of unreactive experiments were com-
pared to pressure profiles predicted by multi-zone simulations which received the experimental 
cylinder volume trace Vcyl(t) as an input. Simulations using 13 zones were found to be sufficient 
to match the experimental data well. A more detailed description of the multi-zone model and 
its respective validation can be found in [194,198]. 

8.3.2 Simulation of shock-tube data 

The simulations of the shock-tube data are based on the observed pressure increase of 1 %/ms 

( = 10) or 5 %/ms ( = 2) for the first 2.8 ms to account for the facility effect [199]. This 
pressure increase was determined by measurements with inert gas mixtures that exhibit no heat 
release during the measurement time. After the first 2.8 ms, when the reflected shock wave 
passed through the contact surface, no further pressure increase was typically observed (Figure 
8-3). The simulations were performed with a constant-pressure assumption considering a tem-
perature increase by the gas dynamic adiabatic and isentropic compression measured in inert 
mixtures. For the simulation of the product formation the cooling after the measurement time 
was also considered based on the measured pressure profiles and adiabatic and isentropic ex-
pansion [199]. 

8.3.3 Simulation of flow-reactor data 

The measured flow-reactor data was simulated via a plug-flow model [200] that assumes invar-
iant gas composition and velocity in radial direction, reducing the problem to a one-dimensional 
approach without the influence of heat transfer. The plug-flow is an efficient model for flow-
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reactor simulations where the gas temperature and pressure along the reactor can be assumed 
to remain constant during the reactions process. Simulations were performed using the geomet-
ric specifications of the flow reactor as well as the gas temperature profiles measured inside of 
the reactor prior to the experiments with similar gas flows as inputs. The simulations used the 
complete temperature profile along the center line of the axis including the isothermal zone as 
well as the zones of temperature rise and decrease at the reactor inlet and outlet; the resulting 
mole fractions at the outlet were compared between simulation and experiment. 

8.4 Chemical kinetics model 

Modeling of extremely fuel-rich conditions relevant in polygeneration processes requires reac-
tion mechanisms developed especially for the prediction of the reaction kinetics for these mix-
ture compositions. Unfortunately, chemical kinetics models found in the literature describing 
the combustion and oxidation of CH4/DME mixtures have been developed and validated to 

predict the kinetics of mixtures up to  < 2.5 [117,168,178]. No dedicated mechanism describ-
ing very high equivalence ratios was found in the literature, motivating the development of a 
new chemical kinetics model. Another motivation for the development of a dedicated reaction 
mechanism for polygeneration applications is that the mechanism can be comparatively small 
so that it is well suited to further manipulation, e.g. reduction procedures. Polygeneration con-
ditions have not been investigated in detail yet and an optimization of reaction conditions using 
efficient simulation and optimization procedures [97] is needed to obtain reasonable product 
yields in technical polygeneration reactors, e.g. piston engines [95].  
The new assembled model is based on existing detailed mechanisms describing stoichiometric 

to slightly fuel-rich ( = 1 – 2) combustion and pyrolysis of methane as well as the oxidation 
of DME/air mixtures. The new model aims at predicting IDTs and species concentration–time 

profiles of CH4/DME/air mixtures at  ≥ 6.  
Sensitivity and reaction flow-rate analyses were carried out for different temperatures and mix-
ture compositions in order to identify the rate-limiting reactions in the range covered by the 
experimental data. Reaction rate constants of some of these reactions were modified based on 
either previous publications by other authors [168,178,201,202] or a chemical kinetic database 
found in the literature [203]. Physical soundness of these modifications was a concern, so all 
changes were performed only within the documented experimental uncertainty range. A de-
tailed description of the mechanism construction is given in the subsections below. 
The resulting polygeneration mechanism (PolyMech) consists of 558 elementary reactions 
among 83 species. A description of the key reactions and reaction pathways needed for the 
prediction of the regimes studied in this work as well as the mechanism validation against ig-
nition delay times and species profiles measured in the experimental setups mentioned above 
are presented in the following section. The mechanism with its corresponding thermodynamic 
data file is attached to this paper as supplement. 
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8.4.1 Sub-mechanism for methane oxidation 

Due to the lack of reaction mechanisms available in the literature for the description of methane 

oxidation at very high equivalence ratios ( ≥ 6) and the temperature ranges covered in this 
work, a new model was assembled based on existing mechanisms developed for combustion 
and high temperature pyrolysis of CH4. The reaction model published by Heghes [188,204] 

describing stoichiometric to slightly fuel-rich mixtures ( < 2) was merged with the pyrolysis 
mechanism of Hidaka et al. [187] for this purpose. Both were constructed for predictions of 
CH4/air mixtures in a wide temperature range. The combination of these were carried out pri-
marily by taking the pyrolysis and non-O2 reactions from Hidaka’s mechanism [187] as well as 
the oxidation steps from Heghes [188] avoiding the duplication of reactions. The resulting ki-
netics model was complemented with reactions not included in the previous mechanisms de-
scribing pyrolysis and oxidation of acetylene [205], vinylacetylene [206], propyne and allene 
[207], as well as the ethanol sub-mechanism presented by Marinov [208]. 
Rates of methane reactions were modified to allow the prediction at extremely fuel-rich condi-
tions. Rates for the H-abstraction from methane by hydroperoxyl (HO2) used in this work were 
derived by Scott and Walker [209] which proposed a non-Arrhenius form for the expression of 
reaction rate constant using a temperature exponent of 2.5, based on calculations applying the 
method of Chen et al. [210]. The expression for the reaction rates was obtained implementing 
the experimental values measured by Baldwin et al. [211] together with an A factor per C-H 
bond identical to the one measured for the reaction between HO2 and ethane. The authors re-
ported an uncertainty of the reaction rate of 1.41 between 600-800 K rising up to 5 at 2000 K. 
For the H-abstraction reaction from CH4 by H atoms, the recommended values presented by 
Baulch et al. [201] were implemented. These are shown to be in good agreement with the ex-
pression presented by Cohen [212] and Sutherland et al. [213]. Sutherland et al derived their 
rate expression by combining their own measurements with the one performed by other authors 
[201]. The pre-exponential factor of these reactions were reduced by 30 % and 50 %, respec-
tively, which is within the uncertainty limits reported by the authors [211,213] and are in ac-
cordance with the expressions presented by Metcalfe et al [214] and Burke et al [117]. Heghes 
[188] and Baulch et al. [201] proposed the same reaction rates for the reaction of methane with 
oxygen, which were estimated based on the H-abstraction reaction from HCHO by O2. Calcu-
lations of the reverse reaction using ab initio molecular orbital theory and variational RRKM 
theory performed by Zhu and Lin [215] are consistent with the expression presented by Heghes 
[188]. The combination of the theoretical values of Zhu and Lin [215] together with thermody-
namic data were implemented, giving reaction rate values with an uncertainty of 3 to 5 over the 
range of 500-2000 K [201]. The pre-exponential factor of the latter reaction was modified by a 
factor of 1.65, resulting in reaction rates similar to the values published by Burke et al [117], 
Hidaka et al [187] and Reid et al [216], who performed simulations of ignition delay times for 
methane/air mixtures. 
Methyl radicals (CH3) are mostly produced by H-abstraction from methane. These radicals re-
combine quickly to produce ethane (C2H6) triggering a sequence of H-abstraction reactions to 
stable species such as ethylene (C2H4) and acetylene (C2H2). The rates of the methyl recombi-
nation reaction was replaced by the values recommended by Baulch et al [201] based on the 
experimental data of Glänzer et al. [217], Hippler et al. [218], Slagle et al [219] and Macpherson 
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et al. [220] at high temperatures and the measurements of Walter et al. [221] for the low tem-
perature range. While the expression for the low-pressure limit presented by Baulch et al is in 
accordance with the values published by Blitz et al [222], the pre-exponential factor of the high-
pressure limit was lowered by a factor of 1.5 to meet the recently proposed rates presented by 
Blitz et al [222], who performed an analysis of the reaction rates using revised cross sections 
and second order master equation to determine their proposed values. Rates of C2H5 dissocia-
tion to C2H4 and H were replaced by the coefficients included in Heghes’ reaction mechanism 
[188], presenting reaction rates, being a factor of 2.56 higher for the high-pressure limit and a 
factor of 0.57 lower for the low-pressure limit compared to the values from Hidaka´s reaction 
mechanism [187]. The reaction rates presented by Heghes [188] are the same as the ones pro-
posed in the analysis performed by Baulch et al. [201], which are based on a large library of 
experimental data regarding the temperature range of 200-1100 K.  
Formaldehyde (CH2O) has been identified as an important intermediate in the oxidation and 
combustion of methane [117,187]. Reactions comprising the H-abstraction from CH2O by sev-
eral radicals have shown to be very important for the accurate predictions of IDTs and of CO 
concentration–time profiles. Rates of the H-abstraction reaction from formaldehyde by H radi-
cals were taken originally from the mechanism of Heghes [188]. The reaction rate coefficients 
presented by Heghes are the result of a least squares 3 parameter fit of low and high temperature 
measurements carried out by other authors [223–225]. The resulting expression has a reported 
uncertainty factor of 1.25 at 290K increasing up to 3.2 with increasing temperature. Expressions 
derived by other authors [201,226] have shown to be in a good agreement with the rates in-
cluded in Heghes’ mechanism [188] at ambient temperatures. Nevertheless, these have shown 
some discrepancies with increasing temperature. The pre-exponential factor of this reaction was 
modified within their reported reliability. At high temperatures, HO2 radicals are able to abstract 
an H atom from formaldehyde, while at temperatures near 298 K, HO2 molecules tend to be 
added forming HOCH2OO. Rates for the H-abstraction were taken from the values reported by 
Eiteneer at al. [227], who derived the expression fitting a complex mechanism and considering 
measurements presented by other studies. The derived values were modified within their un-
certainties, resulting in similar rates as the ones published in the mechanism of Burke et al. 
[117]. The rates for the formation of methane molecules from the H-abstraction reaction from 
CH2O by methyl radicals were selected from the recommended values of Baulch et al. [201]. 
These represent the best fit of several rate coefficient measurements [228–230] together with 
reviews and evaluations carried out by Kerr and Parsonage [231]. A modification of the A factor 
of this reaction was made, giving similar values as the reported ones by Burke et al. [117]. 
Finally, the reaction rates of the reaction of CH2O with OH were obtained from the reported 
values by Warnatz [232]. These were increased in order to meet the values presented by other 
authors [233] at low temperatures.  
Reactions comprising the oxidation and thermal dissociation of ethanol were substituted by the 
sub-mechanism of Marinov’s mechanism [208] that was specifically developed to describe the 
reaction of ethanol. Ethanol reacts to form three isomeric radicals by losing an hydrogen atom, 
with 1-hydroxyethyl (CH3CHOH) being the primary product [234]. Rates of ethanol reactions 
with CH3, OH, and HO2 radicals were modified following the preferred values presented by 
Baulch et al. [201]. CH3CHOH, the main product of ethanol decomposition and also formed by 
isomerization of CH3CH2O through an H shift, produces CH3CO and CH2CHO by several H-
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abstractions. The pathway towards CH3CO has been considered more important in contrast to 
the one towards CH2CHO in several studies [222]. Reactions of acetaldehyde with CH3 and H 
radicals forming CH3CO were adapted according to the recommendation by Baulch et al. [201]. 
The formation of hydroxyl from H + O2 and H2 + O reactions are extremely important in the 
hydrogen sub-mechanism (especially the first one), since these dominate and determine the 
reaction velocity of hydrocarbon fuel undergoing oxidation at temperatures higher than 1000 K. 
For temperatures lower than 1000 K (also depending on the system pressure) the formation of 
OH-radicals competes with the production of HO2 from the reaction of H + O2. Reaction rates 
for the formation of hydroxyl radicals presented in the methane mechanism of Hidaka el al. 
[187] were reduced by 20 % to meet the newly published values from the hydrogen mechanism 
of Kéromnès [202] et al. They adopted the measured rate constants from Hong et al. [235] and 
Sutherland et al. [236] respectively. The first author combined their H2O absorption measure-
ments behind reflected shock waves with those reported by Masten el al. [237], while the second 
one combined a flash photolysis-shock tube technique with an atomic resonance absorption 
spectroscopy to obtain their expression for the reaction rates. On the other hand, the reaction 
rates of H + O2 to hydroperoxyl radicals, important for the low temperature oxidation were 
adopted from the reaction mechanism of Kéromnès et al. [202], who combined the low pressure 
rate limit constant from Bates et al. [238] with the high pressure limit from Fernandes et al. 
[239] to match their RCM and shock tube measurements. The pre-exponential factor of the low-
pressure limit was increased in order to obtain better prediction of the presented low tempera-

ture RCM experimental data for equivalence ratios between  = 6 – 15. The formation and con-
sumption of hydrogen peroxide (H2O2) also play an important role in the determination of IDTs 
and species concentration–time profiles. The thermal dissociation of H2O2 is one of the main 
production sources of OH radicals and a highly sensitive reaction. Dissociation rates of H2O2 
were obtained from the theoretical analysis carried out by Troe [240], who reviewed experi-
mental data to obtain a pressure dependent rate constant expression for this reaction. The rates 
presented by Troe have been implemented by other authors showing good results in the predic-
tion of ignition delay times at different pressures [202]. The formation rates of H2O2 by recom-
bination of two HO2 radicals were adopted from the studies carried out by Hippler et al. [241]. 
Hippler et al. investigated the reaction rates of this reaction experimentally and obtained a rate 
constant expression by combining their high pressure measurements with evaluated low tem-
perature data. The set of rate constants recommended by Hippler at al [241] was slightly in-
creased within their experimental uncertainties. The recombination reaction of HO2 concur in 
the intermediate temperature oxidation range with the reaction of HO2 with H2 to produce one 
hydrogen peroxide molecule and a hydrogen atom. Rates of the latter reaction were adopted 
from Ellingson et al. [242], who performed canonical variational transition state theory calcu-
lations with multidimensional tunneling for obtaining the proposed reaction rate expression. 

8.4.2 DME sub-mechanism 

As mentioned before, a small amount of DME was added to the fuel mixtures to enable methane 
conversion at low temperatures. Methane is relatively inert at low temperatures, which is more 
pronounced at high equivalence ratios because of the lack of oxygen (and thus heat release) in 
the mixture. DME was also added to PolyMech as a reaction enhancer. Its sub-mechanism 
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represents a key element in the kinetics description of the mixtures covered in this study. DME 
reacts easily with O2 at low temperatures providing the conditions (formation of radicals and 
increasing the temperature of the gas mixture) needed for methane to react. Zhao’s DME sub-
mechanism [178] was selected for the description of DME decomposition and oxidation. How-
ever, several reaction rates were modified or substituted by the ones presented in other studies. 
The DME sub-mechanism from Zhao [178] was complemented with other reactions presented 
in Burke [117] and Curran’s kinetics models [168], which were not included in Zhao’s mecha-
nism [178]. 
DME reacts with several radicals to form CH3OCH2 through the abstraction of an H atom. 
Burke et al. [117] found that Zhao’s reaction mechanism did not include the H-abstraction re-
action from DME by CH3O2 radicals, which may be the reason for the high rates reported by 
Zhao et al. [178]. Rates for the reaction of DME with HO2 were adopted from the quantum 
chemical calculations performed by Mendes et al. [243], which are the same implemented in 
the chemical kinetic model proposed by Burke et al. [117], while the rate coefficient expression 
for the reaction of DME with methylperoxyl radicals was estimated based on the calculations 
done by Carstensen and Dean [244]. CH3OCH2, on the other hand, reacts with O2 at tempera-
tures below 800 K [244]. The path leading to the formation of CH2O and CH3 from CH3OCH2 
decomposition is only significant at very high temperature, according to Curran et al. [168]. 
The pre-exponential factor of Zhao’s reaction rates for the dissociation of CH3OCH2 was de-
creased by a factor of 2, which is in accordance with the expression obtained by Li et al. [245] 
from their direct ab initio and density-functional theory dynamics study. The resulting rates are 
similar to the presented rates by Burke at al. for the pressure range of interest in this study. The 
pressure dependent rates for the oxidation of CH3OCH2 to CH3CH2OO were adopted from the 
studies of Burke et al. [117]. These are in accordance with the temperature independent expres-
sion proposed by Curran et al., at low temperatures, while higher discrepancies were observed 
with increasing temperature. CH3OCH2OO product of CH3OCH2 oxidation, rearranges through 
a H-shift to CH2OCH2OOH. The subsequent reaction paths of CH2OCH2OOH show a high 
dependence on the gas temperature, dissociating at intermediate temperatures and reacting with 
O2 at lower ones [168,175]. The rate coefficients of CH3OCH2OO isomerization reaction to 
CH2OCH2OOH as well as the dissociation reaction of the latter species into one OH radical and 
two CH2O molecules and the O2 addition reaction to CH2OCH2OOH presented in the mecha-
nisms of Zhao et al. are the same as the rate expressions presented by Curran et al. in his analysis 
with regard to the low temperature chemistry of DME [168]. Rate expressions of both reactions 
comprising CH2OCH2OOH were found to be too fast compared to the pressure dependence data 
from the study by Burke et al. Therefore, reactions comprising the dissociation of 
CH2OCH2OOH into CH2O and OH as well as the formation of OOCH2OCH2OOH were mod-
ified by lowering their pre-exponential factors by a factor of 2.5 and 2, respectively. The pre-
exponential factor of the CH3OCH2OO H-shift reaction to CH2OCH2OOH was also modified 
within their reported uncertainties.   
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8.5 Results and discussion 

Experimental data of ignition delay times and species profiles measured in a rapid compression 
machine, a high-pressure shock tube and in a flow reactor for CH4/DME/oxidizer mixtures are 
compared in the following sections to simulation results. Simulations were performed imple-
menting the polygeneration mechanism (PolyMech) and other reaction mechanisms from the 
literature, whose presentation is omitted since the experimental condition range presented in 
this work is out of their validation range.  

8.5.1 Ignition delay times 

Ignition delay times of CH4/DME mixtures measured in a RCM for equivalence ratios of  = 6, 
7, 10, and 15, pc = 10 bar and at low and high temperatures (mixtures 3 – 6 and 7 – 10 in Table 
1) are presented below. Shock-tube IDT data for mixtures at ϕ = 10 (mixture 13) measured at 
630–1500 K and 30 bar are also presented and compared to the predictions of the PolyMech 
(chapter 8.4). 

Measurements and simulations carried out for mixtures with  = 1 – 2 are attached to this work 
as supplementary material (see appendix A), since these are not essential in the context of poly-
generation but serve as additional validation targets for the mechanism.  
For low-temperature measurements in the RCM, initial temperatures were increased to achieve 
higher temperatures at the end of compression while avoiding a possible ignition of the mixture 
during this process. Post-compression temperatures of Tc = 660 – 740 K were obtained from 
experiments keeping the same initial pressure and mixture composition. Measurements at 
higher temperatures were not possible without ignition occurring already during compression, 
complicating the later data evaluation and calculation of the corresponding Tc. The oxidizer for 
the fuel mixtures in this section is a combination of argon and oxygen in air (ratio 79:21 Ar/O2) 
as mentioned in 8.2.4. 
Simulations of the experimental IDTs were carried out implementing the adiabatic-core model 
mentioned in chapter 8.3. The results for mixtures 3 – 6 are displayed in Figure 8-6. This figure 
shows IDTs as a function of the temperature reached at the end of compression for mixtures 

with equivalence ratios of  = 6, 7, 10, and 15. Two-stage ignition was observed for this set of 
experiments due to the presence of DME in the mixtures. In general, the predictions by Poly-
Mech are in good agreement with the experimental data. PolyMech slightly under predicts the 

first-stage ignition delay times for  = 7 (Figure 8-6b) at temperatures above 770 K while the 
main ignition is well predicted in the entire temperature range. A similar behavior can be seen 

for  = 6 (Figure 8-6a) at temperatures above 700 K. Figure 8-6c shows a good agreement of 
the first stage of ignition between predictions of PolyMech and the data measured in the RCM, 
while the main ignition is slightly under predicted by the model at temperatures around 715 K. 
The two-stage ignition behavior observed in the experiments was also reproduced in the simu-
lations with PolyMech, showing that the developed mechanism is able to reproduce the partial 
oxidation process accurately.  
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Figure 8-6: Low-temperature ignition delay times measured in the RCM (symbols) and simula-

tions based on PolyMech (straight lines) for (a) mixture 3, (b) mixture 4, (c) mixture 5, 
and (d) mixture 6. Blue lines represent the first-stage ignition and red lines the main 
ignition. 

 
In order to avoid ignition of the mixture during compression and to achieve higher post-com-
pression temperatures, ignition delay time measurements in the RCM were carried out with 
mixtures having high contents of argon. The mixtures 7 – 10 (Table 8-1) present the same 
fuel/oxidizer ratio as the mixtures 3 – 6 with the difference that for the first case the argon/ox-
ygen ratio was set to 95:5 Ar/O2 instead of the conventional air ratio applied for the low-tem-
perature measurements. This made it possible to reach post-compression temperatures of 
870 – 1052 K. Comparison of simulations applying PolyMech with experimental data measured 

in the RCM for mixtures at  = 6, 7, 10, and 15 are presented in Figure 8-7. 
For this case, the simulations were carried out implementing the multi-zone model instead of 
the adiabatic-core model since the reaction core remains adiabatic for a time span shorter than 
the measured IDTs, which makes the latter model inappropriate for the high temperature IDT 
computations.  
For the high-temperature set of mixtures, only the main ignition was observed in the experi-
ments while the simulations predict two-stage ignition. Species concentration profiles of DME 
and CH4 for the conditions presented in Figure 8-7 illustrate the two fuel components igniting 
separately from each other, corresponding to the first observable ignition to DME and the sec-
ond one to methane. Figure 8-7 displays the results for the main ignition. It can be seen that 
predictions of PolyMech are generally in good agreement with experimental data. PolyMech 

slightly under predicts IDTs for mixtures at  = 6 and temperatures below 960 K (Figure 8-7a) 

as well as for mixtures at  = 7 and temperatures between 960–1000 K (Figure 8-7b). For higher 

equivalence ratios ( > 10, see Figure 8-7c and d), the simulation results are in accordance with 
the measurements. In this set of mixtures, a slight temperature dependence was observed in 

experiments and simulations, resulting in almost flat curves especially for mixtures at  > 10. 
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Figure 8-7: High-temperature ignition delay times measured in the RCM (symbols) and simula-

tions based on PolyMech (straight lines) for (a) mixture 7, (b) mixture 8, (c) mixture 9, 
and (d) mixture 10. 

 
Ignition delay times for fuel-rich CH4/DME mixtures were also measured in a shock tube but 
this time at higher initial pressures than the pressures obtained after compression in the RCM 
and for temperatures up to 1500 K. Comparison of experimental data with the predictions of 

PolyMech for  = 10 mixtures and additive concentration of 10 mol% are presented in Figure 
8-8. 
 

 
Figure 8-8: Comparison of ignition delay times measured in a shock tube (symbols) and simulations 

with PolyMech (lines) for CH4/DME/air mixture at  = 10, 30 bar and with 10 mol% 
DME. 

 
Figure 8-8 shows that the temperature dependence of the measurements is very well predicted 
by PolyMech. However, IDTs are over predicted by simulations for the entire temperature 
range. Similar deviations as presented in Figure 8-8 were also observed for mixtures 11 and 12 

with equivalence ratios of  = 2 (see appendix A), indicating that the observed trends do not 
depend on the mixture composition.  
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Sensitivity analyses were carried out to determine the rate-limiting reaction steps as well as to 
identify the key reactions important for the kinetic description at the conditions studied in this 

work. Figure 8-9 shows OH global sensitivities for  = 6 and 10 at high and low temperatures. 
Figure 8-9a shows that at low temperatures, the rate-limiting reaction steps are dominated by 
DME decomposition and subsequently chain-branching reactions of DME’s sub-products, ex-
plaining the importance of the DME sub-mechanism for the kinetic description and the predic-
tion of the first ignition stages observed in Figure 8-6. At low temperatures and an equivalence 

ratio of  = 6 (Figure 8-9a), the most strongly inhibiting reaction is the H-abstraction from DME 
by OH while the most promoting reaction is the H-abstraction from methane. As the equiva-
lence ratio increases, the sensitivities on DME sub-mechanism reactions are also increased, 
probably because of the lack of oxygen in the mixtures and the lowered temperatures reached 

in the gas-phase, causing lower methane conversion at higher equivalence ratios ( > 10). 
Figure 8-9b displays OH global sensitivity analysis for high initial temperatures. It is shown 
that the sensitivity of H-abstraction reactions from CH4 and DME by H, CH3, and HO2 in-
creased notably compared to the results in Figure 8-9a. The recombination of methyl radicals 
to C2H6 is the most strongly inhibiting reaction for both equivalence ratios while the most 
promoting reactions are the H-abstraction from DME as well as reactions comprising the dis-
sociation of H2O2 and formation of CHO from CH2O with CH3. Furthermore, an increase in 
the sensitivity of reactions involving H2O2 and HO2 radicals can be seen in Figure 8-9b. 
 

 

 
Figure 8-9: Low and high temperatures global OH sensitivity analyses for mixtures at equivalence 

ratios of  = 6 and 10. (a) Tc = 700 K (mixtures 3 and 5), (b) 950 K (mixtures 7 and 9). 

(b) 

(a) 
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8.5.2 Temporal variation of product concentrations 

The temporal variation of the product composition of reacting CH4/DME mixtures was meas-

ured in a RCEM for  = 2, 6, and 10 (mixtures 14–16 in Table 8-1) at 714–738 K and 10 bar. 
In a flow reactor, species mole fractions were measured at the end of the reactor (Figure 8-4) 

for mixtures at equivalence ratios of  = 2, 10, and 20 (mixtures 17–22 in Table 8-1), 
473 – 973 K and 6 bar. Shock-tube experimental data on species concentration after the ignition 

were also collected for mixtures at  = 10 (mixture 13) at 730 – 1310 K and 30 bar.  
Comparisons between experimental data and simulations with PolyMech (chapter 8.4) are pre-

sented below. Results for mixtures with equivalence ratios of  = 2 and for mixtures 16 and 18 
are attached to this work as supplementary material (see appendix A). Although very high pres-
sures (above 30 bar) are not in the focus of our study, we compared also results of simulations 

using PolyMech with experimental data from the literature at  = 20 and 100 bar [102] (pre-
sented in the supplementary material (appendix A)). 
The temporal consumption of reactants (CH4, DME, O2) and the evolution of stable intermedi-
ates (CH2O, C2H6, C2H4, C2H2, CH3OH) and products (CO2, CO, H2) during the ignition period 
were investigated in the RCEM. Simulations were performed applying the multi-zone model 
described in chapter 8.3. It is important to note that some species are not completely frozen by 
the fast expansion of the piston but continue to react during this process. For this reason, simu-
lations were carried out using the experimental volume curve which includes not only the com-
pression but also the expansion phase, resulting in a detailed description of the experiments. 
Species mole fractions at the end of the expansion phase for each τhold were taken, as it was 
done for the experiments in order to avoid discrepancies between both of them in respect of 
further reactions of some species.  
 

 
Figure 8-10: Comparison of reactant’s temporal consumption profiles for mixture 15 (left) and 16 

(right) measured in an RCEM (symbols) and simulations (lines). 

 
Figure 8-10 shows the remaining fraction of methane, DME, and oxygen plotted against the 
reaction time. A small initial increase in methane (values exceeding 100 %) was observed in 
experiments for mixtures 15 and 16. A possible reason for this is the formation of CH4 from 
DME at the first stages of reaction combined with the measurement uncertainties. This effect 
was also observed in simulations but in a smaller proportion, predicting an increase of less than 
0.5 % in the remaining fraction of methane. DME rapidly decreases at the initial steps of 
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reaction while methane remains constant, explaining the strong dependence of ignition delay 
times on the DME sub-mechanism as observed in Figure 8-9. 
In Figure 8-10 (left), complete consumption of DME and oxygen is observed while 60 % of the 
initial mole fraction of methane still remains in the gas mixture. DME reacts with O2 enabling 
methane conversion through radical formation and increasing the temperature of the mixture. 

Simulations at  = 10 in Figure 8-10 (right) show a slightly lower consumption of CH4 com-
pared to experimental data while oxygen and DME concentration time profiles were predicted 
quite well. No change in the remaining amount of methane is observed after 30 ms in both 
cases, possibly due to the low gas temperatures insufficient to dissociate methane thermally and 
the unavailability of oxygen. Methane conversion decreases considerably with the increase of 

, with only negligible conversion (2 % and less) at  > 15. 
Results concerning the formation of major products like CO, CO2, and H2 as well as temporal 
concentration profiles of stable C2 species are displayed in Figure 8-11 and Figure 8-12, respec-
tively. Figure 8-11 shows the proportion of C atoms to the initial amount of C atoms in the fuel 
of CO and CO2 as well as the mole fraction of H2 as a function of time. The main product for 

the mixtures at equivalence ratios of  = 6 (left) and  = 10 (right) is CO followed by H2. The 
comparison of simulated and experimental species profiles shows an overall good agreement. 
PolyMech under predicts the amount of CO in both cases, with a difference that it is more 

pronounced for mixture 15 ( = 6) at times around 0.015 s. Mole fractions of H2 are slightly 
over predicted by simulations for both mixtures. Higher discrepancies were found for mixture 
16 after 30 ms of reaction. The concentration profiles of CO2 shown in Figure 8-11 are over 
predicted by PolyMech. CO2 is produced shortly after CO, reaching quickly constant values. 
This behavior is observed both in the simulations and the experiments. The amount of products 
observed in Figure 8-11 decreases with increasing equivalence ratio. A possible explanation for 

this behavior is the strong decrease of methane conversion between  = 6 and  = 10 observed 
in Figure 8-10 (the conversion of DME is nearly the same for both equivalence ratios), influ-
encing the amount of C-atoms available for products. 
 

 
Figure 8-11: Comparison of the CO, CO2 and H2 species profiles as a function of reaction time for 

mixture 15 (left) and 16 (right) measured in a RCEM (symbols) and simulations 
(lines). 

 
Figure 8-12 displays the formation of C2H4 and C2H6 in C-atom proportions as a function of 
reaction time. The production of C2H4 is slightly over predicted for mixture 15 (Figure 8-12 
left) shortly after ignition, whereas the deviation rises with increasing time. For mixture 16, the 
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ethylene concentration profile is predicted well. Simulations of ethane are in good agreement 

with the measurements at  = 6 up to 30 ms. At longer reaction times, the yield is slightly over 
predicted by the model. Experimental data of ethane are under predicted by simulations for all 

reaction times at  = 10. 
 

 
Figure 8-12: Comparison of C2 species formation time profiles for mixture 15 (left) and 16 (right) 

measured in an RCEM (symbols) and simulations (lines). 

 
Figure 8-12 indicates that the amount of products does not change as much with varying equiv-
alence ratio, as it was observed for CO, CO2, and H2 in Figure 8-11. Unsaturated C2 species are 
mostly formed by a sequential H-abstraction from C2H6 to produce C2H2. Methyl recombination 
to ethane is a primary termination reaction and is the major sink for CH3 radicals (Figure 8-13), 
which are formed either from CH4 or DME and can be oxidized to formaldehyde, subsequently 
producing CO, or recombine to ethane. The path followed by these radicals is strongly influ-
enced by the lack of oxygen in the mixtures, which is the reason why the second path prevails 
over the first one for mixtures at extremely high equivalence ratios as can be seen in Figure 
8-13. Ethane reacts to C2H4; ethylene, on the other hand, reacts to more than 90 % to form 
acetylene while the other 10 % are consumed to produce propene. The subsequent reactions of 
C2H2 are very complex. When formed, propyne and allyl will produce C3H3 at high tempera-
tures, which mostly recombines and goes on to form benzene (main soot precursor). 
 

 
Figure 8-13: Rate of production analysis on CH3 for mixtures with equivalence ratios of  = 6. 

 
The decrease of the reactants and the formation of stable products as a function of temperature 
was investigated in the plug-flow reactor. In this case, gas mixture compositions at the end of 
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the reactor were computed implementing the plug-flow simulation model mentioned in chapter 
8.3 and compared to experimental data. 
Figure 8-14 shows the remaining fractions of CH4, O2 and DME as a function of temperature 
and equivalence ratio. The first consumption of the fuel takes place at temperatures higher than 
523 K. This is shown by the decreasing fuel fraction of DME and CH4 as well as by the con-
sumption of O2. DME decreases much faster than CH4, which is caused by the higher reactivity 
of DME, as already shown in Figure 8-10 for the species time profile measurements in the 

RCEM. Even at the highest investigated temperature of 973 K and  = 10, more than 90 % of 
the CH4 remains in the mixture, whereas DME is completely consumed at temperatures above 
823 K. With increasing equivalence ratio, the fraction of remaining CH4 also increases, reach-

ing values higher than 100 % at  = 20 and T > 823 K (mixture 22). This effect is caused by 
methane formation under these conditions. The trends and absolute values of the remaining 
fraction of methane and DME are predicted very well by the model, including the observed 
NTC region in the 623–773 K range. The remaining amount of O2 is also in good agreement 
with the model predictions up to 773 K. At higher temperatures, higher O2 consumption was 
observed for the mixtures with 5 % DME (see supplementary materials (appendix A)) in the 
experiments. These deviations become smaller with increasing temperatures. 
 

 
Figure 8-14: Remaining fractions of reactants as a function of temperature for mixtures 20 (left) 

and 22 (right). 

 
Yields of major products (CO, CO2 and H2) as well as higher hydrocarbons (C2 and C3 species) 
as a function of temperature and equivalence ratio are presented in Figure 8-15 and Figure 8-16. 
Figure 8-15 shows that CO is the main product in all experiments and that the yields of CO and 

CO2 decrease with increasing  from nearly 19 % and 1 % at  = 10 to 13 % and less than 0.5 % 

at  = 20 for CO and CO2, respectively. The reason for this behavior is the lack of oxygen, 
decreasing the reactivity of the mixtures. The lower conversion of methane and gas tempera-
tures obtained at higher equivalence ratios are also a consequence of the low oxygen concen-

tration. For H2, on the other hand, yields nearly remain constant from  = 10 (5.5 %) to 20 
(5.1 %). This suggests that most H2 is formed by oxidation of DME, as DME is fully oxidized 
at temperatures higher than 823 K (Figure 8-14). Additionally, the yields rise with increasing 

DME amount, whereas this effect is much more pronounced at  ≥ 10, compared to  = 2 (see 
supplementary material (appendix A)).  
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Figure 8-15: Yields of CO, CO2 and H2 as a function of temperature for mixtures 20 (left) and 22 

(right). 

 
In general, good agreement between simulations and experiments is found, especially regarding 
the trends of the product yields. Only for CO2, the model predicts much higher yields in com-
parison to the experiments. This observation is similar to that in case of the RCEM experiments. 
Also, for H2, the model slightly under predicts the yields in the 573 – 773 K range. The exper-
imental data at 473 – 523 K can be neglected as they arise from the fluctuating background in 
the spectra of the TOF-MS. 
C2 and C3 species are formed at temperatures higher than 723 K. The maximum yields of C2H4 

were found at  = 2 (see supplementary material (appendix A)). The yields of C2H6, C3H6, and 

C3H8 show a local maximum at  = 10 within the investigated parameter range. Except for C2H4 

at  ≥ 10, the yields of these hydrocarbons decrease with increasing DME amount. Additionally, 
it can be noticed that the unsaturated hydrocarbons C2H4 and C3H6 are formed by H-abstraction 
from C2H6 and C3H8 at higher temperatures, as the yields of the alkanes are exceeded by the 
alkene ones. As the temperatures are relatively low, no formation of C2H2 was observed. With 
respect to the simulations, an overall good agreement of the experimental and simulated data is 
found. For C2H4 and C3H6, the model under predicts the experimental data. 
 

 
Figure 8-16: Yields of C2H4, C2H6, C3H6 and C3H8 as a function of temperature for mixtures 20 

(left) and 22 (right). 

 
Species concentrations of several hydrocarbons including benzene, were measured after the 

ignition in a shock tube. The shock-tube data were simulated for mixture 13 ( = 10) at 30 bar 
and 800 K (Figure 8-17). 
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Figure 8-17: Simulations of time dependent species profiles for shock tube conditions mixture 13 

( = 10) at 800 K and 30 bar. 

 
The results in Figure 8-17 show that the main reaction products at these conditions are H2, CO, 
H2O, CO2, C2H4, C2H2, C3H6, C2H6, and C6H6. The mole fractions of most species (except H2, 
C2H6, and C6H6) reach nearly constant values about 2 ms after ignition while a temperature 
decrease is observable after the measurement time of 12 ms. The gas temperature decrease due 
to rarefaction waves is caused by the high heat capacity of the mixture that is not sufficient to 
stop radical reactions so that the benzene concentration steadily increases over time while the 
ethane concentration decreases. These radical reactions are stopped by the strong temperature 
decrease during sampling in the evacuated 50 ml vessel. In order to compare simulation results 
with the experimental data measured in a shock tube (Figure 8-18), an average reaction time of 
15 ms was assumed. 
 

 
Figure 8-18: Measured (shock tube, symbols) and simulated (straight lines) product mole fractions 

after ignition of CH4/DME/air mixture (mixture 13) at  = 10 and 30 bar. 

 
Figure 8-18 shows the results of the product measurements and simulations with PolyMech as 
a function of the initial temperatures. The product yields of the species displayed in Figure 8-18, 
with the exception of benzene, show low dependence on the initial temperature. This is pre-
dicted well by the simulations. The absolute concentrations of C2H2 and CO are in good agree-
ment with the simulations whereas for benzene much higher concentrations are predicted due 
to the lack of reactions in the mechanism describing the consumption of benzene. Benzene is 
considered to be a soot precursor and its further reactions lead to the formation of PAHs [148]. 
In this case, no further aromatic species or soot were detected during experiments. Although, it 
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was not possible to measure benzene in the RCM and no benzene was detected in the flow 
reactor experiments, a carbon balance of all measured species in the RCM and the flow reactor 
does not suggest the presence of benzene or any other larger hydrocarbon molecule.  

8.6 Conclusions 

In this work, the oxidation of CH4/DME mixtures under extremely fuel-rich conditions was 
investigated by measuring ignition delay times (IDTs) in a rapid compression machine (RCM) 
and in a shock tube as well as quasi-time resolved histories of stable species during the reaction 
in a rapid compression–expansion machine (RCEM), a shock tube, and a flow reactor. The 

measurements cover an extended range of equivalence ratios ( = 1 – 20) to provide data that 
are of special interest for partial oxidation and polygeneration processes. The variation of prod-
uct concentrations as a function of reaction time revealed syngas (CO and H2) as a main product 
of the reaction of the studied mixtures; promising yields of valuable species like C2H4 and C2H2 
were also observed.  
Even though the formation of soot and PAHs is reported to be enhanced at low temperatures, 
none of these were observed in the experiments presented in this study, probably because of the 
presence of DME in the fuel mixtures. Small concentrations of benzene (considered as a soot 
precursor) were detected in shock tube experiments, showing a composition increase of the 
species with increasing temperatures above 1000 K. These high initial temperatures could not 
be achieved in the RCM and flow reactor measurements.  
A reaction mechanism (PolyMech) was developed with a special focus on the description of 
the ultra-rich reaction conditions important for polygeneration processes, since most of the 
chemical kinetics models found in the literature are validated only for the conventional com-

bustion regime ( = 0.5 – 2). The PolyMech is based on existing mechanisms describing the 
oxidation and pyrolysis of methane as well as the reaction of DME, which was included in the 
fuel mixture as auto-ignition and reaction promoter. Sensitivities and reaction pathways anal-
yses were carried out at different conditions in order to identify the rate-limiting reactions at 
the conditions covered in this study. It was found that at low temperatures, the sub-mechanism 
of DME plays an important role on the kinetics of the mixtures, as it provides radicals and 
increases the gas temperature promoting the further reaction of methane. At low temperatures, 
a two stage ignition was observed in experiments as well as in simulations. At higher tempera-
tures, only one main ignition was observed; reaction analyses on these conditions showed an 
increase in the sensitivity of reactions including CH2O and hydrogen sub-mechanisms.  
With increasing equivalence ratios, a notoriously decrease of the methane conversion was ob-
served, while DME and oxygen were completely consumed in all cases. An influence of the 
decreasing methane conversion was also observed in the formation of some species like C2H4 
and C2H6, which displayed smaller concentrations in the mixtures at higher equivalence ratios. 
An increase in the sensitivities of reactions including radicals like H and CH3 with rising equiv-
alence ratios was also observed. This was expected due to the lack of oxygen present in the 
initial mixtures at these conditions. 
In order to improve the simulation predictions of experimental data in a wide range of condi-
tions, rates of some limiting reactions were modified within their uncertainties as described in 
the chapter 8.4 of this study. The identification of these reactions was carried out by applying 
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sensitivity analyses at different temperatures and mixture compositions. The presented polygen-
eration mechanism (PolyMech) is shown to predict the measured ignition delay times and spe-
cies concentration variations very well. But, it has to be noticed that further reactions describing 
the formation and reaction of benzene should be included in order to obtain better predictions 
of C2 species profiles. Consequently, the PolyMech is a valuable tool for describing reactions 
in the ultra-rich regime, which is relevant for several future combustion applications. 
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Abstract 
A polygeneration process with the ability to provide work, heat, and useful chemicals according 
to the specific demand is a promising alternative to traditional energy conversion systems. By 
implementing such a process in an internal combustion engine, products like synthesis gas or 
unsaturated hydrocarbons and very high exergetic efficiencies can be obtained through partial 
oxidation of natural gas, in addition to the already high flexibility with respect to the required 
type of energy. To enable compression ignition with natural gas as input, additives such as 
dimethyl ether are needed to increase the reactivity at low temperatures. In this study, the reac-
tion of fuel-rich natural gas/dimethyl ether (DME) mixtures is investigated to support the fur-
ther development of reaction mechanisms for these little studied reaction conditions. Tempera-
ture-resolved species concentration profiles are obtained by mass spectrometry in a plug-flow 

reactor at equivalence ratios  2, 10, and 20, at temperatures between 473 and 973 K and at a 
pressure of 6 bar. Ignition delay times and product-gas analyses are obtained from shock-tube 

experiments, for 2 and 10, at 710 – 1639 K and 30 bar. The experimental results are com-
pared to kinetic simulations using two literature reaction mechanisms. Good agreement is found 
for most species. Reaction pathways are analyzed to investigate the interaction of alkanes and 
DME. It is found that DME forms radicals at comparatively low temperatures and initiates the 
conversion of the alkanes. Additionally, according to the reaction pathways, the interaction of 
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the alkanes and DME promotes the formation of useful products such as synthesis gas, unsatu-
rated hydrocarbons and oxygenated species. 

9.1 Introduction 

The increasing use of fluctuating renewable energy requires the development of flexible energy 
conversion systems. One possible concept is polygeneration that can provide different types of 
energy depending on demand. Atakan [94] and Hegner et al. [95] performed modeling studies 
of a fuel-rich operated gas turbine and a homogenous-charge compression-ignition (HCCI) en-
gine and found that the simultaneous – but variable – provision of work and chemicals as well 
as heat in a thermochemical process can lead to very high exergetic efficiencies. They compared 
the polygeneration process with combined individual processes to provide work, heat, and hy-
drogen and highlighted the higher efficiency of the polygeneration process. In both studies, 
methane (CH4) was used as fuel. Gossler and Deutschmann [97] showed that H2 yields of more 
than 90 % can be achieved theoretically using fuel-rich HCCI conditions with a fuel mixture of 
99 % CH4 and 1 % propane (C3H8). More recently, such processes were investigated experi-
mentally in a rapid-compression machine (RCM) [96] and an HCCI engine [93,246]. In these 
studies, it was shown that, besides providing a considerable amount of work, high yields of 

synthesis gas are produced under slightly fuel-rich conditions ( ~ 2). The product mix of work 
and chemicals resulted in high exergetic efficiencies of the investigated processes.  
The above-mentioned conversion of methane towards valuable chemicals preferentially takes 

place at high equivalence ratios (typically  >> 2), moderate temperatures, and high pressures. 
At these conditions, the fuel (e.g. CH4 or natural gas) is partially oxidized such that synthesis 
gas, oxygenated hydrocarbons, or larger hydrocarbons compared to the reactants are formed. 
As HCCI engines are based on autoignition and CH4 is relatively inert, more reactive species 
like n-heptane [93] or dimethyl ether (DME) [96,127] can be added to the fuel to reach au-
toignition conditions at the end of the compression stroke. Validated reaction mechanisms for 
such mixtures that could support the development of reaction concepts under these uncommon 
conditions are only slowly becoming available and require further improvement. The develop-
ment requires experiments under well-controlled boundary conditions. 
For CH4, the homogeneous partial oxidation has been investigated in flow reactors [17,18,98–
104] or jet-stirred reactors [105]. The investigated conditions cover pressures from 1 – 100 bar, 
temperatures between 600 and 1800 K and equivalence ratios ranging from 0.06 to 100. Most 
of these studies focus on the development of reaction mechanisms for fuel-rich combustion, 
whereas the work of Rytz and Baiker [98] specifically focused on the optimization of the gen-
eration of methanol. They found that the selectivity towards methanol increases with increasing 
pressure and decreases with increasing temperature or increasing oxygen concentration.  
Ignition delay times of homogeneous fuel/air mixtures were measured for fuel-rich methane 
and natural gas in shock tubes or rapid-compression machines, as summarized in Table 9-1; 
species concentration profiles were measured less frequently. El Bakali et al. [108], Tan et al. 
[111], and Kaczmarek et al. [197] measured species concentration profiles as a function of tem-
perature for various natural gas mixtures in jet-stirred and flow reactors. The experiments cover 

a range of  = 0.5 – 20, p = 1 – 10 bar and T = 473 – 1240 K. In addition, El Bakali et al. [108] 
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also investigated the oxidation of natural gas in a stoichiometric premixed flame at low pressure 
(10.6 kPa).  
The kinetics of DME have been investigated extensively in the last two decades. In addition to 
ignition delay time measurements in different experimental configurations (Table 9-1), several 
reactor studies have been performed. Dagaut et al. [163,169] investigated the oxidation of DME 

in a jet-stirred reactor at  = 0.25 – 2, p = 1 – 10 bar and T = 550 – 1300 K and proposed one 
of the first reaction mechanisms, using also shock-tube ignition delay times (IDTs) from Pfahl 
et al. [171]. Curran et al. [166] improved this reaction mechanism by adjusting the rate constants 
for unimolecular fuel decomposition and methoxy–methyl radical β-scission and adding a new 
low-temperature oxidation scheme. Further modifications on the reaction mechanism were 
done by Fischer et al. [164] and Curran et al. [168]. They used additional data, obtained in jet-

stirred and flow reactor experiments under oxidizing ( = 0.2 – 4.2, p = 1 – 18 bar, 
T = 800 – 1300 K) and pyrolyzing (2.5 bar, 1060 K) conditions as well as IDTs from shock-
tube experiments [171]. They observed formic acid as a major intermediate of DME oxidation 
and added reaction pathways leading to formic acid for better predictions of the experimental 
data [168].  
Zhao et al. [178] proposed a model after revising the rate constant of the unimolecular decom-
position reaction of DME and considering flow reactor experiments under pyrolyzing conditi-
ons. More recently, Burke et al. [117] incorporated measured rate constants and high-level cal-
culations for the reactions of DME and applied a pressure-dependent treatment to the low-tem-
perature chemistry of DME within their detailed kinetics mechanism. They also used new IDTs 
with respect to CH4, DME and their mixtures [117] for validation. More reactor experiments 
with respect to the oxidation of DME can be found in [19,186,247–251]. Except the studies of 
Hashemi et al. [186] and Porras et al. [19], all of these studies have been performed at atmos-
pheric pressure. Hashemi et al. [186] extended the available database regarding the oxidation 
of DME to pressures up to 100 bar and equivalence ratios up to 20. Additionally, they performed 
pyrolysis experiments and experiments with CH4/DME blends. They also proposed a kinetics 
model for DME/CH4 oxidation and concluded that the addition of DME to the CH4 fuel has a 
promoting effect on the reaction onset temperature of CH4 and that the effect is more pro-

nounced in extremely fuel-rich conditions ( = 20). Similar results can be found in Refs. 
[17,104], where the addition of DME was also found to be more effective than the addition of 
C2H6. Porras et al. [19] extended the experimental database with respect to fuel-rich oxidation 

( = 2 – 10) of CH4/DME mixtures to the intermediate pressure range (6 – 30 bar) with flow-
reactor, rapid-compression machine, and shock-tube experiments with special emphasis on pol-
ygeneration processes. The authors also proposed a new kinetics model for the description of 
the reaction of these mixtures  
DME can accelerate ignition [121,182,183,252] if it is added to methane or propane and it in-
creases the flame speed of methane/air mixtures [182,184]. But, with respect to ethane, it was 
shown that the DME blending ratio shows a nonlinear effect on the IDTs due to interactions 
between DME and the radical pool provided by ethane oxidation [253]. More fundamental ex-
periments regarding the oxidation of natural gas/DME mixtures showing such interactions are 
rare. The present work is intended to fill this gap by extending the study of these mixtures to 
high equivalence ratios. 
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Table 9-1: Recent experimental studies on the ignition delay times of natural gas and DME mix-
tures with their corresponding experimental conditions (ST: shock tube, RCM: rapid-
compression machine, CVB: constant volume bomb). 

Mixtures p / bar T / K  Facility Ref. 

CH4/C2-C5 0.2 1400-2000 1 ST [254] 

CH4 3-300 1200-2100 0.2-2 ST [255] 

CH4/C2-C4 4 1200-1850 0.2-0.4 ST [256] 

CH4/C2-C4 3 1400-2000 0.2 ST [257] 

CH4/C3 2.5 1300-1600 1 ST [258] 

CH4/C2-C4 3-15 1300-2000 0.45-1.25 ST [259] 

CH4 9-480 1410-2040 0.5-4 ST [260] 

DME 13-40 650-1300 1 ST [171] 

DME 3.5 1200-1600 0.5-2 ST [169] 

CH4 40-260 1040-1500 0.4-6 ST [151] 

CH4 35-260 1040-1600 0.4-6 ST [261] 

DME 0.83-2.9 900-1900 Pyrolysis ST [180] 

CH4/C2-C3 5-20 900-1700 0.5-1 ST [262] 

CH4/C2-C3 3-13 1485-1900 0.5-2 ST [263] 

CH4 3-450 1200-1700 0.5 ST [154] 

CH4 16-40 1000-1350 0.7-1.3 ST [264] 

CH4/C2-C3 16-40 900-1400 1 ST [265] 

CH4/C2-C3, H2 0.54-30 1091-2001 0.5 ST [110] 

CH4/C2-C5 15.5-27.5 786-1107 0.5 ST [266] 

CH4/C3H8 10-30 740-1550 0.3-3 ST, RCM [267] 

CH4/C2H6/C3H8 1-50 770-1580 0.5-2 ST, RCM [106] 

CH4/C2/C3 13-21 850-925 0.6-1 RCM [268] 

CH4/H2 15-70 950-1060 0.5-1 RCM [125] 

DME 10-20 615-735 0.43-1.5 RCM [269] 

CH4/C2H6/H2 1-16 900-1800 0.5-1 ST [270] 

DME 1.6-6.6 1175-1900 0.5-3 ST [271] 

CH4/DME 1-10 1134-2105 1 ST [183] 

CH4/C2H6 1-31 1154-2250 0.5-2 ST [109] 

DME/C3H8 20 1100-1500 0.5-2 ST [252] 

C2H6/DME 2-20 1100-1500 0.5-2 ST [253] 

CH4 1-10 1350-1950 0.5-2 ST, CVB [272] 

CH4/DME 7-41 600-1600 0.3-2 ST, RCM [117] 

CH4/DME 1-1.6 1650-2050 2 ST [17] 

DME 0.55-1.2 1075-1860 0.5-1 ST [273] 

 
This study presents ignition delay times and species profiles as a function of temperature for 
different natural gas (90 % CH4, 9 % C2H6, 1 % C3H8)/DME blends at equivalence ratios of 2, 

10, and 20 by combining complementary results of shock-tube ( = 2 and 10, p = 30 bar, 
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T = 710 – 1630 K) and flow-reactor measurements ( = 2, 10, and 20, p = 6 bar, 
T = 473 – 973 K). The results are compared to predictions of two reaction mechanisms from 
literature [19,124] and a modified mechanism to assess their ability of describing the interaction 
between DME and natural gas under uncommon reaction conditions. 
The experimental, modeling, and results part of the paper is divided into three chapters. In sec-
tion 9.2, the experimental methods are presented and relevant details of the individual experi-
mental arrangements are given. Section 9.3 deals with modeling. In section 9.3.1, sensitivity 
analyses are shown that form the basis for the modification of the mechanism of Porras et al. 
[19]. The most sensitive reactions at different conditions are evaluated and the modifications to 
the mechanism are described. Sections 9.3.2 and 9.3.3 briefly outline the simulation methods 
used. 
Section 9.4 discusses the results, starting with the shock-tube measurements. While section 
9.4.1.1 presents ignition delay times for CH4/air, natural gas/air, and natural gas/DME/air mix-

tures at  = 2 and 10 and 30 bar, section 9.4.1.2 shows the products formed after ignition for 

natural gas/air and natural gas/DME/air mixtures at  = 10 and 30 bar. In section 9.4.2, the 
results of the reactor experiments are presented with a focus on the influence of DME on the 
fuel conversion and product composition. In section 9.4.2.1, figures presenting all experimental 
results compared to the predictions of the different mechanisms are shown. These results are 
further discussed in the following sub-sections. The first section examines the fuel conversion 
and the formation of three selected types of product species: synthesis gas (H2, CO), unsaturated 
hydrocarbons (C2H4, C3H6), and oxygenated species (CH3OH, CH2O). The reaction pathways 
towards the individual products are analyzed in detail and possible reasons for deviations of the 
model predictions are discussed. The individual sections are briefly summarized at the end of 
each chapter to highlight the core statements. In the last result chapter, the maximum yields of 
the main species are compared for all mixtures in a single diagram and the overall findings are 
discussed without further analysis. Together with the species profiles at the beginning of the 
chapter, readers who are primarily interested in the product composition can view the main 
results without having to go into further details. 

9.2 Experimental methods 

The investigated reaction conditions are shown in Table 2. Details of both experimental ar-
rangements are given below. 
 
Table 9-2: Reaction conditions (PFR: plug flow reactor, ST: shock tube). 

CH4 C2H6 C3H8 DME O2 Ar N2 Ne p T  Exp.

mol% bar K - - 

4.065 0.406 0.045 0.238 5.246 90 0 0 6 473-973 2 PFR

3.813 0.381 0.042 0.471 5.292 90 0 0 6 473-973 2 PFR

7.004 0.700 0.078 0.410 1.808 90 0 0 6 473-973 10 PFR

6.613 0.661 0.073 0.816 1.836 90 0 0 6 473-973 10 PFR

7.700 0.770 0.086 0.450 0.994 90 0 0 6 473-973 20 PFR

7.281 0.728 0.081 0.899 1.011 90 0 0 6 473-973 20 PFR
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CH4 C2H6 C3H8 DME O2 Ar N2 Ne p T  Exp.

mol% bar K - - 

14.330 1.433 0.159 0 17.236 0 66.842 0 30 950-1630 2 ST 

13.396 1.340 0.149 0.783 17.288 0 67.044 0 30 850-1450 2 ST 

12.492 1.249 0.139 1.542 17.338 0 67.240 0 30 710-1480 2 ST 

44.245 4.425 0.492 0 10.422 0 38.416 2.000 30 930-1540 10 ST 

41.176 4.118 0.458 2.408 10.627 0 39.213 2.000 30 860-1500 10 ST 

9.2.1 Shock tube 

A high-pressure shock tube for post-ignition peak pressures up to 500 bar with a constant inner 
diameter of 90 mm and lengths of the driver and driven sections of 6.4 and 6.1 m, respectively, 
was used for ignition delay time (IDT) and product composition measurements. The maximum 
test time is extended up to 15 ms by driver-gas tailoring with helium as the main driver gas 
component and Ar addition to match the acoustic impedance of the driver gas with the one of 
the test gas. The driver gas was mixed in situ by using two high-pressure mass flow controllers 
(Bronkhorst Hi-Tec flowmeter F-136AI-FZD-55-V and F-123MI-FZD-55-V). The driver gas 
composition depends on the test gas mixture and the Mach number and was calculated prior to 
the experiment using formulas by Oertel [195] and Palmer and Knox [196]. Test gas mixtures 
were prepared manometrically in a mixing vessel and stirred for at least one hour to ensure 
homogeneity. The experiment is described in more detail in Ref. [274]. 
The temperature T5 and pressure p5 behind the reflected shock waves were computed from the 
incident shock velocity using a one-dimensional shock-wave model. The shock-wave velocity 
was measured over three intervals using four piezoelectric pressure transducers (PCB 112-B05) 
and the related temperature uncertainty of ±15 K was determined by the method of Petersen et 
al. [275] that considers the uncertainty of the position of the pressure transducer, the time when 
the incident shock wave passes the pressure transducer, and the error caused by the interpolation 
of the incident shock-wave speed to that at the end flange. The determined error represents an 
average value for the temperature range of our measurements. Band-pass-filtered (308±5, 
431±5 nm) emission from OH* and CH* chemiluminescence was monitored through windows 
in the sidewall 15 mm from the end flange with fiber-coupled Hamamatsu 1P28 photomultipli-
ers. The pressure was recorded at the same position using a piezoelectric pressure transducer 
(PCB-112B05) that was shielded with a thin high-temperature silicone layer. Ignition delay 
times were defined as the interval between the rise in pressure due to the arrival of the reflected 
shock wave at the measurement port and the extrapolation of the steepest increase in emission 
to its zero level on the time axis. The uncertainty of the determination of ignition delay times 
from the chemiluminescence profiles is about ±10 µs for IDTs < 100 µs, ±30 µs for IDTs of 
about 1000 µs and ±100 µs for IDTs around 10 ms. These values were determined considering 
the uncertainties of the extrapolation of the steepest increase of the measured chemilumines-
cence intensity and the uncertainties of the blast-wave correction [261]. 
Gas samples were taken from the shock tube with a fast-acting valve (Parker Hannifin Pulse 
Valve Series 9 with IOTA ONE® driver) that was integrated in the end flange and connected 
to a 50-ml sample vessel. The valve was opened 14 ms after the arrival of the reflected shock 
wave for 10 ms. The samples were analyzed with GC/MS (Agilent Technologies GC System 
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7890 A, MSD 5975C) using an Agilent J&W HP-PLOT Q column. Each mixture used in the 

experiments at  = 10 contained 2 % Ne as internal standard. All mole fractions were deter-
mined relative to this internal standard so that the measured species mole fractions are inde-
pendent on the inlet pressure in the sample and the accuracy is limited by the errors in calibra-
tion, the preparation of the fuel/air mixture, and by the uncertainty of the GC measurement. 
Calibration mixtures with various mole fraction levels were prepared in a 50-L mixing vessel 
using very precise pressure transducers. We estimate that the error of the calibration factor 
caused by the mixture preparation and the GC measurement uncertainty is below 5 %. For all 
substances, linear behavior with no offset between signal and mole fraction was observed. An-
other 5 % error is related to uncertainties in the Ne mole fraction in the fuel/air mixture. The 
low uncertainty (< 10 % in total) was confirmed by measurements of the fuel/air mixtures at 
temperatures where no oxidation occurs and by calculating the carbon balance, which was 
found to be 1±0.05 at low temperatures, where oxidation but no formation of larger PAHs oc-
curred. 

9.2.2 Plug-flow reactor 

In this study, a flow reactor coupled to a time-of-flight mass spectrometer (see supplemental 
material (appendix B) or [197]) is used to investigate the partial oxidation of natural gas/DME 
mixtures at a pressure of 6 bar and temperatures between 473 and 973 K. A constant volumetric 
flow rate of 280 sccm (standard conditions: T = 273.15 K, p = 1 bar) was used to approximate 
plug-flow conditions according to the model of Levenspiel [51]. The residence time varied be-
tween 14.5 s at 473 K and 7.6 s at 973 K, considering the complete reactor length. Details of 
the experimental setup are given elsewhere [17,200] and only a brief description is provided 
here. 
The reactor consists of a 65 cm long quartz tube, surrounded by a stainless-steel tube for safety. 
A 40-cm long isothermal reaction zone (±10 K) is established by temperature-controlled heat-
ing tapes, wrapped around a copper shell that encloses the stainless-steel tube. The gap between 
the stainless-steel and the quartz tube is sealed at the in- and outlet of the reactor to prevent 
gases from entering this gap and reacting with the steel wall. The reactants are metered by 
calibrated mass flow controllers and premixed at room temperature before entering the reactor, 
while the pressure is regulated manually by a heated needle valve downstream of the reactor. 
Pressure fluctuations, measured by a pressure transducer upstream of the reactor, are less than 
20 mbar. A high argon dilution is used to minimize the temperature rise due to exothermal 
reactions.  
After passing the reaction zone, the product gases are guided through the needle valve into a 
time-of-flight mass spectrometer (TOF-MS, Kaesdorf) via molecular beam extraction for prod-
uct analysis. The products are ionized by electron ionization at 17 eV to minimize fragmenta-
tion. Because fragmentation could not be avoided completely, it was considered for all directly 
calibrated species in data analysis. The mass resolution of the spectrometer is m/∆m ~ 2000. 
The TOF-MS enabled the detection of stable species, formed in the partial oxidation process. 
The mole fractions of the reactants (CH4, C2H6, C3H8, DME, O2) as well as those of CO, CO2, 
C2H4, C3H6, CH2O and CH3OH were measured. The uncertainties with respect to mole fractions 
of gaseous and liquid species are estimated to be around 10 and 20 %, respectively.  
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9.3 Modeling 

Reaction mechanisms of Porras et al. [19] and Zhou et al. [124] were used for the simulation of 
the shock-tube and flow-reactor experiments. The reaction mechanism of Porras et al., called 
PolyMech (in the following PolyMech1.0), was developed for the prediction of very fuel-rich 
CH4 and CH4/additive mixtures, by combining literature mechanisms developed for the pyrol-
ysis and combustion of CH4, as well as an ethanol and a DME sub-mechanism (by Zhao et al. 
[178]). Also, several rate constants were adjusted within their documented uncertainty range 
for a better prediction of ignition delay times and species profiles as a function of temperature, 
obtained by shock-tube, RCM and flow-reactor experiments at high equivalence ratios. It co-
vers the oxidation of H2, C2H2, C1 – C3 alkanes, and alkenes as well as oxygenated C1–C2 spe-
cies. 
The reaction mechanism of Zhou et al. [124], also known as AramcoMech3.0, was developed 
at NUI Galway and covers C1 – C4-chemistry, including oxygenated species and peroxide 
chemistry. The included DME mechanism is that of Burke et al. [117]. Similar to the mecha-
nism of Porras et al. [19], the AramcoMech3.0 [124] shows a hierarchical structure, ranging 
from an H2, to butene and butadiene mechanisms. It was validated by a large experimental 
dataset, comprising data from shock tubes, RCMs, flames, and various types of reactors making 
it well-suited for the simulations of the mixtures investigated in this study. 

9.3.1 Model improvement 

To improve the PolyMech predictions of experimental data, especially with species profiles of 
CO, CO2, H2, C2H2, C2H4, C3H8, and C6H6, some rate constant expressions were updated by 
more recent ones and missing pathways were added to the mechanism. The reactions were 
identified by integrated sensitivity analyses and comparative reaction path analyses using the 
PolyMech1.0 and AramcoMech3.0. Here, only the analyses performed with the PolyMech1.0 
are shown. Sensitivity analyses performed with the updated PolyMech (PolyMech2.0) and the 
AramcoMech3.0 can be found in the supplemental material (appendix B). The AramcoMech3.0 
was used for comparison because its predictions showed a good agreement with the experi-
mental data, it contains current rate constants, and is one of the most detailed mechanisms with 
respect to C1 – C4-chemistry. This is also the reason why the mechanism was not modified in 
contrast to the PolyMech1.0, which is an in-house mechanism with a very limited number of 
species and reactions and specifically made for the polygeneration conditions investigated here. 
Modified or added reactions are listed in Table 9-3. Sensitivity coefficients (Sij) are defined as 
 

 (9-1)

 
with xi and ki representing the mole fraction and rate constant of the specific species and reac-
tion, respectively.  
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Table 9-3: Modified and added reactions of the PolyMech2.0. The rate constants are in the form of 
k = ATnexp(-E/(RT)). Units are mol, cm, K, s and kJ. 

Reaction A n EA Ref. 

1 CO + HO2 = CO2 + OH 1.57×105 2.18 75.061 [276] 

2 CH3 + HO2 = CH3O + OH 1×1012 0.269 -2.8765 [277] 

3 CO + OH = CO2 + H 7.046×104 2.053 -1.489 [278] 

4 CO + OH = CO2 + H 5.757×1012 -0.664 1.389 [278] 

5 HCCO + O2 = CO + CO2 + H 4.78×1012 -0.142 4.812 [279] 

6 HCCO + O2 = CO +CO + OH 1.91×1011 -0.020 4.268 [279] 

7 CH3O + CH2O = CHO + CH3OH 6.62×1011 0 9.5981 [280] 

8 CH3OH + HO2 = CH3O + H2O2 1.22×1012 0 83.976 [281] 

9 CH3OH + O2 = CH3O + HO2 3.58×104 2.27 178.927 [282] 

10 CH2O + OH = CHO + H2O 7.82×107 1.63 -4.414 [283] 

11 CH2O + CH3 = CHO + CH4 3.83×101 3.36 18.041 [201] 

12 CH2O + H = CHO + H2 5.860×103 3.13 6.3353 [284] 

13 C2H4(+M) = C2H2 + H2(+M) 8.0×1012 0.44 371.414 [285]a 

14 C2H4 + OH = C2H3 + H2O 1.30×10-1 4.2 -3.598 [286] 

15 C2H5 + HO2 = CH3CH2O + OH 3.00×1013 0 0 [287] 

16 C2H4 + H = C2H3 + H2 1.266×105 2.752 48.739 [288] 

17 CH3 + CH3 (+M) = C2H6 (+M) 9.455×1014 -0.538 0.5654 [289,290]a

18 C3H8 + OH = N-C3H7 + H2O 2.732×107 1.811 3.633 [291] 

19 C3H8 + OH = I-C3H7 + H2O 1.975×107 1.751 0.266 [291] 

20 PC3H4 + H = C2H2 + CH3 2.830×1008 1.74 32.202 [292] 

21 CH4 (+M) = CH3 + H + (M) 2.105×1016 0 439.00 [293]a 
a See electronic supplemental material for low-pressure limits and Troe parameters 

 
Figure 9-1 shows the results of the sensitivity analysis for CO2. It is found that the reaction of 
CO and hydroperoxyl radicals (HO2) is the most sensitive one with an increasing sensitivity at 
higher equivalence ratios and a decreasing sensitivity at higher temperatures. Its rate constant 
expression was replaced by the expression implemented in the AramcoMech3.0 and proposed 
by You et al. [276], showing much lower rates at temperatures higher than 800 K. The reaction 
of methyl (CH3) and HO2 radicals, showing the second highest sensitivity under the investigated 
conditions, was updated to the values given by Jasper et al. [277]. These modifications resulted 
in a very good prediction of the measured CO and CO2 mole fractions in the plug-flow reactor. 
To further improve the predictions for the shock-tube conditions, the rate expression for the 
reaction of CO and hydroxyl radicals (OH) was adapted from Joshi and Wang [278]. Only the 
low-pressure-limit rate coefficient, which was fitted by a sum of two modified Arrhenius equa-
tions (reactions 2 and 3), was implemented in PolyMech1.0, as the authors stated that it is ap-
plicable for most combustion applications. The rate constants for reactions of HCCO and O2 
(reactions 5 and 6) were updated to the values proposed by Klippenstein et al. [279]. 
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Figure 9-1: Sensitivity coefficients of the CO2 mole fraction for selected plug-flow (left) and shock-

tube (right) conditions using the PolyMech1.0 [19]. Coefficients were integrated up to 
the sampling even of each experiment. 

 
With respect to CH3OH, the sensitivity analysis was performed for 623 and 773 K, two different 

DME amounts and  = 2 (Figure 9-2), at which the largest deviation between experiment and 
simulation was found. The modeling predictions are most sensitive to reactions involving DME 
at 623 K, because of its low-temperature chemistry. The sensitivities are much higher for the 
5 % DME mixture compared to the 10 % DME mixture. Because of a very good prediction of 
DME mole fractions at all conditions, the DME chemistry set was not modified. The CH3OH 
mole fraction is also sensitive to H-abstraction from CH4 and C2H6 by OH radicals, especially 
at low temperature. The rate constant expression for CH4+OH, implemented in the Poly-
Mech1.0, was adapted from Baulch et al. [201] with a reliability given by ∆log k = ±0.1 over 
the range 250–350 K, rising to ±0.2 at 800 K and ±0.3 at 2400 K. Taking these error limits into 
account, the expression is in very good agreement to the more recent one proposed by Sriniva-
san et al. [294] and was congruously not modified. The same applies to the expression for 
C2H6+OH that only shows a maximum deviation of 9.78 % at 570 K, compared to the expres-
sion proposed by Krasnoperov et al. [295]. This rate expression was obtained by new shock-
tube studies and shows an excellent agreement to literature data. The rate expression for the 
reaction of methoxy (CH3O) radicals and formaldehyde (CH2O), however, was changed to the 
one implemented in the AramcoMech3.0 and originally proposed by Fittschen et al. [280] be-
cause it improved the model predictions by 1.5 to 3 times higher rates at the relevant tempera-
tures. As the results obtained by the AramcoMech3.0 still showed a better agreement to the 
experiments, a reaction pathway analysis was performed to identify important pathways yield-
ing CH3OH. The two most important reactions were added to the PolyMech as reactions 8 and 
9 (see Table 9-3). 
For CH2O, the PolyMech1.0 slightly underpredicts the mole fractions at temperatures between 
600 and 800 K at all equivalence ratios. In Figure 9-2, the sensitivity analysis performed at 

773 K for all 5 % DME mixtures, identifies only three reactions with high sensitivities at all . 
These reactions are the already discussed H-abstraction from CH4 by OH and H-abstractions 
from CH2O by OH (reaction 10) and CH3 (reaction 11). The rate expression of reaction 10, 
originally adapted from Warnatz [232], was replaced by the more recent rate expression 
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proposed by Vasudevan et al. [283]. They combined new high-temperature shock-tube meas-
urements with low-temperature measurements by Sivakumaran et al. [296]. The three-parame-
ter fit covers the temperature range between 200 and 1670 K and shows good agreement to 
experimental data at intermediate temperatures [283]. Comparing both rate expressions, more 
than two times lower rates are found for the new expression throughout the investigated tem-
perature range, yielding higher CH2O mole fractions. Regarding the rate expression of reaction 
11, only the A factor was reduced by 20 % and thus changed to its original value, recommended 
by Baulch et al. [201]. Lastly, reaction 12 was updated to the values proposed by Wang et al. 
[284]. The same three rate expressions are also implemented in the AramcoMech3.0. 
 

 
Figure 9-2: Sensitivity coefficients of the CH3OH (left) and CH2O (right) mole fractions for selected 

plug-flow conditions using the PolyMech1.0 [19]. Coefficients were integrated up to 
the sampling event of each experiment. 

 
The sensitivity analysis for C2H4 (Figure 9-3) reveals that, besides reaction 2 (only plug flow), 
the recombination of CH3 radicals (reaction 17) is the most sensitive reaction for the selected 
plug-flow and shock-tube conditions. The rates of the recombination reaction were replaced by 
the values proposed by Wang et al. [290] and Klippenstein et al. [289], using the high-pressure 
limit of Klippenstein et al. and the low-pressure limit as well as the Troe parameters of Wang 
et al. Implementing the high-pressure limit of Klippenstein et al. [289] resulted in 1.2 times 
higher rates at 700 K rising to 1.4 times higher rates at 1400 K in the investigated pressure range 
compared to the rates obtained by the expression of Wang et al. [290], which is implemented 
in the AramcoMech3.0. In addition, the reactions of C2H4 with OH (reaction 14) and H (reaction 
16) were updated to the values proposed by Senosiain et al. [286] and Huynh et al. [288], espe-
cially to improve the model predictions at the investigated plug-flow conditions. The new rate 
constant expressions lead to slightly lower and up to five times lower rates, respectively, 
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compared to the rate expressions integrated in the PolyMech1.0. To slightly improve model 
predictions at lower temperatures, the rate expression for the reaction of C2H5 and HO2 was 
taken from Bozzelli et al. [287]. 
With respect to the shock-tube analysis, reactions of acetylene (C2H2) and propargyl radicals 
(C3H3) are also shown to be very sensitive to the prediction of C2H4. Both species are precursors 
of benzene (C6H6), which is found in the shock-tube experiments in considerable amounts. As 
the PolyMech1.0 contains only three reactions describing the formation of C6H6 and none for 
its consumption, much higher mole fractions of C6H6 are predicted compared to the experi-
ments. To improve this, the complete C6H6 sub-mechanism of the reaction mechanism of Cai 
and Pitsch [148] including the formation of some higher polycyclic aromatic hydrocarbons 
(PAHs) was adapted and added to the PolyMech. The benzene/PAH sub-mechanism of Cai and 
Pitsch predicts C6H6 mole fractions with very good agreement for experimental shock-tube data 
for CH4, CH4/diethyl ether, CH4/n-heptane, and CH4/dimethoxymethane [199,297] mixtures. 
The added reactions can be found in the electronic supplemental material. The mechanism of 
Cai and Pitsch was developed for describing the combustion behavior of gasoline surrogate 
fuel. It contains no DME chemistry and a lot of species which are not interesting for our condi-
tions. Therefore, only its benzene and PAH chemistry was considered here. This chemistry up 
to 4-ring PAHs contains only 67 species and 162 reactions so that the PolyMech2.0 is still short 
but can now describe well acetylene and benzene concentrations and contains also pyrene which 
can be used as indication for soot formation. The prediction of soot formation trends by using 
the square of the pyrene concentration [298] is very important for the use of the mechanism for 
simulating technical polygeneration processes. 
 

 
Figure 9-3: Sensitivity coefficients of the C2H4 mole fraction for selected plug-flow (left) and 

shock-tube (right) conditions using the PolyMech1.0 [19]. Coefficients were integrated 
up to the sampling event of each experiment. 
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analyses, the rate constant for the thermal decomposition of C2H4 to C2H2 and H2 (reaction 13) 
was changed to the values integrated in the GRI 3.0 mechanism [285]. This change was re-
quired, because the rates obtained by the PolyMech1.0 expression were too high at temperatures 
higher than 1000 K, compared to literature values, and led to a different temperature depend-
ence of the C2H4 mole fractions compared to the shock-tube experiments. The rate expression 
is also used in the AramcoMech3.0 yielding H2CC instead of C2H2 directly. But the rates for 
the isomerization of H2CC to C2H2 are very high, thus the addition of this reaction did not 
change model predictions and was therefore omitted.  
Using the PolyMech1.0, a much lower propane (C3H8) conversion was observed compared to 

the plug-flow reactor experiments, especially at  ≥ 10. The sensitivity analysis revealed the H-
abstraction by OH forming iso- and n-C3H7 as two of the most sensitive reactions. These rate 
expressions were updated by the more recent ones proposed by Sivaramakrishnan et al. [291].  
The addition of several reactions describing the oxidation of C2H6 and C3H8 did not signifi-
cantly improve the model predictions and was not considered in order to keep the final modified 
version of the PolyMech as small as possible. The new rate coefficient of the methane decom-
position to methyl and H atoms of Wang et al. [293] has also almost no influence on the present 
results but the old rate coefficient was replaced because the new value improves the simulation 
of methane pyrolysis at high temperatures significantly [299]. 

9.3.2 Shock-tube modeling 

Ignition delay times and species mole fractions were simulated with Chemical Workbench® 
[44] using the conP approach (adiabatic isentropic compression or expansion) based on prede-
fined pressure profiles that are derived from experiments with non-reactive test-gas mixtures. 
Default values (relative tolerance: 10–5, absolute tolerance: 10–16) were used for the tolerances. 

For measurements at  = 2, a pressure increase of 2 %/ms was considered for the initial 2.8 ms 

followed by a constant pressure. At  = 10, no pressure increase was observed, thus the simu-
lations were performed with the initial pressure p5. For the simulations of the species mole 

fraction profiles at  = 10, a constant pressure was used for the initial 12 ms followed by a 
pressure decrease of 12 % of p5/ms (caused by the cooling due to rarefaction waves) for 7 ms 
(based on an averaged sampling time) and a very fast pressure decrease to 50 mbar (by expan-
sion into the evacuated sampling vessel). The simulation is continued at this low pressure/tem-
perature for 6 ms. The calculated species mole fractions are then normalized relative to the 
calculated Ne mole fraction at this time (xi,n = xi × 2 %/xNe, 2 % Ne as internal standard in the 
initial mixture) to compare them to the standard-normalized measured values. Sensitivity anal-
yses were performed with the conP approach and a constant pressure for 15 ms. The calculated 
product mole fractions for this reaction time are very similar to the ones calculated with cooling. 
The times chosen for the simulation of the products were selected for the following reasons: 
The concentrations of almost all species reach a quasi-constant level at about 2 ms after ignition 
(see Ref. [19] for a similar mixture). Only the concentrations of acetylene and especially ben-
zene vary after these 2 ms. The increase of the benzene concentration could not be stopped in 
the cooling phase by rarefaction waves because the temperature decrease is too low due to the 
high heat capacity of the mixture and the radical chain reactions are continued. The reactions 
are then stopped by the expansion into the sampling vessel. The amount of gas in the reaction 
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vessel is small compared to the amount in the shock tube so that the pressure and temperature 
in the shock tube are not influenced by the sampling. Simulating the reactions also in the cooling 
phase until 7 ms after the opening of the sampling valve gives a good approximation of the 
sampling, considering that the pressure is strongly decreasing during the sampling time of 10 
ms. More details, such as calculated species concentrations and an experimental pressure profile 

are given in Ref. [19]. The ignition delay times at  = 2 are determined by Chemical Workbench 
from the time when CH reaches its maximum value, which is identical to the occurrence of the 
CH* chemiluminescence peak. Both peaks are so narrow that it makes no difference if the peak 
position or the interpolation of the steepest increase of the signal intensities to the zero line are 

used as indicator for the ignition delay time. The simulations at  = 10 show very broad CH* 
and OH* peaks. For this reason, ignition delay times were determined by extrapolating the 
steepest increase of the simulated CH* mole fraction to the zero line. 

9.3.3 Plug-flow reactor modeling 

For the flow reactor simulations, the plug-flow model with fixed temperature profile of Chem-
Kin Pro 19.0 [43] was used. Besides the geometric specification of the reactor, the complete 
temperature profiles, including the heating and cooling zone at the in- and outlet are used for 
the simulations. The temperature profiles were measured prior to the experiments using a mov-
ing type-K thermocouple along the center axis of the reactor in an inert gas flow of argon. 
Temperature profiles, inlet conditions and measured mole fractions are provided as electronic 
supplementary material. 
To estimate the temperature rise of the gas mixture due to exothermal reactions, additional 

simulations were performed for the mixture with the highest heat release ( = 2, 10 % DME). 
For this simulation, the shear-flow model of ChemKin Pro 19.0 was used, taking radial diffu-
sion, the heat transfer from the wall to the gas and the exothermal heat release into account. It 
is a two-dimensional approach, predicting temperature, velocity and species concentration 
fields within the reactor. 

9.4 Results and discussion 

9.4.1 Shock tube 

Ignition delay times ( = 2 and 10) and product composition ( = 10) of natural gas and natural 
gas/DME mixtures were determined in a high-pressure shock tube and compared to predictions 
using the AramcoMech3.0 [124], PolyMech1.0 [19], and PolyMech2.0 (see section 9.3.1). 

9.4.1.1 Ignition delay times 

Measured and simulated IDTs at  = 2 are presented in Figure 9-4. The data with natural gas as 
fuel show shorter IDTs compared to neat methane data [199]. A further reduction of the IDTs 
is achieved by the addition of DME. The AramcoMech3.0 [124] predicts all measured IDTs 
very well. Only for the experiments with 10 % DME addition at temperatures < 900 K about 
50 % longer IDTs are predicted. The simulations with the PolyMech1.0 [19] and the measured 
IDTs for natural gas and natural gas/DME mixtures agree very well for temperatures above 
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1200 K. For lower temperatures, 50–90 % too long ignition delay times are predicted. The 
PolyMech2.0 predicts about 25 % longer IDTs at higher temperatures compared to the original 
version whereas at the lower temperature end the predictions are almost identical. 
 

 
Figure 9-4: Measured and simulated ignition delay times of natural gas/DME/air mixtures at  = 2 

and 30 bar. Symbols: Experiments, full lines: Simulations with PolyMech1.0 [19], dash-
dotted lines: Simulations with PolyMech2.0, dashed lines: Simulations with Ar-
amcoMech3.0 [124]. 

 

Measured and simulated IDTs of natural gas/air mixtures at  = 10 are shown in Figure 9-5. For 
temperatures above 1200 K it was very difficult to determine the IDTs because the OH* and 
CH* peaks exhibit two distinct steep increases and very broad peaks. This behavior has not 

been observed before for CH4, CH4/additive and natural gas/DMM mixtures at = 10 [199,297] 
and is also not predicted by the simulations. The measured OH* and CH* chemiluminescence 
signals and the corresponding simulations using the AramcoMech3.0 can be found in the sup-
plemental material (appendix B) at temperatures of 974, 1204, and 1427 K. A pressure increase 
by the ignition could not be observed. We assume that the first increase is caused by ethane/pro-
pane oxidation and the second by methane oxidation. The IDTs of natural gas are much shorter 

compared to methane and are similar to the values at  = 2. The measured IDTs are very well 
predicted by the AramcoMech3.0 [124] and the Cai and Pitsch [148] mechanism. For lower 
temperatures, about 50 % too long IDTs are predicted by the PolyMech1.0 [19]. Especially at 
higher temperatures the modifications of the PolyMech1.0 cause longer ignition delay times. 

The same effect was observed for the natural gas/5 % DME mixture at  = 10 (Figure 9-6). It 
is mainly caused by the lower rate coefficient for reaction 13 (C2H4(+M) = C2H2 + H2(+M)), so 
that less H2, which accelerates the ignition, is produced. 
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Figure 9-5: Measured and simulated ignition delay times of CH4 and a natural gas/air mixture at 

 = 10 and 30 bar. Symbols: Experiments, full lines: Simulations with PolyMech1.0 
[19], dash-dotted lines: Simulations with PolyMech2.0, dashed lines: Simulations with 
AramcoMech3.0 [124], dotted lines: Simulations with the Cai and Pitsch [148] mecha-
nism. 

 

Measured and simulated IDTs of a natural gas/5 % DME/air mixture at  = 10 are shown in 
Figure 9-6. The IDTs are reduced by the DME addition. Measurements and simulations with 
the AramcoMech3.0 [124] agree very well whereas the PolyMech1.0 [19] predicts about 50 % 
too long IDTs. 
 

 
Figure 9-6: Measured and simulated ignition delay times of a natural gas/5 % DME/air mixture at 

 = 10 and 30 bar. Symbols: Experiments, full lines: Simulations with PolyMech1.0 
[19], dash-dotted lines: Simulations with PolyMech2.0, dashed lines: Simulations with 
AramcoMech3.0 [124]. 
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9.4.1.2 Product formation 

The product composition of a natural gas/air mixture at  = 10 after ignition, which is very 
similar to experiments with CH4, CH4/n-C7H16, CH4/diethyl ether [199], CH4/DME [19] and 
CH4/dimethoxymethane [297] as fuel, is shown in Figure 9-7.  
 

 
Figure 9-7: Measured and simulated species mole fractions of a natural gas/air mixture at  = 10 

and 30 bar after ignition. Symbols: Experiments, full lines: Simulations with Poly-
Mech1.0 [19], dash-dotted lines: Simulations with PolyMech2.0, dashed lines: Simula-
tions with AramcoMech3.0 [124], dotted lines: Simulations with the Cai and Pitsch 
mechanism [148]. 

 
Main products are CO, H2 (not quantified), CO2, H2O (not quantified), C2H2, C2H4, C2H6, C3H6, 
benzene and toluene. About half of the consumed fuel is converted to CO, the other half to 
hydrocarbons. The experimental results were compared to the predictions of four mechanisms: 
Cai and Pitsch [148], AramcoMech3.0 [124], PolyMech1.0 [19], and the PolyMech2.0 (section 
9.3.1). The simulations with the Cai and Pitsch mechanism [148] agree very well for all prod-
ucts with the exception of C2H2, benzene (temperature dependence is very well predicted but 
measured values are 40 % lower than the simulated ones) and C2H4 (measured values are 30 % 
higher than the simulated ones except at low temperatures). The AramcoMech3.0 [124] predicts 
all product mole fractions very well with the exception of much too high mole fractions of 
acetylene and benzene (up to a factor of eight). Contrary to the Cai and Pitsch [148] mechanism, 
the benzene mole fraction constantly increases with higher temperatures in the experiments. 
The benzene consumption reactions to form higher PAHs contained in the mechanism are ob-
viously too slow. The original PolyMech1.0 [19] predicts only the CO and C3H6 mole fractions 
well. Much too high mole fractions for CO2 (about a factor of two) and benzene (up to a factor 
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of ten) and much too low mole fractions for C2H2 (about a factor of four) are predicted. At low 
temperatures, too low C2H4 mole fractions are predicted whereas at high temperatures a good 
agreement for C2H4 is observed. With the PolyMech2.0, the predictions of all these species 
mole fractions are significantly improved, the simulations for benzene and C2H4 are now very 
similar to the ones of the Cai and Pitsch mechanism [148], the predicted CO2 mole fractions are 
reduced, and C2H2 is now predicted very well. Toluene is now included in the mechanism and 
is also predicted very well. The integration of the benzene and PAH chemistry of the Cai and 
Pitsch mechanism [148] was successful, the slight differences in the predicted benzene mole 
fractions are caused by different mole fractions of species forming benzene. With the Poly-
Mech2.0, a mechanism with relative few species and reactions is now available which can pre-
dict all observed product species well. 

The product composition of a natural gas/5 % DME/air mixture at  = 10 after ignition is shown 
in Figure 9-8. The measured and simulated product composition is almost identical to the ex-
periments without DME as additive but is shifted to about 100 K lower temperatures due to the 
shorter ignition delay times. The results for the comparison of the simulations with the different 
mechanisms and the experiments are identical to the ones without DME but simulations with 
the Cai and Pitsch mechanism [148] were not possible because it contains no DME submecha-
nism. 
 

 
Figure 9-8: Measured and simulated mole fractions of a natural gas/5 % DME/air mixture at  = 10 

and 30 bar after ignition. Symbols: Experiments, full lines: Simulations with Poly-
Mech1.0 [19], dash-dotted lines: Simulations with PolyMech2.0, dashed lines: Simula-
tions with AramcoMech3.0 [124]. 
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9.4.2 Plug-flow reactor 

In this section, experimental species profiles of the fuel and major products as a function of 
temperature and equivalence ratio will be presented and compared to model predictions and 
results of neat natural gas/O2 experiments published earlier [197]. In addition, reaction path-
ways towards interesting products are analyzed to assess the influence of DME on the partial 
oxidation process.  
The TOF-MS signals of other detected species relative to the argon signal can be found in the 
ESM. Although these species mole fractions were not quantified, the trends as a function of 
temperature can be used for validation purposes. The results of the shear-flow simulation men-
tioned in section 9.3.3 showed a maximum temperature rise of ≈ 84 K at a nominal temperature 
of 873 K within the isothermal zone. Nevertheless, the difference between the calculated mole 
fractions of the shear-flow and plug-flow simulations at the end of the reactor was less than 
10 % (see appendix B). A negligible difference in calculated mole fractions was observed for 
lower and higher temperatures so that it seems justified to present only the results of plug-flow 
simulations in this section. 

9.4.2.1 Comparison of experimental and modeling results 

Figure 9-9 and Figure 9-10 show the mole fractions of major species as a function of tempera-
ture and equivalence ratio for the 5 and 10 % DME mixtures, respectively. Experimental results 
(symbols) are compared to simulations (lines). 
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Figure 9-9: Mole fractions of reactants and products as a function of temperature for different equiv-

alence ratios for the 95/5 natural gas/DME mixture. Symbols: TOF-MS experiment, 
lines: Simulations based on the PolyMech1.0 [19] (dotted lines), AramcoMech3.0 [124] 
(dashed lines), and the PolyMech2.0 (solid lines). Mole fraction uncertainties are dis-
played by the shaded areas. 
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Figure 9-10: Mole fractions of reactants and products as a function of temperature for different equiv-

alence ratios for the 90/10 natural gas/DME mixture. Symbols: TOF-MS experiment, 
lines: Simulations based on the PolyMech1.0 [19] (dotted lines), AramcoMech3.0 [124] 
(dashed lines), and the PolyMech2.0 (solid lines). Mole fraction uncertainties are dis-
played by the shaded areas. 

  



9 Partial oxidation of natural gas/DME mixtures 

140 

9.4.2.1.1 Influence of DME on fuel conversion 

As seen in Figure 9-9 and Figure 9-10, the conversion of DME starts between 523 and 573 K 
in all natural gas/DME experiments, reaching a local maximum at 623 K, followed by a local 

minimum between 673 and 723 K. For the 5 % DME mixture at  = 2, only a relatively slow 
conversion up to a temperature of 723 K is observed. At higher temperatures, the conversion of 
DME increases for all mixtures until total depletion is reached at temperatures between 773 and 
973 K, depending on the equivalence ratio. This behavior, which is more pronounced at high 
equivalence ratios as well as for fuel mixtures with a natural gas/DME ratio of 9/1, can be 
attributed to the negative temperature coefficient (NTC) behavior of DME: Similar results can 
be found for CH4/DME mixtures presented in Refs. [19,186]. In Ref. [186] the NTC region is 
slightly shifted towards lower temperatures because of higher reactor pressures. The high reac-
tivity of DME and the associated formation of radicals at low temperatures initiate the conver-
sion of all alkanes at 200 K lower temperatures compared to the single fuel experiments (neat 
natural gas) presented in Ref. [197]. The conversion of CH4 stays low (< 5 %) at temperatures 
up to 773 K, whereas more than 20 and 40 % C2H6 and C3H8, respectively, are converted at the 
first NTC inflection point (623 K). It must be noted that CH4 contains around 75 and 68 % of 
the total amount of carbon in the 5 and 10 % DME mixtures, respectively. This means that even 
if less CH4 than C2H6 or C3H8 is converted it can contribute more carbon to the products. The 
conversion of CH4 is counteracted by methane producing pathways from DME, C2H6, and 
C3H8. This effect is apparent in the reaction pathway analysis for the 10 % DME mixture at 

973 K and  = 20 at the time corresponding to 25 % DME conversion in Figure 9-11. It is 
clearly seen that the reactions of all reactants, mainly with CH3 radicals, lead to the formation 
of CH4. Also, the reaction of CH2O with CH3 contributes largely to CH4 production. Although 
most of CH3 is produced via H-abstraction from CH4 by OH, the net carbon flux between these 
two species is towards CH4. The formation of CH4 exceeds its consumption under these condi-
tions. The reaction onset temperature in natural gas mixtures is lowered which is desirable in 
polygeneration processes with auto-ignition at realistic compression ratios. 
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Figure 9-11: Reaction path analysis using the PolyMech2.0 for the 10 % DME mixture at 973 K and 

 = 20 (calculated at the time corresponding to 25 % DME conversion). The percent-
ages show the relative rate of carbon consumption of the limiting reactant and line dark-
ness represents the percentage of carbon flux, related to the highest carbon flux within 
the reaction path, which is found between CH3OCH3 and CH3OCH2. Species next to the 
arrows represent the main reaction partners. 

 

For C3H8, a second NTC region is predicted by the models for the  ≥ 10 mixtures at tempera-
tures around 750 K. Such an NTC behavior was also observed by Gallagher et al. [120], who 
experimentally investigated C3H8 oxidation at equivalence ratios between 0.5 and 2 using a 
rapid compression machine. Here, experimental evidence for the NTC region can be observed 

for the  = 10 mixtures at T ~ 800 K, whereas only a slight decrease in reactivity is visible in 

the  = 20 mixtures. To clearly resolve the NTC behavior in this narrow temperature range of 
about 100 K, more temperature steps would have been necessary in the experiments. The model 
predictions of all mechanisms for CH4, C2H6, DME, and O2 are in very good agreement with 
the experimental data for both conditions in Figure 9-9 and Figure 9-10, but the PolyMech2.0 
shows a slightly better agreement at higher equivalence ratios. In contrast, C3H8 is overpre-

dicted at temperatures higher than 773 K for  ≥ 10 by all three models. While the highest 

deviation is shown by the PolyMech1.0 for  ≥ 10, the AramcoMech3.0 shows the best overall 
agreement. This behavior can probably be attributed to the very detailed C3-subset, including 

peroxide chemistry. The best agreement for  = 2 is observed for the PolyMech2.0 together 
with an improvement at all equivalence ratios compared to the unmodified version. 
To sum up, DME leads to radical formation at low temperatures and initiates the conversion of 
the alkanes in the mixture at 200 K lower temperatures compared to neat natural gas/O2 mix-
tures shown in Ref. [197]. In addition, the conversion of DME, but also the conversion of ethane 
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and propane lead to CH4 production and even higher CH4 mole fractions at  = 10 compared to 
the initial amount in the mixture. The PolyMech2.0 shows better predictions of the mole frac-
tions of all reactants compared to the unmodified mechanism. All three reaction mechanisms 
show a good agreement to the experimental data. 
Regarding product formation, synthesis gas (H2/CO), unsaturated hydrocarbons (C2H4, C3H6), 
oxygenated species (CH2O, CH3OH), CO2 and H2O (not shown here, see ESM) are found as 
major products and will be discussed in the following. 

9.4.2.1.2 Synthesis gas and CO2 

CO and CO2 are preferentially formed at low  and high temperatures with the CO2 mole frac-

tions becoming negligibly small at  ≥ 10. In contrast, CO remains the main product throughout 

the investigated mixtures with maximum mole fractions of ≈ 2.5 % and ≈ 1 %, going from  = 2 

to  = 20, independent of the DME amount in the mixture. The mole fraction of H2 increases 

with increasing temperature, equivalence ratio and DME amount, reaching 0.5 % at  = 2 (nat-

ural gas/DME = 95/5) and 1.2 % at  = 20 (natural gas/DME = 90/10) and the highest investi-
gated temperature of 973 K, respectively. In addition, the NTC region of DME leads to a local 
maximum in the species mole fractions at 623 K, especially visible for CO and the 10 % DME 
mixtures (Figure 9-10). With respect to these species, the PolyMech2.0 shows the best agree-
ment with the experiments. While the AramcoMech3.0 overpredicts the synthesis gas mole 

fractions at  = 2, the PolyMech1.0 underpredicts synthesis gas at  = 2 and T > 800 K and 
extremely overpredicts CO2 for all mixtures at T > 800 K. 

9.4.2.1.3 Unsaturated hydrocarbons 

The formation of the unsaturated hydrocarbons C2H4 and C3H6 is favored at high equivalence 

ratios and high temperatures, as it is shown in Figure 9-9 and Figure 9-10. At  = 2 the mole 
fraction of C2H4 nearly remains constant at about 0.2 % at temperatures higher than 800 K. It 

increases with increasing temperature for the mixtures at  = 10 and 20 to more than 0.5 %. 

Figure 9-11 (10 % DME mixture at  = 20 and 973 K) and Figure 9-12 (5 % DME mixture at 

 = 10 and 773 K) reveal that most C2H4 is formed from C2H6 and C3H8. At  = 2, the higher 
amount of oxygen and the associated higher reactivity of the mixture lead to a depletion of C2H6 
and C3H8 for T > 800 K, explaining the observed temperature dependence of the C2H4 mole 
fraction. The lack of oxygen plays a key role in the formation of the unsaturated hydrocarbons. 

Reaction path analyses performed for the mixtures at  ≥ 10 and temperatures above 900 K with 
the PolyMech2.0 reveal a slow but steady increase in the importance of pyrolysis reactions. For 
example, at temperatures higher than 800 K the long reaction times after the consumption of 
oxygen in the first 20 cm of the reactor, can lead to the pyrolysis of C2H6 and C3H8

 as well as 

C3H6. Typical products are C3H6, C2H4, H2 and CH4 [300,301] in the  ≥ 10 mixtures. 
The simulations using the PolyMech2.0 show the best agreement with the experiments for the 
5 % DME mixtures at all temperatures and the 10 % DME mixtures at temperatures above 
700 K, both qualitatively and quantitively. The unmodified version predicts slightly lower mole 

fractions at  ≥ 10. The AramcoMech3.0, however, underpredicts C2H4 mole fractions at  = 2 
and T > 800 K and at the same time overpredicts CO at these conditions. This is partly due to 
lower reaction rates for the recombination of CH3 radicals to C2H6 in the AramcoMech3.0 
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compared to the PolyMech2.0, so that the oxidation pathway (CH3 → CO) is favored compared 

to the recombination pathway yielding C2H6 and subsequently C2H4. At higher , the oxidation 
pathway becomes less important (see Figure 9-11 and Figure 9-12), which leads to a better 
agreement with the experiments. 
In contrast to C2H4, the C3H6 mole fractions start to decrease at temperatures above 800 K for 

the  = 2 mixtures. C3H8 is completely consumed at these conditions and O2 is still available 
for the reaction to proceed so there are two options for C3H6 to be consumed and expected to 
occur simultaneously: The pyrolysis of C3H6 and, since C3H6 is more reactive than C2H4, the 
scavenging of available radicals. At higher equivalence ratios, oxygen is depleted at T > 800 K 
so that fewer radicals are available. The missing radicals and probably the competition between 

pyrolysis of C3H6 and C3H8, which is still available at  > 2, contribute to nearly constant mole 
fractions of C3H6. According to literature, C3H6 is not the main product during the pyrolysis of 
C3H8, but C2H4 and CH4 [300]. Nevertheless, a small part of C3H8 will undergo H-abstraction 
by H radicals yielding propyl radicals and finally form C3H6. The dominant channel of C3H6 
decomposition is the pyrolysis to allyl (C3H5) and H radicals [302]. While H radicals can react 
with C3H6 to form H2 + C3H5, CH3 + C2H4 or C3H5 + CH4, for example, the allyl radicals can 
also lead to the formation of higher hydrocarbons like 1,3-butadiene (C4H6), cyclopentadiene 
(C5H6) or benzene (C6H6). These species were observed in flow reactor experiments, presented 
by Wang et al. [301]. All of these hydrocarbons were detected in the TOF-MS experiments at 

 > 2 in small quantities. Signals of fragments formed during the ionization of these C4 and C5 
species overlap with the signal of C3H6 and can contribute to the discrepancy between simula-

tion and measured mole fraction in the experiments with  > 2 above 700 K. But this experi-
mental uncertainty alone cannot explain the large differences. This conclusion is supported by 
the fact that a reasonable agreement between experimental and simulation results, obtained with 

the AramcoMech3.0, is found for the  = 20 mixtures, at which the highest signals for the higher 
hydrocarbon species were detected. Missing reactions or outdated rate expressions need to be 
considered with respect to the competition between oxidation and pyrolysis of C3H8 and C3H6. 
In summary, the unsaturated hydrocarbons C2H4 and C3H6 are preferentially formed at large 
equivalence ratios and high temperatures. The main reaction pathways to these species are 
found to be reactions of different radicals with the respective alkane (C2H6 and C3H8) and at 
high temperatures (T > 800 K) also their pyrolysis. The modified reaction mechanism predicts 
the mole fractions of C2H4 well, but missing reactions are suggested to be the reason for poor 
predictions of C3H6 mole fractions compared to the very detailed AramcoMech3.0. 

9.4.2.1.4 Oxygenated species 

The mole fraction profiles of CH2O and CH3OH show two local maxima at 623 K and 
723 – 773 K (Figure 9-9 and Figure 9-10). In general, the formation of both species is favored 
at high equivalence ratios with maximum mole fractions of 0.26 % (CH2O) and 
0.07 % (CH3OH) for the 5 % DME mixture and 0.35 % (CH2O) and 0.18 % (CH3OH) for the 

10 % DME mixture at  = 10. Because the mole fractions are much higher compared to the neat 
natural gas experiments, presented in Ref. [197] (0.07 % CH2O and 0.01 % CH3OH), both spe-
cies are suggested to be formed mainly from DME oxidation. The maximum of both species is 
shifted to 100 K lower temperatures, compared to the neat natural gas mixtures [197]. 
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With respect to CH2O, both the AramcoMech3.0 and the PolyMech2.0 predict the mole frac-
tions of both species in good agreement with the experiments. Deviations occur for the first 

maximum between 623 K and 723 K for the 5 % DME mixture at  = 2 where the Ar-
amcoMech3.0 overpredicts the mole fractions and between 573 K and 723 K for all 10 % DME 
mixtures where the PolyMech2.0 underpredicts the mole fractions. This overprediction of the 
mole fraction of CH2O by the AramcoMech3.0 coincides with a much higher conversion of 
DME as well as C2H6 and C3H8 and overprediction of the mole fractions of C2H4, C3H6, and 
CH3OH, compared to the PolyMech2.0. In case of the AramcoMech3.0 the reactivity of DME 
is predicted to be too high, leading to the formation of radicals, the subsequent conversion of 
C2H6 and C3H8, and finally the production of CH2O. Regarding the PolyMech2.0, the predicted 
lower CH2O mole fractions correspond to higher mole fractions of C2H4, compared to the ex-
periment and the predicted mole fractions using the AramcoMech3.0. A reaction path analysis 

with the AramcoMech3.0 at  = 2 and 623 K for the 10 % DME mixture reveals three different 
pathways for CH2O formation: 1) via the C2-peroxide pathway and the sequence: C2H6 → C2H5 
→ C2H5O2 → C2H5O2H → C2H5O → CH2O, 2) via the C1-peroxide pathway and the same 
sequence as before starting with CH4 and 3) via decomposition of CH3OCH2O2 and 
CH2OCH2O2H. Both the C2-peroxide pathway, in which the decomposition of C2H5O2H re-
leases OH radicals, and the decomposition of CH3OCH2O2 yielding two CH2O molecules and 
an OH radical, are not included in the PolyMech. The extra OH radicals further enhances CH4 
consumption and thus promotes pathway 2, also increasing the formation of CH2O. In addition, 
the C2-peroxide pathway leads to smaller C2H4 mole fractions, as the rate of the reaction 
C2H5 + O2 = C2H5O2 is much higher (two orders of magnitude) compared to the rate of the 
reaction C2H5 + O2 = C2H4 + HO2, which is the main pathway of C2H5 consumption in case of 
the PolyMech under these conditions. These differences explain the deviations in the predicted 
C2H4 and CH2O mole fractions by both mechanisms. The rather complex C2-peroxide chemistry 
and further DME reactions were not added to the PolyMech. This would have made the mech-
anism much larger and would only lead to a slightly better agreement in a small temperature 
range in the best case. The possibility of adding C2- and C3- peroxide chemistry in a reduced 
form without neglecting important pathways will be investigated in the future. 
CH3OH is also predicted well by the AramcoMech3.0 and PolyMech2.0, especially regarding 
the trend as a function of temperature. The remaining discrepancies show that the interaction 
between the natural gas components and DME has not yet been fully understood. But it can be 
suggested that the DME subset is responsible for the deviations at low temperatures, since it 
was shown by sensitivity analyses that the CH3OH mole fractions are very sensitive to DME 
involved reactions (see Figure 9-2).  
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Figure 9-12: Reaction path analysis using the PolyMech2.0 for the 5 % DME mixture at 773 K and 

 = 10 (calculated at the time corresponding to 25 % DME conversion). The percent-
ages show the relative rate of carbon consumption of the limiting reactant and line dark-
ness represents the percentage of carbon flux, related to the highest carbon flux within 
the reaction path, which is found between CH2O and CHO. Species next to the arrows 
represent the main reaction partner. 

 
To unravel the influence of DME on the production of both oxygenated species, a reaction 

pathway analysis was performed with the PolyMech2.0 at  = 10 and 773 K for the 5 % DME 
mixture, see Figure 9-12.  
A large part of CH2O is formed by DME oxidation, more specifically the dissociation of 
CH3OCH2 and CH2OCH2O2H. While the first species is formed by H-abstraction from DME, 
the second species is formed by isomerization of CH3OCH2O2, produced by O2 addition to 
CH3OCH2. Under these conditions, DME contributes to more than 58 % to the production of 
CH2O by these two reactions. The remaining CH2O is formed by the dissociation of CH3O 
radicals, which in turn are nearly exclusively formed by reactions involving CH3 radicals and 
the methyl peroxy radical. The highest carbon flux to CH3 comes from CH4, followed by 
CH3OCH2. In addition, pathways from CH2O, C2H6, C3H8, and DME to CH4 are found under 
these conditions. Finally, indirect reaction pathways from DME, C2H6, and C3H8 also lead to 
the formation of CH2O, decreasing the contribution of CH4.  
For CH3OH, a slightly different situation is observed, as it is nearly exclusively formed by 
reactions involving CH3O radicals with a contribution of about 60 %. Although CH3O contains 
carbon that comes from DME and the other educts via the reaction sequence (Educt → CH4 → 
CH3 → CH3O), no important direct pathways to CH3O and CH3OH are observed under these 
conditions. So, the contribution of CH4 to the formation of CH3OH is expected to be higher 
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compared to the formation of CH2O. C2H6 and C3H8 contribute slightly to methanol production, 
which is seen by the light grey arrows, connecting their oxidation pathways with the one of 
CH4.  
 

 
Figure 9-13: Excerpt of the reaction path analysis using the PolyMech2.0 for the 10 % DME mixture 

at 623 K and  = 10 (calculated at the time corresponding to 25 % DME conversion). 
The percentages show the relative rate of carbon consumption of the limiting reactant 
and line darkness represents the percentage of carbon flux, related to the highest carbon 
flux within the reaction path, which is found between CH3OCH3 and CH3OCH2. Species 
next to the arrows represent the main reaction partner. 

 
With increasing DME amount in the mixture, the contribution of DME to the formation of both 
oxygenated species increases, as the direct pathways towards CH2O (decomposition of 
CH3OCH2 and CH2OCH2O2H) and CH3OH (the reaction of DME and CH3O radicals) are fa-
vored. Additionally, a larger part of CH3 radicals is produced from the decomposition of 
CH3OCH2, further increasing the contribution of DME to CH2O and CH3OH production. Sur-
prisingly, for the 10 % DME mixtures at T = 623 K, at which the first maximum in the CH2O 
and CH3OH mole fractions is observed, the contribution of DME with respect to CH2O and 
CH3OH production is much lower compared to the product contribution at higher temperature. 
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This is because a large amount of oxygen is still available, favoring the CH3OCH2 → 
CH3OCH2O2 pathway compared to the CH3OCH2 → CH3 and CH3OCH2 → CH2O pathways. 
Also, CH2OCH2O2H does not decompose to CH2O to the same extent as shown in Figure 9-12 
for the 5 % DME mixture at 773 K. Instead, O2 is added to the species yielding 
O2CH2OCH2O2H, which decomposes to HO2CH2OCHO and OH radicals. An excerpt of the 
reaction pathway including subsequent steps is shown in Figure 9-13. It can be observed that 
the main products from DME oxidation at this temperature are CO and CO2 instead of CH2O 
and CH3 or CH4. Moreover, the higher amount of released OH radicals (shown in blue) lead to 
a CH4 conversion of ≈ 5 % and thus favor the pathways towards CH3OH and CH2O. Finally, a 
higher DME amount in the mixture enhances the formation of oxygenated species from CH4 at 
low temperatures. 
Summarizing the main findings, the conversion of DME leads to an enhanced production of 
CH2O and CH3OH via direct and indirect reaction pathways. The major fraction of this species 
is formed from DME. With increasing DME amount in the mixture, the contribution of CH4 
with respect to CH2O and CH3OH formation also increases, initiated by reactions of CH4 with 
radicals formed during DME conversion. This increase of CH4 reactivity only applies to low 
temperatures. At these conditions, the decomposition of intermediate species of the DME oxi-
dation leading to the formation of CH2O and CH3OH is rather slow and enough oxygen is avail-
able to favor O2 addition reactions. These addition products form CO and CO2 and not CH2O 
and CH3OH. The formed radicals convert CH4 to CH3 so that CH2O and CH3OH are produced 
mainly from CH4 at these conditions. Both the AramcoMech3.0 and the PolyMech2.0 shows a 
much better agreement to the experimental data than the PolyMech1.0. 

9.4.2.2 Maximum yields of major species 

In order to compare the product spectra of all mixtures with each other, yields are calculated 
according to equation (9-2) and shown in Figure 9-14. In addition to the results of the natural 
gas/DME mixtures, the results of the neat natural gas/O2 mixtures are shown for comparison.  
 

	 	number of C/H atoms in product species	
∑ number of C/H atoms in reactant species	

 (9-2)

 
As expected, the maximum yields of the common combustion products CO2 and H2O decrease 
rapidly with increasing equivalence ratio and slightly increase with the addition of DME. 
Higher yields of both H2 and CO can be observed, if DME is added to the natural gas/O2 mix-
ture. While the yields of H2 are nearly independent of the equivalence ratio, the maximum yields 
of CO decrease with increasing equivalence ratio due to the lower amount of oxygen. This 
results in an increasing H2/CO ratio, making it more interesting for subsequent processes such 
as the Fischer-Tropsch synthesis. Despite lower yields compared to the DME mixtures, the 

highest H2/CO ratio of ≈ 1.3 is obtained for the neat natural gas/O2 mixture at  = 20.  
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Figure 9-14: Maximum yields of products as a function of equivalence ratio and DME amount. Val-

ues for neat natural gas (0 % DME) were taken from Ref. [197]. Yields do not add up 
to 100 % due to unconverted methane. 

 
C2H4, mainly formed from C2H6 and C3H8 (see Figure 9-11 and Figure 9-12), is preferentially 

produced at high , because further reactions are prevented, if less O2 is present in the mixture 
and fewer radicals are produced. In addition, no significant influence of DME on the formation 

of C2H4 is observed. The same is true for the yields of C3H6, except for  = 2, at which the 
higher reactivity of the DME mixtures is responsible for an enhanced C3H6 consumption, re-
sulting in lower yields. The equivalence ratio does also not influence the C3H6 yields noticeably. 
The last group of useful chemicals shown here are the oxygenated species represented by CH2O 
and CH3OH. While CH2O and CH3OH are important precursors for the production of several 
chemicals, CH3OH is also an alternative transportation fuel. The formation of both species is 
significantly enhanced, if DME is added to the natural gas/O2 mixtures, as seen in Figure 9-14. 
Both species are easy to liquify so that they could be separated from the product gas at low cost. 

9.5 Conclusions 

The homogeneous partial oxidation of natural gas/DME mixtures was investigated experimen-
tally using a plug-flow reactor and a high-pressure shock tube at relevant conditions for pol-
ygeneration processes. The experiments cover equivalence ratios of 2, 10, and 20, temperatures 
between 473 and 1400 K, and pressures of 6 and 30 bar. In addition, the amount of DME was 
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varied to assess its influence on the oxidation process. The addition of DME effectively reduces 
the reaction onset temperature of the natural gas/O2 mixture by 200 K compared to neat natural 
gas/O2 and promotes the formation of several useful products like synthesis gas and the oxy-
genated species CH2O and CH3OH. At the highest investigated equivalence ratio of 20, the 
replacement of 10 % fuel by DME lead to CH4 production instead of consumption due to addi-
tional CH4-producing pathways from DME. This observation was discussed by reaction path 
analyses, using PolyMech2.0, a modified version of the mechanism of Porras et al. [19]. To 
overcome this challenge, ozone could be a viable alternative additive to DME to initiate CH4 
conversion at low temperatures [15]. It was also found that CH2O is nearly exclusively formed 
from DME, whereas CH3OH is partly produced from CH4 at temperatures around 800 K. At a 
temperature of 623 K, at which the maxima of CH2O and CH3OH mole fractions were observed 
in the 10 % DME mixtures, CH4 contributes greatly to the production of both species. The 
reason for this behavior is that more OH radicals are produced due to the oxidation of DME, 
which react with CH4 and, in connection with a low temperature, favor the production of both 
oxygenated species. In contrast, at higher temperatures pathways from DME to CH2O, CH3OH 
and its precursors are favored, decreasing the product contribution of CH4. Unsaturated hydro-
carbons like C2H4 and C3H6 were found to be mainly produced from C2H6 and C3H8, respec-
tively. Considerable yields (related to the total amount of carbon in the mixture) of ≈ 10 % 
(C2H4) and ≈ 1 % (C3H6) were found with respect to these species, considering the low initial 
mole fractions of C2H6 and C3H8.  
Model predictions of the modified reaction mechanism and another state-of-the-art reaction 
mechanism are in good agreement with the experimental data and have proven useful to identify 
suitable conditions for the formation of useful chemicals. Some disagreement between simula-
tion and experiments corroborate the need for further improvement of both mechanisms. This 
need is reinforced by high-pressure shock tube measurements. The mole fractions of benzene 
could only be predicted well by PolyMech2.0 and in the case of pure natural gas by the Cai and 
Pitsch mechanism [148]. At these high-pressure conditions and higher temperatures compared 
to the flow reactor the influence of the natural gas components on the product composition was 
much less pronounced. The product composition is almost identical to experiments with me-
thane or methane/additive (n-heptane, diethyl ether, dimethoxymethane) mixtures [199,297] as 
fuel. Ignition delay time measurements showed that the reactivity of the natural gas/air mixture 
is significantly increased by DME addition and that natural gas is much more reactive compared 
to methane also at these very fuel-rich conditions. The AramcoMech3.0 [124] predicts the 
measured IDTs very well whereas the PolyMech2.0 predicts slightly too long IDTs. Regarding 
the prediction capabilities for ignition delay times and product formation and its low number of 
species and reactions the PolyMech2.0 is currently the best choice for simulating and optimiz-
ing polygeneration processes with natural gas/DME as fuel at very fuel-rich conditions in IC 
engines. 
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10 NTC behavior of methane 

The content of this chapter was published in Proceedings of the Combustion Institute: 
D. Kaczmarek, S. Shaqiri, B. Atakan, T. Kasper, The Influence of Pressure and Equiv-
alence Ratio on the NTC Behavior of Methane, Proceedings of the Combustion Institute 
38, accepted (2021). 
© 2019 The Combustion Institute. Published by Elsevier. Reprinted with permission. 
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ing and visualizing the results, and writing the manuscript. Shkelqim Shaqiri helped to build 
the experimental setup and conduct the experiments. Burak Atakan and Tina Kasper supported 
me in the conceptual design of the study and contributed to the interpretation of the results and 
the manuscript. 
 
Abstract 
Methane based polygeneration processes in piston engines offer the possibility of a controllable 
and flexible conversion of energy, to up-convert low value chemicals and to store energy. These 
processes preferably take place under fuel-rich conditions and at high pressures. Under fuel-
rich conditions, there was one experimental report that a distinctive negative temperature coef-
ficient (NTC) behavior occurs in methane oxidation (Petersen et al., 1999). To design a pol-
ygeneration process, reliable kinetic models are required to capture the impact of pressure and 
equivalence ratio variations on reactivity of the gas mixtures. Here, the experimental basis for 
methane oxidation is expanded to high pressures and very fuel-rich conditions and compared 
to literature models, both with special emphasis on the NTC behavior. The oxidation of me-

thane/oxygen mixtures at 2 ≤  ≤ 20 and pressures ranging from 1 to 20 bar is investigated. The 
literature reaction mechanisms are assessed with respect to their ability to predict this phenom-
enon and used to identify reaction pathways. It is found that NTC behavior occurs in a temper-
ature range between 700 and 1000 K and at pressures higher than 5 bar. The lower temperature 
limit is slightly shifted towards higher temperatures with decreasing equivalence ratio. In addi-
tion, the higher the equivalence ratio, the broader the pressure range, in which the NTC behavior 
is observed. In general, predictions of some models are in good agreement with the experi-
mental data. Reaction path analyses reveal that the competition between oxidation and recom-
bination pathways are responsible for the NTC region in methane oxidation. 
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10.1 Introduction 

Natural gas is an important fuel for a wide variety of applications like electricity generation, 
production of chemicals or heating purposes. In view of the ongoing transition of the energy 
system towards mainly renewable energies, the demand for flexible energy conversion systems 
increases. Flexible processes should be adaptable to transient loads and different fuels, as well 
as be able to store or deliver electricity as needed. In this respect, different innovative technol-
ogies gain importance, e.g. polygeneration and MILD combustion. A polygeneration process 
could be a flexible way to provide one or more types of energy simultaneously depending on 
demand. Examples include gas turbines [94] and engines [13,93,95,96,246] operated under 
fuel-rich conditions. In these studies, the authors have shown that the simultaneous supply of 
work, heat and useful chemicals is possible in combination with very high exergetic efficien-
cies. Lim et al. [13] presented a concept for using an engine in tandem with a liquid synthesis 
reactor to produce methanol. The concept makes it possible to operate the plant profitably on a 
much smaller scale due to the lower cost of engines compared to conventional chemical reac-
tors. Hegner and Atakan [95] performed a modeling study of a fuel-rich operated HCCI engine 
and claimed higher exergetic efficiencies compared to those of the separated processes to pro-
vide power, heat and hydrogen. Their study was extended by rapid compression machine [96] 
and HCCI engine [93,246] experiments. Besides synthesis gas, small amounts of ethylene were 
found in the product gas. Other concepts, also using IC engines, are the almost exclusive pro-
duction of hydrogen with yields of up to 90 % [97] and the dry reforming of CO2 into synthesis 
gas with a CO2 conversion of up to 50 % [303]. In addition, the Sun Oil Co. describes a method 
to produce liquid chemicals like formaldehyde, methanol or acetic acid using a methane fueled 

engine operated at compression ratios higher than 20 and an equivalence ratio of  = 18 [304]. 
In contrast, MILD combustion is characterized by the conversion of highly diluted reactant 
mixtures outside flammability limits that are pre-heated to temperatures higher than the auto-
ignition temperature of the mixture [305]. The technology combines a high energetic efficiency 
with the potential to reduce CO, CO2, and NOx emissions and can be used in gas turbines or 
HCCI engines [305]. Studies on methane auto-ignition delay times with respect to MILD com-
bustion applications have shown different combustion regimes in CH4 oxidation [306]. Sabia 
et al. [307] performed a modeling study on auto-ignition delay times of methane and showed 
that only a few reaction mechanisms can predict an NTC behavior of methane. They explained 
that the competition of oxidation and recombination pathways is responsible for this phenome-
non. More precisely, CH3 radicals recombine to C2H6 at intermediate temperatures instead of 
favoring the oxidation pathway towards CO by forming methyl peroxide. As C2H6 is relatively 
stable at intermediate temperatures and stores CH3 radicals, the net reaction rate decreases. A 
similar behavior was found by Tao et al. [308], who measured the ignition delay times of acet-
aldehyde in a rapid compression machine at 10 atm. They observed an NTC region of acetal-
dehyde around 1000 K and showed that the concurrence of oxidation and recombination path-
ways with CH3 as a key component are responsible for this behavior. Apart from that, only a 
few experiments provide evidence of the NTC region of methane [151,261,264,309], although 
its oxidation has been studied extensively by many groups in flow reactors, e.g. [17,98,100–
102,197], and jet-stirred reactors [105].  
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A systematic investigation of the NTC behavior of methane regarding the influence of pressure 
and equivalence ratio is missing in the literature. As methane is an important fuel for future 
applications, reliable kinetic models are needed to describe the occurrence of the NTC region 
of methane to design and dimension such processes.  
In the present study, we used a plug-flow reactor to investigate the partial oxidation of methane 
at temperatures between 673 and 973 K, pressures between 1 and 20 bar and equivalence ratios 
of 2, 10 and 20. The work explores the influence of pressure and equivalence ratio on the NTC 
regime of methane. Different reaction mechanisms from literature were used to verify their 
ability to predict the change in reactivity for these fuel-rich mixtures. Additionally, reaction 
path and sensitivity analyses are performed to explain the NTC phenomenon and identify the 
most important reactions. 

10.2 Experimental methods 

The experiments were performed in a plug-flow reactor at 1 ≤ p ≤ 20 bar, 673 ≤ T ≤ 973 K and 
very high equivalence ratios (Table 10-1). A low volume flow rate of 280 sccm was used to 
approximate plug-flow, according to the dispersion model of Levenspiel [51]. A temperature 
rise due to exothermal heat release was dampened by a relatively high dilution with nitrogen. 
The residence time varied between 1.77–1.28 s at 1 bar and 35.41 – 25.39 s at 20 bar in the 
temperature range between 673 and 973 K, respectively, considering the complete reactor 
length. 
 
Table 10-1: Flow conditions. 

CH4  O2 N2  
[mol%] [-] 

5 5 90 2 
8.33 1.67 90 10 
9.09 0.91 90 20 
 

Details of the experimental setup can be found in [18,200]; a brief description is given here. 
The reactions take place in a 65 cm long quartz tube with an inner diameter of 6 mm. Compared 
to our previous work [200], the quartz tube is embedded in a silicon dioxide coated Inconel tube 
instead of stainless-steel, as it features a higher thermal and mechanical stability. In addition, 
catalytic reactions of gases, entering the gap between the quartz reactor and the Inconel tube 
are prevented. The tube is heated by heating tapes, wrapped around copper shells, which finally 
enclose the Inconel tube. An extended isothermal zone (±10 K) of 40 cm length with a steep 
temperature in- and decrease at the in- and outlet of the reactor is confirmed by temperature 
measurements along the centerline of the reactor prior to the experiments for different set tem-
peratures with a flow of 280 sccm nitrogen at atmospheric pressure. The residence time inside 
the isothermal zone can be described by τ[s] = 653*p[bar]/T[K]. Gases are metered by Coriolis 
mass flow controllers and the pressure is regulated by a heated needle valve downstream of the 
reactor. The complete pathway behind the reactor up to the exhaust downstream of the sampling 
point is heated to 450 K to prevent condensation of liquid products. The product gas is expanded 
to atmospheric pressure before it is analyzed by gas chromatography. Samples are taken 
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automatically by an auto-sampler, which guarantees excellent reproducibility. No contamina-
tions from previous measurements were observed. The GC is equipped with a MSieve 5A and 
a Q-Bond PLOT column for the separation of permanent gases and CO2, H2O as well as hydro-
carbons, respectively. Permanent gases are detected by a thermal conductivity detector and all 
other species by a mass spectrometer. A mixture of 12.5 % H2 and 87.5 % He was used as 
carrier gas to allow the detection of hydrogen [86,87]. Gases were calibrated using certified 
calibration mixtures, and liquids (Methanol, formaldehyde and water) were calibrated by self-
mixed mixtures. The uncertainties in calculated mole fractions are estimated to be around 10 % 
for all gaseous and around 20 % for liquid species. For H2, a higher uncertainty of 50 % is 
estimated due to very small signals in the low-percentage range (< 1 %). 

10.3 Modeling 

The plug-flow module of ChemKin Pro 19.2 [310] is used for the simulations, using the com-
plete temperature profiles, including the temperature ramps at the in- and outlet of the reactor. 
The plug-flow assumption, the influence of species diffusion, and heat release were assessed 

by shear-flow simulations for the most reactive mixture ( = 2, p = 20 bar). The highest tem-
perature increase of ∆T = 150 K, localized in a very small part of the reactor, was found for a 
set temperature of T = 773 K. Even in this extreme case, the mole fractions of the most im-
portant species at the reactor outlet do not differ more than 10 % from the plug-flow calcula-

tions. At  = 10 and p = 20 bar the temperature increase was less than ∆T = 40 K for a set tem-

perature of T = 773 K. A comparison of temperature profiles for  = 2 and  = 10 as well as 

mole fractions as a function of temperature for  = 2, obtained by plug-flow and shear-flow 
simulations, is found in the supplementary material (appendix C). Axial and radial mole fraction 
distributions further confirmed the plug-flow assumption, because nearly no radial gradient was 
observed (see appendix C). Consequently, only plug-flow simulations are presented in the re-
sults section.  
To identify reaction mechanisms from literature, which can predict NTC behavior, nine reaction 
mechanisms (Table 10-2) were chosen and compared with respect to the prediction of homo-
geneous, adiabatic, and isobaric auto-ignition delay times of a fuel-rich CH4/O2 mixture 

( = 10), at a pressure of p = 10 bar and diluted in N2
 (90 %).  

 
Table 10-2: Tested reaction mechanisms from literature. 

Model Ref. No. of species No. of reactions

Polimi [144] 107 2642 

GRI-Mech 3.0 [311] 53 325 

USC-Mech II [312] 111 784 

San Diego [313] 58 270 

LLNL [314] 1163 4714 

Aramco 3.0 [124] 581 3037 

PolyMech [19] 83 558 

Zhukov [154] 23 51 

Hashemi [102] 68 631 
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The auto-ignition delay times shown in Figure 10-1 represent the point, where the temperature 
of the mixture is 5 K higher than the initial temperature at a pressure of 10 bar. It is obvious 
that only four reaction mechanisms (Aramco 3.0, LLNL, Polimi and PolyMech) predict a large 
change in CH4 reactivity as a function of inlet temperature, as shown by the S-shape in the 
ignition delay times. These mechanisms were selected for the plug-flow simulations.  
 

 
Figure 10-1: Simulated ignition delay times (corresponds to a 5 K temperature rise) as a function of 

the initial temperature at  = 10 and p = 10 bar. 

 
The Aramco 3.0 mechanism covers C1 – C4-chemistry, including oxygenated species and per-
oxide chemistry. The Polimi mechanism has been developed for pyrolysis, partial oxidation and 
combustion of hydrocarbon and oxygenated fuels up to C16. The reaction mechanism of Sarathy 
et al. (LLNL) contains chemistry of 2-methyl alkanes up to C20 and alkanes up to C16. Regarding 
these two mechanisms only reduced versions (up to C3 and C8, respectively) were used here. 
The PolyMech mechanism represents the smallest mechanism and was developed for the de-
scription of polygeneration processes in internal combustion engines. It covers chemistry up to 
C3 and was validated against very fuel-rich CH4/dimethyl ether mixtures. 

10.4 Results 

Many species were detected experimentally at the reactor outlet as a function of temperature, 
pressure and equivalence ratio. All mole fractions of detected species are found in the electronic 
supplementary material (ESM). The detected product species cover synthesis gas (H2/CO), 
CO2, H2O as well as CH2O and CH3OH, and alkanes and alkenes up to C3. While synthesis gas 

and CH2O are preferentially formed at lower , CH3OH and higher hydrocarbons show a local 

mole fraction maximum at  = 10 within the investigated range of equivalence ratios. Higher 
pressures shift the reaction onset towards lower temperatures and they lead to an increased CH4 
conversion at higher temperatures. As mentioned in the experimental section, higher pressures 
lead to substantially larger residence times of the gases in the reactor and as a result also favor 
the conversion of CH4 and the formation of useful products like synthesis gas. To check, 
whether the observed NTC behavior is more sensitive to pressure or to residence time, 
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simulations were performed for all mixtures at pressures of 5 and 10 bar and the same residence 
times as in the 10 and 20 bar simulations (see ESM). As expected, higher residence times lead 
to higher conversions of the reactants and to higher product mole fractions. The results obtained 
with the longer residence times clearly differed from those obtained at the initial residence time 
at twice the pressure. More important for this study, the NTC behavior was only present for the 

same /p combinations as obtained in the simulations with the residence time equivalent to 
280 sccm gas flow rate in the experiments. The observations suggest that the pressure is more 
important with respect to the occurrence of this phenomenon than the residence time.  
As this study focuses on the occurrence of an NTC like behavior in CH4 oxidation, predomi-

nantly observed at high equivalence ratios, only the =10 and 20 mixtures are presented here. 
The measurements at 5 bar are not included in the paper but as electronic supplementary mate-

rial, because of negligible CH4 conversion at higher .  
After comparing numerical predictions with experimental results, reaction path analyses are 
shown to understand the NTC phenomenon in CH4 oxidation. Subsequently, sensitivity anal-
yses are performed and presented, followed by a short discussion on model improvement. 

10.4.1 Comparison between experimental and numerical results 

Figure 2 shows the mole fractions of the reactants CH4 and O2 and the products CO and C2H6 

as a function of temperature and pressure for the  = 10 (left) and 20 (right) mixtures. Experi-
mental results are represented by symbols and simulations by lines. Only simulations using the 
Aramco and the PolyMech mechanism are presented, because they showed better agreement 
with the experimental data. The comparison between experimental and numerical results ob-
tained by the other two mechanisms is provided as supplementary material (see appendix C).  
Simulations with the PolyMech mechanism predict much lower CO and higher CO2 mole frac-
tions at temperatures higher than 700 K as found experimentally. Sensitivity analyses revealed 
reaction (R 10-1) to be the most important one for CO2 formation. If its rate constant expression, 
given as k(cm³/mol∙s)=1.5x1014e-11879K/T was replaced by the expression 
k(cm³/mol∙s)=1.57x105T2.18e-9030K/T proposed by You et al. [276] and implemented in the Ar-
amco mechanism, a better agreement between model predictions and experimental data was 
obtained both for CO and CO2. All results shown here are obtained with the modified version 
of the PolyMech.  
 

CO + HO2 ⇌ CO2 + OH (R 10-1)
CH3 + CH3 ⇌ C2H6 (R 10-2)

H2O2 (+M) ⇌ OH + OH (+M) (R 10-3)
CH3 + HO2 ⇌ CH3O + OH (R 10-4)

2 HO2 ⇌ H2O2 + CH3 (R 10-5)
CH4 + HO2 ⇌ H2O2 + CH3 (R 10-6)

CH2O + HO2 ⇌ CHO + H2O2 (R 10-7)
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Figure 10-2: Mole fractions of major species as a function of temperature and equivalence ratio (left: 

 = 10, right:  = 20). Symbols: experiment, lines: simulations based on the Aramco 
(dashed lines) and modified PolyMech mechanism (solid lines). 

 
Depending on pressure, CH4 conversion starts at temperatures between 723 K and 773 K, as 
seen in figure 2. A 5 bar pressure increase and the simultaneous increase in residence time by 
approximately 33 % leads to a 25 K shift of the reaction onset towards lower temperatures. The 
maximum conversion increases with pressure and residence time. This effect is more pro-

nounced at  = 20, especially going from 10 to 15 bar. Following the trend of the mole fractions 
as a function of temperature, a change in reactivity is clearly seen between 773 K and 973 K. 

In the measurements with an equivalence ratio of  = 10, the temperature dependence of the 
mole fractions shows similar trends at 15 bar and 20 bar, while the measurements at 10 bar 

differ. The experimental temperature dependence of the  = 20 mixture at 10 bar and 20 bar 
differs significantly and the curves obtained at 15 bar show an intermediate behavior. In detail, 

the mole fractions of CH4 and O2 decrease continuously with temperature for  = 10 at 15 bar 

and 20 bar, and for  = 20 at 20 bar. For all other conditions, the mole fractions of CH4 and O2 
decrease up to a local minimum at around 823 K, increase up to a local maximum at 923 K and 
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decrease again at higher temperatures. An inverse dependence of mole fraction on temperature 

is observed for CO. For C2H6, only at  = 20 and p = 10 bar a decrease of mole fraction with 
increasing temperature is observed below 900 K. At all other conditions, the mole fractions of 
C2H6 start to increase 25 K after the reaction onset and rise with temperature up to a local max-
imum at temperatures around 900 K, followed by an accelerated consumption at higher tem-
peratures. The temperatures for C2H6 formation correspond to the temperatures, at which for-
maldehyde (CH2O) and methanol (CH3OH), formed at lower temperatures, are consumed (see 
ESM). Both, the formation of C2H6 via reaction (R 10-2) and the consumption of the oxygen-
ated species should be responsible for the decreased reactivity between 773 K and 973 K. 

For  = 10, the simulations are in good agreement with the experimental results at pressures 
higher than 10 bar. At 10 bar, both models are not able to predict the mole fractions correctly. 
While the PolyMech mechanism underpredicts the reactivity of the mixture, shown by higher 
mole fractions of CH4 and O2, compared to the experiment, the Aramco mechanism predicts a 
much higher reactivity, resulting in an almost complete consumption of O2 at temperatures 
above 800 K. Also, the NTC behavior is not predicted by the Aramco mechanism to the same 
extent as observed in the experiments and predictions using the PolyMech mechanism. The 

difference between both predictions is even more pronounced at  = 20. Here, the PolyMech 
simulations, are in very good agreement with the experimental results, whereas the Aramco 
simulations fail to predict the mole fractions qualitatively for the mixtures investigated at pres-
sures of 10 and 15 bar.  

10.4.2 Reaction path and sensitivity analyses 

Because the modified PolyMech mechanism captures the trends in the experimental results bet-
ter, it was chosen for reaction path analyses, which aim to understand the reason for the reac-
tivity changes observed in the mixtures. Subsequently, to identify specific differences in the 
model that lead to the observed disagreement between experiment and simulations in Figure 
10-2, the reaction pathways obtained with the modified PolyMech and the Aramco mechanism 
are compared and lead to suggestions for model improvement. Although the mechanism under-

predicts the reactivity for the  = 10 mixture at 10 bar, this condition was selected for the anal-
ysis, because the simulated trends of the mole fractions are in very good agreement with the 
experiment and the NTC phenomenon is particularly pronounced. The reaction pathways were 
analyzed at temperatures of 823 K, 923 K and 973 K, representing conditions before, in the 
middle of, and after the NTC regime. All analyses were performed at the position in the reactor 
where 2 % of CH4 is consumed in terms of comparability. The values given in brackets indicate 
the relative rate of the consumption of the limiting reactant. In addition, the darker the lines the 
higher the absolute rate of production along the indicated pathway. The consumption of CH4 
mainly proceeds via H-abstraction by OH radicals for all temperatures, yielding methyl (CH3) 
radicals. The CH3 radicals have four main consumption pathways: the oxidation initiated by 
hydroperoxyl (HO2) radicals to methoxy radicals (CH3O), the reaction with O2 producing 
CH2O, the reaction with CH2O forming CHO, and the self-recombination yielding C2H6. At 
823 K, an additional pathway towards methyl peroxide (CH3O2) is active via O2 addition. Be-
cause of the fuel-rich mixtures and the associated low amount of oxygen in the mixture, this 
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pathway becomes unimportant at higher temperatures, where most of the oxygen is consumed 
by the C2H6 oxidation pathway. 
Comparing the reaction pathways at 823 K and 923 K, it is obvious that the importance of the 
pathways leading to CH3O decreases with increasing temperature, while the importance of the 
recombination pathways increases. This shift results in a decreased production of HO2 radicals 
(for example via CHO+O2=CO+HO2), while the remaining CH3 radicals are stored in C2H6, 
which is relatively stable at these temperatures. Two of the main sources for OH radicals, which 
are the most important radicals for CH4 consumption, are the reactions (R 10-3) and (R 10-4). 
Because H2O2 is mainly formed by the reactions (R 10-5) and the formation of HO2 is sup-
pressed, the net production of OH decreases. In addition, pathways forming CH4 become more 
important at higher temperatures like the reactions of CH2O or C2H6 and C2H4 with CH3 radi-
cals, seen in Figure 10-3. This effect further decreases the net consumption of CH4.  
At higher temperatures, the oxidation of C2H6 becomes more significant and the reactivity of 
the mixture increases. This change is shown by the decreasing C2H6 mole fractions at high 
temperatures in Figure 10-2 and the slightly darker lines between C2H6 and C2H5 in the reaction 
pathway for T = 973 K in Figure 10-3. In fact, the absolute carbon flux between C2H6 and C2H5 
is two and five times higher compared to T = 823 K and T = 923 K, respectively. Besides an 
enhanced consumption of C2H6, additional pathways appear due to the oxidation of C2H4 and 
lead to the formation of more CO, for example. Increasing CO mole fractions at higher temper-
atures outside of the NTC regime (see Figure 10-2c), confirm the plausibility of the reaction 
pathways. 

 

 
Figure 10-3: Reaction path analysis using the modified PolyMech mechanism for 2 % CH4 consump-

tion at (a) 823 K, (b) 923 K and (c) 973 K, a pressure of 10 bar and  = 10. The percent-
ages show the relative rate of consumption of the limiting reactant and line darkness 
represents the percentage of carbon flux, related to the highest carbon flux within the 
reaction path, which is found between CH4 and CH3 at 823 K. 
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Besides reaction path analyses, sensitivity analyses were performed for 823 K, 923 K and 
973 K, to unravel key reactions with a strong influence on the prediction of CH4 consumption 
(see Figure 10-4). The sensitivity coefficient (Si) is defined as 
 

	
∆ /
∆ /

 (10-1)

 
where xi represents the mole fraction and ki the rate constant of the specific reaction. Figure 
10-4 shows that the consumption of CH4 is mainly sensitive to reactions forming H2O2 or, fi-
nally, OH. But, at 823 K, reactions related to CH3O2 are also important for the prediction of 
CH4 conversion, as still enough oxygen is present in the mixture for the reaction to proceed 
along the peroxide pathway (see Figure 10-3a). The formation of CH4 is mainly sensitive to the 
recombination pathway to C2H6 (reaction (R 10-2))(R 10-2) at all temperatures. The reason for 
the already high sensitivity of reaction (R 10-2) at 823 K is the beginning of the NTC regime 
at only slightly higher temperatures, so the influence of C2H6 formation and the associated stor-
age of radicals can already be present. Performing the sensitivity analysis for 773 K affirms this 
statement, as the sensitivity of reaction (R 10-2) is much lower (0.016) than at 823 K. The 
sensitivity of reaction (R 10-2) does not significantly change at 923 K, whereas reaction (R 
10-4) and the reaction of CH3O2 and CH3 to CH3O become much less sensitive for CH4 for-
mation and consumption. At 973 K, both OH formation reactions and the recombination path-
way gain importance. That is because the temperature is high enough for C2H6 oxidation to 
proceed to a larger extent compared to lower temperatures, so more radicals are formed in total 
and the oxidation pathway is favored. 
 

 
Figure 10-4: Sensitivities of the formation and consumption of CH4 at (a) 823 K, (b) 923 K and (c) 

973 K,  = 10 and p = 10 bar using the modified PolyMech mechanism. 

 
To identify specific differences between the used models, the reaction pathway predicted by 
the Aramco mechanism was compared to the reaction pathway predicted by the modified Poly-
Mech mechanism shown in Figure 10-3a at the same conditions (see ESM). A significantly 
higher carbon flux and an additional reaction path from C2H5 to C2H5O2 via O2 addition was 
obtained for the Aramco mechanism. The dissociation of C2H5O2 and of the subsequently 
formed species C2H5O2H leads to OH and HO2 radicals, increasing the reactivity of the mixture. 
In addition, the rate constant expression for reaction (R 10-2) leads to lower reaction rates so 
the oxidation pathway is favored compared to the PolyMech mechanism. The oxidation 
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produces HO2 and OH radicals via reactions (R 10-4) – (R 10-7) and the dissociation of 
CH3O2H. Significantly higher reaction rates for reaction (R 10-6), together with the much 
higher reaction rates for the reaction of CH3O2 and CH2O yielding CH3O2H and 5 % higher 
reaction rates for its dissociation lead to a higher reactivity of the mixture and an increased 
oxidation of CH4 in the Aramco simulations. As a result, the importance of the C2-peroxide 
pathway and the mentioned reactions should be reassessed to improve reaction mechanisms for 
the very fuel-rich mixtures. 

10.5 Conclusions 

In this work, the partial oxidation of CH4 was investigated experimentally at very high equiva-
lence ratios, temperatures between 673 and 973 K and pressures between 1 and 20 bar in a plug-
flow reactor. Special emphasis was placed on the NTC behavior in CH4 oxidation, which was 
so far only observed in a few experimental studies. In the present work, NTC behavior for 

methane was also observed at  = 10 and p = 10 as well as  = 20 and p = 10 bar and p = 15 bar 
in a temperature range between 823 K and 973 K. Accompanying simulations showed that only 
the Aramco 3.0 and the PolyMech mechanism predicted the kinetics well for these conditions. 

At  = 20, only the PolyMech mechanism, as the only reaction mechanism developed for and 
validated against such conditions, was able to predict the change in reactivity correctly. How-
ever, in the PolyMech the rate coefficient expression for the reaction of CO and HO2 had to be 
exchanged to the one proposed by You et al. [276] in order to predict the experimental data 

well. Only at p = 10 bar and  = 10, the model underpredicts the reactivity of the mixture, but 
can predict the trends of mole fractions as a function of temperature accurately. The NTC be-
havior in methane oxidation is due to the competition between oxidation and recombination 
pathways, as revealed by reaction path analyses. In addition, CH4 producing pathways at low 
temperatures intensify this competition by reducing the net conversion of CH4. The most sen-
sitive reactions for a correct prediction of CH4 consumption and formation are found to be 
reactions forming OH radicals and C2H6, respectively. A comparative reaction path analysis 
using another state-of-the-art reaction mechanism helped to provide directions in improving 
reaction mechanisms for these extremely fuel-rich mixtures. 
Future applications like polygeneration processes or MILD combustion are based on uncom-
mon reaction conditions, emphasizing the need for experimental results for the development of 
suitable reaction mechanisms, which can help to design such processes. 
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Abstract 
Piston engines are typically considered devices converting chemical energy into mechanical 
power via internal combustion. But more generally, their ability to provide high-pressure and 
high-temperature conditions for a limited time means they can be used as chemical reactors 
where reactions are initiated by compression heating and subsequently quenched by gas expan-
sion. Thus, piston engines could be “polygeneration” reactors that can flexibly change from 
power generation to chemical synthesis, and even to chemical-energy storage. This may help 
mitigating one of the main challenges of future energy systems – accommodating fluctuations 
in electricity supply and demand. Investments in devices for grid stabilization could be more 
economical if they have a second use. 
This paper presents a systematic approach to polygeneration in piston engines, combining ther-
modynamics, kinetics, numerical optimization, engineering, and thermo-economics. A focus is 
on the fuel-rich conversion of methane as a fuel that is considered important for the foreseeable 
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future. Starting from thermodynamic theory and kinetic modeling, promising systems are se-
lected. Mathematical optimization and an array of experimental kinetic investigations are used 
for model improvement and development. To evaluate technical feasibility, experiments are 
then performed in both a single-stroke rapid compression machine and a reciprocating engine. 
In both cases, chemical conversion is initiated by homogeneous-charge compression-ignition. 
A thermodynamic and thermo-economic assessment of the results is positive. Examples that 
illustrate how the piston engine can be used in polygeneration processes to convert methane to 
higher-value chemicals or to take up carbon dioxide are presented. Open issues for future re-
search are addressed. 

11.1 Introduction 

In the transformation of the energy system towards sustainable sources of primary energy, like 
wind, solar, and biomass, several approaches for the conversion and storage of energy are dis-
cussed. A large part of the primary energy from such sources will be available in the form of 
electricity, and large fluctuations in generation and demand on various timescales will have to 
be handled. Storing energy in electrochemical devices like batteries seems an obvious solution 
since it has the advantage of high conversion efficiencies. However, this is counterbalanced by 
the low volumetric and specific energy densities and the high costs per unit stored energy. Thus, 
energy storage in batteries will remain limited in capacity. For the large-scale energy storage 
that is required to bridge longer time spans and to enable long-distance mobility, chemical stor-
age in bulk materials is important.  
A considerable amount of the sustainable primary energy is expected to come from biogenic 
sources, including biogas consisting to a large part of methane. In addition, in several CO2-
reduction scenarios, it appears that natural gas will continue to be converted at least on an ex-
tended intermediate time scale, until the CO2 reduction surpasses 90 % [315]. Currently, 95 % 
of the global use of methane (or natural gas) is for energy conversion, while only about 5 % are 
used in chemical industry, mainly via conversion to synthesis gas (H2/CO mixtures, also abbre-
viated “syngas”) and then towards different useful chemicals like alcohols, alkenes, and others. 
Syngas production can go along different paths, such as steam reforming or partial oxidation. 
Exergetic efficiencies near 63 % are reached for these processes [316]. The energetic use of 
methane takes place in combustion processes, either in stand-alone piston engines and gas tur-
bines, or in combined-cycle power plants. The exergetic efficiency of the latter is good 
(> 60 %), while the efficiencies of the former two are much lower, often below 35 %. One may 
ask whether a combined process producing work, heat, and useful chemicals may have a better 
efficiency than two separate processes. For several polygeneration systems this advantage has 
been demonstrated. However, the literature examples mostly concern otherwise unchanged pro-
cesses that are combined into polygeneration systems by coupling heat flows or by re-using 
otherwise unused exhaust streams, e.g. Ref. [317–321]. Additionally, such a polygeneration 
process that can be shifted between different input and output targets could dampen the fluctu-
ating availability and demand of electrical energy. 
The combustion community traditionally aims to describe, predict, and design combustion sys-
tems in which the chemical reactions are coupled to various, often turbulent flow fields to 
achieve high conversion efficiencies with low amounts of pollutant formation. Since 
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mechanical work (or sometimes kinetic energy, as in aerospace engines) is the typical target 
output of such processes, stoichiometric or fuel-lean combustion has been in the center of in-
terest. Complex chemical reaction mechanisms were developed to predict the pollutant for-
mation and thus control the processes to minimize pollutant concentrations in the exhaust gases. 
The main pollutants addressed are nitric oxides, particles including soot, and unburned or par-
tially oxidized hydrocarbons.  
Such partially oxidized species are pollutants when exhausted to the environment but are actu-
ally useful when produced in the chemical industry. For them to be synthesized in high-tem-
perature reactions, the equivalence ratio must be fuel-rich, which is unusual for traditional com-
bustion. The question then is if and how the approaches and mechanisms used for traditional 
combustion can also be employed or extended towards fuel-rich combustion to understand and 
create operating conditions in piston engines that maximize the output of useful chemicals. 
Several issues arise. One of them is the feasibility of initiating reactions on a time scale that is 
characteristic for typical engine processes. Another one is the competition of the formation of 
the wanted small (oxygenated) hydrocarbon species with the formation of unwanted by-prod-
ucts like soot. Other important questions include the challenges of gas separation and the overall 
thermodynamics and economics.  
The compression-expansion process in an internal combustion (IC) piston engine has direct 
influence on the reacting gas mixture. Compression leads to a temperature rise initiating high-
temperature reactions, while the expansion stroke leads to a temperature decrease that can be 
useful to slow down (freeze) the reactions and prevent the conversion of valuable metastable 
intermediates, so that they can be harvested from the product stream. One may ask how to 
choose a time–temperature profile that leads to high yields of wanted products and reduces the 
formation of unwanted products. Some of the primary issues are related to the potential products 
that can be expected from thermodynamics and chemical reaction kinetics: Besides syngas, is 
it possible to produce significant amounts of unsaturated or partially oxidized hydrocarbons? 
Can the formation of large amounts of soot be prevented? Is the flame-speed-controlled spark-
ignition process preferable or a kinetically controlled homogeneous-charge compression-igni-
tion (HCCI) process, where the premixed mixture is ignited due to compression? Methane and 
natural gas are comparably inert, and high temperatures are needed for ignition. This property 
may lead to problems in the HCCI process. Ignition-enhancing additives might be of interest to 
increase reaction rates already at moderate temperatures. 
Methane reforming in IC engines has been investigated in the past. Since a recent extensive 
review on fuel reforming in IC engines by Tartakovsky and Steintuch is available [322], only a 
few papers are mentioned here. Very recently Eyal and Tartakovsky analyzed the entropy pro-
duction in HCCI engines with external reforming and found efficiencies improved by 7 – 9 % 
[323]. In a dual-fuel approach with thermochemical recovery, Chuahy and Kokjohn improved 
the second-law efficiency by 20 % [324]. Reforming in HCCI engines was also investigated 
with the respect to reducing the pressure rise rate, but turned out to be of minor importance 
[325]. But fuel reforming with the heat from the exhaust gas may help in HCCI control [326]. 
However, in these works the fuel was reformed outside of the engine itself, and the main pur-
pose of the overall process was to produce mechanical power.  
Also true in-cylinder reforming has been investigated. Already in 1956, Szeszich produced syn-
gas in a spark-ignition (SI) engine via partial oxidation of methane/oxygen mixtures [327]. 
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Equivalence ratios between  = 2.58 and 2.86 yielded up to 95 vol% syngas in the dry exhaust 
(product) gas. McMillian and Lawson investigated the combustion of fuel-rich natural-gas mix-
tures in SI engines in experiment and simulation [328]. At a compression ratio of ε = 13.3 and 

equivalence ratios from  = 1.3 to 1.6, H2 fractions of up to 11 vol% in the dry exhaust were 
found. Lim et al. [13] preheated the intake mixture up to 723 K to achieve stable SI operation 
at equivalence ratios between 1.8 and 2.8. at ε = 13.8. They added H2 and C2H6 to the mixture 
and found that especially H2 addition reduced the required intake temperature. Karim et al. 
investigated partial oxidation in a Diesel engine. Fuel-rich mixtures of methane and oxygen-
enriched air were ignited by a very short diesel fuel injection [329]. This enabled operation up 

to about  = 2.4 and yielded a maximum syngas fraction of 80 % in the dry exhaust. While the 
chemical conversion was investigated in some depth, the thermodynamic and economic assess-
ment is often lacking, even though it is crucial for large-scale and wide-spread implementation. 
Reaction mechanisms for the fuel-rich regime exist, but generally they are not well-validated 
for high equivalence ratios. Therefore, their evaluation and improvement are necessary, which 
includes validation experiments with respect to ignition kinetics and product species predic-
tions. Several mechanism describing the oxidation of DME or CH4/DME mixtures are pub-
lished, e.g. Fischer et al. (79 species / 683 reactions, up to C2-species) [164], Zhao et al. (55 
species / 290 reactions, up to C2-species) [178], Prince and Williams (63 species / 284 reactions, 
up to C4-species) [330], Burke et al. (113 species / 710 reactions, up to C3-species) [117], Aram-
coMech2.0 (493 species / 2716 reactions, up to benzene) [145], AramcoMech3.0 (581 species 
/ 3037 reactions, up to C4 and PAH) [124]. Our own mechanism, “PolyMech”, has 83 species 
and 558 reactions up to benzene. To describe the oxidation and product formation at very fuel-
rich conditions, a mechanism must contain benzene, which was identified as one of the main 

products at  = 10 in high-pressure shock-tube experiments [19]. Other than PolyMech, only 
AramcoMech2.0 [145] and AramcoMech3.0 [124] fulfill this requirement, but the former is 
much smaller than the latter two, making it much more suitable for complex simulations and 
optimizations.  
It is imaginable that polygeneration processes can even be used for chemical storage of me-
chanical work in endothermal and endergonic processes. That may involve even more unusual 
thermo-chemical states. Experiments for the development and improvements of reaction mech-
anism can take place in flow reactors, shock tubes, or rapid-compression machines (RCM), the 
latter being already a first step towards a reciprocating piston engine.  
While conditions are easily varied in an RCM, there are more complexities in real engines. 
Intake preheating or variations in compression ratio and reactant compositions may entail sig-
nificant hardware modification. In particular in HCCI mode, excessive cycle-to-cycle variations 
and high pressure rise rates limit useful engine operation. Therefore, engine experiments are 
crucial for identifying practical issues and determining realistic efficiencies and yields. The 
number of process parameters can become quite large, i.e., intake temperature and pressure, 
compression ratio, equivalence ratio, engine speed, additive concentrations, etc. Here, mathe-
matical optimization, even with less-than-perfect reaction mechanisms, can help the experi-
mentalists to choose promising sets of conditions. For this optimization, but also for future 
multi-dimensional modeling of complex turbulent flows with fuel-rich chemistry, a reduction 
of the newly developed and optimized reaction mechanisms is necessary. 
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In addition to the processes in the IC engine itself, a polygeneration process may require up-
stream conditioning of the reactants, like preheating, compression, or mixing, and then down-
stream separation and after-treatment of the products. The associated thermodynamic losses (or 
gains) cannot be neglected in an accurate evaluation of the overall efficiency. Beyond thermo-
dynamics, the economics of the process need to be assessed, again in comparison with separate 
processes with the same products. Since large uncertainties are present in such an analysis, a 
global sensitivity analysis helps finding the most important parameters and possible price 
ranges for the products, and their uncertainty. 
This overview indicates that the cooperation of several scientific disciplines is required, includ-
ing contributions from combustion science. In the following, the reasoning, procedures, and 
most important results will be presented from such an inter-disciplinary collaboration. The ar-
ticle follows the collaborative research procedure. It is structured along the initial (a priori) 
selection and evaluation of promising parameters and processes, followed by the discussion of 
kinetics studies and model development and reduction. The implementation in an RCM and a 
reciprocating IC engine follows, before the thermodynamics and thermo-economics of the com-
plete process including gas separation are discussed for a selected example. In all parts, the 
main example process is partial oxidation with positive work output from the system, but energy 
storage systems, where work is transferred into the system, are also considered. 

11.2 Thermodynamic and kinetics assessment – a priori 

11.2.1 Thermodynamics 

The combustion of methane (or any other hydrocarbon) at an equivalence ratio  = 1 can be 
complete with the products of lowest chemical potential formed, water and carbon dioxide: 
 

CH4 + 2 O2 ⇌ CO2 + 2 H2O (R 11-1)
 
This reaction is strongly exothermal and exergonic, with Gibbs energies (Gr) and enthalpies 
(Hr) of about –800 kJ/mol, as seen in the first row of Table 11-1. If the amount of O2 is reduced, 
as seen in the next lines of the table, the reaction becomes less exothermal and exergonic, but 

it remains exergonic even at an equivalence ratio  = 4 (row/reaction (3)). The change in Gibbs 
energy gives the amount of work which could potentially be transferred from the system. Thus, 

even for reactions carried out at  = 2 (row/reaction (2)), significant work (–315 kJ/mol1) could 
be transferred from the system along a reversible path, while syngas with an H2 / CO ratio of 
unity is produced.  
Instead of evaluating the material and energetic outputs separately, a holistic concept is prefer-
able. From thermodynamics, the concept of exergy (or available energy) is available for that 
purpose. Exergy is conserved in reversible processes, while it is (in part) destroyed in irreversi-
ble processes. Lean combustion generally leads to much exergy destruction, limiting the effi-
ciency of such processes. The exergetic analysis of fuel-rich combustion in gas-turbine cycles 
[94] shows that the exergy is conserved to more than 85 % at equivalence ratios above 2, while 

 
1 The so-called “European” thermodynamics sign convention is used throughout this work. Energy flows into the 
system are positive, out of it negative. 
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it was below 70 % in the fuel-lean regime. Thus, fuel-rich combustion with work transfer from 
the system seem to be promising. As opposed to that previous work, the current investigation 
focuses on piston engines rather than gas turbines, mostly because the experimental effort is 
much lower, but that preliminary conclusion from theory should still hold. 
Table 11-1 also shows that if O2 is not added (row/reaction (4)), endergonic and endothermal 
conversion can take place, e.g., to form acetylene (C2H2). This would be a possible way to store 
mechanical energy by increasing the Gibbs energy of the gas mixture. The products could either 
be used later in combustion reactions making use of their increased combustion enthalpy, or 
preferably, they could be used directly in the chemical industry. One could even combine the 
endothermal-endergonic conversion of methane with the carbon dioxide conversion to form 
syngas via dry reforming (row (5)). This could be one step within a carbon capture and utiliza-
tion (CCU) processes. Again, the syngas produced this way could be burned or used, e.g., in a 
Fischer-Tropsch synthesis. 
 
Table 11-1: Gibbs energies (Gr) and enthalpies (Hr) of methane reactions with different amounts of 

oxygen or carbon dioxide at 300 K. The stoichiometric coefficients are taken to be pos-
itive for the products. The minor entropy changes due to the deviation of each partial 
pressure from 1 bar were neglected. The table was calculated with the thermodynamics 
data from the NASA tables for 300 K and 1 bar [331]. 

CH4  O2 CO2 CO H2 C2H2 H2O  Gr Hr  
Stoichiometric coefficients  kJ/mol kJ/mol  

-1 -2 1 0 0 0 2 1 -800.99 -802.54 (1) 
-1 -1 0 1 1 0 1 2 -315.45 -277.71 (2) 
-1 -0.5 0 1 2 0 0 4 -86.95 -35.86 (3) 
-1 0 0 0 1.5 0.5 0  155.67 188.75 (4) 
-1 0 -1 2 2 0 0 - 170.09 247.13 (5) 

11.2.2 Kinetics 

Although the thermodynamic analysis promises small exergy losses if methane is converted in 
a polygeneration process, such a process may not be technically feasible because of the low 
reactivity of methane. For HCCI, ignition of the gas mixture must take place as a result of the 
temperature rise after compression and initiate the radical chemistry responsible for both pyro-
lytic and oxidative processes. Ignition delay times (IDTs) in a piston engine mainly depend on 
the initial temperature of the gas mixture, the compression ratio, and the heat capacity ratio. 
The available time is related to the engine speed. At speeds between 600 and 3000 rpm (revo-
lutions per minute), the entire cycle takes place on a time scale of some tens of milliseconds. 
Maybe one-tenth of the cycle is available if ignition and the bulk of the reactions are to complete 
near or shortly after top dead center (TDC), which is thermodynamically most favorable. Me-
thane ignition generally has IDTs of less than 1 ms for temperatures above 1300 K. The heat 
capacity ratio increases with the equivalence ratio, reducing the temperature reached at TDC. 
This can be counterbalanced by higher intake temperatures or higher compression ratios. If 
conventional IC engines are to be used, the intake temperature should remain below 430–470 K, 
although some researchers modified the engine such that 753 K were possible [13]. Typical 

compression ratios  = Vmax / Vmin are in the range of 8–25.  
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Additives that ignite at lower temperatures can reduce the required intake temperature. Several 
additives are possible candidates as ignition enhancers for methane, e.g., n-heptane [199], di-
methyl ether (DME) [19], or other ethers [155,182,189,332]. Hegner et al. [96] performed a 
simulation-based pre-selection of process parameters and additives. Using a detailed chemical 
mechanism, but without soot formation, the engine cylinder was modeled as a homogeneous 
adiabatic single-zone reactor. A series of consecutive strokes was simulated, including the ef-
fect of mixing the remaining reacted gas mixture with the unreacted fresh gases at the start of 
each compression. Selecting a base case with an engine speed of 3000 and a compression ratio 
of 16.5 with methane and air as reactants, the influence of several parameters on the required 
intake temperature and on several output parameters was investigated. At an equivalence ratio 
of 2, an intake temperature of 635 K was needed to ignite methane. Increasing the compression 
ratio to 22 reduced that to 555 K. Reducing the engine speed to 600/min instead had a compa-
rable effect (560 K), while replacing 10 mol% of the methane by DME reduced the intake tem-
perature to 455 K. The work output per cycle (but not per mass of fuel) did not vary much when 
increasing the equivalence ratio from 0.5 to 2, but the exergetic efficiency of this idealized 
system increased by 12 %-points. Thus, DME addition appears to be a promising approach for 
enabling an HCCI polygeneration process and its influence on ignition kinetics and engine op-
eration was investigated in more detail, as discussed below.  
The residual gas from the previous cycle – depending on the compression ratio 5 – 10 vol% of 
the fresh charge – influences the current cycle. Since this gas has a higher temperature than the 
intake, it is expected to reduce the required intake temperature. Figure 11-1 shows a typical 
example of a crank-angle resolved simulation result for methane conversion at an equivalence 
ratio of 2, calculated with the mechanism of Burke [117].  
 

 
Figure 11-1: Crank-angle resolved simulation of methane conversion (without additive) for an equiv-

alence ratio of  = 2, an engine speed N = 600 rpm, a compression ratio ε = 18 and an 
intake temperature of 428 K. 

 
The simulation is converged on a cycle basis, i.e, each cycle does not differ from the previous 
one. The intake temperature needed for ignition of pure methane at an engine speed of 600 rpm 
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and  = 18 is 428 K, while it is 560 K if the residual gas is excluded. From the figure it is seen 
that relatively large fractions of H2 and CO are formed at 11°CA after top dead center (aTDC). 
These species also survive until the end of the cycle. This is different for ethylene and acetylene. 
Both are produced in low concentrations between 10 and 11°CA, and both are converted 
quickly at these conditions.  
The final mole fractions near 180 °CA describe the potential composition of the product gas of 
a polygeneration process. They are shown in Figure 11-2 as a function of equivalence ratio for 
methane as fuel with a compression ratio of 18 and an engine speed of 600 rpm. H2 and CO are 
predicted to be produced in considerable mole fractions, generally with an H2 / CO ratio above 
1. Unsaturated hydrocarbons like acetylene and ethylene are predicted to be formed at lower 
concentrations at very fuel-rich conditions. Since air is the oxidizer here, large fractions of N2 
are present in the mixture, thus the product mole fractions are in part limited by the inert-gas 
mole fraction. The separation of the product-gas mixture will need to be addressed later. It is 
also seen that at these conditions the methane conversion is incomplete at higher equivalence 
ratios. 
 

 
Figure 11-2: Major product species as a function of equivalence ratio (N = 600 rpm, ε = 18) on the 

left axis. The intake temperature needed for ignition is plotted on the right axis. 

11.2.3 Product yield optimization 

Ethylene is an important industrial chemical and the precursor for polyethylene. A catalytic 
polygeneration process for its production has been mathematically optimized [321]. It is inter-
esting to explore a potentially simpler non-catalytic process in an engine. However, the mole 
fractions of ethylene shown in the previous section are in the range of 0 to 2.5 % and are thus 
relatively low. Numerical optimization was employed to potentially find operating conditions 
leading to higher product yields. For ethylene production, a suitable objective function to be 
maximized in such optimization is the mole fraction of ethylene at the end of the expansion 
stroke. The optimization variables here are the engine speed N, and the fresh gas composition 
n(t0), where the considered reactants are CH4, DME, O2, and N2. The initial temperature T0 is 
kept constant for each optimization run. Two linear constraints are formulated: One to ensure 
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that the initial pressure p0 is equal to 1.0 bar, by using the ideal gas equation. The second linear 
constraint ensures that the N2/O2 ratio corresponds to that of air. An inequality constraint is in 
place to make sure that the amount of additive is at most 10 % of the fuel. This avoids potential 
situations in which the additive is the main fuel component instead of methane. Bounds for the 
engine speed were set to 60 – 6000 rpm. As for the work discussed in the section above, a 
simple single-zone model was used [97] with the chemical mechanism “PolyMech” [19] in-
cluding detailed chemistry without soot, as will be discussed in Section 11.3.1. 
Figure 11-3 shows the results of the optimization for C2H4 as a function of the fresh gas tem-
perature. The bottom graph shows the optimal conditions at a given temperature that lead to the 
yields Y and conversion X (i.e., the outcome) shown in the top graph. The top graph also shows 
the conversion of methane on the right axis at the corresponding conditions shown in the bot-
tom. DME is fully converted at all shown conditions; for clarity, this is not shown in the figure. 
Although the C2H4 mole fraction at the end of the expansion stroke was maximized in the opti-
mization, the top graph shows the yield (left axis) as this represents a better metric to assess the 
outcome of the process. Except for H2, the yield was calculated on the basis of C atoms accord-
ing to the formula 
 

,
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∑ ,ℓ ℓ
ℓ

ℓ∈

 (11-1)

 
where aj,i is the number of atoms of type j (i.e., element) in species i, I denotes the set of species 
indices, and n is the amount of substance. Equation (11-1) effectively states how many of the 
initially available atoms of type j (given by the sum in the denominator) are bound in product 
i.  
 

 
Figure 11-3: Result of an optimization for C2H4 using PolyMech [19]. Top graph: yields and conver-

sions, bottom graph: optimization variables. The x-axis is the initial temperature T0 that 
was held constant for each optimization. 

 



11 The piston engine as a polygeneration reactor 

172 

The engine speed (optimization variable) is plotted directly, while the gas composition is rep-

resented by the equivalence ratio  and the molar fraction of DME in the fuel. For example, at 

T0 = 600 K, the optimal remaining operating parameters are  = 3.5, a fuel composition of 4.7 % 
DME and 95.3 % CH4, and an engine speed of 6000 rpm. Operating the engine with those 
parameters is predicted to result in a C2H4 yield of 19.8 %.  
In the considered temperature range, the predicted C2H4 yields are between 15 % at 400 K and 
over 21 % at 750 K. At intake temperatures above about 520 K, the optimum engine speed is 
always at the maximum set limit of 6000 rpm, indicating that higher yields could be obtained 
at higher speeds. Optimum equivalence ratios are between 2.8 at the lowest temperature and 
4.2 at the highest. A similar relation between temperature and equivalence ratio was observed 

for the H2 optimization ( = 2.5 – 3). High temperatures permit richer mixtures, i.e., higher  
values. The predicted DME content in the fuel spans the complete range of permissible values. 
At lower intake temperatures, the optimization predicts a DME content of 10 %, corresponding 
to the set bound. This value decreases almost linearly to nearly 0 % at 725 K. Over the entire 
range of considered inlet temperatures, DME was fully converted (not shown in the figure), 
whereas CH4 showed conversions of approx. 80 %. 
Figure 11-3 also shows the yields of other species as dashed lines. It can be seen that although 
the optimization was carried out for C2H4, other valuable species are also produced with signif-
icant yields. H2 yields of around 40 %, C6H6 yields of 8 – 10 %, but also small fractions of C2H2 
(yields of 0.7 – 3.1 %) were obtained. A production of formaldehyde and methanol was not 
predicted under these conditions. Such optimizations can also be carried out for other valuable 
chemicals. Since most of them are not stable at high temperatures, the optimized parameters 
will lead probably to high-speed engine operation. 
The results and reasoning so far rely on theory and on models that were in general not developed 
for such fuel-rich conditions. Thus, the development of validated models using kinetics exper-
iments is discussed next. 

11.3 Kinetics: model development and experiments 

Generally, kinetic models in combustion are optimized to predict ignition delay times and flame 
speeds correctly, while the prediction of product species is of minor importance, except when 
pollutants are addressed. Much work has been published for fuel-lean to slightly fuel-rich com-
bustion, but not for higher equivalence ratios. Many mechanistic investigations were carried 
out at reduced or ambient pressure, while in engines, conditions between near-ambient and 
pressures of more than 30 bar prevail. In order to assess the predictions of established models, 
well-characterized kinetics experiments are needed. For example, the existing models (e.g. 
[117,148]) predict a strong influence of additives like DME or n-heptane on the methane con-
version at lower temperatures. A question is whether some of the additives are more effective 
than others, also the interaction between additive and methane is important, because it is not 
the goal to convert only the additive. These questions were addressed in experiments in shock 
tubes, flow reactors, and a rapid-compression machine (RCM). Shock tubes are well suited to 
study IDTs and reactions at intermediate and high temperatures and short times, while the res-
idence times in RCMs and flow reactors are generally longer and the temperatures lower. 
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Compared to shock tubes and RCMs that require measurements with high time resolution, 
steady-state flow reactors offer an easier approach to gas-phase diagnostics.  
Validation experiments were performed in three different ranges in equivalence ratio: At mod-

erately fuel-rich conditions ( = 2) with synthesis gas as the main product, at very fuel-rich 

conditions ( = 6 – 20), resulting in the additional formation of higher hydrocarbons, and with-

out oxygen ( = ∞), representing methane and natural-gas pyrolysis for energy storage. Addi-
tives were mixed with methane to reduce the reaction temperature. Details of the experimental 
methods are given in Refs. [17,19]. 

11.3.1 Mechanism development and reduction 

11.3.1.1 Detailed mechanism 

The chemical mechanism developed here specifically for use in simulations of polygeneration 
processes is termed “PolyMech” [19]. It is a comparatively small mechanism, based on existing 

detailed mechanisms describing stoichiometric to slightly fuel-rich ( = 1 – 2) combustion and 
pyrolysis of methane as well as the oxidation of DME/air mixtures. The oxidation model of 
Heghes et al. [188] was combined with the methane pyrolysis mechanism of Hidaka et al. [187] 
to characterize the oxidation of methane. Both mechanisms were developed for describing the 
oxidation and pyrolysis behavior of methane over a wide temperature range. Duplicate reactions 
contained in both mechanisms were avoided. For better characterization of the product for-
mation at oxidative fuel-rich conditions, reactions describing the pyrolysis and oxidation of 
acetylene [205], vinylacetylene [206], propyne and allene [207], and the benzene sub-mecha-
nism of Pitz et al. [333] were added. Reactions from the ethanol mechanism of Marinov [208] 
and the DME mechanism of Zhao et al. [178] are used to model the oxidations and pyrolysis of 
both additives. For a better description of DME oxidation, further reactions from the mechanism 
of Burke et. al. [117] were added.  
The newly assembled mechanism was then further developed and improved. The first step was 
the validation of the mechanism with the IDTs and the species concentrations determined in 
shock tube, RCM, and flow reactor. The comparison of simulation and experiment allows iden-
tifying parameter regions where the predictions should be improved. Analyses of the mecha-
nism, including sensitivity and reaction pathway analysis, were carried out to identify the key 
reactions for a wide range of temperatures and mixture compositions. The reaction rates of 
some of these reactions were modified based on previous publications, but only within the doc-
umented experimental uncertainty range. The resulting mechanism can well predict IDTs and 
species concentrations for CH4/additive mixtures over a very wide range in temperature, pres-

sure, and equivalence ratio ( = 1 – 20), while the validation was only carried out for fuel-rich 
conditions. It can also model the pyrolysis of methane and natural gas very well.  

11.3.1.2 Mechanism reduction 

PolyMech contains 93 species and 575 reactions. This number is moderate in size compared to 
other mechanisms (e.g., Burke et al, 113 species and 708 reactions [117]) considering that Poly-
Mech describes also product formation of higher hydrocarbons like benzene. But it is still too 
large for parametric studies with more complex models (e.g., multizone) or CFD simulations 
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that may be needed for the further development of polygeneration processes in reciprocating 
engines [334]. This motivated the development of reduced-model concepts able to describe 
combustion processes within an acceptable level of accuracy, but with a significant reduction 
in computational costs [335]. Therefore, reduced versions of PolyMech were developed.  
The reduction method is based on the decomposition of the system into low-dimensional sub-
systems describing relatively slow and fast dynamics. Timescales and entropy-production anal-
ysis are used to decompose the system and to formulate reduced subsystems [336]. Two types 
of characteristic time scales – global and local – are determined, based on corresponding linear 
approximations of a vector field of a detailed model of chemical kinetics [337]. The time scales 
are obtained by using the Jacobian matrix (local analysis) or the global quasi-linearization 
(GQL) matrix (global analysis) [338]. The identification of low-dimensional sub-systems is 
carried out by decoupling the relevant timescales. To investigate the relevance of a certain time 
scale (i.e., mode of chemical reaction process), the concept of relative entropy production is 
implemented. The entropy produced in each characteristic time scale is calculated using the 
invariant subspaces of either local or global approximations. The relevance of the time scale is 
accessed by comparison with the total entropy produced by the system (Figure 11-4) 
[336,338,339]. Thereby, sub-groups of timescales describing the dynamics of dormant, rela-
tively slow, and fast processes are identified [336].  
 

 
Figure 11-4: Contribution of each timescale (mode) to the total entropy production of the system for 

CH4/DME mixtures at ϕ = 6, p = 10 bar, and T = 600 K. On the left are the timescales 
corresponding to the dormant processes (λ1 – λ7), in the middle the relevant timescales 
(λ8 – λ39), and on the right the fast time scales (λ40 – λ83) [338]. 

 
Chemical reaction processes can be decomposed into: (i) Fast processes governed by quick 
relaxation of the system dynamics that in most cases remain stationary or quasi-stationary and 
in Figure 11-4 no significant contribution to entropy production is seen, (ii) very slow (dormant) 
processes that can be considered as quasi-conserved and again in Figure 11-4 no significant 
contribution to entropy production is seen, and finally (iii) processes with characteristic time 
scales in between, which describe and govern the progress of chemical reactions, and therefore 
are the only reactions modes that need to be accounted for. As seen in Figure 11-4, the latter 
contribute strongly to entropy production. The processes with fast and dormant timescales can 
be approximated by established implicit algebraic relations. Namely, the quasi-steady-state ap-
proximation for the fast subsystem and a conservation assumption for the dormant one. Once 
the fast and dormant reactions are decoupled, the only processes that have to be integrated are 
those of the relatively slow subsystem [336].  
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A local characteristic timescale analysis delivers precise information on the development of the 
system with time but requires higher computational effort because the Jacobian matrix must be 
calculated and decoupled for each thermo-kinetic state. A global analysis offers a rougher ap-
proximation of the timescales, but it nevertheless allows to describe the fast relaxation processes 
needed to constrain the system dynamics as described above with sufficient accuracy. The GQL 
matrix also provides a constant approximation for the invariant subspaces. This means, once 
obtained it can be used for implementations over a wide range of initial conditions (p, T, ϕ) 
[338]. The number of relevant characteristic time-scales corresponds to the dimension of the 
reduced model [336]. 
The results of the local analysis can be incorporated in the form of a skeletal mechanism, while 
the results from the GQL method are implemented as a differential-algebraic system of equa-
tions (DAE) or in the form of a skeletal mechanism. Skeletal mechanisms are obtained by fur-
ther implementation of entropy-production analysis. Key reactions contained in the skeletal 
mechanism are identified by evaluating the entropy produced by each reaction on each relevant 
time scale. This process is repeated for several sets of parameters (p, T, ϕ), so that the obtained 
skeletal mechanism will be valid for a wide range of initial conditions.  
The detailed version of PolyMech was reduced to two skeletal mechanisms, one from the local 
analysis and one from the global analysis [336,339]. For a CH4/DME mixture, Figure 11-5 
compares results obtained with the two skeletal mechanisms with predictions with the detailed 
version of PolyMech. Since almost no difference is observed when the species mole fractions 
are plotted over the reaction time, Figure 11-5a presents the temperature as a function of mole 
fractions of other chemical species like CO and CH2O. Figure 11-5b shows that IDTs from the 
simulations with both reduced models are very similar (the discrepancy is around 1 %). Com-
pared to the detailed mechanism, IDTs obtained with the skeletal mechanism from the local 
analysis have an average error of 4.5 %, while from the global analysis the error is slightly 
greater (5.4 %). The temporal evolution of the state space represented in Figure 11-5a shows 
that the skeletal mechanisms predict the final (equilibrium) state of the mixture very well, while 
compared to the detailed model their time traces show discrepancies of up to 3 % for the local 
analysis and up to 26 % for the global analysis. 
 

 
 

Figure 11-5: Comparison of simulation results with the three versions of PolyMech, detailed, skeletal 
based on local analysis, and based on global analysis. (a) Temporal evolution in the 
thermochemical state space projected onto the coordinates T, xCH2O, and xCO for a 
CH4/DME (10 % DME) at ϕ = 2, p = 10 bar and T = 600 K. (b) Ignition delay times for 
the same mixture at ϕ = 6 and p = 10 bar. 
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With local analysis, a dimension of 32 was found to be sufficient to describe the ignition process 
with an acceptable accuracy, while with global analysis a dimension of 38 remains. This repre-
sents a reduction in dimensionality of about 60 % with respect to the detailed mechanism. Fig-
ure 11-6 graphically represents the number of reactions and species in the three versions of 
PolyMech.  
 

 
Figure 11-6: Comparison of the number of reactions and species in the skeletal models from the 

global and local analysis with the detailed version of PolyMech [19] for a CH4/DME-
Mixture. 

 
A representation of the reduced model as a DAE in implicit form is only possible in the case of 
the global analysis, in which an optimal GQL matrix is obtained. The GQL matrix is used to 
find the sub-space of slow processes and to formulate the slow sub-system that needs to be 
integrated. The integration of the slow sub-system is carried out in HOMREA [340] such that 
other sub-systems governing fast and dormant processes are approximated automatically by 
quasi-steady-state and quasi-conservation assumptions. The dimension of the reduced model is 
in this case equal to the dimension of the slow invariant subspaces of the GQL matrix. For IDTs 
an error of 1.5 % is obtained. IDTs obtained using the skeletal mechanism and the implicit form 
of the global analysis are compared in Figure 11-7. Good agreement of both results with each 
other and with the results of the detailed simulation is observed, even though better predictions 
are obtained using the implicit form of the reduced model.  
 

 
Figure 11-7: Comparison of the ignition delay times from the detailed version of PolyMech with the 

ones from the skeletal mechanism and the implicit form of the global analysis for a 
CH4/DME (10 % DME) at ϕ = 2 and p = 10 bar. 
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11.3.2 Validation experiments 

11.3.2.1 Ignition delay and onset of conversion 

Ignition delay times are valuable validation targets for reaction mechanisms describing the com-

bustion in engines. Figure 11-8 shows experimental results obtained in shock tubes at  = 2 for 
methane with selected additives (DME, DEE, DMM, and n-heptane). All additives lead to a 
broadly similar reduction of the IDT at a given temperature, except that n-heptane shows a 
pronounced negative temperature coefficient (NTC) behavior. Conversely, any of the additives 
reduces the temperature required for an IDT of 2 ms from 1250 K to about 1000 K. While the 
molar concentration of n-heptane is lower than for the ethers, the fraction of added carbon atoms 
is comparable. These data enable validating reaction mechanisms at engine-typical conditions. 
Experiments at 20 bar with 20 % DME showed very good agreement with simulations using 
the mechanism of Burke et al. [117]. Measured IDTs in the RCM show very good agreement 
with shock-tube data in the small overlapping temperature range near 850 K and allow extend-
ing the validation range to lower temperatures [19]. Overall, a preliminary conclusion is that 
the additives investigated here are to some extent interchangeable in their effect on global ki-

netics at  = 2 and can be selected due to other criteria, such as thermodynamics, practical han-
dling, sustainability, or simply cost. However, the influence of the additive at different equiva-
lence ratios and on product formation is not clear yet. 
 

 
Figure 11-8: Measured and simulated ignition delay times of methane/additive mixtures at  = 2 and 

p = 30 bar. Simulations are for 5 % DME addition. Full green line: Simulation with 
PolyMech [19]. Dashed green line: Simulation with Burke et al. [117]. The measured 
data were published in Refs. [19,199,297]. 

 

Next, very fuel-rich conditions with  = 10 are considered. Compared to  = 2, these conditions 
may offer the advantage of greater exergy storage by the formation of higher hydrocarbons. For 
this purpose, very fuel-rich mixtures must be used to minimize the heat production so that the 
final temperature after ignition remains too low for significant soot formation. IDTs measured 
in a high-pressure shock tube and an RCM are shown in Figure 11-9. The simulations with 
PolyMech [19] agree well with the experiments. 
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Figure 11-9: Ignition delay times of a 10 % DME / 90 % CH4 mixture at  = 10. Black circles: Shock 

tube at p = 30 bar, black line: PolyMech [19] simulation of the shock-tube data, red 
circles: RCM at p = 10 bar, red line: PolyMech [19] simulation of the RCM data. 

 
The effect of different additives is seen in the flow reactor, as shown in Figure 11-10. If methane 
in a mixture with an additive is converted at lower temperatures than without additive, the ad-
ditive has activated the methane conversion. For 5 % n-heptane or DME addition, Figure 11-10 
shows that the methane conversion is already increased at temperatures between 523 and 673 K. 
If 9 % ethane and 1 % propane are added to methane to represent the composition of typical 
natural gas, compared to the reaction of neat methane the effect is minor. Ethane and propane 
are converted at slightly lower temperatures than methane (not shown here), but without no-
ticeable chemical interaction with methane. The addition of 20 % ethanol increases the methane 
conversion only at temperatures of 773 K and above. These results fit well with the findings in 
shock tubes and RCMs but cover the lower temperature range that is important for low-temper-
ature conversion of the fuel before ignition in the compression stroke of an engine. It could be 
shown, for example, that methane exhibits a region of weak NTC behavior at low temperatures 
and high pressures that may influence its ignition in the engine [90]. 
 

 
Figure 11-10: The temperature-dependent methane conversion in mixtures with different additives. 

All for  = 2, p = 6 bar and an argon dilution of ~ 90 %. The additive/fuel ratios are 5/95 
(n-heptane [200] and DME [19]), 10/90 (natural gas [197]) and 20/80 (ethanol). Neat 
methane data are from Ref. [197]. 
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11.3.2.2 Kinetics of product formation 

Product formation and composition is especially important in the context of polygeneration. 
The product formation was studied with four complementary techniques: Time-resolved infra-
red diode-laser absorption measurements of CO concentrations in a shock tube [17] gas-chro-
matography of time-resolved samples from a RCM [19], GC/MS (gas chromatography/mass 
spectrometry) in fast-drawn samples from a high-pressure shock tube (in the cooling phase after 
the reflected shock wave) [19], and time-of-flight mass spectrometry (TOF-MS) in a high-pres-
sure flow reactor [19]. All techniques confirmed that syngas (CO and H2) is the main product 

at 	= 2. Simulations with PolyMech predicted the product formation very well. Figure 11-11 
shows fuel consumption and product formation measured in a flow reactor. The fuel consump-
tion and the product formation show an NTC behavior, which was also observed in the IDT 
measurements.  
 

 
Figure 11-11: Measured and simulated remaining educts 1-X and yields Y in the flow reactor at 

p = 6 bar and  = 2. Inlet mixture: 4.69 % CH4, 0.25 % DME, 5.06 % O2, 90 % Ar. The 
residence time varies with temperature from 14.5 to 7.6 s at 473 and 973 K, respectively. 

 
Also for ultra-rich mixtures, product composition measurements were performed in the high-

pressure shock tube, the RCM [341], and the flow reactor. The shock-tube results at  = 10 are 
shown in Figure 11-12. They were obtained by GC/MS analysis after fast sampling in the cool-
ing phase and are relative to neon as an internal standard. H2 could not be detected by the 
GC/MS system. Here, 10 % DME were used as an ignition promoter, but with other additives 
(DEE, DMM, and n-heptane) the product composition was almost the same [199]. About half 
of the consumed carbon is converted to CO, the other half to higher hydrocarbons. Simulations 
show that almost constant product concentrations are reached about 2 ms after ignition except 
for benzene (still increasing) and acetylene (still decreasing). Comparing the experimental re-
sults with CH4/DME mixtures with different mechanisms from the literature [117,164,178], it 
is found that most show large deviations from the corresponding experimental results, 
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especially for acetylene and benzene. This is not surprising because the mechanisms were not 
developed for these fuel-rich conditions and often do not contain benzene formation chemistry.  
 

 
Figure 11-12: Product mole fractions after ignition of a CH4/10 mol% DME/air mixture at  = 10, and 

30 bar. Symbols show shock-tube data, full lines show simulations with an updated 
version of PolyMech [19], dashed lines with the mechanism of Burke et al. [117]. 

 

       
Figure 11-13: Measured and simulated remaining educts 1-X and yields Y in the RCM compressing an 

undiluted 90 % CH4/ 10 % DME mixture ( = 10) to 10 bar and temperatures between 
714 and 738 K. Simulations with PolyMech [19]. 

 
For other additives, only the mechanism of Cai and Pitsch [148] can predict the observed prod-
uct composition of CH4/additive mixtures well [199] (for CH4/n-heptane). With PolyMech, the 
predictions of CO2 and benzene concentrations initially did not agree well with shock tube 
measurements [19]. This was greatly improved by replacing the rate coefficient of 
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CO + HO2 = CO2 + OH with a recent value of You et al. [276] and by adding benzene con-
sumption reactions (see Figure 11-12). The mechanism of Burke et al. [117] overpredicts the 
concentrations of C2 species because it contains only species up to C3 and no benzene formation 
chemistry.  
Figure 11-13 shows time-resolved RCM results for an undiluted 90 % CH4/ 10 % DME mixture 
at 10 bar and temperatures between 714 and 738 K. Simulations were performed with a multi-
zone model and PolyMech [19]. The fuel consumption and the product formation are well pre-
dicted [198]. The additive is consumed faster than methane and initiates methane consumption. 
The main products are H2 and CO, but higher hydrocarbons are also detected. 
The results from the flow reactor, shown in Figure 11-14, confirm those from shock tube and 
RCM: There is an NTC region, the additive is consumed faster and more completely than me-
thane, the main products is syngas but C2 and C3 hydrocarbons are also found. Simulations with 
the PolyMech [19] predict the temperature-dependent fuel consumption and product formation 
very well. 
 

 
Figure 11-14: Measured and simulated remaining educts 1-X and yields Y in the flow reactor at 

p = 6 bar and  = 10. Inlet mixture: 7.44 % CH4, 0.83 % DME, 1.74 % O2, 90 % Ar. 
The residence time varies with temperature from 14.5 to 7.6 s at 473 and 973 K, respec-
tively. Simulations with PolyMech [19]. 

 
A comparison of experimental results from the flow reactor with simulations using PolyMech 

is shown in Figure 11-15 for mixtures of 5 % DME in methane at 6 bar and  = 2 and 10. The 
shaded area represents the confidence interval of the experiments. Overall, the agreement be-

tween experimental and simulation is very good for  = 10, but not as good for  = 2.  
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Figure 11-15: Measured and simulated species conversion and yields from 5 % DME / 95 % CH4 mix-

tures for p = 6 bar and  = 2 and 10. The residence time varies with temperature from 
14.5 to 7.6 s at 473 and 973 K, respectively. The experiments were performed in the 
flow reactor, PolyMech was used in the simulations. 

 
In the flow reactor, numerous species concentrations were quantitatively detected at the reactor 
outlet with GC/MS as a function of equivalence ratio and temperature. The results for a 5 % 
heptane / 95 % CH4 mixture are condensed into the semi-quantitative map shown in Figure 
11-16. Such maps can be useful to find operating conditions for the production or avoidance of 
specific species. For example, Figure 11-16 shows that moderately high equivalence ratios and 
high temperatures are favorable for the formation of synthesis gas, while high temperatures and 
high equivalence ratios lead to high ethylene yields. The yields of oxygenated species like ke-
tones can be considerable, but this is limited to low temperatures with relatively low methane 

conversion. Benzene starts to form at temperatures around 900 K and peaks at  = 20 in the 
investigated temperature range. Its yield could be increased by increasing the temperature, but 
with the risk of further conversion towards PAHs and soot.  
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Figure 11-16: Species map of a mixture of 5 % heptane in methane as a function of equivalence ratio 

and temperature, based on experiments in the flow reactor at 6 bar. The maximum de-
tected yields are listed in the legend, while the regime within about ±30 % of this max-
imum value is indicated in the map. The temperature resolution in the map is 50 K [200]. 

 
Overall, PolyMech is a very good mechanism for these unusual conditions and often predicts 
species profiles better than, or at least as good, as the discussed alternative mechanisms, most 
of which include considerably more species. 

11.3.3 Energy storage by methane pyrolysis 

The conversion of mechanical to chemical energy is also of interest to store energy. It could be 
carried out in engines, which then mainly act as compressors. If electrical energy is available, 
an electric motor would convert that into mechanical work, which would then be used in a 
compression–expansion cycle in a piston engine. Simple hydrocarbons could then be converted 
endothermically to higher-enthalpy hydrocarbons and H2. The energy input for the endothermal 
reaction would be provided through the work supplied in the compression stroke. At first sight, 
it may seem preferable to use pure hydrocarbons like methane. For methane conversion, tem-
peratures between 1300 and 2000 K are needed, according to equilibrium calculations and ex-
periments [293,342,343], with H2, ethylene, benzene, and acetylene being the main products. 
However, the heat capacities of pure hydrocarbons are very high. Thus, at engine-typical initial 
temperatures and compression ratios, the TDC temperatures are far too low to obtain a measur-
able conversion [342]. At a compression ratio of 25, an initial temperature of 720 K would be 
needed in an adiabatic system to obtain temperatures high enough for high conversion. Alter-
natively, sufficiently high temperatures for pyrolysis can be reached by dilution with an atomic 
inert gas (most readily available is argon), decreasing the heat capacity of the gas mixture. 
The kinetics of the process can again be investigated as described above, with engine parame-

ters modified in favor of the pyrolysis process. Mainly, a compression ratio of  = 22 and an 
engine speed N = 3000 rpm were chosen. The reactions were simulated using the Polimi mech-
anism [144], an elementary reaction mechanism that includes 484 species up to C20 and 19341 
reactions. These high-molecular-weight species are not yet included in PolyMech. A thermo-
dynamic analysis was included, in particular a calculation of the chemical and physical exergy 
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of the gas mixture according to Ref. [342]. The storable energy is then calculated as the differ-
ence of the exergy between reactant and product gas. The storage efficiency is the storable 
energy divided by the supplied work. To find engine parameters that favor the pyrolysis pro-
cess, the process can be kinetically investigated as described in Section 11.2.2.  
The results of a typical simulation are shown in Figure 11-17 for an intake temperature of 
423 K, an intake pressure of 2 bar, and an intake argon mole fraction of 96 %. The consumption 
of methane at temperatures above 1300 K and the formation of the main products as a function 
of the crank angle are seen. The main products are hydrogen and higher hydrocarbons like 
acetylene, ethylene, and benzene. The model also shows that acetylene reacts between 180 and 
200 °CA to soot precursors like C20H10 and C20H16, and methane is formed again. After 
200°CA, the mixture composition is “frozen” by the decreasing temperatures in the expansion 
stroke. Overall, for these intake parameters, a CH4 conversion of 90 % is predicted together 
with yields for acetylene, ethylene, and benzene of 24, 9, and 3 %, respectively. The exergy of 
the mixture was increased by about 6 %. 
 

 
Figure 11-17: Mole fractions and temperature as a function of crank angle for methane at intake con-

ditions of T0 = 423 K, p0 = 2 bar, and xAr = 0.96. ε = 22, N = 3000 rpm. 

 
The pyrolysis reaction, and thus the methane conversion strongly depends on temperature. 
From literature, it is known that the pyrolysis of methane starts at temperatures of 1300 K [344]. 
Methane conversion in this process is mainly controlled by the temperatures at the end of the 
compression stroke. Figure 11-18 shows the methane conversion as a function of intake tem-
perature and intake argon mole fraction (the remainder of the mixture is methane). The graph 
also includes isothermal curves of the TDC temperature. It can be seen that higher argon mole 
fractions with lower intake temperatures lead to the same TDC temperature and the same con-
version as lower argon mole fractions and higher intake temperatures. The isothermal curves of 
the TDC temperatures are parallel to the CH4 conversion. For a TDC temperature of 1600 K 
15 % of methane are converted. This is significantly less than what would be expected in chem-
ical equilibrium at that temperature, i.e., conversion is kinetically limited by the short reaction 
times in the engine (but most stationary engines actually run slower than 3000 rpm). A methane 
conversion of 80 % can be reached at TDC temperatures of 1800 K. This is reached for example 
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by an intake parameter combination of 97 % argon and 323 K, but also for 89 % argon and 
723 K.  
 

 
Figure 11-18: CH4 conversion (colored contours) and top dead center temperature (thick black lines) 

as a function of the intake temperature and the intake argon mole fraction. p0 = 2 bar, 
ε = 22, N = 3000 rpm. 

 
The storage power depends on the methane conversion, but also on the intake dilution. In order 
to examine whether high argon dilutions or high intake temperatures are more favorable for the 
process, the storage power and the storage efficiency are compared as a function of intake argon 
mole fraction for three different intake temperatures of 323, 423, and 523 K at an intake pressure 
of 2 bar. Figure 11-19 shows that for all intake temperatures storage power and efficiency de-
crease for both the lowest and the highest argon dilutions. This is caused by the low conversion 
with lower argon dilution and by the small fraction of methane in the mixture when the argon 
dilution is too high. With increasing intake temperatures, the effect is less pronounced, and the 
maximum storage power and efficiency shift to lower argon dilutions.  
 

 
Figure 11-19: Storage power (solid lines) and efficiency (dashed lines) as a function of intake argon 

mole fractions for different intake temperatures T0. p0 = 2 bar, ε = 22, N = 3000 rpm, 
V = 400 cm3. 
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The storage power has a local maximum at T0 = 423 K and xAr = 0.94 of 1.8 kW for 

N = 3000 rpm and V=400 cm3 in this four-stroke engine. Unexpectedly, the maximum storage 
power decreases for intake temperatures higher than 423 K. This is due to the formation of soot 
precursors and re-formation of CH4. The maximum efficiencies are between 60 and 63 %, 
which is promising. 
Experiments were performed to validate the simulation results. The pyrolysis of methane (1 and 
5 mol% CH4 in Ar/He mixture, p = 12 – 26 bar, T = 1350 – 1750 K, [341]) and natural gas (5 % 
NG surrogate, with the composition described in section 11.3.2.2) in Ar/He, p = 21 – 31 bar, 
T = 1380 – 1690 K [345]) was studied in the RCM. After expansion by rapid retraction of the 
piston [198], the products were analyzed with a GC. The temperature dependency of the me-
thane pyrolysis and product formation are shown in Figure 11-20. H2, C2H2, and C2H4 are the 
main products. The GC used here cannot detect benzene. In the temperature range investigated 
here, the conversion of methane and the formation of products slightly decreases with increas-
ing pressure [345]. The conversion decreases also with increasing methane concentration due 
to the higher temperature decrease (higher endothermicity) with higher concentrations [345]. 
The trends for pressure and temperature dependency observed for methane pyrolysis were 
found also for natural-gas pyrolysis. As found in the kinetics investigations, ethane and propane 
decompose much faster than methane.  
 

 
Figure 11-20: Measured species conversion and yields in an RCM for a 5 mol% CH4 / 90 mol% Ar/ 

5 mol% He mixture at 18 bar [341]. 

 
Simulations show that high conversions can be achieved for concentrations of up to 10 % me-
thane in argon. These CH4/Ar mixtures were studied in shock tubes [299] and an RCM [341]. 
In adiabatic systems, a characteristic feature of this methane pyrolysis is a fast decrease in the 
temperature due to the formation of products with a higher enthalpy (energy storage process), 
which leads to a quasi-equilibrium at a relatively low temperature with negligible further me-
thane consumption. An end-product analysis alone is not sufficient for the validation of differ-
ent mechanisms because it cannot distinguish how fast the quasi-equilibrium is reached. There-
fore, we also performed time-resolved temperature and methane infrared absorption measure-
ments. Species concentration measurements with GC/MS were performed in shock tubes at 
about 1.5 bar (single-pulse shock tube) and at 30 bar (with fast sampling). The results at 1.5 bar 
are shown in Figure 11-21. The main detected product is C2H2, while other C2 as well as C3, C4 
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species, and benzene are formed in smaller amounts. The other main product, H2, could not be 
detected with our GC/MS system. The methane consumption and the product formation were 
well-predicted in simulations using PolyMech [19]. At 30 bar, similar results were observed, 
but the methane consumption curve shifted by about 300 K towards lower temperatures. The 
product composition shifted towards benzene such that about equal amounts of C2H2, C2H4, 
and benzene were observed. At the upper temperature end of the high-pressure measurements 
soot formation was observed. Species concentration measurements at about 1.5 and 30 bar were 
also performed in shock tubes for a natural-gas surrogate (90 mol% CH4, 9 mol% C2H6, 1 mol% 
C3H8). The results were very similar to the methane pyrolysis. The products and the methane 
consumption were almost identical, but ethane and propane decomposed at significantly lower 
temperatures [346]. 
 

 
Figure 11-21: Shock tube: Measured and simulated product species mole fractions of the pyrolysis of 

a 10 mol% CH4 / 90 mol% Ar mixture at about 1.5 bar. Symbols: experiment, solid line: 
simulations with USC mechanism [312], dashed line: simulation with PolyMech [19], 
dotted line: simulation with the Cai and Pitsch [148] mechanism. 

 
Mid-IR diode lasers were used for the time-resolved temperature and methane concentration 
measurements in a shock tube. 1 % CO was added to the mixture for temperature measurements 
with CO thermometry [299]. Typical temperature traces are shown in Figure 11-22. A very fast 
temperature decrease can be observed for high initial temperatures, whereas at lower initial 
temperatures the temperature decreases more slowly. The temperature decrease is higher with 
higher methane consumption, as seen in Figure 11-23. PolyMech predicts too slow a methane 
pyrolysis at lower temperatures. The predictions can be significantly improved by using a re-
cently published rate coefficient for the CH4 (+M) = CH3 + H reaction [293] (orange lines in 
Figure 11-23). A general result of the pyrolysis experiments is that the experiments can be well 
reproduced by oxidation mechanisms. 
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Figure 11-22: Measured temperatures during the pyrolysis of a 10 % CH4/1 % CO/20 % He mixture 

in Ar in the shock tube compared with simulations. 

 

 
Figure 11-23: Time-resolved CH4 concentration measurements (solid lines) during the pyrolysis of 10 

mol% CH4 in Ar in a shock tube. Simulations with USC-II ([312] (solid lines), Poly-
Mech [19] (dashed lines), updated PolyMech (dash-dotted lines) and the Cai and Pitsch 
[148] mechanism (dotted lines). 

 
In summary, energy can be stored via methane pyrolysis in piston engines, but because methane 
is very inert, high temperatures are needed. Due to the high heat capacity of methane these 
temperatures could only be established with unusual conditions, like high Ar dilution. This 
could in part be overcome with higher pre-heating combined with higher compression ratios. 
Other, less inert energy storage molecules like ethane may be an alternative worth investigating. 
The product-gas composition can be influenced by selecting suitable initial conditions and pro-
cess parameters, which may make this approach interesting for the chemical industry. 
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11.4 Experiments in engines 

11.4.1 Product formation in the RCM 

In both the RCM and a single-cylinder research engine, experiments with mixtures of CH4 and 
DME were conducted over a wide range of equivalence ratios.  
Because the RCM avoids some of the complexities of a reciprocating engine, results from these 
experiments are discussed first. Figure 11-24 shows the product-gas species. At stoichiometric 

conditions (	= 1), the fuel components methane and DME are found only in small amounts in 
the product mixture. Since stoichiometric mixtures would be expected to undergo complete 
combustion, the CH4 and DME found in the product gas can be interpreted as residuals from 
wall quenching e.g., near the cylinder and piston top or in crevices. Only small amounts of H2 
and CO are produced (Figure 11-24a). CO2 is the main carbon-containing product (Figure 
11-24b), as seen from a carbon yield of nearly 100 % for CO2. This is the “classical”, nearly 
complete combustion process. 

At 	= 2, the picture changes. Here, only 18 % of the fuel carbon end up in CO2, but 70 % in 

CO. This strongly increased CO formation relative to 	= 1 is simply due to the fact that for a 
fuel-rich mixture complete combustion – in the sense of conversion to H2O and CO2 – is not 

possible anymore. The lack of oxygen at 	= 2 favors the formation of CO. All other investi-
gated species combined contain less than 2 % of the fuel carbon. Similarly, the H2 yield in-

creases relative to 	= 1. Note that also the fraction of CH4 in the product gas is now consider-

ably higher than for 	= 1. The carbon yield of CH4 increases from about 3 % at 	= 1 to about 

10 % at 	= 2, i.e., by a factor of 3. This is consistent with the notion that in addition to the wall 

quenching also observed at 	= 1, some fraction of the methane in the product gas is actually a 
genuine product of chemical reactions in the bulk gas. This is corroborated by the fact that the 

equilibrium composition of a CH4/DME/air mixture at 	= 2 contains several percent of CH4. 

Figure 11-24a shows that the molar H2/CO ratio for 	= 2 is about 1.2.  

At 	= 6 and 	= 7, the product still contains more H2 than CO. The latter now captures about 
25 % of the fuel carbon. There is also significant conversion into higher hydrocarbons, with 
C2H4 and C2H6 yields of almost 2 % and about 0.75 %, respectively. When the equivalence 
ratio is increased further, the yields of C2H4, C2H2, and H2 decrease again. Of all investigated 
product species, only the methanol (CH3OH) yield increases for even richer mixtures. However, 

at 	= 15, only 0.3 % of the fuel carbon is converted to CH3OH carbon, with that species pre-
sumably mainly originating from DME. More importantly, the formation of C2 species is at 
least in the percent regime. Similar studies on dry reforming of methane described in Section 
11.4.3 suggest that by systematic optimization (supported by numerical simulations), much 
higher yields should be possible. Figure 11-24 also shows that by tuning the equivalence ratio 
the H2/CO ratio can be varied, which may be of interest for further processing of syngas.  
 



11 The piston engine as a polygeneration reactor 

190 

 
Figure 11-24: Species production in the RCM from CH4/DME (90/10)/air mixtures over a wide range 

of equivalence ratios. (a) Total yields of H2 and CO, defined as the molar amount of 
product divided by the initial total molar amount (sum over all species). (b) Carbon 
yield of the most important products. Compression temperature and pressure: 
T = 756 – 985 K, p = 10 bar. The error bars indicate the minimum and maximum values 
in the 6 – 9 repetitions of the experiment at each condition. 

 
For basic research, the RCM allows much experimental freedom and control over the thermo-
chemical conditions with well-defined initial and boundary conditions. However, in a recipro-
cating engine, further complexity arises, e.g., the coupling between successive cycles via the 
residual gas that remains in the cylinder after the exhaust stroke. Thus, experiments in an engine 
are reported next. 

11.4.2 Reciprocating engine 

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 cm3 
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 O2, CH4, C2H4, CO, and H2 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 Refs. [93,246]. 

11.4.2.1 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, 

(a) (b) 
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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-igni-
tion engines (about 9 – 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.  
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 [246]. Two criteria for 
acceptable operation were chosen. The first criterion is a low coefficient of variation (CoV), a 
metric of cycle repeatability. 
 

CoV
IMEP
IMEP

 (11-2)

 
where IMEPnet is the net indicated mean effective pressure defined as 
 

IMEP IMEP IMEP  (11-3)
 
That is, at each operating point the indicated mean effective pressure (IMEP) was calculated 
from the pressure traces of 140 cycles, the IMEPmot from a motored cycle was then subtracted 

from each, and the standard deviation  was also estimated from that the resulting IMEPnet . 
The IMEP is directly linked to the indicated work W per cycle and the swept volume ∆V: 
 

IMEP ∆  (11-4)
 
A CoV value of 10 % was chosen as an upper limit for stable operation. The second criterion 
is the maximum pressure-rise rate (PRRmax), a 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 11-25 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 CA50 are plotted. CA50 
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. 
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Figure 11-25: CoV, PRRmax, CA50, 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 compres-
sion ratio ε = 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 increas-
ing additive concentration, more cycles fire, and the CoV decreases while IMEP and PRRmax 
increase. The non-monotonic behavior in these metrics at xDME = 10 – 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 PRRmax because the heat is released at a smaller cylinder volume. The 
maximum IMEP is reached for the latest CA50 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) typ-
ical CA50 at maximum IMEP are 3–8°CA after TDC. At 11.3 % DME the PRRmax reaches the 
10 bar/°CA limit. Once the operating window was established, further experiments were per-
formed with the lowest amount of additive that yielded stable operation – here, 10.5 % DME. 

11.4.2.2 Outputs and efficiencies 

Figure 11-26 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 oper-
ated in SI mode without any additive. Figure 11-26 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.  
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As Figure 11-26a shows, the highest methane conversions XCH4 are achieved with SI for lean 
to stoichiometric equivalence ratios. For very lean equivalence ratios, operation is unstable and 
conversion decreases because of 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. 
 

 
Figure 11-26: a) Methane conversion (XCH4), syngas yield (Ysyngas), and product-gas soot concentration 

(note the logarithmic scale), b) displacement-specific work (IMEP) and heat (−Q/V) 
output of the engine as well as the coefficient of variation of the net IMEP (CoV), c) 
exergetic (ex) and thermal efficiencies (th), all as a function of equivalence ratio at 
ε = 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 in-
struments. For  > 5, the methane fraction in the product exceeded the sensor range and 
therefore, Q, ηex, Ysyn, and XCH4 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. 

 
Operating the engine in HCCI mode with additives allowed for stable operation at all equiva-
lence ratios greater than 1.5 (see CoV in Figure 11-26b). Towards stoichiometric conditions, 
operation is limited by high PRRmax. The methane conversion is again decreasing with increas-

ing equivalence ratio, but in this case mostly due to a lack of oxygen. For  > 1.5 it is signifi-
cantly 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, reaction (3) in Table 11-1). Like in SI mode (not shown here), 
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the soot concentration in the product gas is very low (< 10 mg/m3) 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 temper-

atures 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 11-26b 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 11-26a), HCCI yields better 

results at  > 1.5 than SI because misfiring is avoided. The work output is positive at all inves-

tigated equivalence ratios. At  = 11.5, with 2 bar IMEP it is still about 30 % of the maximum 
at stoichiometric.  
In Figure 11-26c, the thermal and exergetic efficiencies are shown. The two metrics were cal-
culated as 
 

∑ ,
 (11-5)

	1
∑

with  
(11-6)

 
where hL,i is the (specific) lower heating value and ei is the specific chemical exergy of each 

hydrocarbon species  at the engine inlet. The exergy loss El is the product of the surrounding 
temperature Tsur and the irreversible entropy generation Sirr. The latter is determined from a 
first law and second law analysis as described in Ref. [93]. 
While the thermal efficiency counts only work as a useful output, the exergetic efficiency con-
siders 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, [316] gives the exergetic effi-
ciency of the commonly used methane steam reforming as 63 %. Polygeneration based on solar 
collectors, providing electricity, heat, cooling, and desalinated water yields exergetic efficien-
cies up to 32 % [347]. Other systems combining power cycles with methanol production or 
desalinization reach efficiencies up to 60 % [348]. 
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11.4.2.3 Elevated compression ratios 

For a compression ratio of ε = 10, relatively large quantities of additive (over 20 mass%) are 
needed for stable fuel-rich HCCI operation. Higher temperatures towards the end of compres-
sion 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 11-27 shows the DME mole fraction required for stable 
engine operation (i.e., at the CoV limit) for compression ratios from ε = 10 to 19 at intake tem-

peratures of 423 and 323 K and equivalence ratios from  = 1.2 to 2.  
 

 
Figure 11-27: DME mole fraction required for stable HCCI engine operation as a function of equiva-

lence ratio for a range of compression ratios ε 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 equiva-
lence 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 

ε = 14. At ε = 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 . In-
creasing 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 [349–352] has shown. 
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11.4.3 Dry reforming: CO2 conversion with methane 

As a prospective application of chemical conversion in piston compressor devices, the dry re-
forming of methane with CO2 was investigated in an RCM [303]. The dry reforming process 
converts a CO2/CH4 mixture into syngas, according to the overall reaction (see Table 11-1) 
 

CH CO ⇌ 2 CO 2 H  (R 11-2)
 
This process offers a double benefit by both consuming CO2 and creating valuable chemical 
species.  
As in the previous applications, conversion requires high temperatures due to the low reactivity 
of CH4 and CO2. With pure CH4/CO2 mixtures, it proves difficult to reach sufficiently high 
temperatures by compression, as discussed in Section 11.3.3. In addition to the measures dis-
cussed above – ignition promotors, dilution by monatomic gases –adding small amounts of 
oxygen to allow partially exothermal reactions may be considered here. A suitable combination 
of these strategies allows reaching good conversion levels.  
Figure 11-28 depicts simulated time histories of temperature and species during dry reforming 
of CH4 in an RCM. Two simulation approaches were taken. One is based on detailed chemistry, 
the other one is assuming that the system is always in chemical equilibrium at given (time-
dependent) volume and internal energy. The initial mixture contains CO2, CH4, DME as reac-
tion promoter, and also some oxygen.  
 

 
Figure 11-28: Simulated temporal evolution of temperature and species during dry reforming in an 

RCM, with detailed chemistry (solid lines) and equilibrium chemistry (dashed lines). 
Compression starts at about 20 ms. Note the finer scaling of the time axis between 80 
and 82 ms. 

 
Compression starts after about 20 ms, causing the initial temperature rise. Later, at about 70 
ms, chemical reactions commence, and one observes an additional temperature rise due to ex-
othermal reactions. CO2 is reduced from 20 mol% to 5 mol% between 80 and 81 ms. At about 
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82 ms, the reactions have brought the system close to its equilibrium. If the reactions during the 
cool-down in the RCM were fast enough to keep the system in equilibrium, undesirable for-
mation of CO2 would result (i.e., the rise of equilibrium CO2 after about 82 ms). Finite-rate 
chemistry combined with a temperature drop due to heat losses and expansion helps keeping 
the system in a state of high CO2 conversion.  
Mathematical optimization was used to identify a suitable initial composition [303], varying 
the gas composition among the species Ar, CH4, DME, O2, and CO2. For this, detailed chemis-
try simulations were carried out using an experimental volume profile from the RCM as a tem-
poral constraint. The result is shown in Figure 11-29. For initial CO2 mole fractions between 20 
and 40 %, a conversion between 40 and 50 % is predicted and is also found experimentally in 
the experiments. In the RCM, some argon was added to increase the temperature after compres-
sion. This could be avoided with higher starting temperatures. The optimization approach was 
particularly helpful here in finding conditions that would have been substantially more difficult 
to find empirically. This kind of conversion could be a possible approach for carbon capture 
and use, e.g., if the energy required for compression can be taken from surplus work from re-
newable energies. 
 

 
Figure 11-29: Dry reforming in the RCM. Results of optimization for carbon dioxide conversion as a 

function of different initial carbon dioxide mole fractions. The predicted conversion is 
compared with experimental results in the upper part of the figure. The optimal initial 
compositions are shown in the lower part. Adapted from Ref. [303]. 

11.5 Thermodynamic and economic assessment – a posteriori 

From the previous sections it is clear that a polygeneration process in a reciprocating IC engine 
is feasible, and that the exergetic efficiency considering only the engine with syngas, work, and 
heat as outputs is good. But at least two further issues must be addressed, the influence of all 
additional resources needed besides the engine on the efficiency of the process, and an overall 
economic assessment. A combination of thermodynamic and economic analysis is often per-
formed with methods that are summarized e.g. in Refs. [353–356]. The exergoeconomic 
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methods and values used here for the analysis of the polygeneration system are described in 
more detail in Ref. [357]. Such exergoeconomic analysis mainly facilitates comparing the eco-
nomic importance of investment costs and exergy destruction and finding those parts of the 
process that are most crucial for cost reductions. Such an analysis was also carried out for this 
system, but first the thermodynamic assessment has to be favorable.  
For the thermodynamic assessment, the polygeneration system is compared with separate de-
vices producing the same output of chemicals and work. The comparison from Ref. [95] is 
given in Table 11-2. It shows that a polygeneration HCCI engine with a displacement of 22.6 L 
reaches an exergetic efficiency of 79.2 %, which is higher than that of two separate processes 
selected according to the best values found in literature. Considering the engine only, exergy 
destruction mainly is due to the irreversibilities of the chemical reaction, and due to the heat 
flux through the wall. But in a complete system there may be other significant exergy losses. 
The product, although having a high exergy, consists of a mixture, including large amounts of 
N2. Thus, downstream product-gas separation must also be considered, as well as upstream 
conditioning of the reactants. As an example, a polygeneration system producing pure H2 as 
one of the material outputs was investigated [95]. In the model, the H2 separation was obtained 
with a noble-metal membrane, and the heat flows as well as the energy required for the com-
pressors were integrated into the system. Downstream of the engine, the H2 yield was increased 
in a water-gas shift reactor with heat integration. These additional process steps reduce the ex-
ergetic efficiency by 20 %-points to a more realistic exergetic efficiency of 59.4 %. This is 
similar to steam methane reforming but much higher than combined heat and power generation 
(CHP). 
 
Table 11-2: Comparison of separate processes with the engine polygeneration process. (CHP: com-

bined heat and power generation). 

Value  IC engine CHP Steam methane 
reforming 

HCCI engine 
polygeneration, 
engine only

HCCI engine  
polygeneration, 
whole process 

Output Work, heat H2 Work, heat, 
product gas

Work, heat, H2 

 < 1 0.97 2 2 
E ≤ 47.3 % 62.7 % 79.2 % 59.4 % 
Costs Work: 3 ct/kWh - - Work: 3.4 ct/kWh 
 - H2: 1.74 €/kg - H2: 1.75 €/kg 
Ref. [358] [316,359] [360] [360] 

 
From an engineering point of view the process is favorable when the efficiency is high, while 
in practice the economics plays a crucial role: will the prices of the products be lower or at least 
similar to market prices? As part of an exergoeconomic analysis [357], the costs of the products 
were estimated using the investment costs via scaling laws, prices for methane, interest rates, 
lifetime of the unit, and other parameters. The resulting prices are also included in Table 11-2. 
The estimated prices for work are 13 % higher than from a combined heat and power (CHP) 
plant, while the H2 costs are similar to large-scale steam methane reforming with an H2 output 
of 9000 kg/h, even though the output of the polygeneration system is much lower with 
20.4 kg/h.  
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The resulting prices depend on the engine size and the economic parameters. The latter, for 
example unit lifetime, operating hours per year, prices for fuel and electricity, as well as the 
investment and installation costs of the 15 main components (engine, heat exchangers, com-
pressors, membrane, etc.) are uncertain. Many are estimated based on current market prices that 
fluctuate considerably. Investments costs are interpolations from earlier compilations, as dis-
cussed in Ref. [357]. To evaluate the influence of these parameters on the costs of hydrogen, 
electricity, steam, and heat, a global sensitivity analysis was conducted [361] with an estimated 
relative uncertainty of ±30 % [362]. A complete list of the parameters that were varied can be 
found in Ref. [357] (Tables 3 and A3), but in the current work the capital investment values 
differ, because the engine size is different. From several ten thousands of calculations with a 
Monte-Carlo based design, where the costs and further parameters are varied according to a 
probability distribution within their uncertainty ranges, a distribution of hydrogen costs is ob-
tained. The resulting cost distributions for hydrogen and total cost rates are shown in Figure 
11-30. The cost rate, which includes all outputs (hydrogen, work, and heat) shows that the hy-
drogen costs are about 70 % of the total costs. Thus, all outputs are important from an economic 
point of view. Due to nonlinear relations between the economic parameters and the resulting 
prices, the most probable H2 price (the mean value) is 1.9 €/kg, which is higher than the price 
calculated with the initially estimated prices without variation, while the price distribution 
ranges from 1.2 to 2.9 €/kg.  
Such a sensitivity analysis with a probability distribution gives a good impression of the influ-
ence of each parameter and its uncertainties on the outcome. The first-order sensitivity coeffi-
cients agree well with the total sensitivities, indicating that higher-order sensitivities are negli-
gible. The six highest sensitivity coefficients are listed in Table 11-3 for two different engine 
sizes. All other parameters influence the H2 price only to a minor degree. For the smaller engine 
size, the hydrogen cost is mainly sensitive to the operating hours per year, the noble-metal 
membrane costs, and the lifetime, while the fuel costs are less important. This changes with 
engines size and the higher throughput. Now the methane costs are crucial for the H2 price, 
followed by the membrane costs. This also indicates that to reduce the hydrogen costs, in future 
work alternatives to membrane separation should be considered, such as pressure-swing ad-
sorption or membranes from lower-cost materials. 
 

 
Figure 11-30: Distribution of the hydrogen cost rates and total cost rates in €/h for an uncertainty range 

of ± 30 %. The top x-axis translates the hydrogen cost rate into specific hydrogen costs 
in €/kg [360]. 
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Table 11-3: First-order and total sensitivity indices for the most important input parameters resulting 
from the sensitivity analysis of the hydrogen costs. (InC=Investment Costs). 

Engine displacement   1.6 L  22.6 L 
Sensitivity index  S1 ST  S1 ST 
Fuel costs  0.076 0.072  0.419 0.412 
Operating hours  0.306 0.327  0.196 0.209 
InC membrane  0.249 0.252  0.162 0.164 
Interest rate  0.193 0.192  0.123 0.123 
Lifetime  0.124 0.128  0.079 0.082 
InC engine  0.030 0.035  0.010 0.015 

 
Also, the engine size could be further increased towards the size of large stationary engines or 
maritime diesel engines (sizes of 150–2000 L/cylinder are in operation today), which would 
probably reduce the sensitivity of the H2 cost on the investments and lifetimes further. However, 
for some of the engines the process would have to be modified due to the lower engine speeds. 

11.6 Conclusions and future work 

11.6.1 Approach 

The methods and knowledge of combustion science can be used successfully towards the co-
generation of useful chemicals in piston engines. The coordinated interplay of thermodynamic 
pre-assessment followed by a preliminary kinetic investigation with known but not yet vali-
dated models gives good and relatively fast insight into whether a certain system is worth fur-
ther efforts and helps identifying the challenges. Here, it was helpful to start with simple and 
idealized models, for example assuming an adiabatic process with a homogeneous charge, ini-
tially neglecting the effects of residual gases. Thereby it was learned that the process could in 
fact be thermodynamically favorable, and which initial temperatures, compression ratios, and 
additive concentrations should be used as an experimental starting point. But caution is war-
ranted because of the idealizations and lack of validation for some of the models. Therefore, in 
a next step the kinetics on various time scales were explored and product distributions were 
determined. Many reaction mechanisms were mainly developed and optimized to predict igni-
tion delay times and flame speeds, while the product formation is only relevant for certain pol-
lutants, but not for many major species that might be useful chemicals. Thus, the mechanisms 
had to be expanded using the established models as basis. This new mechanism then needs to 
be validated and improved. Here, three experimental facilities complemented each other to pro-
vide data over a large range of temperatures and thus time scales. The flow reactor covers the 
longest time scales and the lowest temperatures, while the shock tube is limited in its longest 
reaction time but can reach any practically useful temperature. The RCM is in between. 
RCMs can also be considered the next step in complexity towards the application. These ma-
chines, while emulating the transient pressure and temperature of a reciprocating engine, retain 
certain idealizations. For instance, it is relatively easy to do RCM experiments with well-de-
fined initial conditions with respect to mixture composition, temperature, and pressure. RCMs 
can therefore bridge the gap between chemical kinetics studies and reciprocating engines. In 
addition, these experiments can identify promising additives or operating conditions for the 
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production of specific species. Also, conditions with strong soot formation were identified, 
which in general should be avoided in reciprocating engines. However, the time until the mix-
ture is analyzed in an RCM is relatively long and reactions continue on this timescale. In par-
ticular the slow reactions leading to soot formation may be overemphasized. Finally, even 
though they are much effort and, in some respect, provide less details, experiments in recipro-
cating engines must be performed, because many practical limitations are only seen in such 
experiments. Nevertheless, with the insight from the other methods, the engine experiments 
lead to faster success, and they can be understood in much more detail. The limits with respect 
to pressure rise rates, stable ignition (COV), and soot formation are best evaluated in the engine 
itself. This provides data not only on realistic product yields, but also on exergetic efficiency. 
From there, the process assessment needs to be expanded by including product separation and 
an overall thermodynamic and economic analysis with realistic error estimates from a global 
sensitivity analysis. Here, this was done via exergoeconomic modeling, since experiments on a 
systems level were beyond the scope of the investigation. 

11.6.2 Main results 

The initial gas composition, in particular the equivalence ratio , is the most important influence 
on the product-gas composition. The yields of the target species, i.e., H2/CO, C2H4, also showed 
a pronounced temperature dependence. Hence, favorable conditions for the production of chem-
icals in engines requires significant preheating. If preheating is not an option, then fuel additives 
can be used to promote ignition. To this end, DME (dimethylether, up to 10 % of the fuel) was 
used. However, to reduce the additive fraction, finding alternatives to DME as a fuel additive 
seems essential for the production of useful products in an engine. A promising candidate is 
ozone, since it does not compete with the CH4 as a carbon source and can be produced from air 
with relatively low energy input [15].  
The conversion of methane to synthesis gas with work and heat output can be established at 
equivalence ratios below 2, with an engine running stably in HCCI mode without significant 
soot formation. The yields of small hydrocarbons are low at these conditions. Better yields of 
higher hydrocarbons can be achieved at higher equivalence ratios, but soot formation is a prob-
lem at equivalence ratios between 2 and 4, while increasing the equivalence ratio further re-
stricts the methane conversion. But this could perhaps be optimized. 
A comparison of experiments and simulations with different literature oxidation mechanisms 

for fuel-rich mixtures (from  = 2 to ∞) showed that these mechanisms can often predict the 

measured ignition delay times well, even for  = 10. The product formation at  = 2 (mostly 
syngas) can also be predicted well by several mechanisms, but most cannot predict the product 

formation at  = 10 correctly for methane and natural-gas pyrolysis. This is not surprising, 
because these mechanisms were developed and validated for oxidation at lean and stoichio-
metric conditions, and therefore often do not contain benzene and PAH formation chemistry. 
Thus, especially acetylene and benzene mole fractions cannot be predicted well. An exception 
is the mechanism of Cai and Pitsch [148] that contains sufficiently detailed benzene and PAH 
chemistry.  
However, this mechanism can be used only for n-heptane as the additive because it does not 
contain the chemistry of ethers like DME and DEE. Therefore, the development of a mechanism 
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for CH4/DME mixtures (“PolyMech”) was necessary to be able to predict both IDT and product 
concentrations. The experimental results obtained here were used as validation targets during 
the development. Deficiencies of PolyMech were detected and corrected by comparisons of 
experimental results and simulations. After including improved rate coefficients for 
CH4 + M = CH3 + H [293] and CO + HO2 = CO2 + OH [276], PolyMech now seems to be 
useful over a wide range of equivalence ratios, including reactant mixtures with oxygenates, 
but is yet to be validated at stoichiometric and lean conditions. Benzene consumption reactions 
have to be added in the future. 
A mathematical model based on timescales and entropy-production analysis was proposed for 
the reduction of high-dimensional reaction mechanisms. The results of local and global time 
scale analysis for PolyMech were used to find an optimal reduced-model dimension. Invariant 
sub-spaces of the linearization matrices allowed formulating the reduced model in the decom-
posed form (as a DEA), while entropy production was further employed to identify key reac-
tions and to construct reliable skeletal mechanisms 
Experiments in the RCM and single-zone simulations of endothermal methane pyrolysis and 
dry reformation of CO2 with methane (forming syngas) showed that work can efficiently be 
used for chemical conversion. However, the efficiency strongly and nonlinearly depends on the 
initial and boundary conditions. This, together with the large number of relevant conditions 
(initial temperature, pressure, mixture composition, compression parameters like compression 
ratio and speed and expansion) makes finding good operation conditions difficult. A combina-
tion of experiments with numerical simulations was demonstrated that allows a systematic op-
timization of the process.  
The exergetic efficiency of polygeneration in the IC engine reaches values of up to 79.2 %, 
which is very high. With upstream reactant conditioning and downstream product separation 
considered, the efficiency of the polygeneration decreases to a still reasonable 59.4 % and is 
thus similar to steam reforming and much better than heat-power cogeneration. Work and hy-
drogen can be provided at competitive costs if larger engines are used. 
In experiments in a single-cylinder engine with a compression ratio ε = 10, stable HCCI oper-
ation with acceptable pressure-rise rates could be established for equivalence ratios in the range 

of 1.5 <  < 12. Soot formation can be avoided for  < 2 and  > 7. The maximum syngas yield 

in the soot-free regime is 69 % at  = 1.9. Operation at  = 7 yielded 1.5 % ethylene in the 
product gas. However, energetically significant fractions of ignition-promoters like DME or 
DEE had to be added to the methane fuel. Increasing the compression ratio enables stable op-
eration with much decreased additive demand. At ε = 18 and 19 operation without any additive 
could be achieved. 
Finally, an economic assessment was performed for one exemplary system. It turns out that a 
global sensitivity analysis is most helpful for at least two reasons: First, the most critical pa-
rameters for cost reduction are easily found. In the investigated example, besides parameters 
like operating hours or fuel costs, in terms of plant design it was the gas separation for which 
alternative methods should be investigated. Second, it is found that the most probable costs are 
not the same as the costs calculated with the most probable parameters, due to the nonlinear 
dependence between input parameters and product costs. 
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11.6.3 Open questions and future directions 

Having found that this process is promising in general, future directions can be considered. On 
one hand, more specific questions have to be addressed that were not part of the initial investi-
gation. On the other, a further generalization towards different gas-phase conversions seems 
interesting. 
For example, the inhomogeneity in the engine is neglected so far, including the flow field. This 
can be addressed to obtain information about better engine geometries and higher yields for 
some conditions. Also, more complex valve timings, multiple fuel injections, or different addi-
tives appear promising. In-cylinder catalysts, e.g. porous materials in part of the combustion 
chamber, may reduce conversion temperatures, but would probably be transport-limited and 
may increase wall heat losses. Nevertheless, a more systematic investigation would be interest-
ing. Any increase in complexity will benefit from mathematical optimizations. 
The initial motivation of the work presented here on dry reforming of CH4 with CO2 was to find 
a process that allows storing energy via an endothermal reaction. However, since oxygen burns 
part of the fuel, energy is not as effectively stored as possible, despite the net conversion of 
CO2. Oxygen was used in the experiments to attain higher temperatures during compression, 
since the RCM had a maximum compression ratio of approximately 10, and the maximum ini-
tial temperature was 462 K. These two aspects limit the maximum temperature attainable by 
compression work alone. For an energy storage process, future work will need to focus on 
whether dry reforming can be carried out without associated combustion. This probably re-
quires more preheating or different additives.  
For industrial applications upscaling will be needed. A good medium-size target may be 
wastewater treatment plants, where off-gases containing mostly methane and CO2 are produced 
and syngas products like methanol are needed for feeding the microorganisms. Also, an engine 
polygeneration process has been investigated for converting flare gases from off-grid oil wells 
into more easily transportable liquids [13]. On a larger scale, industrial syngas plants produce 
on the order of 100 000 standard cubic meters per hour (mS

3/h) of dry syngas. The experimental 
results in Section 11.4.2 showed a syngas (CO + H2) output of 1.24 mS

3/h for an engine with 
0.337 L displacement operating at 1 bar intake pressure and 600 rpm, while the IMEP was 
4.4 bar. A more common operating condition for a large four-stroke engine would be 1500 rpm 
with turbocharging to an intake pressure of 3 bar. Assuming that the output of the HCCI process 
scales up linearly in engine speed and intake pressure, this kind of engine would produce 27.6 
mS

3/h per liter of engine displacement, and 13.2 bar IMEP. Large commercially available com-
bined heat-power plants have displacements on the order of 100 L. Thus, about 37 of such plants 
would be needed for 100 000 mS

3/h of syngas. Some of the mechanical power output could be 
used for downstream gas separation, as discussed in Ref. [95]. Among the issues that will need 
to be addressed before practical implementation is long-term durability of the engine under such 
unusual operating conditions. 
Beyond the conversion of hydrocarbons including biofuels, there are very different energy stor-
age systems including nitrogen or sulfur oxides. It may be worth studying whether polygener-
ation in a piston engine may be favorable for some of these processes from a thermodynamic, 
kinetic, and finally an economic point of view. 
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12 Conclusion and Outlook 

12.1 Conclusion 

The starting point of this work was the question of the research group FOR 1993, whether a 
polygeneration process can be realized in an internal combustion engine. A polygeneration pro-
cess can be a suitable method to provide work, heat, and different types of chemicals as needed. 
Such flexible energy conversion processes become increasingly important in the transition pe-
riod to a sustainable energy system associated with an increasing use of renewable energies. 
Because several energy-intensive applications will struggle with electrification in the coming 
decades, natural gas seems to be a reasonable alternative to petroleum-based fuels. The com-
bustion of natural gas releases much less CO2 per energy unit than other fossil fuels such as 
coal or petroleum.  
If an internal combustion engine is used to convert natural gas to base chemicals, usually high 
equivalence ratios, i.e., fuel-rich mixtures, are required. Consequently, the homogeneous charge 
compression ignition (HCCI) engine was the engine of choice for investigation. This is because 
spark-ignition engines are flame-speed controlled, making fuel-rich mixtures hard to ignite. 
Compression ignition or diesel engines, on the other hand, are usually operated in a diffusion 
combustion mode, which would cause excessive soot. In contrast, HCCI engines are controlled 
by chemical kinetics. The premixed air/fuel mixture ignites simultaneously in multiple spots at 
the end of the compression stroke, avoiding large composition gradients in the gas mixture. To 
achieve auto-ignition of natural gas or its main component methane, high temperatures are re-
quired which can lower the lifetime of the engine. This challenge can be counteracted by small 
amounts of more reactive additives in the natural gas mixture. 
For the required flexibility of the engine, the work and heat output, as well as the exhaust gas 
composition, must be predictable for different operating conditions. The same applies to the 
prediction of the moment of auto-ignition, which is responsible for stable engine operation. The 
predictions can only be achieved by fast simulations, which require detailed reaction mecha-
nisms. Reaction mechanisms from the literature are usually not validated for the uncommon 
conditions and fuel/additive mixtures required for the proposed polygeneration process. The 
systematic approach of the FOR 1993 to polygeneration in internal combustion engines was 
presented in chapter eleven. 
In this thesis, the partial oxidation of several methane/additive mixtures was investigated ex-
perimentally to assess the general working principles of the additives with respect to the reac-
tion onset temperature and product gas composition. The additives were selected as represent-
atives for natural gas components, diesel surrogates, and biofuels. Experiments were performed 
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in a plug-flow reactor covering a wide parameter range. The experimental results were com-
pared to simulation results using reaction mechanisms from the literature. 
The modification of the plug-flow reactor was an essential part of the study and further im-
provements are ongoing work. The most recent reactor is designed to be operated at tempera-
tures of up to 1400 K and pressures from 0.1 to 40 bar. To achieve such conditions, the reactor 
consists of a quartz tube embedded in a silicon-coated Inconel tube. The reactor is equipped 
with a gaseous and liquid fuel delivery system allowing the investigation of fuel mixtures with 
several components. High-precision Coriolis mass flow controllers are used to obtain results 
with relatively low uncertainties. Consequently, the reactor design allows the investigation of 
several fuels at engine-relevant conditions. The product gas was analyzed by time-of-flight 
mass spectrometry with a sample introduction via a molecular-beam sampling interface to per-
form fast online measurements. The new interface significantly improved the response time of 
the reactor. In addition to the TOF-MS, a GC/MS system was successfully implemented as a 
second diagnostic technique to enable a more accurate investigation of the oxidation of higher 
hydrocarbons. The higher accuracy is related to the ability of isomer separation and the gener-
ally different separation method compared to the TOF-MS, which does not lead to overlapping 
signals due to fragmentation. Fragmentation can become excessively large for higher hydrocar-
bons, which considerably complicates the evaluation of TOF-MS data. The repetition of exper-
iments with both diagnostic techniques leads to similar results which adds confidence to the 
data, data analysis, and enables their use for the validation of reaction mechanisms. 
Prior to the conversion experiments, the plug-flow assumption was validated by the dispersion 
model of Levenspiel [51] both experimentally and analytically. For further proof, Chemkin 
Pro 19.0 [43] was used to perform two-dimensional simulations including radial diffusion and 
heat transfer. The results did not show significant deviations from the results of plug-flow sim-
ulations. They rather showed that radial diffusion and heat conduction are fast enough to over-
come the radial velocity gradients of the laminar flow, resulting in “plug flow” in terms of 
temperature and species mole fractions. These studies were part of a systematic characterization 
of the reactor and the results are used to quantify uncertainties. Unknown experimental uncer-
tainties present a major challenge to reaction mechanism development because of the ambiguity 
in assigning discrepancies between experiments and simulations to the reaction mechanism or 
the experimental uncertainty. 
To allow the comparison across all fuel/additive mixtures, experiments were performed at a 

pressure of 6 bar, temperatures between 473 and 973 K, and equivalence ratios of  = 2 – 20 
for all mixtures. Additional neat methane experiments were carried out at pressures up to 20 bar, 
which made it possible to compare the influence of pressure with the influence of additives on 
the conversion process. Simulations were performed and compared to the experimental results 
to identify suitable reaction mechanisms for specific mixtures and to analyze the chemical in-
teraction between methane and the additives. 
In the neat methane experiments, methane conversion started at temperatures of 823 K at all 
equivalence ratios and decreased with increasing equivalence ratio, becoming negligibly small 

at  ≥ 10. At  = 2, the main products were synthesis gas, ethylene, and ethane with yields of 
up to 30 % (CO), 3.6 % (H2), 6 % (C2H4), and 2.2 % (C2H6). The highest observed H2/CO ratio 
was 0.3. Only very small yields of oxygenated species and propene were found. Also, consid-
erable yields of CO2 and H2O were found in the product. This observation emphasizes that 
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reaction enhancers are required to shift the onset of methane conversion to lower temperatures 
and to increase the reactivity of the mixture at higher equivalence ratios.  
A common feature of all methane/additive mixtures investigated was that they significantly 
increased the reactivity of the mixtures but to varying degrees. While the addition of ethane and 
propane mainly increased the reactivity at higher temperatures and had no effect on the reaction 
onset temperature, the addition of dimethyl ether or n-heptane shifted the start of methane con-
version to 200 – 250 K lower temperatures. The latter is caused by the pronounced low-tem-
perature chemistry of both fuels. It was shown by reaction pathway analyses that low tempera-
tures favor the formation of several hydroperoxides whose formation and decomposition leads 
to the release of OH radicals. In particular, n-heptane undergoes H-abstraction to form heptyl 
radicals (C7H15 = R) which either react with oxygen to form heptylperoxy radicals (ROO) or 
react with small radicals to form heptyl hydroperoxides (ROOH) at relatively low temperature. 
While ROOH’s easily decompose and release OH radicals, the ROO radicals isomerize to hy-
droperoxyheptyl (QOOH) radicals. A second addition to O2 yields hydroperoxy-heptylperoxy 
radicals (OOQOOH) which either decompose to several products or react to C7-ketohydroper-
oxides (C7-KET). Both the formation and decomposition of ketohydroperoxides release OH 
radicals, significantly increasing the reactivity of the mixture and initiating methane conversion 
via CH4 + OH = CH3 + H2O. The oxidation of DME was shown to occur via the same working 
principle as for n-heptane, i.e.: Fuel  R  ROO  QOOH  OOQOOH  C2-KET. Con-
sequently, it can be assumed that this reaction sequence is similar for fuels with a pronounced 
low-temperature chemistry and responsible for the reaction onset of methane at lower temper-
atures. Although propane, present in the natural gas mixture, also has a low-temperature chem-
istry, such behavior was not found under the conditions investigated in this study. This is due 
to a much lower reactivity compared to large n-alkanes so that high fuel concentrations would 
be required to observe low-temperature oxidation of propane [363]. Nevertheless, the addition 
of ethane and propane was most effective in increasing methane conversion at high equivalence 

ratios. For example, a conversion of more than 10 % could be achieved at  = 20 and 973 K if 
10 % of methane were replaced by ethane and propane (9 % ethane, 1 % propane) compared to 
≤ 6 % conversion in the case of 5 % fuel replacement by DME or n-heptane. A higher amount 

of DME (10 % of the fuel) even resulted in negative methane conversion at  = 20 and 
T ≥ 873 K. Reaction path analyses revealed methane producing pathways and a rapid consump-
tion of oxygen by the more reactive additive to be the major reasons for the decreased methane 
conversion. Similar behavior was found for the methane/n-heptane mixtures.  
Regarding the influence of the additives on product formation, it was shown by reaction path 
analyses and single fuel experiments that it mainly depends on the extent of released radicals 
and the chemical interaction between the intermediates formed during the oxidation of methane 
and the respective additive. In general, there are two major mechanisms of a positive interac-
tion: First, the conversion of the additive releases many OH radicals at low temperature initiat-
ing methane conversion while the reactivity of the mixture is still too low to favor the oxidation 

pathways towards CO and CO2. For example, for the 10 % natural gas/DME mixture at  = 10 

and T = 623 K or the n-heptane mixtures at 2 ≤  ≤ 8 and T = 623 K, the contribution of me-
thane to the formation of oxygenated species such as methanol and formaldehyde can be sig-
nificantly high. Maximum yields of up to 2.9 % and 3.5 % were observed for methanol and 
formaldehyde, respectively. Second, the additive releases radicals initiating methane 
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conversion while the temperature is high and the remaining amount of oxygen low so that oxi-
dation pathways towards CO and CO2 are suppressed and C-C coupling reactions are favored, 
e.g., the recombination of CH3 radicals to ethane. This was shown for the methane/n-heptane 

mixtures at high equivalence ratios ( ≥ 10) and high temperatures (T > 800 K) by an enhanced 
formation of C2 and C3 species. In addition to these rules of thumb, the degree and type of 
interaction always depend on the intermediates formed during the oxidation of the additive. In 
the methane/n-heptane mixture, for example, the C2H5 radical, which was shown to be mainly 
produced during n-heptane oxidation, leads to the increased formation of C3 species by reaction 
with CH3 radicals from methane oxidation.  
In contrast, it was also shown that some products were nearly exclusively produced from the 
additive, e.g., ethylene and propene in natural gas mixtures. However, considerable yields of 
both species were observed in these mixtures. Assuming the sole formation of these species 
from their respective alkane, maximum yields of up to 80 % for ethylene and 50 % for propene 

were found at  = 10. Regarding synthesis gas, it could be shown that the additive can help to 
increase the H2/CO ratio to some extent with the largest range of 0.1 – 1.3 being found in natural 
gas mixtures. 
Comparing the influence of the additives with the influence of pressure there are two main 
conclusions. On the one hand, the pressure increase to 20 bar resulted in a similar increase of 
methane conversion at high equivalence ratios as found for the natural gas mixture. On the other 
hand, the pressure increase is less effective in increasing the yields of interesting products other 
than synthesis gas, especially CO, and lowering the reaction onset temperature of methane. In 
particular, the reaction onset temperature could be lowered by ~ 150 K if the pressure is in-
creased to 20 bar compared to the 6 bar measurements.  
The results show that it is still a challenge to derive general rules for suitable conditions for the 
formation of target species for specific methane/additive mixtures. Thus, reaction mechanisms 
validated for polygeneration-relevant conditions are of special interest as they can be used in 
simulations to predict promising conditions. A new reaction mechanism, called PolyMech [19], 
was developed by Sylvia Porras based on the input of several groups of the research unit cov-
ering C1 – C3 chemistry including DME and ethanol. The detailed flow reactor data obtained in 
this thesis have contributed significantly to its development. The reaction mechanism was 
shown to predict ignition delay times of CH4/DME mixtures obtained by rapid-compression-
machine (RCM) and shock-tube (ST) experiments, and species profiles obtained by RCM, ST, 
and flow reactor experiments in good agreement with the experiments. But, deviations were 
observed for benzene and C2 species for the shock-tube conditions. Consequently, the reaction 
mechanism was further modified based on experimental results obtained for me-
thane/ethane/propane/DME mixtures by complementary shock-tube and flow-reactor experi-
ments and sensitivity analyses using the original version. The reaction mechanism was also 
extended by a benzene and small PAH sub-mechanism to allow the prediction of soot precur-
sors. The accurate prediction of soot precursors is essential for later applications in an HCCI 
engine to avoid probable sooting conditions. The modified mechanism predicted the experi-
mental data well including species such as benzene, acetylene, and naphthalene observed in the 
shock-tube experiments.  
During the conversion experiments, evidence of a negative temperature coefficient (NTC) re-

gion of methane under fuel-rich ( ≥ 8) conditions was observed. This phenomenon has rarely 
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been observed experimentally, even in the literature, and has never been systematically inves-
tigated. This was done as part of this thesis focusing on the influence of pressure and equiva-
lence ratio on this behavior, usually observed for higher alkanes. It was shown that methane 

exhibits a distinct NTC behavior at  = 10 and p = 10 bar and  = 20 and pressures from 10 to 
15 bar. While these conditions seem of little practical relevance at first glance, they do occur in 
HCCI engines if the ignition timing is controlled by intermediate compressions or sequential 
fuel injections. Under these conditions, reduced methane conversion in its NTC region influ-
ences the ignition behavior of the main ignition. Utilizing several reaction mechanisms from 
the literature in addition to the PolyMech showed that only a few reaction mechanisms can 
predict this phenomenon. The PolyMech, which was explicitly validated for these conditions, 
showed the best agreement. Reaction path analyses performed with the PolyMech revealed the 
competition between recombination and oxidation pathways of CH3 radicals to be the major 
reason for this phenomenon. A second contributor are CH3-consuming pathways at intermedi-
ate temperatures producing methane.  
In summary, this thesis presents a first approach to elucidate general working principles of ad-
ditives which are of special interest in terms of polygeneration processes in HCCI engines. The 
influence of different additives on the conversion process was investigated and analyzed by 
experiments and simulations using suitable reaction mechanisms from the literature. In this 
context, suggestions for model improvements were made. The huge dataset obtained can be 
used for future validation and development of both available and new reaction mechanisms. In 
addition, the PolyMech reaction mechanism developed in the research unit FOR 1993 was suc-
cessfully modified. It allows the prediction of fuel-rich natural gas/DME conversion processes 
under engine-relevant conditions.  

12.2 Outlook 

The results showed that both high pressures and the use of additives can significantly increase 
the reactivity of natural gas mixtures. In contrast, high amounts of reactive additives can also 
lead to rapid consumption of oxygen so that the methane conversion decreases. The new exper-
imental setup could be used to investigate methane/additive mixtures at high pressures using 
only a small amount of additive. Low-temperature oxidation of methane due to radicals pro-
vided by the additive could lead to an enhanced formation of low-temperature species at high 
equivalence ratios, e.g., oxygenated species such as methanol or formaldehyde. Prior to the 
experiments, the modified PolyMech reaction mechanism could be used to determine the opti-
mum amount of additive with respect to the formation of target species or the reaction onset 
temperature. 
To overcome the challenge of rapid oxygen consumption by carbon-based additives com-
pletely, ozone seems to be a promising alternative. A recent study by Schröder et al. [15] already 
showed that ozone is a suitable additive for fuel-rich HCCI processes. Ozone can be easily 
produced from oxygen by corona discharge. To allow ozone experiments with the flow reactor 
it was equipped with an ozone generator. Preliminary results of the partial oxidation of me-
thane/ozone and natural gas/ozone mixtures show that ozone starts to decompose at tempera-
tures around 450 K at a pressure of 4 bar yielding O radicals that react with methane or natural 
gas. Using the TOF-MS, large signals of hydroperoxides and oxygenated species like methanol 
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and formaldehyde were found. In this preliminary study, only 350 ppm ozone was introduced 
into the reactor. It is expected that higher ozone amounts and/or higher pressures will result in 
higher methane conversion and high yields of methanol and formaldehyde at very low temper-
atures. The obtained results can further be used for the validation or development of ozone sub-
mechanisms. These mechanisms are of great interest in the context of controlling HCCI opera-
tion. 

In addition, the pyrolysis or partial oxidation of natural gas mixtures at  > 20 could be inter-
esting in terms of energy storage. In this thesis, it was shown that considerable yields of ethylene 
and propene can be produced by the fuel-rich oxidation of ethane and propane, respectively. 
High yields can be interesting with respect to energy storage as the enthalpies of formation of 
the unsaturated hydrocarbons are much higher than the enthalpies of the saturated ones. The 
experimental setup could be used to perform experiments at temperatures of up to 1400 K in 
combination with pressures of up to 40 bar. 
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Appendix 

A Supplementary material for chapter 8 

Additional validation with RCM experimental data 
 

 
Figure A-1: Ignition delay times measured in the RCM (symbols) and simulations (straight lines) 

for mixtures 1 – 2. 

 

 
Figure A-2: Species time profiles measured in a RCEM (symbols) and simulations (straight lines) 

for mixture 14. 
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Additional validation with shock tube experimental data 
 

 
Figure A-3: Measured (symbols) and simulated (lines) ignition delay times of a  

CH4/DME/air mixture (ϕ = 2) at 30 bar with [CH4]/[DME] = 19/1. 

 

 
Figure A-4: Measured and calculated ignition delay times of CH4/DME/air mixtures (ϕ = 2) at 20 

bar. Black squares: Experiments with [CH4]/[DME] = 19/1, black stars: Experiments 
with [CH4]/[DME] = 4/1. Solid lines: Simulations with [CH4]/[DME] = 19/1, dashed 
lines: Simulations with [CH4]/[DME] = 4/1. 
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Additional validation with flow reactor experimental data 
 

 

 
Figure A-5: Species profiles measured in a flow reactor for mixtures at ϕ = 2 and fuel composition: 

10:90 DME/CH4. 

 
Figure A-6: Species profiles measured in a flow reactor for mixtures at ϕ = 2 and fuel composition: 

5:95 DME/CH4. 



Appendix 

214 

 
Figure A-7: Species profiles measured in a flow reactor for mixtures at ϕ = 10 and fuel composition: 

5:95 DME/CH4. 

 
Figure A-8: Species profiles measured in a flow reactor for mixtures at ϕ = 20 and fuel composition: 

5:95 DME/CH4. 
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Validation with experimental data from other authors 
 

 
Figure A-9: Species profiles measured in a flow reactor for DME/CH4 mixtures at ϕ = 20 and 

100 bar. The inlet composition was 16470 ppm methane, 530 ppm DME and 1736 ppm 
oxygen all diluted in N2. Experimental data from Hashemi et al [186]. 
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B Supplementary material for chapter 9 

B.1 Plug-flow reactor 
 

 
Figure B-1: Plug-flow reactor and time-of-flight mass spectrometer. 

 

B.2 Shear-flow simulations 
 

 
Figure B-2: Temperature distribution as a function of radial and axial distance for the 

NG/DME=90/10 mixture at  = 2, p = 6 bar and Tset = 873 K. Simulated using the Poly-
Mech1.0 [19]. 
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Figure B-3: Comparison of simulated temperature profiles using the 1-D plug-flow and 2-D shear-

flow approach of ChemKin Pro 19.0 [43] and the PolyMech1.0 [19]. At set temperatures 
of 623 K and 873 K temperature rises of ≈ 13 K and ≈ 84 K were found for the 
NG/DME=90/10 mixture at  = 2 and p = 6 bar, respectively. 

 

 
Figure B-4: CO mole fraction as a function of radial and axial distance for the NG/DME=90/10 

mixture ar  = 2 and p = 6 bar and Tset = 873 K. Simulated using the PolyMech1.0 [19]. 
The CO mole fraction deviates only 1.3 % from the mole fraction obtained in the plug-
flow simulation. 
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Figure B-5: Comparison of simulated mole fractions as a function of temperature for the 

NG/DME=90/10 mixture at  = 2 and p = 6 bar using the 1D plug-flow and 2D shear-
flow approach of ChemKin Pro 19.0 [43] and the PolyMech1.0 [19]. 

 

B.3 Additional sensitivity analyses 

B.3.1 CO2 

 
Figure B-6: Sensitivity coefficients of CO2

 mole fraction for selected shock-tube conditions 
(NG/DME=95/5 mixture at  = 10 and p = 30 bar) using the PolyMech2.0. 
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Figure B-7: Sensitivity coefficients of CO2

 mole fraction for selected shock-tube conditions 
(NG/DME=95/5 mixture at = 10 and p = 30 bar) using the AramcoMech3.0 [124]. 

 

 
Figure B-8: Sensitivity coefficients of CO2

 mole fraction for selected plug-flow conditions 
(NG/DME=95/5 mixture at  = 973 K and p = 6 bar) using the PolyMech2.0. 
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Figure B-9: Sensitivity coefficients of CO2

 mole fraction for selected plug-flow conditions 
(NG/DME=95/5 mixture at  = 973 K and p = 6 bar) using the AramcoMech3.0 [124]. 
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B.3.2 C2H4 

 
Figure B-10: Sensitivity coefficients of C2H4 mole fraction for selected shock-tube conditions 

(NG/DME=95/5 mixture at  = 10 and p = 30 bar) using the PolyMech2.0. 
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Figure B-11: Sensitivity coefficients of C2H4 mole fraction for selected shock-tube conditions 

(NG/DME=95/5 mixture at  = 10 and p = 30 bar) using the AramcoMech3.0 [124]. 

 

 
Figure B-12: Sensitivity coefficients of C2H4

 mole fraction for selected plug-flow conditions 
(NG/DME=95/5 mixture at  = 973 K and p = 6 bar) using the PolyMech2.0. 

 

C3H3+C3H3=C6H6

ND+H->C6H5+0.5C3H4-A+0.5C3H4-P

C5H5CH3=C6H6+H2

C3H4-P+H=C3H3+H2

C3H3+C3H3=FULVENE

C4H5-2+C2H2=C6H6+H

C5H5CH3=C6H6+H2

C3H4-P+H=CH3+C2H2

C5H5+CH3=C5H5CH3

C3H3+C3H4-A=C6H6+H

C5H5+CH3=C5H5CH3

C2H6+H=C2H5+H2

CH4+HO2=CH3+H2O2

CH2O+CH3=HCO+CH4

C2H5+O2=C2H4+HO2

C2H6+CH3=C2H5+CH4

CH4+H=CH3+H2

C2H5+HO2=C2H5O+OH

C2H4+OH=C2H3+H2O

C2H4+H=C2H3+H2

C2H4+CH3=C2H3+CH4

CH4+OH=CH3+H2O

CH3+CH3+M=C2H6+M

-0.1 0.0 0.1 0.2

Sensitivity C2H4

 1400K
 1150K
 900K

NG / 5% DME   = 10  p = 30 bar

C2H6+H=C2H5+H2

CH2O+CH3=CHO+CH4

C2H4+O=CH3+CHO

CH2CO+CH3=C2H5+CO

CH4+O=OH+CH3

C2H4+HO2=CH3CHO+OH

O2+H=OH+O

CH4+O2=CH3+HO2

C2H5+O2=C2H4+HO2

C2H5+HO2=CH3CH2O+OH

C2H4+CH3=C2H3+CH4

2HO2=H2O2+O2

C2H4+OH=C2H3+H2O

CH4+OH=H2O+CH3

2CH3(+M)=C2H6(+M)

CH3+HO2=CH3O+OH

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
Sensitivity C2H4


 2
 10
 20

NG / 5% DME  p = 6 bar  T = 973 K



Appendix 

224 

 
Figure B-13: Sensitivity coefficients of C2H4

 mole fraction for selected plug-flow conditions 
(NG/DME=95/5 mixture at  = 973 K and p = 6 bar) using the AramcoMech3.0 [124]. 
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B.3.3 C2H2 

 
Figure B-14: Sensitivity coefficients of C2H2

 mole fraction for selected shock-tube conditions 
(NG/DME=95/5 mixture at  = 10 and p = 30 bar) using the PolyMech1.0 [19]. 
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Figure B-15: Sensitivity coefficients of C2H2

 mole fraction for selected shock-tube conditions 
(NG/DME=95/5 mixture at  = 10 and p = 30 bar) using the PolyMech2.0. 

 

 
Figure B-16: Sensitivity coefficients of C2H2

 mole fraction for selected shock-tube conditions 
(NG/DME=95/5 mixture at  = 10 and p = 30 bar) using the AramcoMech3.0 [124]. 
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show again a high sensitivity towards reactions influencing the IDT see explanation above for 
C2H4. 
 

B.3.4 C6H6 

 
Figure B-17: Sensitivity coefficients of C6H6

 mole fraction for selected shock-tube conditions 
(NG/DME=95/5 mixture at  = 10 and p = 30 bar) using the PolyMech1.0 [19]. 

 

 
Figure B-18: Sensitivity coefficients of C6H6

 mole fraction for selected shock-tube conditions 
(NG/DME=95/5 mixture at  = 10 and p = 30 bar) using the PolyMech2.0. 
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Figure B-19: Sensitivity coefficients of C6H6

 mole fraction for selected shock-tube conditions 
(NG/DME=95/5 mixture at  = 10 and p = 30 bar) using the AramcoMech3.0 [124]. 
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B.3.5 CH3OH 

 
Figure B-20: Sensitivity coefficients of CH3OH mole fraction for selected plug-flow conditions 

(NG/DME mixtures at  = 2 and p = 6 bar) using PolyMech2.0. 

 

 
Figure B-21: Sensitivity coefficients of CH3OH mole fraction for selected plug-flow conditions 

(NG/DME mixtures at  = 2 and p = 6 bar) using the AramcoMech3.0 [124]. 
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reactions show high sensitivities at low temperature due to its low-temperature chemistry. A 
difference between the PolyMech versions and the AramcoMech3.0 is that the H-abstractions 
from C3H8 by OH also show high sensitivities at low temperature. It is assumed that the much 
more detailed C3 subset in the AramcoMech3.0 is responsible for this difference. 
 

B.3.6 CH2O 

 
Figure B-22: Sensitivity coefficients of CH2O mole fraction for selected plug-flow conditions 

(NG/DME=95/5 mixture at  = 973 K and p = 6 bar) using the PolyMech2.0. 

 

 
Figure B-23: Sensitivity coefficients of CH2O mole fraction for selected plug-flow conditions 

(NG/DME=95/5 mixture at  = 973 K and p = 6 bar) using the AramcoMech3.0 [124]. 
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The sensitivity analysis for CH2O is very similar for both PolyMech versions with the differ-
ence that the decomposition of H2O2 to OH radicals is the most sensitive reaction for CH2O 
production in case of the PolyMech2.0 compared to CH2O + OH  CHO + H2O in case of the 
PolyMech1.0. This is probably due to the much lower rates resulting from the new rate constant 
used for CH2O + OH  CHO + H2O and other reactions involving OH radicals in the Poly-
Mech2.0. The remaining OH radicals can react with DME to form more CH2O. In the study it 
was shown that most CH2O is produced from DME at these conditions, which supports this 
assumption. This is also shown by the sensitivity analyses of all three mechanisms where DME 
reactions show a high sensitivity with respect to CH2O formation. The sensitivity analysis, per-
formed with the AramcoMech3.0, shows similar reactions as the analyses, performed with the 

PolyMech. At = 2, however, the sensitivities of several reactions are much higher compared 
to those of both PolyMech versions. This corresponds to a higher predicted reactivity of the 
mixture at these conditions in case of the AramcoMech3.0 compared to the PolyMech (see 
Figure 9-9 and Figure 9-10 for example). 
 

B.3.7 Chemiluminescence signals 
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Figure B-24: Measured OH* and CH*-chemiluminescence signals of a natural gas / air mixture at 

 = 10 compared to simulated OH* and CH* concentrations using the AramcoMech3.0 
[124]. 
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a) 1427 K, 26.6 bar 
b) 1204 K, 28.5 bar 
c) 974 K, 31.2 bar 
The chemiluminescence signals at high temperatures (e.g. a) and b)) show a complex structure 
with several peaks or a peak with two distinct increases. This behavior makes it very difficult 
to determine the experimental ignition delay time. The simulations show only one symmetric 
peak. At lower temperatures (e.g. c)) and for natural gas with DME only one symmetric peak 
is observed in the experiments in agreement with the simulations. The width of the experimental 
peak agrees also very well with the simulations. 
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C Supplementary material for chapter 10 

C.1 Calculation of mole fractions 
 
Quantification of reactants, major species and some intermediates is done by comparing the 
resulting signals with calibration measurements, done with self-mixed binary cold gas mixtures 
or certified gas mixtures when available, using the same instrument settings as in the experi-
ments. These measurements have to be repeated three to five times for mixtures of different 
composition, so that a calibration factor k can be determined according to equation (C-1). k can 
then be used, also in conjunction with equation (C-1), to calculate the mole fractions of the 
calibrated species detected in the mixture. 
 

Si
SN2

xi
xN2

∙ki (C-1)

 
Si/N2

: integrated signal intensity of species i or N2 

xi/N2
: mole fraction of species i or N2 

ki : calibration factor of species i 
 
To apply this method, the mole fraction of N2 must be known. As it is used as a dilution gas in 
large excess, it is expected that its initial mole fraction remains nearly constant during the whole 
experiment. 
 

C.2 Uncertainties 

C.2.1 Direct calibration 

General uncertainties are estimated using the error propagation law, considering uncertainties 
of all used instruments. 
Some errors, such as slight pressure fluctuations in the reactor, can be observed during the 
measurements. Other measurement uncertainties can be determined by repeated measurements. 
Error sources are: mass flow controller, gas chromatograph, and syringe pump. The errors that 
emanate from the slight temperature fluctuations of the evaporator can be neglected due to in-
significance. The mass flow controllers from Bronkhorst are factory-provided with tolerances. 
This causes measurement uncertainties, which are quantified by the manufacturer with a total 
of 0.5 % of the mass flow rate. Unlike the mass flow controllers, there is no quoted measure-
ment uncertainty for the used syringe pump. This is among other things because components 
such as capillaries or syringes be individually exchanged or adjusted. In order to keep the error 
between the set and the actually conveyed flow rate as low as possible, calibration measure-
ments were carried out. Since the calibration is also accompanied by sources of error, this was 
checked for reproducibility. This procedure resulted in a mean deviation of the calibrations of 
0.3 %. 
Pressure fluctuations were less than 0.5 % during the experiments. 
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Reproducibility measurements have been made for the gas chromatograph. These gave a rela-
tive error of ≤ 5 %. This error takes into account the uncertainties of the instruments and the 
manual integration of the signals. 
In calculating a total error, the sources of error caused by the syringe pump and the electro-
pneumatic pressure regulator are not considered. Only the measurement uncertainties of the gas 
chromatograph and the mass flow controller are included in the calculation. The Gaussian error 
propagation law (see equation (C-2)) is used to determine an overall error that applies to the 
final results. 
 

∆ ∆ ∆ ∆ ⋯ (C-2)

 
Here, z represents a function of measured mole fractions and ∆z the absolute error in these mole 
fractions. The single uncertainties are described with Δa, Δb and Δc and can represent estimated 
values, calculated uncertainties or manufacturer information. 
To determine the total error, the absolute error for the mole fractions used in the calibration 
measurements is first calculated. This is explained by way of example with reference to the 
calibration of methane. Since all calibration measurements are carried out using two mass flow 
controllers, the uncertainties of 0.5 % each must be taken into account. The absolute error in 
the mole fraction of methane is then calculated according to equation (C-3): 
 

∆ ∆ ∆  (C-3)

 
Since the species to be calibrated is diluted with nitrogen in each case, the absolute error in the 
nitrogen mole fraction must also be calculated: 
 

∆ ∆ ∆  (C-4)

 
The absolute errors in the mole fractions of methane and nitrogen have an influence on the 
determined calibration factor of methane. Since the respective samples are analyzed with the 
gas chromatograph or time-of-flight mass spectrometer, their measurement uncertainty of 5 % 
must be included: 
 

∆ ∆ ∆ ∆ ∆  (C-5)

 
where S is used to express the detected signal area. Each particular calibration line consists of 
several measurement points, so the presented calculations must be performed for each point. 
Subsequently, the mean value of the absolute errors of the calibration measurements is 
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determined. Using this average value, the relative error of the methane calibration factor is 
5.6 %. In order to calculate the absolute error in the final mole fraction of methane, the flow 
conditions and the determined signal intensities of the reactants are taken into account. The 

flow conditions and signal intensities of an equivalence ratio of  = 2 at 673 K are used. Unlike 
the calibration measurements, three mass flow controllers are used in the experiments. So, the 
absolute error in the volumetric flow rate of oxygen must be included in the calculation: 
 

∆ ∆ ∆ ∆  (C-6)

 
To determine the error in the mole fraction of methane, the following formula is required: 
 

∙  (C-7)

 
in which all calculated errors must be integrated. Finally, the absolute error in the methane mole 
fraction is calculated as: 
 

∆ ∆ ∆ ∆ ∆  (C-8)

 
The relative total error in the mole fraction of methane can then be determined, resulting in 
7.2 %. 
 

C.3 Uncertainties 

For all 2D shear-flow simulations the temperature profiles, provided in the excel sheet, were 
used as wall temperature. In addition, a gas inlet temperature of 298 K, a maximum solver step 
distance of 0.1 cm as well as 10 uniform grid points in the radial direction were used in the 
simulations.  
 

 
Figure C-1: Temperature distribution as a function of radial and axial distance for the  = 2 mixture 

at p = 20 bar and Tset = 773 K. Simulated using the modified PolyMech mechanism. 
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Figure C-2: Comparison of simulated temperature profiles using the 1D plug-flow and 2D shear-

flow approach of ChemKin Pro 19.2 [310] and the modified PolyMech mechanism. 
Tset = 773 K was chosen as the highest temperature increase was found at this tempera-
ture. Temperature rises of ≈ 150 K and ≈ 40 K are found for the  = 2 and  = 10 mix-
tures at p = 20 bar, respectively. 

 

 
Figure C-3: CO Mole fraction as a function of radial and axial distance for the  = 2 mixture at 

p = 20 bar and Tset = 773 K. Simulated using the modified PolyMech mechanism. The 
CO mole fraction deviates only 3.5 % from the mole fraction obtained in the plug-flow 
simulation. 
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Figure C-4: Comparison of simulated mole fractions as a function of temperature using the 1D plug-

flow and 2D shear-flow approach of ChemKin Pro 19.2 [310] and the modified Poly-
Mech mechanism.  

 

C.4 Influence of residence time on the NTC behavior 

 
Figure C-5: Comparison of model predictions of O2 and CO mole fractions at different residence 

times using the modified PolyMech mechanism (p = 5 and 10 bar,  = 10 mixture). 
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Figure C-6: Comparison of model predictions of O2 and CO mole fractions at different residence 

times using the modified PolyMech mechanism (p = 10 and 20 bar,  = 10 mixture). 

 

 
Figure C-7: Comparison of model predictions of O2 and CO mole fractions at different residence 

times using the modified PolyMech mechanism (p = 10 and 20 bar,  = 20 mixture). 
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C.5 Comparison between experimental and numerical results ob-
tained by the LLNL [314] and Polimi reaction mechanism [144] 

 
Figure C-8: Mole fractions of major species as a function of temperature and equivalence ratio (left: 

 = 10, right:  = 20). Symbols: GC/MS experiment, lines: simulations based on the 
Polimi [144] (dashed lines) and LLNL mechanism [314] (solid lines). 
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C.6 Comparison between the reaction pathways predicted by the 
modified PolyMech and the Aramco3.0 [124] mechanism at 
 = 10, p = 10 bar and T = 823 K. 

 

 
Figure C-9: Reaction path analysis using the modified PolyMech (a) and the Aramco 3.0 [124] (b) 

mechanism for 2 % CH4 consumption at 823 K, a pressure of 10 bar and  = 10. The 
percentages show the relative rate of consumption of the limiting reactant and line dark-
ness represents the percentage of carbon flux, related to the highest carbon flux within 
the reaction path, which is found between CH4 and CH3 for the Aramco 3.0 mechanism. 
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